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Nanoscale

Abstract: The rapid rise of technology in the modern world has led to an increased demand for
energy. Consequently, it is essential to increase the efficiency of current energy-producing systems
due to the poor activity of their catalysts. Nanoparticles play a significant role in energy storage
and conversion; however, electrodeposition of nanoparticles is difficult to achieve due to surface
heterogeneities, nanoparticle diffusion layer overlap, and the inability to electrodeposit multi-
metallic nanoparticles with stoichiometric control. These problems can be solved through
nanodroplet-mediated electrodeposition, a technique where water nanodroplets are filled with
metal salt precursors that form stable nanoparticles when they collide with a negatively-biased
electrode. Further, this method has demonstrated control over nanoparticle size and morphology,
displaying a wide variety of applications for the generation of materials with excellent catalytic
properties. Historically, the cost of nanodroplet-mediated electrodeposition experimentation is
prohibitive because practitioners use 0.1 M to 0.5 M tetrabutylammonium perchlorate (TBAP)
dissolved in the oil phase (~10 mL). Such high concentrations of electrolytes have been used to
lower ohmic drop and provide ions to maintain charge balance during electrodeposition. Here, we
show that supporting electrolyte is not necessary for the oil phase. In fact, one can use a suitable
salt (such as lithium perchlorate) in the aqueous phase to achieve nanoparticle electrodeposition.
This simple change, grounded in an understanding of ion transfer, drives down the cost per
experiment by nearly three orders of magnitude, representing a necessary step forward. The
proposed approach presents a promising procedure for future cost-effective energy conversion

systems.

Keywords: lon Transfer, Voltammetry, Electrodeposition, Nanodroplet-mediated
electrodeposition, Particles
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Introduction:

In recent years there has been an increased demand for energy due to the advances in
modern technology. A multitude of energy-generating techniques such as fuel cells,!- % batteries,?
solar cells,*and more, exist to satisfy energy demands. Significant applications for harnessed
energy include transportation, electric utility, bioenergy processes, etc.! These systems rely upon
the conversion of chemical energy, from chemical reactions at a conductive material, into electrical
energy. To drive this conversion, different materials with varying activities are necessary.>®
However, generating the required amount of energy to satisfy the energy demand requires the use
of materials that will minimize the input of energy, and maximize the subsequent output. Thus,
catalysts, materials that lower activation energy, are necessary to drive reactions in the conversion
of chemical energy to electrical energy.”!! A common catalyst for the oxygen reduction reaction
in fuel cells is platinum. This metal is known to be the best catalyst for the oxygen reduction
reaction, as it does not get oxidized at room temperature in the presence of oxygen, has high heat
resistance, and high corrosion resistant.!?> There are a myriad of ways to synthesize nanoparticles,
such as chemical synthesis,!3 annealing process,!# bulk electrodeposition,!’ etc. However, since
catalysis reactions depend on the size and morphology of the catalyst, most methods require the

addition of reducing agents to reduce the average size of the nanoparticles.'®

A way to control nanoparticle size is through the synthesis in a reverse emulsion system,
containing water nanodroplets suspended in an oil phase. Upon the addition of the metal salt
precursor in the water droplets with a reducing agent, nanoparticles are formed.!'* Nonetheless, the
use of a reducing agent can introduce impurities to the sample.!” Furthermore, such nanoparticles
are generally stabilized by ligands (e.g., citrate) that have an effect on the electrocatalytic
properties of the metal nanoparticles formed.!8-2! Direct electrodeposition of nanoparticles allays
the aforementioned issues. Classical electrodeposition of nanoparticles suffers from
heterogeneities in nanoparticle size and coverage because when nanoparticles form, they compete
for precursor salt when their diffusion layers overlap. To mitigate these problems, our group
developed nanodroplet-mediated electrodeposition.?? This procedure is similar to the reverse
emulsion synthesis of nanoparticles, however, an electrode is used as the ‘reducing agent.’3-?
This technique provides an array of advantages, such as enabling studies of single nanoparticle

growth kinetics, interfacial electron and ion transfer mechanisms,?® and the electrodeposition of
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high entropy alloy nanoparticles?*. Ahn and co-workers extended this method to not only the
deposition of oxyhydroxide nanoparticles’® and surfactant-free copper nanoparticles,’! but also
polymer nanoparticles.’? Further, Tschulik and co-workers broadened the approach to the study of
electrocatalytic reactions at very small nanoparticles. Our group expanded the use of nanodroplet-
mediated electrodeposition to synthesize electrochemically high entropy alloy nanoparticles along
with several fundamental studies regarding growth kinetics of single nanoparticles,*33* ion transfer

mechanisms in small droplets, and reactivity at the three-phase boundary.3>-37

One of the greatest drawbacks of electrodeposition from water nanodroplets is that
electroneutrality must be satisfied. For instance, the reduction of chloroplatinic acid liberates six
chloride anions; to maintain electroneutrality, we added 0.1 — 0.5 M tetrabutylammonium
perchlorate (TBAP) to the 1,2-dichloroethane phase. Here, we demonstrate that nanoparticles can
be electrodeposited from water nanodroplets without the use of TBAP. The electrodeposition
consists of the addition of hexachloroplatinic acid with lithium perchlorate (LiClO,) in the water
droplets suspended in the 1,2-dichloroethane phase. When water droplets collide with a conductive
substrate at a potential biased enough to facilitate the electron transfer from the solid phase to the
redox molecules in the water droplets, PtClg> is reduced to form zero-valent Pt nanoparticles at
the electrode surface (Scheme 1). In the presence of TBAP in the 1,2-dichloroethane phase
(Scheme 1a), TBA™ migrates into the water droplet to maintain the charge balance upon the
reduction of PtClg> to Pt.?° In the presence of LiClO4 (Scheme 1b), we hypothesize that the
perchlorate anion needs to leave the droplet to maintain charge balance. Here, we demonstrate
nanoparticle formation and use stochastic electrochemistry to validate the ion transfer hypothesis.
Additionally, we show that this new technique is orders of magnitude cheaper than using salt in
the organic phase, enabling practical electrodeposition moving forward. This approach offers a
promising way of performing future electrochemical experiments such as nanoparticle

electrosynthesis and electrochemical studies via stochastic collisions in a cost-effective way.

Experimental:

Reagents and Materials

The oil phase, dichloroethane (1,2-DCE, 99.8%), and the supporting electrolyte,
tetrabutylammonium perchlorate (99%), were obtained from Sigma-Aldrich. The metal precursor

hexachloroplatinic acid was obtained from Sigma-Aldrich as an 8% w/v stock solution. The
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supporting electrolyte for the water phase, lithium perchlorate (battery grade, 99.99% trace metals
basis), was obtained from Sigma-Aldrich. Potassium ferricyanide (99.98 % trace metals basis) was
obtained from Sigma-Aldrich. The gold ultramicroelectrode (Au UME) with 12.5 um diameter
and the glassy carbon macroelectrode (3 mm diameter) were purchased from CH Instruments
(Austin, TX). The highly oriented pyrolytic graphite (HOPG) substrate was purchased from
Momentive Performance Materials Quartz, Inc. The electrodes were polished using three different
polishing clothes containing 1-micron alumina powder (CH Instruments), 0.3-micron alumina
powder (CH Instruments), and polishing cloth with water respectively. All water-soluble reagents

were dissolved in nano-pure water (18.2 MQ-cm).
Instrumentation

The water-in-oil emulsions were prepared using a Q500 ultrasonic processor (Qsonica,
Newtown, CT) with a 1/16%"” microtip probe using a pulse sonication method of 5 seconds on and
5 seconds off for a total of 6 cycles at 40% amplitude. Electrochemical experiments such as cyclic
voltammetry and amperometric i-¢ curve were performed using a CHI model 601D potentiostat
(CH Instruments, Austin, TX). The reference electrode was an Ag/AgCl stored in a solution of 1
M KCl and placed into solution via a salt bridge. The counter electrode was a glassy carbon rod.
The images of the nanoparticles were obtained using Scanning Electron Microscopy (SEM) and
Energy Dispersive Spectroscopy (EDS) for element confirmation. Parameters used were: 5 keV,
20 keV and 0.69 nA. The instrument used was a Helios 600 Nanolab dual beam system (FEI,
Hillsboro, OR) and INCA PentaFET-x3 (Oxford, Abingdon, UK). 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 surfaces were exfoliated between experiments using
adhesive tape to take out the layers for exposing a cleaner surface. All electrochemical experiments
are presented using the polarographic notation (Texas). All cathodic currents are shown as positive
while anodic reaction currents are shown as negative currents. The semi-quantitative analysis of
particles in Figure 1h was performed by identifying the nanoparticles that appeared spherical in

shape and comparing them to nanoparticles that did not appeal spherical in shape.
Preparation of solutions

Water-in-oil emulsions: 25 pL of a water solution containing different reagents was added

to 5 mL of a solution of 1,2-dichloroethane (with and without 0.1 M TBAP). For the
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electrodeposition and collision experiments of Pt in the presence of LiClO,, the water droplets
contained 50 mM hexachloroplatinic acid with 250 mM LiClO,4 suspended in a solution of 1,2-
dichloroethane (without TBAP). In the case of the electrodeposition and collision experiments of
Pt in the presence of TBAP, the water droplets contained 50 mM hexachloroplatinic acid
suspended in 1,2-dichloroethane with 0.1 M TBAP. Amperometric i-¢ curves of potassium
ferricyanide in the presence of LiClO4 contained 20 mM potassium ferricyanide with 20 mM
LiClO4 in water droplets suspended in 1,2-dichloroethane (without TBAP). In the presence of
TBAP, the water droplets only contained 20 mM potassium ferricyanide suspended in 1,2-
dichloroethane with 0.1 M TBAP. The solution was prepared in a 10 mL Oak Rids Centrifuge
Tube, fluorinated ethylene propylene from Thermo Scientific. The solutions used as controls were

prepared as aforementioned but without the redox reagents.
Results and Discussion:

1,2-DCE

TBA* ClO,

Li* CIO/4“ \ /

6CI", 2H" S. ‘HthCIf, 6Cr, zw‘

Carbon Electrode Carbon Electrode

Scheme 1. Representation of single water droplets colliding with the electrode surface. Upon the reduction of PtCls*
to Pt by a 4-electron process a) in the presence of LiClO,, ClO, should migrate from the droplet to the 1,2-
dichloroethane phase to maintain charge balance while b) in the presence of TBAP, TBA* should migrate from the
1,2-dichloroethane phase into the water droplet. TBAP= tetrabutylammonium perchlorate

Electrochemistry in single droplets has been demonstrated to be a useful technique to
confine species to deposit nanoparticles, study single entity reactivities, study thermodynamics,

and more.?” 3% 3% This paper presents the electrodeposition of Pt nanoparticles using nanodroplet-
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mediated electrodeposition. This method consists of water droplets suspended in the 1,2-
dichloroethane phase with the confinement of the metal-salt precursor in the water droplets. Upon
the collision of a droplet on the electrode surface at a potential more negative than the standard
reduction potential of hexachloroplatinic acid (e.g., 0.504 V vs Ag/AgCl),* Pt nanoparticles are
generated via the electrochemical reduction of PtClg> (Scheme 1).40 It is known that every part of
environmental systems maintains equilibrium: such is the same with electrochemical systems.
Upon the oxidation or reduction of a species, the system is required to maintain charge neutrality
during the electrochemical process to avoid an appreciable electrical field affecting the overall
electrochemical process. When Pt cations are reduced to zero-valent Pt, an ion must leave or enter
the water droplet to maintain charge balance. Our group has previously deposited Pt nanoparticles
using TBAP as the supporting electrolyte in the 1,2-dichloroethane phase (Scheme 1b). 2° The
Gibbs free energies tell us that is more favorable for TBA™ to enter the water droplet than for C104
to leave the water droplet.>> This suggests that TBA* would enter the water droplet to maintain
charge balance when Pt cations are being reduced. However, in our present work, we found that it
is possible to obtain nanoparticles by adding a small amount of supporting electrolyte in the water
droplets, such as LiClO4, without the addition of any supporting electrolyte to the 1,2-
dichloroethane phase. In the case of using LiClO, in the water phase, C104~ will migrate to the oil

phase to maintain charge balance (Scheme 1a).
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Figure 1. Scanning electron microscopy images of Pt nanoparticles deposited using a water-in-oil emulsion with 50
mM hexachloroplatinic acid in water droplets suspended in 1,2-dichloroethane in the presence of (a, b, ¢) 250 mM
LiClO4 in water and (d, e, f) 0.1 M TBAP in 1,2-dichloroethane phase. g) Graph of assorted sizes and their respective
standard deviation is shown. h) Graph of percentage of the spherical nanoparticles. The nanoparticles were deposited
using amperometry at a biased potential of -0.1 V vs Ag/AgCl for 240 seconds using a highly oriented pyrolytic
graphite as the substrate. The number of nanoparticles for the bar graph is N=54 for each set in the presence of LiClO,
or TBAP. See the supporting information file for more information (S11). TBAP= tetrabutylammonium
perchlorate
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Within the presented method we obtained electrochemical signals in the presence of
LiCIO,. Considering that the 1,2-dichloroethane phase does not contain a supporting electrolyte,
we hypothesized a high iR drop due to Ohm’s Law, and that no nanoparticles should be obtained
at extremely low overpotentials. Despite that, we found that around —0.1 V vs Ag/AgCl we can
still obtain Pt nanoparticles. The iR drop calculation showed a potential estimation between 9.3
mV to 34 mV (Figure S1 and S2), meaning that the potential required to reduce Pt cations is
shifted by less than a hundred millivolts, showing that even at -0.1 V vs Ag/AgCl zero-
valent Pt nanoparticles can be formed. Figures 1a-1¢ shows representative SEM images of Pt
nanoparticles obtained from the system with LiClO,4. Even if there is a shift in the potential, at 0.1
V vs Ag/AgCl nanoparticles can be obtained due to the difference between the applied potential
and the standard reduction potential of chloroplatinate (e.g., 0.504 V vs. Ag/AgCl).*? Application
of a potential approximately 0.6 V of difference between the applied potential and the standard
reduction potential of chloroplatinate represents enough thermodynamic energy applied to reduce

PtClg? to zero-valent Pt nanoparticles.?’

Previously, our group electrodeposited nanoparticles using the nanodroplet-mediated
electrodeposition with 0.1 M TBAP in the 1,2-dichloroethane phase.?® Despite control over the
nanoparticle size during electrodeposition, variation in morphology was still observed. Figures
1d-1f display representative scanning electron microscopy images of nanoparticles obtained with
the electrodeposition of Pt in the presence of TBAP as the supporting electrolyte in the 1,2-
dichloroethane phase. When comparing the nanoparticles obtained in the presence of TBAP
(Figures 1d-1f) versus in the presence of LiClO,4 (Figures 1a-1c), the morphology is consistent
when in the presence of LiClO,4. This may be due to the fact that when LiClOy is in the water phase
perchlorate must leave the water droplet to maintain charge balance, minimizing the interferences
of ions during the nucleation and growth of the metal nanoparticles. However, when TBAP is
included in the 1,2-dichloroethane phase TBA™ must enter the water droplet and may interact or
interfere with the nucleation and growth of the nanoparticles, resulting in their poisoning.
Moreover, Figure 1g shows the average size and the distribution of the nanoparticles obtained in
the presence of TBAP and LiClO,. Since nanodroplet-mediated electrodeposition depends on the
stochastic collisions of the water droplets, there is still a large size distribution of the
nanoparticles,” and more precise control of the size distribution will be a future topic of

investigation. Additionally, Figure 1h exhibits a bar graph of semi-quantitative measurements of
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the percentage of nanoparticles that have a spherical geometry, presenting that around 80% of the
nanoparticles have a spherical geometry when they were synthesized in the presence of LiClOy,
While in the presence of TBAP, it was observed that only around 45% of the nanoparticles had a
spherical geometry. Since LiClO, is leaving the droplet to maintain charge balance during the
reduction of PtClg> to Pt°, the ions are not interfering with electrodeposition as much compared to
the aforementioned methods utilizing TBAP in the oil phase. Several research have shown how
different ions are being transferred depending on the potential being applied, which is why we

think that the particles morphology differences are due to the ion transfer mechanism.*!- 42
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Figure 2. Amperogram of a solution of 50 mM hexachloroplatinic acid with 250 mM LiClO, in water using a glassy

carbon macroelectrode as the working electrode. The applied potential was -0.3 V vs Ag/AgCl.

Despite the high resistance of 1,2-dichloroethane and only containing a supporting
electrolyte in the water phase, nanoparticles may still be synthesized via electrochemistry. Figure
2 presents an amperogram of a bulk water solution with 50 mM hexachloroplatinic acid with 250
mM LiClO,. The shape of the amperogram in Figure 2 can be explained by classical nucleation
and growth of a new platinum phase on the carbon electrode.*® The current begins at a maximum
and decays because of double layer relaxation followed by consumption of hexachloroplatinic

acid. The current begins to increase again at ~25 s (so-called nucleation induction time**) as stable
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platinum nuclei form. The current then increases with time because of radial diffusion of
hexachloroplatinate to the platinum nuclei and levels off when the diffusion layers of neighboring
nuclei begin to overlap. One of the main benefits of using the discussed nanodroplet technique is
that diffusion layer overlap of neighboring nanoparticles is not considered because the nanodroplet
confines the metal salt precursor. This may be useful in controlling nanoparticle size and
morphology and will be the topic of a future investigation. Figure S10 displays an amperogram
of a water-in-oil emulsion with 50 mM hexachloroplatinic acid and 250 mM LiClO, in water
droplets suspended in 1,2-dichloroethane. The observed current-potential trace seems like noise,
but this behavior is due to the high resistance of the 1,2-dichloroethane phase (Figures S1-S2).
Nevertheless, observing a variation in the current response due to the difference in resistance, we
hypothesize that if the area of the electrode is small enough, droplets can cover the electrode
surface and an electrochemical signal can be observed due to the small charge transfer resistance

between the electrode-water interface.
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Figure 3. Amperometric i-¢ curves of water droplets containing 20 mM potassium ferricyanide using an Au UME.
The first solution contained a) 20 mM potassium ferricyanide with 20 mM LiClO, in water droplets suspended in 1,2-
dichloroethane, while the second solution contained b) 20 mM potassium ferricyanide in water droplets suspended in
1,2-dichloroethane with 0.1 M TBAP. The average droplet radius for the system with LiClO4 and TBAP is 655 nm +
209 nm (N=10) and 467 nm + 134 nm (N=13) respectively. The potential was selected based on the reduction potential
of ferricyanide. Applied potential for Figure 1a and 1b was -0.2 vs Ag/AgCl. Droplet sizes were calculated using
Equation 1. TBAP= tetrabutylammonium perchlorate

To illustrate the aforementioned hypothesis, amperometric i-f curves were obtained using

a well-known redox mediator, potassium ferricyanide, in the presence and absence of LiClO,. A
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derivation from Faradays Law allows us to obtain an equation that can be used to determine the

size of a single droplet as presented in Equation 1.2

, 0.75Q

Tdroplet = | TmEC Eq.1

F is the Faraday constant, C is the concentration of hexachloroplatinic acid in the water droplets
(e.g., 50 mM), n is the number of electrons transferred (for the reduction of chloroplatinate to zero-
valent platinum, 4 ¢°), and Q is the charge that is obtained from the integration of the area under
the curve of a single collision event in the amperometric i-¢ curve. The differences in the droplet
sizes are due to the polydispersity of the droplets in the emulsion, which can vary from emulsion

to emulsion.?®

Figure 3 illustrates the amperometric i-¢ curve of single droplet collisions with 20 mM
potassium ferricyanide in the water droplets at -0.2 V vs Ag/AgCl, a potential much more negative
than its standard reduction potential of 0.549 V vs. Ag/AgCl for the ferri-/ferrocyanide redox
couple.*® Each individual peak’s current corresponds to the electrolysis of ferricyanide to
ferrocyanide in one water droplet. Upon the collision of the droplet, if the electrode is biased
sufficiently to promote the electron transfer from the metal to the species in the droplet, an increase
in the cathodic current should be observed. This increase in current is due to the electrolysis of the
species in the droplet and when species are available to be reduced, the current returns to baseline.
Comparing amperometric i-¢ curves in the presence of LiClO,4 (Figure 3a) and the presence of
TBAP (Figure 3b) we can observe individual collisions of water droplets, demonstrating that
similar data may be obtained from the two systems. By decreasing the surface area from 28 um?
to 0.49 nm?, collisions are observed displaying that electron transfer across the electrode-water
interface is not impeded with the addition of supporting electrolyte in the water droplets and not

in the 1,2-dichloroethane phase.
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Figure 4. Representative amperometric i-f curves of water droplets containing 50 mM hexachloroplatinic acid in the
water droplets using an Au UME are shown at a biased potential of -0.3 V vs Ag/AgCl. The first solution contained
a) 50 mM hexachloroplatinic acid with 250 mM LiClO;, in water droplets suspended in 1,2-dichloroethane, while the
second solution contained b) 50 mM hexachloroplatinic acid in water droplets suspended in 1,2-dichloroethane with
0.1 M TBAP. The average droplet radius for the system with LiClO, and TBAP is 1169 nm + 401 nm (N=16) and 776
nm +189 nm (N=13) respectively. The potential was selected based on the reduction potential of hexachloroplatinic
acid. Droplet sizes were calculated using Equation 1. TBAP= tetrabutylammonium perchlorate

To further probe the system with the addition of supporting electrolyte in the water droplets
(i.e., LiClO4) and not in the 1,2-dichloroethane phase, we show amperometric i-¢ curves of the
electrodeposition of Pt on an Au UME with either LiClO,4 in the water droplets (Figure 4a) or
TBAP in the 1,2-dichloroethane (Figure 4b) serving as the supporting electrolyte. The individual
collisions presented are the electrolysis of hexachloroplatinic acid species in a single droplet
(Figure 4),>* exhibiting that both setups provide similar data. Further, both setups provided the
same order of magnitude for the measured current, indicating that the new system, containing
LiClOy as the supporting electrolyte, can be used to perform amperometric i-¢ curve studies. The
increase in current displays that PtClg? is being reduced to form Pt’. When no more species are

available to consume, there is an exponential decay in the current returning to baseline.

So far it has been demonstrated that nanoparticles can be obtained electrochemically while
using only a small amount of supporting electrolyte in the water droplets. Additionally, another
advantage of using the system with LiClOy is the cost per experiment. For every 5 mL of the 1,2
dichloroethane, 0.17 grams of TBAP were needed to prepare the water-in-oil emulsion with 0.1 M
TBAP. A 50-gram TBAP container from Sigma Aldrich has a price of $248; to use all 50 grams,

292 emulsions (5 mL each) could be prepared. However, having supporting electrolyte solely in
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the water phase, such as LiClO,, the mass needed is much less leading to a significant price
differential. A 100-gram container of battery-grade LiClO4 costs around $329 from Sigma Aldrich.
The amount needed to obtain a concentration of 250 mM in 25 pL of water was 6.7x10* grams;
to consume 100 grams (added in 25 pL of the water phase), 150,376 emulsions could be prepared.
Each experiment that uses TBAP would cost $1.7, while each experiment with LiCl1O,4 would cost
$0.0020. This drives down the experimental cost by a factor of 850. Moreover, we assume for the
calculations that the supporting electrolytes, TBAP and LiClO,4, cannot be recovered after the
reduction of platinum since these substrates are cleaned after the electrodeposition process. See

Table 1 for summarized information about the cost.

Table 1. Summarize of cost while preparing a water-in-oil emulsion with 25 pL of the water phase
suspended in 5 mL of the 1,2-dichloroethane phase.

Reagents Price of the Number of emulsions Amount in Price per
reagents in dollars | to consume 100 grams grams per experiment
(100 grams) experiment in dollars
LiClO4 329 150,376 6.7x10* 0.0020
TBAP 496 584 0.17 1.7
Conclusions

Nanodroplet-mediated electrodeposition has shown to be a promising technique to
synthesize ligand-free nanoparticles. In this paper, we established the advantages of
electrodepositing nanoparticles in the presence of supporting electrolyte (i.e., LiClO,) in the water
phase only. Amperometric i-f curves served as evidence of electron transfer across the metal-water
interface even with a highly resistive 1,2-dichloroethane solution. The supporting electrolyte,
LiClOy in the water phase, facilitates the electron transfer across the metal-water interface allowing
us to observe amperometric collisions and nanoparticles. This system not only exhibits that we can
tune the ion transfer to facilitate the nanoparticle formation but represents a cheaper alternative
compared to the addition of the supporting electrolyte (i.e., TBAP) in the 1,2-dichloroethane phase,
as the cost is reduced by a factor of 850 per experiment. This is a promising method for different
applications such as electrocatalysis, and more, that will serve to help the scientific community

and the people in the world for future energy systems.
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