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Nanodroplet-mediated electrodeposition is a reliable method for electrodepositing nanoparticles by confining a small
DOI: 10.1039/x0xx00000x amount of metal-salt precursor in water nanodroplets (radius ~400 nm) suspended in an oil continuous phase. This
technique provides a great advantage in terms of nanoparticle size, morphology, and porosity. For an electrochemical
reaction to proceed in the aqueous nanodroplet, the electroneutrality condition must be maintained. Classically, [NB,][CIO,4]
or a comparable salt is added to the oil continuous phase to maintain charge balance. Unfortunately, the presence of this
salt in the oil phase causes some metal salts, such as HAuCl,, to phase transfer, disallowing the formation of gold
nanoparticles. Here, we demonstrate the partitioning of HAuCl, is orders of magnitude lower using Inductively Coupled
Plasma Mass Spectrometry (ICP-MS) when LiClO, is added to the nanodroplet phase and [NBu,][ClO,4] is not added to the
continuous phase. This simple change allows for the electrodeposition of gold nanoparticles. Scanning electron microscopy
shows the morphology and size distribution of gold nanoparticles obtained at different concentrations of LiClO,.
Transmission electron microscopy in selected diffraction mode was used and it determined the gold nanoparticles obtained
are polycrystalline with miller indices of (222) and (200). This work widens the variety of nanoparticles that can be
electrodeposited from nanodroplets for applications in energy storage and conversion, photoelectrochemistry, and

biosensing.

Introduction nanoparticles. Multiple groups have taken advantage of this
Historically, nanoparticle electrosynthesis has been a method of method ) to Gienerate' different me'tal and  non-metal
for the generation of different materials that can be applied to nanoparticles. Various nanoparticles have been

electrodeposited with this technique, including Pt

nanotechnology, biology, energy, separations, etc.>2 A recently

H 4,9 hi 10, 11
developed technique for nanoparticle electrosynthesis, called nanoparticles,*® high entropy alloys, etc.

For nanodroplet mediated electrodeposition, the selection of
the metal-salt precursor and supporting electrolyte is extremely
important. When metal salts are reduced in the water

nanodroplet-mediated electrodeposition, uses a small amount
of a metal-salt precursor confined within water nanodroplets

that are suspended in an organic phase that contains supporting
electrolyte. 3-° During this process, when a potential is applied
using a 3-electrode system, the metal salt precursor can be
reduced at the water-electrode interface to generate
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nanodroplet, electroneutrality must be maintained. Historically,
tetrabutylammonium perchlorate ([NBu,][ClO4]) has been used
in the oil continuous phase.'?'* During the reduction of the
metal salt, NBu,* transfers across the liquid|liquid interface to
maintain electroneutrality. Unfortunately, NBu,* is a phase
transfer catalyst and spontaneously causes some metal salt
precursors, such as HAuCl,, to transfer into the oil continuous
phase.’> 16 Consequently, the electrodeposition of the metal
also takes place in the oil phase, resulting in it being difficult to
confine the reaction to the water droplets. We recently showed
that one can exclude [NBu,4][CIO4] in the oil phase and add
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LiClO, to the water nanodroplet phase.? In general, the method
can be extended to the electro-reduction of other metal salts,
such as chloroplatinate.? This simple change drives down the
experimental cost of nanodroplet mediated electrodeposition
by orders of magnitude. Previously, our group electrodeposited
high entropy alloys.1° Metals like gold was not included due to
the partitioning of HAuCl, into the 1,2-dichloroethane phase. In
this article, experimental data is provided to demonstrate that
HAuCl, will transfer into a dichloroethane continuous phase in
the presence of [NBug,][CIO4]. When HAuUCl, is dissolved in the
water nanodroplet in the presence of LiClO,, phase transfer
does not occur, allowing for the electrodeposition of gold
nanoparticles. Electroneutrality is maintained during the
electro-reduction of AuCl; by the transfer of ClO; from the
water nanodroplet phase to the dichloroethane continuous
phase. Our experiments expand the library of metals that can
be synthesized using nanodroplet mediated electrodeposition.

Results and discussion
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Figure 1. Schematic representation of the electrodeposition of gold
nanoparticles using a quiescent solution. a) Representation of water
nanodroplets suspended in an organic phase where they adsorb into
the electrode surface. b) In the presence of LiClO,, the redox reaction is
confined at the water-electrode interface while c) in the presence of
[NBu,4][ClO,], the reaction happens both inside and outside the water
nanodroplet.

Electrodeposition of several metals using the nanodroplet-
mediated process is possible.” 11 17 18 For a general
representation, usually, these systems have water
nanodroplets containing a metal-salt precursor suspended in an
organic phase. The reason behind using a water-in-oil system is
because that most of the metal-salt precursors are water
soluble.1>2! For the experiments shown, the system used is
water nanodroplets suspended in a 1,2-dichloroethane phase
where the water nanodroplets contain a metal-salt precursor.
With time, these nanodroplets collide stochastically at the
electrode surface (Figure 1a). Depending on which phase the
supporting electrolyte is added to, the charge balance
mechanism will change.® 12 2225 By adding the supporting
electrolyte in the water phase, such as LiClO4, when a high
cathodic potential is applied the AuCl, is reduced to generate
gold nanoparticles (Figure 1b); to maintain charge balance,
ClO, leaves the water nanodroplet, as dictated by the Gibbs
free energy.’* 25 LiClIO, was chosen since it is not
electrochemically active at the potentials used, it does not
precipitate in the presence of the metal salts chosen, and the
facilitated ion transfer of the perchlorate anion into the 1,2-
dichloroethane phase upon the reduction of the metal-salt
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precursor is favored to maintain electroneutrality.1* 26 Salts like
KCI are difficult for these experiments since the Cl- anion is
significantly hydrophilic; therefore, the reduction of metal salts
would be thermodynamically unfavorable resulting in applying
a higher cathodic overpotential.?® 27 The use of other salts in the
water phase for gold electrodeposition will be a topic of future
interest. However, when [NBu,4][ClIO,] is added into the 1,2-
dichloroethane, the partitioning of HAuCl; happens between
the water and the 1,2-dichloroethane, leading to the
electrodeposition of gold nanoparticles at the water-electrode
and organic-electrode boundaries (Figure 1c).
Electrogeneration of nanoparticles at both interfaces (i.e.,
water-electrode and organic-electrode) is not desirable
because it won’t be possible to have control over the synthesis
of gold nanoparticles, in this case.
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Figure 2. Calibration curve for the determination of the partition
coefficient of HAuCI, using ICP-MS. Gold standards of known
concentration were used and diluted by the instrument, with all
samples being diluted with 2% HNO; prior to measurement on ICP-MS.
The gold standard concentrations were 100, 50, 10, 1, and O ppb.
Concentrations for standards shown are plotted against raw intensity
counts and have arbitrary units (a.u.). All calibration curve
measurements were taken at an N=5, with measurements for 2.5 mM
HAuCI,; with 0.1 M LiClO, in water partitioning being taken before and
after mixing with 1,2-dichloroethane (N=10).

Partition coefficients for HAuCl, were obtained using inductive
coupled plasma mass spectrometry (ICP-MS). Measurements
fora 2.5 mM HAuUCI,; with 0.1 M LiClO,4 in water were taken both
before and after the addition of an equal volume of 1,2-
dichloroethane, with vigorous shaking (5 minutes) taking place
in between both measurements. The concentration of HAuCl,
was then determined for each phase after mixing with an ICP-
MS calibration curve shown in Figure 2. With the difference in
concentration being attributed to partitioning of HAuCl,; from
the aqueous base solution to the organic solution. Error bars for
points shown within graph were added but are too small to be
perceived. The statistical data and error bar information can be seen
in Table S1. To quantify the degree of partitioning, Equation 1
was used, where in the ratio of concentration in the organic
phase over the aqueous phase will provide a coefficient of
portioning (K;).

[HAUCLy|yarer

Kp
Eq .1 HAuCl4Wuter « HAuCl41,Z — dichloroethane ;Kp = [HAUCL4]; 2 _ gichloroethane

Smaller partition coefficients indicate higher affinity towards
the aqueous solutions and higher values indicating greater
preference towards organics solutions such as 1,2-

This journal is © The Royal Society of Chemistry 20xx
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dichloroethane. In the absence of [NBu,][CIO,4], K, = 0.155 and
in the presence of 0.1 M [NBu,][CIO,], K, = 930. Thus, HAuCl, is
nearly 6,000 times more soluble in the 1,2-dichloroethane in
the presence of [NBuy][ClO,4].
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Figure 3. a, b, and c are SEM Images of representative gold
nanoparticles (left) electrodeposited using a water-in-oil emulsion. The
emulsion was prepared by adding 25 mM HAuCl,; and 0.25 M LiClO, to
water nanodroplets suspended in 1,2-dichloroethane. EDX mapping
was performed showing the presence of gold across each nanoparticle
(yellow). d) The histogram shows a relationship between the number of
nanoparticles and size (N= 402) when the nanoparticles look more
spherical as presented in a, and b. e) Histogram and SEM images of
nanoparticles that are not spherical (N= 150) as presented in c.
Nanoparticles were electrodeposited using chronoamperometry. The
applied potential was — 0.1 V vs Ag/AgCl for 600 seconds. The average
droplet radius was 1037 nm * 238 nm (N=10).
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Gold nanoparticles were electrodeposited on a highly oriented
pyrolytic graphite (HOPG) using the nanodroplet system in the
presence of LiClIO, inside the water nanodroplets using
chronoamperometry with a quiescent emulsion (Figure S1). The
chronoamperogram showed in Figure S1 does not follow the
Cottrell equation due to the lack of electrolyte in the 1,2-
dichloroethane phase resulting in a higher resistance, as we
previously  explained in our recent publication.3
Electrodeposition was performed at a potential more negative
than the formal potential (Figure S5) to make sure that gold
nanoparticles could be obtained. Further negative potentials
could lead to unfavorable reactions (e.g., ORR and HER) that
could compete kinetically with the nucleation and growth of
gold nanoparticles. Moreover, 600 seconds was picked to
obtain a higher number of nanoparticles on the surface by
providing more time for the stochastic collisions of the droplets
to occur.” * Figure 3 shows representative SEM and EDX
mapping images of several gold nanoparticles. We observed
that for 60% of the samples, the nanoparticles were spherical
(Figure 3a and 3b) and for 40% of the samples, the
nanoparticles were non-spherical (Figure 3c). Moreover, Figure
3d shows the size distribution of the more spherical
nanoparticles (as seen in Figure 3a and 3b) to be 294 nm + 197
nm in diameter when N= 402 nanoparticles. Non-spherical
nanoparticles (as seen in Figure 3c) show an average of 710 nm
+ 312 nm in diameter when N= 105 nanoparticles (Figure 3e).
The difference in morphology will be the topic of a future
investigation. In addition, the electrodeposition of gold
nanoparticles was performed in the presence of different

This journal is © The Royal Society of Chemistry 20xx
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concentrations of LiClIO; showing no significant changes in
morphology (Figure S7). However, SEM images show that there
is a difference in the nanoparticle coverage using different
concentrations of LiClIO, (Figure S7a). Interestingly,
nanoparticles are obtained at a concentration as low as only 5
mM LiClO4 but with a lower nanoparticle coverage. Since only 5
mM LiClIO, is available, HAuCl,; will not significantly electro-
reduce. This observation implies that lower LiClO,

concentrations favor electrodeposition from larger droplets.
When no LiCIO, was added to the aqueous phase, no
nanoparticles are observed (Figure S6).

Figure 4. TEM images of a single gold nanoparticle. a) Shows a bright
field image and b) shows the selected area diffraction pattern of the
gold nanoparticle with their respective miller indices. Additionally, c)
shows the lattice orientation.

Additionally, TEM images were obtained (Figure 4a). The rings
and the small bright spots in the selected area electron
diffraction (Figure 4b) indicates that gold nanoparticles are
polycrystalline. Furthermore, Figure 4c shows the orientation of
the lattices in the nanoparticle with the red lines indicating the
direction of the crystal lattices. This clearly supports that the
gold nanoparticles are polycrystalline. Moreover, the d-spacing
values obtained from the diffractogram (Table S2) are in good
agreement with the literature values; therefore, the crystal
faces were determined to be (200) and (222) from Figure 4b.%8

Conclusions

In conclusion, we have extended nanodroplet-mediated
electrodeposition to metals that are susceptible to phase
transfer. We achieved this by confining the metal salt in the
nanodroplet with LiClO,4. ICP-MS supported the low partitioning
of gold salts into the organic phase. SEM showed differences in
morphology of nanoparticles. This system permits the
generation of nanoparticles at a lower cost. Not only that, but
we expanded the library of nanoparticles that can be
electrodeposited by using the nanodroplet-mediated
electrodeposition method.
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