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Electrodeposition has been used for centuries to
create new materials. However, synthetic platforms are still
necessary to enrich a variety of nanomaterials that can be
electrodeposited. For instance, IrO, is a popular material for the Water Nanodroplets
water oxidation reaction, but electrodeposition strategies for the

Organic Solvent

controlled growth of IrO, nanoparticles are lacking. Here, we Meta':af;c"r::;n IOX(.»..A.. 4
e
demonstrate the anodic electrodeposition of IrO, nanoparticles N

from aqueous nanodroplets. Field emission scanning electron
microscopy (FESEM) and scanning transmission electron micros-
copy (STEM) images confirm the macro- and microstructure of the
resulting nanoparticles. IrO, nanoparticles of 43 + 10 nm in
diameter were achieved. X-ray photoelectron spectroscopy (XPS) showed the presence of Ir(III) and Ir(IV) hydrated oxyhydroxide
species. The synthesis of IrO,, nanoparticles under anodic conditions using water nanodroplets expands the capabilities of our
technique and provides a tunable platform for IrO, nanoparticle electrodeposition.

Electrode

nanodroplet-mediated electrodeposition, anodic electrodeposition, iridium oxide, nanoparticles, water nanodroplets

oxyhydroxides) have been achieved by our group and Ahn’s
group independently.’’ ~** However, such materials were

Electrodeposition as a tool for the synthesis of nanoparticles
deposited cathodically and likely follow an electroprecipitation

has been used extensively. The technique is versatile in that it

can be used to synthesize metals,® metal oxides,’ ' and reaction, where the water droplet is reduced by itself, creating
alloys,"'~"* and it produces nanoparticles with high purity and an alkaline environment to precipitate out oxyhydroxides. In all
homogeneity, which is crucial in its application in heteroge- cases, the composition, size, microstructure (amorphous versus
neous ca‘calysis.lz*_16 Electrodeposition has also been shown to crystalline), and morphology of the resulting nanoparticles are
be a scalable and cost-effective synthetic tool.'”~"? Various determined by the precursor solution composition, deposition
methods have been employed previously to synthesize IrO,. conditions, etc.”*****

Thermal decomposition can synthesize high-purity IrO,, but Nanodroplet-mediated electrodeposition has emerged as a
the requirement of high temperature may cause aggregation of promising technique for the controlled synthesis of nano-
particles.”” Sol—gel processes may produce uniform coatings of particles with tailored properties. Its advantages include size
IrO,, but may be quite time-consuming.”’ And IrO, can also and shape control, composition control, scalability, versatility,
be prepared by bulk electrochemical deposition methods, and cost-effectiveness.”****® These make it highly attractive

which can be cost-effective and may be performed in aqueous
solutions. Unfortunately, bulk electrodeposition suffers from
many limitations, such as the inability to control the
nanoparticle size, morphology, and microstructure.””*’

Our group has recently introduced nanodroplet-mediated
electrodeposition for the controlled synthesis of nanoparticles
with tunable size, shape, and composition.24_3’0 In this method,
nanoscale (~100 s of nanometers) droplets of a precursor
solution containing the desired metal ions are generated and November 30, 2023
then deposited onto a conductive substrate. To date, only February 6, 2024
cathodic electrodeposition has been achieved. In these February 15, 2024
experiments, the voltage is biased negative enough to reduce April 18, 2024
the metal to the zerovalent metal. Amorphous materials
(metallic glass high entropy alloy nanoparticles and cobalt

for various applications, including electronics, catalysis, energy
storage, and biomedical devices.

We report the first anodic electrodeposition of metal oxide
nanoparticles from water nanodroplets. Our goal was to
generate IrO, nanoparticles as they exhibit high catalytic
activity,*>*® excellent electrical conductivity,”” and stability,*®
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Scheme 1. Representative Figure of the Electrochemical Electrodeposition of IrO, by Using Nanodroplet-Mediated

Electrodeposition”

Tetrabutylammonium perchlorate in St
1,2- Dichloroethane

Water
Nanodroplets

o
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d
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“Nanodroplets collide stochastically with the glassy carbon electrode surface. Since a positive potential is applied, the K;IrCly solution will be
oxidized to generate IrO, nanoparticles at the electrode—water interface.

making them particularly useful in energy storage devices,””*’

sensing applications,41 and also in biomedical applications.42

B METHODOLOGY

Chemicals and Reagents

Chemicals such as potassium hexachloroiridate(IIl) (Sigma-
Aldrich), tetrabutylammonium perchlorate, sodium hydroxide
(>98%), and 1,2-dichloroethane (99.8%) were purchased from
Sigma-Aldrich. Potassium chloride was purchased from Fisher
Scientist. Span 80 was purchased from TCI Chemicals and was
used as received. A 3 mm glassy carbon macroelectrode as a
working electrode and a Ag/AgCl reference electrode were
purchased from CH Instruments, Austin, Texas. The reference
electrode was stored in a solution of 1 M KCl. Additionally, a
salt bridge made of 1 M KCI with 3% agarose was used for
these experiments. The counter electrode was a glassy carbon
rod. A fluorinated ethylene propylene tube was purchased from
Oak Rids Centrifuge Tube from Thermo Scientific. This tube
was used to prepare the emulsion solutions. Nanopure water
(18.2 MQ-cm) was used to prepare all of the aqueous-based
solutions. A carbon type B 200 mesh Ni TEM grid was
obtained from Ted Pella, Inc.

Instruments

A QS00 ultrasonic processor of S00 W (Qsonica, Newtown,
CT) with a microtip probe was used to prepare the emulsion
solutions. The applied parameters were an amplitude of 40%
with a turn on and off for S s each for a total of 1 min. For the
electrochemical experiments, a CHI model 601D potentiostat
(CH Instruments, Austin, TX) was used. During this paper, all
of the electrochemical data will be presented in polarographic
notation (Texas). The electrochemical technique used to
electrodeposit the nanoparticles was chronoamperometry. For
electrochemical characterization, cyclic voltammetry (CV) was
performed. Dynamic light scattering (DLS) was used to obtain
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the average size of the water droplets suspended in 1,2-
dichloroethane. It used a Zetasizer Nano ZS instrument
(Malvern, Westborough, MA). A Thermo Scientific Themis Z
Double Aberration Corrected S/TEM was used to obtain the
transmission electron microscopy (TEM) images of the IrO,
nanoparticles. To characterize the nanoparticle structure and
elemental analysis, FEI Nova Nano SEM field-emission
scanning electron microscopy (SEM) and energy-dispersive
X-ray (EDX) were used. The voltage used during SEM and
EDX were 10 and 20 kV, respectively.

Experimental Procedures

Different solutions were prepared for the electrodeposition
process. In general, an aqueous solution containing 6 mM
potassium hexachloroiridate(III), 20 mM KCl, and S5 mM
NaOH in water was prepared. This aqueous solution was left
for a few days until a blue coloration appeared. An organic
solution of 0.1 M tetrabutylammonium perchlorate in 1,2-
dichloroethane was prepared. To prepare the water droplet
system, an aliquot of the aqueous solution (15 or 30 uL) was
added to 5 mL of the organic solution that is in a 10 mL
fluorinated ethylene propylene tube. Then, a horn sonicator
was used. After this, a cloudy emulsion was obtained, an
indication of water droplets suspended in 1,2-dichloroethane.
These solutions were used either for dynamic light scattering
measurements or for the electrodeposition of IrO, nano-
particles using chronoamperometry.

The TEM sample was prepared with a reverse tweezer. The
solution used was the emulsion of the water solution (30 uL)
in § mL of the organic solution. The working electrode was a
carbon-based TEM grid. The grid was held with the tweezer.
After that, the tweezer was connected to the working electrode
clamp of the potentiostat for a regular electrochemical
experiment.

After the electrodeposition process, the working electrode
was submerged in a solution of ethanol for 1 min, followed by

https://doi.org/10.1021/acsnanoscienceau.3c00061
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submerging the electrode in water for another minute. Then,
the electrode was finally submerged in acetone for 1 min. This
procedure was performed to ensure that any salt was removed
from the surface of the electrode for further characterization.

A sample for XPS analysis was prepared on a glassy carbon
electrode. The same water (30 yL) in oil (S mL) emulsion
system was used as our solution. The electrodeposition process
was carried out at 1.2 V vs Ag/AgCl The electrodeposition
process was carried out at 1.2 V for 240 s as it was tough to
locate the nanoparticles via field emission scanning electron
microscope (FESEM) at lower potentials due to low coverage.
After the electrodeposition process, the electrode was
submerged in ethanol and water to remove salt from the
surface of the electrode.

Studying electrochemistry in single nanodroplets has been
previously shown to be very helpful in understanding the
reactivity of single entities, studying their nucleation and
growth properties, understanding the kinetics and thermody-
namics of the process, and many more uses. > 2034434 Here
we are using a reverse emulsion system (water nanodroplets in
an organic phase) to achieve the electrodeposition of IrO, in
anodic conditions by confining the reactions in nanoreactors
(i.e., water nanodroplets). Scheme 1 represents our reverse
emulsion system, comprising water nanodroplets suspended in
a 1,2-dichloroethane phase containing tetrabutylammonium
perchlorate salt. The water nanodroplets contained a metal
precursor salt (K;IrClg), NaOH, and KCL With time, the
nanodroplets collided with the glassy carbon electrode, and via
electrochemical oxidation, we were able to generate IrO,
nanoparticles.

Initially, the K3IrClg solution did not contain any NaOH in
the water phase. However, in this case, IrO, was not observed
on the electrode surface, meaning that IrO, was not
electrodeposited (Figure S1). Therefore, a new strategy needed
to be considered, and considering Casella’s work, NaOH was
added to the water phase.* The solution was aged for a few
days, and a blue color eventually appeared. The innovative idea
behind this is to make the K;IrCly solution into an iridium
chloro-hydroxy complex, which will later be oxidized to IrO, at
anodic potentials.*

Before the electrochemical experiments were performed, the
partitioning of the metal salt between the water and 1,2-
dichloroethane phases should be considered. One of the main
aspects of nanodroplet-mediated electrodeposition is that it
enables control of the nanoparticle size and morphology by
confining the redox reaction inside the aqueous nanodroplet.
Therefore, the partitioning of the metal salt between water and
1,2-dichloroethane is undesirable as it limits the ability to
control nanoparticle size and may cause background electro-
deposition reactions in the continuous phase. To take care of
this issue, as a control, colorimetric experiments were
performed, which ensured that no appreciable IrCl>~ was
transferred from the water phase into the 1,2-dichloroethane
(Figure S2). In the aqueous phase (dark blue color), we have 6
mM potassium hexachloroiridate(III), 20 mM KCl, and $$
mM NaOH. In the organic phase (colorless), 0.1 M
tetrabutylammonium perchlorate was added to 1,2-DCE. The
solution was vigorously shaken and then kept at rest. It can be
observed in Figure S2 that the bottom organic solution stays
clear (without any bluish coloration), an indication that the Ir
salt does not transfer into the organic phase and that the
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electrochemical reaction occurs via the nanodroplet (nano-
reactor).

Before depositing via amperometry, the oxidation potential
of our K IrCly solution was determined. This was done
utilizing the cyclic voltammetric (CV) technique. Figure 1

2
Ib
o -
— With Ir metal salt
Ar — No Ir metal salt
_6 " 1 i 1 i 1 i L
1.0 0.8 0.6 0.4 0.2 0.0
E (V vs Ag/AgCI)

Figure 1. Cyclic voltammogram of an emulsion solution of (a) 6 mM
potassium hexachloroiridate(III) with 20 mM KCl and S5 mM
NaOH in water nanodroplets suspended in 1,2-dichloroethane with
0.1 M tetrabutylammonium perchlorate and (b) 20 mM KCI with S5
mM NaOH in water nanodroplets suspended in 1,2-dichloroethane
with 0.1 M tetrabutylammonium perchlorate. The scan rate was 50
mV/s. To prepare the emulsion, 15 uL of the aqueous phase was
added to S mL of the 1,2-dichloroethane phase, and then the mixture
was sonicated. Polarographic notation was used.

shows the CV profile of the K;IrClg solution (in black)
compared to the control, containing no K3IrClg and having
only NaOH and KCl in the water nanodroplets (in red). A
clear distinction was seen between the two: for the one
containing K;IrCl,, anodic peaks were seen at ~0.6 and 0.85 V
vs Ag/AgCl (Figure 1, black line). Our negative control (in
red) showed no peaks, helping us to validate the claim that the
K;IrClg solution is getting oxidized at ~0.6—0.9 V vs Ag/AgCl.
A hypothesis of the mechanism of the electrodeposition
process was provided by Casella.*” Figure 1 depicts a clear-cut
redox system (Ia/Ib) in the potential region at ~0.6 and 0.47
V in the CV data, which has been previously assigned in the
literature to the Ir(III)/Ir(IV) redox transition.”* Higher
oxidation states of Ir(V) or Ir(VI) have been hypothesized
before for peak Ila in the CV.** However, the current
literature is not comprehensive and explicit about the
complexity of the iridium system.*>*’

The electrodeposition of IrO, was performed via amperom-
etry at 1.2 V vs Ag/AgCl for 240 s on a glassy carbon electrode
(Figure S3). Amperometry was performed because it enables
one to select a potential where IrO,, can be electrodeposited for
a selected amount of time. Figure 2 shows the SEM images of
the IrO, deposited nanoparticles (white and gray in color) on
the glassy carbon electrode (black in color). IrO, particles
appeared to be globular in shape; some particles were isolated,
and some were aggregated.

This result is in good agreement with previously observed
IrO, nanoparticles.” The particle’s average diameter was 43
nm with a standard deviation of 10 nm. Thus, with the
nanodroplet-mediated electrodeposition method, it is shown
that it is possible to obtain oxide nanoparticles with a diameter
of tens of nanometers by confining the reaction inside the
water nanodroplets. Their chemical composition was con-
firmed with EDX and peaks for iridium and oxygen were
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Figure 2. SEM image of IrO, nanoparticles electrodeposited on the glassy carbon electrode surface. An emulsion was used to generate these
nanoparticles. An emulsion of 6 mM potassium hexachloroiridate(III) with 20 mM KCl and 55 mM NaOH in water nanodroplets suspended in
1,2-dichloroethane with 0.1 M tetrabutylammonium perchlorate was used. To prepare the emulsion, 15 uL of the aqueous phase was added to §

mL of the 1,2-dichloroethane phase and the horn sonicator was used. Parts (a) and (b) represent two different areas of the electrode.

50 nm 50 nm

50 nm

Figure 3. (i) STEM-HAADF image of our IrO, nanoparticles. (ii) and (iii) represent the EDX mapping of Ir and O, respectively, and (iv)
represents an overlay of all Ir and O. The scale bar is S0 nm for (i), (ii), (iii), and (iv). (v) represents the selected area electron diffraction (SAED)

of our deposited nanoparticles (scale bar: § nm™).
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Figure 4. XPS results for the Ir 4f and O 1s region of the IrO, sample electrodeposited on the glassy carbon electrode.

observed (Figure S4), indicative of the presence of IrO,
nanoparticles.

Additionally, a control was performed with the same water-
in-oil emulsion but without applying a potential. The SEM
image showed the deposition of K;IrCly salt, and EDX showed
peaks for iridium, oxygen, and chlorine (Figure SS). This is the
result of the K;IrCly solution sticking to the electrode. This
implies that the particles observed in Figure 2 are the product
of an oxidation reaction of a K;IrClg solution under anodic
potentials.

IrO, was electrodeposited on a carbon-based TEM grid via
amperometry at 1.2 V vs Ag/AgCl. High-angle annular dark-
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field scanning transmission electron microscopy (HAADF-
STEM) was performed at 200 kV on the electrodeposited IrO,
nanoparticle. Figure 3 shows a HAADF-STEM image of an
IrO, nanoparticle. EDX mapping was done, showing the
presence of iridium (Figure 3,ii), oxygen (Figure 3,iii), and the
overlay of iridium and oxygen (Figure 3,iv). EDX spectra
obtained from the dashed white box in Figure 3,iv show the
peaks of iridium and oxygen (Figure S6). The nanoparticle did
not distort even at 200 kV. Moreover, Figure 3,v shows
selected area electron diffraction (SAED) performed on our
electrodeposited sample on the TEM grid. SAED shows clear
rings without any bright spots, indicating that our deposited

https://doi.org/10.1021/acsnanoscienceau.3c00061
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sample is amorphous in nature. This goes on to hint at the
absence of our precursor salt complex and the presence of our
oxidized species. Multiple SAED were run on TEM images
with different shapes and sizes (Figure S11).

To carry out the measurement for XPS, IrO, was electro-
deposited on a glassy carbon electrode at 1.2 V vs Ag/AgCl. In
this study, the absence of the Cl 2p signal (Figure S7) indicates
that the electrode surface contains only iridium and oxygen
species.”” This is well aligned with our previous discussion,
where we talked about the oxidation of the chloro-hydroxy
complex to iridium oxide. XPS analysis in Figure 4 revealed
distinct peaks at 61.7 + 0.2 and 64.7 + 0.2 eV, corresponding
to Ir(I1I) and Ir(IV), and tentatively assigned peaks at 530.6 +
0.4 and 531.9 + 0.4 eV to hydroxide and hydration water in
the O 1s signal.%_51 Furthermore, the O 1s/Ir (4f,/, + 4f;/,)
ratio increased with the decreasing Ir(III)/Ir(IV) ratio,
suggesting that Ir(IV) complexes contained more oxygen
than the Ir(II) species. These findings provide essential
insights into the composition and surface chemistry of iridium
species on the electrode, and they are well aligned with
previously reported iridium oxide nanoparticles.*’

We analyzed the IrO, electrodeposition at two different
volumes of the aqueous phase, 30 and 15 pL, as shown in
Figure S8b,c, respectively. A stark contrast was seen between
the two in terms of the nanodroplet size and the coverage of
the IrO,, deposition on the electrode. The nanodroplet size was
measured by using dynamic light scattering (DLS) (Figure
S8a). At 30 L, nanodroplets of a diameter of around 720 nm
were observed, and IrO, deposition was seen throughout the
electrode (Figure S8b). At 15 uL, 490 nm diameter
nanodroplets were obtained, and fewer IrO, particles were
seen around the surface of the electrode (Figure S8c). These
results show that nanodroplet size and coverage of particles on
the electrode depend on the amount of the aqueous phase
added to the organic solution. By adding small volumes,
smaller nanodroplets are observed, and fewer particles are seen
on the electrode surface. On the other hand, when larger
volumes are added, we see bigger nanodroplets and a higher
number of particles on the surface of the electrode. Figure S8a
also has interesting areas of dark contrast in a field of IrO,
nanoparticles. We have previously assigned these “inclusions”
to pockets of 1,2-dichloroethane when neighboring nano-
droplets fuse.”

We studied the effect of the surfactant, 0.01% v/v Span 80,
which was added in the 1,2-dichloroethane phase. Span 80 has
been previously reported as a stabilizing agent for reverse
emulsion systems (water-in-oil systems).” After adding Span
80 in the 1,2- dichloroethane phase, no appreciable deposition
was observed even at 1.2 V versus Ag/AgCl (Figure S8d,e). It
has been reported before how a surfactant forms a layer
between the electrode and the solution phase and blocks the
area available for the reaction.”

To see the effect of precursor salt on the electrodeposited
nanoparticle, our group previously reported an increase in the
size of electrodeposited Pt with increasing precursor
concentration.”” We also performed an experiment by taking
12 mM (Figure S9) of the Ir precursor salt compared to the 6
mM taken before and followed the same procedure as listed
previously to get the electrodeposited IrO, nanoparticles. The

particle size was around 115 + 12 nm, quite bigger than the
previously reported 43 + 10 nm for 6 mM.

Au ultramicroelectrode (UME) was tried as a substrate to
deposit IrO,. We did see collision peaks (Figure S10), which
signify the electrolysis of our complex and indicate the
deposition of IrO, nanoparticles. Thus, ultramicroelectrodes
(UMEs) may be employed to understand species diffusion,
nucleation, and growth kinetics of IrO, nanoparticles.** These
remain a part of our future inquiry.

Nanodroplet-mediated electrodeposition has been shown once
again to be a powerful technique to generate nanoparticles.
Here, we present for the first time the electrodeposition of
metal oxide nanoparticles under anodic conditions with water
nanodroplets. It was shown that IrO, nanoparticles were
electrodeposited at anodic potential without the need to
perform cycling with cyclic voltammetry or use multiple
potential steps with chronoamperometry. The electrodeposited
IrO, nanoparticles were characterized using FESEM, EDX,
STEM, SAED, and XPS. The anodic electrodeposition of IrO,
via aqueous nanodroplets has opened up a new avenue in the
field of nanodroplet-mediated electrodeposition. This should
lead to the further synthesis of other metal oxides at anodic
potentials via aqueous nanodroplets. This new electrosynthetic
method of using water nanodroplets to generate metal oxide
nanoparticles at anodic conditions goes on to show the
versatility of the nanodroplet-mediated electrodeposition
technique.

The Supporting Information is available free of charge at
https://pubs.acs.org/doi/10.1021/acsnanoscienceau.3c00061.

IrO, electrodeposition chronoamperogram; SEM and
EDX characterization of electrodeposited particles; TEM
and SAED of electrodeposited particles; XPS data;
control experiments without NaOH, without applied
potential, and to see partitioning of metal salt; and effect
of the nanodroplet size, surfactant, concentration of
precursor salt, and different substrates on electro-
deposited IrO, (PDF)
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