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Metal nanocrystals (NCs) produced by colloidal synthesis have a variety of structural features, such as
different planes, edges, and defects. Even from the best colloidal syntheses, these characteristics are dis-
tributed differently in each NC. This inherent heterogeneity can play a significant role in the properties
displayed by NCs. This manuscript reports the use of electrochemistry to synthesize Au NCs in a system
evaluated to track individual NC growth trajectories as a first step toward rapid identification of NCs with
different structural features. Au nanocubes were prepared colloidally and deposited onto a glassy carbon
electrode using either electrospray or an airbrush, resulting in well-spaced Au nanocubes. The Au nano-
cubes then served as seeds as gold salt was reduced to deposit metal at constant potential. Deposition at
constant potential facilitates overgrowth on the Au nanocubes to achieve new NC shapes. The effects of
applied potential, deposition time, precursor concentration, and capping agents on NC shape evolution
were studied. The outcomes are correlated to results from traditional colloidal syntheses, providing a
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bridge between the two synthetic strategies. Moreover, scanning electron microscopy was used to image
the same NCs before and after deposition, linking individual seed features to differences in deposition.
This ability is anticipated to enable tracking of individual growth trajectories of NCs to elucidate sources
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1. Introduction

The synthesis of metal nanocrystals (NCs) with defined size
and shape is critical to leveraging the properties that arise
from their structures, particularly in the fields of plasmonics®
and catalysis.> Colloidal approaches produce NCs with con-
trolled sizes, shapes, and compositions; however, even the best
syntheses produce NCs with some heterogeneity.® That is,
there may be slight variations in size, edge, or corner trunca-
tion from one NC to the next in the ensemble or even comple-
tely different shapes as minor products arising from different
defects (e.g., twin planes). Also, heterogeneity may exist within
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an individual NC. For example, a metal nanocube may have
corners with different degrees of truncation.

This heterogeneity arises because the free energy landscape
for NC formation offers many low-barrier pathways to closely
related metastable structures.” Yet, mechanistic understanding
of these various pathways remains elusive, and such knowl-
edge could inform strategies to achieve higher selectivity in NC
syntheses. In this regard, strategies to track growth of individ-
ual NCs are required, and in situ liquid-cell transmission elec-
tron microscopy (TEM) is the state-of-the-art.> This approach
has been used to study the nucleation, growth, and assembly
of metal NCs, revealing complex systems.®® For example,
growth by both monomer addition and particle coalescence
was observed during the synthesis of size-controlled quasi-
spherical Pt nanoparticles, which contrasts with the commonly
cited LaMer model that accounts for monodisperse nano-
particle formation.”'® Yet, liquid-cell TEM approaches are
limited by beam-induced effects and low throughput.

Here, we evaluate an electrochemical approach for its utility
in tracking single NC growth and provide insight broadly into
the electrochemical synthesis of NCs with defined structures.
Unlike colloidal syntheses which require a molecular reducing
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agent to nucleate metal NCs from metal salts, electrochemical
syntheses use a potentiostat to set the working electrode’s
potential where metal deposition occurs from metal salts, pro-
viding different kinetic pathways to metal NCs compared to
colloidal syntheses."'? Interest in such syntheses grew when
Sun and co-workers demonstrated electrochemical syntheses
of Pt and Pd NCs with high-index facets by applying a square-
wave potential to a glassy carbon electrode (GCE) with a metal
salt growth solution."**> As we will show, electrochemical
syntheses offer the possibility of tracking NCs as they are
created or modified on a GCE exposed to the growth solution.
To leverage this capability, however, understanding of different
electrochemical parameters on NC shape-evolution must first
be attained. Personick and co-workers systematically studied
constant current conditions, translating a colloidal synthesis
of corrugated Pd nanoparticles to a completely electrochemical
synthesis.’® In an important parallel to studies here, their
experimental design mimicked the depletion of molecular
reducing agents during colloidal syntheses by using constant
current conditions.

Nevertheless, constant potential conditions are attractive in
electrochemical syntheses because the potential can be
selected to match the chosen metal salts, providing a predic-
tive pathway to metal deposition and eliminating the possi-
bility for side reactions.'”™*® Precise control of the applied
potential also enables targeted deposition on specific facets of
the NCs as these surface facets have close but distinct surface
energies.”” Moreover, constant potential conditions may be
better suited for conditions in which the surface area of the
GCE changes, as is the case in metal NC synthesis where NC
sizes increase during growth. Here, a systematic study of Au
electrodeposition on Au nanocubic seeds was undertaken by
considering different constant potential conditions. Au nano-
cubes were selected as seeds because their overgrowth is well-
studied in colloidal syntheses, allowing for comparison to the
electrochemical process.>'>* Also, the Au nanocubes orient on
GCEs with a (100) facet preferentially parallel to the GCE,
making it straightforward to correlate the outcomes from
growth to the original seed features in single NC studies as the
crystallography is defined.

2. Experimental

2.1. Synthesis of Au nanocube seeds

2.1.1. Materials. Chloroauric acid (HAuCl,-3H,0, >99.9%),
hexadecyltrimethylammonium bromide (CTAB, BioUltra,
>99.5%), -ascorbic acid (L-AA, 99%), and sodium citrate triba-
sic dihydrate (>99%) were purchased from Sigma-Aldrich,
St Louis, MO and used as received. Nanopure water (18.2 MQ
cm) was used for every experiment.

2.1.2. Methods

Synthesis of Au nanocube seeds. The synthesis of Au nanocube
seeds proceeds by first preparing Au octahedra to which
additional Au is added via a modified literature procedure.>
Briefly, an aqueous solution of 25 pL of HAuCl,-3H,0
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(100 mM) was added to 8.425 mL of nanopure water and
1.5 mL of CTAB (100 mM) with inversion of the capped reac-
tion vial to facilitate mixing. Then, 50 pL of trisodium citrate
(100 mM) was introduced, and the mixture was rapidly
inverted once. The vial was heated at 110 °C in an oil bath
overnight. Particles were collected by centrifugation (~11 000g,
10 min), the supernatant decanted, and the pellet redispersed
in 3 mL of nanopure water. The Au octahedral particle concen-
tration was calibrated to achieve an absorbance of 0.415 at
400 nm.

Au nanocubes then were grown from these Au octahedra.
Specifically, 21.4 mL of nanopure water, 100 pL of
HAuCl,-3H,0 (100 mM), and 2 mL of CTAB (200 mM) aqueous
solutions were added to a 30 mL reaction vial, and the con-
tents were mixed by inversion. Then, 1.5 mL of freshly made
L-ascorbic acid (100 mM) solution was added and the vial
inverted for mixing. After, 1.0 mL of Au octahedra solution was
added and mixed by inversion. The vial was placed in an oil
bath set at 25 °C overnight (this action is taken to prevent crys-
tallization of CTAB in laboratory settings that are slightly
cooler). Particles were collected by centrifugation (~7000g,
15 min), the supernatant was decanted, and the pellet was
redispersed in 3 mL of nanopure water. The nanocube seed
concentration was calibrated to achieve an absorbance of 0.553
at 400 nm for subsequent experiments.

2.2. Synthesis of sodium gold(y) sulfite

2.2.1. Materials. Sodium sulfite (Na,SO;) was purchased
from Fischer Chemical, Pittsburgh, PA. Magnesium oxide
(MgO) was purchased from Macron Fine Chemicals.
HAuCl,-3H,0 and HCI was purchased from Sigma Aldrich,
St Louis, MO. Nanopure water (18.2 MQ c¢m) was used for every
experiment.

2.2.2. Methods

Synthesis of sodium gold(1) sulfite. The method developed by
Dietz Jr. et al. was followed to synthesize sodium gold(r)
sulfite.”® 1 mg of HAuCl,-3H,0O was added to 5 ml of nanopure
water, and 88.6 mg of finely divided magnesium oxide was
added. The pH of the solution was adjusted to 8.3 by adding 1
M HCI dropwise and stirred at 65 °C for 5 min. Further, the
temperature was increased to 100 °C for 15 min. The color of
the solution became orange, and it was allowed to cool for
2 min. The supernatant was removed after centrifugation of
the solution at ~7000g for 5 min. After centrifugation, the
pellet was rinsed with water once, and transferred by spatula
to a round-bottom flask containing 187.5 mg of sodium sulfite
solution. The sodium sulfite solution with pellet was mixed
with stirring and heated on a heating mantle at 74 °C for
10 min. The color of the above solution changed from orange
to clear. After that, the solid was removed by centrifugation at
~7000g for 5 min and the supernatant sodium gold(i) sulfite
solution was collected and stored in a vial.

A fraction of the sodium gold(1) sulfite solution was concen-
trated by quantitative methods and digested in aqua regia to
measure the Au content. The solution was analyzed from the
liquid-phase on an Agilent 770 ICP-MS at the Indiana
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University Department of Earth and Atmospheric Sciences.
ICP-MS measured an Au concentration of 82.92 pM for the
sodium gold(i) sulfite solution.

2.3. Electrospray (ES) deposition of Au nanocubes

2.3.1. Materials. A platinum wire counter electrode (outer
diameter 0.127 mm Alfa Aesar, Haverhill, MA) and GCE
(redoxme, Norrkoping, Sweden) working electrode were used.
The GCE was polished with fine alumina powder (1.0-micron,
0.3-micron, and 0.05-micron, Allied High-Tech Products, Inc,
Compton, CA). Fig. Sla and bt shows SEM images of the GCE
before and after polishing, following a procedure described in
the literature.””

2.3.2. Pipette fabrication.”® Nanopipettes were pulled from
borosilicate theta capillaries with an outer diameter of 1.5 mm
with a laser puller equipped with a CO, laser (P-2000, Sutter
Instruments) to create a 1/1 pm tip opening. The pipette was
characterized by SEM (FEI Quanta 600F), with the pipette tip
diameter being determined with Image] software for consist-
ency with prior reports.”®

2.3.3. Methods

ES Deposition. Fig. S21 shows the schematic of the setup
used. A procedure from the literature was used for the ES depo-
sition.”® Theta pipette emitters with ~1 micrometer-diameter
tips at each barrel were filled with a solution of Au nanocubes
by a microfil needle (World Precision Instruments, Sarasota,
FL). The Au nanocube seed concentration was adjusted to
achieve an absorbance of 0.165 at 400 nm. One barrel of the
theta pipette was filled with the Au nanocube seed solution
(500 pL), and an electrolyte solution of 2.5 mM KCI (500 pL)
was filled in the second barrel. A platinum wire was intro-
duced into the nanoparticle-filled barrel for an electrical
connection. The potential was applied to the Pt wire using a
high-voltage power supply from Gamma High Voltage
Research (model no. SE30P-5W/DAM). To collect the current
generated by the ES, the GCE was placed in electrical
contact with a stainless-steel plate, and current was read via
a 414A picoammeter (Keithley Instruments). A micromanipu-
lator (Newport ULTRAlign 461-XYZ-M Linear Translation
Stage with SM-13 micrometers) was used to accurately posi-
tion the pipette over the GCE. To monitor position of the
pipette tip relative to the GCE, a handheld wireless wi-fi
digital microscope from Takmly monitored the live video of
the GCE and the pipette emitter. A humidity hygrometer
from Govee surrounded the GCE and pipette. During ES a
probe-substrate distance of 2 mm, 14-18% relative humid-
ity, and 8 nA of ES current were maintained. ES deposition
was carried out for 20 minutes. The ES deposition using the
referenced conditions resulted in the well-dispersed Au
nanocubes on the GCE.

2.4. Airbrush deposition of nanocubes

2.4.1. Materials. Pasteur pipette, bulb, airbrush (pointzero
dual-action 7 cc Gravity-Feed airbrush with 0.3 mm nozzle,
Tamarac, Florida), pure ethanol 200 proof (pharmco,
Dearborn, Michigan), GCE (redoxme, Norrkoping, Sweden).
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2.4.2. Methods

Airbrush setup. A schematic of the airbrush used is shown in
Fig. S3.1 The fluid cup contains the Au nanocube solution
with an absorbance of 0.034 at 400 nm (75 pL). The stem of
the airbrush is connected to an Ar gas tank to apply pressure.
The gas tank passes a stream of Ar gas through it at 10 psi,
nebulizing it into a mist. The distance between the airbrush
and GC was maintained at 6 mm, holding it in the tilted posi-
tion of 45° and spraying for ~3 s. Afterward, the airbrush was
cleaned with ethanol between uses. These conditions give well-
dispersed Au nanocubes on GCE.

2.5. Seeded electrochemical deposition of Au on Au
nanocube seeds

2.5.1. Electrode preparation. Prior to depositing the Au
nanocubes on the GCE by ES or airbrush for subsequent elec-
trodeposition of Au, the GCE is cleaned following a procedure
from the literature.?”” Note that, because of the number of
experiments conducted and volumes required for these experi-
ments, different batches of Au nanocubes were deposited on
the GCEs for electrodeposition studies, giving slight variations
in average initial seed sizes which are reported in the various
ESI figurest as size histograms.

2.5.2. Methods

Electrodeposition. Electrochemical measurements were per-
formed using a Pine Instruments WaveDriver 10 Potentiostat
(model AFP2). Constant potential electrolysis was performed
for the deposition of Au on Au nanocubes. All macroscale
measurements were performed in a three-electrode electro-
chemical cell under an Ar atmosphere and with constant stir-
ring at 350 rpm (Fig. S4at). The GCE was placed in a custom-
made Teflon box to isolate a consistent geometric area of
3 mm for all electrolysis studies; a photograph and schematic
of the Teflon box is shown in Fig. S4b and c.f The Au nano-
cube solutions (0.165 absorbance for ES and 0.034 for air-
brush) were used to deposit the Au nanocubes on the GCE.
The deposited Au nanocubes were used as seeds without
further washing unless designated in the manuscript. For
deposition studies, an electrochemical cell with volume of
13 mL was used to accommodate the Pt counter electrode and
a Ag/AgCl (3 M NaCl) reference electrode (BASi). All potentials
are reported referenced to Ag/AgCl (3 M NaCl). When desig-
nated, the Au nanocubes deposited on the GCE were cleaned
by soaking the GCE in methanol for 2 min followed by two
repetitive cyclic voltammograms carried out in 100 mM HCIO,,
sweeping from 0 V to —1.0 V vs. Ag/AgCl (3 M Nacl).

2.6. Characterization methods

Electron micrographs were acquired using either an FEI
Quanta 600F Environmental SEM operating at an energy of 30
kv and spot size of 3 pm or a Zeiss Auriga focused-ion beam
(FIB) in SEM mode with a beam energy of 20 kv and an aper-
ture size of 30 pm. Size analysis was performed manually
using Image] software. UV-visible spectroscopy was used to
characterize the Au nanocube solutions and create solutions of
standardized concentrations with a Varian CARY 100 Bio

This journal is © The Royal Society of Chemistry 2024
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UV-Visible spectrophotometer. The scan rate was set at 600 nm
min~" over a wavelength range of 200-800 nm using disposa-
ble plastic cuvettes with a 1 cm path length, and water was
used as the blank. TEM samples were prepared by sonicating
the GCE in 1.0 mL of methanol for 10 min to release the NCs.
The methanol solution was then drop-casted onto carbon-
coated Cu TEM grids and the droplet was air-dried for sub-
sequent TEM imaging. Transmission electron microscopy
(TEM) images, selected area electron diffraction (SAED) and
scanning TEM  energy-dispersive = X-ray  spectroscopy
(STEM-EDS) of nanostructures were collected using a JEOL
JEM 3200FS microscope operating at 300 keV using a 4k x 4k
GatanUltraScan 4000 CCD camera. XPS analysis of the NCs on
the GCE was conducted on a PHI 5000 VersaProbe II instrument
with a focused monochromatic Al Ko source. An X-ray power of
50 W at 15 keV under ultra-high-vacuum conditions and a beam
size of 200 pm was used for all experiments. The C 1s peak from
adventitious carbon was calibrated at 284.8 eV and served as an
internal standard for the binding energy scale. Fourier transform
infrared (FTIR) spectroscopy was taken of Au nanocube samples
to characterize the ligands bound on their surfaces and to evalu-
ate the effect of different washing times in removing these
ligands. The samples were prepared by drop-casting the Au nano-
cube solution on a glass slide, which was then dried in air at
room temperature. To evaluate the effect of different washing
times, the glass slides with deposited Au nanocubes were soaked
in methanol for 2 s, 30 s, 1 min or 2 min, followed by drying in
air at room temperature prior to FTIR spectroscopy. FTIR spectra
was obtained using a Bruker Vertex 70V FTIR spectrometer
equipped with a mercury cadmium tellurium (MCT) detector in
transmission mode.

3. Results and discussion

3.1. ESversus airbrush deposition of Au nanocubes

Drop-casting is the most widely used method for the depo-
sition of colloidal NCs on a substrate. Kumar et al. recently
reviewed the effects of drop-casting on nanoparticle disper-
sions and noted that evaporation of solvent from immobile
droplets containing suspended particles under ambient con-
ditions leads to a ring-like pattern known colloquially as the
coffee ring; unfortunately, the resulting nanoparticle deposits
are irreproducible in terms of aggregation state and nano-
particle placement.>® Here, we observed similar outcomes with
drop-casting of the Au nanocubes (Fig. 1a), where many of the
Au nanocubes are parts of larger clusters of particles as
evident from analyzing 12 representative SEM images (data not
included) within the deposition region (Fig. 1b). Such cluster-
ing — whether from drop-casting or other deposition methods
- is non-ideal as it could give rise to non-uniform overgrowth
during electrodeposition due to the proximity of neighboring
nanocubes. Also, the ability to track individual NCs in real-
time by optical methods would be complicated by such cluster-
ing given the diffraction limit of such techniques. To follow
the growth trajectories from single NC seeds and to achieve
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uniform outcomes by electrodeposition, the seeds need to be
well-spaced and isolated from one another on the GCE. Thus,
we also examined ES and airbrush methods for depositing
nanocubes, with both methods resulting in well-spaced and
isolated Au nanocubes on the GCE, as also shown in Fig. 1.

Considering ES deposition, we adapted a method reported
by Jagdale et al. in which Au nano-octahedra were deposited
on a GCE.?® They noted that the distance between the pipette
and the GCE, the ES current, and the pipette diameter were
key ES factors to achieve well-spaced, isolated nano-octahedra
suitable for single-entity electrochemical studies. Similar
optimization was required to achieve the well-spaced and iso-
lated Au nanocubes reported here, which were co-deposited
with KCl, the ES electrolyte (Fig. 1d and S57). Notably, this salt
can be removed by soaking the GCE in water after Au nano-
cube deposition.

Following the analysis protocol from Jagdale et al., the ES-
deposited spots from three repeat experiments (n = 3) were
investigated to evaluate the dispersion of Au nanocubes within
the spray perimeter. SEM images were acquired from each ES-
deposited spot at set positions (Fig. S5a;T ~550 Au nanocubes
counted per experiment from the SEM images). Data from one
of the ES-deposited spots is shown in Fig. S5bf and the
number of Au nanocubes per square micrometer was deter-
mined by analyzing the SEM images. These results were then
used to create a polar plot (Fig. 1e) given the radius of the ES
region and the image positions shown in Fig. S5t while inter-
polating the non-imaged regions. The number of particles de-
posited was greatest at the center of the ES spot and decreased
gradually when moving away from the center to the perimeter
of the ES spot. These results are similar to those previously
reported for Au octahedra.”®

Considering airbrush deposition of the Au nanocubes, no
supporting electrolyte is required, which eliminates the need
for GCE washing after deposition of the Au nanocubes. Like
ES deposition, well-spaced and isolated single Au nanocubes
were observed from airbrush deposition with uniform distri-
bution (Fig. 1g and S6t). The airbrush-deposited spots from
three repeat experiments (n = 3) were investigated to evaluate
the dispersion of Au nanocubes within the spray areas. SEM
images were acquired from each airbrush-deposited spot at set
positions, as indicated in Fig. S6at} (~100 Au nanocubes
counted per experiment from the SEM images, as the density
of particles is lower from airbrush deposition compared to ES).
Data from one of the airbrush-deposited spots is shown in
Fig. S6b.7 The images were taken from the center of the area,
moving outward from the center in all four directions. These
particles were counted per square micrometer, and the results
were then used to create a contour plot (Fig. 1h) based on
image position and interpolating the non-imaged regions.
Note that in comparison to ES, the airbrush method results in
a deposition area that is more closely approximated as a
square or rectangle, thus accounting for the differences in
plotting conventions. Notably, the nanocubes appear stochasti-
cally distributed over the GCE, without much variation in par-
ticle density.

Nanoscale, 2024, 16, 8002-8012 | 8005
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Fig. 1 (a) SEM of drop-casted Au nanocubes. (b) Bar graph of cluster size versus number of clusters for Au nanocubes drop-casted on a GCE. (c)

SEM of electrodeposited product obtained after constant potential electrolysis for 10 min (-1.175 V vs. Ag/AgCl) with drop-casted Au nanocubes. (d)
SEM image of Au nanocubes deposited by ES. (e) Polar plot reporting the Au nanocubes distribution in the ES spot per square micrometer. (f) SEM
of product obtained after constant potential electrolysis for 10 min (—1.175 V vs. Ag/AgCl) with electrosprayed Au nanocubes. (g) SEM of Au nano-
cubes deposited by airbrush. (h) Contour plot reporting the Au nanocube distribution in the airbrushed region per square micrometer. (i) SEM of
product obtained after constant potential electrolysis for 10 min (-1.175 V vs. Ag/AgCl) with airbrushed Au nanocubes (all electrodeposition experi-
ment used 3.5 uM NazAu(SO3), with 0.32 M Na,SOs electrolyte). Note that all SEM images were obtained at the same magnification.

As both ES and airbrush deposition produced well-spaced and
isolated Au nanocubes on the GCE, these two methods can be
used to deposit the seeds for electrodeposition. To test the feasi-
bility for seeded electrodeposition, Au nanocube seeds were de-
posited on GCEs by drop-casting, ES, or airbrush. To carry out
electrodeposition, a given nanocube-coated GCE was immersed
in a solution of 3.5 pM NazAu(SO3), with 0.32 M Na,SO; support-
ing electrolyte. For initial experiments, a constant potential of
—1.175 V vs. Ag/AgCl was selected (with all potentials herein vs.
Ag/AgCl). The selection of these conditions and precursor is dis-
cussed in the ESI (see Fig. S71) and note that the Au nanocubes
were used as seeds without any protocol to remove residual CTAB
that may remain on their surfaces from synthesis. After electrode-
position for 10 minutes, each sample was investigated with SEM.
Structurally varied nanoparticles were observed in the case of
drop-casted nanocubes and is consistent with the varied local
electrochemical environments that arise from nanoparticle aggre-
gation (Fig. 1c). In contrast, cuboctahedra were observed in both
the case of nanocubes deposited by ES and airbrush, with their
edge lengths larger than the initial Au nanocubes (Fig. 1f and i).
The GCE also has smaller metal deposits of random shape,
which will be discussed later.

8006 | Nanoscale, 2024, 16, 8002-8012

In both the case of ES and airbrush-deposited Au nano-
cubes, this electrodeposition experiment was repeated four
times to check its reproducibility, as shown in Fig. S8a and
S8b.t Cuboctahedra that are larger than the initial Au nano-
cubes were obtained in all cases, with the increase in average
edge length varying between ~26 nm and ~48 nm depending
on the specific experiment. This variation likely arises from
the slight variations in average seed size, a common source of
heterogeneity in colloidal NC systems. As similar products
were obtained regardless of whether the Au nanocubes were
deposited on the GCE by ES or airbrush, the airbrush method
is used in subsequent experiments given its compatibility with
smaller solution volumes, simpler experimental setup, and the
elimination of the GCE washing step.

3.2. Effect of applied potential, deposition time and capping
agents on the shape evolution of Au nanocubes during seeded
electrodeposition

Heterogeneous nucleation of Au on the GCE, alongside the Au
seeds, poses a challenge in distinguishing products. That is,
under certain deposition conditions, Au deposits on the GCE
may adopt morphologies like the Au seeds or overgrown seeds.

This journal is © The Royal Society of Chemistry 2024
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Also, in optical studies, distinguishing between Au nanocubes
and heterogeneous nucleation on a GCE would become
difficult given the increasing particle density on the GCE, yet
such distinction would be crucial for in situ studies and corre-
lation of structural information to NC properties. Therefore,
heterogeneous nucleation on the GCE should be minimized or
eliminated to correlate growth to deposition conditions
through single-particle studies.

Au deposition on both the GCE and Au nanocubic seeds
indicates that the barrier to nucleation is being overcome in
both cases with an applied potential of —1.175 V. This obser-
vation is surprising as the barrier to nucleation is anticipated
to be lower on Au nanocubes than on GCE given the possibility
for homoepitaxy.>® Thus, the effects of Au precursor concen-
tration and applied potential on the shape evolution of Au
nanocubes during seeded electrodeposition were systemati-
cally studied.

These reaction conditions were selected for study as we
hypothesized that nucleation on the GCE could be eliminated
by decreasing supersaturation. Supersaturation refers to when
a solute in a solution exceeds the concentration defined by its
solubility at equilibrium and governs the initial stage of crystal
formation.**> According to classical nucleation theory,****
the free energy needed for homogeneous nucleation can be
described as a function of local supersaturation as follows:

16my3L2

AGhomo = ——t =
homo = 32 T2(In 52)

(1)
where y is the surface energy, v atomic volume of the nucleating
material, S supersaturation, 7 temperature, and kg the Boltzmann
constant.** The free energy needed for heterogeneous nucleation
can be determined by multiplying the value of homogeneous
nucleation with the wetting factor, f(6):*

AGhetero = AGhomQ]“(g) (2)

Thus, there are two factors from eqn (1) and (2) that can be
leveraged to achieve selectivity in nucleation: S and f(6). When
S < 1, the free energy for heterogeneous nucleation will be
lower than that for homogeneous nucleation. The wetting
factor f() refers to the degree to which a liquid can spread
over a solid surface. f(6) is lower in the case of homoepitaxy
(Au-Au bond formation) than the Au-GC interaction, resulting
in a lower barrier for heterogeneous nucleation on the Au
nanocubes (assuming no residual capping agents on their sur-
faces) and a higher barrier for heterogeneous nucleation on
the GC.*® In this way, the different barriers to nucleation on
GCE and the Au nanocubes can be more readily leveraged at
low supersaturation.

In colloidal syntheses of NCs, the most common levers to tune
supersaturation are reaction temperature, precursor concen-
tration, and strength of the molecular reducing agent. Given
reactor differences between colloidal and electrochemical synth-
eses, we chose not to examine temperature effects. Concentration
effects are straightforward to evaluate, where the concentration of
the NazAu(SO;), was decreased from 3.5 pM to 0.35 pM, yielding

This journal is © The Royal Society of Chemistry 2024
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lower supersaturation at an applied potential of —1.175 V. Similar
results (i.e., cuboctahedra) were obtained after 10 min of electro-
deposition at —1.175 V (Fig. S97).

Applying a more positive potential during electrodeposition
is analogous to switching to a weaker molecular reducing
agent; however, we now have the benefit of not changing the
solution speciation as is the case with molecular reducing
agents. Instead, a range of applied potentials can be readily
screened. Therefore, the applied potential was systematically
moved more positive, and the products imaged by SEM after
10 min of constant potential electrolysis (in 0.35 pM NazAu
(SO3), with 0.32 M Na,SO; electrolyte; Fig. 2). It is important
to note that the electrodeposition solution, which is in contact
with the working electrode, is stirred during these experi-
ments, just as traditional colloidal syntheses are stirred. As
anticipated, when a potential of —1.075 V was applied, less
nucleation on the GCE was observed compared to a reduction
potential of —1.175 V (Fig. 2a). Significantly, the Au nanocubes
have increased in size (~120 nm in edge length versus ~80 nm
edge length before deposition; Fig. S10a and b?) and maintain
their cubic profile (Fig. 2a). On applying a potential of —0.875
V, heterogeneous nucleation on the GCE is even less; slight
deposition at the corners of the Au nanocubes was also
observed (Fig. 2b and Fig. S11f). An applied potential of
—0.775 V led to Au deposition largely on the corners of the Au
nanocubes, and heterogeneous nucleation of Au on the GCE
was not observed (Fig. 2c and Fig. S12f). Interestingly, at
applied potentials of —0.675 V and —0.575 V, minimal (or poss-
ibly no) Au deposition was observed as the Au nanocubes did
not increase in size substantially (Fig. 2d, e and Fig. S13a and
bt).

The effect of deposition time on final NC shape was also
studied by increasing the electrodeposition time from 10 min
to 15 min, with all other conditions held constant. At —1.075
V, Au cuboctahedra with edge lengths longer than the initial
Au nanocubes were observed along with nucleation on the
GCE (Fig. 2f and Fig. S14f). This observation contrasts with
the results at 10 min, at which point the NCs had maintained
a cubic shape. However, nucleation on the GCE was still
observed. At —0.875 V and —0.775 V, 15 min of deposition led
to metal deposition on the Au nanocubes (Fig. 2g and h).
These results are similar to the same experiments at 10 min
(Fig. 2b and c) with more deposition at the corners of the Au
nanocubes than the edge. Size analyses for both experiments
show an increase in both the edge and the diagonal lengths
after electrodeposition compared to both the original seeds as
shown in Fig. S15.f At —0.675 V, deposition occurred on Au
nanocubes as they increased in size by ~10 nm (Fig. 2i and
S16at) and —0.575 V, no change in shape and deposition was
observed on Au nanocubes (Fig. 2j and S16b¥).

Fig. 3a and b include plots of change in average NC edge
length and diagonal after 10 and 15 minutes of electrodeposi-
tion, respectively, determined from analysis of the size histo-
grams in Fig. S10-S16.1 Notably, the largest increases in NC
size are observed at an applied potential of —0.775 V for 10
and 15 minutes, aligning with when heterogeneous nucleation

Nanoscale, 2024, 16, 8002-8012 | 8007
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Deposition Potential

-0.775V

-0.675V

Fig. 2 SEM of products from seeded electrodeposition on Au nanocubes deposited by airbrush on a GCE. The horizontal axis is the deposition
potential vs. Ag/AgCLl. The vertical axis is the deposition time: (a—e) 10 min, (f—j) 15 min, and (k—0) 10 min with removal of CTAB from seeds. All
experiments used 0.35 pM NazAu(SOsz), with 0.32 M Na,SOs electrolyte. All scale bars are the same.

10 min

15 min

After CTAB removal

60+

Change in Length (nm)
w
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A4.075  -0.875-0.775-0.675-0575  -1.075

Potential (V vs Ag/AgCl)

-0.875-0.775-0.675-0.575
Potential (V vs Ag/AgCl)

-0.875-0.775-0.675.0.575-0.475.0.375
Potential (V vs Ag/AgCl)

A1.075

Fig. 3 Plots of potential versus change in edge (blue traces) and diagonal (pink traces) length of NCs after electrodeposition (a) for 10 min with
CTAB-capped seeds, (b) 15 min with CTAB-capped seeds, and (c) 10 minutes with CTAB removed seeds. All experiments with 0.35 pM NazAu(SOs),

with 0.32 M Na,SOs; electrolyte.

on the GCE is suppressed. This finding suggests that hetero-
geneous nucleation on the GCE is dominating at more nega-
tive potentials, depleting growth species from the Au nanocu-
bic seeds. Notably, for both 10 and 15 minutes, the increase in
diagonal length is much greater than edge length, consistent
with Au deposition at the seed corners dominating; slightly
larger NCs produced in the case of 15 minutes on account of
the greater electrodeposition time. Growth stops at more posi-
tive potentials as there is insufficient driving force for precur-

8008 | Nanoscale, 2024, 16, 8002-8012

sor reduction in the presence of Au nanocubes with residual
CTAB capping.

Considering the shape evolution observed as a function of
applied potential, some parallels between colloidal and
electrochemical syntheses can be drawn. First, as supersatura-
tion decreases, heterogeneous nucleation becomes more selec-
tive and occurs on preferred surfaces, i.e., the Au seeds rather
than GCE; similar effects occur in colloidal syntheses with
nucleation occurring on seeds rather than through homo-

This journal is © The Royal Society of Chemistry 2024
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geneous nucleation at lower supersaturation, and even dis-
tinguishing between different seed features to induce an-
isotropy at very low supersaturation.’®*” Second, longer growth
periods result in larger NCs when the number of growing NCs
is held constant. Third, capping effects of molecules adsorbing
to the NC seeds appears to be influencing morphology
development.®®

This third conclusion arises from considering the
Thomson-Gibbs equation, which outlines that the surface
energy of crystallites should increase with an increase in super-
saturation if no new nuclei form.*> The Au nanocubes with
deposition selectively at their corners undoubtedly have higher
surface energy than the polyhedral Au forms that form under
more reducing/higher supersaturation conditions. This obser-
vation is in apparent contradiction unless other factors are
contributing to morphological development. In our system,
the Au nanocubes were synthesized with CTAB as a capping
agent, where bromide stabilizes {100} facets.’®> While the Au
nanocubes were collected by centrifugation prior to airbrush
deposition to remove excess CTAB, FTIR spectroscopy reveals
C-H stretching vibrations characteristic of CTAB (Fig. S177).
Selective passivation of the Au nanocube {100} facets, ie.,
faces, increases the barrier for nucleation on the faces relative
to the unpassivated corners. Thus, as a more positive potential
is applied (lower supersaturation), deposition occurs at the
sites of highest surface energy (lowest barrier to nucleation),
i.e., the corners, to produce the Au nanocubes with selectively
overgrown corners (Fig. 2c and h). This capping effect was
experimentally tested and is discussed shortly, but this
capping effect is augmented by the low precursor concen-
tration which also favors a more regioselective product.®®

Capping agents have been shown to influence the size and
morphology of products from electrodeposition.***? Different
adsorbing anions during electrodeposition has facilitated the
formation of nanoparticles with precisely controlled sizes. For
example, Mastai et al. showed that strongly adsorbing anions
such as chloride resulted in smaller nanoparticles than nonad-
sorbing anions such as perchlorate.”” Additionally, the
binding of capping agent to specific facets of NCs can lead to
their anisotropic growth. For example, Skibinska et al. found
that chloride ions during electrodeposition promoted growth
of conically nanostructured nickel layers.*®

Considering the role of CTAB in our research, its removal
should facilitate greater deposition on the faces of the Au
nanocubes and lead to different NC products. To test this
hypothesis, the Au nanocubes were further cleaned by a proto-
col from the literature.”” Specifically, the Au nanocubes de-
posited on the GCE by the airbrush method were soaked in
methanol for 2 min, with excess CTAB dissolving into the
methanol. The soaking period was selected such that the
majority of the CTAB was removed from the Au nanocubes as
revealed by FTIR spectroscopy (Fig. S171). However, due to the
detection limit of FTIR, a trace amount of CTAB may remain
on the Au nanocubes. Further, CV cycling was conducted in
100 mM HCIO, to remove additional CTAB from the Au nano-
cubes as was reported by Choi et al.**

This journal is © The Royal Society of Chemistry 2024
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All the potentials applied previously were tested to evaluate
the effect of the CTAB cleaning procedure on Au electrodeposi-
tion. When a potential of —1.175 V was applied for 10 min
(3.5 pM NazAu(SO;), with 0.32 M Na,SO; electrolyte), a similar
electrodeposited product (i.e., larger cuboctahedra along with
heterogeneous nucleation of new particles on the GCE) was
observed compared to that produced without CTAB removal
(Fig. S187). At an applied potential of —1.075 V for 10 min (in
0.35 pM NazAu(SOs), with 0.32 M Na,SO; electrolyte), depo-
sition on the {100} facets of the Au nanocubes is evident,
along with slight deposition on the {111} facets (Fig. 2k), with
the size histogram analysis showing the growth of nanocubes
after electrodeposition (Fig. S19a and bt). Similar results were
obtained at a potential of —0.875 V and —0.775 V applied for
10 min (Fig. 21 and m), with the size analysis for both indica-
tive of growth (Fig. S19c-f}). Further, slight deposition
occurred on the Au nanocubes at applied potentials of —0.675
V and —0.575 V presented in SEM image Fig. 2n and o, and
size analysis histograms show that at these potentials Au nano-
cubes are growing slightly (Fig. S19g-jf). Only by moving to
more positive potentials (—0.475 V and —0.375 V) was growth
suppressed (Fig. S20 and S217). The change in morphology
observed with removal of CTAB is consistent with lowering the
barrier to deposition on the {100} facets of the Au nanocubic
seeds. Notably, if the CTAB is only removed partially prior to
electrodeposition, then nonuniform deposition is observed
that is often characterized by deposition at only a few of the
eight vertices of the cubic seeds (Fig. S22%). These findings
emphasize the selective capping behavior of CTAB during over-
growth processes, whether they be initiated with molecular
reducing agents or electrochemistry.

Fig. 3c includes plots of change in average NC edge length
and diagonal after 10 minutes of electrodeposition from Au
nanocubes from which CTAB has been removed. The increase
in length was greatest at —1.075 V. Growth was still observed
until an applied potential of —0.475 V but was less in magni-
tude, consistent with the decreasing supersaturation with
applied potential. While heterogeneous nucleation on the GCE
is evident at the most negative potentials and would deplete
growth species, its impact on seeded electrodeposition is less
as a large increase in NC size is not observed after its suppres-
sion. This observation is consistent with an increase in electro-
chemically active surface area from the Au nanocubes after
CTAB removal.

3.3. Mechanistic summary

The morphology development of Au NCs during seeded elec-
trodeposition depends on the applied potential and capping
agents. These outcomes correlate with local supersaturation,
providing connections to classical nucleation theory and col-
loidal syntheses of metal NCs. These outcomes also shed
insight into the common conditions used in electrochemical
syntheses of metal NCs. In this manuscript, constant potential
conditions were employed, whereas the overwhelming number
of literature reports use either constant current density*>™*” or
an application of a square wave potential*®™° for size and
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shape-controlled electrochemical synthesis of NCs. In consid-
ering constant current density conditions, the potentiostat
changes the cell potential to maintain constant current, which
may account for why nucleation on the working electrode is
often limited to the initial stages of synthesis. With application
of a square wave, often conditions sweep between reducing
and oxidizing. During oxidation, the highest energy (likely
smallest and most newly formed) metal deposits would be
etched at a greater rate, and this quality has likely been lever-
aged to mitigate heterogeneous nucleation of new NCs on the
working electrode.

3.4. Single-particle correlation and compositional analysis

With understanding of different experimental parameters on
NC morphology during seeded electrodeposition, we then
sought to verify the feasibility for single-particle correlation
before and after electrodeposition based on pattern matching.

c
L 4

=
f

[1oee]
Fig. 4 SEM images of isolated NCs (a—c) before electrodeposition and
(d—f) after electrodeposition, where (b and c) are high magnification
images of the Au nanocubes denoted in red and blue in (a) and (e and f)
are high magnification images of the product NCs denoted in red and
blue in (d). The electrodeposited product was obtained at —0.775 V vs.

Ag/AgCl for 10 min in 0.35 pM NazAu(SOs), with 0.32 M Na,SOs
electrolyte.

a b

Fig. 5
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(a) TEM image and (b—e) STEM image and elemental mapping by STEM-EDS of corner deposited Au NCs (scale bar = 100 nm). (f) Line scan
analysis by STEM-EDS following the yellow arrow in (b). (g) SAED pattern of single particle along the [001] direction. This sample was obtained from

electrodeposition of 0.35 pM NazAu(SOs), with 0.32 M Na,SOs electrolyte at —0.775 V vs. Ag/AgCl, with Au nanocubes deposited on a GCE by
airbrush.
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That is, the Au nanocubes deposited on the GCE by airbrush
create distinct arrangements akin to constellations that can be
used to locate the same region for imaging before and after
electrodeposition. Shown in Fig. 4 are SEM images from the
same region before and after electrodeposition. Fig. 4a shows
the SEM image of the Au nanocubes before electrodeposition,
and Fig. 4b shows the electrodeposited product obtained after
10 min at —0.775 V in 0.35 pM NazAu(SO;), with 0.32 M
Na,SO; electrolyte. We note that this sample is the same as
shown in Fig. 2c and analyzed in Fig. S12.f Fig. 4b and c
present high magnification SEM images of the corresponding
Au nanocubes shown in Fig. 4a. Similarly, Fig. 4e and f show
high magnification SEM images of the electrodeposited
product, as depicted in Fig. 4d. Matching the specific Au nano-
cube seeds to final NCs was facile given the pattern they create
on the GCE.

This workflow is significant as now the slight variations
from one NC seed to the next can be identified and potentially
correlated to a specific final NC morphology. For example, the
top Au nanocube identified in the blue box in Fig. 4a exhibits
corner truncation as evident from the higher magnification
image in Fig. 4b. The product NC (Fig. 4e) shows spatially
diffuse deposition at that corner compared to the other
corners. This outcome may be a result of intraparticle hetero-
geneity; however, a statistically relevant number of NCs would
need to be studied to gain such insight.

To confirm that deposition takes place on the bottom edges
of the Au nanocubes where they interface with the GCE, SEM
imaging of product NCs was conducted at a tilt of 54° as
shown for cuboctahedra (—1.175 V for 10 min in 3.5 pM NazAu
(SO3), with 0.32 M Na,SOj3; Fig. S23at) and corner-deposited
Au nanocubes (—0.775 V for 10 min in 0.35 pM NazAu(SO;),
with 0.32 M Na,SO3; Fig. S23b¥). For the cuboctahedra, the top
and bottom edges of the NC appear similar in length; for the
corner-deposited Au nanocubes, arrows are added to the
image to guide the viewer to seven regions of deposition, with
the eighth corner out of view. Further, the composition of the
product obtained at —0.775 V for 10 min (in 0.35 pM NazAu
(SO3), with 0.32 M Na,SOs) was characterized, with STEM-EDS
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elemental mapping and line scan analysis showing largely Au
with some amount of S and Na (Fig. 5a-f). SAED supports a
face-centered cubic Au crystal structure, with the NC analyzed
oriented along the [001] zone axis (Fig. 5g). The XPS survey
spectrum is consistent with the elemental information from
EDS (Fig. S24t), with high-resolution spectra of the Au 4f, S 2p,
and Na 1s regions characteristic of metallic Au, sulfite, and
Na', respectively (Fig. S25; see ESIf for full discussion). The
Na:S from XPS is ~1.5: 1, suggesting the presence of Na and S
arises from residual electrolyte adsorbed to the Au NC
surfaces.

4. Conclusion

Electrochemistry offers a versatile synthetic strategy toward
metal NCs with defined shape, with constant potential
methods offering a straightforward way to leverage the known
reduction potentials of common metal precursors. Moreover,
control of potential in electrochemistry enables deposition on
specific facets of NCs, where Au NCs with sharp features can
be useful platforms for surface-enhanced Raman scattering
and plasmon-based sensing applications on account of near-
field enhancements.”"*> Notably, when coupling electrodepo-
sition with seeded methods, single-NC tracking becomes poss-
ible through colocalization of the initial seeds and final NC
products, much in the manner that identical location electron
microscopy has advanced understanding of nanoparticle elec-
trocatalysts.”>>* While the current level of development only
reveals initial and final states through imaging by electron
microscopy, we envision that high-throughput optical charac-
terization methods may be coupled with seeded electrodeposi-
tion to provide information on a large number of NCs, includ-
ing in situ tracking of growth processes. Thus, this demon-
stration marks a critical step toward elucidating the origins of
heterogeneity in NC ensemb]es.
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