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ABSTRACT

Controlled synthesis of faceted nanoparticles on the surface without explicit use of ligands
has gained attention due to their potential applications in electrocatalysis and sensing.
Electrodeposition is a desirable method, but controlling the size, spatial distribution, and
morphology of the nanoparticles requires extensive optimization. Here, we report spatially

resolved synthesis of shape-controlled Pt nanoparticles and fast screening of synthesis conditions

This articleislicensed under a Creative Commons Attribution-NonCommercial 3.0 Unported Licence.

in scanning electrochemical cell microscopy (SECCM) using pulse potentials. Screening occurs at

individual ~pum? areas isolated in SECCM, allowing multiple conditions to be screened in one
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mapping experiment. The screening reveals that the formation of (100) facets in Pt nanoparticles

(cc)

is sensitive to the upper and lower potential limits in the square-wave potential pulse. The facet
control is explained by the facet-dependent migration effect from the concurrent hydrogen
evolution reaction during Pt deposition. Moreover, the density and size of nanoparticles can also
be controlled. This approach paves the way for automated synthesis and characterization of single-
facet metallic nanoparticles, offering great potential for advancements in electrocatalysis and

sensor applications.
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INTRODUCTION

Here, we report the facet-controlled electrosynthesis of nanoparticles directly on the electrode
surface without added ligand by scanning electrochemical cell microscopy (SECCM). The use of
SECCM enables fast screening of square-wave potentials used in the synthesis by varying the
parameters within the same map in SECCM. The experimental results with colocalized
characterization not only allow for the selective synthesis of cubic Pt nanoparticles with (100)
facets but also help reveal an unconventional mechanism of differential local migration that leads
to facet selectivity. The ability to control the facets in the nanoparticle in ligand-free
electrodeposition directly on the substrate surface enables extra control in synthesizing
nanoparticle libraries under SECCM, contributing to the high-throughput precision synthesis and
screening of nanomaterials.

Metallic nanoparticles have physical and chemical properties that are applied to many
applications, such as catalysis, optics, electronics, and biology.'> The properties are intricately
related to their size, shape, and composition, which can be finely tuned by precision synthesis
processes. Faceted metallic nanoparticles have attracted considerable interest because of their
well-defined surface structures, which offer a good model system to study structure-property
relationships beyond single crystal substrates.*> These facet nanoparticles have also shown
applications in catalysis.®

Various chemical methods, such as wet chemistry, have been developed for synthesizing
facet-controlled nanoparticles.”*-!! However, such approaches often involve the use of ligands that
bind to the nanoparticle surface, which can obstruct the active sites for catalysis, and undermine
the interpretation of the structure-activity relationship. Their removal requires additional
purification steps, and the trace amount of ligand after purification, if any, is also challenging to
characterize. Additionally, these particles need to be immobilized on a substrate electrode in the
application of electrocatalysis and electrochemical sensors. In contrast, electrochemical synthesis
of nanoparticles is an effective alternative method.!>"'* In electrochemical synthesis, the driving
force, i.e., the potential on the electrode, can be readily controlled in real-time, allowing for precise
control of the nucleation and growth processes during synthesis. The rate of electrodeposition can
be monitored as the current, enabling quantitative control over nanoparticle size. Moreover, these
particles are directly synthesized on the substrate electrode surface, eliminating the extra step of

immobilization.
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Advanced potential waveforms beyond DC potential, e.g., square waves have enabled the
synthesis of nanoparticles with specific facet orientations without the addition of ligands.>!5-18
These nanoparticles have demonstrated superior catalytic performance, e.g., in ethanol oxidation
and formic acid oxidation, which are highly sensitive to the facet.!>!* However, the throughput for
optimizing the experimental conditions is low as one set of parameters requires one electrode.
Scanning electrochemical cell microscopy (SECCM) is a powerful tool for the controlled
electrodeposition of nanoparticles with spatial resolution.??! The movement of droplet cells in
SECCM allows thousands of electrochemical experiments performed on the same substrate, which
can significantly increase the throughput of the electrochemical experiments.?>>* Eor-example;
Although the SECCM configuration has a limitation in the quantity of nanoparticle synthesis
produced at the same time compared to wet chemistry, SECCM has been successfully employed
in the deposition of silver nanoparticles, both as single deposits and as arrays, as well as in the
synthesis of bimetallic nanoparticles with controlled composition.?>~%7

Herein, we use SECCM coupled with potential pulses to screen facet-controlled metallic
nanoparticles in a combinatorial manner. Multiple conditions of the square-wave potentials,
including the upper/lower potentials, and the frequency, can be screened on the same substrate.

Colocalized characterization with electron microscopy and atomic force microscopy demonstrates

This articleislicensed under a Creative Commons Attribution-NonCommercial 3.0 Unported Licence.

the conditions important to control the facet, size, and density of nanoparticles under SECCM. The

approach offers additional fine control, especially the facet, in the synthesis of nanoparticle
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libraries in SECCM, which moves towards automated nanoparticle synthesis and accelerated
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materials discovery, especially suitable for discovering electrocatalysts.

RESULTS AND DISCUSSION
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Scheme 1. Schematic illustration of shaped controlled electrodeposition of a metal nanoparticle
array by SECCM.

A single-channel SECCM setup was employed for electrodeposition of shape-controlled Pt
nanoparticles using square-wave potentials, as illustrated in Scheme 1. A single-barrel nanopipette
with a typical opening radius of ~420 nm (Figure S1) was filled with Pt precursor solution (0.5
mM Na,PtCl,; + 100 mM H,SO,). The precise positioning of the nanopipette, as commonly
practiced in SECCM to contact the meniscus at the pipette tip with the glassy carbon (GC) substrate,
completes the circuit and triggers a sudden current flow. This current spike provides the feedback
to temporarily park the nanopipette at the surface and initiate the square-wave pulses for Pt
deposition (see the experimental setup details in SI Section S1). The contact area between the
droplet and the substrate defines the localized electroactive area for electrodeposition. The upper
and lower limit potentials (Ep and Ey), frequency (f), and duration (z3) of square-wave potentials
can modulate the morphology of the resulting nanoparticles. After completion of each deposition,
the pipette is retracted and moved to a new location, where the electrodeposition condition can be
varied. Details of each experimental sequence in SECCM are illustrated in Scheme S2 in SI
Section S3. Note that the substrate with nanoparticles was gently rinsed to eliminate residual Pt

salts.
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Figure 1. Electrosynthesis of Pt nanoparticle arrays with varying £ in SECCM. (a) Schematic of
the potential waveform. (b) SEM images of arrays of Pt nanoparticles synthesized. £ varies from
-0.1 to -0.275 V from top to bottom, with a step of 25 mV between the rows. Each condition is
repeated 6 times along the row. (c-e) High-magnification SEM micrographs of individual
deposition spots at various Ey. (f) Fraction of cubic nanoparticles as a function of £1. (g) Number
of nanoparticles per spot as a function of Ey. Electrolyte: 0.5 mM Na,PtCl, + 100 mM H,SO,.
Deposition conditions: Ey =1.24 V, =500 Hz, t4=5s; EL was varied.

This articleislicensed under a Creative Commons Attribution-NonCommercial 3.0 Unported Licence.

The shape-controlled electrodeposition of Pt nanoparticles was systematically investigated

by varying one of the parameters of the square wave at a time (i.e., £1, Ey, f, and #;). In the first
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set of experiments, £ was varied while other parameters were kept constant (Ey =1.24 V, /=500
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Hz, and t3= 5 s). As the SEM images in Figure 1 show, the morphology of the Pt nanoparticles is
highly sensitive to Ey. At Ep =-0.1 V, the nanoparticles primarily exhibited rounded shapes on the
substrate. A gradual transition in nanoparticle morphology was observed as £ decreased. At Ep
of -0.275 V, cubic nanoparticles were formed. The total number of nanoparticles per deposition
spot also increased with decreasing E (Figure 1g). This is because more negative potentials
promote nucleation, leading to a higher density of nanoparticles at each SECCM spot.

Atomic force microscopy (AFM) was employed to further characterize the morphology of
the synthesized Pt nanoparticles deposited under two different E;, and the topographic
micrographs and line-scan profiles are shown in Figure 2. At a lower £ (-0.275 V), nanoparticles
show flat top planes (Figures 2a-b), consistent with the cubic morphology observed under SEM.

The square planes on the cubic nanoparticles are (100) facets. In contrast, rounded nanoparticles
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were obtained at higher £ (-0.1 V) as shown in Figures 2d-e. The rounded-shaped profile suggests
no preference for specific facets. Similar round shapes were also observed under constant-potential
deposition (Figure S3 and SI Section S5). The AFM analysis corroborates the SEM findings and
highlights the sensitive dependence of facet formation on the lower potentials of the square wave

used in electrodeposition.

(c) 80

o 2]
o

N

Thickness (nm)

0 50 100 150 200 250

Distance (nm)

(f) 80
.60}
E

=

2 40t
(]

£ 20t
L2

-

'_

o

0 50 100 150 200 250
Distance (nm)

Figure 2. Atomic force microscopy of the electrosynthesized Pt nanoparticles. (a-b) Topographic
images of cubic Pt nanoparticles and (c) the line profile. Deposition conditions: £y =-0.275 V, Ey
=1.24V, f=500 Hz, and 74 =5 s. (d-e) Topographic AFM images of rounded Pt nanoparticles and
(f) the line profile. Deposition conditions: E; = -0.1 V, rest conditions are the same as (a)-(c).
Next, we studied the effect of Ey in the square-wave potential on the morphology and
density of Pt nanoparticles. £y was varied from 1.04 to 1.34 V with an increment of 0.05 V, while
other waveform parameters were kept the same (£ = -0.275 V, f= 500 Hz, and 74 = 5 s). The
results in Figure S4 show that the total number of nanoparticles decreases as Ey increases. The
half-cycle of Ey in the waveform is at the potential where Pt can be oxidized. Therefore, the
decrease in particle number with increasing Ey is likely because some small Pt are anodically
etched and dissolved. In addition, the fraction of cubic nanoparticles increases as a function of £y

(see SI Section S6).
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Figure 3. High-resolution scanning transmission electron microscopy (STEM) analysis of
electrodeposited Pt nanoparticles prepared via SECCM. (a) SEM image of electrodeposited Pt
nanoparticles with protective layers prior to focused ion beam (FIB) cutting (b) Overview SEM
image of Pt nanoparticles deposited on a GC substrate with protective layers of C/Pt, and (c) a
magnified view of electrodeposited nanoparticles on the substrate surface with a yellow dashed
box highlighting (d) the atomic arrangement of Pt nanoparticles showing the (200) plane along the
[110] zone axis.
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To further analyze the atomic structures of the cubic Pt nanoparticles fabricated by SECCM,
high-resolution scanning transmission electron microscopy (STEM) was employed to analyze the
nanoparticles obtained using conditions that maximized the fraction of cubic morphology (i.e., Ey
=1.24, EL. =-0.275V, f=500 Hz, and ¢4 =5 s) using a ~3 um diameter pipette. Figure 3a-c shows
the TEM lamella sample preparation to lift out the Pt nanoparticle deposited in SECCM to expose
their cross sections. Detailed procedures of TEM specimen preparation are provided in SI Section
S7. As depicted in Figure 3d, a low-index facet with (200) crystal orientation along the [110] zone
axis is observed, which aligns with the final morphology of cubic Pt nanoparticles. A d-spacing of

1.96 A is attributed to the (200) plane in the FCC structure of Pt.
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Figure 4. Frequency vs. number of Pt nanoparticles. (a-c) SEM images of nanocubes deposited at
different f (a) 250, (b) 1000, and (c) 2000 Hz. (d) Number of nanoparticles per spot (left) and
nanoparticle density (right) vs frequency of the square wave. Deposition conditions: Ey = 1.24 V,
E;L=-0275V,and t3=15s.

The effect of the frequency of the square-wave potential on the nanoparticle synthesis is
further studied under SECCM in a similar fashion with increasing frequency in each row of the
SECCM scan. Figure 4 exhibits SEM images of nanocubes deposited at square-wave frequencies
ranging from 250 to 2000 Hz, with other conditions unchanged (Ey =1.24 V, £ =-0.275 V, and
tq of 5 s). First, no significant dependence of the shape of the nanoparticle on the frequency was
observed, but the density of nanoparticles was affected by the frequency. At the lowest frequency
of 250 Hz (Figure 4a), the deposition results in ~44 nanocubes per spot (or 18 um), indicating a
high nucleation and growth rate. As the frequency was increased to 1000 Hz, the average number
of nanoparticles decreased to 1.2 (0.49 um=2) in each spot, as shown in Figure 4b. When the
frequency was increased to 2000 Hz, the individual deposition spots contained zero, one, or few
nanoparticles (Figure 4¢). The result suggests that higher frequencies of square waves decrease
the nucleation rate. The relationship of decreasing density of nanoparticles with square-wave

frequency is summarized in Figure 4d, and more electron micrographs are included in Figure S6.
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The observation that higher particle density with decreasing square-wave potential is intriguing
because the total time spent in the nucleation potential (i.e., the total time spent at Ey) in a given
square wave is unchanged with frequency. The possible explanation is a two-step process where a
pre-nucleation step needs to occur before the nucleation step, which warrants a separate detailed
study. The tunable control over the density of nanoparticles via square-wave frequency highlights
the versatility of SECCM in nanoparticle synthesis, allowing for the optimization of deposition
conditions to achieve the designed nanoparticle density and morphology. Note that the upper limit
of the frequency was estimated to be 4.2 kHz, which is confined by the RC time constant in the

electrochemical system (see SI Section S9).
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Figure 5. Size control of Pt nanocubes (a-¢) SEM images of nanocubes electrodeposited with
varying the deposition time #3 from 1 to 15 sec (Ey=1.24 V, E. =-0.275 V, and /= 500 Hz) (f-g)
Relationships between (f) the number of synthesized particles and (g) the projected area of the
deposited particles at different #;3 from 0 to 15 sec. (h) Scatter plot showing particle offsets
measured from total 120 Pt nanoparticles electrodeposited with varying 7.

Lastly, we demonstrate that the size of nanoparticles can be controlled by the deposition
time of the square wave, #4. The effect of 74 on nanoparticle growth was systematically studied by
varying ¢34 from 1 to 15 seconds while keeping the potential and frequency constant for cubic
nanoparticle deposition (Ey=1.24 V, E. =-0.275 V, f= 500 Hz). SEM images of the nanoparticles
synthesized at different ¢4 are shown in Figures Sa-e. At the shortest 73 of 1 s, only a few small
nanoparticles were observed (Figure 5a), indicating limited nucleation and growth. As the #4

increased to 5 s (Figure 5b), the number and size of the nanoparticles increased, with more well-
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defined nanocubes being formed. Further increasing #4 to 15 s resulted in a significant increase in
both the number and size of the nanoparticles (Figures Sc-e). The increase in the number of
nanoparticles with #zy3 is summarized in Figure 5f. This suggests that nucleation and growth
continue to occur with time, similar to the process of progressive nucleation.?® Additionally, the
growth of the nanoparticles over time is further confirmed by the projected area of the deposited
particles vs ¢4 as shown in Figure 5g. Lastly, the spatial distribution of the nucleation sites from
all deposition times is assessed by plotting the center of the Pt nanoparticle with respect to the
center of the droplet. As shown in Figure Sh, a random distribution of nucleation sites is observed
with no preferred location within the droplet in SECCM observed under square-wave potential
modulation, suggesting the uniform accessibility of the entire electrode surface under the droplet
under this condition. This random distribution suggests that the conclusions discovered here will
likely apply to macroscale electrodes whenever the electrode is uniformly accessible. The

statistical analysis of the spatial distribution of the nucleation sites is shown in SI Section S10.
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Figure 6. Proposed mechanism of Pt nanoparticles. (a) Cyclic voltammogram showing the onset
of HER on Pt disk electrode (2 mm diameter). Three consecutive cycles are shown with an initial
potential of 1 V. Solution: 100 mM H,SO,; reference electrode: Ag/AgCl; counter electrode: Pt
wire; scan rate: 0.1 V/s. (b) Schematic illustration of square-wave potential waveform oscillating
between upper (Ey) and lower (Ep) potentials.

The overall control that square-wave potential offers in the electrosynthesis of Pt

nanoparticles can be understood as follows. The transition of a rounded-shaped particle to a cubic

10
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one occurs when £y is below -0.2 V (vs. Ag/AgCl), which overlaps with the onset of hydrogen
evolution reaction (HER) on Pt as shown in the macroelectrode voltammogram in Figure 6a. This
suggests that HER and Pt deposition from PtCl,2- occurs simultaneously when cubic nanoparticles
are formed during the £ half cycle of the square wave. The local HER current in acid is expected
to be higher on Pt(100) compared to Pt(111) according to single-crystal electrochemical studies
previously reported,? which induces more migration of PtCl,> away from the surface. As
illustrated in Figure 6b, the enhanced migration of PtCl,> lowers the surface concentration of Pt
precursor to a larger extent at (100) compared to (111), making Pt deposition slower on (100). The
slower deposition on (100) compared to other facets preserves the (100) facet in the final
nanoparticle. During the Ey half-cycle, Pt is anodically etched. The low-coordinated atoms are
etched faster, leaving behind high-coordinated atoms, creating low-index facets on Pt
nanoparticles.!® Moreover, the presence of SO,% ions further aids this process by preferentially
adsorbing onto the Pt (100) surface, stabilizing these facets and promoting the formation of cubic-
like nanoparticles.3%3! Note that although the mass transfer is often the limiting step in acid HER
on Pt instead of charge transfer, pulse-potential conditions significantly increase the mass transfer,

explaining the importance of using square waves in controlling the facets.

This articleislicensed under a Creative Commons Attribution-NonCommercial 3.0 Unported Licence.
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In summary, a precision electrosynthesis method is developed for facet-controlled

(cc)

nanoparticles by coupling SECCM with square-wave potentials using Pt nanoparticles as a model
system. This system allows for high throughput probing of deposition conditions and evaluation
of their effect on the final morphology and facet of nanoparticles. Electron microscopy and AFM
confirmed tuning from rounded nanoparticles to nanocubes featuring Pt(100). The number of
deposited nanoparticles from a few to decades can be controlled by the frequency, while the size
of the nanoparticle can be controlled by the deposition time. This work serves as an initial step
towards automated synthesis and characterization of single-facet metallic nanoparticles, offering
significant potential for advancements in electrocatalysis and various other fields. While this work
exploits potential control towards precision nanoparticle synthesis, exploring methods current

control in the future could provide an additional layer of control over nanoparticle properties.

11


http://creativecommons.org/licenses/by-nc/3.0/
http://creativecommons.org/licenses/by-nc/3.0/
https://doi.org/10.1039/d4nr04564e

This articleislicensed under a Creative Commons Attribution-NonCommercial 3.0 Unported Licence.

Open Access Article. Published on 23 janvier 2025. Downloaded on 2025-01-25 00:32:02.

(cc)

Nanoscale

Page 12 of 17

View Article Online
DOI: 10.1039/D4NR04564E

METHODS

Chemical and materials

Platinum solutions were prepared with sodium tetrachloride-platinate (II) hydrate (Sigma-Aldrich),
sulfuric acid (98% Certified ACS Plus Grade, Fisher Chemical), and deionized water (18.2 MQ
cm, Synergy Water Purification System). A miniature silver/silver chloride reference electrode
(ET072-1, eDAQ) was used as a quasi-reference counter electrode (QRCE) in SECCM, using a
ME-series pipette holder (MEW-F10FL, Harvard Apparatus) to connect it to the micropipette.

Pipette preparation

Single channel nanopipettes of approximately 420 nm were fabricated from quartz glass capillaries
(Q100-70-7.5, Sutter Instrument) using the P-2000 micropipette puller (Sutter Instrument). The
pulling parameters were HEAT=490, FIL=1, VEL=30, DEL=145, PUL=200.

SECCM measurements

All SECCM experiments were conducted in a homebuilt scanning electrochemical probe system.
This was controlled by an FPGA card (PCle-7852R, National Instrument) through the Warwick
Electrochemical Scanning Probe Microscopy Platform (WEC-SPM) software, kindly provided by
the Warwick Electro-chemistry & Interfaces Group (WEIG). Two piezo systems were used to
control movement; for the z-direction of the pipette a one-axis piezo-positioner (P-622.1CD,
Physik Instrumente), and for the x-y plane movement of the substrate a two-axis piezo positioner
(P-542.2CD. Physik Instrumente). This was all enclosed with a custom-built Faraday cage and
mounted on a mechanical vibration isolator (BM-4, Minus K Technology). All current

measurement was done with a Patch-clamp amplifier (Dagan Chem-clamp).

Square-wave voltammetry

A DAQ terminal block (NI BNC-2110 DAQ), manipulated through LabVIEW, was used as an
arbitrary waveform generator. The output of the terminal block is controlled by the value of a
triggering potential to be either a constant zero voltage DC potential or one of ten preprogrammed
square-wave conditions. The output is summed to the DC potential (controlled by the FPGA card)

using a summing amplifier sent to the Patch-clamp amplifier and applied to the substrate.
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