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CONSPECTUS Prospective applications involving electrification of industrial chemical processes
and electrical energy to chemical fuels interconversion as part of the energy transition to renewable
energy sources have led to an increasing need for highly-tailored nanostructures immobilized on
electrode surfaces. Control of surface facet structure across materials compositions is of particular
importance for ensuring performance in such applications. Colloidal methods for producing
shaped nanoparticles in solution are abundant, particularly for noble metals. However, significant
technical challenges still remain with respect to rationally designing syntheses for the novel
compositions and morphologies required to sustainably enable the above technological advances
as well as in developing methods for uniformly and reproducibly dispersing colloidally-
synthesized nanostructures on electrode surfaces. The direct synthesis of nanoparticles on
electrodes using chemical reduction approaches remains challenging, though recent advances have
been made for certain materials and structures. Electrochemical nanoparticle synthesis—where an
applied current or potential instead of a chemical reducing agent drives the redox chemistry of
nanoparticle growth—is poised to play an important role in advancing in the fabrication of
nanostructured electrodes. Specifically, this Account focuses on colloidal-inspired design of

electrochemical syntheses and the interplay between colloidal and electrochemical approaches in



terms of understanding the fundamental chemical reaction mechanisms of nanoparticle growth.
An initial discussion of the development of electrochemical particle syntheses that incorporate
colloidal synthetic tools highlights the promising emergent capabilities that result from blending
these two approaches. Further, it demonstrates how existing colloidal syntheses can be directly
translated to electrochemical growth on a conductive surface using real-time electrochemical
measurements of the chemistry of the growth solution. Measuring the open circuit potential of a
colloidal synthesis over time and then replicating that measured potential during electrochemical
deposition leads to the formation of the same nanoparticle shape. These in situ open circuit and
chronopotentiometric measurements also give fundamental insight about the changing chemical
environment during particle growth. We highlight how these time-resolved electrochemical
measurements, as well as correlated spectroelectrochemical monitoring of particle formation
kinetics, enable extraction of information regarding mechanisms of particle formation that is
difficult to obtain using other approaches. This information can be translated back into colloidal
synthesis design via a directed, intentional approach to synthetic development. We additionally
explore the added flexibility of synthetic design for methods involving electrochemically-driven
reduction as compared to the use of chemical reducing agents. The Account concludes with a brief
perspective on potential future directions in both fundamental studies and synthetic development

enabled by this emerging integrated electrochemical approach.
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1. Introduction

An increasing focus on electrical-to-chemical energy interconversion and electrification of
chemical synthesis processes has generated demand for precisely tailored nanoparticles
immobilized on electrode surfaces.>”’ Meeting these needs requires confronting numerous
technical barriers. Control of nanostructure morphology is important for these applications, as
exemplified by the importance of faceted structure in dictating product selectivity during
electrochemical catalysis.> For instance, in carbon dioxide reduction, the ratio of {100} faces to
{110} edges on copper (Cu) nanocubes is responsible for tuning selectivity toward ethylene, a
desired product.® Cu octahedra with {111} faces are selective catalysts for methane production
under otherwise identical conditions.®!® Many existing syntheses for shape-controlled
nanoparticles are colloidal.>!'~!* While particles synthesized in solution can be processed and cast
onto electrodes, this adds an additional fabrication step—increasing time and cost—and faces
challenges in controlling the uniformity and density of particle dispersion on the surface.?*?2

Meanwhile, direct chemical reduction-based synthesis of well-defined nanoparticles on electrodes

has proven to be difficult, though progress has been made.”>*2° Additionally, colloidal



nanoparticle growth pathways can be difficult to fully define due to the interdependent nature of
the many chemical and physical interactions. This complexity limits directed design of synthesis
conditions for nanoparticles with desired compositions and architectures that require novel
reaction environments, as opposed to conditions that iterate on existing approaches. Direct
electrochemical deposition of morphology-controlled nanoparticles on surfaces in combination
with real-time, in situ electrochemical measurements of the chemistry of nanoparticle growth
presents opportunities for addressing these numerous uncertainties and meeting these critical
needs.!

Electrochemical synthetic approaches have been integral to the history of shaped metal
nanoparticles, particularly for nanorods. Templated electrodeposition syntheses were developed in
the 1990’s to generate gold (Au) nanorods—among other compositions—in anodized aluminum
oxide membranes, which could then be dissolved to release the templated nanorods.?’-*°
Meanwhile, a non-templated electrochemical synthesis of a suspension of Au nanorods with
controlled aspect ratios was published in 1997.3'32 These particles were formed through
controlled-current electrolysis of an Au electrode in the presence of the surfactant
cetyltrimethylammonium bromide (CTAB). Importantly, this latter synthesis represented one of
the first examples of non-templated shaped nanoparticles produced by any approach—colloidal or
electrochemical-—and provided inspiration for the development of subsequent colloidal syntheses
for Au nanorods and numerous other shapes. However, as the field of shaped metal nanoparticles
has continued to grow and encompass a wider variety of metals and particle morphologies,
colloidal syntheses employing a chemical reducing agent have become far more common than

electrochemical approaches.



The establishment of comprehensive, predictive mechanistic principles for colloidal synthesis
of shaped nanoparticles is still an ongoing effort; this is doubly true for electrochemical
nanoparticle syntheses, where such information is especially limited.>*> Much of the
electrochemical particle synthesis literature, such as square wave applied potential syntheses,
access synthetic spaces that are not possible to achieve via colloidal chemical processes.>*>% While
such approaches are a powerful method for the synthesis of high-index nanoparticles, particularly
for palladium (Pd) and platinum (Pt), making direct comparisons between these and colloidal
approaches is difficult. Even among electrochemical nanoparticle syntheses that are more
analogous to colloidal synthetic processes, mechanistic understanding has often been less of a
focus than performance-based metrics, such as catalytic activity testing, and many fundamental
questions remain. Some of the most common tunable parameters in electrochemical and colloidal
synthesis are outlined in Table 1 along with a brief description of their relevance to controlling the
nanoparticle growth environment. These parameters will be discussed throughout this Account,
with a particular focus on how mechanistic insight into their role in particle growth can be gained

from interfacing electrochemistry with nanoparticle synthesis.



Table 1. Comparison of the Most Common Tunable Parameters in Electrochemical and Colloidal
Nanoparticle Syntheses and Summary of their Implementation.

Electrochemical Synthesis Colloidal Synthesis
Parameter
Handle Implementation Handle Implementation
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In this Account, we illustrate how the combination of electrochemical synthesis techniques

with in situ electrochemical measurements of reaction chemistry has promising prospects to fill

important knowledge gaps in nanoparticle growth and to expand the boundaries of synthetic design

for both electrochemical and colloidal syntheses. We first describe the advantages of merging

synthetic tools from colloidal growth with the programmable redox environment of

electrochemical deposition to synthesize morphology-controlled materials on electrode surfaces.

Then, by highlighting recent work from our research group, we demonstrate how electrochemical




measurements can be central to a multi-pronged approach for understanding shaped particle
growth. We present an integrated strategy that enables the translation of mechanistic insights and
synthetic approaches back and forth between colloidal and electrochemical synthesis
environments, thereby providing robust tools for (1) developing a more complete understanding
of the fundamental mechanisms of nanoparticle growth and (2) directing targeted design of new
syntheses. Finally, we identify complementary approaches for gathering in sifu information about
electrodeposition—such as spectroelectrochemistry—and provide an outlook on emerging future
directions enabled by these advances.
2. Using Colloidal Synthesis Techniques to Advance Electrochemical Materials Synthesis
Just as an electrochemical synthesis of Au nanorods inspired the development of some of the
first colloidal syntheses for shaped nanoparticles, the now well-established field of colloidal
synthesis is ideally positioned to inspire advances in electrochemical nanoparticle growth. Many
research groups, including our own, have contributed to the development of a broad range of
techniques for controlling colloidal nanoparticle shape using reaction kinetics, molecular and ionic
additives, secondary metals, seed structure, and other means.>!!!316:3%-52 For example, surfactants
and their corresponding counterions are common components of colloidal growth solutions
because of their ability to modify crystal growth pathways through preferential adsorption onto
particular facets in addition to their primary role of stabilizing particles against aggregation.*>3~
8 However, while additives are often present in electrochemical plating solutions, they are not
used deliberately to define particle morphology. Using strategies from colloidal approaches in
combination with the ability to facilely tune applied current or potential in electrodeposition opens

exciting pathways for moving well beyond the existing limitations of both synthetic methods.

2.1 Electrochemical Nanoparticle Growth Inspired by Colloidal Synthesis



In their work on the electrodeposition of micrometer-size cuprous oxide (Cu20) particles via
reduction of Cu(NOs)2 and subsequent precipitation of crystalline oxides, Seigfried and Choi
employed surfactants as components of their deposition solution with the aim of addressing the
challenges associated with shape modification of electrode-bound semiconducting particles.>
Specifically, electrodeposition of CuzxO particles onto Au electrodes in a surfactantless solution
was found to exclusively form {100}-faceted cubes. However, the addition of the surfactant
sodium dodecyl sulfate (SDS) enabled successful passivation, or blocking, of {111}-faceted
surfaces as a result of selective adsorption of SDS on this facet. In addition, SDS has a pH-
dependent adsorption strength on Cu oxide surfaces, which allowed the authors to use pH to further
tune particle shape. Increasing the pH, which increases SDS adsorption to the particle surface, led
to shape evolution from cubes, through intermediate shapes such as cuboctahedra, to octahedra

(Figure 1).

Increasing pH

Figure 1. SEM images of Cu20 shape evolution from {100}-faceted cubes to {111}-faceted
octahedra as a function of pH: (A) cubes, pH = 3.4; (B) cuboctahedra, pH = 3.7; (C) truncated
octahedra, pH = 3.9; (D) octahedra, pH = 4.1. Scale bars: 1 um. All particles were synthesized in

the presence of SDS. Adapted with permission from reference 59. Copyright 2004 Wiley-VCH.



While tuning of deposition potential is a more traditional approach to electrochemical materials
deposition, in the context of shaped particle growth both the Choi group and our research group
have found that there are advantages to using galvanostatic methods to control reaction rate. Most
metal and metal oxide particle shapes are kinetic products and therefore maintaining fine control
over the precursor reduction rate is important. For example, the above work used galvanostatic
electrodeposition of shaped microparticles in combination with manipulation of temperature to

tune particle deposition density without sacrificing shape control.>

As the temperature is
decreased, the reaction requires a stronger driving force—in this case a more negative potential—
to maintain the same current density, or reaction rate, due to the changing kinetic parameters. The
purpose of this approach was to maintain constant current density—since a particular current
density was found to be critical for achieving the desired shapes—while using decreasing
temperatures to increase the strength of the deposition potential and thus achieve higher surface
coverages of particles.
2.2 Directly Translating from Colloidal to Electrochemical Growth

Alongside other developments of electrodeposition approaches that take inspiration from
colloidal growth, our group has shown that it is also possible to directly replicate colloidal
syntheses by replacing the chemical driving force for precursor reduction with an electrochemical
one. This is exemplified by our electrochemical replication of our previously-developed colloidal
synthesis for twinned, corrugated Pd particles.!” Beyond demonstrating the use of applied current
as a viable approach for the electrochemical replication of chemical reduction-based colloidal
syntheses, the translation of this colloidal synthesis to growth on a surface also enabled us to gain

increased mechanistic understanding of the formation of the corrugated particles in colloidal

solution.!



The original colloidal synthesis followed a seed-mediated approach, where Pd seed particles
(<10 nm) were generated via rapid reduction of Na2PdCls by NaBH4 in a low-concentration
solution of the surfactant cetyltrimethylammonium bromide (CTAB).? The seed particles were
then diluted and injected into a surfactant-based solution containing a 100:1 mixture of
cetyltrimethylammonium chloride (CTAC) and CTAB, a Pd precursor (Na2PdCl4), L-ascorbic acid
as a reducing agent, and nitric acid (HNOs3) to control pH. In the colloidal synthesis, tuning of pH
was used to control the protonation—and thus reducing strength—of the chemical reducing agent,
here ascorbic acid.

The analogous electrochemical approach replaced the chemical reducing agent, ascorbic acid,
with applied current; this change also eliminated the need for HNO3 in the growth solution, as
there is no need for control of a reducing agent’s protonation state and the electrochemical
measurements appear robust to changes in pH.! Seeds were synthesized as previously described,
and then dropcast onto a glassy carbon (GC) electrode and dried rather than being injected directly
into the growth solution. No ligand removal process was required. The GC working electrode with
seeds, a Ag/AgCl reference electrode, and a Pt counter electrode were placed in a solution
containing the same 100:1 ratio of CTAC:CTAB surfactant and a Pd precursor (H2PdCls) as in the
colloidal synthesis. However, rather than injecting a chemical reducing agent, the reaction was
initiated through application of a current of —2.55 pA/cm? for 30 seconds followed by —25.5
nA/cm? for 30 minutes (Figure 2A). The particles produced on the GC electrode were comparable
in shape, surface structure, and size distribution to those generated by the colloidal synthesis,
indicating successful replication (Figure 2B,E). Chronopotentiometry measurements during
electrochemical growth were also used to determine the potential at the electrode surface in real

time. This measurement exhibited similar features to an open circuit measurement of the potential
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of the reaction solution during the colloidal growth reaction. In addition, accelerating the rate of
reaction by increasing the applied current density led to particles that were analogous to the

products of increasing the rate of the colloidal reaction using elevated pH (Figure 2B-G).

into growth solution
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Figure 2. (A) Scheme comparing the colloidal and electrochemical seed-mediated synthesis
routes. (B-G) SEM images of the effects of increasing reaction rate on corrugated Pd nanoparticle
morphology, as tuned by increasing pH for the colloidal reactions (B-D) and increasing current
density for the electrochemical reactions (E-G). Representative particle morphologies, including
concave icosahedra (green), pentatwinned rods (blue), and bipyramids (red), are highlighted. As

the reaction rate increases, both sets of products shift from corrugated particles to single-crystalline
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cubes. Scale bars: 300 nm. Adapted with permission from reference 1. Copyright 2020 American

Chemical Society.

While the applied current in the electrochemical synthesis of the corrugated particles was
selected empirically, the chronopotentiometry and open circuit potential measurements taken
following completion of synthetic development suggested that electrochemical measurements
could be used as a tool for directed synthetic design. Electrochemical measurements of reactions
for shaped metal nanoparticle growth have the advantage of being an in situ, nondestructive
technique for providing quantitative data about the real-time chemistry of the reaction solution. In
contrast, most existing techniques for understanding nanoparticle growth kinetics provide
temporal snapshots of the metal content of the nanoparticles or growth solution (inductively
coupled plasma atomic emission spectroscopy (ICP-AES), UV-visible spectroscopy) or physical
insight into nanoparticle structure and size (electron microscopy or X-ray absorption
spectroscopy).*447-60-62 Electrochemical measurement approaches such as chronopotentiometry
and chronoamperometry therefore represent a powerful set of tools for increasing mechanistic
understanding of shaped nanoparticle formation under both chemical and electrochemical growth
conditions.

Based on this idea, we hypothesized that it was possible to directly design electrochemical
synthesis parameters by taking open circuit potential measurements of existing colloidal reactions
and then using a potentiostat to apply a matching electrochemical potential, thereby reproducing
the shape formation observed in the colloidal solution. We provided proof of concept for this
approach by mimicking colloidal syntheses for Pd cubes and octahedra adapted from the
literature.""%> Measurement of the open circuit potential of the growth solutions for these colloidal

syntheses as particle growth proceeded provided information regarding how the reaction potential
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of the solution changed over time (Figure 3A-B).! Subsequently, we developed electrochemical
reactions using a growth solution analogous to the colloidal synthesis—but without the chemical
reducing agent—and a programmed current profile. Chronopotentiometry measurements of these
reactions were then compared to the open circuit potential measured from the colloidal reactions
to iteratively design a current profile that produced a similar dynamic reaction potential (Figure
3A-B). The synthesis reactions for both shapes display a fairly linear upward slope in potential
throughout the reaction, which is attributable to the close matching of the stoichiometry of the
metal salt and reducing agent in the original reaction and their depletion throughout the reaction.
This depletion is mimicked by decreasing the supply of electrons (i.e., decreasing the magnitude
of the applied current) throughout the reaction in the electrochemical synthesis. The particle
morphologies resulting from both matched electrochemical syntheses exhibited a close shape
correspondence to their colloidal counterparts (Figure 3C-F). These results suggest that qualitative
and quantitative comparisons between colloidal and electrochemical syntheses are possible and

relevant to understanding mechanisms, despite the differences in the two systems.

13



— 04 = 04
o Q
o o
< <
o oD
< 03 < 03
» @
> >
2 2
T 02 s 02
- -’
c c
g 3
a 01 —— Colloidal 0 0.1+ —— Collidal
—— Electrochemical . — Electrochemical |
0 5 10 15 20 25 30 0 5 10 15 20 25 30
A Time (min) B Time (min)

Figure 3. (A-B) Electrochemical (chronopotentiometry) and colloidal (open circuit potential)
profiles for Pd cubes (A) and octahedra (B) over 30 minutes of reaction time. (C-F) SEM images
of the corresponding colloidally-synthesized Pd cubes (C) and octahedra (D), and
electrochemically-synthesized Pd cubes (E) (galvanodynamic current scan from —25.5 to 0
nA/cm?) and octahedra (F) (galvanodynamic current scan —20.4 to —2.55 pA/cm?). Scale bars: 200

nm. Adapted with permission from reference 1. Copyright 2020 American Chemical Society.

The electrochemical replication of the colloidal Pd cube and octahedra syntheses demonstrates

the utility of in situ electrochemical measurements for informing electrochemical synthetic design.
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Additionally, it highlights the importance of the dynamic nature of the reducing environment
during colloidal growth, both in designing electrochemical syntheses and—moving one step
further—in building relationships between colloidal and electrochemical particle syntheses to
understand colloidal growth mechanisms. The changing nature of a colloidal growth solution
throughout a reaction points to constant applied current or potential as being a poor
electrochemical analogues for colloidal reactions that do not have great excesses of reducing agent.
Conversely, only considering colloidal syntheses with large excesses of reducing agent leaves out
vast swaths of synthetic space that are inaccessible without slower reaction kinetics. To
electrochemically synthesize a full range of possible particle morphologies, a galvanodynamic or
potentiodynamic approach must be considered as an alternative to constant current or constant
potential application, particularly in replication of colloidal work.
3. Using Electrochemistry to Inform Synthetic Development in Colloidal Synthesis

The electrochemical adaption of the corrugated particle synthesis discussed in Section 2.2
provides interesting opportunities for empirically probing colloidal growth mechanism in ways
that are not possible in the colloidal reactions themselves. For example, the lack of any pH-based
effects on a chemical reducing agent allows for greater pH tuning of the growth solution without
affecting reduction kinetics; and immobilization of the particles on the electrode surface results in
a decreased likelihood of aggregation, thus enabling the surfactant concentration to be decreased
below the limit that is required for colloidal synthesis or completely removed.! These practical
differences allow for better isolation of the competing influences of the various chemical
components in colloidal reactions, for example, reduction rate tuning vs. etching for acids; or
surface passivation vs. reduction rate tuning vs. etching for the halide counterions in surfactants.

Thus, carefully designed electrochemical growth studies can provide critical insight into colloidal
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growth mechanisms. Perhaps more important than this broadening of the parameter space for
empirical study is the ability to track the details of the changing chemical environment of the
growth solution over the course of the nanoparticle growth reaction—something that is not
generally considered in the study of colloidal growth mechanisms and the design of colloidal
reaction conditions. This information can also be used to translate in the reverse direction—from
electrochemical to colloidal growth.

3.1 In Situ Electrochemical Measurements to Enable Real-Time Insight into Nanoparticle
Growth Chemistry

Further analysis of the open circuit measurements used to translate the colloidal Pd octahedra
and cube syntheses to electrochemical growth provides an initial demonstration of how these
measurements give important added insight into nanoparticle growth.! The open circuit potential
measurements of these two reactions suggest that, in this particular set of syntheses, the octahedra
growth reaction is complete after 23 minutes vs. 30 minutes for growth of the cubes (Figure 3A-
B). In our reaction a small amount of bromide (7 pM) was added to the CTAC-based growth
solution to produce cubes, while 0.7 uM iodide was instead added to the growth solution for the
octahedra. Higher (millimolar) concentrations of halides such as bromide and iodide are well-
known to slow the rate of metal ion reduction due to complexation with the ionic metal precursor
and passivation of the particle surface, with iodide slowing the rate more than bromide.*>*
However, the above measurements are consistent with our previous work showing that micromolar
amounts of halide accelerate the rate of metal ion reduction for Pd and other metals, with iodide
having a stronger rate-enhancing effect at lower concentrations than bromide does.*****” Thus,

these results suggest that a similar rate-enhancing mechanisms of halide ions may be operative in

this case.
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Another example of this form of real-time chemical analysis can be seen in our group’s use of
open circuit potential measurements to study the time-dependent redox behavior of common
reducing agents (Figure 4A).! The measured solutions contained an aqueous solution of surfactant
(cetyltrimethylammonium bisulfate, CTAHSO4) and a Pd precursor (H2PdCls) into which a two-
fold stoichiometric excess (relative to the metal precursor) of the reducing agents sodium
borohydride (NaBHa4), ascorbic acid, hydroquinone (HQ), or trisodium citrate was rapidly injected.
Immediately upon addition, NaBHa4, the strongest reducing agent studied, displayed a steep
potential drop followed by a swift increase in potential, demonstrating the rapid consumption of
this strong reducing agent and fast metal ion reduction kinetics that are consistent with the
phenomenologically observed reactivity of this reducing agent during the rapid (< 2 min)
formation of Pd seed particles.>****47 The addition of ascorbic acid and hydroquinone, reducing
agents of intermediate strength, also leads to an initial drop in potential. However, the dip is smaller
in magnitude than that of NaBH4 as a consequence of the higher reduction potentials of these
reducing agents. Ascorbic acid is then depleted in the solution more quickly than hydroquinone—
the open circuit potential of the reaction containing ascorbic acid rises more swiftly—and there is
an interesting inflection point in the potential of the ascorbic acid-containing growth solution after
twelve minutes that is distinct from the behavior of hydroquinone or NaBHa4. Of note, an analogous
inflection point is observed in the open circuit measurements of the Pd cube and octahedra
syntheses, described earlier, which use ascorbic acid as the reducing agent. This suggests that this
measured behavior is indicative of the fundamental kinetics of reaction with this reducing agent,
at least for reaction with Pd ions. Further work to understand the chemical mechanisms that lead
to this observed profile is ongoing. The growth solution containing citrate displays no change in

open circuit potential, demonstrating that citrate is not able to react with the Pd precursor under

17



these conditions.! Understanding the behavior of common reducing agents enables the informed
selection of a reducing agent with both a reduction potential and reaction kinetics that match the
desired reaction trajectory, allowing for streamlining and acceleration of synthesis development
from current combinatorial approaches. The full extent of chemical information that can be
extracted from these real-time electrochemical measurements remains to be determined, and we
are currently working to answer this question. This additional inquiry will specifically address the
role of diffusion in the electrochemical growth environment as compared to the colloidal
environment, the influence of pH in the absence of a chemical reducing agent, and the effect of

electrolyte concentration on both measurement and particle growth.
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Figure 4. (A) Comparison of the open circuit potential measurements of colloidal reactions with
several common reducing agents along with a chronopotentiometric measurement of an

electrochemical synthesis for Pd icosahedra. All six growth solutions contained 100 mM
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CTAHSO4 and 5 mM H2PdCls. (B) Comparison of open circuit potential measurements of
different colloidal reaction conditions for Pd nanoparticles with the chronopotentiometry
measurement for electrochemical synthesis for Pd icosahedra. HQ = hydroquinone, [Pd*"] =5 mM.
(C-E) SEM images of the particles that result from the colloidal reaction conditions measured in
(B), in order from top to bottom. Scale bars: 300 nm. Adapted with permission from reference 1.

Copyright 2020 American Chemical Society.

3.2 In Situ Electrochemical Measurements for Directed Synthetic Design

To provide proof of concept for the feasibility of a directed design process, we first developed
a fully electrochemical synthesis of twenty-fold twinned Pd icosahedra and then used the above
open circuit measurements of the small reducing agent library to translate the synthesis to a
colloidal growth environment.! The electrochemical synthesis involved a simple growth solution
containing CTAHSO4, along with H2PdCls as a Pd precursor, and the particle morphology was
modulated primarily through tuning of the applied current. Pd seeds were dropcast onto a GC
electrode, which was introduced to the growth solution in a three-electrode configuration. The
solution was subjected to an applied current of —2.55 pA/cm? for 30 minutes, which was
sufficiently weak to prevent nucleation and formation of additional small particles early in the
reaction, but was strong enough for subsequent growth of large (> 50 nm) faceted particles on the
dropcast seeds. Our research group first introduced the use of CTAHSO4 as a surfactant for noble
metal nanoparticle growth in our studies of halide-assisted metal ion reduction.*’ In these previous
colloidal experiments, the lack of halide counterions from the CTAHSO4 surfactant generally led
to the formation of small, polydisperse particles due a fast metal ion reduction rate and significant
homogeneous nucleation.*’ This had, to this point, prevented the colloidal synthesis of larger

faceted particles using this halide-free surfactant. The flexibility of reduction rate control with an
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applied current in the electrochemical synthesis provides a facile means of identifying an
appropriate reaction rate for the growth of targeted larger nanostructures. We were thus able to use
the measured potential from the successful electrochemical reduction conditions in combination
with the open circuit measurements of the common reducing agents from Figure 4A to deliberately
design conditions for the colloidal growth of analogous large polyhedral nanostructures in
CTAHSOs.

Based on chronopotentiometry measurements of the electrochemical growth reaction over
time, hydroquinone was identified as the closest match in terms of reduction potential and
depletion rate and was selected for further study.! However, at the conditions of two-fold
stoichiometric excess of reducing agent, the measured open circuit potential of the colloidal growth
solution was significantly stronger than that of the electrochemical process (Figure 4B).
Consequently, the particles that formed colloidally under this condition were much smaller than
those formed electrochemically and a mixture of different shapes was observed (Figure 4C). To
weaken the reducing environment of the growth solution, the concentration of hydroquinone was
decreased ten-fold. As expected, this increased the measured open circuit potential of the solution.
However, this change in reducing agent concentration also led to a very slow rise in the solution
potential, indicating a slow depletion of the chemical reducing agent, and the particles that formed
were very small (Figure 4D). Together, these results suggest a diffusion-limited reaction as a result
of the sub-stoichiometric amount of reducing agent relative to Pd precursor. Therefore, to increase
diffusion rates, the concentration of the CTAHSO4 surfactant was decreased from 100 mM to 12.5
mM. As predicted, this increased the rate of diffusion of reactants in the growth solution, yielding
a faster increase in the open circuit potential. The net product was larger nanoparticles with a

significant population of icosahedra that better matched the size and shape of the electrochemically
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synthesized particle (Figure 4E). We note that the colloidally synthesized particles were not an
exact match for the icosahedra synthesized electrochemically, indicating that hydroquinone may
not be the perfect reducing agent for this synthesis. However, the successful improvement of the
synthesis using this method suggests that a library of open circuit potential measurements of the
reaction of various redox-active molecules with different metals could be used to identify novel
reducing agents with desired reduction potentials and reaction kinetics.
3.3 Spectroelectrochemical Techniques

Integrated spectroelectrochemical techniques represent a complementary approach for using
electrochemical measurements to enhance mechanistic insight and design new syntheses. Oh et al.
recorded combined in situ chonoamperometry and dark-field spectroscopy measurements during
the electrodeposition of Cu onto silver (Ag) nanocubes.®> Using these single-particle
measurements, they were able to correlate Cu deposition kinetics with morphological changes,
building a clear mechanistic picture of the generation of three distinct nanostructure types: atop
tetrapods, dendritic spheres, and multiple cube complexes (Figure 5). The atop tetrapods were
generated during linear sweep voltammetry (LSV) at a rate of 10 mV s!, with deposition taking
place at a potential of -0.34 V—the potential required for bulk reduction of Cu onto Ag. However,
in the range of -0.23 to -0.33 V during low sweep rates (0.5 mV s or 1 mV s')—in the
underpotential deposition (UPD) range—plasmon peak shifts indicated some additional

mechanisms of Cu deposition that occur only at the nanoscale.
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Figure 5. Schematic of the use of a linear potential sweep rate to control reaction rate and
overpotential vs. underpotential deposition in the electrodeposition of Cu on Ag nanoparticles,
enabling the formation of multiple Cu deposition morphologies. Adapted with permission from

reference 65. Copyright 2020 American Chemical Society.

Determination of the formation mechanisms for these dendritic sphere and multiple cube
products was undertaken through exploration of the reaction kinetics using correlated
electrochemical, spectroscopic, and microscopic techniques.®® At applied constant potentials of -
0.23 t0 -0.25 V, the presence of bright spots on the Ag surface in SEM images and a plasmon peak
shift without any corresponding faradaic current in the chronoamperometry measurements
indicated local nucleation events of Cu on defects or edges of the Ag cubes without any bulk
deposition. At -0.34 V a faradaic current response was observed; this response became stronger
with increasing magnitude of applied potential. The mechanistic interpretation of these results was
that dendritic sphere and multiple cube depositions, which occur at different sweep rates (1 mV s

"and 0.5 mV s, respectively), were both associated with the UPD plasmonic shift feature.
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Distinguished only by sweep rate, the two kinetic products were both driven by local random
nucleation of Cu due to UPD on the Ag surface. The reaction kinetics then determined whether
these random Cu domains grew in a more squared-off or rounded fashion. The atop tetrapods,
meanwhile, followed a different bulk-reduction mechanism at -0.34 V where Cu was only
deposited onto the corners of the nanocubes, which were proposed to have a lower coverage of the
capping agent, polyvinylpyrrolidone. The sweep rate of 10 mV s was too fast for random
nucleation of Cu onto cube faces via UPD, as minimal time was spent in this potential range.®’
This use of chronoamperometry in elucidating deposition mechanisms points to opportunities for
the further integration of in situ electrochemical monitoring with single-particle imaging
techniques, as well as the utility of electrochemical measurement in understanding deposition in
bimetallic systems.
4. Summary and Outlook

Coupling the flexibility of electrochemical particle deposition with inspiration from colloidal
synthesis allows sets of parameters that are traditionally only found in either colloidal or
electrochemical approaches to be simultaneously tuned in the same reaction, increasing the scope
of the synthetic parameter space. In addition, given the kinetically-driven nature of shaped
nanoparticle growth, innovative tools for obtaining insight into growth dynamics in changing
chemical environments, such as the examples showcased in this Account, are precisely what is
needed to drive the design of syntheses for the increasingly complex materials required to enable
emerging applications. In situ electrochemical measurements provide a promising alternative
and/or complementary approach to other techniques for studying reaction kinetics. Further,

electrochemical measurement can be a powerful guide for identifying new reducing agents, which
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is key to unlocking new synthetic strategies for presently unachievable nanoparticle compositions
and structures.

Many fundamental questions remain regarding how to best interpret the real-time
electrochemical data acquired using these approaches to gain more detailed, quantitative chemical
information. Computational modeling will likely contribute to this effort. Opportunities also exist
for developing programs to automate the process of converting a measured open circuit potential
for a colloidal reaction to an applied current or potential on an electrode to take full advantage of
the breadth of published colloidal syntheses in the fabrication of nanostructured electrodes.

Integration of insights from these approaches with those from other emerging in situ
techniques—such as the spectroelectrochemical approach described above—as well as model
electrochemical surface science studies will also be important to gaining comprehensive
mechanistic understanding. Work by Wiley and co-workers using electrochemical measurements
to understand the adsorption of ionic surfactants and halides onto single-crystal metal surfaces, for
instance, has important implications for moving from phenomenological to quantitative
understanding of the many factors affecting particle growth.%*-%® Overall, conversation between
the colloidal and electrochemical approaches to particle growth shows significant promise for
generating novel materials syntheses and for answering fundamental questions in both solution

and surface-based nanoparticle growth.
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