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ABSTRACT

Control over the nanoscopic structure of a material allows one to tune its properties for a wide
variety of applications. Colloidal synthesis has become a convenient way to produce anisotropic
metal nanostructures with a desired set of properties, but in most syntheses, the facet-selective
surface chemistry causing anisotropic growth is not well understood. This review highlights the
recent use of electrochemical methods and single-crystal electrodes to investigate the roles of
organic and inorganic additives in modulating the rate of atomic addition to different crystal facets.
Differential capacitance and chronocoulometric techniques can be used to extract thermodynamic
data on how additives selectively adsorb, while mixed potential theory can be used to observe the
effect of additives on the rate of atomic addition to a specific facet. Results to date indicate that
these experimental methods can provide new insights into the role capping agents and halides play

in controlling anisotropic growth.
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1. Introduction

Synthetic control over the shape of metal particles at the nanoscale can be used to create
nanostructures with physicochemical properties that are distinct from those of spherical
nanoparticles. The use of metal nanostructures has rapidly expanded into numerous research fields
and industries, including (electro-)catalysis, electronics, (bio-)chemical devices, and
pharmaceuticals.’® Growth of anisotropic nanostructures requires shape-directing agents (i.e.,
ligands and capping agents) that are thought to adsorb preferentially on metal surfaces during
colloidal syntheses and thereby direct growth into the desired morphology.’”~** The precise role of
shape-directing agents is not yet well-understood for many nanostructure syntheses. In order to
better control the morphology of metal nanostructures so as to optimize their properties for a
specific application, a thorough understanding of the process of metal nanocrystal growth and the
specific role of shape-directing agents is essential.

A variety of analytical methods have been used to characterize how nanostructures grow. The
growth mechanism of metal nanocrystals was initially based on microscopic images of dried or
frozen nanocrystals at different stages of growth. For example, based on images of the anisotropic
growth of silver nanowires over time, it was proposed that polymeric capping agents (i.e.,
poly(vinyl pyrrolidone), PVP) selectively bind and inhibit atomic addition to the nanowire sides
while allowing addition to proceed at the uncapped ends.'® A cetyltrimethylammonium bromide
(CTAB) bilayer was similarly hypothesized to selectively block atomic addition to the sides of
growing gold nanorods.® Ultraviolet-Visible (UV-Vis) spectroscopy has been used to demonstrate
how the reaction environment affects the anisotropic growth kinetics of Au nanorods.!”®
Spectroscopic techniques such as NMR2! and XPS?22 have also been used to characterize the

density and structure of ligand layers at nanoparticle surfaces. In situ transmission electron
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microscopy (TEM),??5 transmission X-ray microscopy (TXM),?2 and dark-field optical
microscopy (DFOM),?>% have enabled continuous, real-time observation of nanocrystal growth.
These visualization techniques can be used to differentiate between growth mechanisms based on
oriented attachment (i.e., growth via attachment of nanoparticles) and atomic addition. DFOM can
further differentiate between mass transfer-limited and charge transfer-limited atomic addition for
Cu nanowire growth.%:3!

Despite the large number of experimental studies of nanostructure growth, the facet-selective
surface chemistry that drives anisotropic growth of metals with centrosymmetric crystal structures
remains poorly understood. One of the most commonly invoked hypotheses for why anisotropic
growth occurs is the capping agent hypothesis, which suggests that an organic additive selectively
blocks atomic addition to certain facets. However, as of yet, there is no direct experimental
evidence for the capping agent hypothesis, nor does the hypothesis account for the role of halides,
which are necessary for nanostructure growth in a wide range of syntheses.3** This situation
highlights the need for new experimental tools and methods capable of characterizing the facet-
selective chemistry that leads to anisotropic nanostructures.

The reactions that govern anisotropic growth of metal nanostructures, which involve transfer of
electrons from a reducing agent to metal ions, are electrochemical in nature. Therefore, it is
intuitive for electroanalytical methods to be brought to bear on the mechanism of anisotropic
growth. Critical to the application of electrochemical methods are the use of single-crystal metal
electrodes, which can be used to represent the surface of nanocrystal facets and allow facet-specific
phenomena to be observed in situ (i.e., in the nanocrystal growth solution). For example,
pentagonally-twinned Cu nanowires consist of {111} tip and {100} side facets. Single-crystal

Cu(100) and Cu(111) electrodes can be used to probe differences in the rate of atomic addition to
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these facets in the reaction solution. Using this approach, ligand adsorption and the rate of atomic
addition can be directly measured as a function of applied potential, reactant concentrations, and
electrode crystallinity. Comparison between the findings on single-crystal electrodes, synthetic
results, and computer calculations can then be used to understand the mechanism for anisotropic
growth. 4243

This review introduces two categories of electrochemical methods that can be used to analyze
the facet-dependent chemistry that causes anisotropic growth of metals: (1) measurement of the
surface coverage of shape-directing agents using differential capacitance and/or chronocoulometry
(Section 2), and (2) measurement of the rate of metal atomic addition using mixed potential theory

(Section 3).

2. Differential Capacitance and Chronocoulometric Measurements

Preferential ligand adsorption at certain facets of a nanocrystal seed is a common hypothesis for
why anisotropic growth of metal nanocrystals occurs.®*+-%2 Implied in these mechanisms is that
some facets are more energetically favorable for ligand adsorption than others. This hypothesis
has not yet been confirmed experimentally. Historically, obtaining fundamental thermodynamic
data (including adsorption isotherms and calculations of the free energy of adsorption) has been
the subject of numerous electrochemical investigations of adsorbates on noble metal electrodes.>-
% Translation of the findings collected on metal electrodes using electrochemical methods to metal
nanoparticles seems logical, but the application of these methods to modern-day capping agents is
rare. This may be in part due to a lack of widespread understanding of the fundamental
thermodynamic principles at play and the appropriate experimental procedures required to observe

them. Herein, we seek to provide a brief framework for obtaining thermodynamic data concerning
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metal-ligand interactions using differential capacity (DC) and chronocoulometric techniques with

references to pivotal works and recent applications to nanocrystal growth.

2.1. Theory and Methodology

Some of our first notions of how molecules adsorb at electrified metal-solution interfaces were
based on measurements of differential capacitance.®®%2 Considering the double layer of an ideally
polarized electrode as a parallel plate capacitor in series with the solution resistance, the
capacitance varies according to Eq. 1, where A is the electrode area, o is the permittivity of free
space, & is the relative permittivity, and d is the distance between the electrode surface and the

outer Helmholtz plane (the distance of closest approach for solvated ions).

C = —Agf’" (Eq. 1)

Adsorption of organic ligands from an aqueous phase generally reduces the value of & and
increases d, thus reducing capacitance. The capacitance is measured within the electrode’s
potential window (boundaries set by solvent electrolysis or electrode corrosion) both in the absence
and presence of ligands. Typically, the current arising from a slow dc sweep (0.1-10 mV s?)
overlaid with a small ac perturbation (e.g., 5 mV rms, 25 Hz) can be used in concert with a lock-
in amplifier or electrochemical impedance spectrometer to determine the equivalent RC circuit.®°

Extraction of thermodynamic data from DC traces is possible for low melting point and liquid
metal electrodes (e.g., the dropping mercury electrode, DME).®35% However, single-crystal noble
metal electrodes undergo surface reconstructions during potential sweeps, manifested as a
hysteresis in the DC trace. These surface reconstructions may occur at different electrode

polarizations depending on the presence of surface-adsorbed species, thus making it difficult to
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perform background subtractions.®® As a result, the DC trace is most often collected as a qualitative
indicator of metal-ligand surface phenomena. Notably, two key potentials can be roughly
determined from DC traces: (1) the potential of zero charge (Epzc), where capacitance is lowest,
the surface charge is near-zero, and the most ligand is assumed to be adsorbed; and (2) the
desorption potential (Eqes), Wwhere all ligand is removed from the surface and the DC trace begins
to overlap with the background electrolyte.

Chronocoulometric analysis can be used as an alternative to DC to measure equilibrium surface
charge density and extract meaningful thermodynamic data from solid electrodes using the
electrocapillary equation (Eq. 2).536366

—dy = oydE + X lidy; (Eq. 2)
Originally derived from the Gibbs adsorption isotherm for the DME-electrolyte interface, the
electrocapillary equations relates changes in surface tension (y) to surface charge density (om) and
surface excesses (I'). The surface excess I'i of component i is the difference between the
concentration of component i at the surface and the bulk. The value of I'i is positive if the
concentration of component i is greater at the surface than in the bulk, negative if lower, and zero
if equivalent.

Fig. 1 provides an overview of the data collection and analysis procedure for the adsorption of
cyclohexanol on polycrystalline Au (one of the first applications of the technique on a solid
electrode).®” Briefly, a variable interrogating potential (Ei) is applied to an electrode for a period
of time sufficient for surface processes to have achieved equilibrium. Upon switching the potential
to Eqes, the current transient is collected (Fig. 1a), converted to charge (Fig. 1b), and extrapolated
to t = 0 (a requirement due to the finite sampling frequency of the instrument). The resulting owm

values are then plotted against E; (Fig. 1c). Such om-E traces are collected across a series of
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relevant ligand concentrations as well as in ligand-free electrolyte. Integration of these traces with
respect to potential yields the surface tension. The surface pressure (x) is the difference between
the surface tensions in the ligand-containing (0 <6 < 1) and ligand-free (6 = 0) trials (Eq. 3, Fig.

1d).

E; E;
T =7%Ye=0"Yo = fEdes O-MedE - fEdes O-MezodE (Eq 3)

Partial differentiation of © with respect to the chemical potential (i.e., RT In c) yields the Gibbs

surface excess according to Eq. 4 (Fig. le).

an
= (e
RTdInc T,PE

(Eq. 4)

In the end, I'-E adsorption isotherms across different ligand concentrations are plotted on a
“rational” potential scale in reference to the electrode’s potential of zero charge (E — Epz).
Comparison of the adsorption isotherms of different ligands indicates which surface-ligand
interaction is most thermodynamically favorable at a given potential. When multiple ligands are
present simultaneously, adsorption isotherms may also be used to distinguish between competitive
and cooperative effects (see Section 2.2). Surface charge om may also be used in place of potential
as the independent electric variable.®® We invite the reader to consult more detailed explanations
of the theory and use of the electrocapillary equation for solid, ideally polarized electrodes

available in the literature.®6>%
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Fig. 1. (a) Current and (b) charge transients collected in the presence of 0.04 M KCIO4 and
cyclohexanol on a polycrystalline Au electrode. (c) Surface charge density versus potential and (d)
surface pressure versus potential plots from the data presented in 1B in the presence of 0.04 M
KCIlO4 and cyclohexanol. (e) Gibbs surface excess versus potential curve for the 0.180 M hexanol
solution presented in (d). Reproduced with permission from ref. 67. Copyright 1986 The

Charge density (MC cm?)

Current density

(mA cm2)

o

20,

-08

[Cyclohexanol]
0M(e)

0.016 M (o)
0.036 M (m)
0.108 M (o)
0.144 M (a)
0.180 M (»)

|

“oa 0 o4
Potential (V)

Electrochemical Society.

Surface pressure (mN m")

Nanoscale

Charge transient
(HC cm2)

b . / \

[Cyclohexanol]

40 0.016 M (o)
0.036 M (m)
0.108 M (n)
0.144 M (1) f;;;\
301 0.180 M (a) i

(%]
[=]

iy
(=]

-04 0 04
Potential (V)

e

Gibbs surface excess
(10 mol cm?)

4 /" -
3t /J" 4
/
/

[y
T
1

-06 =02 02
Potential (V)



Nanoscale

2.2. Quaternary Ammonium Ligands for Au Nanorod Growth

The quaternary ammonium (QA) surfactant cetyltrimethylammonium bromide (CTAB) is
routinely used as a stabilizing ligand for Au nanoparticles and is the favored ligand for syntheses
of Au nanorods.*® The exact mechanism responsible for anisotropic growth for CTAB-stabilized
Au nanorods is still debated in the literature, but the presence of the bromide anion is known to be
essential.*® A popular hypothesis contends that the preferential adsorption of QA ligands on certain
facets of the seed crystal directs anisotropic growth. However, there is no direct physical evidence
to support this hypothesis.

Vivek and Burgess have meticulously characterized the coadsorption of
octyltrimethylammonium (OTA™) and bromide anion (Br’) on both Au(111) and Au(100) surfaces
with various electrochemical techniques.’®" Initial cyclic voltammetry (CV) and DC (Fig. 2a)
measurements were used to qualitatively observe the adsorption of each species.”® Distinct wave
features were assigned to interfacial phenomena, including: ligand adsorption, desorption, phase
changes, and aggregation. The authors, however, duly warn against overinterpretation of these data,
as they do not strictly correspond to states of adsorption equilibria. Sharp peaks corresponding to
potential-induced lifting of surface reconstructions—(1 x 23) and (5 x 20) for Au(111) and
Au(100), respectively—complicated surface comparisons and motivated the use of
chronocoulometric analysis. Notably, at potentials more negative than -0.8 V vs. SCE, the CV and
DC traces in the presence of OTA™ and/or Br- overlapped with traces of the background electrolyte,
signifying complete ion desorption (Fig. 2a). The use of these surface-clearing potentials is
necessary for chronocoulometric analysis, in which only changes in surface charge density are

measured.

10
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As detailed in Section 2.1, chronocoulometric analysis can be used to determine the surface
excesses of individual or coadsorbed ligands at ideally polarized, solid electrodes based on the
electrocapillary equation.>*®® When more than one ligand is present, measurements of this kind
allow one to discern between cooperative and competitive adsorption. Moreover, greater surface
excess of a ligand on one crystal facet over another constitutes thermodynamic evidence of
preferential adsorption. For coadsorbed species, one ligand is held at a constant concentration
while om—E plots are collected repeatedly over a range of concentrations of the other ligand.” A
similar data series is collected with the ligands exchanged. After completing data acquisition and
analysis, the resulting ligand adsorption isotherms may be compared in the presence and absence
of coadsorbates in order to discern cooperative or competitive effects. For instance, Fig. 2b
displays the adsorption isotherms of OTA* on Au(111) inisolation (i.e., with the inert counteranion
triflate, Tf) and in the presence of 1.0 mM NaBr.”® At negative surface charges, the OTA" surface
excess is unaffected by Br~; however, at positive charges, Br is necessary to stabilize OTA+ and
avoid desorption. These results suggest that the adsorption of Br is cooperative in that it shields
OTA*" from electrostatic repulsion from the positively-charged electrode. The same
chronocoulometric analysis was repeated on Au(100) surfaces (Fig. 2c), and an overlay of the
adsorption isotherms reveals that OTA™ in the presence of Br~ adsorbs onto Au(111) and Au(100)
in the same manner (Fig. 2d).”* Therefore, there is no thermodynamic basis for the argument that
QA-Br ligands preferentially bind to one low-energy crystal facet over the other during Au
nanorod formation. However, the authors note that this fact alone is not sufficient to rule out
preferential adsorption. Each Au nanoparticle seed would have a single electrochemical potential,
and because the low-energy crystallographic facets of Au have different potentials of zero charge

(Epzc = 270 and 70 mV vs. SCE for Au(111) and Au(100), respectively), each facet of the seed

11
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particle would have a different surface charge density. Although the I'-om isotherms are very
similar on different single crystals (Fig. 2d), a sufficient difference in charge density between
facets would be able to promote preferential ligand adsorption. Unfortunately, this phenomenon
could only be observed if methods to directly measure the electronic state of the Au nanoparticle

in situ were available.

12
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Fig. 2. (a) Differential capacity curves for Au(111) in 0.10 M NaF electrolyte (black dotted) and
1.0 mM OTATT in the absence and presence of 0.1 mM NaBr. (b) Surface excesses versus
electrode charge density at the Au(111)/0.1 M NaF interface for 1.0 mM OTA" in the absence and
presence of 1.0 mM NaBr and for 1.0 mM Br" in the presence of 1.0 mM OTATT{. (c) Surface
excesses versus electrode charge density at the Au(100)/0.1 M NaF interface for 1.0 mM OTA" in
the presence of 1.0 mM NaBr and 1.0 mM Br~ in the presence of 1.0 mM OTATT. (d) Overlaid
Au(111) and Au(100) adsorption isotherms for 1.0 mM OTA" in the presence of 1.0 mM NaBr;
(inset) corresponding adsorption isotherms for 1.0 mM Br in the presence of 1.0 mM OTATT. (a)
and (b) are reproduced with permission from ref. 70. Copyright 2012 American Chemical Society.

(c) and (d) are reproduced with permission from ref. 71. Copyright 2012 American Chemical
Society.
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2.3. 4-(Dimethylamino)pyridine as a Shape-Directing Agent for Au Nanocrystals

The molecule 4-(dimethylamino)pyridine (DMAP) can be used as a stabilizing ligand in the
synthesis of Au nanostructures.” Compared to thiol-containing ligands that covalently bond with
Au, weak physisorption of DMAP advantageously allows for facile ligand exchange and
postsynthetic functionalization.”® Burgess et al. studied the electrosorption of DMAP on
polycrystalline Au electrodes via DC and chronocoulometry, finding that the ligand’s orientation
and adsorption/desorption characteristics were highly dependent on both pH and electrode
potential (in agreement with its well-characterized parent molecule, pyridine®>°®).”” Single-crystal
Au electrodes were later used by Burgess et al. to further probe DMAP’s role as a stabilizing ligand
and, potentially, as a growth-directing agent in the synthesis of Au nanoparticles.”® The DC curve
in Fig. 3a displays changes in capacitance as the applied potential was swept negatively in the
presence of DMAP on different electrodes. Upon adsorption, organic ligands typically lower the
observed capacitance due to their small dielectric constants and large size relative to water
(effectively extending the outer Helmholtz plane, Eq. 1). At potentials more positive than —0.55 V
vs. SCE, more DMAP is adsorbed on Au(100) surfaces than on Au(111) (Fig. 3a). Additionally,
the consistently low capacitance of Au polycrystalline electrodes (Au(poly)) was attributed to
concentrated coverage of higher-energy Au(110) and Au(210) surfaces.

DC measurements demonstrated DMAP’s facet-selective behavior on Au, prompting study of
the necessary conditions to elicit anisotropic nanocrystal growth. Chloroauric acid (HAuCls)
precursor and DMAP were allowed to react for a time (z) before addition of sodium borohydride
(NaBHy3) reducing agent. During the time before adding NaBHa4, a gradual change in solution color
from orange to pale yellow indicated DMAP substitutes for chloride on the precursor molecule,

and Au"" is gradually reduced to Au'. By varying z, the precursor oxidation state ratio (Au'/Au'")

14
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could be tuned, which in turn affected nanoparticle morphology (Fig. 3b). With = = 0, Au"" was
quickly and exhaustively reduced by NaBHa, resulting in a burst of nucleating seeds without
subsequent addition (Fig. 3c). An open-circuit potential (OCP) transient collected in the reaction
solution (Fig. 3b) shows that the potential quickly returned to more positive potentials with NaBHa
consumption. On the other hand, > 60 min allowed for full conversion to Au', which is reduced
much more slowly by NaBHa as evidenced by the sustained negative OCP (Fig. 3b). As a result of
the slow reduction of Au' by NaBHa4, Au® sedimentation was observed rather than nanoparticle
growth. At intermediate values of z, anisotropic growth was observed due to a combination of

quick nucleation from reduced Au'

and slow, thermodynamically-controlled addition from
reduced Au' (Fig. 3d, 3e). The transient for z = 5 min shows that the OCP rested primarily above
—0.55 V vs. SCE during the first 14 min of the synthesis (Fig. 3b). Ultimately, the authors
concluded that preferential adsorption of DMAP on Au(100) facets leads to overgrowth of Au(111)
and anisotropic growth of nanopod structures. Though certainly useful for elucidating metal-ligand
interactions, DC and chronocoulometric measurements are only able to provide thermodynamic
evidence of facet-selective adsorption, whereas the shape of a nanostructure depends on the rate
of atomic addition to different facets. Additionally, evidence of preferential adsorption provides
no indication of the effect of the ligand on the metal addition process as either passivating or

enhancing, necessitating additional measurements of the redox processes resulting in anisotropic

growth.

15
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Fig. 3. (a) Differential capacity curves of 0.1 M 4-dimethylaminopyridine (DMAP) in 0.05 M NaF
collected on Au(100), Au(111), and polycrystalline electrodes. (b) Open-circuit potential
transients collected on a Au bead electrode initially in the presence of 4 mL 0.1 M DMAP and 100
uL 0.01 M HAuUCI4 before addition of sodium borohydride (NaBH4; 100 uL, 0.01M) at z = 0.
DMAP and HAuCI4 were allowed to react for a set period of time (z) before NaBH4 addition: 7 =
0 min (black trace), 5 min (red), and 60 min (blue). Transmission electron micrographs of the
resulting Au nanoparticles with z = (c) 0, (d) 5, and (e) 10 min. Reproduced with permission from

ref. 78. Copyright 2012 American Chemical Society.
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3. Mixed Potential Theory

Spontaneous electrochemical processes, including corrosion,”®8 electroless plating,8-% and
galvanic displacement, 8% consist of coupled oxidation and reduction reactions. In electroless
plating techniques, oxidation of a reducing agent provides electrons for the reduction of metal ions.
In galvanic displacement, oxidation of sacrificial metal substrates results in the reduction of more
noble metal ions. Such redox processes have been explained using mixed potential theory, initially
conceived by Wagner and Traud in 1938 to investigate corrosion.”

Mixed potential theory relies on the principle that the rate of electron production by oxidation
reaction(s) is identical to the rate of consumption by reduction reaction(s) (stemming from
conservation of charge). As a result, redox reactions occur spontaneously at a specific potential
where these rates are identical, referred to as the mixed potential (Emp) (Fig. 4a). Anodic and
cathodic currents are equal and opposite at Emp, and thus the net observed current for a given redox
couple is zero. However, the reaction rate at Emp is not zero and must be obtained from a Tafel plot
(Fig. 4b). If the redox reaction is limited by charge transfer and not mass transport, extrapolation
of the linear portions of the Tafel plot adhere to the Butler-Volmer equation, and their intersection

at Emp correspond to the reaction current of the redox process.

17
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Fig. 4. (a) A diagram for mixed potential theory and (b) corresponding Tafel plot to obtain the
current at the mixed potential. Reproduced with permission from ref. 43. Copyright 2018

American Chemical Society.
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The growth of anisotropic metal nanocrystals (and metal nanoparticles more generally) results
from spontaneous redox reactions in a manner similar to electroless plating. If growth occurs
through atomic addition, reducing agents are oxidized on the surface of metal nanocrystal seeds,
providing electrons for the reduction of metal ions, which subsequently add to the metal surface.
In colloidal syntheses, shape-directing agents alter the activity of different crystal facets. Therefore,
single-crystal electrodes can be used to model specific facets on the nanocrystal. By applying
mixed potential theory to single-crystal electrodes, information on the facet-selective behavior of
shape-directing agents and differential metal growth rates may be obtained. Herein, we review the
use of such electrochemical measurements on single-crystal Cu electrodes to investigate the
growth mechanism of Cu nanowires in two common syntheses using either alkylamines* or

ethylenediamine (EDA)* as shape-directing agents.

3.1. Copper Nanowire Growth via Competitive Adsorption of Alkylamines and Chloride

lons

Alkylamines are the most widely used shape-directing agents for Cu nanocrystals, enabling
control of the shape of Cu nanocrystals with morphologies ranging from nanocubes to
pentagonally-twinned nanowires.387-8 In the case of pentagonally-twinned nanowires, the sides
are thought to be sterically passivated to atomic addition by self-assembled monolayers (SAMs)
of alkylamines, facilitating selective addition to {111} facets at the nanowire ends. However, this
explanation leaves two critical questions unanswered: (1) why should alkylamines not adsorb on
exposed {111} facets, and (2) why is the presence of chloride ions (CI) necessary for Cu nanowire

syntheses to be successful?

19
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With respect to the first question, density functional theory (DFT) has shown that the binding
energies of hexadecylamine (HDA) to Cu(111) and Cu(100) surfaces are similar (1.86 and 1.97
eV, respectively).*® Additionally, the concentration of alkylamines typically used is three-fold
greater than that of the Cu ions, meaning there is sufficient ligand to cover all Cu surfaces produced
during the synthesis.! In light of these facts, one could assert that facet-selective behavior from
HDA should not occur.

With respect to the second question, it has been demonstrated that Cl- is a necessary co-reagent
with alkylamines for anisotropic growth of Cu nanowires to occur (Fig. 5a-c),*® yet the
conventional mechanism does not immediately suggest what its role might be. In earlier studies,
the significance of ClI- was likely obscured by the fact that CuCl. precursor is commonly used in
alkylamine-assisted Cu nanowire syntheses. Chloride adsorbs on Cu surfaces with a binding
energy greater than alkylamines, 3.31 eV for Cu(111) and 3.58 eV for Cu(100).°* Moreover, it is
known that CI- adsorption affects subsequent adsorption of organic compounds.®23

We recently investigated why CI- is necessary for Cu nanowire growth with alkylamines using
electrochemical measurements on Cu(111) and Cu(100) single-crystal electrodes.*® Fig. 5d and 5e
show Tafel plots collected in electrolytes with and without CI- present. In the presence of both
HDA and CI-, the greater current density on the Cu(111) surface relative to Cu(100) indicates that
the rates of Cu'*-alkylamine reduction and ascorbic acid oxidation were greater on the Cu(111)
surface (Fig. 5d). In the absence of Cl-, HDA passivated Cu(111) and Cu(100) surfaces to the
comparable extent (Fig. 5e), eliminating the possibility of facet-selective passivation by HDA
alone. These electrochemical findings agreed with the synthetic results in Fig. 5a-c, which show

the formation of the Cu nanowires with CI-, and isotropic Cu nanoparticles without Cl-.

20
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Fig. 5. Cu nanocrystals synthesized from (a) CuClz, (b) Cu(NOs)2, and (c) Cu(NOs). and NaCl, all
in the presence of HDA and ascorbic acid. Tafel plots collected on Cu(111) and Cu(100) single-
crystal electrodes in the electrolytes of (d) CuClz and (e) Cu(NOs3). with HDA and ascorbic acid.
Reproduced with permission from ref. 43. Copyright 2018 American Chemical Society.
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To further test the relationship between the electrochemistry on the single-crystals and the
nanowires, we investigated the effect of Cl- concentration on facet-selective atomic addition. This
effect can be quantified by comparing the current at the mixed potential (jmp) for Cu(111) and
Cu(100). The jmp is obtained by extrapolating the linear portion of the Tafel plot to Emp, the mixed
potential at which the reaction occurs. This approach is valid for the alkylamine-mediated
synthesis because nanowire growth in this synthesis is limited by charge transfer.3! Fig. 6a and 6b
show that the concentration of CI- that maximized jmp™'" relative to jmp™*? was the same as the
concentration that produced Cu nanowires with the highest aspect ratio. The strong correlation
between the single-crystal electrochemistry and synthetic results indicated that similar facet-
selective chemistry was likely occurring in both cases.

Further insight into why CI preferentially displaced HDA from Cu(111) was provided by DFT
calculations (Fig. 6¢). Both Cu(100) and Cu(111) exhibited similar N-Cu bond distances (and thus
similar bond strengths) in the absence of Cl, which explains the formation of spherical particles in
the absence of Cl (Fig. 5b). At a Cl coverage of 0.25 monolayer (ML), the Cu-N interaction
doubled in strength for Cu(100), but weakened for Cu(111). Increasing the CI coverage to 0.33
ML resulted in weak physisorption of HDA on Cu(111) due to short-range repulsion between ClI
and HDA, whereas the structure of Cu(100) accommodated strong chemisorption of both CI and
HDA. Higher concentrations of Cl displaced HDA from both facets.

The corroborating evidence from Cu nanowire synthesis, single-crystal electrochemistry, and
DFT calculations provided strong support for the proposed growth mechanism illustrated in Fig.
6d. An intermediate concentration of CI" led to selective desorption of HDA from the {111} facets

at the ends of the Cu nanowires, thereby causing anisotropic growth. This work indicates the
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simple explanation of HDA acting as a facet-selective capping agent was incomplete. Instead, CI

selectively displaced HDA from {111} facets.

23



(2]
n
o

N-Cu distance (A)
NN W oW s A
(=] w o w o W

=
n

Fig. 6.

Nanoscale
b
- —=—(100)

—e—(111) e, ACtivated -
i =
L g
(=]
Anisotropic g
i growth of £
Cu nanowires =
o
- S
/ -

" Passivated

0 10 _20 30 40 50 60 70
Cl concentration (mM)

- —=—(100) Facet-selective
. —e—(111) growth
. HDA:

Physisorbed

1 L L 1 " 1

i L "
0.0 0.1 0.2 0.3 0.4 0.5
Cl surface coverage (ML)

30

1 L L

:

g

8
(wu) sasmoueu jo 1a1awelq

40 60 80 100 120

Cl concentration (mM)

140

g

g

(@) The current density at Emp as a function of Cl- concentration. (b) The average length

and diameter of Cu nanowires synthesized with varying Cl- concentrations. (c) N-Cu distance

according to Cl surface coverage for Cu(100) and (111) surfaces. (d) A schematic for the growth

of Cu nanowires in the presence of ClI- and HDA showing {111} facets at the ends of nanowires

activated by CI~ for atomic addition and {100} facets on the sides completely passivated by the

SAM of HDA. Reproduced with permission from ref. 43. Copyright 2018 American Chemical

Society.

24

Page 24 of 48



Page 25 of 48

Nanoscale

3.2. Ethylenediamine Promotes Copper Nanowire Growth by Inhibiting Surface Oxidation

Another method of synthesizing Cu nanowires is to reduce Cu-OH complexes with EDA as a
shape-directing agent.?®%-% This synthesis does not require halide ions to achieve anisotropic
growth, but it does require the use of a concentrated NaOH aqueous solution. Similar to the
alkylamine-based synthesis, the growth of Cu nanowires has been previously described by
preferential adsorption of EDA on {100} facets,®’ but there was no direct experimental evidence
to support this hypothesis. We used mixed potential theory and single-crystal electrodes to show
that EDA is not a capping agent, it is a facet-selective promoter of Cu deposition.*?

Since Cu is oxidized in alkaline solutions, both reduction of a Cu(OH)2~ complex to Cu® and
surface oxide compete with each other to take electrons produced from the oxidation of the
reducing agent, N2Hs. Based on mixed potential theory, the sum of the electrons consumed for
both reduction reactions should equate to the amount produced by the oxidation of reducing agent
(Fig. 7a). Therefore, we adopted electrochemical quartz crystal microbalance (EQCM) and
chronoamperometry to separate the two reduction reactions and determine the mixed potential for
Cu reduction.*? Mass changes monitored by EQCM enabled the determination of the current for
Cu(OH)2™ reduction (icyuon);), as well as the reaction potential. The current for the oxidation of
N2H3 at the reaction potential was obtained by chronoamperometry in the solution without Cu ions.
Based on mixed potential theory, this oxidation current was equivalent to the total reduction
current (icuomy; + loxide)- The Faradaic efficiency for each reduction reaction was calculated
with these two values (also see Eq. 5).* On polycrystalline Cu, only 27% of electrons from the
reducing agent were consumed for reduction of Cu(OH)2~, and the remaining 73% went towards
reduction of Cu oxide (Fig. 7a).*? This result demonstrates that surface oxidation should play an

important role in the growth of Cu nanowires.
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The rate of Cu deposition in the NaOH-EDA reaction is mass transport-limited?®#? and competes
with reduction of Cu oxide, so we could not apply the Tafel plot method introduced in Section 3.1.
Instead, we monitored the open circuit potential (OCP) of Cu single-crystal electrodes in reaction
solutions with and without Cu ions and converted these potentials into currents using an i-V curve
for N2H4 oxidation.*? Note that the OCP is the same as the mixed potential. The current for

reduction of both surface oxide and Cu(OH)z™ (icu(om); + loxiae) Was obtained from the OCP of
a solution containing NaOH, EDA, N2H4, and Cu ions, and the current for surface oxide reduction
alone (i,iqe) Was obtained from the same solution without Cu ions. The difference between these
currents gives ic,ony;, and the Faradaic efficiency for Cu(OH)2™ to CuP can be calculated using

the following equation.*

lcu(on);

Faradaic efficiency (%) = x 100 (Eq. 5)

lcu(oH); tloxide

Fig. 7b shows the Faradaic efficiency for reduction of Cu(OH),~ on Cu(111) and Cu(100) single-
crystal electrodes. Most of the cathodic current (>80%) corresponded to Cu deposition on the
Cu(111) surface, while electrons went primarily towards surface oxide reduction on the Cu(100)
surface. This result shows that facet-selective Cu addition to {111} facets occurs in this reaction
because reduction on {100} facets is blocked by surface oxide. This mechanism is illustrated in
Fig. 7c. Fig. 7b also indicates the Faradaic efficiency of Cu deposition on (100) became
comparable to that on (111) after ~5 minutes, meaning atomic addition can also occur on the sides
of nanowires after this period. It was previously observed that ~5 minutes after Cu nanowires form,
additional Cu can deposit on the sides of the nanowires (see Fig. 7d-f).>° The similar time-
dependence for facet-selective Cu deposition on the single-crystals and the nanowires suggested

similar chemistry is occurring in both cases.
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Fig. 7. (a) A diagram for mixed potential theory for EDA-based Cu nanowire growth. (b) Faradaic
efficiency of Cu(OH), reduction to Cu® on Cu(111) and Cu(100) single-crystal electrodes. (c)
Growth mechanism of Cu nanowires in the presence of EDA and NaOH. TEM images of Cu
nanowires at (d) 14 min, (e) 19 min, and (f) 22 min after starting the reaction. (a)—(c) are
reproduced with permission from ref. 42. Copyright 2017 American Chemical Society. (d)—(f) are
reproduced with permission from ref. 30. Copyright 2014 Royal Society of Chemistry.
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The remaining question is why {111} facets were relatively free of surface oxide while {100}
facets were blocked by surface oxides? Previous DFT calculations suggested that EDA adsorbed
on the Cu surface could interrupt the adsorption of OH™ and prevent surface oxidation.®® XPS
analyses also suggested that EDA suppressed the oxidation of Cu.®® However, the facet-dependent
behavior of EDA was not experimentally confirmed. To address this question, we compared the
OCP on Cu(111) and Cu(100) in solutions containing NaOH and N2H4 with or without EDA.
Without EDA, the OCP becomes more negative over time as the surface oxide is reduced by N2Hs
in a similar manner for both Cu(111) and Cu(100) (Fig. 8a). With EDA, the OCP becomes more
negative about 5 minutes more quickly for Cu(111) then for Cu(100) (Fig. 8b). We concluded that
EDA preferentially adsorbs to Cu(111) and thereby prevents surface oxidation. However, rather
than having a passivating effect, the presence of EDA increases the current for N2Hs oxidation on
Cu(111) to a greater extent than Cu(100), and the oxidation current increases with the
concentration of EDA (Fig. 8c and 8d). These results indicate that, by keeping the Cu(111) surface
free of oxides, EDA acts as a facet-selective promoter for Cu deposition rather than a capping
agent. By keeping the ends of growing Cu nanowires free of surface oxides, EDA promoted

anisotropic growth (Fig. 7c).
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Fig. 8. The changes in open circuit potential of Cu(111) and Cu(100) single-crystal electrodes in
NaOH solutions containing (a) N2Hs and (b) EDA-N2Hs. (c) Linear sweep voltammograms and (d)
the peak current density for N2Hs oxidation on Cu(111) and Cu(100) single-crystal electrodes as a
function of EDA concentration. Reproduced with permission from ref. 42. Copyright 2017
American Chemical Society.
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4. How to Make Measurements with Single-Crystal Electrodes.

Electrochemical measurements with single-crystal electrodes may pose a challenge to those not
experienced with electrochemical techniques, and the data must be interpreted with caution. When
electrochemical findings appear to contradict previous hypotheses based on synthetic results, one
must verify that the discrepancy does not simply result from experimental errors. Herein, we
include some common problems encountered in the course of collecting electrochemical data with

single-crystal electrodes and how they can be avoided or resolved.

4.1. Electrode Preparation and Surface Pretreatment

Electrochemical equipment vendors do not typically provide mounted single-crystal electrodes
(e.g., in the form of standard disk electrodes). However, many single-crystal metals are
commercially available—commonly in the shape of a disk. Briefly, the metal disk is pressed into
a non-conductive jacket (e.g., PEEK tubing) to expose only the side of desired crystallinity, and
the gap between the PEEK tubing and metal disk is filled with a non-conductive epoxy. An
electrical connection between the back of the disk and a Cu wire is made with a Ag conductive
epoxy. Soldering can also be used for making the electrical contact. The Cu wire and the back side
of metal disk are coated with a non-conductive, watertight epoxy to prevent contact with the
reaction solution. The non-conductive epoxy should be chosen to be compatible with the reaction
solution (e.g., pH and temperature). There should be little electrical resistance (< 0.2 Q) between
the exposed single-crystal electrode and the lead when it is measured with a multimeter. If the

electrode is continuously used at high temperatures (e.g., >60°C), the electrical resistance should
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be periodically measured as the different thermal expansion coefficients of epoxy and metal may
cause loss of electrical contact.

The surface of a working electrode must be smooth and free of contaminants in order to collect
accurate electrochemical data, necessitating a number of surface pretreatment procedures between
measurements. Mechanical polishing using a diamond or alumina slurry on a microfiber pad,
followed by careful washing and sonication, is generally sufficient for restoring polycrystalline
electrodes and obtaining reproducible data. However, single-crystal electrodes should ideally be
as smooth as possible (approaching atomically smooth) to minimize the number of step edges and
other surface defects and ensure uniform crystallinity.

Electropolishing and etching procedures may be used to further restore and clean single-crystal
electrode surfaces. In electropolishing, the electrode is repeatedly cycled between anodic and
cathodic potentials in acid (e.g., sulfuric, phosphoric, perchloric acid) to strip surface contaminants
and reduce roughness. The last cycle of electropolishing should finish at the cathodic limit to clear
the surface of metal oxides. Electrochemical etching typically involves anodic polarization of the
electrode in an etchant solution, which causes dissolution of exposed surface atoms. Chemical
etching is similar but occurs spontaneously (i.e., without the need for a driving potential). Etching
procedures are particularly useful in experiments involving metal addition to single-crystal
electrodes, as the deposited metal layer must be removed between measurements to restore the
surface structure.

Electrochemical etching in concentrated phosphoric acid (+1.6 V versus Pt cathode) yields
smooth Cu single crystals.®® Gold can be electrochemically etched in concentrated solutions of
potassium iodide with anodic polarizations, although stabilizing reagents such as sodium sulfite

are required to reverse the formation of iodine (12).1%° Additionally, electropolishing after etching
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is necessary to remove surface-adsorbed iodide. Silver can be chemically etched in a solution of
chromium trioxide and hydrochloric acid, followed by washes with concentrated ammonia and
finally sulfuric acid.>®%

After the polishing step, it is necessary to check the surface crystal structure to validate the
polishing method. Although scanning tunneling microscopy (STM) can confirm the surface
structure, it can be used only over a very small area, and the shape and size of electrode can make
it difficult to perform STM. Electrochemical measurements for adsorption of ions (e.g., halide ions,
hydroxyl ions),1%21% small molecules,*®1% and gaseous species (e.g., CO),*%” or underpotential
deposition!® can be alternatively used because these phenomena are affected by the surface
crystallinity. For example, the current spike in a cyclic voltammogram for the phase transition of
sulfate ions was only observed on a Au(111) single-crystal electrode in sulfuric acid, but no current
spike was observed with a Au(100) single-crystal electrode.'® In addition, if the orientation of
single-crystal electrodes is already confirmed by X-ray diffraction (XRD), the surface area
measurement can be used to compare the polishing methods. The ideal polishing method should

result in a surface area that closely matches the geometric surface area of the electrode.

4.2. Reaction Solution Preparation and Data Acquisition

A typical nanocrystal synthesis reaction solution is composed of a solvent, a metal precursor,
reducing agent, and one or more shape-directing agents. The effect of each chemical component
on nanocrystal morphology can be clarified by varying their individual concentrations. However,
in electrochemical measurements, changing these concentrations may also alter the solution
resistance. If the solution resistance is extremely high, as occurs when the electrolyte concentration

is low, there will be a substantial ohmic drop between the working and reference electrodes which
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will introduce inaccuracies in the application and measurement of potentials. One solution to this
problem is IR compensation, a function built into most commercial potentiostats. Alternatively,
the addition of supporting electrolyte to the reaction solution will minimize this ohmic drop. An
appropriate electrolyte should be inert so it will not affect the electrochemical reactions under
observation. The effect of the electrolyte on the growth of the metal nanostructures should also be
determined by imaging any changes in nanostructure morphology that occur upon addition of the
electrolyte. To simply the experiment, ideally there should be no effect of the electrolyte on
nanostructure morphology. In our previous study of Cu nanowire growth, potassium nitrate (KNO3)
was used,*® and Burgess et al. have used sodium fluoride (NaF) in their studies of Au nanocrystal
growth.7072

During nanocrystal growth, each crystal facet of a nanocrystal will eventually reach an
equilibrium coverage of adsorbates when the rates of adsorption and desorption are equal.
Adsorption of species at the electrode surface alters the open circuit potential (OCP). Changes in
the OCP can be used to observe time-dependent changes at the electrode-solution interface and
determine the point at which equilibrium has been achieved (i.e., when the OCP value has
stabilized).*® For example, the time to reach this equilibrium was previously observed to be 100 s
for the Cu nanowire growth solution with HDA and CI, so the electrochemical measurements were
started 300 s after dipping the electrode in the reaction solutions.*® However, the OCP can also
change due to consumption of reactants in the solution, and such changes can potentially interfere
with measurements of surface adsorbates if the reaction is fast. Measurements of the currents for
facet-selective atomic addition should be carried out after the coverage of adsorbates has reached
an equilibrium coverage to reflect the surface coverage that is present on the surface of metal

nanostructures in solution.
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For measurements of reaction kinetics (see Section 3), the OCP corresponds to the mixed
potential (Emp), and Tafel plot voltammograms should ideally be collected over a range centered
at this potential. The appropriate scan rate over this range must be optimized for a particular
synthesis. The scan rate should be slow enough to minimize contributions from the capacitive
current, but fast enough to collect data before the single-crystal surface has been substantially
altered by metal deposition.

Data collection may be hampered by homogenous nanoparticle formation in the growth solution,
often indicated by a color change. These off-electrode reactions are undesirable because they
consume reagents and can lead to particle deposition on the electrode. In such instances, tuning of
the reagents and their concentrations may be necessary (e.g., using a less potent reducing agent).
Reducing the reaction temperature, verifying solution purity, and using thoroughly cleaned
glassware are additional options.

Another limitation to the type of reaction that can be monitored is that the reducing agent should
be added rather than generated in situ. For example, some Cu nanocrystal syntheses use glucose
to reduce Cu ions, but glucose by itself does not act as a reducing agent. The Maillard reaction
between alkylamines and glucose is necessary for generating the reductones capable of reducing
Cu-alkylamine complexes.3>!1° The polyol process is another example in which the reducing agent
is generated upon heating.*'* Fluctuations in the reducing agent concentration as it is generated
and consumed make extracting reproducible kinetic data very difficult. In addition, the exact
concentration of the reducing agent in such syntheses can be difficult to determine. Such
limitations can be overcome by switching the reducing agent to one that can immediately act as a

reducing agent by itself without intermediate reactions. For example, glucose can be replaced with
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ascorbic acid in a Cu nanowire synthesis to simply the analysis of the facet-selective redox

reactions.*®

5. Summary and Outlook

This review introduces how electrochemical measurements with single-crystal electrodes can
be used to model and investigate the growth mechanism of anisotropic metal nanostructures.
Measurements of differential capacitance and chronocoulometric techniques on single-crystal
electrodes can determine whether organic additives preferentially adsorb to a given crystal facet,
and whether the presence of halides affects such adsorption. The facet-dependent rate of reduction
and oxidation reactions in a nanostructure growth solution can be analyzed using single-crystal
electrodes and mixed potential theory. These kinetic measurements have already shown that the
facet-selective capping agent hypothesis does not apply in two separate syntheses of Cu nanowires.
In one, CI" promotes addition of Cu atoms to the ends of a growing nanowire by selectively
displacing alkylamines from {111} facets. In another synthesis, EDA promotes addition of Cu
atoms to the end of a growing nanowire by selectively preventing oxidation of Cu on {111} facets.

Despite the potential of single-crystal electrochemistry to answer longstanding questions of
whether organic additives preferentially bind to and block atomic addition to certain facets of a
metal nanostructure, there have as of yet been only a few studies that use single-crystal
electrochemistry to address these questions. There remains many nanostructure syntheses for
which similar techniques could be applied to determine the facet-selective chemistry causing
anisotropic growth. Interpretation of these experimental results will be aided by computer
simulations that can provide an atomic-level picture of the electrochemical interface. The deeper

understanding provided by such studies will enable the development of more robust syntheses that
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produce nanostructure products in higher yields, as well as aid the development of synthesis that

produce new nanostructures with novel properties.
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