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ABSTRACT: Control over the shape of a metal nanostructure Anisotropic
grants control over its properties, but the processes that cause Cu Nanocrystals
solution-phase anisotropic growth of metal nanostructures are not
fully understood. This article shows why the addition of a small w/ |
amount (75—100 uM) of iodide ions to a Cu nanowire synthesis
results in the formation of Cu microplates. Microplates are 100 nm
thick and micronwide crystals that are thought to grow through
atomic addition to {100} facets on their sides instead of the {111} 4 'I ; " 4

facets on their top and bottom surfaces. Single-crystal electro- -y / 5 % f" ! - -
chemical measurements show that the addition of iodide ions cucCl Wi Q‘g ;
decreased the rate of Cu addition to Cu(111) by 8.2 times due to  Ajkylamine f/

the replacement of adsorbed chloride by iodide. At the same time, &l ,.1

the addition of iodide ions increased the rate of Cu addition to

Cu(100) by 4.0 times due to the replacement of a hexadecylamine (HDA) self-assembled monolayer with the adsorbed iodide. The
activation of {100} facets and passivation of {111} facets with increasing iodide ion concentration correlated with an increasing yield
of microplates. Ab initio thermodynamics calculations show that, under the experimental conditions, a minority of iodide ions
replaces an overwhelming majority of chloride and HDA on both Cu(100) and Cu(111). While Cu nanowire formation is predicted
(and observed) in solutions containing chloride and HDA, the calculations indicate that a strong thermodynamic driving force
occurs for {111} facet (and microplate) growth when a small amount of iodide is present, consistent with the experiment.

Microplate: Growth Rate on {100} > {111}

Nanc:wlre Growth Rate on {100} < {111}

B INTRODUCTION A common hypothesis is that shape-directing agents
preferentially adsorb to certain facets of a nanocrystal, altering
the facet-dependent surface energy and kinetics of atomic
addition.”*™*" Shape-directing agents may take the form of an
ion, an organic compound, a polymer, or a gas (e.g, CO).
Wulff constructions of face-centered cubic (fcc) metals predict
that the thermodynamically favored structure is a truncated
octahedron composed of both {111} and {100} facets.”’ The
addition of certain capping agents can result in the synthesis of
octahedra covered exclusively by eight {111} facets or
nanocubes enclosed by six {100} facets.’’ Recent results
suggest that the observed deviation in facet coverage can be
due to a change in the facet-dependent kinetics of atomic
addition rather than the facet-dependent surface energy.”” ™"
Indeed, the highly anisotropic shape of nanowires seems to
indicate that such structures must result from a change in the

The development of colloidal syntheses to control the shape of
metal nanocrystals has enabled the customization of their
properties for different applications." For example, increasing
the coverage of certain crystal facets on nanocrystal surfaces
can increase their catalytic performance.””® The high aspect
ratio of metal nanowires enables their use in transparent
conductors,”'® highly porous felts,'' aerogels,"”™"" and
conductive composites.””~'” Two-dimensional (2D) nano-
plates and microplates exhibit size-dependent surface plasmon
resonance (SPR)'® that has been employed for photothermal
therapy,'” SPR biosensors,”” and photoacoustic imaging.’
Microplates can also be used to form conductive networks for
printed electronics”*~** and conductive polymer composites.”
These examples demonstrate the power that morphological
control of metal nanocrystals can provide for those seeking to
understand structure—property relationships of metal nano-

materials and improve their performance in various applica- Received: September 7, 2020 Bl
tions. Revised:  November 18, 2020

Published: December 7, 2020

The mechanisms by which shape control is achieved in
solution-phase metal nanostructure syntheses are not well
understood. This lack of fundamental understanding makes it
difficult to design syntheses that produce the desired outcome.

© 2020 American Chemical Society https://dx.doi.org/10.1021/acs.chemmater.0c03596
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Figure 1. Cu nanostructures synthesized with HDA, AA, and different combinations of Cu precursors and halide ions: (a) nanowires formed with a
CuCl, precursor, (b) spherical particles formed with Cu(NO;), and 75 uM Nal, and (c) microplates formed with CuCl, and 75 uM Nal. (d—f)
Tafel plots for two Cu single-crystal electrodes obtained with the same solutions as for (a)—(c), respectively. The original LSVs are shown in Figure
SS. The concentrations of Cu precursors, HDA, and AA were 16.4, 49.4, and 50 mM, respectively.

rate of atomic addition to different facets rather than surface This study builds upon previous work by using a
energy minimization.”” If one could directly measure this facet- combination of single-crystal electrochemistry, DFT, and a
dependent rate of atomic addition, one could obtain a better computational hydrogen electrode approach to explore why
understanding of the role shape-directing agents play in the addition of iodide ions (I7) to HDA-based Cu nanowire
controlling anisotropic growth. This understanding could be synthesis results in the formation of Cu microplates instead of

nanowires. Single-crystal electrochemical measurements show
that the formation of microplates is due to I” increasing the
rate of Cu addition to {100} facets on the sides of microplates
while decreasing the rate of Cu addition to the {111} facets on
the top and bottom of the microplates. DFT calculations show
that I” has a stronger binding affinity for Cu than CI™ and that
it replaces CI~ and HDA on both Cu(100) and Cu(111), even
when the solution-phase concentration of I” is 100 times lower
than CI~. While Cu nanowire formation is predicted (and
observed) in solutions containing chloride and HDA, a strong

used to design improved nanostructure syntheses.

We have been using electrochemical measurements on metal
single crystals to directly measure the facet-dependent rate of
atomic addition in Cu nanowire syntheses.**~*" For a synthesis
in which ethylenediamine was thought to block atomic
addition to the {100} facets on the sides of Cu nanowires,
electrochemical measurements with single crystals showed that
ethylenediamine instead promoted Cu addition to the {111}
facets on the ends of Cu nanowires by facilitating the removal

of Cu oxide from {111} facets.” In another Cu nanowire thermodynamic driving force occurs for microplate growth
synthesis, hexadecylamine (HDA) was thought to selectively when a small amount of iodide is added to the chloride—HDA
block atomic addition to the {100} facets on the sides of Cu solution, consistent with the experiment. This study thus adds
nanowires while leaving the {111} facets at the ends of the first clear example to the literature of anisotropic
nanowires open to atomic addition. However, electrochemical nanostructure growth in the presence of a shape-directing
measurements with single crystals showed that HDA agent that is adsorbed isotropically.

passivated both {100} and {111} facets equally. Chloride
ions (Cl7) were required for selectively removing the HDA B RESULTS AND DISCUSSION
self-assembled monolayer (SAM) from {111} facets on the

nanowire ends but not the {100} facets on nanowire sides.”’ Experimental Effects of Halides on Cu Nanostructure

' > ] Growth. The synthetic results shown in Figure la—c
Density functional theory (DFT) calculations showed that demonstrate the dramatic effect of halide ions on Cu

facet.-selecti.ve removal of a HDA SAM from Cu(111) can be nanocrystal growth. The addition of CI™ to a growth solution
obtained with a 0.33 monolayer (ML) coverage of CL. This last containing a Cu(Il) precursor, HDA, and ascorbic acid (AA)

example demonstrates the potential for DFT calculations and (herein referred to as a HDA—CI™ solution) results in
single-crystal electrochemistry to provide new molecular-level pentagonally twinned Cu nanowires (Figure la). We have
insights into the facet-selective chemistry that drives the previously shown that nanowire growth is due to the selective
anisotropic growth of nanocrystals. removal of a HDA SAM on the {111} facets at the ends of the
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nanowire, while the {100} facets on the sides of the nanowire
remain passivated by a HDA SAM.””**~*" If CI~ is not present
in the synthesis, or the concentration of Cl™ is too low (<16.4
mM), both {111} and {100} facets are passivated by HDA to
the same extent, and only Cu nanoparticles form.”” If 75 uM
Nal was added in place of Cl™ (forming the HDA-I"
solution), only nanoparticles were formed (Figure 1b). As
we see later, this small amount of I” is not by itself sufficient to
remove HDA from the Cu surface. Addition of larger amounts
of I” to the synthesis caused the precipitation of Cul (see
Figures S1 and S2). As shown in Figure Sla, micron-sized
irregular particles were obtained at an I” concentration of 3.28
mM (1/10 of the CI” concentration used for Cu nanowire
growth). When more I~ was added, smaller nanoparticles were
produced (Figure S1b—d) and the intensities of Cul peaks in
the X-ray powder diffraction (XRD) patterns increased.
(Figure S2). Microplates were occasionally observed at I~
concentrations higher than 9.84 mM but at a low yield,
presumably because most of the Cu precursor precipitated as
Cul. These results suggest that the combination of HDA and
I" is sufficient to induce the formation of Cu microplates, but
the precipitation of Cul prevents the formation of a high yield
of microplates.

Surprisingly, if 75 #M Nal is added to the HDA—CI™
solution (forming the HDA—Cl™—I" solution), microplates
formed instead of nanowires and Cul particles. The presence
of CI” enables I” to induce the formation of microplates at
lower concentrations of I” that do not cause precipitation of
Cul. The microplates had an average thickness of 130 + 30
nm, an average width of 4.0 + 1.5 ym, and an aspect ratio of 31
(Figures 1lc and S3). X-ray diffraction (XRD) patterns further
confirmed that all three nanocrystals in Figure la—c were
metallic Cu (Figure S4).

Selected area electron diffraction patterns acquired with the
beam oriented perpendicular to the basal planes of the
microplates (see Figure 2ab) exhibit the {220} reflections
characteristic of diffraction along the (111) direction and 1/
3{422} reflections characteristic of diffraction from parallel
{111} planar defects.*”~** These results indicate that the basal
surfaces of the microplates consist of {111} facets. These
results are consistent with those of many previous studies of
platelike structures composed of Ag and Au.*>™**

Given that transmission electron microscopy (TEM)
provides a 2D projection of a three-dimensional (3D) object,
it has not yet been proven possible to definitively determine
the facets on the sides of platelike crystals grown from fcc
metals. However, based on their fcc crystal structure, the fact
that the basal planes of microplates consist of two {111}
surfaces, and the need to minimize surface energy with low-
index planes, most researchers inferred that the sides of
nanoplates/microplates consist of 12 alternating {100} and
{111} side planes (Table S1).*****° Models in Figure 2c¢,d
show that the number of twin planes in the structure affects the
arrangement of {111} and {100} facets on the sides of
microplates. When the number of twin layers is even, the side
facets alternate vertically and laterally between {111} and
{100} in a checkerboard pattern (Figure 2c). A side view TEM
image of a Cu microplate (Figure S6) exhibits the structure of
this model. The angles between the basal plane and two side
facets are 110 and 125° corresponding to the theoretical
angles between (111) and (1 to 11) (i.e., 109.5°) and between
(111) and (100), respectively. When the number of twin layers
is odd, the {111} and {100} facets alternate laterally in

883

Figure 2. (a) Transmission electron microscopy (TEM) image of a
part of a Cu microplate and (b) the corresponding electron diffraction
pattern. Two models demonstrating the atomic arrangement of Cu in
hexagonal plates using a face-centered cubic packing of spherical
magnets (c) with an even number of twin defects and (d) an odd
number of twin defects. Note that real microplates also likely contain
a number of {111} stacking faults.*o*®

columns (Figure 2d). We note that this simplified model does
not reflect evidence from TEM images showing that multiple
planar defects can be evenly or asymmetrically distributed
across a particle,””*>***®>! but such structures also have a
mixture of {111} and {100} facets on their sides. Based on
these structures, the change in the growth mode from
nanowires to microplates with the addition of I implies that
an inversion in facet activity occurs such that greater Cu
addition takes place on {100} than {111}.

It should be noted that nanowires grow from S-fold twinned
decahedra, while microplates grow from nuclei with parallel
twin planes. In addition to influencing the rate of atomic
addition to {111} and {100} facets, the addition of iodide ions
may influence nucleation such that a greater proportion of
seeds has parallel twin planes. We have attempted to
investigate the nucleation of Cu seed crystals in alkylamine-
halide syntheses by taking samples at multiple time points. The
earliest time point at which copper nanocrystals could be
found in the HDA—CI™—I" solution was at 30 min. These
particles were washed with acetonitrile (to remove the white
CuCl precipitate), isopropyl alcohol (IPA), hexane (to remove
HDA), and 50/50 vol % IPA/water. Even after these washing
steps, residual organic residue made it difficult to obtain clear
images of the nanocrystals, and the nanocrystals were already
over 200 nm in diameter (Figure S7). A modified washing
procedure with dimethyl sulfoxide (DMSO) was developed to
remove residual organic material, but the washing procedure
dissolved small seeds, so that the earliest time point at which
nanocrystals could be isolated was 40 min in the HDA—-CI™—
I” solution and 60 min in the HDA—CI~ solution (see Figure
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S8). Thus, due to the presence of CuCl precipitate and HDA,
it proved impossible for us to isolate small (~20 nm)
nanoparticle seeds and study the impact of iodide on the
crystal structure of seeds. We note that there is no previous
study of Cu seeds in the alkylamine synthesis. Nevertheless,
given the clear difference in the morphology of the
nanocrystals at the earliest time points in the reaction (see
Figure S8), we expect that the presence of iodide increased the
number of seeds with parallel planar defects.

However, a change in the crystal structures of the seeds
cannot by itself be responsible for the formation of Cu
microplates. Anisotropic growth is also necessary. For example,
if we assume that the microplate seeds start with similar
dimensions as silver microplate seeds (e.g, 45 nm wide, S nm
thick), they will have an aspect ratio of 9.°” If they then grow
isotropically to the scale of ~1 ym, they will have an aspect
ratio of 1.04 (1.045 pum wide, 1.00S um thick). This is
illustrated in Figure S9. In contrast, Cu microplates have an
aspect ratio of 31. This example illustrates that facet-dependent
atomic addition of Cu is necessary for the anisotropic growth
of the Cu microplates.

Further evidence for the role of halides in facet-selective
growth can be obtained from using nanowires and microplates
as seeds in the HDA—CI"—I" and HDA-CI™ solutions,
respectively. If the HDA—CI™—I" solution promotes atomic
addition to {100} facets, Cu nanowire seeds should grow
laterally in this solution because their side facets are {100}.
Figure S10 shows that the diameter of the nanowires increased
by 3.4 times (before seeded growth: 170 + 70 nm, after: 580 +
110 nm). This result is consistent with the hypothesis that the
adsorption of I” on the surface of a Cu nanostructure results in
preferential atomic addition to {100} facets. Second, the
HDA—CI" solution should result in passivation of {100} facets
on the sides of the microplate, resulting in preferential atomic
addition to the {111} facets on the top and bottom of the
microplates. Figure S11 shows that the thickness of the
microplates increased by 2.3 times while their widths did not
significantly change (before seeded growth: 4.0 + 1.5 um,
after: 4.4 + 1.0 ym) in the HDA—CI~ solution. This result
indicates that a HDA—CI™ solution normally used to grow Cu
nanowires promoted the atomic addition of Cu onto {111}
facets while passivating {100} facets. The result is also
consistent with the hypothesis that the sides of the Cu
microplates in part consist of {100} facets.

Effect of Halides on Single-Crystal Electrochemical
Measurements. To test the hypothesis that I" inverts the
facet activity, electrochemical measurements with Cu(111) and
Cu(100) single-crystal electrodes were performed in the same
solutions used to grow the nanocrystals.**~** In the synthesis
solution, Cu-alkylamine complexes are reduced by ascorbic
acid. As described by the mixed potential theory,””** the
spontaneous overall reaction occurs at a mixed potential (E,,,)
at which the two half-reactions (Cu ion reduction and ascorbic
acid oxidation) have equal rates. As all of the electrons
produced by oxidation are consumed by reduction, the net
current at the mixed potential is zero. The current for either
half-reaction at the mixed potential gives the reaction rate for
Cu nanocrystal growth. For reactions that are charge transfer-
limited, the magnitude of the half-reaction current at E
(referred to as jmp) can be obtained from a Tafel plot of a linear
sweep voltammogram in the reaction solution.

In the HDA—CI™ solution (Figure 1d), jr(jpll) was 12.7 times

greater than jggo) (see also Table 1). In contrast, Table 1
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Table 1. Current Density at the Mixed Potential (j,,) for
Two Single-Crystal Electrodes with Different Additives”

jaoo) {
shape additives j,(,igo) ],(,1; D }?n?l} . ref
particles HDA 11.09 11.71 0.95 37
HDA-I" 10.96 11.59 0.95 Figure le
nanowires HDA-CI™ 12.11 153.78 0.079 Figure 1d
microplates HDA-CI™—I"  48.64 18.71 2.60 Figure 1f

“The concentrations of Cu ions, HDA, CI~, I", and AA were 16.4,
49.4, 32.8, 0.075, and 50 mM, respectively.

shows that j, for Cu(111) and Cu(100) are the same if CI™ is
not present. This result shows that the presence of CI~
activates Cu(111) but not Cu(100), thus explaining why
pentagonally twinned Cu nanowires with {111} facets on their
ends and {100} facets on their sides only grow when CI~ is
present in the reaction solution.”” The jmp Vvalues in the HDA—
I” solution (Figure le) were similar to those of the case when
the solution contains Cu—HDA complexes and AA without
any halide ions (Table 1).>” The agreement between the two
measurements indicates that with 75 uM 17, both (111) and
(100) electrodes were passivated by HDA without any facet-
selective behavior (jr(,}go / j‘(nl;l) = 0.95). This result means that
the low I” concentration (i.e., 660 and 440 times lower than
HDA and CI7, respectively) cannot disrupt the HDA SAM on
either facet.

However, the addition of I~ to the HDA—CI~ solution (i.e.,
HDA—-CI™-I" solution) changed the facet-selective activity.
Figure 1f and Table 1 show that the j,,, for the (100) electrode
is 2.60 times greater than for the (1115 electrode, the opposite
of what was observed in the HDA—CI~ solution (Figure 1d).
This inversion is consistent with the hypothesis that I”
facilitates greater Cu atomic addition to the {100} edge facets
than to the {111} basal planes, ultimately resulting in
microplate formation. The electrochemical measurements
shown in Figure lef also indicate that the presence CI~
facilitates I~ adsorption on Cu surfaces. For the case of
Cu(111), CI™ facilitates I adsorption by completely detaching
HDA from the surface. For Cu(100), coadsorption of Cl~ with
HDA weakens the HDA—Cu bond and creates a different
surface phase that may lower the kinetic barrier to I”
adsorption.””*’

Effect of lodide Concentration. Additional evidence for
the role of I” was obtained by measuring the j,(;;l) and jr(rfgo)
values of the HDA—CI™—I" solution at various I~ concen-
trations (Figure 3a). Increasing the I” concentration decreased
j(ln) while increasing j,(n‘;"” . Figure 3b shows this increase in the
jg?o) / jr(,}lfl) ratio was accompanied by an increase in the aspect
ratio of microplates. Figure S12 indicates that increasing I”
concentration resulted in a decrease in microplate thickness
and an increase in microplate width. Also, when the value of
jf,}go)/ j,(,lpn) was over 2.5, the percent of microplates exceeded
85%, whereas the yield decreased to 36% when the jgg")/',(,}“)
was 0.31 (see Figure S13). These results indicate that jrr}gg)/
jf,};l) can be used as a predictor for the formation of
microplates and that the effects of I” on the facet-selective
activity of the single-crystal electrodes are likely similar to the
mechanisms by which 17 causes anisotropic growth of
microplates.

Hypothesis for the Role of lodide. The schematic in
Figure 4 illustrates our hypothesis for how 1™ activates {100}
facets while passivating {111} facets. In the absence of I" (left

https://dx.doi.org/10.1021/acs.chemmater.0c03596
Chem. Mater. 2021, 33, 881-891


http://pubs.acs.org/doi/suppl/10.1021/acs.chemmater.0c03596/suppl_file/cm0c03596_si_001.pdf
http://pubs.acs.org/doi/suppl/10.1021/acs.chemmater.0c03596/suppl_file/cm0c03596_si_001.pdf
http://pubs.acs.org/doi/suppl/10.1021/acs.chemmater.0c03596/suppl_file/cm0c03596_si_001.pdf
http://pubs.acs.org/doi/suppl/10.1021/acs.chemmater.0c03596/suppl_file/cm0c03596_si_001.pdf
http://pubs.acs.org/doi/suppl/10.1021/acs.chemmater.0c03596/suppl_file/cm0c03596_si_001.pdf
http://pubs.acs.org/doi/suppl/10.1021/acs.chemmater.0c03596/suppl_file/cm0c03596_si_001.pdf
http://pubs.acs.org/doi/suppl/10.1021/acs.chemmater.0c03596/suppl_file/cm0c03596_si_001.pdf
pubs.acs.org/cm?ref=pdf
https://dx.doi.org/10.1021/acs.chemmater.0c03596?ref=pdf

Chemistry of Materials

pubs.acs.org/cm

a 00 b 60
3.5}
3.0} 50
150
— a 25F a0 a.
g L .
g Ezof l i B
3 100 = 30 &
2 1.5} >
3 g’ g T ‘ =
s — 1.0} 4120 o
50 - - "
0.51 | 10
0.0} =
o 1 1 1 L 1L i

PR
i} ZD

80
lodide ion concentration l[p.M]

Figure 3. (a) Values of ](100) and ](11)11) vs I” concentration. (b) Values of ](100) / ],(,f”) (diamonds) and the aspect ratio of microplates (squares) vs I~
concentration. The orlgmal Tafel plots are shown in Figure S14. Representative scanning electron microscope (SEM) images at I” concentrations
of (c) 25uM, (d) SOuM, and (e) 100 uM. The synthetic results with 0 and 7S uM I~ are shown in Figure la,c.
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Figure 4. Schematic diagram of Cu {111} and {100} facets in a
HDA—-CI" solution with different concentrations of I".

side of the schematic), the {111} surface is covered exclusively
by CI~ (which activates the surface for atomic addition) and
the {100} surface is passivated by a HDA SAM with a 1/3 ML
of co-adsorbed CI~.*>” Addition of I” replaces Cl~ on the {111}
facet, leading to its passivation. The CI~ adsorbed on 2 Cu
surface has been shown to activate Cu deposition,” but
adsorbed 1~ suppresses Cu deposition.”® The relatively
covalent Cu—I bond is stronger than the relatively ionic
Cu—Cl bond and involves a greater amount of charger transfer
from I” to Cu. This stronger interaction between I and Cu
hinders atomic addition.’

An alternative explanation is that {111} basal facets are
passivated by HDA in the HDA—CI™—I" solution. To test this
alternative hypothesis, we compared the linear sweep
voltammetry (LSV) with a Cu(100) electrode in a HDA—
CI™ solution to the LSV with a Cu(111) electrode in a HDA—
Cl™—I" solution (Figure S15). The LSV of a Cu(100)
electrode in a HDA—CI™ solution has a current plateau
between —0.04 and 0.05 V, indicatin ng. that Cu reduction is
inhibited by a passivating HDA SAM.”" However, no current
plateau was observed for the Cu(111) electrode in the HDA—
CI"—I" solution, suggesting that no HDA SAM was present on
the (111) surface. These results indicate that the inhibition of
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Cu atomic addition on the {111} basal planes was caused by
adsorbed I™.

As illustrated in the bottom of Figure 4, I” disrupts the HDA
SAM on the {100} facet, resulting in a surface covered by I".
Since the HDA SAM is a better inhibitor of Cu reduction than
adsorbed I™ (see Figure S15), the adsorption of I” instead of
the HDA SAM led to an increase in the ](100) (Figure 3a).
When the concentration of I” exceeded 75 uM (Figure 3a),
there were no significant changes in the j,, for either single-
crystal electrode, implying that each electrode surface was
saturated with I". This result suggests that the growth of
microplates occurs when both {111} basal and {100} edge
surfaces of microplates are covered by adsorbed I” alone.

Theoretical Calculations. Electrochemical measurements
using single-crystal electrodes suggest that I” disrupted HDA
SAMs on {100} facets and replaced Cl™ on {111} facets. It was
also observed that the growth of Cu microplates occurred due
to a 2.60 times greater rate of Cu deposition on {100} facets
than {111} facets (Figure 1f) even though both facets were
covered by I". These experimental observations elicit two
questions. First, is the replacement of HDA and CI™ adlayers
by I" thermodynamically favorable? Second, how can the
presence of I” on both facets cause anisotropic growth of Cu
microplates?

To answer these questions, we used ab initio thermody-
namics based on dispersion-corrected DFT and the computa-
tional hydrogen electrode method.”” All calculations were
performed using the Vienna Ab initio simulation package
(VASP).*% Details of the DFT calculations can be found in
the Methods Section, as well as in the Supporting Information.
As we discuss below, these calculations establish that, under
the experimental conditions, there is a thermodynamic driving
force for the replacement of HDA and CI™ adlayers by I and
for the growth of microplates when I” is adsorbed on both
facets.
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Calculated Effect of Halides on HDA Monolayer
Desorption. To understand the influence of I” on HDA
adsorption, we studied the coadsorption of HDA and I as a
function of I coverage on two Cu surfaces. The lowest I
coverage studied was 0.25 ML with a HDA coverage of 0.25
ML. At this coverage, HDA was chemisorbed on Cu(100)
(Figure S16a). In contrast, HDA was physically adsorbed on
Cu(111) at the same coverage (Figure S16b). As the I
coverage increased to 0.33 ML, HDA formed a physically
adsorbed layer above the Cu(100)—I interface (Figure Sa). On

@ Cu(100), 0.33 ML I: Physisorbed HDA

E T FEFE R

Figure 5. Side and top (showing N and I atoms only) views for
optimized binding configurations of Cu—I-HDA systems at 0.33 ML
I coverage on (a) Cu(100) and (b) Cu(111) (brown: Cu, purple: I,
blue: physisorbed N, gray: C, and white: H).

Cu(111), the HDA adlayer remained weakly bound to the
substrate by vdW attraction at the higher I coverage of 0.33
ML (Figure Sb). A higher I coverage of 0.50 ML on Cu(100)
also led to physisorbed HDA.

Table S2 shows that the binding of HDA to both Cu
surfaces grew progressively weaker as the coverage of I
increased.”” It was also confirmed that the effect of I” on a
HDA SAM was greater than that of Cl (Table 2). At 0.33 ML

Table 2. HDA Adsorption at Various Halogen Surface
Coverages (P: Physisorbed HDA, C: Chemisorbed HDA)

halogen surface coverage (ML)

halogen Cu facets 0.25 0.33¢ 0.4 0.5
1 (111) P P P P
(100) C P P P

crr (111) C P P P
(100) C C mixed” P

“Surface coverages of I and Cl for microplates and nanowires,
respectively. “From ref 37. “Physisorbed + chemisorbed.

coverage of I or Cl, HDA SAMs were removed from both
(100) and (111) by adsorbed I, whereas Cl replaced the HDA
SAM on (111) but not on (100). A ClI coverage of 0.5 ML was
necessary to remove chemisorbed HDA from both (111) and
(100) surfaces. The greater effect of I on the disruption of
HDA SAMs was due to the larger size of I relative to CL
The electrochemical results suggest that the low concen-
tration of I” in the microplate growth solution resulted in
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adsorption of I~ on both {111} and {100} facets, with no
passivation by HDA on either facet. If the thermodynamically
most favorable surface coverage of I is at least 0.25 ML on
Cu(111) and 0.33 ML on Cu(100) at the synthetic conditions
used in this study, DFT calculations show that both surfaces
will either be free from HDA SAMs or contain weakly bound
layers, in agreement with the experimental results.
Calculation of the Preferred Surface Structures of
Halogen Monolayers. We next performed ab initio
thermodynamic calculations®® to determine the preferred
surface configurations of adsorbed I, Cl, and HDA under the
experimental conditions. The preferred surface configuration
was characterized by its surface energy, where the surface
energy for a Cu slab containing Cl and/or I and/or HDA

(YCu—CI—I—HDA) is given by eq 1.

Ycu—cl-1-HpA =
bulk aq aq aq
— NeEey = Neph — Nyt = Nupabtyna) _fed

Asmf Cu

(1)
Here, Ec,_ci_1_upa is the total energy of an optimized Cu
surface slab containing Cl, I, and HDA; N, and E2X* represent
the number of Cu atoms in the surface slab and the bulk
energy per Cu atom, respectively; N is the number of
adsorbed CI atoms, ug}- is the chemical potential of solution-
phase CI”, Nj is the number of adsorbed I atoms, uid is the
chemical potential of aqueous I7, Nyp, is the number of
adsorbed HDA molecules, ujj,, is the chemical potential of
solution-phase HDA, and A, is the surface area of the slab.
yixed is the surface energy of a bare Cu surface slab with atoms
fixed at the bulk coordinates, which we subtract as a result of
performing our calculations with halogen adsorbed on only
one side of the slab. We note that the DFT energies in eq 1 can
be augmented to consider temperature effects, such as the
vibrational entropies of the slab and the bulk. As these effects
have been estimated to be negligible in other studies of Cu—
halide interfaces,® we neglect them here. Additionally, HDA
SAMS on the two Cu surfaces in an aqueous environment
simulated at 90 °C with molecular dynamics based on our
metal—organic many-body force field retain the same
structures as those in vacuum DFT calculations,*”*° indicating
that the HDA SAMs in the DFT calculations should reflect
those in an aqueous environment at 90 °C. Finally, it should be
clear that the chemical potentials in eq 1 are a function of
temperature. We return to this point below.

We can use eq 1 to obtain the yc,_ci_ ;_gpa as a function of
Ul 1, and pigha. The surface with the lowest energy for a
given set of chemical potentials is the one predicted to be
observed in the experiment. This would create a four-
dimensional plot of the yc,_ci_i_upa as @ function of three
chemical potentials. To simplify the calculations, we note that
the experiments are run at a constant concentration (ie.,
chemical potential) of HDA. We know that the synthetic
conditions for Cu microplates were exactly the same as those
for Cu nanowires except that a small amount of I” was
introduced (75—100 M). We can thus estimate up, in the
synthesis of microplates from the conditions used to produce
Cu nanowires,>’ considering only Cu, CI7, and HDA.
Specifically, we know that nanowires grow when Cu(100)
contains both adsorbed Cl™ and a chemically adsorbed HDA
SAM, but Cu(111) contains only adsorbed Cl~ with physically
adsorbed HDA.?” From ab initio thermodynamics results for
the Cu—ClI"—HDA system (details are in ref 64), we

(ECqulflfHDA
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determined a range of values for pijj,, which resulted in HDA
and Cl adsorbed on Cu(100) but only Cl on Cu(111). To
further clarify the pify, and likely surface environments in the
experiments, we selected values for three wuif,, that could
theoretically result in nanowires due to the chemisorption of
HDA on Cu(100) but not on Cu(111).%*

For each fixed value of the pjfy,, we identify the surface
configurations with the minimum surface energies as a function
of ud- and 3. To create the phase diagram, we create surfaces
with Cl, HDA, and I in various proportions. In total, 38
different surface structures, 16 on Cu(100) and 22 on
Cu(111), were studied. These structures include those listed
in Table 2, as well as those in Tables S3 and S4 in the
Supporting Information. Though we considered 22 possible
structures with co-adsorbed Cl and I (see Table S3), none of
these turned out to be significant.

Figure 6 shows phase diagrams of the lowest energy surfaces
as a function of yg}- and pi? for Cu(111) (Figure 6a) and
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Figure 6. Equilibrium surface structures on (a) Cu(111) and (b)
Cu(100) as a function of y23- and 9 for fixed pifh,. The dashed lines
represent the range of possible chemical potentials that correspond to
the experimental conditions of 49.4 mM HDA, 32.8 mM CI, and 100
UM I". HDA coverages marked by * indicate physisorbed HDA. CuCl
forms at ug}- > —2.43 eV and Cul forms at yi? > —1.80 eV.

Cu(100) (Figure 6b) at an intermediate value of yi{,,. Phase
diagrams with low and high values of pif,, (which bracket the
feasible range of HDA chemical potentials) are shown in
Figures S17 and S18, respectively. Various regions of HDA, I,
and Cl coverages are labeled. The x and y axes in Figure 6
represent the CI” and I” chemical potentials, respectively, at
which solid CuCl and Cul are predicted to form, ie., CuCl
forms at ug}- > —2.43 eV and Cul forms at p;? > —1.80 eV.
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To relate the results in Figure 6 to the experimental results,
we need to have explicit expressions for the ugl- and ujd. For
this, we used the computational hydrogen electrode method,
following its adaptation by Gossenberger and co-workers.’”**
In this method, the electrochemical potential for a halide X~ in
solution can be obtained for the redox reaction (1/2X, + e~ <
X"7) using
1
~pDFT
2 2

Uyt = H- = + (U — Ux,) + kT Inay-

)
where E)%FT is the DFT energy of a diatomic X, molecule in the

gas phase, Ugyg is the electrode potential using the standard
hydrogen electrode as the reference, Uy, is the standard
reduction electrode potential for X, (the calibrated values of
+1.28 V for 1/2 Cl, and +0.53 V for 1/2 I, are used based on
the experimental temperature of 90 °C, as suggested by
Bratsch®), and the last term accounts for deviations of the
solution from standard conditions using the activity ay-."’
Using eq 2, the difference between u{? and ug}- in the
syntheses of microplates can be written as eq 3.

1
aq aq DFT
ut = pll + 3 (EIz

+ kgT In(a—l]

acr

- EgIST) + e(Uclz - UIZ)

()

Since the concentrations of CI~ and I” were low in the
syntheses, we simplified eq 3 by taking the activities as the
concentrations, based on the assumption of an ideal solution.
Then, the unknowns in eq 3 are the chemical potentials. We
can estimate yg}- in the synthesis of microplates from the pg-
in the Cu nanowire synthesis since the synthetic conditions for
Cu microplates were exactly the same as those for Cu
nanowires except for the small amount of I". From ab initio
thermodynamics results for the Cu—Cl"—HDA system (also
see the discussion in the Supporting Information and Table
S4), we found that a y¢l- value ranging from —3.022 to —2.738
eV could lead to the growth of nanowires.®* The
corresponding range of u;? was then determined to be
—1.998 to —1.714 eV using eq 3 with the experimental I”
concentration of 100 xM.

The short dashed lines in Figure 6 correspond to the range
of pug}- and ppd values that match the experimental range for
microplate formation. Under the experimental conditions, we
predict that Cu(111) is covered with 0.33 ML I, while
Cu(100) is covered with 0.5 ML I Note that HDA is
physisorbed rather than chemisorbed to both surfaces,
consistent with experimental results. Decreasing the I~
concentration from 100 uM shifts the short dashed line in
Figure 6 vertically to lower values of p{d. Thus, the system
shifts to a region in which Cu(111) contains 0.5 ML of Cl
(Figure 6a). Figure 6b shows that Cu(100) could exist in three
possible regions at lower values of {%: (1) 0.25 ML of co-
chemisorbed Cl and HDA, (2) 0.33 ML of co-chemisorbed Cl
and HDA, or (3) 0.5 ML of Cl with physisorbed HDA.
Nanowire formation could occur in regions (1) and (2). This
is consistent with the experimental observations in Figure 3.

It is of interest to ascertain how varying pif,, changes the
results in Figure 6. As discussed in the Supporting Information
(Figures S17 and S18), increasing or decreasing uifp, within a
range consistent with experimental observations for nanowire
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formation could also lead to microplate formation in the
experimental concentration range for iodide.

Figure 7 shows the ratio of the surface energies of Cu(111)
to Cu(100) (y'''/¢'®) for all of the conditions in Figure 6 as a
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Figure 7. Ratio of the surface energies of Cu(111) to Cu(100)
obtained from eq 1 for the conditions in Figure 6 as a function of y;3
and ug}-. The labeled regions are where nanowires, spherical particles,
and microplates are observed experimentally. The dashed line
represents the range of possible chemical potentials that corresponds
to the experimental conditions of 49.4 mM HDA, 32.8 mM CI~, and
100 yuM T

function of ug- and w3l Here, we see that when pud is
sufficiently low, there is a region (in orange—red) for which
7' < y"1 This is the region where there is a thermodynamic
driving force for the formation of structures bounded by {100}
facets (i.e, nanowires). There is an additional kinetic
advantage for {100}-faceted structures in a narrow region
where Cu(100) contains co-chemisorbed HDA and Cl, while
Cu(111) contains Cl with physisorbed HDA.* At the
experimental conditions for microplate formation (indicated
by the dashed line), """ is 1.4 times lower than y'*, providing
a driving force for {111} facet formation and microplate
growth. This thermodynamic driving force helps to explain
why the rate of atomic addition to Cu(100) is 2.5 times faster
than that to Cu(111) (Figure 3b). Additionally, adsorbed I~
might affect Cu surface diffusion, so that the {100} microplate
sides become a sink for diffusing Cu atoms. A similar
mechanism was recently proposed for the growth of Ag
nanowires.”® This role of surface diffusion may also explain
why the aspect ratio of the microplates (31) is larger than the
jmp ratio of the Cu single-crystal electrodes (jﬁ,}go)/ j%}l) =2.6).

When uZ}- and pi? are both low, both surfaces are covered
by HDA and y"/y'® ~ 1. In this region of concentrations/
chemical potentials (upper right corner of Figure 7), there is
no strong driving force for either surface, consistent with the
formation of spherical particles in the absence of ClI” and I” in
solution.”” For reference, the computed surface energy ratio for
the bare Cu surfaces is y'''/7'® ~ 0.91, which indicates that
HDA and ClI adsorption lowers y'® more than y'!!, while I
adsorption lowers y''' more than 7'®. We note that Figure 7
could be used to predict Wulff shapes for single-crystal
equilibrium structures. In the present study, however, we have
kinetic structures and Figure 7 illustrates the thermodynamic
driving forces for these structures.
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B CONCLUSIONS

The combination of synthetic results, single-crystal electro-
chemistry, and theoretical calculations presented herein
demonstrates that it is possible for anisotropic growth of
nanostructures to occur even when the shape-directing agent,
in this case I, adsorbs isotropically. This is in contrast to the
case of Cu nanowire growth, which is mediated by the
presence of a HDA SAM on the nanowire sides and the
absence of HDA on the nanowire ends (due to displacement
by CI7).>” The presence of HDA on only the sides of
nanowires bears resemblance to the original capping-agent
hypothesis, in which an organic additive selectively blocks
atomic addition to certain facets to cause anisotropic growth.
However, in the case of microplates, ab initio thermodynamics
calculations indicate that both the edges and basal planes of Cu
microplates were covered by chemisorbed I” and physisorbed
HDA under the experimental conditions. Single-crystal
electrochemical experiments further show that I" is adsorbed
to both {111} and {100} facets. The isotropic chemisorption
of 1™ lowered the surface energy of the {111} facets on the
basal planes relative to the {100} facets on the edges of the
microplates, creating a thermodynamic driving force for
microplate growth.

B METHODS SECTION

Synthesis of Cu Nanocrystals. Cu nanowires were synthesized
by preparing 15 mL of an aqueous solution containing 16.4 mM
CuCl,-2H,0 (>99.0%, Sigma-Aldrich) and 49.4 mM hexadecylamine
(HDA, 90%, Aldrich) in a 20 mL glass vial and stirring rapidly for 24
h. Ascorbic acid (50 mM, >99%, Sigma-Aldrich) was added to the
reaction solution, which was then vortexed for 30 s and placed in a 90
°C oven for 17 h to grow Cu nanowires. Cu microplates were
synthesized by adding the appropriate concentration of Nal (>99.5%,
Sigma-Aldrich) to the CuCl,-HDA solution above and then following
the nanowire synthesis procedure. Cu nanoparticles were synthesized
by replacing CuCl, in the microplate synthesis with 164 mM
Cu(NO;),-2.5H,0 (98%, Sigma-Aldrich). In this article, the reaction
solutions for nanowires and microplates are referred to as HDA—CI™
and HDA—CI™—I" solutions, respectively. The procedures for seed-
mediated synthesis are described in the Supporting Information.

All of the products were purified by first centrifuging the reaction
solution for 10 min at 1500 rpm and discarding the supernatant. The
isolated Cu nanocrystals were then washed sequentially with isopropyl
alcohol (IPA), hexane, and a solution containing 40% IPA and 60%
deionized water by volume. The suspensions were centrifuged at 1500
rpm for 10 min between each wash. Images of the Cu nanocrystals
were taken with a scanning electron microscope (SEM, Apreo S,
Thermo Fisher Scientific, and FEI XL30, SEM-FEG) in the Shared
Materials Instrumentation Facility at Duke University. Scanning
transmission electron microscopy (STEM) and selected area electron
diffraction were performed with the ThermoFisher Titan 80—300
scanning transmission electron microscope in the Analytical
Instrumentation Facility at NC State University. The samples for
imaging were prepared by resuspending the purified products in IPA
and drop-casting onto silicon wafers. X-ray diffraction (XRD,
PANalytical X’pert Pro MRD) was performed to check the crystal
structures of the products.

Electrochemical Measurements. Procedures for electrochem-
ical measurements have been reported in our previous study.’”** The
electrochemical measurements were performed with the same
solutions used for the syntheses of Cu nanocrystals, and the
electrolyte temperature was kept at 90 °C using a water bath. A
supporting electrolyte (0.2 M KNO;, 99%, Sigma-Aldrich) was
additionally added to the solutions to remove any effects of solution
resistance on the electrochemical measurements. Electrochemical
measurements were performed using a CHI600D potentiostat (CH
Instruments, Inc.). A three-electrode system was used in this study,
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consisting of Cu single-crystal or polycrystalline electrodes as the
working electrode, a Pt wire as the counter electrode, and a Ag/AgCl
reference electrode. Before each measurement, the working electrode
was mechanically polished with alumina particles (1.0 and 0.3 ym,
Buehler) on Nylon pads. The Cu(111) and Cu(100) single-crystal
electrodes were subsequently electrochemically polished by applying
1.6 V (vs Pt wire) in phosphoric acid (85%, Acros Organics). Between
each polishing step, the electrode was washed with deionized water.

Linear sweep voltammetry (LSV) with the Cu single-crystal
electrodes was conducted by sweeping the potential from 0.12 to
—0.25V (vs Ag/AgCl) at a scan rate of 1 mV/s. After adding ascorbic
acid to the Cu—HDA-halide solutions, the electrolytes were first
heated to 90 °C for 2 min. Then, the single-crystal electrodes were
immersed in the electrolyte. After 3 min, the reference and counter
electrodes were immersed in the electrolyte, and LSV was started after
an additional 2 min. The collected current—potential curves were
replotted on the log scale (i.e., Tafel plot) to extract the current
density at mixed potential (jmp).37’38

DFT Calculations. The Vienna Ab initio simulation package
(VASP) with the projector augmented-wave method was used for all
DFT calculations in this work.®*™>**7® The generalized gradient
approximation (GGA) with the exchange—correlation functional by
Perdew, Burke, and Ernzerhof (PBE) was used.”’ Convergence
criteria of 107¢ eV for energy and 0.01 eV/A for forces were used for
structural optimizations with an energy cutoff set to 450.00 eV and a
Methfessel—Paxton smearing of 0.1 eV. A (15 X 15 X 1) k-point mesh
was used for bulk calculations. For optimizations of molecules
including Cl,, I,, and HDA, single-point calculations were applied
using a cubic unit cell with a side length of 25.0 A. A dipole correction
was introduced in the surface normal direction within the asymmetric
one-side adsorption model. Additional details of the DFT calculations
are described in the Supporting Information.
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