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Solution-phase synthesis of metal nanocrystals with multiple additives is a common strategy for control
over nanocrystal shape, and thus control over their properties. However, few rules are available to predict
the effect of multiple capping agents on metal nanocrystal shapes, making it hard to rationally design syn-
thetic conditions. This work uses a combination of seed-mediated growth, single-crystal electro-
chemistry, and DFT calculations to determine the roles of PVP and Cl™ in the anisotropic growth of
single-crystal and penta-twinned silver nanocrystals. Single-crystal seeds grow into truncated octahedra
bounded by a mixture of {111} and {100} facets in the presence of 0.03-30 mM PVP, but when 3-6 uM
Cl™ is added with PVP, the single-crystal seeds grow into cubes bounded by {100} facets. Electrochemical
measurements on Ag(100) and Ag(111) single-crystal electrodes show PVP is a capping agent but it exhi-
bits no selectivity for a particular facet. Addition of Cl™ to PVP further passivates Ag(100) but not Ag(111),
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leading to conditions that favor formation of nanocubes. DFT calculations indicate the preferential
binding of Cl™ to Ag(100) causes preferential binding of PVP to Ag(100). The combined results indicate
the presence or absence of Cl™ modulates binding of PVP to (100) facets, leading to the formation of
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1. Introduction

Silver nanocrystals are promising materials for catalysis,'
electronics, sensing,"* " and biomedical
applications. For such applications, controlling the shape
of silver nanocrystals enables control over their properties.
With respect to catalysis, silver nanocubes, nanooctahedra,
and nanowires exhibit different activities towards hydrogen
evolution, carbon dioxide reduction, and ethylene epoxidation
owing to the presentation of different crystal facets.>*”**> In
the case of electronics, networks of silver nanowires with
higher aspect ratios exhibit lower sheet resistivity at the same
transmittance.'®'>'*?%%” In the realm of biomedical appli-
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nanocubes with Cl7, or truncated octahedra without it.

cations, silver nanoplates with high aspect ratios are used for
photoacoustic imaging due to their high infrared absorption.>
Therefore, developing and understanding synthetic methods
to control the shapes of silver nanocrystals is essential to
obtain desired functions.

For the colloidal synthesis of metal nanocrystals, one or
multiple capping agents are usually added to control nanocrys-
tal shape.”®?° It has been hypothesized that a capping agent
can selectively adsorb on a specific crystal facet and block the
deposition of metal atoms on that facet. As a result, metal
deposition would slow on the capped facet and a specific
shape would form based on the ratio (R) of growth rates along
different crystallographic directions, e.g., along (100) and
<111>.30—34

Among various capping agents, polyvinylpyrrolidone (PVP)
is widely used for the synthesis of silver nanocrystals. PVP is
often considered as a {100} capping agent for silver because it
is used in the production of silver nanocubes and nanowires
bounded by{100} facets.”® However, for the syntheses of silver
nanowires with PVP, all reported syntheses also utilize Cl™ or
Br~.'01213353% Many syntheses of silver nanocubes with PVP
also require the presence of Cl~ or Br.>”** The fact that these
syntheses of nanowires and nanocubes require a halide indi-
cates PVP by itself is not a strong capping agent of {100}
facets. Some authors have proposed halides act as capping
agents of {100} facets,>®**** while others propose halides
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cause nanocube formation by lowering the surface energy of
{100} facets.*® Other evidence contradicting PVP’s potential
role as a {100} capping agent is that it has been used alone or
in conjunction with other additives for the syntheses of silver
nanocrystals mainly covered by {111} facets, such as nanoocta-
hedra, decahedra, icosahedra, and nanoplates.>*"**™*” A
further complicating factor is that nanowires and nanoplates
contain planar defects that likely promote anisotropic growth,
making it difficult to quantify the contribution of PVP to these
anisotropic shapes.”>*® Overall, both {100} and {111}-faceted
silver nanocrystals can be synthesized with PVP as a capping
agent, but the shape formed with PVP is usually co-determined
with other species (i.e., CI” and Br~) and defects. A lack of
understanding of the roles of various additives and defects as
well as the synergy between them makes it difficult to ration-
ally design synthetic conditions for a specific shape.

To determine the processes causing anisotropic growth in
various metal nanocrystal syntheses, we used single-crystal
electrodes to measure facet-selective rates of atomic addition.
We assume that the growth of the metal nanoparticle involves
the reduction of metal ions by a reducing agent at a metal
surface. By measuring how various additives affect the rate of
metal ion reduction or reducing agent oxidation on Ag(100) or
Ag(111) single-crystal electrodes, we can test hypotheses for
how additives modulate atomic addition to different facets of
nanocrystals that exhibit the same atomic packings. Changes
in the rate of metal atom deposition to (111) and (100) single-
crystal electrodes upon the addition of various additives were
used to elucidate the facet-selective processes that cause aniso-
tropic growth for the case of gold nanorods,*’ silver octahedra
and nanoplates,®® copper nanowires,”"*> and copper micro-
plates.®® For the case of copper nanowires and copper micro-
plates, ab initio thermodynamics calculations based on
density-functional theory (DFT) were used to provide insights
into the structure of the adsorbate layer that caused aniso-
tropic growth.>>>*>> For example, for the case of copper nano-
wires, electrochemical measurements showed a narrow range
of CI” concentrations selectively activated atomic addition to
Cu(111). Calculations showed that an intermediate monolayer
coverage of Cl™ can selectively displace an alkylamine mono-
layer from {111} facets but not {100} facets, thereby enabling
selective atomic addition to the {111} facets at the ends of a
nanowire but not the {100} facets on the sides of a
nanowire.>>>*

In this work, we combine synthesis, electrochemical
measurements, and DFT calculations to investigate the roles of
PVP and Cl™ in the anisotropic growth of silver nanocrystals.
Synthetic results indicate PVP is a strong passivating agent
with a slight preference for binding to (111) facets, which
caused single-crystal silver seeds to grow into truncated octahe-
dra and decahedral silver seeds grow into larger decahedra.
However, single-crystal electrochemistry experiments show the
addition of CI~ with PVP selectively passivates {100} facets by
57.1%. This facet-selective effect is large enough to cause the
growth of single-crystal seeds into nanocubes. The ratio of
atomic addition to Ag(100) and Ag(111) single-crystal electro-
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des closely predicts the shape resulting from growth of single-
crystal seeds. For penta-twinned seeds, the presence of twin
defects causes 52 times more anisotropic growth than can be
accounted for by passivation of the {100} facets on the sides of
nanorods by Cl™. Ab initio thermodynamic calculations indi-
cate PVP binds similarly to Ag(100) and Ag(111), but when the
Ag surfaces are partially covered by Cl7, the PVP binding
energy becomes stronger on Ag(100) than Ag(111), creating a
range of PVP concentrations where PVP selectively binds Ag
(100). The combined results indicate that nanocubes and
nanowires form due to Cl™ adsorption to (100) facets, which in
turn enhances the binding of PVP to (100) facets. For nano-
rods, the twin defects on the ends of the nanorods further cat-
alyze atomic deposition to the end facets, leading to a much
greater degree of anisotropy than can be explained by the
facet-selective passivation of (100) facets by CI~ and PVP.

2. Results and discussion

2.1. Facet-selective growth of single-crystal seeds with PVP
and CI~

To understand how PVP and CI- determine the shape of
single-crystal silver nanocrystals, we first investigated their
roles in the growth of truncated silver nanocube seeds (Fig. 1A
and B). Since truncated cubes are single-crystal seeds enclosed
by {100} and {111} facets, the growth of such seeds depends on
how PVP and CI~ interact with the {100} and {111} facets. The
final shape that results from the growth of the single-crystal
seeds is determined by the ratio (R) of growth rates along the
(100) and (111) directions:

_ Growth<jpo> (1)
Growth<q11>

For single-crystal seeds, R can be estimated from the shape
of the nanocrystals (Fig. S1§).”° As the shape changes from a
cube to an octahedron, R increases from 0.58 to 1.73.

In the absence of PVP and Cl7, the single-crystal seeds grew
to form cuboctahedra, yielding an R of 0.87 (Fig. 1C). With
30 mM PVP (MW = 29 000) the single-crystal seeds mainly grew
to form truncated octahedra with an R of 1.15 (Fig. 1D). With
6 pM CI7, the single-crystal seeds mainly grew to form trun-
cated cubes with an average R of 0.78 (Fig. 1E). With 30 mM
PVP (MW = 29000) and 6 pM Cl7, the single-crystal seeds
mainly grew to form cubes with an R < 0.58 (Fig. 1F). Thus,
the combination of PVP and CI™ has a passivating effect on
(100) facets that is greater than PVP or Cl~ separately.

The formation of truncated octahedra with 30 mM PVP
(MW = 29000) indicates PVP (MW = 29 000) is a weak {111}
capping agent, contrary to the previous hypothesis that PVP is
a {100} capping agent.*®*®°°° gince this result contradicts
previous literature, we further examined the role of PVP of
other molecular weights in the growth of silver nanocrystals
(Fig. 2). The single-crystal seeds mostly grew into truncated
octahedra or cuboctahedra with 2-pyrrolidone or PVP of mole-
cular weights from 10 000 to 1 300 000 (Fig. 2). The only excep-
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Fig.1 (A) TEM and (B) SEM images of the single-crystal seeds. (C—F) Results from growth of the single-crystal seeds with different amounts of PVP
(MW = 29 000) and Cl". (C) No PVP or CL7, (D) 30 mM PVP, (E) 6 uM CI~, and (F) 30 mM PVP and 6 uM CL".
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Fig. 2 SEM images of the nanocrystals grown from the single-crystal seeds in the presence of 30 mM PVP with different MW's. (A) 2-Pyrrolidone,
(B) MW = 3500, (C) MW = 10000, (D) MW = 55000, (E) MW = 360 000, and (F) MW = 1300 000. Note the formation of cubes in (B) was caused by
contamination of the PVP with Cl™.
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tion is for PVP with MW = 3500, for which the single-crystal
seeds grew into cubes (Fig. 2D). We tested the amount of Cl~
contamination in 2-pyrrolidone and PVP of different MWs
with a Hg(SCN),-Fe(u1) based UV-Vis method to determine if
the formation of nanocubes with MW = 3500 was due to Cl~
contamination.®® Fig. S2 and Table S1{ show all samples
except PVP (MW = 3500) have sub-micromolar Cl~ contami-
nation per 30 mM PVP. In contrast, a 2.5 M aqueous solution
of PVP with MW = 3500 contained 0.7729 + 0.0205 mM CI~,
which leads to 9.2758 pM of Cl~ contamination in the syn-
thesis with 30 mM PVP. This indicates the formation of nano-
cubes in 30 mM PVP (MW = 3500) is likely due to CI~ contami-
nation rather than a different facet selectivity than PVP of
other molecular weights.

2.2. Single-crystal electrochemical measurements

We used single-crystal electrochemical measurements to quan-
tify the effects of PVP (MW = 29000) and Cl~ on the silver
deposition rate along (100) and (111).°° The reaction for the
seed-mediated growth process is 2Ag" + AA — 2Ag + DHA +

A
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2H". This reaction can be separated into two half-cell reac-
tions, net Ag" reduction and AA oxidation. The full reaction
happens at the mixed potential, which is the potential at
which the cathodic and anodic current densities are equal and
opposite to each other.®’ The current density at the mixed
potential (jmp) gives the rate of atomic deposition on the
measured facet.

The linear sweep voltammograms (LSVs) obtained with the
Ag(100) and Ag(111) electrodes for the Ag" reduction and AA
oxidation half-reactions are shown in Fig. 3. The resulting R; =
]rrllgo /jnll;,1 is compared to the synthetic results in Table 1. In
the absence of PVP and CI™ (Fig. 3A), the j.,, on the Ag(100)
electrode ( _]nllgo ) is 0.1050 mA cm ™~ and the ji,,, on the Ag(111)
electrode (jap") is 0.0897 mA em™2, giving R; = 1.17. When
30 mM PVP is added (Fig. 3B), jiao” = 0.0310 mA cm™2 and
asY = 0.0266 mA em™2, giving R; = 1.16. This R; is very close to
the R of 1.15 for truncated cubes formed with 30 mM PVP.
Relative to the condltlon without PVP, the Jnllgo decreased by
70.5% and the Jmp ) decreased by 70.3%. The similar R; for the

two facets and large decrease in current indicate PVP is a pas-

B
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Fig. 3 LSVs for Ag* reduction and AA oxidation half-reaction on Ag(100) and Ag(111) electrodes (A) without PVP and Cl~, (B) with 30 mM PVP, (C)

with 6 uM CL~, and (D) with 30 mM PVP and 6 uM Cl".
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Table 1 Summary of R from analysis of the synthesized shape and R; from electrochemical measurements for different experimental conditions.
The shape from R; is the shape that would have formed if the ratio of the rates of atomic addition to the Ag(100) and Ag(111) single-crystal electrodes

matched the ratio of atomic addition to {100} and {111} nanocrystal facets

Synthetic condition R Synthesized shape R; Shape from R; Effect of additives

Without PVP or CI~ 0.87 Cuboctahedra 1.17 Truncated octahedra N.A.

6 uM CI™ 0.78 Truncated cubes 0.757 Truncated cubes Cl™ passivates {100}

30 mM PVP 1.15 Truncated octahedra 1.16 Truncated octahedra PVP passivates {100} and {111}
30 mM PVP & 6 pM C1™ 0.58 Cubes 0.448 Cubes Cl™ and PVP passivates {100}

sivator but is not facet selective. Note, however, that the
addition of PVP to the solution did not change the LSV for Ag"
reduction for either electrode. All the decrease in the jy,, was
due to the decrease in the current from AA oxidation. This
indicates PVP is a strong passivator for the AA oxidation half-
reaction but not for Ag" reduction.

With 6 uM CI™ (see Fig. 3C), ja” = 0.0758 mA ecm™ and

sY = 0.1001 mA em™2, giving R; = 0.757. This R, is close to
the R of 0.78 measured for the growth of single-crystal seeds
with 6 pM Cl™. The AA oxidation rate is suppressed by about
30% on Ag(100) with 6 pM Cl~ while Ag" reduction does not
change. This indicates Cl~ weakly passivates AA oxidation but
not Ag" reduction on {100} facets.

When 30 mM PVP and 6 uM Cl~ are added (Fig. 3D), ] a00)
0.0133 mA em™2 and jiap") = 0.0297 mA em™2, giving R, = 0.448.
As with the other conditions, all the observed changes in jn;
are due to the effects of the additives on the AA oxidation half-
reaction. Relative to the condition with 30 mM PVP, we see the
addition of 6 uM CI~ decreased Jnﬁgo by 57.1% and increased
jnllll)l by 11.6%. Thus, we observe that CI~ passivates {100} and
activates {111}, resulting in low enough values of R; to favor
the formation of cubes, thereby matching the synthetic results.
The low value of R; is mainly a result of the passivation of
{100} by CI7, and the activation of {111} by CI” is relatively
small.

2.3. Effect of PVP and chloride concentration

A wider range of PVP (0.003-30 mM) and CI~ (0.6-60 uM) con-
centrations were used to measure R for seed-mediated growth
and to determine R; with the single-crystal electrodes
(Table S21). SEM images of the synthetic results and values for
Jmps R, and R; are shown in Fig. S3-S6.1 Fig. 4 summarizes the
results with Jnllgo , jnﬁél , R and R; plotted as a function of PVP
and chloride concentration. Fig. 4A shows PVP and Cl™ are
passivators on Ag(100), and Ag(100) is the most passivated at
high PVP and CI™ concentrations. Fig. 4B shows PVP is also a
passivator on Ag(111), but CI~ by itself does not have a strong
effect on rates of atomic addition. Compared with Ag(100), Ag
(111) is less passivated in the region of high PVP and CI™ con-
centrations. Fig. 4C and D show plots of R; and R as a function
of CI” and PVP concentration. The two plots show a similar
trend in the effects of PVP and CI™ on the shape of Ag single
crystals. With 10-30 mM PVP and no Cl7, the single-crystal
seeds grow into truncated octahedra. With 0.03-30 mM PVP
and about 6 uM CI7, the single-crystal seeds grow into cubes.

This journal is © The Royal Society of Chemistry 2023

Under other intermediate conditions, the single-crystal seeds
grow into intermediate shapes, such as truncated cubes and
cuboctahedra. Interestingly, the concentration of Cl™ has a sig-
nificant impact on the shape of Ag nanocrystals only when
PVP is present but not when PVP is absent. A recent study on
the polyol synthesis of Ag nanocrystals with PVP has shown
the shape of Ag nanocrystals is dependent on the concen-
tration of C1~.*® In this previous polyol study, the formation of
Ag nanocubes was attributed to Cl” lowering the surface
energy of Ag(100). However, given that Ag nanocubes have
never been synthesized in the presence of ClI~ without PVP or
other capping agents, such as cetyltrimethylammonium
(CTA"), the effect of Cl~ on other capping agents may also play
a vital role,>®4%62:63

We note there are differences in the range of concentrations
that cause nanocube vs. octahedra growth in the synthetic and
electrochemical data; they are not completely identical. Some
differences are expected due to the fact that, for example, the
electrochemical experiments used the deposition rate at the
initial reactant concentrations to represent the capping effect
of PVP and CI7, but in the nanocrystal syntheses the concen-
trations of Ag" and AA continuously change. Other factors,
such as edge effects, may also contribute to a difference in the
shape of the synthesized nanocrystals from that predicted
from the electrochemical experiments. Nevertheless, there is
overall a strong similarity in the facet selective effects of PVP
and ClI” in both the synthetic and electrochemical experi-
ments, indicating that the single-crystal electrodes provide a
good model for the surface chemistry that occurs on the facets
of the nanoparticles.

2.4. Effect of planar defects

Defects can also influence the anisotropic growth of silver
nanocrystals. For example, for the seed-mediated growth of
silver nanostructures with citrate, seeds with planar defects
exhibit 30-100 times more anisotropic growth than single-
crystal seeds under the same conditions.’® The role of the
planar defects was to act as a catalyst for atomic addition,
while citrate prevented diffusion to {111} facets. Here, we use
silver decahedra with five-fold twin defects to measure the con-
tribution of planar defects to the growth of silver nanorods in
the presence of PVP and Cl™. A model of a decahedron with
labeled crystallographic directions is shown in Fig. S7.1%* The
silver decahedral seeds (Fig. 5A and B) are 43.8 + 6.1 nm in
width (W, measured) and 23.0 + 3.2 nm in length (L, calcu-
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Fig. 4 (A and B) Plots of Ag deposition rates on Ag(100) on Ag(111) single-crystal electrodes as a function of the concentration of PVP and Cl". (C)
Plot of R;, which predicts the nanocrystal shape based on electrochemical measurements of deposition rates, as a function of the concentration of
PVP and Cl™. (D) Plot of R, which quantifies the synthesized nanocrystal shape.

lated). The decahedral seeds were synthesized by reduction of
silver ions with citrate under blue light. For seed-mediated
growth of silver decahedra, if the product shape is only deter-
mined by the rate of atomic addition to {100} and {111} facets,
the decahedra would grow into larger decahedra when R is
larger or equal to 1.73, and the decahedra would grow into
rods when R is smaller than 1.73 (see Fig. S8 and the accompa-
nying discussion in the ESIf).

With 6 pM Cl™ and no PVP, the silver decahedra grew into
irregular spheres (Fig. 5C). The same result is observed for all
conditions without PVP (e.g., without PVP and without CI7,
with 0.6 uM CI7, or with 60 pM CI7, see Fig. S91). A possible
reason is the twin planes in decahedra can catalyze silver atom
deposition, similar to the planar defects in silver nanoplates,
and the presence of PVP is necessary to slow the deposition
rate and allow decahedra to grow into well-defined shapes. In
the presence of 30 mM PVP, the silver decahedra grew into
larger decahedra, indicating R = 1.73 (Fig. 5D). This result is
similar to that obtained for the single-crystal seeds. When

5224 | Nanoscale, 2023, 15, 5219-5229

30 mM PVP and 0.6 pM CI™ are introduced, the silver decahe-
dra grew into rods with W = 74.2 + 10.4 nm and L = 213.4 *
34.0 nm (Fig. 5E). The average change in width (AW) is
30.4 nm and the average change in length (AL) is 190.4 nm,
giving R = 0.111 (R = 0.694 AW/AL). This value of R is 7.8 times
smaller than the R value for single-crystal seeds grown under
the same conditions. The procedure to calculate R from AW
and AL can be found in the ESI.f When 30 mM PVP and 6 pM
Cl™ are introduced, the silver decahedra grew into rods with W
=48.7 + 4.8 nm and L = 331.1 + 70.4 nm (Fig. 5F). The average
change in width (AW) is 4.9 nm and the average change in
length (AL) is 308.0 nm, giving R = 0.011. This R is 52 times
smaller than for single-crystal seeds grown under the same
conditions. The fact that the increase in nanorod width is
smaller than 5 nm agrees with the previously noted passivating
effect of CI™ on {100}.

The shape and much smaller value of R for the silver nano-
rods indicate the rate of atomic addition to the {111} surfaces
of silver nanorods is up to 52 times greater than for single-

This journal is © The Royal Society of Chemistry 2023
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Fig. 5 (A) TEM image and (B) SEM image of penta-twinned silver decahedron seeds. (C) The decahedral seeds grow into irregular spheres in the
presence of 6 yM Cl". (D) The decahedral seeds grow into larger decahedra in the presence 30 mM PVP. (E) The decahedral seeds grow into short,
thick rods in the presence of 30 mM PVP and 0.6 uM CI". (F) The decahedral seeds grow into long, thin rods in the presence of 30 mM PVP and

6 UM CL".

crystal seeds. This result indicates the presence of twin defects
catalyzes the deposition of silver atoms. However, there are five
twin planes between the five {100} facets along the sides of
silver rods as well as between the {111} surfaces on the ends,
but silver atom deposition is only increased to the {111} facets
in the presence of PVP and C1™. With PVP alone, the decahedra
grow into larger decahedra without facet-selective atomic depo-
sition. The growth into decahedra may occur because both
{111} and {100} surfaces are passivated by PVP. In contrast, the
greater passivation of {100} surfaces in the presence of 30 mM
PVP and 6 pM CI™ led to preferential deposition of Ag on the
ends of the nanorods.

2.5. DFT calculations of PVP adsorption

DFT calculations of PVP adsorption on Ag surfaces are challen-
ging because PVP is a polymer. In this work, we represent PVP
as divinylpyrrolidone (DVP), an isotactic dimer of PVP
monomer (Fig. S10}). Moreover, these calculations do not
include the solvent. In previous molecular-dynamics simu-
lation studies of the Ag-PVP system, we found that while
inclusion of solvent does weaken the PVP binding energy, the
observed trends are the same as those from calculations
without solvent.®® To identify the optimal structure of DVP on
Ag(100) and Ag(111), we probed various initial conformations
at coverages of 0.063 and 0.11 monolayer (ML), where coverage
is defined as the number of DVP per Ag surface atom. Details

This journal is © The Royal Society of Chemistry 2023

of the calculations are provided in the ESIi and the results of
convergence tests are given in Table S3.; We calculated the
binding energy for each possible conformation using eqn (S9)f
and found four unique binding conformations on each Ag
surface. The total binding energy can be partitioned into the
energies of short-range, direct bonding interactions and van
der Waals (vdW) interactions (Table S41}). Fig. S111 depicts the
optimal DVP conformations with the highest overall binding
energies. Other possible DVP conformations are shown in
Fig. S12 and S13.}

The highest binding energy for DVP on Ag(100) is 1.13 eV
and this quantity is 1.06 eV on Ag(111) (Table S4}). The similar
binding energies on the two facets imply PVP would bind to
Ag(111) and Ag(100) to the same degree in syntheses, yielding
similar growth rates along (100) and (111) (R = 1). This
interpretation agrees with the formation of truncated octahe-
dra with 30 mM PVP (Fig. 1D) and the electrochemical
measurement that R; = 1.16 (Fig. 3B).

2.6. DFT calculations of the effect of chloride and PVP co-
adsorption on nanocrystal morphology

To understand the effect of PVP and CI™ co-adsorption on the
growth of Ag nanocrystals, the DVP binding energy on Ag(100)
and Ag(111) (Fig. S14 and Table S5%), the surface energies of
Ag(100) (7(100)) and Ag(111) (y(100)) (Fig. 6), and the surface cov-
erages of DVP and Cl™ (Fig. 7, S15 and Table S6}), were calcu-

Nanoscale, 2023, 15, 5219-5229 | 5225
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lated across a range of DVP chemical potentials (Aupyp) and
CI™ chemical potentials (Auc-). The CI” and DVP chemical
potentials are expressed as Au in Fig. 6 and 7, where A is the
difference between the solution-phase chemical potential and
the DFT total energy of the species in vacuum. The chemical
potential is proportional to the concentration, with lower
values corresponding to lower concentrations.

The surface energy calculations show yg0) is generally
slightly higher than y(111), yielding a ratio of y(100)/¥(111) slightly
larger than 1.00 at most Aupyp and Aucy- (Fig. 6). Based on the
Wulff construction, any y(100)/7(111) ratio between 0.87 and 1.73
would lead to the formation of truncated octahedra as the
most stable product if the growth is controlled by thermo-
dynamics. The y(100)/7(111) Tatio of around 1.00 at high Aupyp

5226 | Nanoscale, 2023, 15, 5219-5229

and Ay - is significantly higher than the ratio required for the
formation of cubes (no larger than 0.58), which contradicts the
fact that the single-crystal seeds grow into cubes in the pres-
ence of 30 mM PVP and 6 uM Cl~ (Fig. 1F), and indicates the
growth of nanocubes is not controlled by thermodynamics, in
agreement with the conclusions of some previous
studies.*>**°%°°® We further tested the possibility of forming
truncated octahedra in the presence of PVP through surface
diffusion by stirring single-crystal seeds in the presence of PVP
(Fig. S16%). The seeds maintained the same shape under the
same seed-mediated growth condition (Fig. S16Af), and no
shape changes occurred to the seeds even at a longer reaction
time and a higher temperature (Fig. S16B and Cf). This indi-
cates the shape of Ag nanocrystals is largely locked after silver

This journal is © The Royal Society of Chemistry 2023
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atom deposition, and shape transformation to a thermo-
dynamically more stable shape via surface diffusion is not
possible under our experimental conditions.

To illustrate the extent to which CI” and DVP binding is
facet-selective, Fig. 7 shows the surface coverages of Cl™ and
DVP as a function of Aupyp and Apcy-. A surface coverage level
is defined as the percentage of coverage (C%) of a species rela-
tive to its maximum surface coverage (CI"C% = CI~ coverage/
0.50, DVPC% = DVP coverage/0.11).

As shown in Fig. 7A and B, the binding of CI™ to Ag(100)
occurs at a Ayc- as low as —1.9 eV, while the binding of CI™ to
Ag(111) does not occur even when Ayq- = —1.7 eV. In addition,
the CI™ coverage is generally higher on Ag(100) than Ag(111)
(Fig. 7A and B). A color map of the CI"C% difference between
Ag(100) and Ag(111) (C1I"C%(190) — Cl"C%11)) illustrates the
coverage of Cl~ on Ag(100) is nearly always greater than on Ag
(111) (Fig. 7C).

Fig. 7D and E show the surface coverage of DVP on Ag(100)
and Ag(111). At low chemical potentials (Aupye < —1.7 €V),
DVP is always absent from both surfaces. At high chemical
potentials (Aupyp > —1.1 €V), DVP is always adsorbed to both
surfaces. However, at an intermediate range of chemical poten-
tials (—1.7 eV < Aupyp < —1.1 eV), the value of Auc- modulates
whether DVP is present or absent on Ag(100) and Ag(111) to a
different extent. For example, at Aupyp = —1.3 €V, the binding
of DVP to Ag surfaces can occur at —1.9 eV < Auc- < —1.7 eV,
but DVP binding does not occur at Auc- < —1.9 eV. This indi-
cates Cl™ adsorption can facilitate the binding of DVP. Binding
energy calculations show the binding of DVP at higher Aug- is
facilitated by a medium coverage (~50%, 0.25 ML) of CI,
which increases the binding energy of DVP by about 50%
(Fig. S14%).

A color map of the DVPC% difference between Ag(100) and
Ag(111) (DVPC%(100) — DVPC%(111)) shows two regions (regions
A and B) where DVP exhibits facet-selective binding (Fig. 7F).
In region A, both DVP and CI™ preferentially bind Ag(100)
(Fig. 7C and F). Note that below region A, a lower Apuc- where
no CI™ adsorption occurs (Fig. 7A and B), DVP does not adsorb
on Ag(100) or Ag(111) (Fig. 7D and E). This indicates in region
A, the facet-selective binding of CI™ on Ag(100) induces the
facet-selective binding of DVP on Ag(100). We believe this
chemical potential region corresponds to the synthetic con-
ditions for nanocube growth in the presence of 0.03-30 mM
PVP and about 6 pM CI™ (Fig. 1F and S5F-H}).

There are two regions around region A where Cl™ exhibits
facet-selective binding while DVP does not. To the left of
region A, Aupyp is too low for DVP to adsorb on either Ag facet
(Fig. 7D and E) even though CI™ shows a binding preference
for Ag(100) (Fig. 7A—-C). Without DVP, the facet-selective passi-
vation of CI~ on Ag(100) alone is not sufficient for the growth
of cubes, but instead leads to the growth of truncated cubes in
the presence of 6 uM CI~ (Fig. 1E). To the right of region A, a
high Aupyp leads to 100% coverage of DVP on both facets. In
this case, the facet-selective binding of CI™ to Ag(100) in con-
junction with DVP binding may create a condition that is suit-
able for the growth of cubes.

This journal is © The Royal Society of Chemistry 2023

View Article Online

Paper

In region B, DVP adsorbs on Ag(100) but not Ag(111) in the
absence of Cl™ on either facet (Fig. 7D and E). Although this
calculation indicates there is a small range of DVP concen-
trations over which there is facet-selective binding of DVP on
Ag(100) without CI7, the synthesis produced only truncated
octahedra in the absence of CI” with PVP concentrations of
0.003-30 mM (Fig. 1D and Fig. S5A-D}). If PVP were adsorbed
specifically on {100} facets, the electrochemical data in Fig. 3A
and B indicate that PVP is a sufficiently good passivator that
facet-selective adsorption on {100} facets would lead to the for-
mation of nanocubes. It is possible that the PVP concen-
trations that we tested do not fall within the narrow range of
region B. It is also possible that the simplifications used to
make the calculations tractable, e.g., the use of DVP instead of
PVP and the use of vacuum instead of water as a solvent, result
in this mismatch between the calculated result and experi-
ment. To the right of region B, DVP coverages on Ag(100) and
Ag(111) are the same, which is likely to lead to an R that is
close to 1.00, and therefore agrees with the growth of truncated
octahedra in the presence of medium to high concentrations
of PVP observed in experiments (Fig. 1D and S5B-Df).

3. Conclusions

In this study, we used nanocrystal synthesis, electrochemical
measurements, and DFT calculations to investigate the roles of
PVP and CI™ in the growth of single-crystal and penta-twinned
silver nanocrystals. PVP was found to have a similar strong pas-
sivating effect on (100) and (111) facets, leading to an electro-
chemically measured R; = 1.16 (deposition rate on Ag(100)/Ag
(111)), and the growth of single-crystal seeds into truncated
octahedra with R = 1.15. DFT calculations show the binding of
DVP to the two facets was also similar: 1.13 eV on Ag(100) and
1.06 eV on Ag(111). Addition of CI~ with PVP enhanced passi-
vation of (100) facets by 57%, leading to an electrochemically
measured R; = 0.58 and the growth of single-crystal seeds into
nanocubes with R = 0.448. DFT calculations suggest this
occurred due to preferential binding of CI™ to (100) facets,
which in turn preferentially enhanced binding of DVP to (100)
facets. Thus, we find a new mechanism for the anisotropic
growth of silver nanocrystals in which facet-selective binding
of a halide, C17, to (100) facets caused preferential binding of a
capping agent, PVP, to those same facets.

We further quantified the role of twin-defects in driving an-
isotropic growth by studying the seed-mediated growth of
penta-twinned silver decahedra. Synthetic results show decahe-
dra seeds grow into larger decahedra with PVP alone. When
Cl™ is added with PVP, those same decahedra grow anisotropi-
cally to form nanorods. The anisotropic growth of nanorods is
52 times greater than that observed for single-crystal seeds
under the same conditions, indicating the presence of twin
defects are a powerful catalyst for atomic addition. Taken
together, we hope this work helps to clarify the contributions
of capping agents and defects in causing the anisotropic
growth of silver nanostructures.
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