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Abstract

Synthetic control of metal nanocrystal shape is a common strategy to control their
properties. Shapecontrol is often achieved by controlling the crystal structure of the seed
crystals, as well as through the use of additives which are thought to block atomic addition
to certain facets. However, the effect of crystal structure or additives on the rate of atomic
addition to a specific facet is not usually quantified, making it difficult to design
nanocrystal syntheses. This work combines seedmediated growth, single -crystal
electrochemistry measurements and Raman spectroscopy to understand the roles of
capping agents and planar defects in the anisotropic growth of silver nanocrystals. The
roles of citrate, polyvinylpyrrolidone (PVP), and halides have been investigated. Synthetic
results show citrate is a {111} capping agent, PVP is a weak {111} capping agenthloride
and bromide are weak {100} capping agents. However, when chloride or bromide is added
with PVP, they become strong {100} capping agents. Electrochemical measurements show
the anisotropic growth is caused by capping agents selectively suppressing the oxidation
of ascorbic acid (a reducing agent) on a specific crystal facet. The effect of capping agents
on silver ion reduction is not facet -selective. Further comparison between the growth of
single-crystal seeds and seeds with planar defects indicaes defects can catalyze silver
atom deposition by up to 100 times and cause greater anisotropic growth than can be

explained by facet-selective passivation. Overall, this work advances our understanding



of nanocrystal chemistry, and informs the design of n anocrystal synthesis to obtain a

desired nanocrystal morphology with a desired set of properties.
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1. Introduction

1.1 Structure-Property Relationship of Silver Nanocrystals

Silver nanocrystals are promising materials for catalysis,® electronics014
sensing!51? and biomedical applications. 2023 For such applications, controlling the shape
of silver nanocrystals enables control over their properties. With respect to catalysis, silver
nanocubes, nanooctahedra, and nanowiresexhibit different activities towards hydrogen
evolution, carbon dioxide reduction, and ethylene epoxidation owing to the presentation
of different crystal facets.2 57. 24 25|n the case of electronics, networks of silver nanowires
with higher aspect ratios exhibit lower sheet resistivity at the same transmittance. 10.12 13, 26,
27 In the realm of biomedical applications, silver nanoplates with high aspect ratios are
used for photoacoustic imaging due to their high infrared absorption. 20 These examples
demonstrate that developing and understanding synthetic methods t o control the shapes

of silver nanocrystals is essential to obtain desired functions.

1.2 Colloidal Synthesis of Silver Nanocrystals

The colloidal synthesis of metal nanocrystals involves the reduction of metal ions
to metal atoms in the presence of one ormore additives. 28 22In the initial nucleation stage,
metal atoms first form a dynamic population of amorphous and crystalline clusters, and
asthe clustdJ Uw T UOPwWXxEUUWEWETI UUEPOwUDPAaTl OwUT T awEIl EOC
seeds333 The seed structures, such as the enclosed facets and planar defects, are

determined by the reaction rate, capping agents and oxidative etchants.



In the subsequent growth stage, seeds grow into larger nanocrystals as metal
atoms deposit on their surface. The atomic deposition is controlled by the seed structure
and shape-directing capping agent. 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 & mGand & p @+

Silver is a facecentered cubic fcg metal crystal. In the synthesis of metal
nanocrystals with well -defined shapes, fccmetals are the most studied, such asgold ,3%43
silver 29, 4446 copper,4™4° platinum ,5¢52 palladium ,35 53 and rhodium .54 55 When metal
nanocrystals are enclosed by different crystallographic planes, the arrangements of
surface atoms are different (Figure 1). This allows metal nanocrystals of the same element
to exhibit different properties and makes it possible to control nanocrystal shape by

modulating metal deposition rates on different crystal facets .

°
° °
. ° °
° e o ° °
fcc Unit cell (100) (111)

Figure 1: The structure of fcc unit cell and the atomic arrangement of (100) and (111)
facets.
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Figure 2: Schematics of silver nanostructures. (A) Structures of single -crystal
nanoparticles with no defects. The shape changes from a cube to an octahedron as R is
increased from 0.58 to 1.73.R = Growth goag Growth g1 (B) Simplified schematic of the
structure of nanoplates, in which the basal planes are {111} facets and the side planes
contain a mixture of {100} facets, {111} facets, and parallel planar defects. (C) Schematic
representation of an Ag decahedron and an Ag nanorod. Orange indicates the surface
atoms of the twin planes, and p ink indicates the inner atoms of the twin planes.

Metal nanocrystals are usually enclosed by the low-index {100} and {111} facets
due to their low surface energy.28 56 57High -index crystal facets, such as {730}, are more

frequently seen on the surface of nanocrystals of relatively inert elements, such as gold,



platinum and palladium. %861 For less inert silver nanocrystals, high-index surface facets
have only been observed in several cases, such as nanopencils and concave nanocub®s.
63

Silver nanocrystals enclosed by the low-index {100} and {111} facets can have
different structures due to the presence or absence of planar defects. Singlecrystal
nanocrystals contain no defects (Figure 2A). Singlecrystal structures usually form in the
presence of certain oxidative agents, such as CIO: in ethylene glycol and Fe3/O: in
water,%4 65or the presence of some heterogenous nucleation species, such ag%nd HS-.%¢.
57 Through the addition of different capping agents, the enclosed facets of a singlecrystal
nanocrystal can be changed from {100} to {111}, leading to shape change from a cube to an
octahedron.3+ 68

Nanoplates contain parallel planar defects, such as twin planes and stacking faults
(Figure 2B).%8 A typical nanoplate is bounded by {111} facets on the two basal planes and
a mix of {100} facets, {111} facets and planar defects on the side planeSilver nanoplates
can be synthesizedby using H20:2 as an etchantto eliminate other nanostructures ,* or
photoinduced nanostructure conversion.®® 70 The aspect ratio of silver nanoplates can be
modulated by the introduction of capping agents such as citrate and PVP." As the aspect
ratio of silver nanoplates increases from 10 to 8Q the surface plasmon resonance peak

shifts from 600 nm to 3000 nm#6. 72



Penta-twined nanocrystals contain five twin planes in each nanocrystal (Figure
2C). For example, a decahedroncontains five single -crystal tetrahedra grouped along one
same( pQGaxis. Each tetrahedron is completely covered by {111} facets andoccupies 70.6°
of the space around the & pQ®axis, leaving 7° of gaps between the tetrahedra. Silver
decahedra can be synthesized under blue light irradiation 73 74 or by reduction in N,N -
dimethylformamide. 7> When a pentatwined decahedron is elongated along the <110>
direction, the decahedron grows into nanorods or nanowires. Silver decahedra have been
used as seeds to grow short silver nanorods (Figure 2C)’ 77Longer silver nanowires are
usually made by polyol synthes is with the addition of Fe2* or Fe** to prevent oxidative

etching of twinned seeds by O2.10.64

1.3 Discovering the Growth Mechanism of Metal Nanocrystals

1.3.1 Interpreting the Roles of Capping Agents from Nanocrystal
Shapes

The role of a capping agent can be qualitatively deduced from the product shape.
If a capping agent selectively binds to a specific facet, metal atom deposition would slow
on the capped facet,which enlarges the coverage of the capped facet+38 78 0n the other
hand, if the synthesized nanocrystals are mainly covered by a specific facet, the capping
agent used in the synthesis should be able to selectively bind to that specific facet. For
example, citrate is often considered as ax Ag(111) capping agent becauseit is used to
synthesize silver octahedra, decahedra and nanoplatesbounded by {111} facets?s. 71 74. 79

PVP isoften considered as an Ag(100) capping agent because it is used in the production

5



of silver nanocubes and nanowires bounded by {100} facets? The roles of capping agents
discovered in this manner are extremely useful in screening the synthetic conditions of a
nanostructure.

To determine the structure of a particular shape, one common method is the
combined use of transmission electron microscopy (TEM) and selected area electron
diffraction (SAED). 65 70.8%2 The enclosed crystal facets can be determined by the gap of
lattice fringes and atomic arrangement pattern from TEM, as well as the crystallographic
direction in dicated by SAED. This method also provide s information on planar defects.
The stacking faults and twin planes in silver nanoplates can be visualized in high
resolution TEM images and evidenced by the presence of 1/3{422} eflection in SAED
patterns.8385 In addition, s ome nanocrystals show unconventional peak ratios in X-ray
diffraction (XRD) due to their geometry. Silver nanocubes show a higher peak ratio

between (200) and (111) becausa nanocube prefers to sit on one of its six {100} facets?

1.3.2 Understanding the Surface Adsorption of Capping Agents

Multiple spectroscopic and theoretical methods have been used to understand the
adsorption of capping agents. The adsorption of organic capping agents can bestudied
by Raman spectroscopy. For example, PVP is found to bind more to {100}-faceted silver
nanocubes than {111}faceted silver octahedra through its C=0 bond in aqueous
solutions.8 However, chloride and sulfide added in the synthesis may present on the

nanocrystal surface and affect PVP binding selectivity. The binding of inorganic ions can



be revealed by energy-dispersive X-ray spectroscopy (EDS).By using this method, the
adsorption of chloride on silver nanocubes, isotropic adsorption of iodide on copper
microplates have been discovered and used to explain why certain nanocrystal shapes
form. 4. 87

In addition to experimental approaches, the binding of capping age nts can be
understood by theoretical simulations. For example, calculations showed that an
intermediate monolayer coverage of Cl- can selectively displace an alkylamine monolayer
from {111} facets but not {100} facets, thereby enabling selective atomic adition to the

{111} facets at the ends of a nanowire but not the {100} facets on the sides of a nanowiré.

89

1.3.3 Measuring the Atomic Deposition Rates with Electrochemical
Measurements

Electrochemical measurements with single crystal electrodes can be used to test
the effects of capping agents onthe atomic deposition rate. The measurements rely on the
facts that the process of metal nanocrystal iselectrochemical, sothe atomic deposition rate
on a given facet can be quantified with a single-crystal electrode. Changes in the rate of
metal atom deposition to (111) and (100) singlecrystal electrodes upon the addition of
various additives have been used to elucidate the facetselective processes that cause
anisotropic growth for the case of gold nanorods, % copper nanowires, %t and copper
microplates.*® These measurements have provided new insights into the anisotropic

growth of metal nanocrystals.



In the growth of gold nanocrystals, single-crystal electrochemical measurements
show cetyltrimethylammonium (CTA *) is a suppressor, but it is not facet-selective.
However, addition of bromide to CTA * can cause more passivation to Au(100) than
Au(111), leading to the growth of gold nanorods. % In alkylamine -mediated synthesis of
copper nanowires, electrochemical measurements show hexadecylamine passivates
Cu(100) and Cu(111) to the same degree, but chloride of certain conentrations selectively
activates Cu(111), causing the formation of copper nanowiress® In ethylenediamine -
mediated synthesis of copper nanowires, electrochemical measurements show the role of
ethylenimine is to prevent oxide formation on the end {111} facetsof nanowires, which
causes fastergrowth on the end planes than the side planes® In the synthesis of copper
microplates, iodide was found to passivate Cu(111) by 8.2 times compared with chloride,
while activates Cu(100) by 4.0 times? These examples have shown singlecrystal
electrochemistry is a useful technique to examine the effect of capping agents on the

atomic deposition rates.

1.4 Mechanisms to Be Discovered

While it has been more than 20years since the first synthesis of metal nanocrystals
with well -defined shapes, the understanding in the anisotropic growth of metal
nanostructures is far from complete.?8. 32 92The existing knowledge in metal nanocrystal
growth is not adequate for one to design synthetic conditions for any metal

nanostructures. For example, numerous synthetic methods have been developed for



penta-twinned silver nanowires, but no such protocol is available for penta -twinned
nickel nanowires despite the facts that there is a huge interest in applying nickel
nanowires to catalysis and electronics, and that both nickel and silver are fccmetals.10. 939
The synthesis of nickel nanowires (not penta-twinned) relies on other nanowire templates
or magnetic field induction. 95.97.98

The problem is partially due to the lack of clear understanding of the roles of
capping agents. The ambiguity can be attributed to the following aspects. Firstly, the role
of a capping agentis often not distinguished between the nucleation stage and the growth
stagein one-pot syntheses. It is unclear if the formation of anisotropic structures is due to
capping agents favoring the formation of a specific type of seed (Figure 2) or capping
agents modulating the atomic deposition rates in a facet selective manner. Secondly, the
roles of different capping agents are not clearly separated from each other when they are
added together. For many polyol synthes esof silver nanocubes and nanowires with PVP
and halides (i.e., Cl and Br), there is no definite conclusion if it is PVP or halides that
exhibit {100} facet selectivity.1% 12 13. 64, 87,9804 |ndeed, it is often difficult to investigate

their roles separately in polyol syntheses because nedefatled shapewould form
unless both PVP and halides are present. Thitdlwhat degree crystal facets and planar

defects contribute to anisotropic growth is uncl€ar.example, the side planes of a silver
nanoplate (Figure 2B) contains a mix of {100} facets, {111} facets and planar defects (twin

planes and stacking faults). In this case, it is unclear if the lateral growth of silver



nanoplates with citrate is caused by {100} facets being less passivated or planar defects:
8385 Fourthly, the facet-selective adsorption of capping agents and its effect on atomic
deposition rates have not beensystematically evaluated together. Ideally, the adsorption
and the atomic deposition rates should be measured under the same conditions as the
syntheses.

To clarify the growth mechanism of anisotropic silver nanostructures , | combined
seedmediated growth, electrochemical measurements, and Raman spectroscopy to
investigate the roles of capping agents and defects in the anisotropic growth of silver
nanocrystals. | discovered a growth condition where silver atoms can deposit on
preformed seeds without nucleation in the presence of one or multiple capping agents. By
performing seed-mediated growth, the effects of capping agents on anisotropic growth
can be isolated fromtheir effects on nucleation. By comparing the growth of single -crystal
seeds and seeds with planar defects, the contribution of crystal facets and planar defects
to the anisotropic growth can be separated. By Raman spectroscopy, he adsorption of
capping agents, as well as how they affect the adsorption of each other, can be detected.
Finally, by performing electrochemical measurements on single-crystal electrodes, the
effect of capping agents on the atomic deposition rate along different crystallographic
directions can be measured.In the following chapters, the roles of citrate, PVP and halides

in the anisotropic growth of various silver nanostructures will be investigated. 6877

10



2. The Roles of citrate

Citrate is a small molecule capping agent. Citrate canserve as a colloidal stabilizer,
a reducing agent, and a shape directing agentin the synthesis of silver nanocrystals.46. 71.
76,79,105Gjnce citrate usually leads to the formation of silver nanocrystals mainly bounded
by {111} facets, such as octahedra, decahedra and nanoplatesjtrate is often considered
as a capping agentfor Ag(111), which passivates Ag(111) more than Ag(100).46. 71.74. 79
However, the effect of citrate on silver atom deposition rates remains largely unknown
due to the lack of direct experimental evidence, except some theoretical simulations
indicating citrate binds to Ag(111) stronger than Ag(100). 1. 107|n some syntheses, citrate
was used to grow silver nanorods and nanocubesmainly enclosed by {100} facets eading
to some studies concluding citrate could be a capping agent for Ag(100).6. 108 A further
complicating factor is the planar defects in nanoplates and nanorods may also cause
anisotropic growth, making it hard to separate the roles of capping agents and defectss*
85

To quantify the effects of citrate and defects in anisotropic growth of silver
nanocrystals, we combined seedmediated growth and electrochemical measurements.
Our work relies on the following two facts. Firstly, the ratio of atomic deposition rates
along different crystallographic directions can be estimated based on the shape of
nanocrystals.3* Secondly, the growth of metal nanocrystal s is electrochemical, in which a

reducing agent reduces metal ions to metal atoms When this redox reaction happens on
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the surface ofa metal nanocrystal, the reaction rate can be determined by electrochemical
measurements10°

Here we apply single -crystal electrochemistry to quantify how citrate affects the
rate of atomic addition to the {111} and {100} facets of silver. We then use this result to
determine the extent to which planar defects promote anisotropic growth of silver
nanoplates. We find that citr ate is indeed a passivator of atomic addition to {111} and {100}
facets, and that it passivates {111} facets to a greater extent (by 3.4 times) than {100}.
Surprisingly, the facet-selective passivation of {111} facets is entirely due to the effect of
citrate on ascorbic acid oxidation; citrate has no facetselective effect on silver ion
reduction. The ratio of atomic addition to Ag(100) relative to Ag(111) single crystals at
different citrate concentrations is closely corroborated by the rate of atomic addition to
the {100} and {111} facets to silver cuboctahedra seeds. In contrast, seeds with planar
defects exhibit a rate of anisotropic growth 30-100 times higher than can be explained by
the facet selective passivation of citrate. Without citrate, seeds with planar defects had
thicker edges but did not exhibit anisotropic growth. We present evidence that suggests
planar defects catalyze the deposition of silver atoms while citrate prevents the diffusion
of silver atoms to {111} facets, resulting in a rate ofanisotropic growth 1-2 orders of

magnitude greater than with single crystals.
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2.1 Effect of Citrate on the Shape of Single-Crystal Ag
Nanoparticles

To investigate how citrate affects the rate of atomic addition to different facets of
a silver nanostructure, we focus on seedmediated growth in order to isolate the effects of
additives on anisotropic growth from their effects on nucleation. We start with seed
mediated-growth of single -crystal nanoparticles enclosed primarily by {111} and {100}
facets in order to rule out effects from planar defects on anisotropic growth. The final
shape that results from the growth of the single -crystal seeds is determined by the ratio

(R) of growth rates along the 61000and dl110irections:

Ol € QRogy
Oi €QRogy

As the shape changes from a cube to an octahedron, R increases from 0.58 to 1.73.
Thus one can use the final shape produced by seedmediated growth as an indicator of
the ratio of atomic addition to {111} and {100} facets3*

Our starting seeds were a mixture of truncated cubes and cuboctahedra (Figure
3A). In the absence of citrate (Figure 3B), almost all the seeds grew to form cuboctahedra
with square {100} facets and triangular {111} facets, indicating anR of about 0.87. In
contrast, seeds grew to form octahedra in the presence of 0.45 mM citrate (Figure3C),

indicating an R equal to or larger than 1.73.
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Figure 3: (A) SEM image of single -crystal silver seeds. (B) SEM image of the silver
cuboctahedra grown from seeds with no citrate. (C) SEM image of octahedra grown

from seeds with 0.45 mM citrate. LSV of the half -reactions on Ag(100) and Ag(111)
electrodes in (D) 0.00 mM and (E) 0.45 mM citrate.

The diameter d of the truncated nanocubes and nanooctahedra was measured
along the <100> direction after seedmediated growth in order to quantify the extent of
atomic addition to the {100} facets. Figure 4 illustrates how d was defined for each shape.
Without citrate, dincreased by 11.4 nm (from 64.5 + 6.9 nm to 75.9 + 8.0 nm). With 0.45
mM citrate, d increased by 67.3 nm (from 64.5 = 6.9 nm to 131.8 + 18.8 nm). The larger
increase in d for the 0.45 mM citrate solution fur ther illustrates the deposition of silver

atoms is more favorable on {100} facets than {111} facets with citrate. The synthetic results
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demonstrate the presence of 0.45 mM citrate can increas® for silver nanocrystals, but the
value of R determined from t he nanocrystal shape is approximate, and this means of

approximating R does not provide any insights into how citrate affects the facet-selective

SR

o

rate of atomic deposition.
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Figure 4: The diameter d of a (A) cube, (B) truncated cube, (C) cuboctahedron, (D)
truncated octahedron, and (E) octahedron.

We performed surface diffusion experiments to verify the anisotropic growth of
octahedra in 0.45 mM citrate was kinetically controlled by the facet-dependent rate of
atomic deposition rather than thermodynamically controlled by surface diffusion. The
single-crystals seeds were stirred in the following three solutions: (1) 0.45 mM NasCA, (2)
0.45 mM NasCA with 0.4 mM AA, and (3) 0.45 mM Na sCA with 0.2 mM Ag *. After stirring
for 13 minutes or 120 minutes, no changes in shape were observed (Figures). This result
indicates anisotropic growth was due to a difference in the rate of atomic deposition
between {100} and {111} facets.
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Figure 5: SEM images of the single -crystal seeds after stirring under conditions without
silver atom deposition. (A) In 0.45 mM Na sCA for 13 minutes, (B) in 0.45 mM Na sCA
and 0.4 mM AA for 13 minutes, (C) in 0.45 mM Na sCA and 0.2 mM Ag *for 13 minutes,
(D) in 0.45 mM NasCA for 120 minutes, (E) in 0.45 mM Na sCA and 0.4 mM AA for 120
minutes, (F) in 0.45 mM NasCA and 0.2 mM Ag *for 120 minutes. 1.15 mM CFsCOOH
was added for all the conditions to keep the pH at 3.6.

2.2 Effect of Citrate on the Facet-Selective Electrochemistry of Ag

We performed measurements on Ag(100) and Ag(111) singlecrystal silver
electrodes to provide a more quantitative measurement of the effects of citrate on the rate
of atomic addition to different facets. The single -crystal electrodes are used as models for
the reactions occurring on the {100} and {111} facets of the silver seeds. We assume the
overall reaction for seed-mediated growth can be separated into two half -cell reactions:
(1) reduction of silverions: 2! C ¢A z ¢ ! ,@nd (2) oxidation of AA to dehydroascorbic

acid (DHA): ' ' $ (! < ¢A 110 Assuming no other electrochemical reactions are
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taking place, the current from these two reactions occurring spontaneously in the reaction
flask must be equal and opposite so as to avoid the accumulation of charge. The
eledrochemical potential at which these two reactions are equal and opposite is called the
mixed potential ( Emp).11t At the mixed potential, the overall current is zero because the
reactions are equaland opposite. However, one can measure the current density (mp) for
either half-reaction at the mixed potential to determine the overall reaction rate. For
spontaneous electrochemical reactions that are relatively slow, the jmp can be extracted
from a Tafel plot of (log| j| vs. E) obtained from the mixed reaction solution. 4% 88 9The
seedmediated growth studied in this work occurred too quickly for electrochemical
analysis of the mixed reaction solution (the reaction is complete in 13 minutes), so we
analyzed the two half-cell reactions separately. We compared reaction rates on Ag(100)
and Ag(111) surfaces to measure how citrate affects the faceselectivity of the half-
reactions. The process for obtaining the current densities for the two half reactions at the
mixed potential is described in more detail in the Experimental Section and with Figure

6.
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Figure 6: (A) LSVs with 0.45 mM Na sCA mixed and 1.15 mM CFsCOOH at different
scan rates. (B) LSVs of citrate, trifluoroacetate, and citrate mixed with trifluoroacetate.
(C-E) Assignments of measured current densities t o chemical processes in the absence
of citrate and presence of 0.45 mM citrate.
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In the absence of citrate, thejmp on the Ag(100) electrode Nuf)&’f ¥5%0.0869 mA/cn?
and the jmpon the Ag(111) electrode ﬁug*;%"o.ll% mA/cn?, so theratio (R)) of NUBE%““NA

without citrate is 0.733 (Figure 3D). This value is close to the estimatedR value of 0.87

from the analysis of the nanocrystal shape (Figure 3B). With 0.45 mM citrate, the I%L“Yvyaé
0.0269 mA/c? and the (2" W45 0.0079 mA/cnt, giving a R; of 3.4 (Figure 3E). This value

is larger than 1.73 and therefore is sufficient to produce octahedra, as was observed from
the synthetic results (Figure 3C). Note that 0.45 mM citrate reduced the jmp, and thus the
rate of the reaction, on Ag(100) by 3.23 times and on Ag(111) by 15.0 times. Thus, we
confirm that citrate is a facet-selective capping agent.

We performed additional electrochemical measurements and seed-mediated

syntheses at an intermediate range of citrate cacentrations (0.01, 0.02, and 0.1 mM) to
further examine the relationship between nanocrystal shape and (2" %¥2%""ffle results
from LSVs in Figure 7 are summarized in Figure 8. Figure 8A shows I%L(”Yréﬁlained fairly

constant at citrate concentrations of 0.1 mM or lower but decreased by a factor of 3 when

the citrate concentration was increased to 0.45 mM. This result indicates relatively high

concentrations of citrate are required to passivate the Ag(100) surface. In contrast,ﬂuggmw(

decreases across the entire range of citrate concentrations, indicating Ag(111) is more

susceptible to passivation by citrate.

19



>

-0.20

-0.15

-0.10 -

Current Density (mA/cm?)
=) =)
3 8

o
o
T

o
N
=]
T

(100), [Citrate]= 0.01 mM

T T T

Oxidation

Ag AA

Oxidation

——Ag" + Background
—— Background
——— AA + Background

0.25
0.35

(@)
&
3

0.30 0.

25 0.20 0.15 0.10

Potential (V vs. Ag/AgCl)

o5 (100), [Citrate]= 0.1 mM
E om0f
o
E 005 | :
> | net Ag" Reduction
£ 000
2 7/
Q 005% Ag AA Oxidation
‘E 2 5
g o0 Oxidation ]
3
0.15 | ——Ag’ + Background
—— Background
0201 —— AA + Background ]|
0.25 L L L 4
0.35 0.30 0.25 0.20 0.15 0.10

Potenti

al (V vs. Ag/AgCl)

-0.15

Alcm?
<)

(=]

o
.

o
8

[Citrate] = 0.01 mM Ag* Reduction on (11

~-0.10 FAg" Reduction on (100)

1)

AR

je=
0.1005 mA/cm?

0.05

Current Density (m,

0.15 -\“\

0.20 I AA Oxidation on (111) i

__><"AA Oxidation on (100) |

1 1

i
'
i
i
i
|
2 —
i p——

i e

! o

H o2

i o~

' Lo

(P P

Ry =i 12013 = 0.890

I

025
0.

0.30 0.25 0.20 0.15 0.10
Potential (V vs. Ag/AgCl)

F -0.20

B 0.20 : - . -
15| (111), [Citrate]= 0.01 mM
‘E 010}
o
E -0.05 |
= net Ag* Reduction
e e | netAg
g !
Q 005 £
= g
=
g o10f Oxidation AA Oxidation ]
3
2t ——Ag" + Background 7
0.20 —— Background i
} ——— AA + Background
0.25 1 . L i
0.35 0.30 0.25 0.20 0.15 0.10

Potential (V vs. Ag/AgCl)

&)

020 . : . ‘
0.15 } (111), [Citrate]= 0.1 mM
€ o0}
o
E 005 |
z net Ag* Reduction
g 0.00 f--- 7 c
8 oosf i lAA Oxidation ]
g Oxidation
g 01 1
3
© o5 )
1 —— Ag' + Background
0.20 |- —— Background ]
. ——— AA + Background
0.25 L N ; }
0.35 0.30 0.25 0.20 0.15 0.10

Potential (V vs. Ag/AgCl)

- [Citrate] =0.1 MM Ag* Reduction on (111) ~

010 JAg" Reduction on (100) ..~
% =

é 005 | ! i j (199 = 0.0822 mA/cm?]
2 000 s
7] H = f/
& 005 4
fa] ¥
g 010 AA Oxidation on (111) ]
3 o1sf 0.0561 mA/cm? AA Oxidation on (100) 4

e ¥ Ry =j (1091111 = 1.47

025 i . i f

035 0.30 0.25 0.20 0.15 0.10

Potential (V vs. Ag/AgCl)

Figure 7: (A-D) Assignments of measured current densities to chemical processes in the
presence of 0.01 mM and 0.1 mM citrate. (E-F) LSV of the half -reactions on Ag(100)
and Ag(111) electrodes in (E) 0.01 mM and (F) 0.1 mM citrate.
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of the silver nanocrystals grown from the single -crystal seeds at citrate concentrations
of (C) 0.01 mM citrate, (D) 0.02 mM citrate and (E) 0.10 mM.

Figure 8B comparesR;(i.e. Nﬁ%‘“'}’%“the value of R determined by analyzing
the nanocrystal shape produced at each concentration of citrate (Figure 8C-E). UV-Vis-
NIR spectra for the nanostructure product at different citrate concentrations are given in
Figure 9A. Growth at a citrate concentration of 0.01 mM yielded truncated octahedra with
square {100} facets and hexagonal {111} facets, indicating aR of 1.15 (Figure8C). A citrate

concentration of 0.02 mM yielded slightly truncated octahedra, indicating an R between
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1.15 and 1.73 (Figure8D). The 0.10 mM dtrate solution yielded mostly octahedra,

indicating an R of 1.73 (Figure 8E).
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Figure 9: (A) UV -Vis-NIR spectra of the single -crystals seeds and the nanocrystals
grown at different citrate concentrations, and (B) UV  -Vis-NIR spectra of the silver
nanodisks and nanoplate seeds.

These values ofR agreed remarkably well with the value of R; determined from
the electrochemical experiments. For comparison, in the synthesis of pentagonally-
twinned copper nanowires, the aspect ratio of the nanowires is 400, butjmp't¥ jmp!® was
14.788 Likewise, in the synthesis of penta-twinned gold nanorods, the aspect ratio of the
nanorods was about 16 when the ratio of jmp!¥ jmp!®was about 1.4% In both of these cases
the ratio of jmp!Y jmp'® was more than 10 times lower than that necessary to explain the
aspect ratio of the synthesized nanostructures. However, in the case of seeémediated
growth of the single crystals, R;is only about 0.22 smaller than R between 0.00 mM to 0.10
mM citrate. The large differences between the aspect ratio and facetselective
electrochemical results observed in previous work may be due to the presence of twin
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defects on the nanocrystals promoting anisotropic growth. This possibility is examined

in more detail below.

2.3 Ascorbic Acid Oxidation but not Ag™ Reduction is Selectively
Blocked by Citrate on Ag(111)

The single-crystal electrochemical measurements provide new insights into how
citrate reduces the rate of the reaction on {111} relative to {100}. Surprisingly, citrate does
not reduce the rate of Ag* reduction in a facet-selective manner. Figure 3E shows the
current from Ag * reduction on Ag(100) and Ag(111) is almost identical. In contrast, AA
oxidation on Ag(111) is reduced to a much greater extent than on Ag(100). This means
that changes in nanocrystal shapes upon addition of citrate are caused by citrate
decreasing the rate of AA oxidation to a greater extent on {111} than {100] facets.

Figure 10further illustrates the effect of citrate on Ag * reduction and AA oxidation across

a range of concentrations. To facilitate visualization, the current density from Ag *
~ U ~
reduction or AA oxidation with citrate ( N ' or N ) were normalized by the current
~ ~
density from Ag * reduction or AA oxidation without citrate ( I\k(thor I\k(u). Figure 10A
shows that when the concentration of citrate is increased from 0.01 mM to 0.45 mM,
~ THJ~ all . . . .
N /l\k{lhdecreases on both Ag(100) and Ag(111), indicating citrate suppresses Ag
. ~ ‘|HJ.., T+
reduction. However, the values of N /I\k(lhare nearly the same on Ag(100) and Ag(11),
indicating that citrate does not suppress Ag*reduction in a facet-selective manner. This is

in contrast to N /Nk(wfor Ag(100) and Ag (111) in Figure 10B. On Ag(100), N /K&wis
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around 1.0 at citrate concentrations of 0.01 mM and 0.10 mM indicating no suppression
of AA oxidation, but decreases to around 0.4 at a higher citrate concentration of 0.45 mM.
For Ag(111),N /K{(Ludecreases dramatically from 0.8 to around 0.05 as the concentration
of citrate is increased from 0.01 mM to 0.45 mM. This shows that AA oxidation on Ag(111)

is much more easily suppressed by citrate than on Ag(100).
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Figure 10: (A) Ratio of the current density from Ag  *reduction with ( N THj and without
~ ~

citrate (WLJJ). (B) Ratio of the current density from AA oxidation with (N ) and without

citrate (R@f}. The mixed potential is indicated with ~ *.

Based on these electrochemical results, we conclude the anisotropic growth of
silver cuboctahedra into octahedra is due to citrate selectively suppressing AA oxidation
on {111} facets. The suppression of AA oxidation on {111} facets apparently decreases the
number of electrons available for Ag *reduction on {111} facets, resulting in a reduced rate
of silver deposition along the <111>direction. This result is somewhat surprising because,

if electrons from AA oxidation were able to travel through the seed crystals to different
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facets, then the facetselective passivation of AA oxidation without facet -selective
passivation of Ag*reduction should not cause anisotropic growth. This result implies that
the oxidation of AA is coupled to the reduction of Ag * at the surface of the seeds by, for
example, Ag*taking part in the oxidation of AA, or by excess Ag * ions immediately
consuming electrons from AA oxidation on the same facet.

An additional insight we can glean from these results is that the anisotropic growth of
silver nanostructures in this synthesis is not due to the formation of a complex between
citrate and Ag*. It has been hypothesized that capping agents, such as citrate, can
potentially cause anisotropic growth by forming a complex with Ag *.84 112 113AJthough
citrate may form a complex with Ag*in this reaction, the electrochemical results showing
citrate suppresses AA oxidation indicate that citrate adsorbs to the surface of silver. The
fact that citrate does not affect Ag* reduction in a facet-selective manner indicates that, if

citrate does complex with Ag *, such complexation is not the cause of anisotropic growth.

2.4 Effects of Planar Defects on Anisotropic Growth

Silver seeds can also contain planar defects such as twin boundaries and stacking
faults. To investigate the effect of such planar defects on anisotropic growth, we used
silver nanoplates as seedsSilver nanoplates are enclosed by {111} facets on the two basal
planes and a mixture of {100} facets, {111} facets and planar defects on the sides (Figure

11).46. 8385 |f planar defects do not significantly contribute to the growth rate on the side

25



planes, theR of silver nanoplates will be approximately the same as the R of single-crystal

silver nanopatrticles and R determined by electrochemical measurements (Figure 8B).

Twin Plane
Stacking Fault

i e
: AEASAANT AL
Stacking Fault Basal Plane Side Plane

Figure 11: (A) Simplified schematic of the structure of silver nanoplates (nanodisks), in
which the basal planes are {111} facets andthe side planes contain a mixture of {100}
facets, {111} facets, and planar defects, (B) TEM image of silver nanodisks and (C)
HRTEM image of the planar defects in silver nanodisks.

Figure 12A shows a SEM image of the silver nanoplate seeds. UWVIS-NIR spectra
for silver nanodisks and nanoplates are shown in Figure 9B. For the seedmediated
growth of silver nanoplates in a solution without citrate, the edge length of the silver
nanoplates increased from 210 nm to 260 nm and the thickness increased from 9 nmo 70
nm. Thus the ratio (r) between the growth in edge length and thickness is 0.82 without
citrate (see Figure 12B and 13A). Based on the geometry of silver nanoplates, thR of silver

nanoplates under this condition is 0.88 (R=1.06%, see Figure 2BFigure 34 and associated
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discussion in the Experimental Section).®8 This value of R is close to theR of single-crystal
silver nanoparticles (0.87) and the R; from the electrochemical measurements (0.719),

indicating that the presence of planar defects alone does not cause anisotropic growth.
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Figure 120 (A) SEM image of silver nanoplate seeds, (B) -(H) SEM ima ges of silver
nanoplates grown from the nanoplate seeds at citrate concentrations of (B) 0.000 mM,

(C) 0.001 mM, (D) 0.004 mM, (E) 0.007 mM, (F) 0.010 mM, (G) 0.100 mM and (H) 0.450
mM. (I) Edge length and thickness increases after growth at different citr ate
concentrations. (J) R of silver nanoplates at different citrate concentrations.
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Figure 13: Thicknesses of silver nanoplates synthesized at citrate concentration of (A) 0
mM, (B) 0.001 mM, (C) 0.004 mM, (D) 0.007 mM, (E)0.01 mM, (F) 0.10 mM, (G) 0.45
mM, (H) 1.80 mM, (I) 3.60 mM.

Figure 14: SEM images of silver nanoplates synthesized at citrate concentration of (A)
0.9 mM, (B) 1.80 mM and (C) 3.60 mM.
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Note the silver nanoplates grown without ci trate are thicker around the edges. The
nanoplates grown in 0.001 mM citrate solution also have thicker edges than the inner
regions of the plates, but the nanoplates are larger and thinner, with an R of 2.4 (Figure
12C, 13B). When the citrate concentration is increased to 0.004 mM, theR of the silver
nanoplates increases to 26 (Figurel2D, 13C). Under this condition, the nanoplates become
uniform in thickness but the edges are not smooth, and the shape is not well-defined.
When the citrate concentration is increased to be greater than or equal to 0.007 mM, the
nanoplates grow to be more triangular or hexagonal in shape with uniform thickness and
smooth edges, and theR of the silver nanoplates is over 45 (Figure 12E-H, 13D-I, 14). The
edge length increasesand the thickness decreases as the citrate concentration is increased
from 0.000 mM to 0.010 mM, but the edge length and thickness remain the same when the
citrate concentration is increased from 0.01 mM to 0.45 mM (Figure12l). As a result, the R
of silver nanoplates increases from 0.88 to 154 as the citrate concentration is increased
from 0.000 mM to 0.010 mM (Figure 12J). TheR at citrate concentrations higher than 0.010
mM fluctuates between 90 and 350 because the increase in thickness is less than 2m and
this causes a small change in thickness to produce a large change ifR.

The R of single-crystal silver nanoparticles (0.87 ¢ 1.73) is fairly close to the R;
measured by electrochemical measurements under the same conditions (0.719 1.47), but
the R of silver nanoplates is clearly much larger than R;in solutions containing more than

0.004 mM of citrate (26- 343). These results suggest that citrate selectively passivating AA
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oxidation on the {111} facets of the nanoplates cannot by itself explain the much largerR
of nanoplates compared to single-crystal nanopatrticles. Since the only difference between
the single-crystal nanoparticles and the nanoplates is the presence of planar defects, these
planar defects likely contribute to the large R of silver nanoplates (Figure 12J). However,
the results also indicate that stacking faults by themselves cannot drive anisotropic
growth because the R of silver nanoplates without citrate is 0.88, close to the R of single-
crystal silver nanoparticles (0.87) and the R from the electrochemical measurements
(0.719).

The thin middle and thick edges of nanoplates grown without citrate suggest that
the planar defects are accelerating the deposition of silver atoms at the sides, but that these
atoms can then diffuse to the {111} surfaces on the top and bottom of the nanopates. This
diffusion creates a gradient of deposition that results in the thick edges and thin middle
of the nanoplate. A possible explanation for the large anisotropic growth observed upon
addition of citrate may be that addition of citrate slows diffusi on of atoms from the sides
of the nanoplates to the top and bottom {111} surfaces. With this diffusion pathway
blocked by citrate, the increased atomic deposition caused by the planar defects results in
deposition of silver primarily on the sides of the na noplate, resulting in a much larger
anisotropic growth than can be accounted for with the single -crystal electrochemistry

measurements.
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To test the hypothesis that citrate slows diffusion of silver atoms to {111} facets,
triangular silver nanoplates were heated at 95 °C in the presence or absence of citrate for
10 minutes. Before heating, the silver nanoplates were slightly truncated triangular
nanoplates (Figure 15A). After heating with citrate, AA, and TFA at the same
concentrations used to make the silver nanoplates in Figure 12H, the nanoplates became
nanodisks (Figure 15B). However, the planar nature of the nanoplate, with large {111}
facets on the top and bottom surfaces, was preserved. In contrast, if the truncated
triangular nanoplates were heated with AA and TFA but no citrate, the shape of the
particles became irregular and rounded (Figure 15C). Figure 15D shows the absorption
peak of the triangular nanoplates at 884 nm was shifted to 823 nm after heating with
citrate, while the peak was shifted to 395 nm after heating without citrate. The small
blueshift after heating with citrate indicates the anisotropic shape of the nanoplate was
largely preserved, whereas the large blueshift after heating without citrate confirms the
nanoplates morphed into sph eroidal particles. Thus, the presence of citrate was necessary
to prevent diffusion of atoms to the large {111} planes and prevent the loss of the planar
nanoplate shape. This result provides additional support for the hypothesis that the
primary mechanism by which citrate enables the large anisotropic growth of nanoplates

is that is slows the diffusion of atoms to {111} facets.
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Figure 15: (A) SEM image of truncated triangular silver nanoplates before heating. (B)
The nanoplates became nanodisks after heating with 0.45 mM citrate, 0.4 mM AA and
1.15 mM trifluoroacetic acid in water at 95 °C for 10 minutes. (C) The nanoplates became
spheroidal nanoparticles after heating in water with 0.4 mM AA, 0.25 mM
trifluoroacetic acid and 0.9 mM sodium trifluoroacetate at 95 °C for 10 minutes. The
concentrations of trifluoroacetic acid and sodium trifluoroacetate were changed for
different citrate concentrations to keep the pH = 3.6. (D) UV -Vis-NIR spectra of
suspensions of the nanostructures in A -C.

2.5 Conclusion

In this chapter, | used single-crystal electrodes to measure the extent to which
citrate passivates (100) and (111) surfaces. Citrate decreased the rate of silver ion reduction
to the same extent on Ag(100) and Ag(111), but decreased the rate of ascorbic acid
oxidation to a greater extent (by 3.4 times) on Ag(111) than on Ag(100). Thud conclude

that citrate is a passivator and that the facetselective effect of citrate on silver nanocrystal

32



TUOPUT wbhUwEUI w-Bekaivie passMation qf @scotbie BdidUoxidation. The
concentration-dependent facet-selective passivation of citrate as measured with single-
crystal electrodes is closely corroborated by the citrate-dependent anisotropic growth of
single-crystal cuboctahedra into truncated cuboctahedra and octahedra, indicating that
the facetselective passivation measured with single-crystal electrodes can account for the
anisotropic growth of single -crystal seeds. However, the anisotropic growth of seeds with
planar defects is 33100 times greater than can be accounteddr with the single -crystal
electrode measurements. Without citrate, seeds with planar defects exhibit greater
deposition on their edges, but do not exhibit anisotropic growth. This suggests that planar
defects catalyze the deposition of silver but then the silver diffuses to {111} facets without
citrate. Thus planar defects increase the rate of silver deposition, but do not by themselves
contribute to anisotropic growth. Citrate may prevent diffusion of the deposited silver to
{111} facets, resulting in the much larger anisotropic growth than can be accounted for
with the single -crystal electrode measurements. This hypothesis for the role of citrate is
supported by observations citrate preserves the planar nanoplate shape after heating.
Without citrate, heating causes the nanoplates to become irregular and spheroidal.
Previous studies of anisotropic growth of pentagonally -twinned gold nanorods,
copper nanowires and copper microplates with single -crystal electrodes have also
reported that the extent of anisotropic growth of the nanocrystal with planar defects is

more than 10 times larger than can be accounted for from the ratios of the currents
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measured on (100) and (111) singlecrystal electrodes 2988 9The differ ence in the extent of
anisotropic growth observed for nanocrystals with planar defects and from measurements
with single -crystal electrodes may be due to a similar effect as that observed in this work,
i.e., that planar defects catalyze atomic deposition. Additional comparisons of the
anisotropic growth of single -crystal seeds and seeds with planar defects under identical
conditions, with accompanying single -crystal electrode measurements, may shed light on
the extent to which planar defects catalyze atomic deposition for gold, copper and
palladium nanocrystals. Quantifying the effects of additives and planar defects on the
extent of anisotropic growth is important for designing nanocrystal synthesis to produce

a desired shape.
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3. The Roles of PVP and Chloride

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}
facets2 However, for the syntheses of silver nanowire s with PVP, all reported syntheses
also utilize Cl- or Br-.10.12.13. 64, 99\]any syntheses of silver nanocubes with PVP also require
the presence of Ci or Br-.87. 100104 The fact that these syntheses of nanowires and nanocubes
require a halide indicates PVP by itself is not a strong capping agent of {100} facets. Some
authors have proposed halides act as capping agents of {100} facet%; % 192while others
propose halides cause nanocube formation by lowering the surface enegy of {100} facets?”
.07 T Uwl YPDEI OEl wEOOUUEEDPEUDOT w/ §dgentisukadithhsO UD E O w L
been used alone or in conjunction with other additives for the syntheses of silver
nanocrystals mainly covered by {111} facets, such as nanooctahedra, decahedra,
icosahedra, and nanoplates? 46 75. 103, 114, 117 fyrther 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.2® 116Qverall, both
{100} and {111}aceted 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.,

Cl- and Br) and defects. A lack of understanding of the roles of various additives and
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defects as well as the synergy between them makes it difficult to rationally design
synthetic conditions for a specific shape.

In this work, | combine synthesis and electrochemical measurementsto investigate
the roles of PVP and Ct 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 octahedra and
decahedral silver seeds grow into larger decahedra. However, single-crystal
electrochemistry experiments show the addition of ClI - with PVP selectively passivates
{100} facets by 57.1%. Tis facetselective 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 electrodes closely predicts the shape resulting from growth of single -crystal
seeds. Fo 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 CI-. One possible explanation is the twin defects on the ends of the
nanorods further catalyze atomic deposition to the end facets, leading to a much greater
degree of anisotropy than can be explained by the facetselective passivation of (100) facets

by Cl-and PVP.
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3.1 Facet-Selective Growth of Single-Crystal Seeds with PVP and
Cr

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 figure 16A, B).

Figure 16: (A) TEM and (B) SEM i mages of the single -crystal seeds. (C-F) Results from
growth of the single -crystal seeds with different amounts of PVP (MW=29,000) and CI -
.(C) No PVP or ClI-, (D) 30 mM PVP, (E) 6 uM CI-, and (F) 30 mM PVP and 6 uM ClI -.

In the absence of PVP and Cl, the single-crystal seeds grew to form cuboctahedra,
yielding an R of 0.87 Figure 16C). With 30 mM PVP (MW=29,000) the singlecrystal seeds
mainly grew to form truncated octahedra with an R of 1.15 Figure 16D). With 6 uM ClI -,
the single-crystal seeds mainly grew to form truncated cubes with an average R of 0.78

(Figure 16E). With 30 mM PVP (MW=29,000) and 6 pM Clt, the single-crystal seeds mainly
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grew to form cubes with an R A wY &i§utduiép). Thus, the combination of PVP and CI-

has a passivating efect on (100) facets that is greater than PVP or Ckeparately.
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Figure 17: SEM images of the nanocrystals grown from the single -crystal seeds in the

xUl Ul OET woOi wt Ywd, w/ 5/ wb EPyriolidén®, (B) MW43600,uC)6 z Ud wp A
MW=10,000, (D) MW=55,000, (E) MW=360,000, and (F) MW=1300,000. Note the

formation of cubes in (B) was caused by contamination of the PVP with CI

The formation of truncated octahedra with 30 mM PVP (MW=29,000) indicates
PVP (MW=29,000) is a weak {111} capping agent, contrary to the previous hypothesis that
PVP is a {100} capping agengs 71 ?.80. 86, 116Sjnce this result contradicts previous literature,
we further examined the role of PVP of other molecular weights in the growth of silver
nanocrystals (Figure 17). The single-crystal seeds mostly grew into truncated octahedra

or cuboctahedra with 2-pyrrolidone or PVP of molecular weights from 10,000 to 1300,000
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(Figures 17). The only exception is for PVP with MW=3,500, for which the single-crystal

seeds grew into cubes Figure 17D).
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Figure 18 Measurements of Cl - contamination in PVP. (A) UV -Vis spectra of the CI - test
solutions with the addition of different amounts of NaCl. (B) Absorbances at Yo 15
460nm at different Cl - concentrations. (C) UV -Vis spectra of the Cl - test solutions with
the addition of 2.5 M PVP (MW=29,000) and the addition of different amounts of NaCl.
(D-1) UV -Vis spectra of the CI - test solutions with the addition of 2 -pyrrolidone or PVP
of different MWs. (D) 2.5 M 2 -pyrrolidone, (E) 2.5 M PVP (MW=3,500), (F) 2.5 M PVP
(MW=10,000), (G) 2.5 M PVP (MW=55,000), (H) 1.0 M PVP (MW=360,000) and (I) 1.0 M
PVP (MW=1,300,000).
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Table 1: Cl- contamination in 2 -pyrrolidone and PVP of different MWs

PVP MW Cl- Contamination Cl- Contamination per 30 mM PVP
2-Pyrrolidone 0.0246 = 0.0025 mM 0.2952 + 0.0305 pM
in 2.5 M 2-Pyrrolidone
3,500 0.7729 = 0.0205 mM 9.2758 + 0.2461 uM
in 2.5 M PVP

10,000 0.0232 + 0.0008 mM 0.2790 = 0.0093 pM
in 2.5 M PVP

29,000 0.0172 + 0.0013 mM 0.2070 + 0.0161 pM
in 2.5 M PVP

55,000 0.0277 + 0.0024 mM 0.3324 + 0.0029 uM
in 2.5 M PVP

360,000 0.0206 + 0.0005 mM 0.6195 #0.0148 uM
in 1.0 M PVP

1,300,000 0.0042 + 0.0027 mM 0.1260 = 0.0806 pM
in 1.0 M PVP

We tested the amount of CI- contamination in 2 -pyrrolidone and PVP of different
MWs with a Hg(SCN) >-Fe(lll) based UV-Vis method to determine if the formation of
nanocubes with MW=3,500 was due to Ct contamination. 117 Figure 18 and Table 1 show
all samples except PVP (MW=3,500) have submicromolar Cl - contamination per 30 mM
PVP. In contrast, a 2.5 M aqueous saltion of PVP with MW=3,500 contained 0.7729 *
0.0205 mM CtI, which leads to 9.2758 uM of Ct contamination in the synthesis with 30 mM
PVP. This indicates the formation of nanocubes in 30 mM PVP (MW=3,500) is likely due
to Cl- contamination rather than a different facet selectivity than PVP of other molecular

weights.
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3.2 Single-Crystal Electrochemical Measurements

We used single-crystal electrochemical measurements to quantify the effects of
PVP (MW=29,000) and Clon the silver deposition rate along & m@and & p@? The
reaction for the seed-mediated growth process is 2Ag* + AA A 2Ag + DHA + 2H*. This
reaction can be separated into two half-cell reactions, 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 othert®® 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 Figure 19.

The resulting R = %&’%ﬁ’h’igéompared to the synthetic results in Table 2. In the absence
of PVP and CI (Figure 19A), the jmy on the Ag(100) electrode ({2 ¥%0.1050 mA/cn? and
the jmp On the Ag(111) electrode ("} ¥%0.0897 mA/cnt, giving R = 1.17. When 30 mM
PVP is added (Figure 19B), %Yﬁd‘.omo mA/cnt and %@6.0266 md/cm?2, giving R;

=1.16. ThisR; is very close to the R of 1.15 for truncated cubes formed with 30 mM PVP.

Relative to the condition without PVP, the Iﬁg"jy détreased by 70.5% and theﬁugsmw(

decreased by 70.3 %. The similarY for the two facets and large decrease in current
indicate PVP is a passivator 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
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decrease in thejmpwas 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.
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Figure 19 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 CI -,
and (D) with 30 mM PVP and 6 puM CI
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Table 2: 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.

iﬂ:ﬁgi R Synthesized Shape R Shape from R iggiiitves of
\év\i/tgoourt o 087 Cuboctahedra 1.17 ;gzaztgg N.A.

6uUMCl- 078 Truncated Cubes  0.757 I:Tg';jted 860} Passivates
somMPve 115 (R 116 oiibowa {100y and (111}
zOGTl'\,\: Q{P 058 Cubes 0.448 Cubes g;ssi\‘;"a”tzs {1';\{);

With 6 uM Cl - (seeFigure 19C), (V¥=d.0758 ma/cnt and [ "8.1001 mA/en#,

giving R = 0.757. ThisRj is close to theR of 0.78 measured for the growth of single-crystal
seeds with 6 uM Cl-. The AA oxidation rate is suppressed by about 30% on Ag(100) with
6 uM CI- while Ag * reduction does not change. This indicates Ct weakly passivates AA

oxidation but not Ag * reduction on {100} facets.

When 30 mM PVP and 6 uM Cl- are added (Figure 19D), 2V 6.0133 ma/cn
and %"WOZQ? mA/cn?, giving R; = 0.448. As with the other conditions, all the observed

changes injmp 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 Cl -decreasedﬂug:y YA
by 57.1% and increased Nu}?]&mﬂﬁ 11.6%. Thus, we observe that Clpassivates {100} and

activates {111}, resulting in low enough values of R; to favor the formation of cubes,
43



thereby matching the synthetic results. The low value of R;j is mainly a result of the

passivation of {100} by CI, and the activation of {111} by Clis relatively small.

3.3 Effect of PVP and Chloride Concentration

A wider range of PVP (0.003-30 mM) and CI- (0.6 - 60 uM) concentrations were
used to measureR for seed-mediated growth and to determine R; with the single -crystal
electrodes. SEM images of the synthetic results and values forjmp, R, and Rjare shown in

Figure 20, 21, 22, 23Figure 24 summarizes the results with §2"¥ KZV""R%nd R; plotted

as a fundion of PVP and chloride concentration. Figure 24A shows PVP and CI are
passivators on Ag(100), and Ag(100) is the most passivated at high PVP and ClI
concentrations. Figure 24B shows PVP is also a passivator on Ag(111), but Clby 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 concentrations. Figures 24C and 24D
show plots of Rjand R as a function of Cl-and PVP concentration. The two plots show a
similar trend in the effects of PVP and Cl- on the shape of Ag single crystals. With 10 ~ 30
mM PVP and no ClI-, the single-crystal seeds grow into truncated octahedra. With 0.03 ~
30 mM PVP and about 6 uM Cl-, the single-crystal seeds grow into cubes. Under other
intermediate conditions, the single -crystal seeds grow into intermediate shapes, such as
truncated cubes and cuboctahedra. Interestingly, the concentration of CI has a significant
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

44



the shape of Ag nanocrystals is dependent on the concentration of C}.87 In this previous
polyol study, the formation of Ag hanocubes was attributed to Cl - lowering the surface
energy of Ag(100). However, given that Ag nanocubes have never been synthesized in the
presence of Ct without PVP or other capping agents, such as cetyltrimethylammonium
(CTA"), the effect of CI on other capping agents may also play a vital role.28. 44.65. 118

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 Cl, but in the nanocrystal syntheses the
concentrations of Ag+ and AA continuously change. Other factors, such as edge dfects,
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 CI in both the synthetic and
electrochemical experiments, indicating that the single-crystal electrodes provide a good

model for the surface chemistry that occurs on the facets of the nanopatrticles.
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Figure 20: LSVs for Ag*reduction and AA oxid ation half -reactions on Ag(100) and
Ag(111) electrodes with (A) 0.3 mM PVP, (B) 0.6 uM CI -, (C) 0.3 mM PVP and 6 uM

Cl-, (D) 30 mM PVP and 0.6 uM ClI -, (E) 0.003 mM PVP and 6 uM CI-, and (F) 30 mM PVP
and 60 uM ClI -.
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Figure 21: (A-D) SEM images of the silver nanocrystals grown from the single -crystal
seeds in the presence of no PVP and different concentrations of Cl -. (A) 0.6 uM, (B) 1.2
pM, (C) 12 uM and (D) 60 uM. (E -H) SEM images of the silver nanocrystals grown from
the single crystal seeds in the presence of 30 mM PVP and different concentrations of

CI. (E) 0.6 uM, (F) 1.2 uM, (G) 12 uM and (H) 60 pM. (1) RE™Vahtl 2" the presence
of different concentrations of Cl -. (J)R (growth along 6  ¢0  Jand R; (\RVHZVMVVA

in the absence of PVP and the presence of different concentrations of Cl -. (K) R (growth
along &6 @06 @and R (nghjyﬁgﬂi"mﬁ] the presence of 30 mM PVP and different

concentrations of Cl -.
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Figure 22 (A-D) SEM images of the silver nanocrystals grown from the single -crystal
seeds in the presence of no Cl- and different concentrations of PVP. (A) 0.003 mM, (B)
0.03 mM, (C) 0.3 mM and (D) 3 mM. (E-H) SEM images of the silver nanocrystals grown
from the single crystal seeds in the presence of 6 uM CI - and different concentrations

of PVP. (E) 0.003 mM, (F) 0.03 mM, (G) 0.3 mM and (H) 3 mM. (1) R Yanti K2R the
presence of different concentrations of PVP. (J) R (growth along 6 @06 (@ and R
(ngfyﬁg:m'ﬁf(the absence of Cl- and the presence of different concentrations of PVP.
(K) R (growthalong 6 @0 (QandR (K%TW?‘:“Wthe presence of 6 uM Cl - and
different concentrations of PVP.
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Figure 23: SEM images of the silver nanocr ystals grown from the single -crystal seeds
in the presence of 30 mM PVP and different concentrations of Cl -. (A) 1.8 uM Cl - and
(B) 3 uM ClI .
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Figure 24: (A&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 CI -. (D) Plot of R, which quantifies
the synthesized nanocrystal shape.
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3.4 Effect of Planar Defects

Defects can also influence theanisotropic growth of silver nanocrystals. For example, for
the seedmediated 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 contribution 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 Figure 2C. 32 The silver decahedral seeds Figure
25A and 25B) are 43.8 £ 6.1 nm in width (W, measured) and 23.0 £ 3.2 nm in lengh (L,
calculated). 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 determined 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 Figure 2C, Figure 35 and the

accompanying discussion in the Experimental Section).
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Figure 25 (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 uM CI -
. (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 CI -.

With 6 uM CI -and no PVP, the silver decahedra grew into irregular spheres
(Figure 25C). The same result is observed for all conditions without PVP (e.g., without
PVP and without CI -, with 0.6 uM ClI -, or with 60 uM CI -, seeFigure 26). 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 Figure 25D). This

result is similar to that obtained for the single -crystal seeds. When 30 mM PVP and 0.6
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UM CI-are introduced, the silver decahedra grew into rods with @ X® pBNM
and 0 ¢ p& o 8tnm (Figure 25E). The average change in width (@ @) is 30.4 nm
and the average change in length ¢ § is 190.4 nm, giving’Y 1@ p @Y 1@ & @ 0.
This value of Ris 7.8 times smaller than theR value for single -crystal seeds grown under
the same conditions. The procedure to calculate'Y from w wand w Ocan be found in the
Experimental Section. When 30 mM PVP and 6 pM CI are introduced, the silver
decahedra grew into rods with @ T§ Tt&nNmandd oo x B nm (Figure
25F). The average change in width ( 6) is 4.9 nm and the average chage in length (4
is 308.0 nm, giving'Y 1@t p.prhis 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 Cl- on {100}.

Figure 26: SEM images of the silver nanocrystals grown from the decahedron seeds in
the presence of (A) no PVP and Cl-, (B) 0.6 uM CI-and (C) 60 uM ClI -.

The shape and much smaller value of R for the silver nanorods indicate the rate of
atomic addition to the {111} surfaces of silver nanorods is up to 52 times greater than for
single-crystal seeds. This result indicates the presence of twin defects catalyze the

deposition of silver atoms. However, there are five twin planes between the five {100}
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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 Cl
With PVP alone, the decahedra grow into larger decahedra without facet -selective atomic
deposition. The growth into decahedra may occur because both {111} and {100} surfaces
are passivated by PVP. In contrast, the greater passivationof {100} surfaces in the presence
of 30 mM PVP and 6 uM CI- led to preferential deposition of Ag on the ends of the

nanorods.

3.5 Effect of Surface Diffusion

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
(Figure 27). The seeds maintained the same shape under the same seeulediated growth
condition (Figure 27A), and no shape changes occurred to the seeds even at a longer
reaction time and a higher temperature (Figure 27B, C). This indicates the shape of Ag
nanocrystals is largely locked after silver atom deposition, and shape transformation to a
thermodynamically more stable shape via surface diffusion is not possible under our

experimental conditions.
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Figure 27. SEM images of the single -crystal seeds after stirring under conditions
without silver atom deposition. (A) In 30 mM PVP at 21 °C for 13 minutes. (B) In 30 mM
PVP at 21 °C for 60 minutes. (C) In 30 mM PVP at 90 °C for 120 minutes.

3.6 Conclusion

In this chapter, | used nanocrystal synthesis and electrochemical measurements to
investigate the roles of PVP and Ct in the growth of single -crystal and penta-twinned
silver nanocrystals. PVP was found to have a similar strong passivating effect on (100)
and (111) facets, leading to an electrochemically measuredR; = 1.16 (deposition rate on
Ag(100)/Ag(111)), and the growth of single-crystal seeds into truncated octahedra with R
= 1.15.Addition of Cl - with PVP enhanced passivation of (100) facets by 57%, leading to
an electrochemically measured Rj = 0.448 and the growth of singlecrystal seeds into
nanocubes with R = 0.58.

| further quantified the role of twin -defects in driving anisotropic growth by
studying the seed-mediated growth of penta -twinned silver decahedra. Synthetic results
show decahedra seeds grow into larger decahedra with PVP alone. When CI is added
with PVP, those same decahedra grow anisotropically to form nanorods. The anisotropic

growth of nanorods is 52 times greater than that observed for single-crystal seeds under
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the same conditions, indicating the presence of twin defects are a powerful catalyst for
atomic addition. Taken together, | hope this work helps to clarify the contribut ions of

capping agents and defects in causing the anisotropic growth of silver nanostructures.
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4. The Role of Bromide

Br-is a capping agent that has been frequently used to synthesize {100¢nclosed
Ag nanocrystals, such as nanocubes?? 119 120 ngnowires,12 13 9. 121, 122ngnorods,123
nanobars,24 and right bipyramids. 125 In these syntheses, Br- is always added with other
organic additives, including PVP 124 CTA+ 19 1205 chloro-2-thienylmagnesium, 12 and 6-
chlorohexylzinc .22 No well-defined shapes have been synthesized with Br alone,
indicating the facetselective growth of these nanocrystals is likely to be results of co-
adsorption of Br- with other species. While many {100}-faceted Ag nanostructures can be
synthesized with Cl - as a capping agent,Br- is especially useful in the synthesis of ultrafine
nanostructures that are hard to synthesize with Cl-, such as sub20 nm Ag nanocubes'02
and Ag nanowires with diameters of 13 + 20 nm.12 13,99, 1210ne well-accepted hypothesis
for the role of Br-is Br- can strongly passivate Ag(100) to limit the growth along <100>
direction. 13 However, this hypothesis remains largely unverified.

One example against the hypothesis that Br is a capping agent for Ag(100) is the
formation of Ag nanoplates in the presence of cetrimonium bromide (CTAB), which are
mainly enclosed by {111} facetd26. 127By carefully separating the role of Br- from CTA +, Br
is found to be necessary for the growth of Ag nanoplates, as no nanoplates would form
when substituting CTAB with ¢ etrimonium chloride (CTAC) or cetrimonium hydroxide
(CTAOH). 26 These results indicate Br can be a capping agent for Ag(111) under some

conditions. However, without the protection of organic additives, such as CTA *and 16
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mercaptohexadecanoic acid(MHA), Br-canetch Ag nanoplates into nanodisks .128.129These
examples indicate the role of Br is indeed complicated must be studied in the context of
added organic additives.

In this study, | combine seedmediated growth, single -crystal electrochemistry
and surface enhance Raman scattering (SERS) to investigatthe roles of Br-in the context
of PVP. Seedmediated growth results indicate Br-is a weak Ag (100) capping agent in the
absence of PVP, but a strong Ag(100) capping agent in the presence of PVFSingle-crystal
electrochemistry experiments show Br- alone can passivate Ag(100) more, but ony when
18¢ 120 uM Br is added in the presence of PVP, the ratio of atomic deposition rates
between <100> and <111> can be small enough for the growth of cubeSERS spectra show
with more than 18 uM Br-, PVP is completely displaced from the Ag surface. However,

compared with the condition of 60 uM Br -, addition of 30 mM PVP causes a 92.3% decrease
in 'Q  and a 87.8% decrease inQ , indicating PVP is still physiosorbed over the

chemisorbed Br- adlayer to block the mass transport of reactant species.

4.1 Effect of Br- on the Facet Selective Growth of Ag Nanocrystals

Seedmediated growth of single -crystal seeds were used to understand the role of
Br-in the growth of Ag nanocrystals. In the seed-mediated growth, ascorbic acid (AA) was
used as a reducing agent to reduce Ag ions to Ag atoms, which deposit on the seeds and
lead to the growth of the seeds. Since PVP is often used together with halides, we also

studied the effect of Br-in the presence of PVP.
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Figure 28 (A) SEM image of the single -crystal seeds. (B-D) Results from growth of the
single -crystal seeds with different amounts of PVP and CI -: (B) 30 mM PVP, (D) 60 uM
Br-, and (F) 30 mM PVP and 60 uM Br-.

The singlecrystal seeds are a mixture of truncated cubes and cuboctahedra (Figure 28A).

In the presence of 30 mM PVP, the singlecrystal seeds grow to form truncated octahedra
with an R of about 1.15 (Figure 28B), which is consistent with our previous finding. 77 In
the presence of 60 uM Br, the product is a mixture of truncated cubes (R = 0.69) and
irregular particles (Figure 28C). Some irregular particles are smaller than the size of the
seeds, indicating they may form fro m heterogeneous nucleation, or from the etching of
the seeds by Br as evidenced by the etched half cube (Figure 28C). In the presence of 30

mM PVP and 60 puM Br-, the seeds grow to form nanocubes with an R of 0.58.
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4.2 Effect of Br Concentration

The effect of Br- concentration was investigated. In the presence of 0.06 uM Br,
most single-crystal seeds grow to form cuboctahedra with an R of 0.87 (Figure 2A). The
shape formed under this condition is the same as the product formed in the absence of
any capping agents, indicating 0.06 pM Br- is not enough to affect the facetselective
growth. ¢ In the presence of 0.6 ~ 6 UM B, the products are a mixture of cuboctahedra (R
=0.87) and truncated cubes R = 0.69), yielding an averageR of 0.78 (Figure 2B, C). When
the concentration of Br-is increased to 18 uM, the product is a mixture of truncated cubes
(R=0.69) and irregular particles (Figure 29D), similar to the shapes obtained with 60 uM
Br. When the concentration of Br is further increased to 120 uM and 180 pM,
nanoparticles of irregular shape form (Figure 29E, F). These irregular nanoparticles
quickly change shapes under the electron beam of SEM, indicating the nanoparticles

contain AgBr that can be reduced by the electrons.
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0.06 uM Br

Figure 29: SEM images of the silver nanocrystals grown from the single -crystal seeds
in the presence of no PVP and different conc entrations of Br -. (A) 0.06 uM, (B) 0.6 uM,
(C) 6 uM, (D) 18 pM, (E) 120 uM and (F) 180 uM.

The effect of Br concentration was also evaluated in the presence of PVP. In the
presence of 30 mM PVP and 0.06 uM B, the seeds grow to form truncated octahedrawith
an R of 1.15 (Figure30A). The shape is the same as the product formed in the presence of
30 mM PVP (Figure 30B), showing 0.06 uM Br is not enough to affect growth of the seeds.
In the presence of 30 mM PVP and 0.6 uM Br, the seeds grow to form truncated cubes and
cuboctahedra (Figure 30B), similar to the result that cuboctahedra formed in the presence
of 30 mM PVP and 0.6 uM CI-.”7 However, the surface of the product is not smooth and
some nanocrystals are elongated along one direction to form truncated nanobars. This is
probably because the adsorption of Br is uneven on the crystal facetsi?* When the

concentration of Br-is 6 uM or 18 pM in the presence of 30 mM PVP, the seeds grow to
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form cubes with very slight truncation (Figure 30C, D). In the presence of 30 mM PVP and
120 uM Br, the seeds grow to form cubes with sharp corners R = 0.58) and almost no
irregular particles formed (Fig ure 30E), similar to the formation of cubes in the presence
of 30 mM PVP and 60 uM Br. However, when the concentration of Br-is increased to 180
UM in the presence of PVP, the seeds grow to form truncated cubes with an R of 0.69
(Figure 30F). In this condition, almost no cuboctahedron seeds are left, indicating the seeds

can still grow despite the high Br - concentration.

) g9 180N B
N

Figure 30: SEM images of the silver nanocrystals grown from the single -crystal seeds
in the presence of 30 mM PVP and different concentrations of Br -. (A) 0.06 uM, (B) 0.6
MM, (C) 6 uM, (D) 18 uM, (E) 120 uM and (F) 180 uM.
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4.3 Electrochemical Measurements of Silver Deposition Rate on
Ag(100) and Ag(111)

We used Ag(100) and Ag(111) singlecrystal electrodes to quantify the effect of Br-
on the Ag deposition rates on the {100} and {111} facets. In the seet@ihediated growth
reaction, Ag*is reduced by AA, indicating the reaction must happen at a potential where
the rate of Ag* gaining electrons is equal to the rate of AA losing electrons. This potential
is determined by finding the potential where the current for Ag * reduction and AA
oxidation is equal and opposite to each other, and the current density at this potential,
which is known as the mixed po tential, shows the reaction rate.t8

In the presence of 60 uM Br, Q T ® pA/cm? and Q v & HA/Cm?,
giving R =0.704 (Figure 31A). This value agrees with the formation of truncated cubes R
= 0.69) with 60 uM Br (Figure 28C). Compared with the condition of no Br - from our
previous work, Q is suppressed by 61.6% and’Q is suppressed by 36.2%7 The
result indicates 60 UM Br- is a passivator for both facets, but it passivates Ag(100) more

than Ag(111).
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Figure 31 LSVs for Ag*reduction and AA oxidation half -reaction on Ag(100) and
Ag(111) electrodes (A) with 60 uM Br -, and (B) with 30 mM PVP and 60 uM Br -. (C) jmp

at different Br - concentrations. (D) jmp at different Br - concentrations in the presence of
30 mM PVP. (E) R and R; at different Br - concentrations in the absence of PVP. (F) R and
R; at different Br - concentrations in the presence of 30 mM PVP.
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When 60 pM Br- is added with 30 mM PVP, Q o pA/cm2and Q X8t
HA/cm 2, giving Rj = 0.44(Figure 31B). This value is smaller than the R of nanocubes of 0.58,
which can lead to the formation of cubes and agrees with the synthetic result (Figure 28D).
Compared with the condition of 30 mM PVP from our previous work, Q is further
suppressed by 90%and Q is further suppressed by 73%77 The result shows the
addition of 60 uM Br - cause more passivation on Ag(100) than Ag111) in the presence of
30 mM PVP.

The effect of Br concentration on "Q and Q was further studied. As the
concentration of Br- increases from 0 uM to 60 uM, Q continues to decrease while
'Q  was slightly incr eased at 0.6 uM and then decreased after 6 uM (Figure31C). In the
presence of 30 mM PVP, addition of 0.6 pM ¢ 60 uM Br- generally decreases’Q and
'Q  asthe Br concentration increases (Figure31D). While Br- always passivates Ag(100
more in both cases,R; in the absence of PVP is never smaller or equal to theR = 0.58 of
cubes (Figure31E), agreeing with the formation of truncated cubes in the synthesis (Figure
29). Compared with the condition of 30 mM PVP, addition of 0.6 uM and 6 uM to 30 mM
PVP leads to smaller R values, supporting the formation of truncated cubes with some
cuboctahedra (Figure 31E). In the presence of 30 mM PVP and 60 uM Bf, Rjis smaller than

R = 0.58 of cubes (Figure31F), supporting the growth of nanocubes (Figure 28D).
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4.4 Effect of Br on PVP Adsorption

To understand how Br- causes the growth of Ag nanocubes in the presence of PVP,
we used Raman spectroscopy to study the effect of Bron PVP adsorption. In the absence
of silver nanocrystals, 30 mM PVP exhibits no observable Raman bands since Raman
scattering is an inherently weak phenomenon. This allows us to quantify the amount of
PVP that is adsorbed on Ag surface by surface enhanced Raman scatteringSERS) In the
presence of singlecrystal Ag seeds, 30 mM PVP shows Raman bands at 1374 cth(CH:2
chain), 1595 cmt (tertiary amide) and 1763 cm* (C=0 stretching), indicating PVP is located
in close proximity to Ag seeds (Figure 32). When 0.6 uM ~ 6 uM Br is added, the intensity
of these bands decreases, but the bands are still observable (Figure32). As the
concentration of Br-is increased to 18 uM and 60 uM, no bands of PVP can be detected
(Figure 32). These results indicate Br displaces PVP from Ag surfaces.

It is noteworthy that nanocubes with sharp corners and smooth surfaces (Figure
28D, 30D, E, [Br] =18~120 puM only form when PVP is completely displaced from the
silver surfaces (Figure 32, [Br¢ wa w huTha éorrelation indicates a major chemisorption
of Br- on the seed surfaceis essential for the growth of cubes. However, Br- chemisorption
in the absence of PVP cannot lead to the formation of cubes (Figure 28C, 29). Compared

with the condition of 60 uM Br -, addition of 30 mM PVP causes a92.3% decrease inQ

from 40.3 pA/cm2 to 3.1 uA/cmz, and an 87.8% decrease inQ  from 57.2 pA/cm2to 7.0

pA/cm 2. Such large decreases in current densitiesndicate PVP is still a major passivator
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even though there is no chemisorption of PVP on Ag surface. A possible explanation is

PVP is still physiosorbed over the Br- adlayer to block the mass transport of ascorbic acid.

Figure 32 (A) SERS spectra of aqueous solutions containing silver seeds, 30 mM PVP
and Br- of different concentrations. (B) The peak areas at 1763 cnt at different Br -
concentrations and the corresponding shapes formed in the synthesis.

4.5 Conclusion

In this chapter, | used seedmediated growth, electrochemical measurements, and
Raman spectroscopy to investigate the roles of PVP and Brin the growth of single -crystal
silver nanocrystals. Br is a weak {100} capping agent leading to an electrochemically
measured R; = 0704 and the growth of single-crystal seeds into nanocubes with R = 0.69.
However, when Br - is added with PVP at the same time, they become strong {100} capping
agents,leading to an electrochemically measured R; = 044 and the growth of single -crystal
seeds into nanocubes with R = 058 Raman spectra show 18~60 uM Br completely
displaces PVP from Ag surface, which is the same Br concentration range for the growth

of cubes. Combining all results together, this study indicates the formation of
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