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ABSTRACT: Synthetic control of nanocrystal shape is often achieved by
controlling the crystal structure of the seed crystals as well as through the use of
additives that are thought to block atomic addition to certain facets. However,
the effect of the crystal structure or additives on the rate of atomic addition to a
specific facet is not usually quantified, making it difficult to understand and
design nanocrystal syntheses. This article combines single-crystal electro-
chemistry measurements with measurements of anisotropic nanocrystal growth \
to quantify the roles of citrate and planar defects in anisotropic atomic addition.

Citrate lowers the rate of atomic addition to Ag(100) and Ag(111) single
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crystals by 3.2 and 15 times, respectively. Citrate decreases the rate of ascorbic

acid oxidation in a facet-selective manner, but citrate decreases the rate of silver ion reduction to roughly the same extent on
Ag(100) and Ag(111) single crystals. The degree to which citrate passivates single-crystal electrodes at different citrate
concentrations closely matches the facet-dependent growth rates for single-crystal seeds. In contrast, seeds with planar defects exhibit
anisotropic growth that is 30—100 times greater than can be explained by the facet-selective passivation by citrate. Without citrate,
more silver deposits on the edges of seeds with planar defects than in the middle, but the seeds do not exhibit anisotropic growth.
Evidence suggests that citrate improves the stability of nanoplates bounded by large {111} facets by preventing diffusion to {111}

facets.

B INTRODUCTION

Silver nanocrystals are useful materlals for catalysis," > surface-
enhanced Raman scatterlng (SERS),"™ electronics,'*™"* and
biomedical applications'>~"° due to their unique surface
chemistry, excellent plasmonic properties, high conductivity,
and good stability. The versatility of silver nanocrystals is due
to the different nanocrystal shapes, and thus nanocrystal
properties, that can be created with solution-phase syntheses.
For example, the absorption of infrared light by silver
nanoplates with high aspect ratios enables their use in
photoacoustic imaging. 1617 Long, thin silver nanowires are
excellent materials for transparent conducting films because
they reduce the cross-sectional area of silver required to
achieve a conducting path while also reducing the light
scattered per unit cross section.'*™>* Silver nanocubes and
nanowires covered mostly by {100} facets exhibit higher
catalytic selectivity for ethylene epoxidation than silver
nanospheres covered mostly by {111} facets.”* Silver
nanooctahedra enclosed by {111} facets exhibit higher activity
for plasmon-enhanced hydrogen evolution than silver nano-
cubes.”® These examples demonstrate that shape-selective
nanocrystal synthesis is critical for tuning the properties of
silver nanocrystals so that these materials may be designed to
solve a particular problem.

The primary means by which control of nanocrystal shape is
achieved is through the addition of organic additives (e.g.,
citrate and PVP) or inorganic anions (e.g., CI” and Br™) to a
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solution phase synthesis.”’ > One common hypothesis for the
role of these additives is that they adsorb to and block atomic
addition to certain facets.”*"*"**~* Despite many previous
mechanistic studies of nanostructure growth, it has proven
difficult to provide a clear test of the capping agent hypotheses
with synthetic studies alone.”®***~*” The facet selectivity of a
capping agent is often qualitatively deduced from the shape of
metal nanocrystals formed in a synthesis. However, it is
difficult to tell whether an additive is an activator or passivator
from synthetic studies. For example, metal nanocubes could
form as a result of an additive acting as a passivator of atomic
addition to {100} facets or as an activator of atomic addition to
{111} facets. The role of impurities, such as iodide in
cetyltrimethylammonium bromide®"**~>* or chloride in ethyl-
ene gl)7c01,28’54_56 can also complicate studies of the effect of
additives on anisotropic growth. In many cases, there is no
established quantitative relationship between the amount of
capping agents added and the effect on the facet-selective rate
of atomic deposition. Ideally, one could design a synthesis to
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produce a desired nanostructure shape, but the current
understanding of the surface chemistry that results in a
particular shape is not sufficient to enable such rational design.
Instead, the development of metal nanostructure syntheses
largely proceeds through trial and error.

Citrate is used as a reducing agent, colloidal stabilizer, and
shage—directing agent in the synthesis of silver nanocryst-
als.”®*7%% As citrate is usually used to produce silver
nanocrystals enclosed by {111} facets, such as silver nano-
plates, decahedra, and octahedra, it is thought that citrate is a
capping agent for {111} facets, i.e., that it specifically adsorbs
to {111} facets and prevents atomic addition.*****® Theoreti-
cal studies indicate that citrate has a higher binding affinity for
{111} than {100} facets, supporting the capping agent
hypothesis.””*" However, the degree to which citrate affects
the rate of atomic addition to {111} or {100} facets has yet to
be quantified. In some cases, citrate has been used to grow
silver nanocrystals enclosed by {100} facets, specifically,
pentagonally twinned nanorods from decahedral seeds.”® In
this case, the presence of twin defects may have promoted the
observed anisotropic growth. Indeed, the presence of planar
defects (twin planes and stacking faults) is thought to also
contribute to the anisotropic growth of silver nanoplates grown
with citrate.”’ 7% It is at present unclear to what extent the
anisotropic growth of structures such as nanoplates is caused
by planar defects or capping agents such as citrate.

To quantify the roles of additives and defects in anisotropic
growth, we rely on the fact that the process of metal
nanocrystal growth is electrochemical. Metal nanostructure
growth involves the oxidation of a reducing agent (e.g,
ascorbic acid) and reduction of metal ions. Assuming that this
redox process occurs at the surface of the metal nanostructures,
the rate of this redox process can be determined by performing
electrochemical measurements.®* Electrochemical measure-
ments with single crystal electrodes can be used to test
hypotheses for the roles of organic additives and halides in
nanostructure syntheses. These measurements have provided
new insights. For example, ethylenediamine was found to
promote copper nanowire growth by keeping the {111} facets
on the ends of growing copper nanowires free of oxidation.*®
Hexadecylamine (HDA) was found to passivate both Cu(100)
and Cu(111) surfaces equally, but adding chloride selectively
displaced HDA from the {111} facets on the ends of
nanowires, enabling anisotropic growth.”® Addition of small
concentrations of iodide to an HDA-mediated copper
nanowire synthesis resulted in isotropic adsorption of iodide
on both Cu(100) and Cu(111) but anisotropic growth of Cu
microplates.”” For the case of gold nanorods, bromide
exhibited a facet-selective passivation of {100} facets, but
cetyltrimethylammonium did not.*®

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 the anisotropic growth
of silver nanoplates. We find that citrate 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 facet-selective 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
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{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 that planar defects
catalyze the deposition of silver atoms while citrate prevents
the diffusion of silver atoms to {111} facets, resulting in a rate
of anisotropic growth 1—2 orders of magnitude greater than
with single crystals.

B EXPERIMENTAL SECTION

Materials. A polycrystalline silver electrode (3.0 mm in diameter),
a silver—silver chloride reference electrode (1 M KCl), and a platinum
counter electrode were purchased from CH Instruments. Single-
crystal silver electrodes were made from single-crystal silver disks (3.0
mm in diameter) purchased from Princeton Scientific. Each silver disk
was first attached to a copper wire from one of the disk’s flat round
surfaces with a conductive silver epoxy adhesive (Epoxy Interna-
tional). The connected silver disk and copper wire were mounted in a
polyether ether ketone (PEEK) sheath with a thermally conductive
and electrically insulating compound (Strong-Bond 53, Epoxy
International). The single-crystal electrodes were left to cure at
room temperature for at least 24 h before use.

Ethylene glycol (EG, 99%) was obtained from J.T. Baker. Acetone
and perchloric acid (HCIO,, 70%) were obtained from VWR
Chemicals BDH. Silver trifluoroacetate (CF;COOAg, 98%), sodium
trifluoroacetate (CF;COONa, 98%), vr-ascorbic acid (AA, 99%),
sodium citrate dihydrate (Na;CA-2H,0, 99%), trifluoroacetic acid
(CF;COOH, 99%), polyvinylpyrrolidone (PVP, MW = 29,000), and
polyvinylpyrrolidone (PVP, MW = 55,000) were obtained from
Sigma-Aldrich. Silver nitrate (AgNOs,), citric acid (H;CA, 99%), and
sodium chloride (NaCl) were obtained from Fisher Chemical.
Sodium hydroxide (NaOH), sodium borohydride (NaBH,), and
hydrogen peroxide (H,0,, 30%) were obtained from EMD Millipore.
Ammonium hydroxide (NH,OH, 50%) was obtained from Beantown
Chemical. Hydrochloric acid (HCl, 37%) and sodium sulfide
nonahydrate (Na,S$-9H,0, 98%) were obtained from Acros Organics.
Chromium(VI) oxide (CrO;, 99%) and sodium sulfate (Na,SO,,
99%) were obtained from Alfa Aesar. All the chemicals were used
without further purification.

Synthesis of Single-Crystal Truncated Nanocubes. The
synthesis of single-crystal seeds was based on a previous method
with modifications.>* First, S mL of ethylene glycol was added to a
250 mL double-neck flask preheated at 160 °C with a 20 cm
condenser. A light nitrogen gas flow was applied above the solution
for 10 min followed by heating for another 50 min. After this, 3 mL of
a solution containing 94 mM AgNO; in EG and 3 mL of a solution
containing 144 mM of PVP (MW = 55,000) and 0.22 mM of NaCl in
EG were simultaneously added to the flask at a rate of 45 mL/h. The
reaction solution turned yellow immediately after the addition of the
two solutions and gradually turned clear within 1 h. The reaction
solution turned light yellow again at about S h and gradually became a
dark yellow color during the next 10 h. At 16 h, the reaction solution
turned dark brown, gradually became greenish and finally turning
ochre at 17 h, indicating that the reaction was complete. The exact
completion time of the reaction can vary between 14 and 20 h. The
reaction was quenched in an ice-water bath, 22 mL of acetone was
added to the reaction solution, and this mixture was centrifuged for 30
min. The precipitate was washed with 10 mL of deionized water three
additional times before it was dispersed in 5 mL of deionized water.
The multiple washing steps ensured that the concentration of either
PVP or EG in the seed solution was less than 1 nM. The single-crystal
seeds were stored in a capped glass vial for less than 2 months before
they were used for seed-mediated growth. We did not observe any
changes in the shape or surface roughness of the single-crystal seeds
over this 2 month period. Single-crystal seeds were previously found
to be stable in water for 3 months.®””°
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Synthesis of Nanodisks. The synthesis of silver nanodisks was
based on previous publications with slight modifications.>® To start, 3
mL of a 30 mM sodium citrate solution, 3 mL of a 20 mg/mL PVP
(MW = 29,000) solution, 120 uL of hydrogen peroxide (30%), and 1
mL of a 5 mM silver nitrate solution were sequentially added to 49
mL of deionized water in a beaker while stirring. After adding 1.2 mL
of a 100 mM solution of sodium borohydride in water, the color of
the reaction solution immediately turned yellow. The reaction then
turned orange, brown, dark green, and finally blue after stirring for 90
min. The solution was stirred for an additional 10 min after the final
color change. The product was then collected as a precipitate by
centrifuging the solution at 10,000 rpm for 30 min. The product was
washed with 10 mL of water two times and dispersed in 2 mL of
deionized water. The product was used for the synthesis of silver
nanoplate seeds within 1 day.

Synthesis of Nanoplate Seeds. The silver nanoplate seeds were
grown from silver nanodisks. To start, 10 mL of a 2.4 mM ascorbic
acid solution, 10 mL of a 3 mM sodium citrate solution, 9 mL of
deionized water, and 1 mL of an as-prepared silver nanodisk solution
were stirred in a 200 mL beaker. After stirring for 10 min, 10 mL of a
solution containing 9 mM trifluoroacetic acid and 4.5 mM sodium
sulfate was added to slow down the reaction and generate more
uniform nanoplates. The solution was stirred for another 1 min.
Following this, 20 mL of a solution containing 0.6 mM silver
trifluoroacetate was added. The solution underwent a purple—blue—
green—purple—blue color transition, and the reaction was stopped at
13 min. The solution was centrifuged at 10,000 rpm for 4 min. The
precipitate was washed with 5 mL of deionized water and centrifuged
at 10,000 rpm for 4 min two times. The precipitate was dispersed in S
mL of deionized water and used as silver nanoplate seeds. The silver
nanoplate seeds were used within 1 day for seed-mediated growth to
avoid their transformation into quasi-spherical particles.

Seed-Mediated Growth. The seed-mediated growth of single-
crystal seeds or seeds with planar defects was done in the same
manner. For a typical synthesis with 0.45 mM citrate, 2 mL of a 2.4
mM ascorbic acid solution, 2 mL of a 2.7 mM sodium citrate solution,
2 mL of a 1.15 mM trifluoroacetic acid solution, and 2 mL of the seed
suspension were first mixed. For the seed suspension containing
truncated silver nanocubes, 0.05 mL of as-prepared seeds was diluted
to 2 mL with water. For the seed suspension containing silver
nanoplates, 0.5 mL of as-prepared seeds was diluted to 2 mL with
water. Following the initial mixing step, 4 mL of a 0.6 mM silver
trifluoroacetate solution was added. The solution was stirred for 13
min and then centrifuged at 10,000 rpm for 4 min. The precipitate
was washed with S mL of deionized water twice and centrifuged at
10,000 rpm for 4 min. The product was dispersed in 0.5 mL of
deionized water for imaging. For syntheses with other citrate
concentrations, the preparation of the growth solutions can be
found in Table S1. As the pH has an effect on the reducing power of
ascorbic acid”’ and thus the growth rate, the concentration of
trifluoroacetic acid was changed for different citrate concentrations to
keep the pH = 3.6.

Surface Diffusion on Silver Nanoplates. The silver nanoplates
for surface diffusion experiments were grown from silver nanodisks.
To start, 10 mL of a 2.4 mM ascorbic acid solution, 5 mL of a 0.12
mM citric acid, S mL of a 360 mM PVP (MW = 29,000) solution, 5
mL of an 11.88 mM sodium trifluoroacetate solution, S mL of a 1.92
mM trifluoroacetic acid solution, 8 mL of deionized water, and 2 mL
of an as-prepared silver nanodisk solution were stirred in a 200 mL
beaker. Following this, 20 mL of a solution containing 0.6 mM silver
trifluoroacetate was added. The solution was stirred for 13 min and
then centrifuged at 10,000 rpm for 4 min. The precipitate was washed
with 6 mL of deionized water and centrifuged at 10,000 rpm for 4 min
four times. The precipitate was dispersed in 5 mL of deionized water
for surface diffusion experiments.

The surface diffusion experiments were done under the same
conditions as the seed-mediated growth except for the difference in
temperature and the absence of silver ions. To start, 0.25 mL of the
as-prepared silver nanoplate suspension was mixed with two different
solutions. One solution contained 0.4 mM AA, 0.25 mM trifluoro-
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acetic acid, and 0.9 mM sodium trifluoroacetate, while the other
contained 0.4 mM AA, 1.15 mM trifluoroacetic acid, and 0.45 mM
sodium citrate. The concentrations of trifluoroacetic acid and sodium
trifluoroacetate were changed for different citrate concentrations to
keep the pH = 3.6. The suspensions were heated in a water bath at 95
°C for 10 min and then centrifuged at 10,000 rpm for 4 min. The
precipitate was washed with 3 mL of deionized water twice and
centrifuged at 10,000 rpm for 4 min. The product was dispersed in 0.2
mL of deionized water for imaging.

Scanning Electron Microscopy (SEM). SEM images were
obtained with an Apreo S scanning electron microscope (Thermo-
Fisher Scientific) operated at an accelerating voltage of 2.0 kV and a
beam current of 25 pA. The samples were prepared by dropping 2—10
UL of the sample solutions on a piece of silicon followed by drying in
air.

Transmission Electron Microscopy (TEM). TEM images were
obtained with an FEI Tecnai G*> Twin operated at an accelerating
voltage of 160 kV. Samples were prepared by dropping 12 uL of the
sample solution on 300 mesh carbon-coated copper grids (Pacific
Grid-Tech). The excess solution was removed with filter paper after 1
min, and the grid was dried in air before imaging.

Electrochemical Measurements. A polycrystalline silver elec-
trode (3 mm in diameter) was mechanically polished with alumina
powder (0.3 um) to a mirror-like surface before each measurement.
The single-crystal silver electrodes were prepared with a modified
etching method.”> The Ag(100) and Ag(111) electrodes (3 mm in
diameter) were first mechanically polished with alumina powder (0.3
um) until they appeared to have mirror-like surfaces. Then, each of
the electrodes was dipped in three stirred solutions: (1) chromium
trioxide (0.15 M) and hydrochloric acid (0.1 M) for 1 min, (2)
ammonium hydroxide (50% v/v in water) for S min, and (3)
perchloric acid (4 M) for S min. The electrodes were thoroughly
rinsed with a flow of deionized water and dried with a flow of nitrogen
gas after etching in each solution. The reliability of the etching
method was verified by comparing features of underpotential
deposition of HS™ (Figure S1).”* This was performed by purging a
solution containing 0.75 mM sodium sulfide and 02 M sodium
hydroxide with a light flow of nitrogen gas for S min. A polished
single-crystal silver electrode was dipped into the solution with a Ag/
AgCl reference electrode (1 M KCl) and a platinum wire counter
electrode. Cyclic voltammetry (CV) measurements were performed
between —1.50 and —0.75 V at a rate of 200 mV/s for the Ag(100)
electrode and between —1.30 and —0.8 V at a rate of 100 mV/s for
the Ag(111) electrode. As shown in Figure S1, oxidation of the HS™
occurred only on Ag(111) but not on Ag(100).

The facet selectivity of citrate was measured by performing linear
sweep voltammetry (LSV) in the growth solution for the seeds. The
seed-mediated growth occurred too quickly for electrochemical
analysis of the mixed reaction solution (the reaction was complete
in 13 min), so the rates of silver ion reduction and ascorbic acid
oxidation at the mixed potential were analyzed separately, ie., in
solutions containing no ascorbic acid or no silver ions, respectively.
LSV was performed from 0.1 to 0.35 V at a rate of 5 mV/s with one
polished single-crystal silver electrode as a working electrode, an Ag/
AgCl electrode (1 M KCI) as a reference electrode, and a platinum
wire as a counter electrode. Each solution was stirred for 2 min before
the electrodes were placed into the solution, and the electrodes were
held in the solution for 2 min before starting the LSV scan. The
solutions were constantly stirred at S00 rpm during the measurement.
The concentrations of additives in the solutions that were analyzed
are summarized in Table S2.

UV-Vis—NIR Spectroscopy. The UV—vis—NIR spectra of silver
nanocrystals were measured in aqueous solutions with a Shimadzu
UV-3600 spectrophotometer. The single-crystal silver nanocrystals
were diluted to an absorbance of around 0.5, while the silver
nanoplates were diluted to an absorbance of around 0.25.
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B RESULTS AND DISCUSSION

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 seed-mediated growth to isolate the effects of
additives on anisotropic growth from their effects on
nucleation. We start with the seed-mediated growth of
single-crystal nanoparticles enclosed primarily by {111} and
{100} facets to rule out effects from planar defects on
anisotropic growth. Depending on the ratio (R) of growth
along the <100> relative to the <111> direction

-

crystal nanoparticles with different shapes, including cubes,
truncated cubes, cuboctahedra, truncated octahedra, and
octahedra (Figure 1).°° Thus, one can use the final shape
produced by seed-mediated growth as an indicator of the ratio
of atomic addition to {111} and {100} facets.

Growth_ 05

Growthoyyy. ), single-crystal seeds will grow into single-

Cube
R=0.58

Truncated Cube
R=0.69

e eas:
SO

Cuboctahedron Truncated Octahedron Octahedron
R=0.87

R=115 R=1.73

Figure 1. Schematic representation of single-crystal nanoparticles
formed at different ratios (R) of growth along the <100> relative to
the <111>. Cubes enclosed by square {100} facets form when R =
0.58. Truncated cubes enclosed by octagonal {100} facets and
triangular {111} facets form when R = 0.69. Cuboctahedra enclosed
by square {100} facets and triangular {111} facets form when R =
0.87. Truncated nanooctahedra enclosed by square {100} facets and
hexagonal {111} form when R = 1.15. Octahedra enclosed by
triangular {111} facets form when R = 1.73.

Our starting seeds were a mixture of truncated cubes and
cuboctahedra (see Figure 2A and Figure S2). In the absence of
citrate (Figure 2B), almost all the seeds grew to form
cuboctahedra with square {100} facets and triangular {111}
facets, indicating an R of about 0.87. In contrast, seeds grew to
form octahedra in the presence of 0.45 mM citrate (Figure
2C), indicating an R equal to or larger than 1.73.

The diameter d of the truncated nanocubes and nano-
octahedra was measured along the <100> direction after seed-
mediated growth to quantify the extent of atomic addition to
the {100} facets. Figure S3 illustrates how d was defined for
each shape. Without citrate, d increased by 11.4 nm (from 64.5
+ 6.9 to 75.9 = 8.0 nm). With 0.45 mM citrate, d increased by
67.3 nm (from 64.5 + 6.9 to 131.8 + 18.8 nm). The larger
increase in d for the 0.45 mM citrate solution further illustrates
that the deposition of silver atoms is more favorable on {100}
facets than {111} facets with citrate. The synthetic results
demonstrate that the presence of 0.45 mM citrate can increase
R for silver nanocrystals, but the value of R determined from
the nanocrystal shape is approximate, and this means of
approximating R does not provide any insights into how citrate
affects the facet-selective rate of atomic deposition.

We performed surface diffusion experiments to verify if 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 Na;CA, (2) 0.45 mM
Na,CA with 0.4 mM AA, and (3) 0.45 mM Na,CA with 0.2
mM Ag". After stirring for 13 or 120 min, no changes in shape
were observed (see Figure S4). This result indicates that the
anisotropic growth was due to a difference in the rate of atomic
deposition between {100} and {111} facets.

Effect of Citrate on the Facet-Selective Electro-
chemistry of Ag. We performed measurements on Ag(100)

D -0.20 T T T T E -0.20 T T T T
[Citrate] = 0.00 mM [Citrate] = 0.45 mM
<« 015} Ag" Reduction on (111 ey < -0.15} Ag* Reduction on (111) 4
£ Ag* Reduction on (100) .. v £ Y e
5 0109 X poer i é’ 010 F Ag* Reductlon on (100) v
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Figure 2. (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.
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and Ag(111) single-crystal 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 electro-
des are used as models for the reactions occurring on the
{100} and {111} facets of the silver seeds. We assume that the
overall reaction for seed-mediated growth can be separated
into two half-cell reactions: (1) reduction of silver ions: 2Ag* +
2e” = 2Ag and (2) oxidation of AA to dehydroascorbic acid
(DHA): AA — DHA + 2H" + + 2¢~.”" Assuming that no other
electrochemical reactions are 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 electrochemical potential at
which these two reactions are equal and opposite is called the
mixed potential (Emp).74 At the mixed potential, the overall
current is zero because the two reaction currents are equal and
opposite. However, one can measure the current density (jmp)
for either half-reaction at the mixed potential to determine the
overall reaction rate. For spontaneous electrochemical
reactions that are relatively slow, the j,, can be extracted
from a Tafel plot of (logljl vs E) obtained from the mixed
reaction solution.”*”®® The seed-mediated growth studied in
this paper occurred too quickly for electrochemical analysis of
the mixed reaction solution (the reaction is complete in 13
min), 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 facet selectivity 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 Supporting Information and Figure SS.

In the absence of citrate, the j,, on the Ag(100) electrode
(jggo)) is 0.0869 mA/cm’ and the j,, on the Ag(111)
electrode (jr(,}[}l)) is 0.1186 mA/cm? so the ratio (RJ) ofjr(,}go)/
jg;l) without citrate is 0.733 (Figure 2D). This value is close to
the estimated R value of 0.87 from the analysis of the
nanocrystal shape (Figure 2B). With 0.45 mM citrate, the j[(,i}?o)
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is 0.0269 mA/cm” and the j{ii") is 0.0079 mA/cm?, giving an R;
of 3.4 (Figure 2E). This value is larger than 1.73 and therefore
is sufficient to produce octahedra, as was observed from the
synthetic results (Figure 2C). Note that 0.45 mM citrate
reduced the j,,, 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
concentrations (0.01, 0.02, and 0.1 mM) to further examine
the relationship between nanocrystal shape and jr(jgo)/jg;l).
The results from LSVs in Figure S6 are summarized in Figure
3A. Figure 3A shows that j[(nlgo) remained 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 that relatively high concen-
trations of citrate are required to passivate the Ag(100) surface.
In contrast, jfnl;l) decreases across the entire range of citrate
concentrations, indicating that Ag(111) is more susceptible to
passivation by citrate.

Figure 3B compares R; (ie., jgg‘”/jf,};”) to the value of R
determined by analyzing the nanocrystal shape produced at
each concentration of citrate (Figure 3C—E). UV—vis—NIR
spectra for the nanostructure product at different citrate
concentrations are given in Figure S7A. Growth at a citrate
concentration of 0.01 mM vyielded truncated octahedra with
square {100} facets and hexagonal {111} facets, indicating an
R of 1.15 (Figure 3C). A citrate concentration of 0.02 mM
yielded slightly truncated octahedra, indicating an R between
1.15 and 1.73 (Figure 3D). The 0.10 mM citrate solution
yielded mostly octahedra, indicating an R of 1.73 (Figure 3E).

These values of R 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 was 400, but ],lnlpl /

j,lnl}? was 14.7.° Likewise, in the synthesis of pentagonally

https://doi.org/10.1021/acs.chemmater.1c02474
Chem. Mater. 2021, 33, 8301-8311


https://pubs.acs.org/doi/suppl/10.1021/acs.chemmater.1c02474/suppl_file/cm1c02474_si_001.pdf
https://pubs.acs.org/doi/suppl/10.1021/acs.chemmater.1c02474/suppl_file/cm1c02474_si_001.pdf
https://pubs.acs.org/doi/suppl/10.1021/acs.chemmater.1c02474/suppl_file/cm1c02474_si_001.pdf
https://pubs.acs.org/doi/suppl/10.1021/acs.chemmater.1c02474/suppl_file/cm1c02474_si_001.pdf
https://pubs.acs.org/doi/10.1021/acs.chemmater.1c02474?fig=fig3&ref=pdf
https://pubs.acs.org/doi/10.1021/acs.chemmater.1c02474?fig=fig3&ref=pdf
https://pubs.acs.org/doi/10.1021/acs.chemmater.1c02474?fig=fig3&ref=pdf
https://pubs.acs.org/doi/10.1021/acs.chemmater.1c02474?fig=fig3&ref=pdf
pubs.acs.org/cm?ref=pdf
https://doi.org/10.1021/acs.chemmater.1c02474?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as

Chemistry of Materials

pubs.acs.org/cm

twinned gold nanorods, the aspect ratio of the nanorods was
about 16 when the ratio ofjrlnn/',l;; was about 1.4.°° In both of
these cases, the ratio of ],lnlp1 j,{lﬁ was more than 10 times lower
than that necessary to explain the aspect ratio of the
synthesized nanostructures. However, in the case of seed-
mediated growth of the single crystals, R; was only about 0.22
smaller than R between 0.00 and 0.10 mM citrate. The large
differences between the aspect ratio and facet-selective
electrochemical results observed in the previous work may
be due to the presence of twin defects on the nanocrystals
promoting anisotropic growth. This possibility is examined in
more detail below.

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 2E shows
that the current from Ag* reduction on Ag(100) and Ag(111)
is almost identical. In contrast, the AA oxidation on Ag(111) is
reduced to a much greater extent than on Ag(100). This means
that changes in nanocrystal shapes upon the addition of citrate
are caused by citrate decreasing the rate of AA oxidation to a
greater extent on {111} than {100} facets.

Figure 4 further illustrates the effect of citrate on Ag"
reduction and AA oxidation across a range of concentrations.
To facilitate visualization, the current density from Ag*

reduction or AA oxidation with citrate (jAg+ or ) was
normalized by the current density from Ag" reduction or AA

oxidation without citrate (j5% or j4*). Figure 4A shows that
when the concentration of citrate is increased from 0.01 to

0.45 mM, j*¢ /j¢ decreases on both Ag(100) and Ag(111),
indicating that citrate suppresses Ag* reduction. However, the

values of jAg+/ j‘(}f are nearly the same on Ag(100) and
Ag(111), indicating that citrate does not suppress Ag®
reduction in a facet-selective manner. This is in contrast to
j*4/j6 for Ag(100) and Ag (111) in Figure 4B. On Ag(100),
j*4/j6* is around 1.0 at citrate concentrations of 0.01 and 0.10
mD, indicating no suppression of AA oxidation, but decreases
to around 0.4 at a higher citrate concentration of 0.45 mM. For
Ag(111), */jé* decreases dramatically from 0.8 to around
0.05 as the concentration of citrate is increased from 0.01 to
0.45 mM. This shows that AA oxidation on Ag(111) is much
more easily suppressed by citrate than on Ag(100).

Based on these electrochemical results, we conclude that 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 facets, then the facet-
selective passivation of AA oxidation without the 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.
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Figure 4. (A) Ratio of the current density from Ag" reduction with

(jAg+) and without citrate (jﬁg). (B) Ratio of the current density from
AA oxidation with (*) and without citrate (j5*). The mixed
potential is indicated with an asterisk.

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".°"”>7® Although citrate may form a complex
with Ag" in this reaction, the electrochemical results showing
that 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.

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 seeds. Silver 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 (see Figure 5).**' 7% If planar
defects do not significantly contribute to the growth rate on
the side planes, the R of silver nanoplates will be approximately
the same as the R of single-crystal silver nanoparticles and R;
determined by electrochemical measurements (Figure 3B).
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Figure S. (A) Simplified schematic of the structure of silver
nanoplates (nanodisks) in which the basal planes are {111} facets
and the 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 6A shows a SEM image of the silver nanoplate seeds.
UV—vis—NIR spectra for silver nanodisks and nanoplates are
shown in Figure S7B. For the seed-mediated growth of silver
nanoplates in a solution without citrate, the edge length of the
silver nanoplates increased from 210 to 260 nm and the
thickness increased from 9 to 70 nm. Thus, the ratio (r)

between the growth in edge length and thickness is 0.82
without citrate (see Figure 6B and Figure S8A). Based on the
geometry of silver nanoplates, the R of silver nanoplates under
this condition is 0.88 (R = 1.061r; see Figure S9 and the
associated discussion in the Supporting Information). This
value of R is close to the R 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.

Note that the silver nanoplates grown without citrate are
thicker around the edges. The nanoplates grown in the 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 6C and Figure S8B). When the citrate
concentration is increased to 0.004 mM, the R of the silver
nanoplates increases to 26 (Figure 6D and Figure S8C). 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 the R of the silver nanoplates is over 45
(Figure 6E—H and Figures S8D—I and S10). The edge length
increases and the thickness decreases as the citrate
concentration is increased from 0.000 to 0.010 mM, but the
edge length and thickness remain the same when the citrate
concentration is increased from 0.01 to 0.45 mM (Figure 61).
As a result, the R of silver nanoplates increases from 0.88 to
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Figure 6. (A) SEM image of silver nanoplate seeds. (B—H) SEM images 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) The edge
length and thickness increase after growth at different citrate concentrations. (J) R of silver nanoplates at different citrate concentrations.
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Figure 7. (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 min. (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 min. 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.

154 as the citrate concentration is increased from 0.000 to
0.010 mM (Figure 6]). The R at citrate concentrations higher
than 0.010 mM fluctuates between 90 and 350 because the
increase in thickness is less than 2 nm, and this causes a small
change in thickness to produce a large change in R.

The R of single-crystal silver nanoparticles (0.87—1.73) is
fairly close to the R; measured by electrochemical measure-
ments under the same conditions (0.719—1.47), but the R of
silver nanoplates is clearly much larger than the R; in solutions
containing more than 0.004 mM of citrate (26—343). These
results suggest that citrate selectively passivating AA oxidation
on the {111} facets of the nanoplates cannot by itself explain
the much larger R of nanoplates compared to single-crystal
nanoparticles. 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 6]). 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 nanoplates. 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 the addition of citrate may be that the
addition of citrate slows the diffusion 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
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deposition caused by the planar defects results in the
deposition of silver primarily on the sides of the nanoplate,
resulting in a much larger anisotropic growth than can be
accounted for with the single-crystal electrochemistry measure-
ments.

To test the hypothesis that citrate slows the diffusion of
silver atoms to {111} facets, triangular silver nanoplates were
heated at 95 °C in the presence or absence of citrate for 10
min. Before heating, the silver nanoplates were slightly
truncated triangular nanoplates (Figure 7A). After heating
with citrate, AA, and TFA at the same concentrations used to
make the silver nanoplates in Figure 6H, the nanoplates
became nanodisks (Figure 7B). 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
7C). Figure 7D shows that 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 that the anisotropic shape of the nanoplate was
largely preserved, whereas the large blueshift after heating
without citrate confirms that the nanoplates morphed into
spheroidal particles. Thus, the presence of citrate was necessary
to prevent the 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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B CONCLUSIONS

We 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). Thus, we can conclude that citrate is a passivator
and that the facet-selective effect of citrate on silver nanocrystal
growth is due to citrate’s facet-selective passivation of ascorbic
acid oxidation. 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 cubocta-
hedra and octahedra, indicating that the facet-selective
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 30—100
times greater than can be accounted for 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 the 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 that 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 measured on
(100) and (111) single-crystal electrodes.”~*® The difference
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 meas-
urements, 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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