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ABSTRACT: We have investigated the vertical growth of
citrate-free Ag nanoplates into truncated right bipyramids and
twinned cubes with truncated corners in the presence of Cl−

ions at low and high concentrations, respectively, with Au
serving as a marker for electron microscopy analysis. Both the
Cl− ions and Au atoms could be introduced through the use of
HAuCl4 as a dual agent. When HAuCl4 was added into an
aqueous mixture of citrate-free Ag nanoplates, ascorbic acid
(AA), and poly(vinylpyrrolidone), Au would be immediately
formed and deposited on the surfaces of the nanoplates due to
the reduction by both Ag and AA. The deposited Au could be
easily resolved under STEM to reveal the growth patterns of the nanoplates. We found that the presence of Au did not change
the growth pattern of the original Ag nanoplates. In contrast, the Cl− ions could deterministically direct the formation of Ag
nanoplates with a triangular or hexagonal shape, followed by their further growth into truncated right bipyramids or twinned
cubes with truncated corners upon the introduction of AgNO3. This work demonstrates, for the first time, that citrate-free Ag
nanoplates could be transformed into right bipyramids or twinned cubes by controlling a single experimental parameter: the
concentration of Cl− ions in the growth solution. The mechanistic understanding represents a step forward toward the rational
design and shape-controlled synthesis of nanocrystals with desired properties.

1. INTRODUCTION

Silver nanoplates have unique structural characteristics that
include flat {111} facets on the top and bottom faces, together
with planar defects such as twin planes and stacking faults
exposed on the side faces.1−9 The planar defects have been
shown to play an important role in the formation of Ag
nanoplates, as well as their lateral growth into larger
nanoplates.6,10,11 To this end, Lofton and Sigmund extended
the crystallization model developed for silver halide to explain
the growth habit of Ag nanoplates. They proposed that the
planar defects could introduce self-propagating ledges as active
sites for the continuous growth of Ag nanoplates into triangular
or hexagonal shapes with larger lateral dimensions.11 In
addition to the planar defects, capping agents for the top and
bottom {111} facets have also been explored to help confine
the growth of Ag nanoplates mainly to the lateral directions.
For example, the Yin and Xia groups reported the trans-
formation of Ag nanoplates into larger nanoplates in the
presence of sodium citrate or citric acid.12,13 They argued that
citrate ions could preferentially chemisorb onto the Ag(111)
surface, retarding the vertical growth of a nanoplate.
Different from the situation of lateral growth, there are only a

few reports on the growth of Ag nanoplates along the vertical

direction.13−18 Specifically, Xia and coworkers observed a
significant increase in thickness from 5 to 200 nm for Ag
nanoplates, together with a moderate increase in edge length
from 150 to 600 nm, after nine rounds of repeated growth.13

They proposed that the poly(vinylpyrrolidone) (PVP) added as
a colloidal stabilizer could serve as a capping agent for the
{100} facets on the side faces, facilitating the deposition of Ag
atoms onto the top and bottom {111} facets and thus
promoting vertical growth. However, they were unable to
completely transform the nanoplates into right bipyramids or
twinned cubes. In another interesting report, Kitaev and
coworkers demonstrated the transformation of Ag nanoplates
(4−10 nm thick and 20−50 nm in edge length) into a mixture
of right bipyramids and twinned cubes when both citrate and
PVP were introduced into the growth solution.14 On the basis
of the modified silver halide model,11 they suggested that the
presence of odd and even numbers of planar defects in the Ag
nanoplates led to the formation of triangular and hexagonal
plates, respectively, followed by their subsequent vertical
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growth into right bipyramids and twinned cubes. Later, the
same group also reported the vertical growth of Ag nanoplates
in the presence of halide ions such as Cl−, Br−, or I− in the
growth solution, but they did not provide any mechanistic
explaination.15 Most recently, Kim and coworkers confirmed
the possible role of halide ions in controlling the vertical growth
of Ag nanoplates.16 They proposed that the preferential binding
of halide ions to {100} rather than {111} facets could initiate
vertical growth for the Ag nanoplates. However, it remains
unclear how the vertical growth was activated and directed by
the Cl− ions and whether the citrate ions commonly used in the
synthesis of Ag nanoplates would affect their growth pattern.
Here we report the use of HAuCl4 as a dual agent to

investigate the shape evolution of citrate-free Ag nanoplates
into truncated bipyramids or twinned cubes with truncated
corners. We prepared the Ag nanoplates by following our
recently developed protocol.19 We then introduced a certain
amount of HAuCl4 into an aqueous suspension of the Ag
nanoplates in the presence of AA and PVP, followed by the
titration of AgNO3 at room temperature. Upon the
introduction of HAuCl4, we observed the deposition of Au
atoms onto the surfaces of Ag nanoplates through the reduction
by both Ag nanoplates (via galvanic replacement) and AA (via
chemical reduction). The Cl− ions released from HAuCl4 could
initiate and deterministically direct the vertical growth of the
Au-decorated Ag nanoplates into truncated right bipyramids or
twinned cubes with truncated corners upon the titration of
AgNO3. Significantly, with the use of aberration-corrected high-
angle annular dark-field scanning TEM (HAADF-STEM), we
could easily resolve the Au layer that outlined the original Ag

nanoplates, allowing us to elucidate the mechanistic details
involved in the evolution of Ag nanoplates into two different
types of nanocrystals. While both Kitaev and Kim acknowl-
edged the role of halide ions in initiating the vertical growth of
Ag nanoplates,15,16 they were unable to validate the growth
mechanism by resolving the initial seeds in the final products. It
is also worth pointing out that Yin and coworkers are among
the first to demonstrate the use of Au as a marker to monitor
the growth of Ag nanoplates.18 However, they did not observe
vertical growth due to the exclusion of Cl− ions from their
growth solution. In this study, we demonstrated, for the first
time, the dual functionality of HAuCl4 in elucidating the growth
patterns of Ag nanoplates. Since the Ag nanoplates were
synthesized using a citrate-free protocol, we were also able to
examine the role of citrate on the {111} facets of Ag nanoplates
and thus retarding their vertical growth. The mechanistic
insights gained in this study will contribute to the rational
design and controlled synthesis of Ag nanocrystals having
desired shapes and properties for various plasmonic applica-
tions.

2. RESULTS AND DISCUSSION
The citrate-free Ag nanoplates were synthesized using our
previously reported protocol, which involved the use of AgNO3
as a precursor, PVP as a reductant and colloidal stabilizer, and
ethanol as a solvent and reductant.19 On average, the
nanoplates had an edge length of 45.2 ± 7.0 nm, together
with a thickness of 6.9 ± 2.0 nm (see Supporting Information
Figure S1A for a typical TEM image). The HAADF-STEM
Supporting Information Figure S1B indicates that the top

Figure 1. TEM images of the citrate-free Ag nanoplates after reacting with 1.0 mL of HAuCl4 for 10 min. The concentrations of HAuCl4 were (A)
0.01 mM and (C) 0.1 mM, respectively. (B, D) TEM images of the samples shown in parts A and B, respectively, after the treatment with an
aqueous H2O2 solution for 1 h.
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surface of the nanoplate was covered by a {111} facet. The
HAABF-STEM image in Supporting Information Figure S1C
reveals an incomplete outmost layer while the side face was
decorated by steps and kinks, as well as twin defects and/or
stacking faults.
We deposited Au on the citrate-free Ag nanoplates by adding

HAuCl4 into their aqueous suspension in the presence of AA
and PVP. With the introduction of a small amount of aqueous
HAuCl4 to attain a molar ratio of 34:1 between Ag and AuCl4

−,
the shape of the nanoplates was largely preserved (Figure 1A).
No voids were observed on most of the nanoplates while their
edge roughness was slightly increased. Upon removal of Ag
using aqueous H2O2, we obtained Au triangular nanoframes
(Figure 1B), indicating that the Au atoms were preferentially
deposited along the edges of each Ag nanoplate. When the

concentration of HAuCl4 solution was increased by 10-fold
while keeping its volume fixed to achieve a molar ratio of 3.4:1
for Ag to AuCl4

−, the Ag nanoplates were transformed into
structures with rough edges, together with the formation of
visible voids on the surface (Figure 1C). After treatment with
aqueous H2O2, we obtained Au triangular nanoframes with
much thicker ridges relative to the sample shown in Figure 1B,
and each nanoframe contained a network of filaments (Figure
1D). This observation implies that the Au was still mainly
deposited on the side faces even though the amount of HAuCl4
had been increased by 10-fold. In the following studies, these
Au-decorated Ag nanoplates were used to investigate their
growth patterns upon the addition of AgNO3 solution. It
should be emphasized that the use of HAuCl4 to deposit Au on
the Ag nanoplates also introduced different amounts of Cl−

Figure 2. (A−D) TEM images of the products prepared by mixing the citrate-free Ag nanoplates with 1.0 mL of 0.01 mM HAuCl4, followed by the
titration of 2 mM aqueous AgNO3 up to different volumes: (A) 0.1 mL (B) 0.5 mL, (C) 0.8 mL, and (D) 1.5 mL. (E) TEM image of the truncated
right bipyramids in (D) after the treatment with aqueous H2O2 for 1 h. (F) UV−vis spectra of the products obtained by reacting the Ag nanoplates
with HAuCl4, followed by the titration of AgNO3 solution to different volumes indicated on the curves.
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ions (released from HAuCl4) into the growth solution.
Interestingly, the Cl− ions played an important role in inducing
vertical growth for the Au-decorated Ag nanoplates by
selectively binding them to the {100} facets on the side faces.
2.1. Vertical Growth of the Ag Nanoplates into

Truncated Right Bipyramids. Figure 2A−D shows TEM
images of the products obtained by titrating aqueous AgNO3

into an aqueous suspension of the citrate-free Ag nanoplates, to
which a small amount of aqueous HAuCl4 had been preadded.
With the addition of 0.1 mL of AgNO3, we noticed an increase
in thickness from 6.9 ± 2.0 nm to 10.5 ± 2.4 nm for the
nanoplates (Figure 2A). As the volume of AgNO3 was
increased, we observed constant growth for the nanoplates
along the vertical direction, generating increasingly thicker
nanoplates at 0.5 and 0.8 mL (Figure 2B,C), and ultimately

truncated right bipyramids at 1.5 mL (Figure 2D). Supporting
Information Figure S2A shows a typical SEM image of the
sample, together with a schematic model. For the truncated
right bipyramids, they tended to take two different orientations
when deposited on a TEM grid (Supporting Information
Figure S3). We counted 92 particles with the second
orientation to calculate the average edge length (a) defined
in Supporting Information Figure S3. We also examined a total
of 420 particles and found that more than 80% of them took
the shape of a truncated right pyramid. The major byproducts
of a typical synthesis were particles with irregular shapes that
could not be easily resolved. Interestingly, we obtained Au
triangular nanoframes (Figure 2E) essentially identical to those
shown in Figure 1B after etching of the sample with aqueous

Figure 3. (A−D) TEM images of the products obtained by mixing the citrate-free Ag nanoplates with 1.0 mL of 0.1 mM aqueous HAuCl4, followed
by the titration of 2 mM AgNO3 solution up to different volumes: (A) 0.1 mL (B) 0.5 mL, (C) 0.8 mL, and (D) 1.5 mL. (E) TEM image of the
twinned cubes in part D after the treatment with aqueous H2O2 for 1 h. (F) UV−vis spectra of the products obtained by reacting the Ag nanoplates
with HAuCl4, followed by titration of AgNO3 solution to different volumes indicated on the curves.
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H2O2. This result indicates that the Au layer was retained at the
original position during the deposition of Ag.
We also monitored the shape evolution of Ag nanoplates

using UV−vis spectroscopy because of the unique plasmon
resonance properties of Ag nanoplates that have strong
dependence on their dimensions and morphology.5,14,20−26

Figure 2F shows UV−vis spectra of the Au-decorated
nanoplates after reacting with different volumes of aqueous
AgNO3. With the addition of 0.1 and 0.2 mL of AgNO3, the in-
plane dipole resonance peak of the Ag nanoplates was blue-
shifted from 680 to 490 and 460 nm, respectively. Combined
with TEM images as shown in Figure 2, we concluded that such
a blue shift was dominated by an increase in thickness for the
nanoplates not by the corner truncation of Ag nanoplates.14 As
the growth progressed with the addition of AgNO3 solution
beyond 0.2 mL, three characteristic resonance peaks appeared
at 470, 410, and 351 nm, which can be assigned to the plasmon
resonance peaks of truncated right bipyramids.14,21,27 It is
worth noting that we observed no significant change to the
peak position but an increase in peak intensity during the
transformation from nanoplates to truncated right bipyramids
when the volume of the added AgNO3 solution exceeded 0.5
mL. Combined with TEM results, we found that lateral growth
was also activated as the vertical growth proceeded, leading to
the formation of truncated right bipyramids with larger lateral
dimensions (i.e., the edge length defined in Supporting
Information Figure S3) than the original nanoplates. To
support this argument, we continued the titration until the

volume of AgNO3 solution had reached 5 mL. As shown in
Supporting Information Figure S4A−D, the average edge
length of the truncated right bipyramids was increased as the
volume of AgNO3 solution was increased from 1.5 to 5 mL.
The UV−vis spectra in Supporting Information Figure S4E
show no change to the peak position although the peak width
was broadened. In this case, no significant self-nucleation was
observed. The quick drop of Cl− concentration in the growth
solution tended to prevent the Ag nanoplates from evolving
into right bipyramids with sharp corners due to ineffective
capping of the {100} facets on the side faces. As demonstrated
in Supporting Information Figure S5, the corners of the right
bipyramids could be sharpened by adding more Cl− ions into
the growth solution (for the sample shown in Figure 2B),
followed by the introduction of some additional AgNO3
solution.

2.2. Vertical Growth of the Ag Nanoplates into
Twinned Cubes with Truncated Corners. When the
concentration of aqueous HAuCl4 was increased by 10-fold
while keeping all other experimental parameters the same, we
found that the products were completely different from those
shown in Figure 2. Figure 3A−D shows typical TEM images of
the as-prepared samples. Specifically, with the addition of 0.1
mL of AgNO3 solution, we noticed that most of the Ag
nanoplates were transformed into structures with obvious voids
in them, together with greatly increased edge roughness (Figure
3A). As the volume of AgNO3 solution was increased to 0.5
mL, Ag atoms were mainly deposited onto the top and bottom

Figure 4. UV−vis spectra of products obtained by reacting the citrate-free Ag nanoplates with 1.0 mL of (A) 0.04 mM and (C) 0.4 mM NaCl
solutions, respectively, followed by the titration of 2 mM AgNO3 solution to different volumes indicated on the curves. (B, D) TEM images of the
samples shown in parts A and C, respectively, with the introduction of 1.5 mL of AgNO3 solution. The red arrows in part D indicate semicubes,
where only one of the top and bottom faces of a Ag nanoplate was allowed for vertical growth.
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faces so the thickness of the nanoplates increased from 6.9 ±
2.0 to 21.3 ± 2.5 nm while their edge length showed little
change (Figure 3B). With the addition of 0.8 mL of AgNO3
solution, the small nanoplates in the sample had grown into
twinned cubes with an edge length of 29.8 ± 4.7 nm whereas
the large nanoplates had only evolved into structures still
looked like thick plates under TEM (Figure 3C). At 1.5 mL of
AgNO3, both the small twinned cubes and thick plates had
evolved into twinned cubes with truncated corners, together
with an average edge length of 47.3 ± 5.5 nm (Figure 3D). For
the twinned cubes, there was only one major orientation when
they were deposited on a TEM grid (Supporting Information
Figure S6). As such, we could conveniently measure the average
edge length (see the definition in Supporting Information
Figure S6A) by counting 100 such particles on the TEM
images. Additionally, we examined a total of 620 particles and
found that more than 39% of them had a cubic shape, together
with various degrees of truncation at corners. The major
byproducts of a typical synthesis were truncated right
bipyramids (18%) and twinned semicubes (30%), correspond-
ing to the type-2 and type-3 particles, respectively, shown in
Supporting Information Figure S6. The semicubes can be
considered as a product of growth that only occurred on either
the top or bottom face of a nanoplate, rather than both of them.
Such reduction in symmetry was also observed in other systems
involving seed-mediated growth.28−30 Upon removal of Ag
from the final products by etching with aqueous H2O2, we
obtained Au nanoframes with interconnected filaments (Figure
3E), which resemble those shown in Figure 1D. Again, this
result confirms that the Au layer was not altered during the
deposition of Ag atoms.
Figure 3F shows UV−vis spectra of the Au-decorated Ag

nanoplates during their vertical growth into twinned cubes with
truncated corners. There was a blue-shift for the in-plane dipole
resonance peak of the Ag nanoplates from the near-infrared to
620 and 550 nm after 0.1 and 0.2 mL of aqueous AgNO3 had
been added, respectively. This trend is similar to what was
observed during the formation of truncated right bipyramids,
suggesting the involvement of similar vertical growth for the
Au-decorated Ag nanoplates. When the growth was continued
with the addition of more than 0.5 mL of AgNO3 solution, we
observed two new plasmon resonance peaks at 440 and 350
nm. By comparing with the plasmonic features of the
conventional, single-crystal Ag nanocubes, both the peaks at
440 and 350 nm can be assigned to dipole resonances.31−33

Different from the case of truncated right bipyramids, with a
continuous increase of AgNO3 solution up to 5 mL, the
twinned cubes remained roughly the same in size while
significant self-nucleation of Ag atoms led to the formation of
irregular nanoparticles (Supporting Information Figure S7A−
D). The UV−vis spectra in Supporting Information Figure S7E
show broadening in peak width, in addition to some minor
shifts in peak position.
2.3. The Role of Cl− Ions in Inducing Vertical Growth

for the Ag Nanoplates. During the preparation of the Au-
decorated Ag nanoplates, the use of HAuCl4 also introduced
Cl− ions into the growth solution, which turned out to be
critical in inducing vertical growth for the citrate-free Ag
nanoplates. To verify the role of this halide ion, we replaced
HAuCl4 with NaCl while keeping the concentration of Cl− ions
and other experimental parameters unchanged. With the
introduction of 0.04 mM aqueous NaCl, we recorded UV−
vis spectra from the Ag nanoplates after reacting with different

volumes of aqueous AgNO3 (Figure 4A). A blue shift in peak
position was observed, indicating vertical growth for the
nanoplates. Figure 4B confirms the formation of truncated right
bipyramids. In comparison, Figure 4C shows UV−vis spectra of
the Ag nanoplates upon the introduction of 0.4 mM aqueous
NaCl, followed by the titration of aqueous AgNO3. As shown in
the TEM image in Figure 4D, the Ag nanoplates had evolved
into twinned cubes with truncated corners, together with some
twinned semicubes (as marked by arrows). These results are
essentially identical to what we observed in Figures 2 and 3,
indicating that both the pristine and Au-decorated Ag
nanoplates shared the same growth pattern when there was
the same amount of Cl− ions in the growth solution. These
results also confirmed that the Cl− ions alone could effectively
induce and direct the vertical growth of citrate-free Ag
nanoplates into truncated right bipyramids or twinned cubes
with truncated corners. The Au layer essentially had no impact
on the growth pattern.
To further validate our hypothesis, we also investigated the

growth of the Au-decorated Ag nanoplates by removing most of
the Cl− ions from the growth solution. Specifically, we added a
specific amount of HAuCl4 into an aqueous suspension of the
Ag nanoplates, collected the Au-decorated Ag nanoplates by
centrifugation to remove Cl− ions from the supernatant, and
then redispersed the nanoplates in an aqueous solution
containing AA and PVP only. When a small amount of
HAuCl4 was used, Supporting Information Figure S8A shows
UV−vis spectra of the Au-coated nanoplates after reacting with
different amounts of aqueous AgNO3. There was no discernible
change to the plasmon resonance features except for a
continuous increase in peak intensity. As indicated by arrows
in Supporting Information Figure S8B, the Au-coated Ag
nanoplates have an increase in the edge length and the
thickness to 95.3 ± 25.4 nm and 25.1 ± 4.3 nm, respectively,
because of the involvement of significant lateral growth and
limited vertical growth. In comparison, Supporting Information
Figure S8C shows UV−vis spectra of the Au-coated nanoplates
upon the titration of aqueous AgNO3 when a large amount of
HAuCl4 was involved. The plasmon resonance peak of the Au-
coated Ag nanoplates was continuously blue-shifted, together
with significant broadening in peak width. At 1.5 mL of AgNO3,
we observed nanoplates with increased thickness with edge
length of 57.4 ± 7.9 nm (Supporting Information Figure S8D).
In this case, the small amount of Cl− ions remaining in the
growth solution (because of surface adsorption and trapping
between the particles during the centrifugation and decanting
process) could still induce vertical growth for the Au-coated
nanoplates.

2.4. Effect of Citrate on the Vertical Growth of the Ag
Nanoplates. It should be pointed out that most of the Ag
nanoplates used for studying their growth were prepared in the
presence of citrate ions.1−13 It is anticipated that the citrate ions
selectively bind to the top and bottom {111} faces of a Ag
nanoplate which would impede its vertical growth even in the
presence of Cl− ions. Here we addressed this issue, for the first
time, by starting with citrate-free Ag nanoplates and carefully
comparing the outcomes in the presence of citrate and Cl− ions
at different proportions.
First, we monitored the transformation of the citrate-free Ag

nanoplates in the absence of Cl− ions upon the titration of
aqueous AgNO3. We found that the in-plane dipole resonance
peak of the Ag nanoplates was only slightly blue-shifted with
the addition of aqueous AgNO3 up to 1.5 mL (Supporting
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Information Figure S9A). This trend is completely different
from what were observed in Figures 2F and 3F, suggesting the
involvement of different growth patterns. Supporting Informa-
tion Figure S9B shows TEM image of the final product,
indicating the formation of Ag nanoplates with an increase in
edge length from 45.2 ± 7.0 to 89.8 ± 8.5 nm. The thickness of
the nanoplates increased from 6.9 ± 2.0 to 8.2 ± 3.4 nm. This
result suggests that citrate-free Ag nanoplates would grow along
both the lateral and vertical directions in the absence of citrate,
with the lateral growth being in dominance.
We then introduced 50 μL of 20 mM aqueous sodium citrate

into the growth solution while keeping all other conditions the
same as in Supporting Information Figure S9. In this case, we
observed a continuous red-shift for the in-plane dipole
resonance peak of the Ag nanoplates upon the titration of
aqueous AgNO3 (Supporting Information Figure S10A),
suggesting significant lateral growth for the Ag nanoplates.12

With the addition of 1.5 mL of aqueous AgNO3, the edge
length of the nanoplates increased from 45.2 ± 7.0 to 123.5 ±
22.6 nm (Supporting Information Figure S10B), while the
thickness was largely retained around 7 nm. This result is
consistent with previous findings, in which citrate was found to
facilitate the lateral growth of Ag nanoplates while hindering
their vertical direction effectively.12,13

To better understand the role of citrate ions in affecting the
vertical growth of Ag nanoplates induced by Cl− ions, we
introduced a certain amount of aqueous sodium citrate into the
growth solutions (at a molar ratio of 25:1 between citrate and

Cl−) while keeping all other experimental conditions the same
as for the synthesis of truncated right bipyramids (Figure
4A,B). Figure 5A shows UV−vis spectra of the Ag nanoplates
before and after reacting with different volumes of aqueous
AgNO3 in the presence of NaCl. It was found that the in-plane
dipole resonance peak was initially blue-shifted, followed by a
continuous red-shift upon the titration of more AgNO3

solution. With the addition of 1.5 mL of AgNO3 solution, the
TEM image in Figure 5B indicates that the edge length of the
nanoplates had increased from 45.2 ± 7.0 nm to 74.2 ± 14.6
nm while the thickness had also increased from 6.9 ± 2.0 nm to
17.1 ± 2.1 nm. This observation is different from the result
shown in Figure 4B where nanoplates from the same batch
were transformed into truncated right bipyramids in the
presence of the same amount of Cl− ions but in the absence
of citrate. Combined together, it is clear that the presence of
citrate ions in the growth solution could indeed facilitate lateral
growth while retarding the vertical growth induced by Cl− ions.
When we increased the concentration of NaCl by 10-fold

while keeping the concentration of citrate unchanged to achieve
a molar ratio of 2.5:1 for citrate to Cl− ions in the growth
solution, we observed the initiation and dominance of vertical
growth. Figure 5C shows the UV−vis spectra recorded from
the Ag nanoplates after they had reacted with different amounts
of aqueous AgNO3. Figure 5D clearly indicates the evolution of
the Ag nanoplates into twinned cubes and semicubes with
truncated corners after the addition of 1.5 mL of AgNO3. These
results are essentially identical to what was observed in Figure

Figure 5. UV−vis spectra of products obtained by reacting the citrate-free Ag nanoplates with 1.0 mL of (A) 0.04 mM and (C) 0.4 mM NaCl
solutions, respectively, in the presence of 50 μL of 20 mM aqueous sodium citrate, followed by the titration of 2 mM aqueous AgNO3 to different
volumes indicated on the curves. (B, D) TEM images of the samples shown in parts A and C, respectively, with the introduction of 1.5 mL of AgNO3
solution.
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4C,D. Interestingly, when the concentrations of citrate and Cl−

ions became comparable in the growth solution, we found that
vertical growth could surpass lateral growth, leading to the
transformation of Ag nanoplates into twinned cubes or
semicubes. Collectively, these results demonstrate the roles
played by citrate and Cl− ions, respectively, in directing lateral
and vertical growth for the Ag nanoplates.
2.5. Mechanistic Insights. Our results demonstrated that

the Cl− ions released from HAuCl4 could direct citrate-free Ag
nanoplates to vertically grow into truncated right bipyramids or
twinned cubes while the Au layer deposited on the surface of a
Ag nanoplate could serve as a maker to monitor its shape
evolution with essential no influence on the growth pattern.
Figure 6A,B, shows HAADF-STEM and HAABF-STEM images
of a truncated right bipyramid viewed from the top and side,
respectively, when a relatively small amount of HAuCl4 was
involved. Specifically, the image shown in Figure 6A was
captured when the right bipyramid was titled to the [111] zone
axis. Due to their difference in atomic number, there was a great
contrast between Au and Ag. We could clearly resolve the Au-
decorated triangular nanoplate even though it was completely
embedded in the truncated right bipyramid. Figure 6C shows
HAADF-STEM image at an atomic resolution, offering details
of the atomic arrangements for the columns of atoms close to
the surface layer. Figure 6D shows an atomic-resolution image

taken from the region boxed in Figure 6B, from which many
twin planes could be readily identified. In comparison, Figure
7A,B, shows HAADF-STEM and HAABF-STEM images of a
twinned cube viewed from two different zone axes, when a
relatively large amount of HAuCl4 was introduced into the
growth solution. In this case, a hexagonal shape was resolved
for the Au-decorated nanoplate. When the twinned cube was
titled to the [001] zone axis, the atomic-resolution HAADF-
STEM image shows the detailed arrangements for the columns
of Ag atoms (Figure 7C). From the atomic-resolution image in
Figure 7D, we could easily identify many planar defects in the
boxed region in Figure 7B.
Figure 8 shows a schematic illustration of the two proposed

pathways that involved the use of Cl− ions at different
concentrations to control the growth pattern and thus the
products from citrate-free Ag nanoplate. At a relatively low
concentration of Cl− ions, the morphology of the original Ag
nanoplates was largely preserved. We found that the in-dipole
resonance peak was largely maintained when the citrate-free Ag
nanoplates were mixed with 0.04 mM NaCl solution
(Supporting Information Figure S11A). The TEM image in
Supporting Information Figure S11B also confirms the
triangular shape of the Ag nanoplates was essentially preserved.
Upon the introduction of AgNO3, the resultant Ag atoms were
deposited onto the top and bottom {111} faces because of the

Figure 6. High-angle annular (A) dark-field and (B) bright-field STEM images of two truncated right bipyramids viewed along different zone axes,
with the top and bottom {111} faces being oriented perpendicular and parallel to electron beam, respectively. (C) Zoom-in view of the area boxed in
part A. The inset shows the corresponding Fourier transform pattern. (D) Zoom-in view of the area boxed in part B.
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selective capping of the {100} side faces by Cl− ions, promoting
vertical growth for the Ag nanoplates. As the vertical growth
progressed, lateral growth could be activated due to the
depletion of Cl− ions from the growth solution, leading to the
formation of truncated right bipyramids with larger lateral sizes
than the original Ag nanoplates (route I).16 In comparison, at a

high concentration of Cl− ions, the oxidative etching at the
corners of Ag nanoplates would lead to their transformation
into round disks upon the introduction of Cl− ions.34,35 As a
result, we observed a blue shift for the in-dipole resonance peak
from 650 to 580 nm when the citrate-free Ag nanoplates were
mixed with 0.4 mM NaCl solution (Supporting Information

Figure 7. (A) High-angle annular dark-field STEM image of a twinned cube with truncated corners when one of its {100} side faces was oriented
perpendicular to the electron beam. (B) High-angle annular bright-field STEM image of a twinned cube with truncated corners when its planar
defects were orientated parallel to the electron beam. (C) Zoom-in view of the area boxed in part A. The inset shows the corresponding Fourier
transform pattern. (D) Zoom-in view of the area boxed in part B.

Figure 8. Schematic illustration of the mechanism proposed to account for the growth of a citrate-free Ag nanoplate into a truncated right bipyramid
and a twinned cube with truncated corners, respectively, when the amounts HAuCl4 added into the growth solution were relatively low and high.
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Figure S11A). The TEM image, as shown in Supporting
Information Figure S11C, confirms the formation of round
disks because of the selective etching at the corners of the Ag
nanoplates by Cl− ions. In this case, upon the introduction of
AgNO3, the Ag atoms were initially deposited on the edges of
the round disks to generate hexagonal nanoplates due to the
selective binding of Cl− ions toward the side {100} faces,
followed by their vertical growth into twinned cubes with
truncated corners (route II). When AA was present in the
growth solution, the Ag+ ions could quickly reduced to generate
Ag atoms, and as a result, we did not observe any formation of
AgCl precipitate during the entire growth process. Collectively,
this work suggested two critical roles for the Cl− ions (oxidative
etching of the Ag nanoplates in the initial stage and the surface
ligands of the {100} facets during Ag deposition) in controlling
the evolution of Ag nanoplates into two completely different
types of nanocrystals. While it is extremely difficult, if not
impossible, to resolve all the mechanistic details by in situ
methods, our results and explanations are consistent with
previous work that acknowledged the roles of Cl− and citrate in
selectively binding to the {100} and {111} facets on Ag
nanocrystals.

3. CONCLUSIONS

We have demonstrated that the Au deposited on the surfaces of
citrate-free Ag nanoplates could serve as a marker to monitor
their vertical growth into truncated right bipyramids or twinned
cubes with truncated corners in the presence of Cl− ions at low
or high concentrations. When HAuCl4 was introduced into an
aqueous suspension of Ag nanoplates in the presence of AA and
PVP, it was immediately reduced by the Ag nanoplates and AA
to generate Au atoms for their deposition onto the surfaces of
the Ag nanoplates. We found that the presence of Au did not
interfere with the growth pathway of the original Ag nanoplates
while the Au layer could be clearly resolved under STEM to
elucidate the growth pathway of the nanoplates. Significantly,
we identified the critical role of Cl− ions (either from HAuCl4
or NaCl) in initiating and directing the vertical growth of the
citrate-free Ag nanoplates into right bipyramids or twined cubes
upon the introduction of AgNO3 at room temperature. The
mechanistic insights can be potentially applied to achieve the
rational design and synthesis of nanocrystals with desired
shapes.

4. EXPERIMENTAL SECTION
4.1. Chemicals and Materials. Silver nitrate (AgNO3, 99+%),

gold(III) chloride trihydrate (HAuCl4·3H2O, 99.9+%), poly-
(vinylpyrrolidone) with an average molecular weight of 29 000
(PVP-29), ethanol (200 proof), sodium chloride (NaCl, 99.5+%),
sodium citrate tribasic dihydrate [HOC(COONa)(CH2COONa)2·
2H2O, 99.0+%], and hydrogen peroxide solution (H2O2, 30 wt % in
H2O) were all purchased from Sigma-Aldrich and used as received. All
aqueous solutions were prepared using deionized (DI) water with a
resistivity of 18.2 MΩ cm.
4.2. Synthesis of Citrate-Free Ag Nanoplates. The Ag

nanoplates were prepared by following our recently reported
protocol.19 In a typical procedure, AgNO3 and PVP-29 were separately
dissolved in ethanol at concentrations of 10.0 and 1.5 mM (in terms of
the molecular weight of PVP), respectively. Next, 10 mL of the as-
prepared PVP solution was added into a Teflon liner, followed by the
addition of 0.3 mL of the AgNO3 solution. The Teflon liner was then
sealed, placed in a stainless vessel, and heated in an oven at 80 °C for 4
h. Upon completion, the vessel was cooled with water to room
temperature prior to disassembly. The nanoparticles were collected by

centrifugation at a speed of 15 000 rpm, washed three times with
ethanol to remove excess PVP, and then redispersed in 0.5 mL DI
water for future use.

4.3. Synthesis of Truncated Right Bipyramids. In a standard
synthesis, 100 μL of the as-prepared Ag nanoplates (with a
concentration of 0.37 mg/mL as measured by ICP-MS) was added
into an aqueous solution containing 2 mL of PVP-29 (1 mM), 0.5 mL
of DI water, and 1 mL of AA (100 mM) hosted in a glass vial.
Immediately after the addition of 1 mL of HAuCl4 (0.01 mM) or 1 mL
of NaCl (0.04 mM) using a pipet, 1.5 mL of AgNO3 (2 mM) was
titrated into the mixture using a syringe pump at a rate of 0.04 mL/
min under magnetic stirring at room temperature (ca. 22 °C). The
product was collected by centrifugation at 15 000 rpm and washed
with DI water three times prior to TEM characterization.

4.4. Synthesis of Twinned Cubes with Truncated Corners.
The protocol was the same as what was used for the truncated right
bipyramids, except that the concentration of the preadded HAuCl4 or
NaCl solution was increased from 0.01 to 0.1 mM or 0.04 to 0.4 mM,
respectively.

4.5. Wet Etching of Ag. Under magnetic stirring, 7 mL of H2O2
(30 wt %) was added into 3.0 mL of the as-obtained aqueous
suspension of nanoparticles from a synthesis. After about 1 h, the
product was collected by centrifugation at 15 000 rpm and washed
with ethanol three times.

4.6. Instrumentation and Characterization. The UV−vis
spectra were collected using a Cary 50 spectrometer (Agilent
Technologies, Santa Clara, CA). The quantitative measurement of
Ag content was performed using an inductively coupled plasma mass
spectrometer (ICP-MS, NexION 300Q, PerkinElmer, Waltham, MA).
An Eppendorf 5430 centrifuge was used for collecting and washing
samples, as well as for the preparation of ICP-MS samples.
Transmission electron microscopy (TEM) images were taken using
a Hitachi HT7700 microscope (Hitachi, Tokyo, Japan) operated at
120 kV. High-angle annular dark-field and bright field scanning TEM
(HAADF-STEM and HAABF-STEM) images were acquired using a
JEOL 2200FS STEM/TEM microscope equipped with a CEOS
GmbH probe corrector.
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