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any devices in our daily life achieve

their functions by mechanical mo-

tion. However, doing so at the
nanoscale involves great challenges. Indeed,
the motions of known nanostructures are, in
most cases, passive as they were induced by
either random Brownian forces or direct ma-
nipulation. Active motions are rare and mostly
achieved by large structures. Several types of
micrometer-sized swimmers were known,
whereby anisotropic reaction rates on their
surface led to translational propulsion.' >
Their large size is of critical importance be-
cause it evens out the effects of Brownian
force, so that external electric or magnetic
field could exert influence on the colloidal
architectures to achieve effective move-
ment.> At the nanoscale, however, Brownian
motion disrupts any translational move-
ment. Thus, conformational motions are
of greater importance because they are
less affected. The shape transformation
of biomolecules, for example, can re-
liably occur despite strong Brownian
forces. Actually, the stimuli-responsive
conformational changes of proteins, such
as ATP synthase and myosin, provide
the basis for enzymatic activity and cell
motility.

In comparison, man-made nanostruc-
tures have yet to advance in complexity in
order to achieve simple predictable (ie.,
not random) motion. Previously, we have
shown that contracting polymer shells can
exert force to embedded nanofilaments such
as Au nanowires (NWs) and carbon nano-
tubes, forcing them into ring structures.®”
Moreover, Au—Ag alloy NWs with twisted
lattice were transformed to double helices
upon growth of an additional metal layer?
While these systems have yet to achieve
motions of practical significance, they are
the initial steps toward motility in future nano-
devices. The key challenge is to broaden the
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ABSTRACT

Growth of polythiophene (PTh) on five-fold twinned Ag nanowires (NWs) is not symmetrical

due to preferred etching of their intrinsic defects. This imbalance of polymer formation leads to

consistent bending action along the etched NWs, coiling the resulting Ag-PTh nanocomposites

into planar spirals. We studied the etching intermediates and also the effects of the surface

ligands in order to understand the symmetry-breaking action. The defect-dependent etching

chemistry offers a new means to induce motion and a novel perspective in the ordered

occurrence of certain defects. We demonstrate that Ag can be deposited back onto the coiled

Ag-PTh composite to form metallic spirals.

KEYWORDS: induced coiling - silver nanowires - defects - selective etching -

polythiophene

scope of active nanostructures, identifying
and understanding processes that can drive
consistent motion.

NWs are basic building blocks in nano-
technology.”~"® Relatively speaking, it is
easier to generate orderly conformational
changes in one-dimensional (1D) wires than
in 2D sheets. Understanding the structural
characteristics of various types of NWs is
critical for exploring new ways of creating
motion. For five-fold twinned AgNWs, it is
known that the five-fold symmetry is in-
compatible with the face-centered cubic
(fcc) packing of Ag lattice, leaving a misfit
angle of 7.35° in their cross section
(Figure 1a)."*"'® When their diameter is
below 100 nm, the defects caused by this
theoretical “gap” are hardly detectable,'”
and thus, their side facets appeared to be
symmetrically equivalent.
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Figure 1. (a) Schematics illustrating the theoretical “gap” in the cross section of pentagonal AgNWs; TEM images of (b) AgNW's
(inset: SEM image of an end); (c,d) unidirectionally coiled Ag-PTh spirals; (e) magnified view of the bracketed region in d; and
(f) HRTEM image of the embedded AgNPs (see the Supporting Information for EDS analyses; the AgNPs are denoted by

circles).

In this paper, we show that the defects resulting
from the angular misfit probably occur on the same
side of AgNWs. We coat polythiophene (PTh) on
AgNWs, which are partially etched during the process.
Intriguingly, the preferred etching of defects in AQNWs
breaks their five-fold symmetry and causes unidirec-
tional bending action. After etching, the remaining
Ag nanoparticles (NPs) are embedded in PTh, form-
ing nanocomposites that appear as planar spirals
(Figure 1). We focus our study on the source of the
coiling action, which offers not only a new means to
induce motion but also an alternative evidence for the
ordered defects in pentagonal AGNWs.

RESULTS AND DISCUSSION

We synthesized AgNWs (d = 70—100 nm; | = 3—
10 um) by polyol reduction method using polyvinylpyrro-
lidone (PVP) as the capping agent.'® After repeated
centrifugation and washing with ethanol to remove
excess PVP, the purified AQNWs were stored in ethanol
and characterized by transmission electron micro-
scopy (TEM, Figure 1b). They were straight with a
smooth surface. As judged from their ends (inset of
Figure 1b), they have pentagonal cross section, con-
sistent with those reported in the literature.'®%°

We used the Fenton's reagent,”' a combination of
FeCl, and H,0,, to oxidize thiophene in the presence of
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AgNWs and sodium dodecylsulfate (SDS). Briefly, SDS
(final concentration of 6.7 mM, same below), thiophene
(96 mM), catalytic amount of FeCl, (17 uM), H,0,
(62 mM), and HCI (1.3 mM) were mixed thoroughly in
aglass vial.?> Then, AGNWs (1.45 mM in Ag atoms) were
added; the mixture was vortexed for 10 s before it was
heated at 75 °C for 2 h. The color of the solution quickly
(within 2 min) turned from the gray color of AgNWs to
dark brown, indicating polymerization of thiophene to
PTh.%32* After cooling to room temperature, the mix-
ture was diluted with water. The product was isolated
by centrifugation before TEM characterization.

To our great interest, the originally straight AgNWs
were transformed to spirals (Figure 1c). The Ag-PTh
nanocomposite must have bent along a same direction
in order to create the near-circular shape. Among the
220 spirals surveyed, 94% of them have unidirectional
curvature (the remaining 6% were either nearly
straight or have random curvature).?? Close inspection
of the spirals revealed that the AgNWs have been
etched into discrete NPs (d = 10 & 2 nm, Figure 1d,e).
Figure 1f shows their high-resolution TEM (HRTEM)
image; the well-resolved and continuous fringes were
characteristic of Ag nanocrystals. These separated
AgNPs were embedded in and bound together by
the polymer shell, retaining the rough form of wires.
However, the diameter of these cylindrical clusters was
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Figure 2. Control experiments showing that (a) at neutral
pH, AgNWs were not completely etched even after 10 h. The
etched section was completely removed but did not bend;
and (b) when the concentration of thiophene was reduced,
randomly coiled Ag-PTh nanocomposites were obtained.

only 45 £ 10 nm, significantly smaller than that of the
original AgNWSs (70—100 nm). Thus, the nanocompo-
sites must have collapsed inward after the etching and
polymerization. Energy-dispersive X-ray spectroscopy
(EDS) analyses confirmed the presence of Ag and S in
the core—shell structure,?? supporting Ag-PTh compo-
sition therein.

Obviously, there were two parallel processes leading
to the formation of Ag-PTh spiral: etching of AQNW and
polymerization of thiophene. The Fenton's reagent
produces radical species (HO® and HOO")?' that can
act as oxidants for both reactions. Previously, we
reported the in situ polymerization of thiophene to
PTh on the surface of AuNPs in a pH neutral SDS
solution.? It was found that the surfactant SDS ad-
sorbed on the hydrophobic thiophene-functionalized
AuNPs, facilitating thiophene oxidation at the aqueous
interface.> 2% In comparison, in the current system,
the AgNWs were more prone to oxidation than AuNPs.
Moreover, acidic medium (pH 4) was used to improve
the rate of formation and stability of the oxidative
radicals.”® The reason that Ag was not completely
etched was likely because the PTh shell protected the
remaining AgNPs against further reactions (vide infra).
Control experiments carried out at neutral pH went
much slower: even after reacting for 10—24 h, the
AgNWs were still not completely etched (Figure 2a).
The PTh in the etched sections did not bend, and Ag
was almost completely removed from these parts.

We were intrigued by the shape transformation of
straight NWs to spirals and thus focused our study on
the source of the symmetry-breaking action. While it is
hard to imagine how polymer can be deposited in
defiance of the NW's five-fold symmetry, the PTh shell
is the only means to achieve concerted action among
the discrete AgNPs. In other words, the PTh shell likely
played an indirect role following an initial symmetry-
breaking process, offering an important clue.

When both thiophene and H,0, were increased in
concentration, the resulting PTh shell became thicker
without noticeable change in terms of spiral forma-
tion.”> When less thiophene (32 mM) was used, the
obtained nanocomposites were randomly coiled
(Figure 2b). This clear contrast between ordered and
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Figure 3. Schematics showing the definition of curvature
and compound 1 and TEM images of the Ag-PTh nanocom-
posites synthesized from 1-modified AQNWs, where (i) 0 uM
(the same sample as shown in Figure 1c), (ii) 9.6 uM, (iii) 16
uM, and (iv) 22.4 uM of 1 was used. The planar spirals are
fitted to circles of roughly same radii. The curvature (um~")
is calculated as the reciprocal of radius. The bottom
panel shows the respective histograms of the curvature
distributions.
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disordered coiling ruled out external factors such as
centrifugation or drying as the cause. The coiling was
likely induced by imbalanced strain/pressure in the
nanocomposite during its inward collapsing, and
thus, the amount of PTh buildup depended critically
on the initial thiophene concentration. However, this
buildup has to somehow break the five-fold symme-
try, likely a consequence of preferential etching in
the AgNWs.

We tried to modify the surface ligands on the AgNWs
to modulate their etching. The as-synthesized AgNWs
were covered with PVP, which was known to have
specific affinity for Ag(100) facets.3° It is likely that the
surface-adsorbed PVP has not been fully removed after
purification. This specific affinity may lead to preferred
etching of unprotected facets or defects. To test this
hypothesis, we treated the purified AgNWs with a small
amount of stronger ligand, C(CH,OCOCH,CH,SH),
(denoted as 1, Figure 3) before PTh was grown. This
ligand was supposed to adsorb on the Ag facets
nonspecifically and, thus, reduce the unevenness in
terms of Ag etching. It was found that the 1-modified
AgNWs underwent similar unidirectional bending but
to a lesser extent. To compare these results, we fit the
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Figure 4. TEM images of Ag-PTh intermediates isolated at (a) 1 min, (b) 3 min, (c,d) 4 min, and (e—g) 6 min after the reaction
started (T = 50 °C); (h—j) Ag-PTh spirals obtained using long AgNWs; (k) AGNWs etched by incubating with 1 only. The arrows

indicate the side that was preferentially etched.

planar spirals to circles of roughly the same radius and
obtain their curvature (um™") as reciprocal of radius.
With 9.6 uM of 1 treating the AgNWs, the curvature
of the resulting nanocomposites (Figure 3ii) was no-
ticeably smaller than those without the treatment
(Figure 1c). When the concentration of 1 was increased
to 16 and 22.4 uM (Figure 3, jii and iv), the curvatures
of the obtained spirals were further reduced, indicat-
ing a strong correlation between the surface density
of 1 and the extent of NW bending. Most likely,
replacing PVP with 1 reduced the difference in
reactivity for the Ag facets and, thus, reduced
the effects of symmetry-breaking in terms of Ag
etching.

With the increase of concentration of 1, the resulting
Ag-PTh nanocomposites also became increasingly
tube-like (Figure 3, iii and iv).?? Their completely etched
interior indicated that the presence of PTh was essen-
tial for retaining the residue AgNPs. It appeared that
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the presence of 1 had dramatically slowed the thio-
phene diffusion into the etched NWs. As a result, only
the surface layer of Ag was protected by PTh, causing
the inner Ag domain to be completely etched, in a way
similar to Ag structures that were oxidized by
HAuCI,>"??

To study the early stage of Ag etching and PTh
formation, we reduced the reaction temperature from
75 to 50 °G; all other conditions were unchanged from
those of Figure 1c. With reactions slowed, aliquots
of the solution were isolated at different time points
(t = 1—6 min) and the products were characterized. At
t = 1 min, small pits appeared on one side of AgNWSs
(Figure 4a). At t = 3 min, pits appeared on both sides,
but the ones on one side were deeper than those on
the other (Figure 4b). Scanning electron microscopy
(SEM) characterization of the etched products did not
reveal additional information owing to limited resolu-
tion and interference from organic/polymer deposit.
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At t =4 min, serious etching set in and only a few half-
etched segments of AgNWs still remained (Figure 4c,d).
It should be noted here that small AgNPs (such as those
in Figure 1f) did appear inside the etched sections, but
because of the large difference in TEM contrast against
the unetched Ag blocks, they were hardly visible.
Bending of nanocomposites can now be observed;
the direction was such that the preferentially etched
side was always on the outside of the curve. This can be
explained by the imbalanced formation of PTh inside
the etched AgNWs: the PTh buildup likely caused
internal pressure in the nanocomposite, which should
be more pronounced on the side that was etched first.

At t =6 min, most of the original AQNWs were etched
away (Figure 4e—q). Nearly all of the nanocomposites
were bent unidirectionally, forming 1—2 loops. At this
stage, there was no overcoating PTh layer, and thus,
PTh must have formed inside the nanocomposites
holding the remaining AgNPs together. When longer
AgNWs (8—10 um) were used, spirals with multiple
loops can be obtained (Figure 4h—j). The difference in
the curvature of the loops was small relative to the
large difference among the individual NWs in Figure 3.
It could be caused by the variation in the defects along
the original AgNWs or by the drying process. It is
expected that the collapsing of 3D conformation onto
the 2D substrate or the flow of residue solvent could
affect the final curvatures that we observed.

The preferential etching of defects should be gen-
eral to other etching methods. Thus, we sought an
alternative method to obtain clearer etching results
without the influence of polymer. A solution of ligand 1
(0.5 mM) was used to slowly etch purified AgNWs over
a prolonged period (17 h). The resulting AgNWs
showed clear signs of corrosion, and most notably,
the initial corrosion always occurred on the same side
(Figure 4k; see additional examples in the Supporting
Information). The consistent formation of these pits, as
opposed to their random occurrence, breaks the sym-
metry of the pentagonal AgNWs and, thus, can be
correlated to the subsequent unidirectional action.

On the basis of this result, we postulate that the
preferential etching probably started at the angular-
misfit defects. While such misfit is known, only in
micrometer-sized decahedra and thick Ag rods (d >
700 nm) did the resulting defects become directly
observable by electron microscopy.!” They appeared
as re-entrant grooves along one of their side facets. In
thin AgNWs (d < 100 nm), however, there was no
obvious anomaly and the defects were only observable
by cross-sectional TEM.>*** Typically, the defects lo-
cated at two or three of the five twinning boundaries.
In all known accounts, the angular-misfit defects are
block defects, whereas the twinning defects are mostly
restricted in a plane of a few atoms in thickness.
Obviously, etching of the five twinning defects in the
AgNWs cannot explain the symmetry-breaking action.
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Figure 5. TEM images of (a) Ag nanospiral after depositing
Ag on Ag-PTh nanocomposite, and (b,c) its magnified
sections.

On the other hand, the angular-misfit defects could
occur on only one side of AgNWs. They are also larger
in size and should be more easily etched.

It should be noted that the physical characterization
methods such as cross-sectional TEM are effective for
analyzing a few sections of individual NWs, but it is
extremely difficult to obtain information on the spatial
distribution of defects and, particularly, the extent of
occurrence among the different individuals in a
sample.

Putting this together, the Ag-PTh spiral formation
can be explained as follows. The Ag(100) facets are
protected by PVP, but less so for the angular-misfit
defects. Thus, when AgNWs are mixed with Fenton's
reagent, the oxidative radicals preferentially react with
the defective regions, causing the initial pits to occur
there. This initial advantage is magnified by the fast
subsequent reactions (finished within 4 min even at
50 °C). The freshly exposed Ag surface in the pits and the
faster rate of diffusion at the nearby cavities probably
promote the etching and polymerization reactions.
The formation of PTh inside the AgNWs is supported
by Figure 4e—g, and there is good reason to believe
that the amount of infiltrated PTh is inhomogeneous
due to favorable reactions at the defective sites. Excess
PTh buildup at such sites probably leads to imbalanced
internal pressure that bends the nanocomposite dur-
ing its inward collapse (leading to smaller diameter).
Missing some materials in the initial pits should not
preset the bending direction because itis equivalent to
bending a thinner wire. It would not be easier to bend
the pitted AgNWs toward any particular direction.

When the amount of thiophene used in the reaction
is reduced (Figure 2b), the less amount of PTh forma-
tion leads to less internal pressure, resulting in random
coiling. This proposal explains the observation that the
preferentially etched side with more polymer is always
on the outside of the curve (Figure 4¢,d). The fact that
most of the nanocomposites were unidirectionally
coiled suggests that the angular-misfit defects prob-
ably occur on the same side of AgNWs. Such single-
sided preferential etching is supported by the etch-
ing intermediates (Figure 4a,bk). When AgNWs are
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pretreated with 1, the stronger ligand replaces the
surface PVP and binds nonspecifically, reducing the
effects of symmetry breaking in terms of Ag etching.
Moreover, this ligand layer also reduces the amount of
infiltrated PTh and thus the extent of bending
(Figure 3). In sample 3iii and 3iv, the central portion
of AgNWs is completely etched because of the lack of
PTh formation there. This argument is consistent with
the protection of the AgNPs embedded in PTh do-
mains. When the reaction is carried out at neutral pH
(Figure 2a) or with reduced reactants (Figure 2b), bend-
ing was not achieved, highlighting the importance of fast
reactions.

As a proof-of-concept demonstration, we deposited
Ag back into the Ag-PTh nanocomposites, aiming to
develop a method for fabricating metal nanospirals or
even split rings.3>3® We used the sample that is shown
in Figure 3iii, so that the AgNPs were more exposed to
the solvent because of the thinner PTh shell. These
nanocomposites were treated with 23.5 mM AgNOs at
50 °C for 2 h. After centrifugation to remove the excess
AgNO3, the product was redispersed in 34 mM sodium
citrate in DMF, and the mixture was incubated at 90 °C
for 2 h to reduce the adsorbed Ag* ions. Here, DMF was
used to slow down the reduction reaction,® in order to
favor uniform deposition of Ag. Finally, the product
was isolated by centrifugation and characterized. As

MATERIALS AND METHODS

Materials. All chemical reagents were used as purchased
without further purification. Polyvinylpyrrolidone (PVP-K30,
My = 40000), silver nitrate (AgNO3, 99%), and pentaerythritol
tetrakis(3-mercaptopropionate) (C(CH,OCOCH,CH,SH),, referred
to as 1) were purchased from Aldrich. Thiophene (99%), aniline
(99%), sodium dodecylsulfate (SDS, 99%), ferrous chloride
tetrahydrate (FeCl,-4H,0, 99%), and hydrogen peroxide
(H,0,, 30% w/w) were purchased from Alfa Aesar. Ethylene
glycol (EG) was purchased from J.T. Baker. Copper specimen
grids (300 meshes) with carbon film (TEM grids) were purchased
from Beijing XXBR Technology Co. Deionized (DI) water
(resistance >18.2 M-cm~') was used in all of our experiments.

Characterization. TEM images were collected on a JEM-1400
(JEOL) transmission electron microscope operated at 100 kV.
High-resolution TEM images and energy-dispersive X-ray spec-
troscopy (EDS) analyses were taken from JEM 2100F (JEOL)
transmission electron microscope operated at 200 kV. SEM
images were collected from a JEOL-6700F scanning electron
microscope operated at 10 kV.

Preparation of TEM Samples. TEM grids were treated with
oxygen plasma in a Harrick plasma cleaner/sterilizer for 1 min
to improve the surface hydrophilicity. The grid was placed face-
down on a droplet of as-synthesized sample laid on a plastic
Petri dish. A filter paper was used to wick off the excess solution
on the TEM grid, which was then dried in air for 10 min.

Synthesis of AgNWs. The AgNWs (d =70—100 nm;/=3—10 um)
were synthesized by polyol reduction method using PVP as the
capping agent.'® Typically, 5 mL of EG containing 40 mg/mL of
PVP was intensively stirred at 160 °C for 1 h. Then, a solution of
0.12 M of AgNOs in 3 mL of EG was injected into the mixture at a
rate of 0.125 mL/min. The reaction was continuously stirred for
another 1 h. The color of the mixture turned from light-yellow to
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shown in Figure 5, the deposited Ag formed a contin-
uous layer connecting the AgNPs in PTh. Most impor-
tantly, the curved “C" shape was retained in the
metallic nanostructure.

CONCLUSIONS

The unidirectional coiling action of AgNWs was a
result of synergistic effects of preferred etching and
PTh growth. The defect-specific etching chemistry
provides alternative evidence for the spatial distribu-
tion of defects in pentagonal AgQNWs. In contrast to the
traditional physical characterization methods, the
etching chemistry of AQNWs reveals their properties
through the induced coiling action of a large number
of NWs. On the basis of the obtained nanospirals, we
conclude that the angular-misfit defects probably oc-
cur on the same side of AgNWs for several micrometers
in length.

Most importantly, the coiling behavior of the nano-
composites is a conformational change induced by
chemical stimuli, not by direct manipulation. It pro-
vides a new means to create motion at the nanoscale,
which could be potentially exploited as actuators in the
future development of smart nanodevices. Consis-
tently curved nanowires are extremely rare. The rede-
position of Ag on curved nanowires is a first step in
advancing this new synthetic methodology.

yellow, orange, orange-red, green, gray-brown, and finally gray-
green. After cooling to room temperature, the mixture was
centrifuged (200g/20 min) and washed with ethanol for a total
of three cycles to remove the excess PVP and EG. The purified
AgNWs were stored in ethanol for use (22.5 mM in Ag atoms).

Synthesis of Ag-PTh Nanospirals. The purified AgNWs (100 uL)
were concentrated to a total volume of 10 uL by centrifugation
at 200g for 20 min. After removal of supernatant, the isolated
AgNWs were added to a mixture that contained SDS (7 mM,
1.5 mL), thiophene (12—20 ulL), FeCl, (1 mM, 26 ul), H,O,
(10—20 uL), and HCI (0.1 mM, 20 uL). The final solution had a
total volume of 1568 mL, where [Ag atom] = 145 mM,
[thiophene] = 96—160 mM, [SDS] = 6.7 mM, [FeCl,] = 16.6 mM,
[H,0,] = 62—124 mM, and [HCI] = 1.3 mM. The mixture was
vortexed for 10 s before being heated at 75 °C for 2 h. After
cooling to room temperature, the mixture was diluted with water.
The product was isolated by centrifugation at 2000g for 20 min.

To monitor the structural transformation from straight
AgNWs to the Ag-PTh nanospirals, a control experiment was
carried out at 50 °C while keeping all other conditions un-
changed. With slower reaction at the lower temperature, 200 uL
aliquots of the reaction mixture were extracted at different time
points (1—6 min); they were immediately diluted with water.
The products were isolated by centrifugation at 2000g for
20 min before TEM characterization.

Modification of AgNWs by Ligand 1. One hundred microliters of
purified AgNWs was concentrated to a total volume of 10 uL by
centrifugation at 200g for 20 min. Then, 3—7 uL of 1 (5 mM, in
ethanol) was added, corresponding to Figure 3, ii—iv. The
mixture (@about 13—17 uL) was thoroughly mixed and incubated
at room temperature for 30 min before use.

Etching of AgNWs by Ligand 1. Ten microliters of 1 (5 mM, in
ethanol) was mixed with 100 uL of purified AQNWs. The mixture
was incubated in open air at room temperature for 17 h with
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continuous shaking. The product was isolated by centrifugation
at 200g for 20 min before TEM characterization (Figure 4k).

Regrowth of Ag on Ag-PTh Nanospiral. The Ag-PTh nanospiral
was immersed in AgNOs solution (23.5 mM, 200 uL) at 50 °C for
2 h. After centrifugation to remove the excess AgNOs, sodium
citrate (34 mM, 200 ul) and DMF (50 ul) were added. The
mixture was incubated at 90 °C for 2 h to allow the slow growth
of Ag. The product was purified by centrifugation at 2000g for
15 min.
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