Silver Chloride as a Heterogeneous
Nucleant for the Growth
of Silver Nanowires
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ABSTRACT Various additives are employed in the polyol synthesis of silver nanowires (Ag NWs),
which are typically halide salts such as NaCl. A variety of mechanistic roles have been suggested for these
additives. We now show that the early addition of NaCl in the polyol synthesis of Ag NWs from AgNO; in
ethylene glycol results in the rapid formation of AgCl nanocubes, which induce the heterogeneous
nucleation of metallic Ag upon their surfaces. Ag NWs subsequently grow from these nucleation sites. The

conclusions are supported by studies using ex situ generated AgCl nanocubes.
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much interest in recent years due to their
1-3

S ilver nanowires (Ag NWs) have received

electronic and optical properties.
Straightforward, high-yield syntheses of
one-dimensional Ag nanostructures are now
available,*™° and Ag NWs are typically pre-
pared by the polyol method.'® ?* Although
much progress has been made on elucidating
mechanistic aspects of the polyol synthesis of
Ag NWs, 1147192224 the role of the various
additives employed remains unclear. In this
paper, we show that the additive NaCl is
rapidly converted to AgCl nanocubes under
the conditions of the polyol synthesis. The
AgCl nanocubes subsequently induce hetero-
geneous nucleation of metallic silver on
their surfaces, initiating growth of Ag NWs.
A detailed understanding of this hetero-
geneous-nucleation process may ultimately
lead to rational control of Ag-NW diameters,
diameter distributions, and aspect ratios.
To our knowledge, the first polyol synthe-
sis of Ag NWs was reported by Xia and co-
workers."" In this method, silver nitrate is
titrated into a mixture of hot (150—180 °C)
ethylene glycol and polyvinylpyrolidone
(PVP). The ethylene glycol serves as both
the solvent and reducing agent, and PVP as
the surfactant.* Various additives, such as
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Ptc|2,11,13,15,18 AgCI,ZB NaCl,18,20,22,23,25727
AgBr,”® etc., are also commonly employed
and found to be crucial to the selective
formation of NWs.?? In some studies, initial
reduction of the additives to homogeneous
(Ag)'%'? or heterogeneous (e.g., Pt)' 131517
seeds were proposed, which subsequently
promoted the growth (on Ag seeds) or
heterogeneous nucleation (on Pt seeds) of
the Ag NWs.

Other studies claim that the halide com-
ponent of the above additives is the species
that controls Ag-nanoparticle morphologies.
In some, chloride ion is shown to selectively
etch away multiply twinned Ag particles in
the presence of oxygen,'®*>?%3% which is
proposed to hinder,®® or, conversely, to
promote?® Ag NW formation. The equilibri-
um reaction of Ag* and Cl~ (from NaCl) to
form AgCl has been proposed to buffer the
Ag™-ion concentration, limiting Ag nuclea-
tion events and thereby promoting the
growth of Ag NWs.2%2" Adsorption of Cl~ ions
to Ag nanoparticle surfaces has also been
proposed to provide electrostatic stabiliza-
tion, preventing nanoparticle agglomeration
and promoting Ag-NW growth,” 419252630 |
two studies, AgCl nanoparticles have been
referred to as “seeds,” but the precise role of

AT AN TS

* Address correspondence to
buhro@wustl.edu.

Received for review September 14, 2012
and accepted April 4, 2013.

Published online April 08, 2013
10.1021/nn400414h

©2013 American Chemical Society

3844

WWwWWw.acsnano.org



the seeds was left unclear. To date, a heterogeneous-
nucleation pathway involving AgCl nanoparticles has
not been elucidated. Clearly, a mechanistic study that
conclusively identifies the function of a NW-growth-
promoting additive is desirable, given the wide variety
of roles that have been proposed.

In this study, we monitored the polyol synthesis of
Ag NWs employing NaCl as the growth-promoting
additive. A combination of spectroscopy, microscopy,
and X-ray diffraction (XRD) allowed us to determine the
sequence of chemical, nucleation, and growth events
occurring in the process. The detailed pathway was
elucidated, which features the heterogeneous nucleation
of Ag on in situ generated AgCl nanocubes as a promi-
nent event. Control experiments were also conducted to
establish this heterogeneous nucleation as the origin of
the Ag NWs produced. An analogy to photographic
processing using silver halide emulsions, and insights
into optimizing Ag-NW growth are also discussed.

RESULTS

Description of the Synthetic Process. As in previous
studies, 820222325727 NaC| was used to promote Ag-
NW growth in the polyol synthesis. In a typical proce-
dure employing a comparatively large initial concen-
tration of NaCl (24 mM), a solution of PVP in ethylene
glycol was heated to 180 °C prior to addition of NaCl.
Equimolar quantities of NaCl and AgNOs were then
added to the hot solution, resulting in the instanta-
neous formation of a white precipitate. XRD patterns
(Figure 1a,b) obtained from aliquots of the mixture
established the precipitate to be AgCl, as has been
previously demonstrated.'820—2%27

The mixture was then stirred at 180 °C for 30 min,
which was found empirically to maximize the eventual
yield of Ag NWs. During this period the color of the
mixture turned from white to a creamy yellow, which
gradually darkened. XRD patterns of aliquots taken
at various times evidenced the formation of small
amounts of metallic Ag (Figure 1a,b). Spectroscopic
monitoring by UV—visible spectroscopy revealed the
emergence of the plasmon feature for metallic Ag at a
wavelength of 435 nm after 6 min (Figure 2), which
blue-shifted with time (435—402 nm).

Dropwise addition of a AgNOs solution was then
initiated. A series of color changes ensued. The mixture
became an olive color after about 10 min, and light
brown after about 12 min. Silver-gray opalescent swirls
appeared in the mixture after about 20 min, which
indicated the formation of Ag NWs as established by
SEM imaging (Figure 3b). The NWs were revealed to be
pentagonally twinned in higher-magnification images
(Figure S1), as has been previously reported.>* The
remainder of the AgNOs solution, if any, was added
at a faster rate at this stage.

Trials in which Ag-NW formation was observed prior
to the completion of AgNO; addition were typically
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Figure 1. XRD patterns of an aliquot taken from reaction
with (a) high NaCl concentration 1 min after initial addition
of NaCl and AgNOs (blue), (b) high NaCl concentration
25 min after initial addition of NaCl and AgNOs (purple),
(c) low NaCl concentration 1 min after initial addition of NaCl
and AgNO; (red) and (d) low NaCl concentration 25 min
after initial addition of NaCl and AgNO; (green). (e) XRD
pattern of presynthesized AgCl nanocubes (black). Asterisks
identify reflections from metallic Ag.
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Figure 2. UV—visible spectra of aliquots removed from
reaction mixtures at various times. The solid curves corre-
spond to a high NaCl concentration experiment, and the
dashed curves to a low NaCl concentration experiment.

accompanied by the formation of a lump of precipitate
that was visually distinct from the dispersion of Ag
NWs. Analysis of the lump material showed it to
contain a vanishingly small amount of PVP, and to
consist of AgCl (61.3 & 0.7 mol %) intermixed with a
smaller amount of metallic Ag (38.7 + 0.7 mol %; see
the Experimental Section). Predictably, the yield of Ag
NWs was decreased by this byproduct-lump formation
(see text below and Table 1).
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The procedure was also conducted using a smaller
initial concentration of NaCl (1.1 mM). In this case a
white AgCl precipitate was not evident upon addition
of equimolar quantities of NaCl and AgNOs to the PVP
solution at 180 °C. Instead, a clear yellow solution
formed. To establish the presence or absence of AgCl,
the reaction was discontinued in two trials during the
30-min stirring period. After the reaction mixtures
cooled, acetone was added, resulting in dark precipi-
tates. XRD patterns of these precipitates (Figure 1¢,d)
established the presence of AgCl as the dominant
phase, with smaller amounts of metallic Ag. The reac-
tion, when continued as described above for the high-
NaCl-concentration procedure, underwent a similar
series of color changes upon further addition of
AgNOs. SEM images (Figure 3a) established the forma-
tion of Ag NWs as above.

Elemental analysis of a representative Ag-NW pro-
duct showed that it contained no detectable PVP,
establishing its removal in the workup procedure.

Figure 3. SEM images of purified wires synthesized with
(a) low NaCl concentration, (b) high NaCl concentration. The
scale bars are 10 um.

XRD analyses revealed that the Ag NWs contained
varying amounts of residual AgCl, which scaled with
the initial concentration of NaCl and the successful
separation of the byproduct lump (if any). Syntheses
employing a low initial NaCl concentration gave Ag-NW
product yields of up to 93%, with a AgCl contamination
of <1% (Table 1). In contrast, syntheses employing a
high initial NaCl concentration gave lower Ag-NW pro-
duct yields of 40—60%, with a AgCl contamination as
high as 24% (Table 1). Lump formation was much less
common in trials conducted at low initial NaCl concen-
tration. The residual AgCl was removed by washing the
Ag-NW product with aqueous NH4OH, as confirmed by
XRD (Figure S2). An SEM image of washed material
confirmed that the Ag NWs were unaffected (Figure S3).

Reaction Monitoring by SEM and TEM. An aliquot from a
reaction mixture was taken during the 30-min stirring
period after addition of equimolar quantities of NaCl
and AgNO; (high-concentration trial). SEM images
revealed faceted nanocrystals having cuboidal, cub-
octahedral, and related morphologies (Figure 4a). We
surmised these nanocrystals to be composed of AgCl,
which was the major phase found by XRD (Figure 1a, b).
SEM images obtained from aliquots from a low-
concentration trial at the same reaction stage also
contained cuboidal and cuboctahedral nanocrystals
(Figure 4b), although the size distribution was shifted
toward smaller sizes.

SEM images of the nanocrystals harvested in situ
were compared to those of independently synthesized
AgCl nanocrystals®' (XRD pattern in Figure 1e) to
provide further verification of their identity. As shown
in Figure 4c, the independently synthesized AgCl
nanocrystals exhibited closely similar morphologies.
Elemental analyses by energy-dispersive X-ray spec-
troscopy (EDS) found both Ag and Cl, although the
ratios were unreliable due to the instability of the
nanocrystals under the electron beam. Under irradia-
tion, small nodules of metallic Ag were observed to
form on the AgCl nanocrystals, as the Ag:Cl ratio
continued to increase with irradiation time (Figure
S4). This instability was further visualized by comparing
regions in the images that had been rastered by the
electron beam with regions that were minimally ex-
posed. The exposed regions were visibly darker due to
metallic-Ag formation (Figure S5).3

TABLE 1. Ag and AgCl Reaction Yields Based on AgCl Source and Concentration, and Ethylene Glycol Purity

concentration of AgCl (mM) % yield Ag® % yield AgQl”
11 92.7 £0.18 0.82 £+ 0.13
24 401.2+£073 242 £ 055
0.36° 87.9 £ 021 0.55 £ 0.16
11 79.8 £ 023 0.82 £+ 0.17
24 56.9 £ 0.09 4.29 £ 0.06

reaction products ethylene glycol used

Ag NWs (See Figure S8) Aldrich®
Ag NWs and lump intermixed (See Figure S9) Aldrich®
Ag NWs and separate lump Aldrich”
Ag NWs and separate lump J. T. Baker”
Ag NWs and separate lump J. T. Baker”

“The reaction yields of the products before washing with NH,OH. ® Using presynthesized AgCl nanocubes.  Ethylene glycol from Aldrich had no certificate of analysis. ¢ The
impurities listed in the ethylene glycol from J. T. Baker are as follows: CI, max. 5 ppm; Fe, max. 0.200 ppm.
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Figure 4. SEM images of (a) an aliquot removed from a high
NaCl concentration reaction, (b) an aliquot removed from a
low NaCl concentration reaction, and (c) independently
synthesized AgCl nanocubes. The scale bars are 1 um.

TEM imaging of the independently synthesized
AgCl nanocrystals gave similar results. Electron-beam
damage of the nanocubes ensued immediately upon
beam focusing, resulting in metallic-Ag nanoparticle
formation on the cube surfaces (Figure 5a). Thus,
images of pristine AgCl nanocubes were difficult to
obtain (as in Figure 4c). In certain specimens, syn-
thesized at lower HCl concentrations,' filaments of
metallic Ag were found to emanate from the AgCl
cubes upon electron-beam exposure (Figure 5b), sug-
gesting the initiation of NW growth. One can imagine
such filaments developing into Ag NWs under reaction
conditions (see below).

AgCl nanocubes harvested from a Ag-NW synthesis
during the 30-min stirring period were also examined
by TEM (Figure 5c,d). The images of the nanocubes
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Figure 5. TEM images of nodules and filaments of Ag
growing from AgCl cubes upon e-beam exposure; (a and
b) independently synthesized AgCl cubes, (c and d) AgCl
nanocubes from reaction mixtures employing added NaCl.

resembled those of the independently synthesized
Agdl (Figure 5a,b), exhibiting Ag particles and filaments
on the cube surfaces. As above, the majority of the Ag
surface decoration formed upon beam exposure in the
TEM. The XRD and UV—visible-spectroscopic monitoring
experiments described above established some Ag for-
mation during the 30-min stirring period. However, the
resulting Ag nanostructures were obscured by the rapid
Ag formation under the electron beam, and thus could
not be imaged due to the extreme beam sensitivity of
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Figure 6. A TEM image of AgCl nanocubes generated in a
reaction mixture employing added NaCl. The dark nodules
decorating the nanocubes are Ag nanoparticles. In the inset
cartoons, the AgCl nanocubes are depicted in red and the
Ag nanoparticles in blue.

the AgCl nanocubes. Although direct evidence was
therefore lacking, we presumed that the Ag initially
formed under the reaction conditions was deposited
on the surfaces of the AgCl nanocubes.

Another aliquot was taken from a low-NaCl-
concentration Ag NW synthesis during the AgNO;
dropwise-addition period, prior to the visual observa-
tion of silver-gray opalescent swirls indicative of ex-
tensive NW growth. ATEM image taken of the aliquot is
shown in Figure 6. The image reveals comparatively
large Ag nodules on the faces and vertices of the AgCl
nanocubes. In Figure 6, the AgCl nanocubes appear to
be colorless with gray patches, whereas the Ag nodules
appear to be considerably darker. We have inserted
cartoon representations into the Figure-6 image to
assist the visualization of these nanostructures. As
above, the majority of the Ag-nodule formation oc-
curred in the microscope under e-beam exposure.
However, the pattern of Ag-nodule decoration on the
cubes presumably resulted from an underlying pattern
of pre-existing Ag nuclei present on the cubes prior to
beam exposure.

A related aliquot from a low-NaCl-concentration Ag
NW synthesis was examined by SEM, prior to the visual
observation of silver-gray opalescent swirls indicative
of extensive NW growth (Figure 7). Small AgCl cubes
with Ag-nodule decoration like those in Figure-6 TEM
images were observed in the Figure-7 SEM images as
well. Additionally, the Figure-7 SEM images clearly
showed that short segments of Ag NWs were begin-
ning to form. Careful inspection revealed that these
NW segments were generally adhering to a AgdCl
nanocuboid, to which was also attached >4 Ag nano-
particles. Several such nanostructures are identified by
arrows in Figure 7, and one is rendered in cartoon form

SCHUETTE AND BUHRO

Figure 7. SEM images taken of an aliquot from a reaction
mixture employing added NaCl (low-concentration trial).
The aliquot was removed 5 min after the start of dropwise
addition of AgNO;3 solution. The arrows mark Ag NWs
emanating from AgCl nanocuboids (see text). One such
nanostructure is depicted in cartoon form. The scale bars
are 1 um.

to aid in visualization. The results strongly suggested
that Ag NW growth resulted from elongation of a Ag
nodule formed on the AgCl nanocube at the earlier
stage represented by the Ag-nodule-decorated nano-
cubes evident in both Figures 6 and 7. Generally, only a
single Ag NW was found emanating from a nanocube
cluster.

A related aliquot was taken from a high-NaCl-
concentration Ag NW synthesis, 10 min after the stirring
period, during the dropwise AgNO5 addition, and prior
to extensive NW growth. SEM images (Figure 8) re-
vealed aggregated piles of large Ag nanoparticles,
which in some cases appeared to be remnants of
formerly cubic structures. Such pseudocubic piles ap-
parently resulted from the reduction of large AgCl
cubes to Ag particles. One or more Ag NWs were
infrequently found to emanate from these nanoparti-
cle piles, in a manner reminiscent of the clearer results
in Figure 7.

Small AgCl nanocubes like those evidentin Figure 7
were absent from images like those in Figure 8. More-
over, a reexamination of Figure 7 showed that the
smaller AgCl nanocubes were more likely to nucleate
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Figure 8. SEM images taken of an aliquot from a reaction
mixture employing added NaCl (high-concentration trial).
The aliquot was removed 10 min after the start of dropwise
addition of AgNOj; solution. The scale bars are 1 um. The
arrows identify piles of Ag nanoparticles that may be
remnants of large AgCl nanocubes.

Ag NWs than were the larger AgCl nanocubes also
evident in Figure 7. The results were consistent
with the final NW images in Figure 3, which revealed
that the low-NaCl-concentration synthesis was more
selective for NW growth (Figure 3a). The high-NaCl-
concentration synthesis (Figure 3b) contained a larger
Ag nanoparticle fraction and a broader diameter dis-
tribution for the Ag NWs. Thus, the small AgCl nano-
cubes produced at low NaCl concentration were more-
effective nucleating agents for Ag NW growth.

Ag NW Growth from Presynthesized AgCl Nanocubes. The
results above suggested that the Ag NWs were nu-
cleated by the AgCl nanocubes, or, more precisely, that
they were grown from the Ag nanoparticles them-
selves heterogeneously nucleated upon the AgdCl
nanocubes. If so, then the direct addition of presynthe-
sized AgCl nanocubes should be sufficient to induce
NW growth, without the NaCl additive. Synthetic trials
were conducted as above, with the addition of disper-
sions of presynthesized AgCl nanocubes (Figure 4c) in
place of the initial, equimolar quantities of AgNO3 and
NaCl. Color changes and other experimental observa-
tions paralleled those described above.

An SEM image of an aliquot taken 23 min after the
start of dropwise AgNO; addition is shown in Figure 9a.
Ag NWs were observed to have grown from AgCl
nanocube surfaces. An SEM image of the purified Ag

SCHUETTE AND BUHRO

Figure 9. (a) SEM image taken of an aliquot from a reaction
mixture employing presynthesized AgCl nanocubes. The
aliquot was removed 23 min after the start of dropwise
addition of AgNO3 solution. The scale bar is 1 um. (b) SEM
image of purified Ag NWs obtained from a synthesis employ-
ing presynthesized AgCl nanocubes. The scale bar is 10 um.

NW product is shown in Figure 9b. The results estab-
lished that AgCl nanocubes were necessary and suffi-
cient for the growth of Ag NWs.

The yields of the Ag NWs grown with the presynthe-
sized AgCl nanocubes approached 90%, and were thus
comparable to the best yields obtained from low-NaCl-
concentration trials (Table 1). The NWs were obtained
with minimal AgCl contamination (Table 1). The quality
of the product in selectivity for NW formation and
diameter distribution (Figure 9b) was equal to or
surpassed that achieved in the low-concentration-Nacl
synthesis (Figure 3a).

Supporting Evidence for Heterogeneous Nucleation. If
heterogeneous nucleation on AgCl nanocubes was
the primary nucleation mechanism for Ag NWs, then,
with a constant amount of AgNO; additive (after AgCl
formation), the length of the Ag NWs should anti-
correlate with the number of AgCl nanocubes present.
Smaller numbers of AgCl nanocubes should on average
produce longer wires. If one assumes that high initial
AgCl concentrations produce larger numbers of AgCl
nanocubes than do low initial AgCl concentrations, then
the low NaCl-concentration trials should produce longer
wires than do the high NaCl-concentration trials. This
hypothesis was experimentally tested.

The Ag NW length distributions from representative
high (blue) and low (red) NaCl-concentration trials are
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Figure 10. A histogram showing the dependence of Ag-NW
length on the mole ratio of Ag to AgCl in the reaction
mixture. The mole ratio of 2.38 corresponds to a high
NaCl-concentration reaction and the mole ratio of 51.3
corresponds to a low NaCl-concentration reaction. The
mean lengths were 2.2 yum + 60% and 11.4 um + 50%,
respectively.

plotted in Figure 10. These distributions were con-
structed using random length measurements obtained
from SEM images. The measurements were collected
from specimens having low NW-coverage densities
such that individual NWs were readily discerned in
the images. The mean NW length from the high-
concentration trial was 2.2 um with a standard devia-
tion in the distribution of 1.3 um, or 60% of the mean
length. The mean length from the low-concentration
trial was 11.4 um with a standard deviation in the
distribution of 5.7 um, or 50% of the mean length. The
low-concentration trial produced markedly longer
mean Ag NW lengths, consistent with expectation for
a primary heterogeneous-nucleation mechanism.

Control Experiments. Previous studies of the polyol
synthesis of Ag NWs established that halide additives
such as NaCl were essential to the selective formation
of NWs rather than other Ag nanoparticle morphol-
ogies.'®?2 To confirm the necessity of added chloride
(as NaCl) under our conditions, we conducted a control
experiment (using Aldrich ethylene glycol) in which
NaCl was omitted, but our other reaction parameters
were unchanged. An SEM image of the resulting
product established that selectivity for NW formation
was lost (Figure S6a). Instead, a complex mixture of
nanoparticle morphologies was observed with a very
small proportion of Ag NWs, which were comparatively
short. Thus, NaCl addition was shown to be essential to
NW selectivity under our conditions as well.

A second control experiment was conducted to
examine the role of the second (dropwise) AgNO;
addition. As detailed above, AgNOs was added in two
fractions in our procedure. The initial addition with
NaCl was to promote AgCl-nanocube formation, and
the second addition was to promote Ag NW growth.
However, one may note that AgCl contains Ag™, and
was therefore a potentially sufficient source to support
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NW growth, without the second addition of AgNOs.
A synthetic trial in which this second addition was
omitted but our other reaction parameters were main-
tained (for high NaCl concentration) failed to produce
Ag NWs (Figure Séb). The product contained a large
fraction of AgCl nanocubes intermixed with various Ag-
nanoparticle morphologies. The result established that
the primary source of Ag™ to support NW growth was the
AgNO; added dropwise in the second fraction,'’ after
AgCl-nanocube formation was complete.

Another control experiment demonstrated the im-
portance of the 30-min stirring period after in situ
generation of the AgCl nanocubes. As described
above, the formation of small amounts of metallic Ag
was observed during this period, as determined by
XRD and absorption spectroscopy (Figures 1 and 2). We
surmised that this Ag formed upon the surfaces of the
AgCl nanocubes (see above), providing nucleation
sites for subsequent NW growth. A trial in which the
30-min stirring period was omitted gave a mixture of
Ag-nanoparticle morphologies without selectivity for
NW growth (Figure S6c). The result suggested that the
AgCl nanocubes were activated for NW growth by
surface-Ag formation during the stirring period.

A final set of control experiments was con-
ducted using high-purity ethylene glycol (<5 ppm Cl,
<0.200 ppm Fe) from J. T. Baker for Ag NW growth. The
reaction yields were similar to those from syntheses
employing Aldrich ethylene glycol (Table 1). SEM
images (Figure S7a,b) of the NWs showed comparable
Ag-NW quality and selectivity to NWs grown in Aldrich
ethylene glycol. Thus, our synthetic results were not
significantly influenced by impurities that may have
been present in the Aldrich ethylene glycol.

DISCUSSION

Four observations strongly indicate that the role of
the NaCl additive is to generate AgCl nanocubes, which
serve as heterogeneous nucleants for Ag NW growth.
(1) Synthetic trials lacking a chloride additive, and
therefore AgCl nanocubes, failed to give Ag NWs,
producing Ag nanoparticles having other morpholo-
gies instead.'®?? (2) AgCl nanocubes generated inde-
pendently and added to the syntheses were active for
nucleating Ag NWs, functioning in the same manner as
the AgCl nanocubes generated in situ by NaCl addition.
(3) Images of Ag NWs nucleated on and growing from
AgCl nanocubes were obtained. (4) The lengths of
the Ag NWs were anticorrelated with the quantity
and presumed number density of AgCl nanocubes, as
expected for a heterogeneous-nucleation mechanism.
The heterogeneous-nucleation and growth process
elucidated here is summarized in Scheme 1.

The Scheme 1 pathway bears close similarity to the
photographic process employing silver-halide emul-
sions.**3* When silver-halide crystallites in the emul-
sions are exposed to light, mobile Ag" ions in the
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Scheme 1. Depiction of the heterogeneous nucleation and
growth pathway for Ag NWs.

lattice are reduced by photogenerated electrons. Small
Ag, clusters are formed on the crystallite surfaces,
which constitute the (invisible) latent image. At the
same time, the photogenerated holes convert halide
ions to dihalogen. The latent image is developed by
treating the exposed emulsion to a reducing agent.
The Ag,, clusters catalyze the complete reduction of the
exposed AgX crystallites to metallic Ag. The critical,
developable cluster size is believed to be Ag,, such that
the unexposed AgX crystallites are not reduced in
development, and remain unreacted. The resulting
distribution of metallic Ag particles within the AgX
emulsion forms the photographic image.

In the present work, addition of NaCl and AgNO; to
the polymer solution results in the immediate formation
of AgCl nanocubes. These are generated in hot ethylene
glycol, which is the reductant, and small Ag, clusters
and nanoparticles are formed on the nanocube surfaces

EXPERIMENTAL SECTION

General Methods. All syntheses were conducted under ambi-
ent conditions. Anhydrous ethylene glycol (99.8%, Aldrich),
ethylene glycol (>99.0%, J. T. Baker), AgNOs (99+%, Aldrich),
polyvinylpyrrolidone (PVP, MW =~ 55000, Aldrich), sodium
chloride (99+%, Aldrich), ammonium hydroxide (28.0—
30.0 w/w %, Fisher Scientific), and acetone (reagent grade,
Aldrich) were used as received without further purification.
Si(111) wafers were purchased from Aldrich. Deionized water
was used in all procedures.

AgCl nanocubes were prepared according to a previously
reported method.?’ The white precipitate obtained from the
synthesis®’ was then washed with water and acetone to remove
the excess ethylene glycol and PVP, and was then vacuum-dried
for 3—4 h. The overall reaction yield varied from 27 to 67%. The
AgCl nanocubes were then suspended in 5 mL of ethylene
glycol. The resulting stock AgCl dispersions were generally used
within a week of preparation.

SEM images were collected using a JEOL 7001LVF FE-SEM
with an acceleration voltage of 15 kV. TEM images were
collected using a JEOL 2000 FX microscope with an acceleration
voltage of 200 kV. To prepare SEM samples, a few drops of the
purified product (diluted in water) were drop casted onto the
Si(111) wafer and air-dried. To prepare the TEM samples, TEM
grids (copper, coated with holey carbon film, from Ted Pella)

SCHUETTE AND BUHRO

during the subsequent stirring period (Scheme 1). These
clusters and nanoparticles may be “developed” by ex-
posure to an electron beam in a microscope, or by
continued reduction under the reaction conditions.
Several large Ag nanoparticles typically form on each
AgCl nanocube. Some of these Ag nanoparticles be-
come pentagonally twinned. Such twinned nanoparti-
cles were previously shown to grow anisotropically into
pentagonally twinned NWs by addition of Ag to the
remote tip.>* Although both the added AgNO; and the
AgCl nanocubes are sources of Ag™ to feed the reduc-
tion process, the second, dropwise addition of AgNO3 is
primarily responsible for NW growth. Even so, the AgCl
nanocubes become degraded and partially consumed
by reduction, eventually releasing the attached Ag NWs
and nanoparticles. The NWs and nanoparticles are
separated in the workup procedure.

CONCLUSIONS

In summary, the role of the NaCl additive, and by
analogy other alkali halide additives that have also
been employed in polyol Ag NW syntheses, is to
generate heterogeneous nucleants in the form of Ag-
halide nanocubes. The results reported here establish
that the smaller AgCl nanocubes are more-potent
heterogeneous nucleants that afford higher selectivity
for Ag NW growth and narrower NW diameter distribu-
tions. Consequently, improved synthetic control might
be achieved by the use of small, presynthesized AgCl
nanocubes rather than those generated in situ from
chloride additives. Efforts are currently underway in
our laboratory to determine which reaction param-
eters may be varied to control Ag NW mean diameter
and length.

were dipped into the reaction solution or purified Ag NWs
(diluted in water) and air-dried.

XRD patterns were collected on Rigaku DmaxA diffrac-
tometer using Cu Ka radiation (4 = 1.541 845 A) and Materials
Data, Inc. (MDI) software, and were processed using the JADE
software package. To prepare the XRD samples, a few drops of a
sample dispersion were drop casted onto the glass XRD sample
holder and dried in the fume hood overnight. The process was
repeated until a uniform layer was visible. Refinements of XRD
data to quantify phase composition were performed using
Powdercell 2.4 freeware. >

UV—visible spectra were acquired using a Varian Cary 100
Bio UV—uvisible spectrophotometer. Samples were prepared by
adding 10 drops of the reaction mixture and 3 mL of water into a
glass cuvette. Elemental analyses for C, H, and N were con-
ducted by Galbraith Laboratories, Inc. (Knoxville, TN).

Synthesis of Silver Nanowires (Ag NWs). The procedure was
adapted from a previously reported synthesis."’ PVP (334 mg,
3.0 mmol) was dissolved in ethylene glycol (20 mL) and refluxed
with stirring in an oil bath at 180 °C. The reaction mixture was
maintained under these conditions for 5 min, and then varying
amounts of NaCl and AgNOs, or alternatively AgCl nanocubes,
were added, as described below:

(a). High-Concentration Addition of NaCl and AgNOs. Ethyl-
ene glycol solutions of NaCl (1.2 mL, 0.43 M) and AgNOs (1.2 mL,
0.43 M) were simultaneously injected into the stirring, hot
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reaction mixture to achieve a final AgCl concentration of 24 mM.
The procedure continues in part d below.

(b). Low-Concentration Addition of NaCl and AgNO;s. Ethyl-
ene glycol solutions of NaCl (50 uL, 0.43 M) and AgNOs; (50 uL,
0.43 M) were simultaneously injected into the stirring, hot
reaction mixture to achieve a final AgCl concentration of
1.1 mM. The procedure continues in part d below.

(c). Addition of Presynthesized AgCl Nanocubes. A stock
dispersion of AgCl was sonicated for a few seconds prior to
use. An aliquot was removed from the dispersion (0.5 mL,
0.2—0.4 M) of AgCl) and injected into the stirring, hot reaction
mixture to achieve a final AgCl concentration of 4.8—9.8 mM.
The procedure continues in part d below.

(d). Growth and Purification of Ag NWs. The reaction mixture
obtained from part a, b, or c above was refluxed for an additional
25 min with stirring. Then, a AgNOs solution (10 mL, 0.12 M) was
added dropwise at a rate of 25 mL/h while maintaining reflux
and stirring. Silver-gray opalescent swirls of precipitate were
observed within 15—20 min of the addition period, indicative of
Ag NW formation. At that point, the addition rate was increased
to complete addition within 1 min. The mixture was then
refluxed for an additional 15 min.

The reaction mixture was allowed to cool to room tempera-
ture. H,O (100 mL) was added to the mixture. Fractions of the
mixture (10—12 mL) were successively removed and centri-
fuged on a benchtop unit. The precipitated Ag NWs were
collected and combined, and the yellow supernatant fractions
were discarded. The mass yield was recorded, and analyzed as
described below.

(e). Yield and Characterization of Ag NWs. Elemental analysis
of a representative Ag-NW specimen from the synthetic proce-
dures above revealed a negligible amount of residual organics
(C, <0.5%; H, <0.5%; N, <0.5%), indicating that the PVP was
removed by the workup procedure (part d, above). XRD patterns
of Ag NWs showed reflections from both Ag and AgCl (Figures
S8 and S9), in relative amounts that varied with the synthetic
procedure. The XRD data were refined to quantify the Ag and
AgCl volume fractions. The refinements produced fitted sum
patterns (Figures S8, S9) and the volume percentages of Ag and
AgCl in the specimens. Three separate refinement runs were
performed on each XRD pattern analyzed, and the results were
averaged. These values were used with the recorded product
masses to provide the percent yields reported in Table 1.

The residual AgCl in the specimens was removed by the
following procedure. A Ag-NW product was redispersed in
water (5 mL) and aqueous NH,OH (2 mL, 28.0—30.0 w/w %)
was added to the dispersion. The dispersion was shaken and
then centrifuged. The precipitated Ag NWs were collected and
the supernatant was discarded. XRD patterns (Figure S2) ob-
tained of the Ag NWs after this wash confirmed the removal
of AgCl.

Trials in which the dropwise addition of the AgNO; solution
was incomplete when the formation of Ag NWs was observed
(by visualization of gray opalescent swirls) resulted in the
formation of a solid lump of byproduct. In some cases, this
lump was sufficiently large (0.3—1.0 cm diameter) to be easily
manually separated from the Ag NWs, while in other cases, it
broke up into smaller pieces and became intermixed with the
Ag NWs. Trials in which the dropwise addition of the AgNO;
solution was completed before the Ag NW growth was ob-
served did not produce such a byproduct lump. Elemental
analysis of a representative lump revealed small amounts of
residual organics (C, 1.36%; H, <0.5%; N, <0.5%). An XRD pattern
(Figure S10) of the lump showed it to be a mixture of AgCl
(80.4 vol %) and Ag (19.6 vol %). As shown in Table 1, the trials that
did not produce a lump had higher yields of Ag NWs. Additionally,
the amount of residual AgCl in the Ag-NW product was lower in
reactions that had a separable lump. Trials employing a lower
initial NaCl concentration also produced a lower yield of AgCl,
and a higher yield of Ag NWs.
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