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1 Introduction

In recent years, silver nanowires (Ag NWs) have
garnered considerable research attention because of
their unique optical, mechanical, electrical, and thermal
properties, [1-5] and have been extensively inves-

ABSTRACT

Mass production of high-quality silver nanowires (Ag NWs) is of significant
importance because of its potential applications in flexible transparent conductive
devices. Halogen ions have been widely used for the synthesis of Ag NWs;
however, owing to the lack of a deep insight into heterogeneous nucleation
processes, usually a trace feeding amount (e.g. [Cl'] < 0.25 mM) is used, which
in turn lowers the concentration of precursor ([Ag']). Here we systematically
investigated the nucleation and growth behavior of Ag NWs and concluded
that the number of heterogeneous nucleation sites was determined by the total
surface area of AgCl seeds, which indicated a linear relationship between the
concentrations of Ag" and Cl” during precipitation. Based on this mechanism,
we successfully produced high-quality Ag NWs with Ag* concentrations which
were 20 times higher for a polyol system and 5 times higher for an aqueous system
as compared to that in the previously reported strategies. Besides, by tailoring
the heterogeneous nucleation sites by controlling the size of the AgCl seeds,
the diameters of the final Ag NWs could be well controlled even at high Ag"
concentration. Based on the mechanistic understandings, this synthetic strategy
could be extended to other AgX-seeds (X =Br", I and SOf") and the basic principles
can be applied to help rational synthesis of other high-yield metal NWs with
tunable sizes.

tigated as building blocks of flexible transparent
conductive films (TCFs) [6-12]. Hence, the mass
production of high-quality Ag NWs has evolved as an
active research area during the past few decades. Of
the various synthesis methods used for the preparation
of Ag NWs, [1, 13-17] the polyol method [1, 13, 14]
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has been widely studied.

It is well known that Ag NWs possess a multi-twinned
structure [14-17] with a pentagonal cross section, and
the chemical potential (driving force) for the growth
should be finely controlled since the twin defect means
the highest energy site. Thus, the stabilization of the
multi-twinned structure and keeping the precursor
concentration low enough to avoid self-nucleation
are key requirements for the preparation of Ag NWs.
However, low precursor concentration results in
lower utilization of solvent and surfactant, which in
turn increases the cost of large-scale production of
Ag NWs. This issue needs to be addressed for a facile
large-scale production of Ag NWs with high con-
centration of Ag" in order to realize their practical
applications.

Many efforts have been made to solve the above
problem. A probable solution is to introduce noble
metal nanoparticle seeds (e.g. Pt or Pd) to direct the
growth of Ag NWs [1, 18]; however, the cost still
remains high and the concentration increase of the
resulting NWs is not guaranteed. Alternatively, intro-
ducing halide salts such as chloride (NaCl, CuCl,)
[19, 20] or bromide (NaBr) [21, 22] as heterogeneous
nuclei to form AgX (X = Cl or Br), has been demon-
strated to be an effective way to promote the formation
of Ag NWs [16, 20, 23-27]. However, owing to the lack
of a deep insight into heterogeneous nucleation pro-
cesses, usually a trace amount of halide salts is added
(<0.25 mM) [13, 19, 20]. Furthermore, the corresponding
[Ag'] has been found to be as low as 1.2 mM for
aqueous systems and ~23 mM for polyol systems, thus
rendering this approach impractical [13, 16]. Therefore,
increasing the amount of the halide salt added while
balancing the relationship with other parameters such
as the precursor concentration, solvent, or reductant,
has become a great challenge to program the growth
behavior of Ag NWs, and it is therefore important to
develop a rational approach for the facile and large-
scale preparation of Ag NWs.

Herein, we investigated the concentration law
of CI' in the hydrothermal synthesis of Ag NWs.
Different amounts of CI” were introduced into the
AgNO; solution with different concentrations to tune
the molar ratio of ClI/Ag" in order to probe the
growth mechanism of Ag NWs. A linear relationship
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between [C]'] and [Ag*] was observed under optimized
high-yield synthesis conditions. The trend could still
be observed when the final Ag NW concentration
was 5-20 times higher than that used traditionally in
either aqueous or polyol systems. The strategy could
also be successfully extended to polyol systems by
using CI', Br', I', and SOj ions. Besides, by tailoring
heterogeneous nucleation sites, which is done by
controlling the size of AgX seeds, the diameters of the
final Ag NWs could be well controlled even in high
concentration conditions. Thus, the synthetic strategy
studied here can significantly lower the cost of the
scaled-up production of Ag NWs, and the basic concept
should motivate high yield mass production of similar
metal NWs.

2 Experimental
2.1 Chemicals and materials

Silver nitrate (>99%), glucose (AR grade), anhydrous
ethylene glycol (EG, 99.8%), polyvinylpyrrolidone (PVP)
(AR grade, My, ~ 58,000, PVP-58000), PVP-1300000 (AR
grade, My ~ 1,300,000), sodium bromide (AR grade),
sodium sulfate (AR grade), and sodium chloride (AR
grade) were purchased from Beijing Chemical Reagents
Company. Anhydrous ethanol (HPLC grade) and
18 MQ) deionized water were used as dispersion media.
All reagents were used as-received without further
purification.

2.2 Synthesis of silver nanowires by hydrothermal
method

In a typical synthesis procedure, 1 g of glucose, 1g
of PVP-1300000, and 0.17 g of AgNO; were dissolved
in 35 mL of deionized water to form a clear solution.
0.83 mL of 0.1 M NaCl solution in deionized water
was added into the aforementioned mixture. Then
the mixture was transferred to a 50 mL Teflon-sealed
autoclave and heated at 140 °C for 18 h. Upon cooling
to room temperature, the reaction mixture was washed
thrice with deionized water. A final dispersion of Ag
NWs in deionized water was thus obtained. In control
experiments, we simply adjusted the addition amounts
of AgNO; and NaCl, while maintaining the other
conditions constant.

www.theNanoResearch.com | www.Springer.com/journal/12274 | Nano Research



1534

2.3 Synthesis of silver nanowires by polyol method

In a typical synthesis procedure, 6 mL of AgNO;
solution (0.1 M in EG) and 3 mL of PVIP-58000 solution
(0.6 M in EG) were added rapidly into 14 mL of EG.
Subsequently, 70 uL of NaCl solution (0.1 M in EG)
was added slowly into the aforementioned mixture
under stirring. The reaction was then performed at
140 °C for 1 h under stirring. Upon cooling to room
temperature, the solutions were washed thrice with
ethanol. A final dispersion of Ag NWs in deionized
water was thus obtained. In the control experiments,
we simply replaced NaCl solution with NaBr (0.1 M
in EG), Nal (0.1 M in EG), and Na,SO, (0.1 M in EG)
solutions, while maintaining the other conditions
constant.

3 Results and discussion

3.1 The optimized preparation of Ag NWs with
hydrothermal method

We used aqueous-based synthesis of Ag NWs as a
model system to investigate the multiple role of CI".
Glucose (1 g), polyvinylpyrrolidone (PVP-1300000,
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1g) [28] and AgNO; were used as the reductant,
surfactant, and precursor, respectively. Figure 1(a)
plots the relationship between the concentration of
added CI" (NaCl) and the corresponding optimized
[Ag'] (AgNQO;). It should be noted that the yield of Ag
NWs should be higher than 95% under “optimized”
conditions after the repeated experiments. Due to a
fast reaction between Ag* and CI” white precipitates
were obtained when CI” was introduced to AgNO;
solution before hydrothermal treatment. Digital photos
(Fig. 1(a), inset) show three typical samples with low
(5.7 mM Ag* and 0.14 mM CI'), medium (14 mM Ag*
and 0.91 mM CI'), and high (28 mM Ag* and 2.36 mM
CI') concentrations, respectively. The amount of AgCl
precipitates so obtained increased with an increase in
the addition amount of CI". Furthermore, the color of
the AgCl precipitates became whiter as the addition
amount of CI” increased. The solutions turned green
after the reaction.

Figure 1(b) shows the UV-vis extinction spectra of
the five obtained samples. All the samples show two
characteristic surface plasmon resonance (SPR) peaks
at 355 and 378 nm, indicating the formation of Ag
NWs [1, 29]. Meanwhile, the sharp peaks indicate the

— A 5.7mMAg*
— B 85mMAg*
— C14mMAg*
D 21 mMAg*®
E 28 mM Ag*

5 10 15 20 25
[Ag*] (mM)

e
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Figure 1 (a) The relationship between the concentration of CI” and Ag" for the case of the maximum yield of Ag NWs with different

Ag" concentrations. Inset: photos of reaction solutions obtained by adding different amounts of CI~ with different Ag" concentrations.
(b) UV—vis spectra of Ag NWs prepared with different Ag" concentrations. (c) SEM image of Ag NWs. (d) Magnified TEM image of Ag

NWs.
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formation of high quality Ag NWs with few nano-
particles [1,3]. The large-scale scanning electronic
microscopy (SEM) image (Fig. 1(c)) of the sample
(point E) prepared with a [Ag*] of 28 mM confirmed
the formation of high quality Ag NWs with a mean
length of 60 + 5 um. The mean diameter of Ag NWs
was found to be 33 + 2nm as observed from the
magnified transmission electron microscopy (TEM)
image (Fig. 1(d)). Hence, unlike “traditional” synthesis
routes that use trace amounts CI” (0.25 mM) [16], the
present method afforded Ag NWs in high-yield even
when the aqueous phase concentration of CI" and Ag*
ions was increased 9 and 20 times, respectively.

In order to investigate the relationship between
the [CI'] added and [Ag'] in the resulting NWs, we
performed linear regression (Fig. 1(a), black line) for
the experimental data as

[CI]=a[Ag"] +D )

For the fitted line, R, was found to be 0.9921, indicating
that the five points could be fit well to a linear
relationship. The fitting parameters a and b were
calculated to be 0.1032 and -0.488, respectively. As
[Ag'] and [CI] followed a linear relationship, we could
increase the concentration of Ag precursor ([Ag']) to
synthesize Ag NWs by increasing [Cl'] added and
vice versa. For extremely low concentrations of Ag
precursor, only a trace amount of CI” ions was intro-
duced, which is in good accord with the “traditional”
synthesis methods for the growth of multi-twinned
Ag NWs [14-17]. Thus, a low chemical potential
(driving force) could be maintained for the growth
of Ag NWs at high [Ag'] by increasing the amount
of CI" ions added. The trend could not be further
extended to even higher concentrations because the
precursive AgCl precipitates would not be stable at
these concentrations.

3.2 The growth behavior of Ag NWs

To investigate the role of the “large” amount of intro-
duced CI” ions for the formation of highly concentrated
Ag NWs, we monitored the initial nucleation and
morphology evolution of Ag NWs synthesized using
parameters of point E in Fig. 1(a) (28 mM Ag" and
2.36 mM CI). Figure 2(a) shows the UV-Vis spectra

300 400 500 600
Wavelength (nm)

Figure 2 (a) UV-vis spectra of Ag nanostructures obtained after
different reaction times. (b) SEM image of AgCl nanostructures
at point E. (c)—(f) TEM images of Ag nanostructures obtained
after the reaction times of 1, 2, 4, and 6 h.

of products obtained by varying the reaction time
from 0 to 18 h. For the sample obtained after 0 h, only
AgCl precipitate could be observed (Fig. 2(b)) without
any characteristic peak of Ag nanostructures. As the
reaction proceeded for 1h, the characteristic peak of
Ag nanoparticles at 398 nm appeared. TEM image
(Fig. 2(c)) revealed that cube-like AgCl nanoparticles
were obtained after [23, 30, 31] the hydrothermal
treatment, and meanwhile, many tiny Ag nodules
grew on the surface of AgCl-seeds, indicating the
heterogeneous nucleation [23]. As the reaction time
increased from 2 to 4 h, the Ag NPs gradually grew
bigger on the surface of AgCl-seeds, which was
confirmed by the slight red-shift of the characteristic
peaks in the extinction spectra. The AgCl-seeds
themselves tended to become hollow framed (Fig. 2(d),
inset), and finally collapsed at 6 h, generating free Ag
nanoparticles and short nanorods (Figs. 2(e) and 2(f)).
As the reaction increased from 8 to 12 h, a significant
increase in the number of nanorods was observed.
Moreover, the extinction peak red-shifted from 439
to 466 nm (Fig.2(a) and Fig. S1(a) in the Electronic
Supplementary Material (ESM)) owing to the longi-
tudinal SPR resulting from an increased aspect ratio
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(Figs. S1(b)-S1(d) in the ESM) [1, 32]. After the reaction
times of 14 h and more (Figs. S1(e)-S1(g) in the ESM),
Ag nanorods rapidly grew longer to finally yield
nanowires with constant diameter. The corresponding
blue-shift in the extinction peak from 455 to 378 nm
was observed, and finally the two characteristic SPR
peaks (355 and 378 nm) of Ag NWs appeared (Fig. 2(a)).

The growth behavior of Ag NWs was further
investigated by X-ray diffraction (XRD) measurements.
As shown in Fig. 3(a), five typical samples obtained
at 1, 4, 6, 12 and 18 h, respectively were tested. The
intensity of the strong characteristic peaks indexing
to (111), (200), and (220) planes of AgCl [23, 26]
gradually decreased as the reaction time increased
from 1 to 6 h, which dramatically decreased after 6 h.
This is in good agreement with the observation of the
collapse of AgCl-seeds from TEM images (Fig. 2(f)),
possibly because dissolve/precipitation equilibrium
converted the AgCl particles to very tiny amorphous
species. After the reaction time of 4 h, the Ag nodules
grew bigger in size enough, which was confirmed by
the appearance of the characteristic XRD peaks for
(111) and (200) planes of cubic phased Ag. The typical
intensity ratio of (111)/(200) for Ag NWs is 3:1:1. The
intensity ratio of (111)/(200) for our samples obtained
after 4 h varied from 1:2.8 to 3.1:1, which is due to the
morphological evolution from Ag nanoparticles to
nanowires. Enrichment of {111} crystalline planes in
the Ag NWs was thus confirmed (Fig. 3(a) and Fig. 52
in the ESM) [1, 20].

Furthermore, the kinetics of growth was also inves-
tigated by the inductive coupled plasma emission
spectrometer (ICP) analysis for the residual [Ag’]
during the growth, and the length of the obtained
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products was revealed by SEM/TEM images (Fig. 3(b)).
We divided the entire growth procedure into three
stages: 1) nucleation, 2) growth of nanorods, and 3)
growth of nanowires, as shown in Fig. 3(b). The first
stage (0-6h) started with a rapid heterogeneous
nucleation process. Many tiny Ag nodules grew on the
surface of the AgCl nanoparticles and served as nuclei.
Then the freshly reduced Ag® atoms subsequently
deposited on the tiny Ag nodules and spread into
solution after the collapse of AgCl seeds. [Ag’]
decreased rapidly, indicating a quick nucleation at
this stage. In the second stage (6-12 h), some multi-
twinned rod-shaped Ag nanoparticles gradually formed
with an increase in length limited to several hundred
nanometers, which can be observed from SEM images
(Figs. S1(b) and S1(c) in the ESM) or the magnified
TEM image (Fig. S1(d) in the ESM, inset) thus leaving
single crystalline nanoparticles essentially unchanged
in the solution. During this stage, some fusion and
dissolution of tiny Ag nanoparticles was also observed,
and correspondingly the consumption rate of Ag* was
relatively slow. The third stage (12-18 h) was marked
by a significant increase in the length of the nanorods
accompanied by a rapid consumption of the remaining
Ag* species (ca. 56%), which thus resulted in the
formation of Ag NWs with a mean length of 60 um.
Moreover, the length could be extended by further
addition of the Ag precursor ([Ag']) during the growth
stage [19,33]. The heterogeneous nucleation and
growth process are summarized in Scheme 1. Buhro
et al. have carefully investigated the heterogeneous
nucleation of Ag nuclei on the surface of micron-
sized AgCl particles and their observations further
confirmed the model [23].

Nucleation ~ Growth of Growth of
25 nanorods nanowires s 460
20}
445 ’é\
15} e =
r 130 £
10} =
(]
sl {15 —
0 . 1 7 S y 40
0 3 6 9 12 15 18

Reaction time (h)

Figure 3 (a) XRD patterns of the Ag nanostructures obtained after ¢ different reaction times. (b) The relationship between the reaction
time and the residual concentration of Ag” and the length of Ag NWs.
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Scheme 1 Schematic of the heterogeneous nucleation and
growth of Ag NWs with high concentration of Ag" by introducing
large amount of Cl ions.

3.3 The proposed mechanism for the growth of Ag
NWs

In light of our observations on the growth of Ag NWs,
the role of CI” ions can be understood by the following
mechanism: First, since the Ag" ions are in excess
as compared to the CI” ions, the free Ag* ions were
adsorbed on the surface of AgCl colloid nanoparticles,
as evidenced by the positive potential of AgCl nano-
particles in Fig.S3 (in the ESM). Such adsorption
on the colloid surface can be regarded as a kind of
enrichment to form locally high Ag" concentration
and thus make the surface more active for reduction.
Also, the solid-liquid interfaces of colloids provided
ideal heterogeneous nucleation sites for the resultant
Ag after reduction. Second, since the heterogeneous
nucleation occurred at the surface of the well dispersed
AgCl-seeds, the growth sites were well scattered, and
the steric effect also helped to prevent the aggregation
of the resultant Ag nuclei, which could happen
without AgCl in the solution with such a high [Ag*].
During the second NW growth stage (6-12h), the
AgCl nanoparticles still existed in the solution as tiny
amorphous species rather than getting converted to
Ag’, which was further evidenced by the mismatched
distribution of Cl and Ag in the energy-dispersive
X-ray spectra (EDS, Fig. 54 in the ESM) of the products
obtained after 6 and 12 h and the disappearance of
the peaks for AgCl in the XRD spectra of the same

(Fig. 3(a)).
3.4 Size evolution of AgCl colloids

It is worth noting that, owing to the relatively weak
reducibility of glucose (as the reductant for the study
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of aqueous phase here) at 140 °C, AgCl could not be
directly reduced to Ag’ which was confirmed from
the same XRD patterns obtained before and after the
hydrothermal treatment of the mixture of AgCl and
glucose. SEM image of the product also confirmed
the same (Fig. S5 in the ESM). Hence, we can say that
the AgCl nanoparticles served as nuclei here.

Given that the AgCl-seeds supported the hetero-
geneous nucleation, we tried to elucidate the linear
relationship between [Ag*] and [Cl"]. We believe that
the key to balance the two concentrations was the
total surface area of the AgCl nanoparticles, which in
turn depended on the size and number of AgCl-seeds.
Interestingly, the results indicated that the size of the
individual AgCl-seeds did not increase much with
the concentration. As we demonstrated using SEM,
all the AgCl-seeds obtained by five points (A-E in
Fig. 1(a)) formed cube-like structures (Fig.S6 in the
ESM) with relative uniformity. Dynamic light scattering
(DLS) measurement (Fig. S7 in the ESM) showed that
the diameter of the AgCl-seeds from remained almost
constant from point A to point D, indicating a constant
relative size distribution for AgCl colloid suspension
(Fig. 4(a)). For the threshold value of the introduced
[CI] at point E, there was an obvious increase in the
diameter of the obtained AgCl-seeds, probably due
to slight aggregation. The slight aggregates were de-
aggregated in the subsequent hydrothermal reaction.
Thus the total surface area was proportional to the
total aggregate amount, i.e. the total concentration of
CI” ions. For the growth of high-quality Ag NWs with
different Ag* concentrations, the number of nucleation
sites (i.e. total surface area) should increase with
the same ratio to scatter the nucleation and growth
behaviors. Hence, the surface area (Sayc) and volume
(Vaga) of the individual AgCl-seeds remained relatively
stable in an appropriate range of [Cl'] (0-2.3 mM, points
A-E) and the number of AgCl-seeds (Nayc) increased
linearly with the introduction of CI™ (Fig. 4(b)). We
believe that this is the reason why the introduced [CI]
versus the corresponding [Ag*] had a perfect linear
relationship for the preparation of Ag NWs (Fig. 1(a)).
The underlying mechanism was the linear relationship
between the concentration of Ag* ions and the number
of growth sites.

www.theNanoResearch.com | www.Springer.com/journal/12274 | Nano Research
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Figure 4 Calculation of AgCl seeds based on DLS data. (a) The relative Sagci and Vi, of single AgCl-seeds at different CI°
concentrations. (b) The relative Nagci and total surface area of AgCl-seeds at different CI” concentrations.

3.5 The growth behavior of Ag NWs with saturated
[CI']

As a support to our proposal, we noticed that, if too
high [CI] (3.2 mM, denoted as point F) was intro-
duced, there would be some inevitable micron-sized
aggregation of the AgCl precipitates (Fig. S7(f) in the
ESM) [23], which would largely decrease the total
surface area (Fig. 4(b)), thus decreasing the number
of the available nucleation sites. As supported by
SEM image (Fig.5(a)), the obtained product was
the mixture of Ag nanoparticles, Ag nanowires, and
micron-sized AgCl particles. The strong characteristic

XRD peaks of AgCl (200) in the XRD patterns of the
obtained products confirmed the existence of AgCl as
big particles in the final product of point F apart from
the tiny amorphous particles in the final product of
point E (marked as red circle in Fig. 5(b)), which was
further evidenced by the SEM image and the well-
matched distribution of Cl and Ag in the EDS spectra
(Fig. 5(c)). As a result, for the preparation of Ag NWs
with higher [CI'] (point F), on one hand, the total sur-
face area of the micron-sized AgCl-seeds dramatically
decreased, which broke the stable ratio of [Ag*]/[Cl]
and disturbed the heterogeneous nucleation; on the
other hand, the “unbreakable” micron-sized AgCl-

(b)

— Point E sample

|

— Point F sample

Intensity (a.u.)

-

Figure 5 (a) SEM image of the product of point F. (b) XRD patterns of product of points E and F. (c) EDS of the precipitation of the

product of point F.
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seeds would still adsorb Ag* and compete with the
detached free Ag® seeds during the growth stage.
Therefore, the high-concentration preparation of Ag
NWs should be realized by introducing CI” ions in an
appropriate concentration range (marked as “feasible
zone” in Fig. 4), where the chemical potential could
be finely controlled by the surface area of the AgCl-
seeds increasing linearly (nucleation sites) with [Ag*].

3.6 The optimized preparation of Ag NWs with
polyol method

In this context, with the aim to achieve a deterministic
control on the preparation of Ag NWs at a large scale,
the two values of 4 and b in Eq. (1), corresponding
to the slope and intercept of the linear relationship,
respectively, should be highly concerned. It is well-
known that the fine control of the chemical potential
(driving force) plays a very important role in the
nucleation of the multi-twinned structures. Technically,
the chemical potential is mainly determined by the
reaction temperature, precursor (resource of Ag),
reductant, and the nucleation sites. Here in this study,
the reaction temperature was 140 °C, and AgNO; and
glucose acted as the precursor and reductant, respecti-
vely. The only variable was the nucleation sites, which
were determined by the amount of CI” introduced.
With the understanding of the linear relationship
between [Ag'] and [Cl7], the value of the slope (0.1032)
(corresponding to a) was determined by the size of
the AgCl colloids in the solution. According to the
fitted line, if no CI" was added, Ag NWs could be
prepared with a [Ag'] as low as 4.7 mM (corresponding
to b), which was consistent with the results of
previously reported studies [16, 34, 35]. Hence, as no
heterogeneous nucleation occurred, the intercept
(corresponding to b) is thereby determined by the
chemical potential, which depends on other factors
namely, the type and concentration of precursor,
reaction temperature, and reductant.

3.7 The preparation of Ag NWs with AgX-seeds

For further investigation of the magnified hetero-
geneous nucleation induced preparation of Ag NWs,
we extended the synthesis to polyol system. Typically,
AgNO; and PVP solution were added rapidly into
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EG and 70 pL NaCl solution (0.1 M in EG) was added
into the mixture under stirring. Then the reaction was
performed at 140 °C for 1 h under stirring. Figure 6(a)
shows the relationship between the concentration of
added CI” and Ag for obtaining high-quality Ag NWs.
It was revealed that the precipitation behavior of
AgClin EG in the polyol system was the same as that
in the aqueous system. The slope (1) and the intercept
(b) for the polyol system were 0.021 and —0.2098 (R,
is 0.9962), respectively. Due to the relatively higher
reducibility of EG, we could prepare Ag NWs with
[Ag'] of 10 mM without adding any CI, which is
higher than that (4.7 mM) in the aqueous system. With
the introduction of CI', [Ag*] could be increased to a
value as high as 130 mM, which was 5 times higher
than the previously reported value thus confirming
the successful extension of our strategy to polyol
synthesis of Ag NWs (Fig. 6(b)).

An alternative is to replace CI" with other anions
such as Br,, I, and SO;. Control experiments were
conducted to prepare Ag NWs using the polyol method.
As revealed by SEM (Fig. S8 in the ESM), the average
size of the as-formed precipitated colloids was in the
range 800-3,000 nm for Ag,SO,, 115-300 nm for AgCl,
110-180 nm for AgBr, and 80-135 nm for Agl. The size
thus decreased in the following trend: SO;” > CI” > Br
> I', which is in accordance with the solubility order
of AgX (see the ESM) [36, 37], and essentially the same
trend as the amount except SO;~ owing to the valance
state of 2. Figure S9 in the ESM shows the extinction
spectra of the four products prepared with the same
[Ag’]. The typical peak shapes verified the successful
synthesis of Ag NWs. With the understanding of the

2.5 5.0 7.5 160 12.5
[Ag*] (mM)

Figure 6 (a) The relationship between the CI” and Ag® con-

centrations for the preparation of Ag NWs in the polyol system.

(b) Digital photo of the obtained Ag NWs for one pot.
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magnified heterogeneous nucleation induced pre-
paration of Ag NWs, we believe that the length and
the diameter of the as-prepared Ag NWs could be
tuned using different anions. Owing to the smallest
average size, the total surface area of the Agl-seeds
should be the largest and should have the highest
number of nucleation sites. The smallest Agl-seeds
could least sustain the growth of Ag nodules on the
surface, which directly determines the diameter of the
Ag NWs. Thus, the thinnest Ag NWs were obtained
with I' under the same precursor [Ag’], and vice
versa. The Ag NWs prepared with SO;™ should be the
thickest. As supported by the SEM images (Fig.7),
the diameters of the Ag NWs prepared by adding
SO7, CI., Br, and I" were 62-89, 63-68, 51-53, and
36-38 nm, respectively; and the lengths were 35-40,
10-15, 6-10, and 5-6 um, respectively. The related
information is summarized in Table 1. As a result, it
was verified that the diameter of the Ag NWs could
be tuned by introducing different anions.

Therefore, the control experiments confirmed that
the major and important role of AgX precipitates was
to provide abundant surface area for the heterogeneous
nucleation of the Ag NWs at high [Ag*] thus effectively
lowering the chemical potential. Ag NWs are generally
prepared on a large scale by the introduction of
different anions and adjusting their unique precipita-
tion behavior with high [Ag']. In addition, it can
be concluded that several aspects determining the

Figure 7 SEM images of Ag NWs prepared by adding (a) I,
(b) Br, (c) CI and (d) SOff. Inset: the magnified SEM images
for the Ag NWs, the scale bars are at 100 nm.
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Table 1 The related information of Ag NWs and seeds in polyol
system

Seeds Agl AgBr AgCl Ag,SO,
Concentration of 0.196 0.239 0.304 0.175
seeds (mM)
Size of seeds (nm) 80-135 110-180 115-300 800-3,000
Diameter of Ag 36-38 51-53 63-68 62-89
NWs (nm)
Length of Ag NWs 5-6 6—-10 10-15 3540
(nm)

optimized synthesis of high-concentration Ag NWs
are: 1) nucleation stage: introducing one or multiple
anions [38] to form AgX-seeds as small as possible
with low solubility such as I'; or introducing poor
solvents to reduce the solubility of the AgX-seeds
[36, 37]; 2) growth stage: Further addition of AgNO;
may help to extend the growth of NWs [19, 33].

For the demonstration of the application of Ag NWs,
we prepared TCFs by Meyer-rod coating the Ag NW
(6 mg':mL™, dispersed in water) inks on flexible PET
substrates (Fig. S10 in the ESM). The sheet resistance
could reach (65 + 3) Q-sq™ (SO,»), (100 £ 5) Q-sq™* (CI),
(160 +10) Q-sq™* (Br), and (200 + 10) Q-sq™* (I'), and the
transparency at 550 nm could reach values of 96.18%,
83.52%, 79.96%, and 71.11% as the length of Ag NWs
decreased. The lowest sheet resistance and the best
transparency of TCFs were achieved for the Ag NWs
prepared with SOj~. The high quality of the as-
prepared Ag NWs was attributed to the lowest wire-
wire junction resistance.

4 Conclusions

In conclusion, we developed a general and facile
synthetic strategy for large-scale production of high-
concentration Ag NWs by increasing the feeding
amount of CI". Owing to the essentially stable size of
AgCl colloids, the feeding amount of [CI'] versus [Ag']
shows a linear trend in both aqueous and polyol
systems, which is the key factor for the heterogeneous
nucleation during Ag NW growth. The strategy was
also successfully extended to the polyol system with
CI, Br, I, and SO; ions. With the new synthetic
approach, the cost of the large-scale production of
Ag NWs can be significantly lowered, and the basic
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concept should motivate high yield production of
similar metal NWs.
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