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Abstract:

The growth mechanism of silver nanowires (AgNWs) in solution has been thoroughly
investigated and it has been demonstrated that factors like oxidative etching and inclusion of

CI" ions in the reaction system play critical roles in the formation of AgNWs. This research is the
first to report the growth mechanism of AgNWs in the solid state on a chitosan polymer film
with respect to factors such as oxidative etching, Cl™ ions and time. The AgNW synthetic method
is a green process that involves aqueous solvents for film preparation and ambient conditions for
AgNW growth. It is demonstrated that the source of the silver precursor for this solid state
AgNW growth is the cuboidal AgCl nanoparticles that form during the solution preparation.
Furthermore, it is shown that the {111) crystal faces of these cuboidal AgCl nanoparticles are
the nucleation sites of AgNW growth. Unlike solution-based AgNW synthetic processes, the
AgNWs generated by the chitosan film-based method are irregular and present lateral as well as
longitudinal growth, which suggests a slightly different mechanism from the solution-based
AgNW growth.
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Article:
Introduction

The methods for synthesizing one dimensional (1D) nanostructures are divided into two
strategies: bottom-up methods and top-down methods." The growth mechanisms of
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nanowires via various synthetic methods have been studied.’ In all bottom-up methods, the
fabrication of the material is controlled at the atomic level and involves the ordering of atoms
during the formation of 1D nanostructures such as nanowires. Bottom-up solution synthesis
methods of 1D nanomaterials’ include templated growth with 1D morphologies to direct the
formation of 1D nanostructures,® super saturation control to modify the growth habit of a
seed,” capping agents to kinetically control the growth rates of various facets of a seed,'® and
self-assembly of 0D nanostructures into 1D nanostructures.'"!> Bottom-up approaches, both
solution and solid-state processes, have been used to generate a wide variety of 1D nanomaterials
but only a few approaches have been used to generate metallic 1D nanomaterials and none of
these methods involves a solid-state approach in polymer films. The chitosan thin film-based
AgNW synthetic process that we have reported,'>!* to the best of our knowledge, is the first
solid-state bottom-up fabrication method for the synthesis of 1D metal nanostructures in
biopolymer thin films.

Currently the available methods to synthesize solid state semiconducting nanowires!'>~!

and
metal nanowires'®? involve a top-down approach in which 1D nanostructures are fabricated
using advanced laboratory lithographic techniques like E-Beam, Focus Ion Beam (FIB), UV
lithography and Reactive Ion Etching (RIE). This method of fabrication is expensive, labor
intensive, and economically unfeasible for scale up when compared to current bottom-up
approaches.>?! Most solution-based silver nanoparticle or nanowire synthetic methods involve
the use of polyvinylpyrrolidone (PVP) as a reducing and stabilizing agent, requiring high
temperature, e.g. 180 °C.?>* Some improvement has been made in terms of shortened reaction
time, crystal control and temperature.>* 2 Recently, there have been several methods of silver
nanoparticle synthesis which use the chitosan polymer or biomaterials as a stabilizing/reducing
agent.>’! Among these reports, our published work demonstrates a facile green method to
synthesize Ag NPs on chitosan film, which eventually grow in the solid-state synthesis of
AgNWs.!31% In previously described AgNW synthetic processes, the growth mechanism for
AgNWs in solution relies on several influencing factors including oxidative etching,*>3
concentration of Cl™ ions,** thermodynamics, specifically the temperature at which the synthesis
reaction is performed,*>-® and the kinetics of the reaction system, specifically the time and
intensity of mechanical agitation.'®

Herein we report the growth mechanism of AgNWs via a bottom up synthetic method for the
generation of AgNWs on a chitosan bio-polymer film. This method is distinct from other
established methods of AgNW synthesis, as it is a solid-state process that is performed under
mild conditions. In this article, the conditions that control the AgNW growth on the chitosan thin
film in the solid state synthesis process have been tested. The growth of the AgNWs in a solid-
state medium is observed and described. We have found that the key factors (e.g. oxidation,

CI" ion, and time) that influence the synthesis of AgNWs in solution play different roles in the
chitosan solid-state AgNW growth.

Results and discussion

Oxidative etching



Oxidative etching has been demonstrated to inhibit the growth of AgNWs in solution-based
AgNW synthesis.’” This inhibition has been described mechanistically to be due to the oxidative
etching, i.e. the attack of oxygen atoms to multiply twinned seeds. The thermodynamically stable
multiply twinned seeds are the source for AgNW growth in many solution-based processes.
Single crystal seeds that are the source for the formation of Ag NPs are more resistant to
oxidative etching since they lack twin boundary defects on their surface. With the intrusion of
oxygen atoms into the reaction solution, the oxygen atoms attach to twinned crystals and
dissociate them back to single crystal seeds as described in a previous article, hindering the
possibility of the growth of AgNWs in the solution.>?

In solution AgNW synthetic processes, there are three steps which illustrate the role of oxidation
as an inhibitor of AGNW growth:*” (1) removal of O, interference in the reaction system by
performing the reaction in an inert gas environment; (2) use of capping agents like citrate to
prevent oxygen from being adsorbed to the seeds; and (3) the presence of redox pairs, such as
Fe" and Cu"" salts, which scavenge oxygen in the reaction solution.** In chitosan AgNW solid
state synthesis, we tested whether oxygen removal is essential for the growth of AgNWs. In this
manuscript, we demonstrate a new method of reducing oxidation in the polymer-based AgNW
reaction system which we call smothering. In previous reports of the chitosan film synthesis of
AgNWs, 3% the films of chitosan that contained silver nanoparticles were sputter coated on a
thin Au/Pd film. The metal-coated chitosan film resulted in the AgNW growth, while those left
uncovered did not. To determine whether a nanometer thick layer of Au/Pd was sufficient to
prevent exposure to oxygen and to determine whether the presence of oxygen was inhibitory to
the solid state AgNW growth, we performed the following experiment (Scheme 1). A single thin
film of chitosan containing silver nanoparticles was prepared as described earlier'® and divided
into four pieces: quadrant ‘1’ was coated with 3 nm of Au/Pd, quadrant ‘2’ was coated with § nm
of Au/Pd, quadrant ‘3 was treated with oxygen plasma to promote oxidation, and quadrant ‘4’
was unprocessed. All the treated film quadrants are denoted as 1!°, 2! and ‘3! respectively as
shown in Scheme 2 below. The samples were then stored in dry air and examined after one day
and then a week after for the growth of Ag NWs.
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Scheme 1. Schematic illustration of the proposed experiment to prove that Au/Pd coating of the
Ag NPs/chitosan film yields AGNW growth.
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Scheme 2. Schematic depiction of the solid state bottom-up AgNW growth pathway.

Since our hypothesis is that oxygen will inhibit AgNW growth in the solid state, it is expected
that the thin films that are uncoated (‘4’) or plasma etched with an oxygen etch (‘3!*) should
have little or no AgNWs after a week of growth, while the thin films coated with varying
amounts of Au/Pd metal (‘1' & 2!”) will have AgNWs. To verify this, SEM was performed to
characterize the films as shown in Fig. 1.

| Fig. 1 (a, b, cand d) SIéM image of the films 1, 2, 3 and 4 respectively stored overnight.(A, B,
C and D) SEM images of Ag films 1!, 2!, 3! and 4 respectively stored for one week.

As expected, we observed the growth of AgNWs on the film with a 3 nm coating of Au/Pd and
stored overnight at room temperature (Fig. 1a, with pointed arrows indicating growth initiation
of AgNWs). The one-day old AgNWs are small with an average diameter of 90 + 10 nm and an
average length of 500 = 50 nm. For the films with an 8 nm coating of Au/Pd and stored the same
way (Fig. 1b), AgNW growth initiation was also observed by small protrusions of Ag NWs on
the film (Fig. 1b, arrows). It is noted that the thickness of the 8 nm Au/Pd coating obscures much
of the details of the wire. However, there is no growth of AgNWs on the film treated with
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oxygen plasma (Fig. 1¢); in fact, we observed the breakage of the cubic particles on the film
surface. For the untreated film in quadrant 4, we only observed the cubic particles within the
chitosan film surface (Fig. 1d). This indicates that ambient oxygen can inhibit the AGNW growth
on the film (‘4’).

In the samples stored for one week, we observed a similar trend of further increase in the size of
the Ag NWs (Fig. 1A). The Ag NWs on the film with the 3 nm coating of Au/Pd had an average
length of 3 £ 1 um and an average diameter of 150 + 10 nm. In the film with the 8 nm coating of
Au/Pd, Ag NWs growing out of the film are clearly observed (Fig. 1B). One week old Ag NWs
have an increased aspect ratio when compared to one day old Ag NWs, demonstrating that these
wires grow laterally as well as longitudinally. This is distinct form solution-based AgNW growth
processes where the AgNWs mainly grow longitudinally. The chitosan films that were exposed
to oxygen plasma, even after a week's time, showed no trace of Ag NW growth (Fig. 1C). This
proves the hypothesis regarding the effect of oxygen on the surface of the film in hindering the
growth of Ag NWs. In the case of the quadrant ‘4’ film, initially when it was exposed to oxygen
in air for one day, no growth of Ag NWs (Fig. 1d) was observed. The same section ‘4’ of the
film was coated with Au/Pd to block oxygen exposure for SEM characterization after a week,
and clear growth of Ag NWs was seen on the film (Fig. 1D) though shorter than samples 1 and 2.
This proves that the growth initiation of Ag NWs can take place once isolated from oxygen even
after a week of exposing the film to air.

We extended this study further by examining the smothering of the chitosan thin film with a
PVD deposition of a 5 nm Au layer and (ESIf Fig. S1) and a self-assembled monolayer of 400
nm polystyrene beads (Fig. 2).>8 Similar to the sputter coated samples, the growth initiation of
AgNWs from the corners of the cubic Ag nanoparticles was observed on the PVD Au coated
chitosan thin films and later the AgNWs grew longer and thicker. For the 400 nm bead covered
films, the AgNWs sprout out from the bottom of the beads by pushing the beads away (Fig. 2b).
These experiments further prove that blocking oxidative etching is necessary for the solid state
growth of Ag NWs.
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ig.2 SEM images of the A/chitosan ﬁ coated with self-assembled polymer beads of 400 nm
size. With aging of the film the Ag NW growth pushing the polymer bead out is seen.

Role of Cl™ ions

Chloride ions have been demonstrated to play a critical role in the synthesis and growth of Ag
NWs.** In polyol AgNW synthesis, PVP reacts with NaCl to generate free C1~ ions which
promote the formation of a silver chloride precipitate that serves as the source of Ag" ions for the
growth of Ag NWs.** In our first synthesis process, 1 ml of 100 mM NaCl solution was added to


https://pubs.rsc.org/image/article/2019/nj/c8nj05729j/c8nj05729j-f2_hi-res.gif

the chitosan solution with magnetic stirring. Furthermore, when a silver precursor

AgNO;s solution was added to the above solution, a white precipitate was formed as shown

in Fig. 3a. This white precipitate of AgCl further vanished in the synthesis process to form pink
plasmonic color of Ag solution as shown in Fig. 3a (right). The pink color solution was used to
form films for the study of the solid-state growth of AgNWs.

Fig. 3 Experimental i-mages of synthesis o_f Ag NPS with NaCl in chitosan solution. (a) AgCl
white precipitate formation. (b) After synthesis plasmonic color Ag NP solution. (c¢) Thin film
formed from the Ag NP solution which serves as a base for Ag NW growth.

It has been hypothesized that residual silver chloride in the chitosan thin film serves as the source
of silver needed for the growth of AgNWs. To test this hypothesis, the chitosan solution without
addition of sodium chloride was prepared and used as a control as shown in Fig. 3b. It can be
seen that there is no white precipitate formed and the solution shows a plasmonic green color
(Fig. 3b, right). Films are made on PET with the solution by following the same procedure as
that for AgNW synthesis on Ag/chitosan films (Fig. 1).

The NaCl added (Fig. 3a) or non-added (Fig. 3b) films are characterized using SEM, UV-Vis,
XRD and EDS. SEM analysis of the chitosan/Ag NP thin film formed without NaCl is shown in
ESIf data Fig. S2, which demonstrates that the Ag NPs are spherical. UV-Vis spectral analysis
(Fig. S3, ESIt) shows the difference between the non-NaCl generated chitosan/Ag NP thin films
and those with NaCl. The film generated without NaCl shows the presence of a sharp absorption
peak at 420 nm which signifies the uniform distribution of small sized spherical Ag NPs in the
film.3° The XRD plot depicted in Fig. S3c (ESIT) shows sharp AgCl peaks at (111), (200), (311),
(222) and (311) for the film with NaCl,** suggesting the presence of residual AgCl in the formed
films. At the same time, Ag peaks at (111), (200), (220), and (222) were obtained, indicating the
Ag crystallization. For the film prepared without NaCl (Fig. S3d, ESI¥), there is no sign of AgCl
peaks in the XRD plot, but Ag peaks were observed.

To further understand the role of C1™ ions, varying concentrations of NaCl from 1 mM to 100
mM were added respectively to the reaction process and films were made with the solution as
explained previously. UV-Vis absorption peaks were observed both for the solution form and the
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film form of the same (Fig. S4, ESIF). No obvious absorption was observed for the solution and
the film prepared without NaCl. When NaCl was added, a plasmonic absorption peak at around
420 nm was observed, indicating the generation of Ag NPs and AgCl nanocubes.*! The
absorption peak of plasmonic Ag was observed to be broadened and red shifted with the increase
in the concentration of NaCl and in the presence of AgCl cubic structures.*! Both the solution
and film data follow a similar trend.

These films were further characterized by XRD to observe the crystal structure of Ag and NaCl
on the films with the increase in the concentration of NaCl. Note that Ag NWs were formed in
the films. Fig. S5 (ESIT) shows the collation of XRD peaks of all the films ranging from no NaCl
concentration to 100 mM concentration of NaCl. With the increase in the NaCl concentration,
AgCl XRD peaks were observed. Meanwhile, the structural characteristics of the Ag NW XRD
peaks were maintained. The (111) phase of the Ag NWs stayed dominant among the Ag crystal
peaks.

EDS was used for elemental analysis (Fig. S6 and S7, ESIf). The results for the non-NaCl thin
films (Fig. S6a and S7a, ESIT) showed that the spherical particles seen in Fig. S2 (ESIT) did not
have any chlorine. The mean average value (MV) percentage of Na 0%, Cl 0% and Ag of 50%
was obtained for the film made from Ag/chitosan solution without addition of NaCl. In contrast,
the cubic nanoparticles in the chitosan/Ag NP thin film made with NaCl have chlorine (Fig. S6b—
d, ESIT). Fig. S7b—d (ESI{) show the SEM imaging and EDS analysis of the Ag/chitosan film
with addition of NaCl. Each figure shows the analysis at different storage times of the same film
to allow the AgNWs to grow on the film. From the EDS analysis shown in Fig. S6b and S7b
(ESIY), where the analysis was carried out using distributed cubic nanostructures on the film, the
MYV percentage of Na was 2.45%, Cl was 1.56% and Ag was 18.96%. With the MV of Cl and Ag
observed on the cubic structures, the composite of the cubic nanostructures can be confirmed as
AgCl. With further storage time of the film with the growth of Ag NWs, the EDS analysis of the
film showed MV percentages of Na as 1.46%, of Cl as 0.65% and of Ag as 35.62%. The increase
in the percent mass of Ag and decrease in the percentage mass of Cl support the idea that the
cubic AgCl nanoparticles served as the source of Ag for the growth of these AgNWs.
Furthermore, EDS analysis on older NaCl made the chitosan thin film exhibit even greater
conversion of AgCl to AgNWs: with the mean average value percentage of Cl being 0.24% and
that of Ag being 56.63%. Fig. S4 (ESIT) shows the raw data of the above discussed EDS data.
This analysis suggests that Cl™ ions are a key factor for the formation of AgNWs in the solid-
state polymer film.

In the second part of this section we investigate the role of cubic AgCl nanoparticles serving as
nucleation points for the solid-state growth of AgNWs. In polyol synthesis of AgNWs, cuboidal
AgCl nanoparticles function as supreme nucleation sites for the heterogeneous growth of Ag
NWs.* In this system, the AgNW growth depends on the secondary addition of silver precursor
AgNOs. In the chitosan thin film synthesis, AgCl nanocubes also appear to form the base for the
growth of AgNWs occurring directly from the corners of the cube structures (Fig. 4). The
average diameter of the wire growing from these cubic structures is around 80 nm. The SEM
images of Fig. 4 are the first depiction of this kind of AgCl based AgNW growth in the solid
state. The experiments of excluding addition of NaCl in the synthesis process showed no



formation of AgCl nanocubes on the surface of the chitosan film (Fig. S2, ESIT) and, as a result,
no growth of Ag NWs on the same.
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Fig. 4 SEM images of Ag NW growth from the corners of the cubic AgCl nanostructures.
Growth vs. time analysis

The AgNWs generated from the chitosan thin film process are irregular and do not possess the
same overall morphology or structure that has been generated by other processes.!®!*?” During
our experiments it became clear that the process of AGNW growth via this solid state chitosan
film is a continual process that includes both longitudinal growth and lateral growth. The lateral
growth means the increasing diameter of the AgN'W with time. To determine the rate of growth
and the manner of the Ag NW growth, we examined the growth of these Ag NWs over time
using SEM. Varying time as a synthesis factor for AgNW growth has been reported in solution
processing.* In this report, the aging of silver crystal seeds in synthesis solution yields more
twinned crystal seeds, which act as nucleation bases for further growth of uniform silver
nanowires. Similarly, to examine the growth process of Ag NWs on a solid-state chitosan thin
film, we measured the diameter and length of the solid state grown AgNWs over the course of
seven weeks from week 0 to week 7. In this study, the Ag/chitosan thin films with a 5 nm Au/Pd
thin coating were prepared using a chitosan solution that contains 100 mM NaCl and 50 mM
AgNO:s.

At week 0 from immediate SEM, we observed that the surface of the chitosan thin film was
covered with AgCl cubic nanoparticles (Fig. S8, ESIT). Then metallic Ag protrusions extend
from the corners of the AgCl cubes at week 1. By the end of week one, nascent AgNWs can be
clearly observed from the corners of the AgCl cubes (Fig. S9, ESIT). At week 2 we observed a
marked increase in the number of AgNWs on the film (Fig. S10, ESIf). The week 2 old Ag NWs
also exhibited a higher aspect ratio with an increase in the diameter of ~135 + 15 nm (Fig. S10
and Table S1, ESIT). By week 4, we observed a significant increase in both the number of
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AgNWs and the length of these nanowires (Fig. S11, ESI§). The AgNWs have a significantly
larger diameter of ~400 + 50 nm and a length of ~28 +2 um (Fig. S12 and Table S1, ESIY). Fig.
5 shows a graphical plot of the dependence of the AgNW length and width with respect to the
age of the film in weeks.
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Fig. 5 Length and width of the Ag NWs varying with aging of the film in weeks with represented
error bars. The aspect ratio of length to diameter is shown in Fig. S13 and S14 (ESIY).

Discussion

We present the key factors and conditions for unique solid state AGNW growth. Three key
conditions/factors have been investigated thoroughly. (1) The role of oxidative etching in AgNW
growth at the solid state level is studied by over exposing the Ag-based composite film to oxygen
or by covering the film with a thin metal coating or with a self-assembled polymer bead layer.
This study is strongly supported by presented SEM images of the AgNW growth over time. It
suggests that oxygen deficiency is necessary for the Ag” ion reduction and following Ag
crystallization and growth. (2) The role of NaCl is investigated on a par with a similar kind of
investigation performed in a solution synthesis process.*? Our results suggest that a mixture of
NaCl and AgNOs converts to AgCl nanocubes and at the same time forming Ag NPs in the
reaction process. The AgCl nanocubes further form nucleation spots for the growth of AgNWs
with a reduction process assisted by chitosan. The EDS experiments show the consumption of
AgCl slowly with an increase in the growth of AgNW length with time. (3) Continual growth of
Ag NWs with respect to aging of the film is studied and presented with detailed analysis with the
help of SEM images. The ability of AgNWs to grow outward from the polymer film up to a
length of 28 pm shows the continuous supply of Ag" ions from within the film, like nutrients for
a sprouted seed. This solid-state, bottom-up, AgCl nucleated and continual growth process of
AgNWs is schematically depicted in Scheme 2. The AgNW growth pathway resembles quite
closely the natural process of growth of sprouts and the science behind its growth process from a
seed. This process is a continual growth process, where the seed takes its “nutrient” source from
the film and keeps growing outward.

Conclusions
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In this paper we describe factors that control the growth of AgNWs in a chitosan solid state
medium. The solution used for the growth film is prepared by mixing AgNOs3 in dissolved
chitosan solution with addition of NaCl. The AgCl nanocubes formed on the film become the
spots for the growth of AgNWs. The influence of Cl” ions and AgCIl NPs on the growth of Ag
NWs is examined, and CI™ is needed for the formation of AgCl. The edges of the AgCl
nanocubes are the nucleation sites for the AgNWs. We show that like the solution-based AgNW
synthetic process where oxidative etching has a significant inhibitory role, the reported AgNW
growth presents a new way of blocking the oxidative etching effect on the growth by coating a
metal film at the top of the Ag/chitosan matrix film. XRD analysis shows the dominant {111)
phase of the Ag crystal structure of the AgNWs. The formation of AgNWs is a unique self-
growth process involving Ag" reduction in the polymer film and depicted as a proposed
mechanism like “seed sprouting” at ambient conditions with oxygen deficiency. The Ag’ in the
film is the “nutrient” source for the AgNW growth with respect to the aging of the substrate film.
With all the findings, this article lays a foundation for a new avenue to bottom-up synthesis of
AgNWs. A better control of the growth in a patterned platform is underway.

Experimental
Materials

Chitosan (MW: molecular weight: 150 000, 1.5% w/v), AgNO3 (>99%), acetic acid (70% diluted
solution) and NaCl of ultra-pure grade were bought from Sigma-Aldrich.

Film preparation

A synthetic scheme of the AgNWs in the solid state and the choice of specific concentrations of
silver precursor AgNOs for high yield in growth are reported elsewhere.'® In brief, we dissolved
chitosan flakes in 10 ml of water with addition of 1% acetic acid (500 puL) (V/V) solution and
100 mM concentration of NaCl (with various volumes in mL). This chitosan solution was mixed
using a magnetic stirrer for 24 h until all the chitosan flakes were dissolved, and a viscous
solution was formed. 5 ml of 50 mM solution of AgNO; was added to the above chitosan
solution. A white precipitate was formed during the mixing process and indicated the reduction
of the Ag ion. The chitosan/reduced silver solution was sonicated for several hours until the
formation of plasmonic colors, i.e., the white precipitate turned yellow and then to pinkish brown
when the reaction was stopped and the sample was stored until further characterization.!* The
obtained chitosan/Ag solution is made into films by drop casting 400 pL of the solution on
polyethylene terephthalate (PET) substrates and dried at 50 °C until the chitosan/Ag film peels
itself from the PET. This volume of the film was chosen based on the number of trials of forming
films with different volumes of the solution and the growth of AgNWs on the films was verified
using SEM.

Characterization

The morphology including the shape and size of the nanoparticles was characterized using a
Zeiss Auriga FIB/SEM scanning electron microscope. Polymer film samples were coated with a



5 nm-thick layer of gold—palladium (Au/Pd) using a Leica EM ACE200. Scale bars were added
using Imagel software. Elemental analysis was performed by energy-dispersive X-ray
spectroscopy analysis using a Hitachi S-4800-1 FESEM w/Backscattered Detector & EDX to
verify the presence of AgNPs and/or AgNWs. The optical properties of the Ag film and solution
were evaluated by ultraviolet-visible spectroscopy (UV-Vis spectroscopy, Varian Cary 60001),
and XRD (Aligent) was used for structural analysis of the Ag film.
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