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Abstract: Silver nanowires (AgNWs) are one kind of nanomaterials for various applications such
as solar panel cells and biosensors. However, the morphology of AgNWs, particularly their length
and diameter, plays a critical role in determining the efficiency of energy storage systems and the
transmittance of biosensors. Thus, it is imperative to study synthesis strategy for morphology
control. This study focuses on synthesizing AgNWs through the solvothermal approach and aims to
understand the individual and combined effects of three nucleants, NaCl, Fe(NO3)3 and NaBr, on
the morphology of AgNWs. Using a modified successive multistep growth (SMG) approach and
fine-tuning the nucleant concentrations, this study synthesized AgNWs with controllable aspect
ratios, while minimizing the presence of undesirable byproducts like nanoparticles. Our results
demonstrated the successful synthesis of AgNWs with favorable morphologies, including lengths of
approximately 180 um and diameters of 40 nm, thus resulting in aspect ratios of 4500. In addition,
to assess the quality of the synthesized AgNWs, this work developed computational tools that uses
MATLAB to automate the analysis of scanning electron microscope (SEM) images for detecting
silver nanoparticles. This automated approach provides a quantitative analysis tool for material
characterization and holds the promise for long-term evaluation of diverse AgNW samples, thereby
paving the way for advancements in their synthesis and application. Overall, this study demonstrates
the significance of morphology control in AgNW synthesis and presents a robust framework for
material characterization and quality analysis.

Keywords: silver nanowires; successive nanomaterial synthesis; automated image analysis;

ultralong nanowires

1. Introduction

Metallic nanomaterials have recently gained significant attention due to their unique
and enhanced properties at the nanoscale, which include distinctive characteristics, such
as particle size distribution and morphology not observed in larger particles of bulk ma-
terials [1]. Due to their unique physical and chemical properties, metal nanomaterials,
such as copper nanowires, gold nanoparticles, and silver nanowires (AgNWs), have been
studied for various applications [2-4]. Particularly, AgNWs have attracted substantial
attention for their exceptional electrical, thermal, optical, and mechanical properties, which
make AgNWs favorable in many fields, such as (I) transparent conductive films (TCFs).
AgNWs retain their conductivity at the nanoscale, making them ideal for applications
like touch screens and displays where visibility and flexibility are essential. Additionally,
these films achieve a low sheet resistance, enhancing the efficiency and performance of
electronic devices [5-7]. (II) Sensors, AgNWs are crucial in sensor fabrication due to their
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superior conductivity, flexibility, transparency, large surface area, and functionalization
versatility. These properties make them ideal for creating highly sensitive, responsive,
and flexible sensors that can detect a wide range of stimuli, including gases, biomolecules,
and mechanical deformation. Their ability to maintain functionality under mechanical
stress and to be customized with specific chemical or biological molecules further enhances
their application in advanced sensor technologies [8-10]. (III) Surface-enhanced Raman
scattering, AgNWs are essential in fabricating surface-enhanced Raman scattering sub-
strates due to their strong plasmonic properties, ability to create electromagnetic hot spots,
and large surface area. These characteristics significantly enhance the Raman signal of
adsorbed molecules, allowing for increased sensitivity and the detection of low analyte
concentrations. The tunable dimensions of silver nanowires also enable precise control
over the substrate’s optical properties, optimizing the enhancement effect for specific ap-
plications [11,12]. (IV) Transparent or flexible/stretchable electronics, AgNWs are pivotal
in transparent and flexible/stretchable electronics, offering high electrical conductivity
and transparency for applications like touch screens and solar cells. They provide flexi-
bility, stretchability, and mechanical strength, crucial for wearable electronics and flexible
displays, maintaining performance under deformation. Their large surface area enhances
durability and performance in various electronic devices [13-15]. Finally, (V) memristors,
AgNWs are integral to memristor fabrication, offering excellent electrical conductivity and
a large surface area that enhances electrode—material interactions. They are versatile in
various memristor architectures, including crossbar arrays, enabling unique switching
behaviors for data storage and processing. Their scalability supports high-density memory
arrays and complex integrated circuits, advancing computing and artificial intelligence
applications [16,17].

In industry, silver nanowires are applied through various sophisticated techniques.
Solution-based coating methods involve spraying nanowire suspensions [18] onto sub-
strates for large-scale applications or spin-coating [19] for precise, high-precision surfaces.
Dip coating [20] uniformly covers substrates by immersing them in nanowire solutions.
They are also incorporated into polymer matrices [21] to bolster mechanical properties
and environmental stability or blended with materials like graphene [22] to enhance con-
ductivity, flexibility, and transparency in hybrid films. Layer-by-layer assembly methods
include the Langmuir-Blodgett [23], which transfers nanowire monolayers onto substrates.
These techniques underscore the versatility of silver nanowires in advancing industrial
applications across diverse sectors.

The efficacy and potential applications of AgNWs are related to their morphology [24,25].
For example, the length of AgNWs plays a pivotal role in achieving high transmittance
with minimal haze and a low sheet conductivity. This is because longer AgNWs build
more efficient network structures as compared to shorter ones and fewer nanowires are
required to achieve percolation, leading to lower sheet resistance at the same transmittance.
Nanowires with smaller diameters increase the number density of nanowires at a given
transmittance. This improves the connectivity within the network, enhancing conductivity
while maintaining high transmittance [2].

A number of techniques have been developed for AgNW synthesis in the literature.
Electrochemical deposition involves precise control over nanowire dimensions using an
electrochemical cell setup, suitable for environmentally friendly production but requiring
specific substrates and careful parameter control. Template-assisted synthesis enables the
production of highly ordered nanowire arrays by using templates that dictate nanowire
dimensions and alignment, although the process includes complex template removal
steps. Seed-mediated growth facilitates the creation of uniform nanowires with controlled
diameters and lengths by seeding the growth with nanoparticles, potentially increasing
production costs. Solution-based synthesis methods, such as the reduction method, involve
the reduction of silver ions in solution to form nanowires, offering straightforward and
cost-effective industrial scaling but resulting in variations in nanowire morphology and
size distributions. Vapor-phase growth via chemical vapor deposition (CVD) ensures a
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high purity and crystallinity by depositing silver atoms onto substrates under controlled
gas phase conditions, but it demands a controlled atmosphere and is less scalable for large-
area applications [26,27]. Recently, AgNW synthesis has been predominantly achieved
through the popular polyol method due to its ability to produce high aspect ratio nanowires
with good uniformity and scalability [28,29]. However, this method, while versatile, has
limitations, thus hindering its broader applications. Various factors, like stirring speed,
chemical injection speed, and the number of injections, can affect the morphology of
AgNWs from polyol synthesis.

Unlike the polyol approach, the solvothermal method requires using a sealed reaction
vessel. This closed synthesis environment offers distinct advantages to facilitate controlled
crystal growth. Thus, there has been a notable shift towards the solvothermal method for
AgNW synthesis [30,31]. In a pioneering study, the successive multistep growth (SMG) was
developed [32]. In brief, previously synthesized AgNWs were incorporated into solutions
made of silver nitrate and Polyvinylpyrrolidone (PVP) to serve as nucleation sites, thus
facilitating the elongation of newly formed AgNWs. This sequential process was iteratively
repeated seven times, which ultimately maximized the lengths and aspect ratios of AgNWs.
However, other factors such as nucleants can influence the morphology and were not
studied. For example, the appropriate selections of nucleants may promote the growth of
thinner and longer AgNWs, which is advantageous for applications such as biosensors.

To address these knowledge gaps, the primary objective in this work was to investigate
the effect of different nucleants on AgNW synthesis and to improve the SMG method, with
the goals of increasing the average length, decreasing the average diameter, and minimizing
the number of necessary sequential processes—all in pursuit of achieving a possible high
aspect ratio. This work also aims to demonstrate that the modification of the SMG method,
through optimizing the number of growth steps and the choice of nucleants, enables the
controlled synthesis of AgNWs with a diverse spectrum of lengths and diameters. The
uniquely tailored AgNWs possess potential for various applications that may have specific
length or diameter requirements.

This study specifically focused on the effect of the varying concentrations of sodium
chloride (NaCl), iron nitrate (Fe(NOj3)s), and sodium bromide (NaBr) on AgNWSs’ morphol-
ogy. Experimental findings were also compared with those from the prior SMG method
that used copper chloride. Compared to the literature, we found that the chloride ions (C17)
and bromide ions (Br~) can reduce nanowires’ diameters, while the introduction of Fe3*
ions notably enhanced the uniformity of the synthesized nanowires’ structures [3,33,34].
This study was also able to synthesize ultra-long AgNWs with an average length of around
180 pm, and an average diameter of 40 nm, which gives an aspect ratio of 4500.

We also found that some experiments varying the concentrations of different nucleants
have produced nanoparticles. Since our primary goal was to synthesize AgNWs, the
presence of nanoparticles is deemed undesirable. The greater the quantity of nanoparticles
in a sample, the less suitable it becomes for various applications requiring silver nanowires.
It is thus imperative to evaluate the quality of AgNWs by focusing on the nucleants used
for the experiments and their concentration. However, this quality evaluation process can
be laborious and costly, especially on a large scale, and subject to varying interpretations
influenced by individual experimentalists, since a large number of SEM images are often
required. To enhance efficiency and precision, we have further developed a computational-
tool assisted approach. The in-house computer code developed with MATLAB examines
SEM images and automatically identifies silver nanoparticles, thus expediting the analysis
while reducing the need for extensive manual analysis. Using the program, it becomes
feasible to perform high-throughput examination of SEM images of AgNWs, regardless of
the specific nucleants or methodologies used for material synthesis.
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2. Materials and Methods
2.1. Materials

All chemicals used in this study were analytical grade and in their as-received
states, without any additional purification processes. Ethylene glycol (EG, >99%), poly-
vinylpyrrolidone (PVP, MW ~1.3 x 10°), silver nitrate (AgNO3, >99%), sodium bromide
(NaBr, >99.99%), ethanol (C,HgO, >99.9%), iron (III) nitrate nonahydrate (Fe(NO3)3-9H,0,
99.99%), sodium chloride (NaCl, >99%) and copper (II) chloride dihydrate (CuCl,-2H,0,
>99%) were purchased from Sigma—-Aldrich (Burlington, MA, USA).

2.2. Overview of the Modified AQNW Synthesis

Figure 1 schematically shows AgNW synthesis following the SMG method [32]. Ini-
tially, 23.0 mmol of PVP were dissolved in 70 mL of EG at 100 °C under magnetic stirring
(890 rpm). Simultaneously, 3.0 mmol of AgNO3; was dissolved in 10 mL of EG, and specific
amounts of nucleants were dissolved in 20 mL of EG at 50 °C, while using magnetic stirring
(600 and 1200 rpm, respectively). It was critical to ensure the complete dissolution to
achieve a transparent and uniform solution. Subsequently, the EG solutions containing nu-
cleants and AgNO3 were individually added into the EG solution containing PVD, followed
by three minutes of stirring (i.e., step 1 in Figure 1). The resulting mixture was further
transferred into a vacuum oven preheated to 150 °C, where it underwent an approximately
90-min reaction to promote the growth of AgNWs until the reaction was fully completed
(i.e., step 2 in Figure 1). After the reaction, the solution was cooled down to room tempera-
ture and the resultant AgNWs were harvested via centrifugation at 8000 rpm for 10 min.
The acquired AgNWs were dispersed in 20 mL of ethanol (i.e., step 3 in Figure 1). Following
this, 10 mL of the resulting AgNW solution was subsequently separated (4.48 M AgNWs in
ethanol) for the next growth phase. To synthesize longer AgNWs through the SMG method,
these formed AgNWs (10 mL) were further combined with the same amount of AgNO;,
nucleants, and the PVP solution for multistep growth (i.e., step 4 in Figure 1) and the whole
process was repeated several times.

The beaker was covered to
omit evaporation

| Dispersed
: in Ethanol

The prepared solution in each round was added
to the mixture for synthesizing the next round

Figure 1. Step 1: PVP (23.0 mmol) was dissolved in 70 mL of EG. Simultaneously, AgNO3 (3.0 mmol)
and nucleants were dissolved in separate EG solutions (10 mL and 20 mL, respectively) and these
solutions were mixed. Step 2: The mixture was placed in a preheated vacuum oven at 150 °C for
90 min. Step 3: After cooling, AgNWs were harvested through centrifugation and dispersed in
ethanol. Step 4: 10 mL of the solution was separated for subsequent reactions and combined with
the same amount of AgNOj3, nucleants, and PVP solution to synthesize longer AgNWs in further
growth phases.
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2.3. Quantitative Indicators for AQNW Synthesis

In our experiments, determining the appropriate moment to quench the reaction was
vital. For example, color changes to the solution or a predefined time can be used. Relying
solely on time and color changes proved insufficient due to variations in the experiments.
We found that a few reactions surpassed the 90-min mark by 5-10 min, while others
lagged behind by a similar amount of time, and some experiments resulted in desired
color changes around 90-min. The subjective nature of color perception may also introduce
potential inaccuracies, since different experimentalists may interpret colors differently. To
mitigate this, an alternative approach was adopted and tested in this study. Specifically,
pH values were used as a reliable indicator to determine the optimal termination point. By
closely monitoring pH value changes, experiments were quenched when the pH dropped
to around 3.8. This method provided a more accurate way to terminate reactions, thus
minimizing the impact of subjective interpretations and human error.

For illustration, Figure 2 shows the pH changes during the synthesis of AgNWs for
the first three steps of the modified SMG as examples. In the initial stage of the first step of
the SMG, the mixture of PVP, AgNO3, and nucleants in EG was prepared and its pH was
measured prior to placing the solution in the oven (time = 0 in Figure 2). Subsequently, the
pH was measured at 10-, 20-, 40-, and 80-min marks during the reaction, and when the
solution exhibited an opaque gray color (approximately 90-min mark into the experiment).
For the first step of the SMG, a slight decrease in pH from 4.4 to 3.8 was observed. To
validate the results, the solution was maintained in the oven for an additional 15 min after
reaching the opaque gray color, during which the pH was measured two more times. The
results confirmed that the pH remained at 3.8 upon the completion of the experiment, thus
indicating the successful formation of AgNWs.

10 20 40

Step 1 of
SMG
METHOD

4.4

Step 2 of
SMG
METHOD

0

35 4.6

Step 3 of
SMG
METHOD

pH value

4.2

3.7 4.4

Figure 2. The pH measurements were collected for the first three steps of the SMG method. In step 1,
the initial solution comprising PVP, AgNOj3, and nucleants had a pH value of 4.4. Throughout the
experiments, the pH gradually decreased, reaching 3.8. In step 2, the introduction of a small amount
of synthesized AgNWs from the previous batch caused a decrease in pH to 3.5. However, upon
commencing the experiment, the pH began to increase in the first 20 min, followed by a gradual
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decrease. Similar to step 1, the pH value reached 3.8 when the experiment was concluded and
AgNWs were formed. The same pattern was observed in step 3 of the SMG method. The addition
of synthesized AgNWs from the previous batch led to a decrease in pH. However, as soon as the
experiments commenced, the pH value increased for the first 20 min before gradually decreasing
and stabilized at 3.8 in our experiments. For all experiments, the solutions were kept inside the oven
for an additional 15 min after reaching an opaque gray color (i.e., approximately 90 min into the
experiments). During this time, pH measurements were taken two more times. In all instances, the
pH remained stable at 3.8.

To confirm the possibility of using the pH as an indicator for reactions, we also
measured pH changes for successive reactions of the SMG method and the pH changes
for steps 2 and 3 are given in Figure 2 as examples. It is also important to note that the
introduction of the previously synthesized AgNWs from the preceding batches into the
PVP, AgNO3, and nucleants mixture solution resulted in a decrease in the initial solution’s
pH. For example, the pH was found to be 3.5 right before placing the solution into the
oven for reaction (time = 0) during step 2 of the SMG method. However, upon initiating
the experiment in the oven, the pH exhibited an initial increase within the first 20 min,
followed by a decreasing trend that changed from 4.6 to 3.8 in Figure 2. Similar to the first
step of the SMG synthesis, the pH value reached 3.9 at an 80-min mark of the experiment
and stabilized at 3.8 upon completion. The solution was subjected to an additional 15 min
of reaction in the oven, during which the pH was measured twice and remained at 3.8.

2.4. Materials Characterizations

The microstructures of the synthesized AgNWs were characterized using a scanning
electron microscope (SEM) (JEOL JSM-7900FLV, Tokyo, Japan). For SEM imaging, a drop of
AgNW dispersed in ethanol (4.48 M) was spread on a carbon coated SEM mount and the
samples were dried in a preheated oven (100 °C) for 10 min. For measuring the length and
diameter of the nanowires, the Image] software version 1.54f (Released in 2023) was used.
The results of AgNW characterization are given in Section 3 below.

2.5. Entropy as an Indicator to Quantify Nanostructures

To automatically analyze SEM images for assessing the quality of synthesized materi-
als, a software toolbox using MATLAB Release 2023b (R2023b) was developed. In brief, this
script can identify circular nanoparticles in individual testing images, isolate nanoparticles
from the original microscopic SEM images, and then restructure images by placing these
identified circular nanoparticles on new images with a black background. Additionally, the
toolbox can calculate the entropy of the restructured images. In this way, when an SEM
image of AgNW is provided to the software, it will automatically provide a numerical
value of entropy as an output. These entropy values can be used to quantify the quality
of synthesized materials. For example, we found that a reconstructed images with many
circular nanoparticles can result in a high entropy value, which means a high degree of
disorders within the given image. As such, the entropy can be used to determine the pres-
ence of nanoparticles and quantitatively estimate the quality of the formed nanomaterials.
On the contrary, a low entropy value indicates minimal disorder, thus suggesting that
there are limited or minimal circular nanoparticles and the samples used for SEM imaging
predominantly consist of AgNWs.

For our experiments, we found that the identified silver nanoparticles had radii rang-
ing from 10 to 50 pixels, a size range consistent with the typical dimensions of nanoparticles
observed in the collected SEM images. Based on this information and to ensure accuracy,
the dimensions of all testing SEM images used to estimate entropy were first standardized
to “1280 x 960" pixels before applying the MATLAB code in our work. A flowchart that
illustrates the key steps of the tool is shown in Figure 3, which includes several procedures
for identifying circular silver nanoparticles, isolating them, duplicating them against a
black background, and calculating the entropy:.



Processes 2024, 12, 1487

7 of 16

Read Convert to Apply Edge
Image GrayScale Detection

Create a Black
Calculate the Image & Print the X
— —_—
Entropy Detected Circles on Detect Circles
the Black Image

Display
Entropy
Value

Figure 3. The flowchart illustrates the step-by-step image analysis for which the MATLAB code
detects nanoparticles in SEM images, separates them, and calculates the entropy value to quantify
the quality of materials synthesized using reconstructed images.

Specifically, to detect circular nanoparticles in SEM images, our software uses the
Hough Circle Transform via the “imfindcircles” function, which segments circles from the
background of microscopic images based on edge information. The edges are enhanced
using the Canny edge detection algorithm (“edge” function). The range of radii for the
circles is specified, and the detected circles are then drawn on a black image. To reconstruct
a new image with nanoparticles filled with white, the toolbox uses a black image and
fills the detected circular regions with white by updating the corresponding pixels and
their values in the black image. To calculate entropy, the “entropy” function is used for
restructured images. Results are given in Section 3.2 below for algorithm illustration.

3. Results and Discussion
3.1. Effect of Nucleants on AGQNW Synthesis

The presence of chloride ions (C17), ferric (Fe®*), and bromide ions (Br~) has favorable
effects on the formation of AgNWs, such as increased lengths and reduced diameters, thus
increasing the aspect ratio. The initial phase of our investigation centered on elucidating
the role of C1™ in controlling morphological features. In recent studies, NaCl has emerged
as the prevailing source of C17, serving as a key component for AgNW synthesis.

We conducted a systematic analysis encompassing five distinct concentrations of
NaCl, 0, 300, 600, 900, and 1200 uM, and subsequently compared the morphology of
synthesized samples. Moreover, our studies extended to AgNW synthesis and used copper
chloride (CuCly) as the chloride ion source, for which the concentration of CuCl, was
guided by the recommended parameters outlined in the work that introduced the SMG
method [32]. Importantly, previous work substituted CuCl, for NaCl as the chloride ion
source. In Figure 4, SEM images of synthesized AgNWs at high and low magnifications,
respectively, are given to compare the morphological features of samples formed with
varying concentrations of NaCl and CuCl,.

As shown in Figure 4, the absence of chloride ions (Figure 4(A1,A2)) resulted in the
generation of nanoparticles, with no observable formation of AgNWs. The possible reason
is that the chloride ions effectively diminished the concentration of unbound silver cations
within the reaction solution, accomplished through the formation of nano crystallites
of AgCl. Hence, the pivotal role of chloride ions in decreasing the reaction rate which
enables anisotropic growth is evident, thus promoting the genesis of AgNWs [35,36]. By
introducing NaCl with a concentration of 300 uM, AgNWs were formed (Figure 4(B1,B2)).
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However, alongside AgNWs, silver nanoparticles and nanorods were also found. This
phenomenon can be explained by the persistently rapid reaction rate, likely caused by
inadequate formation of the AgCl compound [37]. We found that increasing the NaCl
concentration to 600 uM (Figure 4(C1,C2)) facilitated the creation of AgNWs, with the
least number of nanoparticles in comparison to other concentrations. These nanowires
exhibited enhanced uniformity in both length and diameter. Conversely, when the NaCl
concentration was increased to 900 uM (Figure 4(D1,D2)) and 1200 uM (Figure 4(E1,E2)), the
formation of nanoparticles and nanorods resumed. Thus, it can be concluded that among
the NaCl concentrations studied, 600 uM was proved to be the optimal level for producing
uniform nanowires with minimal nanoparticles. In the context of synthesized AgNWs with
CuCl, (Figure 4(F1,F2)), it can be observed that alongside nanowires, nanoparticles were
also formed. Additionally, analysis revealed that while the AgNWs produced with CuCl,
and 600 uM NaCl exhibited the same average diameter (~70 nm), the samples produced
from 600 uM NaCl were almost twice the length of those synthesized with CuCl, (~50 pm
and ~27 um, respectively). This substantial difference in length highlights the advantage of
NaCl over CuCl; as a favorable chloride source for AgNW synthesis.

Figure 4. SEM images of AgNWs synthesized with different concentrations of NaCl (A-E) and
CuCl; (F). The amount of NaCl is 0 uM (A1,A2), 300 uM (B1,B2), 600 uM (C1,C2), 900 uM (D1,D2)
and 1200 uM (E1,E2), respectively. (F1,F2) show the SEM images of synthesized AgNWs with CuCl,.

Upon determining the optimal NaCl concentration, various concentrations of Fe(NOs)3
were introduced to investigate the impact of Fe** on the morphology of AgNWs. Specif-
ically, 0.75 uM, 1.5 uM, and 2.5 uM of Fe(NOj3)3 were individually added to the equal
amounts of PVP and AgNO3, alongside 600 uM of NaCl. Several SEM images of samples
from our experiments are given in Figure 5.

In Figure 5, it is evident that the introduction of Fe(NOs3)3 led to the formation of
nanoparticles alongside nanowires. However, at concentrations of 0.75 uM (Figure 5(A1,A2))
and 1.5 uM (Figure 5(B1,B2)) of Fe(NOs)3, the quantity of these nanoparticles was neg-
ligible compared to the nanowires. Conversely, when 2.5 pM of Fe(NOs); was used
(Figure 5(C1,C2)), a significant number of nanoparticles were formed, disrupting AgNW
synthesis. This could be potentially caused by the potent etching effect of high concentra-
tions of Fe(NO3)3 [34].
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Figure 5. SEM images of AgNWs synthesized with 600 uM of NaCl in combination with
0.75 uM (A1,A2), 1.5 uM (B1,B2), and 2.5 uM (C1,C2) of Fe(NOs3)3, respectively. (Due to the high
density of the produced silver nanowires, the nanowires chosen to demonstrate length (A2,B2) are
marked with yellow lines and red dashes. In addition, for better clarity, two ends of each AgNW are
shown with yellow arrows. Figure S1 in supplementary file shows enlarged (A2,B2)).

In our experiments, we found that AgNWs synthesized with 0.75 pM and 1.5 uM of
Fe(NOj3)3 exhibited the desired morphology. To determine the most suitable concentration
for synthesizing AgNWs with high aspect ratios, it is important to examine their length
and diameter. When 0.75 uM of Fe(NOs3); was used, the average length and diameter of
the AgNWs were 75 pm and 44 nm, respectively (aspect ratio = 1700). This resulted in a
length increase and diameter reduction, as compared to samples synthesized solely with
600 uM of NaCl (average length of 50 um, average diameter of 70 nm, and an aspect ratio
of ~700). These morphological changes increased the aspect ratio by 2.5 times, significantly
improving the synthesis process. The addition of 1.5 uM of Fe(NO3)3 also enhanced the
nanowires in comparison to using only NaCl, but with slightly shorter lengths (70 um) and
larger diameters (50 nm). Consequently, a combination of 0.75 uM of Fe(NO3)3 and 600 uM
of NaCl was identified as the synthesis conditions to form AgNWs with an aspect ratio
of 1700.

We further studied the impact of NaBr as the third nucleating agent on the morphology
of AgNWs. When both NaCl and NaBr were used as nucleants during AgNW synthesis, a
substantial quantity of AgCl and AgBr colloids formed in the initial stages of the reaction.
These colloids hindered the reduction of Ag* ions and created numerous nucleation sites.
Consequently, this restricted the radial growth of AgNWs, leading to the formation of
samples with an exceptionally small diameter [37-39]. This unique characteristic proves
advantageous in the synthesis of AgNWs with high aspect ratios.

Motived by the roles of NaBr for AgNW formation, three concentrations of NaBr,
50 uM (Figure 6(A1,A2)), 100 uM (Figure 6(B1,B2)) and 200 uM (Figure 6(C1,C2)), were
added separately to fixed amounts of NaCl (600 uM) and Fe(NOs); (0.75 uM) as the
nucleant agents to study the effect of NaBr on the morphology of AgNWs. When 50 uM of
NaBr was used, no significant alterations in the nanowires” morphology were observed. It
became evident that this concentration was insufficient to induce specific changes in the
nanowires’ lengths or diameters, as compared to these working conditions where only
NaCl and Fe(NOs); were utilized. However, a noteworthy transformation was observed
upon increasing the NaBr concentration to 100 M. This adjustment led to a remarkable
increase in aspect ratios, accomplished by reducing the average diameter of the synthesized
AgNWs from 44 nm to 29 nm. Despite a minor reduction in the average length (~68 um),
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the aspect ratio was increased to approximately 2400. Remarkably, this ratio was 1.5 times
greater than the results obtained using NaCl and Fe(NO3)3, as discussed above. Further
studies with 200 uM of NaBr did not yield significant changes in diameter. Instead, it led to
a decrease in the length of the synthesized AgNWs, consequently reducing the aspect ratio.
In summary, it has been demonstrated that maintaining NaCl and Fe(NO3)3 concentrations
at 600 pM and 0.75 pM, respectively, while introducing 100 uM of NaBr, resulted in the
synthesis of AgNW with an aspect ratio of 2400. Figure 6(D1,D2)) illustrates the length
and diameter frequency distribution of AgNWs synthesized using NaCl alone, NaCl and
Fe(NOs)3, as well as with the three nucleants of NaCl, Fe(NOg3)s, and NaBr, respectively.

w1000 nm

100 um

Figure 6. SEM images of AgNWs synthesized with 600 uM of NaCl, 0.75 uM of Fe(NO3)s,
and 50 uM (A1,A2), 100 uM (B1,B2) and 200 pM (C1,C2) of NaBr. Length (D1) and diame-
ter (D2) frequency distributions of AgNWs synthesized using NaCl alone, NaCl + Fe(NO3)3,
and NaCl + Fe(NOs)3 + NaBr. (Due to the high density of the produced silver nanowires, the
nanowires chosen to demonstrate length (A2,B2,C2) are marked with yellow lines and red dashes.
In addition, for better clarity, two ends of each AgNW are shown with yellow arrows. Figure S2 in
supplementary file shows enlarged (A2,B2,C2)).

3.2. Entropy, Characterizations, and Analysis

In Section 3.1, the optimal concentration of NaCl to synthesize AgNWs with the most
desirable morphology was firstly determined. Following this, the NaCl concentration
was held constant to identify the optimal concentration of Fe(NOs3);, and subsequent
fixation of concentrations ensued. Subsequently, the optimal concentration of NaBr, in
combination with these controlled concentrations of NaCl and Fe(NO3)3, was identified.
Although the optimum combinations of nucleant concentrations were determined, an
exploration of various combinations was further conducted in this work by selecting three
distinct concentrations for each nucleant: NaCl (300 uM, 600 uM, and 900 uM), Fe(NO3)3
(0.75 uM, 1.5 uM, and 2.5 uM), and NaBr (50 uM, 100 pM, and 200 uM), and by following a
standard full factorial design of experiment (DOE). Our DOE analysis aimed to identify
the individual and joint effect of nucleants on the morphology of AgNWs. Specifically,
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AgNWs were synthesized using all conceivable mixtures of these concentrations of different
nucleants, and their properties, including average length, average diameter, aspect ratio,
and average calculated entropy (as explained in Section 2.4), based on five SEM images of
each sample with standard deviation (STD), were comprehensively analyzed and are given
in Table 1.

Table 1. Average length, average diameter, aspect ratio, and average calculated entropy (with stan-
dard deviation) of all conceivable mixtures of different concentrations of NaCl, Fe(NOj3); and NaBr.

DOE NaCl Fe(NO3); NaBr Length  Diameter Aspect Entro Entropy

No. M) @M (M)  (m)  (m)  Ratio PY  (sTD)
1 300 0.75 50 40 36 1100 0.0898 0.0127
2 300 0.75 100 32 39 800 0.0585 0.0104
3 300 0.75 200 19 22 900 0.0843 0.0137
4 300 1.5 50 45 44 1000 0.0081 0.0060
5 300 1.5 100 40 31 1300 0.0695 0.0088
6 300 1.5 200 26 26 1000 0.0968 0.0003
7 300 2.5 50 25 37 700 0.0581 0.0133
8 300 2.5 100 36 30 1200 0.0551 0.0123
9 300 25 200 18 24 750 0.0901 0.0176
10 600 0.75 50 69 49 1400 0.0119 0.0043
11 600 0.75 100 68 29 2400 0.0075 0.0062
12 600 0.75 200 44 29 1500 0.0141 0.0067
13 600 15 50 37 44 850 0.0878 0.0243
14 600 1.5 100 58 42 1400 0.0077 0.0031
15 600 1.5 200 38 36 1000 0.0619 0.0236
16 600 2.5 50 41 47 900 0.0151 0.0060
17 600 25 100 50 46 1100 0.0581 0.0072
18 600 25 200 41 37 1100 0.0634 0.0178
19 900 0.75 50 27 49 550 0.0729 0.0153
20 900 0.75 100 46 42 1100 0.0525 0.0083
21 900 0.75 200 46 40 1150 0.1164 0.0168
22 900 15 50 33 43 800 0.0629 0.0122
23 900 1.5 100 39 43 900 0.0781 0.0223
24 900 1.5 200 48 36 1300 0.1046 0.0088
25 900 2.5 50 32 49 650 0.0798 0.0168
26 900 2.5 100 30 35 850 0.0692 0.0071
27 900 25 200 37 38 1000 0.0837 0.0091

As shown in Table 1, we found that samples 10, 11, and 14 exhibit the highest average
lengths among the formed AgNWs, measuring 69, 68, and 58 pum, respectively. Notably, all
three samples share a commonality with a NaCl concentration of 600 pM. Samples 10 and
11 share an identical Fe(NO3)3 concentration (0.75 uM). However, sample 11, characterized
by a higher NaBr concentration, contributed to a great reduction in average diameter and
consequently an increase in aspect ratio, as compared to sample 10. A comparison between
samples 11 and 14, which share identical NaCl and NaBr concentrations, reveals that
0.75 uM of Fe(NO3);3 has a great effect in decreasing the average diameter and increasing
the aspect ratio compared to 1.5 uM of Fe(NO3)3. The findings concerning average length,
average diameter, and aspect ratio collectively affirm the accuracy of the optimal nucleant
concentrations identified in the preceding section (i.e., the results for sample 11 in Table 1).

As in Table 1, entropy emerges as a pivotal parameter, closely linked to the uniformity
of AgNWs and the absence of nanoparticles. As discussed in Section 2.4, a MATLAB-based
software toolbox was developed for the automated numerical analysis of SEM images
in this study. The outcomes, stratified into three primary categories based on entropy
values—below 0.02, between 0.02 and 0.07, and above 0.07—reveal distinct characteristics
of the samples: predominantly nanowires, a combination of nanowires and nanoparticles,
or predominantly nanoparticles. The tabulated data in Table 1 illustrate that, among the
array of synthesized samples, only numbers 4, 10, 11, 12, 14, and 16 exhibit entropy values



Processes 2024, 12, 1487

12 of 16

below 0.02, thus signifying their predominantly AGNW composition. In contrast, the
remaining samples exhibit a combination of nanowires and nanoparticles or are predomi-
nantly nanoparticles, rendering them unsuitable for AgNW synthesis. The obtained entropy
value of sample 11, formulated with 600 uM of NaCl, 0.75 uM of Fe(NOs)3, and 100 uM
of NaBr with its high aspect ratio, confirmed that it attains the optimal concentrations of
nucleants. This composition fosters the synthesis of AgNWs characterized by the highest
aspect ratio, heightened purity of nanowires, and minimized presence of nanoparticles, a
noteworthy advancement in the pursuit of efficient AGNW synthesis.

Additionally, Figure 7 provides a visual representation explaining the operational
procedure of the software toolbox. Process A (Figure 7) corresponds to a sample synthe-
sized using PVP and AgNOj; without using any nucleants. Consequently, the absence of
nanowires was notable, with only nanoparticles formed. The software toolbox initiated
its analysis by identifying circular or semi-circular nanoparticles, which were highlighted
with red circles. Subsequently, these identified nanoparticles were segregated, reproduced
on a black background, and the entropy of the separated image was calculated, yielding a
numerical value (0.4088). Higher entropy values were observed for samples with a higher
count of nanoparticles.

Original Image Detected Particles

Separated Image
g

NaCl: 0 pM ST
L) :
Fe(NO,);: 0 pM i M [Entopy > | 04088 |
1.
NaBr: 0 uM
NaCl: 600 pM

Fe(NOg),: 0.75 uM

5 |

; Entropy > 0.0000

Entropy > 0.0621

, o |
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Figure 7. The process of detecting circular silver nanoparticles, separating them, and reprinting

NaBr: 100 uM

NaCl: 900 uM

Fe(NOg);: 1.5 uM

NaBr: 50 pM

NaCl: 900 uM

Fe(NOg);: 1.5 uM

NaBr: 100 uM

them on a black screen using the developed software toolbox for samples containing 0 uM of NaCl,
0 uM of Fe(NO3)3 and 0 uM of NaBr (A), 600 uM of NaCl, 0.75 uM of Fe(NOj3); and 100 uM of
NaBr (B), 900 uM of NaCl, 1.5 uM of Fe(NOs3)3 and 50 uM of NaBr (C) and 900 uM of NaCl, 1.5 uM
of Fe(NOs3)3 and 100 uM of NaBr (D) which were randomly selected from all synthesized samples in
our experiments to demonstrate how the toolbox works.

Process B, as shown in Figure 7, indicates the results of sample 11 in Table 1, which
was the optimal sample in our experimental dataset. In this scenario, the software toolbox
did not detect nanoparticles, resulting in an entropy value of 0. In addition, process C,
involving sample 22 from Table 1, illustrates the toolbox’s ability to detect and segregate
nanoparticles from AgNWs. Meanwhile, process D, associated with sample 23, exhibited a
higher calculated entropy, which could be attributed to a greater presence of nanoparticles
as compared to sample 22 (process C).

3.3. Successive Multistep Growth

Based on the discussion above, optimal concentrations of NaCl (600 uM), Fe(NOs)3
(0.75 pM), and NaBr (100 uM) were selected to synthesize AgNWs with the highest aspect
ratio of 2400. Subsequently, the SMG method was adopted with seven consecutive steps
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to study the possibility for further improving the average length and aspect ratio. SEM
images in Figure 8 show the results of AgNW samples for steps 1, 3, 5, and 6, respectively.
In the initial step (Figure 8(A1,A2)), AgNWs were synthesized using the specified nucleant
concentrations, resulting in an average length of 68 um and an average diameter of 29 nm,
as discussed in Section 3.2. By the third step (Figure 8(B1,B2)), the average length and
diameter increased to 104 um and 75 nm, respectively. Step 5 (Figure 8(C1,C2)) further
enhanced the dimensions, reaching 171 pm and 85 nm for length and diameter, respectively.
In the subsequent sixth step (Figure 8(D1,D2)), the highest aspect ratio of 4500 was achieved,
with an average length of 178 um and an average diameter of 40 nm. Although step 7
maintained a similar average diameter to step 6, we found the length was decreased to
123 pm. These findings indicate that performing the SMG method six times maximizes
both the average length and aspect ratio. To validate the results, these experiments were
repeated thrice. Figure 8(E1,E2) show the length and diameter frequency distribution in
steps 1, 3, 5, and 6, respectively.
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Figure 8. SEM images of AgNWs synthesized with 600 uM of NaCl, 0.75 uM of Fe(NOg3)3, and 100 uM
of NaBr via SMG method at steps 1 (A1,A2), 3 (B1,B2), 5 (C1,C2) and 6 (D1,D2). Length (E1) and
diameter (E2) frequency distributions of AgNWs synthesized in the mentioned steps. (Due to the high
density of the produced silver nanowires, the nanowires chosen to demonstrate length (A2,B2,C2,D2)
are marked with yellow lines and red dashes. In addition, for better clarity, two ends of each AgNW
are shown with yellow arrows. Figure S3 in supplementary file shows enlarged (A2,B2,C2,D2)).

In addition, our results regarding the diameter of synthesized AgNWs (Figure 8(E2))
showed a significant increase in diameter in steps 3 and 5, followed by a notable decrease
in step 6. This pattern can be explained through the processes of seeding and nucleation.
Nucleation, a phenomenon where small clusters of atoms or nanoparticles (referred to as

“seeds”) form and act as sites for further growth, plays a crucial role in this context [40]. For

AgNW synthesis, seeding involves introducing a solution containing previously formed
silver nanowires into the reaction mixture. These nanowires act as nucleation sites for the
growth of new ones, thus guiding their growth in a specific direction. The presence of
pre-formed silver nanowires as seeds influences the alignment and attachment of silver
atoms, resulting in the formation of elongated nanowire structures [41], thus leading to an
increase in both length and diameter. However, in subsequent processes of the sequential
synthesis, a decrease in the diameter of the nanowires is observed. This reduction in
diameter can be attributed to the increased quantity of the nucleation agent (as-synthesized
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nanowires). More nucleation sites are available due to a higher nucleation density, but the
quantity of silver ions remains constant. As a result, each individual seed has a reduced
amount of material available for further growth, thus leading to the formation of thinner
nanowires [25].

To further compare the results from the individual reactions of the successive multistep
growth, Figure 9 shows the evolution of the length distribution of AgNWs during the
synthesis optimization process from step 1 to step 6. Notably, in the initial step of the SMG
method (step 1), the peak of the distribution is approximately 100 pm. Subsequently, at step
3, a discernible shift is evident, with the peak ranging between 150 and 200 um, indicative
of an increase in the average length of AgNWs. Further optimization at step 6 results in
another notable shift, thus reflecting a peak where the majority of AgNWs have lengths
over 200 um. Moreover, in step 6, AgNWs with lengths surpassing 400 um are apparent.
This nuanced progression in nanowire length distribution underscores the effectiveness of
the SMG method in increasing the length of AgNWs.

100

0 A .. Synthesis 1 (Step 1 of SMG method)

8 X --- Synthesis 3 (Step 3 of SMG method)

70 " [l — synthesis 6 (Step 6 of SMG method)
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40 : f
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°
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Figure 9. The evolution of the length distribution of AgNWs throughout the SMG method, spanning
from the initial step to the sixth step.

4. Conclusions

The impact of varying combinations of Cl~ (sourced from NaCl), Fe** (sourced from
Fe(NO3)3), and Br~ (sourced from NaBr) concentrations on the morphological properties
of AgNW was systematically studied. Our experiments, aided by experimental design,
allow for the selection of the optimal combinations of nucleants that can be tailored to
specific applications, thus ensuring the synthesis of AgNWs with the desired average
length, average diameter, and aspect ratio. Using the SMG method on a synthesized
AgNW sample led to the formation of AgNWs measuring approximately 180 um in length
and 40 nm in diameter, resulting in an aspect ratio of 4500. For quantitative analysis,
a MATLAB-based software toolbox was developed for the automated analysis of SEM
images, facilitating the identification of silver nanoparticles and quantitative comparison
of synthesized AgNW samples to determine nanoparticles. Furthermore, we introduced
pH as an indicator for determining the precise termination indicator of AgNW synthesis,
providing an alternative to the traditional color- or time-based methods. These findings
provide insights and tools for the precise control and characterization of AgNWs, thus
potentially improving their applicability across diverse technological domains.
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Supplementary Materials: The following supporting information can be downloaded at: https:
//www.mdpi.com/article/10.3390/pr12071487 /s1, Figure S1. Enlarged images to show synthesized
silver nanowires. Figure S2. Enlarged images to show synthesized silver nanowires. Figure S3.
Enlarged images to show synthesized silver nanowires.
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