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ABSTRACT

Silver nanoparticles (AgNPs) exhibit unique optical and chemical properties that enable broad applications in sensing, catalysis, and
nanomedicine. This study optimized AgNPs synthesis using the Turkevich method, in which silver nitrate (AgNOs) serves as the silver
precursor and trisodium citrate (TSC) acts as both the reducing and stabilizing agent. The effects of a fixed AgNO3 concentration of
0.034 g (0.06 mM), TSC addition timing, storage conditions, reaction temperatures of 70°C, 80°C, and 90°C, and TSC concentrations of
0.5 g (0.136 mM), 1.0 g (0.272 mM), and 1.5 g (0.408 mM) were investigated. Characterization using FESEM and EDX, UV-VIS
spectroscopy, Zeta Potential, and Zeta Sizer (dynamic light scattering, DLS) revealed that higher temperatures (280°C) combined with
higher TSC concentrations of 1.0 g and 1.5 g produced smaller, more stable nanoparticles of 72.85-90.38 nm with a polydispersity
index (PdI) of 0.5-0.7, indicating good uniformity. UV-VIS spectra confirmed AgNPs formation, with surface plasmon resonance peaks
at436-519 nm. Zeta potential values below -40 mV at higher TSC concentrations indicated excellent colloidal stability, whereas lower
temperatures and insufficient TSC led to aggregation. Storage at room temperature accelerated oxidation and particle growth. Optimal
synthesis conditions of 80°C to 90°C with 1.0 g to 1.5 g of TSC offer a reproducible method for fabricating stable AgNPs.
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1. INTRODUCTION

Silver nanoparticles (AgNPs) have gained significant
attention due to their unique physicochemical properties,
including localized surface plasmon resonance (LSPR), high
electrical conductivity, and antimicrobial activity [1]. Their
tunable optical properties, influenced by size, shape, and
aggregation, make them highly effective in sensing
applications, such as surface-enhanced Raman scattering
(SERS) and colorimetric detection of environmental
pollutants like heavy metals [2, 3]. The antimicrobial
performance of AgNPs, dependent on morphology and
surface coatings, has also led to applications in medical
devices and antiseptics [4, 5]. These versatile properties
support their widespread use in diagnostics, therapeutics,
catalysis, and consumer products [1, 6].

In catalysis, AgNPs facilitate organic pollutant degradation
due to their redox properties, though efficiency is
influenced by surface chemistry and stabilizers [5]. In heavy
metal detection, AgNPs-based sensors exploit LSPR shifts
and electrochemical enhancements for high sensitivity. Pb2*
detection utilizes LSPR peak shifts from nanoparticle
aggregation, causing visible colour changes on cellulose
strips [3]. Similarly, Hg?+ sensing relies on AgNPs-based
plasmonic signal quenching or enhancement, enabling high
selectivity in water with detection limits in the low ppb
range [7, 8]. These remarkable sensing capabilities stem
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from AgNPs’ high electron transfer rates and surface
reactivity, enhancing signal amplification in optical and
electrochemical platforms [8, 9].

Among various synthesis techniques, the Turkevich method
is widely employed for AgNPs synthesis because of its
simplicity and its ability to control nanoparticle size and
morphology [10]. This method involves the reduction of
silver ions in an aqueous medium using trisodium citrate
(TSC), which also acts as a stabilizer to prevent aggregation
[10]. However, synthesis outcomes depend on multiple
parameters, including reaction temperature, silver nitrate
concentration, TSC concentration, and the timing of TSC
addition [1, 11]. Furthermore, storage conditions also play
a crucial role in preserving the long-term stability of AgNPs
[11]. Achieving precise control over nanoparticle size and
morphology is essential for ensuring reproducible
performance in sensing applications [10, 11].

Reaction temperature is one of the most significant factors
affecting nucleation and growth. Higher temperatures
accelerate nucleation, yielding smaller, more uniform
nanoparticles [12, 13], whereas lower temperatures lead to
larger, more polydisperse particles because of slower
nucleation [12, 14]. TSC, which serves as both a reducing
agent and a stabilizer, requires careful concentration
control, as insufficient TSC leads to incomplete reduction
and aggregation [15], whereas excessive amounts alter
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growth kinetics and affect size and morphology [16]. The
timing of TSC addition is equally critical, as uncontrolled
introduction leads to irregular nucleation and non-uniform
nanoparticles. Additionally, precise TSC addition timing is
crucial because uncontrolled nucleation during UV-
activated synthesis can lead to irregular particle
morphology [16, 17].

Previous studies have demonstrated that controlled
synthesis parameters can be validated using UV-VIS
spectroscopy to track LSPR peaks at approximately 400 nm,
which indicate successful nanoparticle formation [16, 18,
19]. Complementary characterization techniques, including
FESEM and EDX, provide morphological and elemental
analysis, while DLS and zeta potential measurements assess
particle size and colloidal stability [18, 19].

This study aims to optimize AgNP synthesis by
systematically evaluating the influence of TSC addition
timing, reaction temperature, TSC concentration, and
storage conditions. By optimizing these synthesis
parameters, this research supports the development of
highly stable AgNPs.

2. METHODOLOGY

The overall experimental workflow is summarized in
Figure 1, outlining the sequential steps from AgNPs
synthesis to characterization.

2.1. Materials

Silver nitrate (AgNOs, 99.99% trace metals basis, Sigma-
Aldrich) was used as the silver precursor, while trisodium
citrate dihydrate (TSC, Na3Ce¢Hs07:2H20, ACS reagent,
2 99.0%, Fisher Scientific) served as both a reducing and
stabilizing agent. Deionized (DI) water was used as the
solvent for all experimental procedures.

2.2. Synthesis of Silver Nanoparticles (AgNPs)

AgNPs were synthesized using the Turkevich method to
investigate the effects of TSC addition timing, storage
conditions, reaction temperature, and TSC concentration on
nanoparticle formation, as presented in Table 1 and
Figure 2, in two batches as follows:

e Batch 1: Influence of TSC Addition Timing and
Storage Conditions on AgNP Formation

e Batch 2: Influence of TSC Concentration and Reaction
Temperature on AgNPs Formation

In Batch 1, the influence of TSC addition timing and
subsequent storage conditions was investigated. Solution A
was heated to 90°C with stirring at 900 rpm, and a fixed
volume of Solution B (1.6 mL, 0.2 g [0.054 mM TSC]) was
added either at 90°C or at the start of heating. The resulting
samples are listed in Table 2.

In Batch 2, the influence of TSC concentration and reaction
temperature was investigated. In this batch, Solution A was
heated to 70°C, 80°C, or 90°C with stirring at 900 rpm. For
each temperature, 1.6 mL of Solution B with varying TSC
concentrations of 0.5 g (0.136 mM), 1.0 g (0.272 mM), and
1.5 g (0.408 mM) was added, producing a total of nine
samples that were stored in airtight amber bottles at room
temperature, as listed in Table 3.

The synthesis parameters in these two batches were
selected to study how key chemical and thermal factors
influence AgNPs formation in the Turkevich method.
Batch 1 focused on the effect of TSC addition timing and
storage conditions on nucleation and post-synthesis
stability, allowing comparison between early- and late-
stage reduction pathways. Batch 2 examined how reaction
temperature (70°C, 80°C, 90°C) and TSC concentration
influence reduction kinetics, particle size, and colloidal

Table 1. Experimental summary for AgNPs synthesis

(0.06mM AgNO3)

Procedure Batch 1 | Batch 2
Preparation of 1) 0.034 g of AgNOs was dissolved into 40 mL of DI water
Solution A 2) 20 mL of dissolved solution was diluted into 100 mL of DI water

3) 60 mL of diluted solution was transferred into a conical flask

Preparation of 20 mL of DI water:

The following TSC concentration was dissolved into

The following TSC concentration was dissolved into
20 mL of DI water (separately):
e Concentration 1: 0.5 g (0.136 mM)

e Sample 2b: At the start of heating

Solution B e 0.2g(0.054mM) o Concentration 2: 1.0 g (0.272 mM)
e Concentration 3: 1.5 g (0.408 mM)
1) Solution A was heated while stirring at 900 rpm
2) 1.6 mL of Solution B (Concentration 1) was added
1) Solution A was heated while stirring at 900 rpm at the following temperatures:
Heating and 2) 1.6 mL of Solution B was added as follows: e Temperature 1: 70°C
TSC Addition e Sample 1 and Sample 2a: At 90°C e Temperature 2: 80°C

e Temperature 3: 90°C
3) Steps 1 and 2 were repeated for Concentration 2
and Concentration 3

Observation of
Color Change

A pale yellow to greyish color was observed, indicating AgNPs formation

as follows:

Storage e Sample 1: Cool storage (~4°C)

The samples were stored in an amber bottle and kept

e Sample 2a and Sample 2b: Room storage (~25°C)

The samples were stored in an amber bottle and kept
in room storage (~25°C)
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Figure 1. Block diagram illustrating the AgNPs synthesis protocol followed by a sequence of characterization tests

Preparation of Solution A (0.06mM of AGNO;)

1) Dissolve 0.034 g of AgNOj into 40 mL of DI water

Batch 1 2) Dilute 20 mL of the dissolved solution into 100 mL of DI water Batch 2
3) Transfer 60 mL of diluted solution into a conical flask
_____________________________ TE——-----------------cemememmmm——— -
| £ ' 3
Preparation of Solution B Preparation of Solution B (0.054 mM of
(0.054 mM of TSC) TSC)

Dissolve 0.2 g of TSC into 20
mL of DI water

Heating and TSC Addition
1) Heat Solution A while stirring at 900
rpm
2) Add 1.6 mL of Solution B as follows:

+ Sample 1 and Sample 2a: At 90°C
« Sample 2b: At the start of heating

Dissolves the following TSC concentration
into 20 mL of DI water (separately):

«  Concentration 1: 0.5 g (0.136 mM)
+  Concentration 2: 1.0 g (0.272 mM)
¢ Concentration 3: 1.5 g (0.408 mM)

Heating and TSC Addition

1) Heat Solution A while stirring at 900 rpm

2) Add 1.6 mL of Solution B (Concentration 1)
at the following temperatures:

*  Temperature 1: 70°C

»  Temperature 2: 80°C

*  Temperature 3: 90°C

3) Steps 1 and 2 were repeated for

Concentration 2 and Concentration 3

b e e I _________________ N

|

Continue to stir the mixture at 900 rpm |

No

Observation of Colour Change

Batch 1

Does the colour change from pale
yellow to greyish?

Batch 2

!

Storage

Store the samples in an amber bottle and
keep them as follows:

*« Sample 1: Cool storage (~ 4°C)
«  Sample 2a and Sample 2b: Room
storage (~ 25°C)

|

Storage

Store the samples in an amber bottle
and keep in a room storage (~ 25°C)

Figure 2. Schematic flow diagram of AgNPs synthesis, highlighting parameter variations between Batch 1 and Batch 2

stability, highlighting the balance between nucleation rate
and particle growth. The range of TSC concentrations also
enables evaluation of citrate’s dual role as a reducing and
stabilizing agent in controlling particle uniformity. Storage
conditions in Batch 1 were included to monitor oxidation or

aggregation over time, providing insight into post-synthesis
behavior. Together, these controlled variations provide a
structured basis for identifying synthesis conditions that
produce uniform, reproducible, and highly stable AgNPs
suitable for further characterization and application.
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Table 2. List of samples for Batch 1: Influence of TSC Addition
Timing and Storage Condition of AgNPs Formation

S;;nnrl)(lee Description

Sample 1 AgNPs with TSC 0.2 g (0.054 mM) added at 90°C
with cool storage (~4°C)

Sample 2a AgNPs with TSC 0.2 g (0.054 mM) added at 90°C
with room temperature storage (~25°C)
AgNPs with TSC 0.2 g (0.054 mM) added at the

Sample 2b | start of heating with room temperature storage
(~25°0)

Table 3. List of samples for Batch 2: Influence of TSC
Concentration and Reaction Temperature on AgNPs Formation

S;::s’l: Description

Sample 1 | AgNPs with TSC 0.5g (0.136 mM) added at 70°C
Sample 2 | AgNPs with TSC 0.5g (0.136 mM) added at 80°C
Sample 3 | AgNPs with TSC 0.5g (0.136 mM) added at 90°C
Sample 4 | AgNPs with TSC 1.0g (0.272 mM) added at 70°C
Sample 5 | AgNPs with TSC 1.0g (0.272 mM) added at 80°C
Sample 6 | AgNPs with TSC 1.0g (0.272 mM) added at 90°C
Sample 7 | AgNPs with TSC 1.5g (0.408 mM) added at 70°C
Sample 8 | AgNPs with TSC 1.5g (0.408 mM) added at 80°C
Sample 9 | AgNPs with TSC 1.5g (0.408 mM) added at 90°C

2.3. Characterization of AgNPs

The synthesized AgNPs were characterized to evaluate their
morphological, optical, and colloidal stability properties.
For Batch 1, the samples were drop-cast onto cleaned glass
substrates and incubated for 48 hours to observe the
morphology and distribution of AgNPs using Field Emission
Scanning Electron Microscopy (FESEM), while Energy
Dispersive X-ray Spectroscopy (EDX) confirmed the
elemental composition, particularly the presence of silver.
For Batch 2, additional characterization techniques were
used to assess particle size, optical properties, and stability.
UV-Visible Spectroscopy (UV-Vis, 300 - 700 nm) was used
to identify the surface plasmon resonance (SPR) peak,
indicating the formation of AgNPs. Zeta Potential analysis
measured the surface charge and colloidal stability of the
nanoparticles, while DLS measurements performed using a
Zeta Sizer instrument provided insight into their
hydrodynamic diameter and size distribution. Both
measurements were recorded in triplicate for each sample
to ensure statistical consistency. These complementary
techniques enabled a thorough evaluation of AgNP
uniformity, aggregation, and optical properties, ensuring
reproducible and reliable synthesis outcomes for sensing
applications.

3. RESULTS AND DISCUSSION

The following subsections present and discuss the findings,
highlighting trends in nanoparticle formation, stability, and
aggregation for the samples produced in Batch 1 and
Batch 2.
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3.1. Batch 1: Influence of TSC Addition Timing and
Storage Conditions on AgNPs Formation

The results from Batch 1 show that the timing of TSC
addition strongly influences nucleation behavior, with TSC
addition at 90°C typically yielding smaller and more
uniformly distributed nanoparticles. In contrast, adding TSC
at the start of heating exposed the precursor to a slower
reduction environment, often leading to broader size
distributions or early-stage aggregation. Storage conditions
further contributed to stability differences, with cool
storage mitigating agglomeration relative to room
temperature. These trends were supported by FESEM
observations of particle morphology, while EDX confirmed
the elemental identity and purity of the synthesized
nanoparticles.

3.1.1. Morphological Analysis via FESEM

FESEM was used to analyze the morphology and size
distribution of AgNPs synthesized under different TSC
addition timings and storage conditions. The FESEM images
in Figure 3 show clear variations in particle visibility and
uniformity across the three samples. To support the
visualization of particle size differences, a bar graph is
provided in Figure 4, summarizing the representative
nanoparticle size measurements for each sample and
highlighting their relative differences under the tested
synthesis conditions.

Sample 1 (Batch 1) exhibited distorted and blurry features,
making it difficult to identify individual nanoparticles, likely
because of poor dispersion, agglomeration, or charging
effects during imaging. In the next two samples, the image
quality improved significantly, allowing the nanoparticles
to be identified. In Sample 23, the average particle size was
approximately 77.22 nm, indicating that room-temperature
storage enhanced stability and image clarity. In Sample 2b,
the particle sizes ranged from 72.91 nm to 90.38 nm.
However, the broader size distribution suggests that adding
TSC at the start of heating resulted in less controlled
nucleation and growth.

Overall, the results indicate that adding TSC precisely at
90°C (Sample 2a) produced more uniform and well-
dispersed AgNPs. This aligns with previous studies in which
controlled TSC addition during synthesis at a higher
temperature (90°C) improved nucleation and particle
uniformity [20-22]. Furthermore, the use of TSC as both a
reducing and stabilizing agent plays a crucial role in
controlling the size and stability of the synthesized AgNPs
[23, 24]. Citrate ions adsorbed onto the surface of the
nanoparticles act as a protective layer, preventing
agglomeration through electrostatic repulsion [25].
Additionally, AgNPs stored at room temperature under dark
conditions maintained their colloidal stability, reducing the
risk of aggregation compared with storage at lower
temperatures [26-29]. Thus, the synthesis route in
Sample 2a offers a simplified and effective approach for
obtaining stable, uniform AgNPs.



Figure 3. FESEM images in Batch 1, (a) Sample 1: AgNPs with
TSC 0.2 g (0.054 mM) added at 90°C with cool storage (~4°C),
(b) Sample 2a: AgNPs with TSC 0.2 g (0.054 mM) added at 90°C
with room temperature storage (~25°C), (c) Sample 2b: AgNPs
with TSC 0.2 g (0.054 mM) added at the start of heating with
room temperature storage (~25°C)
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Figure 4. Particle size comparison of AgNPs samples
produced in Batch 1

3.1.2. Elemental Composition via EDX

EDX was used to determine the elemental composition of
the synthesized AgNPs and to support FESEM observations.
Figure 5 and Figure 6 present the atomic percentage (at%)
and the weight percentage (wt%) compositions,
respectively. The key elements detected included silver
(Ag), oxygen (0), sodium (Na), magnesium (Mg), silicon (Si),
and calcium (Ca), with Ag being the primary target element,
whereas O and Si originate mainly from the glass substrate.
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Sample 1 (Batch 1) showed an Ag content of 0.89 at% and
4,55 wt%, indicating the presence of AgNPs, although
FESEM imaging was distorted, limiting morphological
interpretation. Sample 2a contained 0.82 at% and 4.38 wt%
Ag, slightly lower than Sample 1, yet FESEM revealed
clearer particle visibility. Sample 2b displayed a
substantially higher Ag content (2.52 at% and 12.15 wt%),
suggesting a greater presence of AgNPs. This aligns with
FESEM observations, in which Sample 2b exhibited larger
and more aggregated nanoparticles, contributing to
stronger Ag signals within the EDX sampling area.

The elevated O and Si contents in Samples 1 and 2a reflect
contributions from the glass substrate and possible surface
oxidation. The relatively lower O content and higher Ag
content in Sample 2b support the interpretation that early
TSC addition promotes the formation of larger or more
continuous Ag domains, consistent with its broader size
distribution observed in FESEM. These variations illustrate
how TSC addition timing affects the distribution and
aggregation of AgNPs during synthesis.

Overall, Sample 2a remains the preferred synthesis route
due to its precise TSC addition at 90°C combined with room
temperature, which resulted in controlled nucleation and
particle growth, preventing random aggregation that may
occur with uncontrolled addition timing [30, 31]. This
approach provides stable, reproducible AgNPs while
maintaining a practical and simplified synthesis procedure.

3.2. Batch 2: Influence of TSC Concentration and
Reaction Temperature on AgNPs Formation

The results from Batch 2 are presented to evaluate the
influence of reaction temperature and variation in TSC
concentration on AgNP formation. UV-VIS spectroscopy was
used to analyze the optical properties of the nanoparticles,
while Zeta Potential and Zeta Sizer measurements assessed
colloidal stability and hydrodynamic size distribution.
FESEM and EDX analyses were performed on selected
samples to examine surface morphology and elemental
composition. Together, these characterization methods
were used to identify the synthesis conditions that yield
stable, uniform, and well-formed AgNPs.

3.2.1. Optical Properties via UV-VIS Spectroscopy

The UV-VIS absorbance spectra shown in Figure 7 were
used to analyze the optical properties of AgNPs synthesized
at different temperatures and concentrations, while Table 4
presents the corresponding SPR peak positions. The SPR
peak is highly sensitive to particle size, shape, and
dispersion, making UV-VIS a reliable preliminary indicator
of formation efficiency and nanoparticle quality. Variations
in peak intensity and wavelength provide insights into
nucleation behavior, growth dynamics, and the degree of
colloidal stability achieved during synthesis. The spectra
reveal clear trends in nanoparticle formation as a function
of reaction conditions, allowing direct comparison of
temperature- and concentration-dependent effects.
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Table 4. SPR peak wavelengths of synthesized AgNPs samples in

Batch 2
Sample Name SPR Peak (nm)
Sample 1 269
Sample 2 436-469
Sample 3 348-510
Sample 4 272
Sample 5 432
Sample 6 350-496
Sample 7 269
Sample 8 446
Sample 9 349-519

Sample 1: AgNPS with TSC 0.50 (0,136 mM) added at 70°C|
—— Sample 2: AGNPs with TSC 0.5g (0.136 mM) added at 80°C|

—— Sample 3: AQNPs with TSC 0.5 (0.136 mM) added a1 90°C|

Sample 4: AgNPs with TSC 1.0g (0.272 mM) added at 70°C

Sampie 5: AQNPs with TSC 1.0g (0.272 mM) added at 80°C|

= Sample 6: AgNPs with TSC 1.0g (0.272 mM) added at 90°C]|

Sample 7: AQNPS with TSC 1.50 (0.408 mM) added at 70°C

—— Sample 8: AGNPs with TSC 1.5 (0.408 mM) added at 80°C

Sample 9. AgNPs with TSC 1.50 (0.408 mM) added at 90°C|

Absorbance

B § % | T T
500 600 700 800

Wavelength (nm)

T T
300 400

Figure 7. Comparison of UV-VIS absorbance spectra for
all synthesized AgNPs samples in Batch 2

At 70°C, the absorbance values remained relatively low
across all samples (Sample 1, Sample 4, and Sample 7), with
peaks observed around 269-272 nm. This suggests minimal
nanoparticle formation or early-stage nucleation with
limited growth. SPR peaks emerged at 80°C (Sample 2,
Sample 5, and Sample 8), appearing within 432-469 nm and
accompanied by higher absorbance. The peak redshift and
higher intensity indicate larger particle formation
compared with 70°C. At 90°C, all samples (Sample 3,
Sample 6, and Sample 9) showed substantially higher
absorbance and broader SPR bands in the range of
348-519 nm. The increased peak intensity reflects higher
nanoparticle yield, whereas peak broadening indicates a
wider particle size distribution and enhanced growth
dynamics.

Overall, increasing the synthesis temperature resulted in a
redshift of the SPR peak, consistent with the formation of
larger AgNPs. Higher TSC concentrations further enhanced
absorbance intensity, indicating improved reduction
efficiency and greater nanoparticle yield. Based on the UV-
VIS results, 80°C and 90°C appear to be more suitable for
AgNP synthesis, as they exhibit well-defined SPR peaks
within the expected range for stable AgNPs (>400 nm)
[32-35].



3.2.2. Particle Stability and Size via Zeta Potential and
Zeta Sizer

The stability of AgNPs in suspension is significantly
influenced by their surface charge, which can be assessed
using Zeta Potential measurements. Higher absolute Zeta
Potential values (typically above +30 mV) indicate stronger
electrostatic repulsion and enhanced colloidal stability.
Particle size distribution was analyzed using the Zeta Sizer,
which provides hydrodynamic diameter measurements. To
ensure accuracy and reproducibility, three consecutive
measurements (M1, M2, M3) were taken for both Zeta
Potential and Zeta Sizer for each sample, and the
comparative results for each parameter are presented
graphically with corresponding error bars. The mean and
standard deviation (SD) values are summarized in the
accompanying tables for clarity.

Figure 8 presents the Zeta Potential values of all Batch 2
samples, highlighting the influence of reaction temperature
and TSC concentration on nanoparticle stability.
Measurement variability is further illustrated in Figure 9
using error bars, while Table 5 provides the corresponding
mean with SD for each sample.

Across all TSC concentrations, AgNPs synthesized at higher
temperatures (80°C and 90°C) consistently exhibited more
negative Zeta Potential values than those synthesized at
70°C, indicating stronger electrostatic repulsion and better
colloidal stability. In contrast, samples at 70°C displayed
relatively less negative values, reflecting weaker repulsive
forces and a higher tendency for aggregation. The
concentration of TSC also strongly influenced colloidal
stability. At the lower TSC concentration of 0.5 g
(0.136 mM), the AgNPs exhibited relatively unstable
characteristics, particularly those synthesized at 70°C, with
Zeta Potential values of -6.32 to -7.02 mV, indicating a high
risk of aggregation. Increasing the TSC concentration to
1.0 g(0.272 mM) resulted in improved stability, particularly
at 80°C and 90°C, where Zeta Potential values reached -30
to -45 mV, suggesting stronger electrostatic repulsion and
better dispersion. The highest TSC concentration, 1.5 g
(0.408 mM), yielded the most negative values of -45.1 to
-49.6 mV, with the strongest response recorded at 80°C,
confirming effective prevention of agglomeration. Among
all samples, those synthesized at 80°C with 1.5 g TSC
exhibited the highest Zeta Potential magnitude (-45 to
-49.6 mV), indicating optimal stability.

The Zeta Sizer results, including Z-Average and
polydispersity index (PdI), provide key insights into
nanoparticle size and dispersion. Figure 10 compares the
Z-Average of all samples, with error bars shown in
Figure 11 and mean with SD values listed in Table 6. Higher
synthesis temperatures (80°C and 90°C) consistently
produced smaller nanoparticles compared with 70°C. At
70°C, large particle sizes were observed for TSC
concentrations of 1.0-1.5 g (422.2-759.7 nm), indicating
incomplete reduction and potential aggregation. In
contrast, at elevated temperatures, particle sizes decreased
substantially, with the smallest AgNPs obtained at 90°C for
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1.0 g TSC (22.54-22.76 nm) and 1.5 g TSC (27.41-28.47
nm), reflecting enhanced nucleation and controlled growth.

Figure 12 presents the PdI of all samples, reflecting the
uniformity of the particle size distribution. Figure 13
illustrates the error bars, and Table 7 summarizes the mean
and SD values, supporting the identification of samples with
the most monodispersed nanoparticle populations. Lower
Pdl values (<0.5) indicate narrower size distributions and
better nanoparticle uniformity [36]. The most
monodispersed AgNPs were observed at 80°C for TSC

Table 5. Mean Zeta Potential with SD for Samples 1-9

Sample Mean of Zeta Potential Standard deviation
Name (mV)
Sample 1 -6.65 0.35
Sample 2 -42 2.26
Sample 3 -45.23 2.21
Sample 4 -32.83 1.48
Sample 5 -30.6 0.35
Sample 6 -44.17 2.11
Sample 7 -36.8 1.47
Sample 8 -47.27 2.25
Sample 9 -42.37 0.87
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Figure 9. Zeta Potential error bars for Samples 1-9



Azman et al. / Optimization of silver nanoparticles synthesis: effects of trisodium citrate parameters and reaction temperature

concentrations of 0.5 g (PdI ~0.30) and 1.5 g (Pdl ~0.43),
reflecting stable suspensions with minimal size variation.
Higher PdI values (>0.5), such as those for 1.0 g TSC
(0.272 mM) at 70°C, ranged around 0.542 to 0.794,
reflecting a broad size distribution due to uncontrolled
particle growth and aggregation. Notably, 0.5 g TSC
(0.136 mM) at 90°C exhibited small particle sizes within
26.42-26.58 nm but a moderate PdI of around 0.544-0.553,
indicating that efficient size reduction can still coexist with
moderate polydispersity.

Table 6. Mean Z-Average with SD for Samples 1-9

Overall, the findings show that synthesis temperatures of
80°C and above consistently produce smaller and more
stable AgNPs, while increasing the TSC concentration
improves size uniformity and reduces aggregation. Reaction
temperature and TSC concentration are dominant factors in
AgNP synthesis, with higher temperatures promoting faster
nucleation and smaller, more stable nanoparticles, while
increased TSC levels enhance electrostatic stabilization,
ensuring uniform and well-dispersed AgNPs [37-40].

Table 7. Mean PdI with SD for Samples 1-9

Sample Mean of Z-Average Standard deviation Sample Mean of PdI Standard deviation
Name (d.nm) Name
Sample 1 248.63 47.47 Sample 1 0.31 0.01
Sample 2 47.2 0.04 Sample 2 0.30 0.00
Sample 3 26.51 0.08 Sample 3 0.55 0.00
Sample 4 600.7 138.24 Sample 4 0.63 0.14
Sample 5 33.03 0.22 Sample 5 0.57 0.00
Sample 6 22.59 0.15 Sample 6 0.53 0.00
Sample 7 479.07 57.25 Sample 7 0.49 0.07
Sample 8 38.94 0.23 Sample 8 0.44 0.01
Sample 9 27.78 61.87 Sample 9 0.52 0.04
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Figure 13. Pdl error bars for Samples 1-9



3.2.3. Morphological and Elemental via

FESEM-EDX

Analysis

The morphology and elemental composition of AgNPs
synthesized at 90 °C with varying TSC concentrations were
analyzed using FESEM and EDX. Based on the UV-VIS and
Zeta analysis results, Sample 3, Sample 6, and Sample 9
were selected for further characterization because of their
well-defined SPR peaks and high colloidal stability. The
FESEM images in Figure 14 confirm the presence of
nanoparticles in all three samples, although some regions
appear slightly blurry, likely because of charging effects.
Despite this, the nanoparticles remained distinguishable,
and differences in size and dispersion are further illustrated
in the bar graph presented in Figure 15.

In Sample 3, the AgNPs appeared larger and slightly more
polydisperse, at 74.92-79.59 nm, indicating weaker surface
stabilization and minor aggregation, likely due to weaker
steric hindrance from the lower amount of TSC. Increasing
the TSC concentration produced smaller and more
uniformly distributed nanoparticles. Sample 6 and Sample 9
exhibited narrower size ranges of 72.85-78.68 nm and
72.85-78.68 nm, respectively, reflecting stronger
stabilization at higher citrate levels. This behavior aligns
with previous studies in which increased TSC
concentrations led to smaller and more stable nanoparticles
[16, 41]. The stabilizing effect of TSC is attributed to its dual
mechanism: electrostatic repulsion, in which negatively
charged citrate ions prevent particle aggregation, and steric
stabilization through the formation of a protective layer
around AgNPs [16, 41]. These findings confirm that
optimizing TSC concentration and addition timing is crucial
for achieving well-dispersed AgNPs.

The particle sizes obtained from Zeta Sizer and FESEM are
compared in Table 8. Zeta Sizer measurements showed
much smaller Z-Average values, around 22.48-28.7 nm,
compared with both Peak 1 values of 55.97-66.42 nm and
FESEM results of around 72.85-79.59 nm. This difference
arises because the Z-Average is an intensity-weighted mean
that includes all scattering populations, including smaller
particles and minor aggregates, and therefore often
underestimates the true dominant size. In contrast, Peak 1
better represents the primary nanoparticle population and
aligns more closely with FESEM measurements, indicating
its reliability in reflecting the actual nanoparticle size in
solution.

The larger sizes observed in FESEM can be attributed to the
absence of the solvation layer, which is present in Zeta Sizer
measurements, as well as possible particle aggregation
during drying and surface interactions with the substrate.
Because FESEM provides direct visualization in a dry state,
nanoparticles may appear larger than their hydrated
counterparts in solution.

The slightly larger dimensions observed in FESEM can be
attributed to the absence of the solvation layer present in
Zeta Sizer measurements, as well as possible particle
clustering during the drying stage prior to imaging. Since
FESEM captures nanoparticles in the dry state, sizes
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Figure 14. FESEM images in Batch 2, (a) Sample 3: AgNPs with

TSC 0.5 g (0.136 mM) added at 90°C, (b) Sample 6: AgNPs with

TSC 1.0 g (0.272 mM) added at 90°C, (c) Sample 9: AgNPs with
TSC 1.5 g (0.408 mM) added at 90°C

naturally appear larger than hydrodynamic diameters
measured in solution.
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Table 8. Comparison of Zeta Sizer and FESEM measurements of Sample 3, Sample 6 and Sample 9 in Batch 2

Sample Zeta Sizer (d.nm) FESEM
Name Z-Average 1 Peak 1 Z-Average 2 Peak 1 Z-Average 3 Peak 1
Sample 3 26.52 63.53 26.42 66.42 26.58 62.57 74.92-79.59 nm
Sample 6 22.76 57.77 22.54 57.96 22.48 55.97 73.08-78.68 nm
Sample 9 28.47 62.13 2741 62.17 27.47 61.31 72.85-78.68 nm

EDX analysis shown in Figure 16 and Figure 17 confirmed
the presence of silver (Ag), oxygen (0O), sodium (Na),
magnesium (Mg), and silicon (Si) in the selected samples.
The distribution of these elements varies depending on the
TSC concentration, which affects nanoparticle formation
and surface coverage.

Sample 3 recorded the highest Ag at% (3.52%) and wt%
(16.97%), indicating a high surface concentration of silver
nanoparticles, which is commonly associated with the
formation of larger or more aggregated particles that
appear more prominently in EDX analysis. In contrast,
Sample 6 exhibited a moderate Ag at% (1.51%) and wt%
(8.11%), reflecting a reduction in surface Ag content. This
outcome aligns with the effect of increased TSC
concentration, which promotes the formation of smaller
and more uniformly dispersed nanoparticles, thereby
lowering the detectable Ag signal. Sample 9 showed the
lowest Ag at% (0.8%) and wt% (4.41%), suggesting a
significant decrease in Ag detection. The stronger capping
effect of excess TSC likely resulted in the formation of
smaller nanoparticles, further reducing Ag detection in EDX
because of the more uniform and well-dispersed
nanoparticle distribution.

Most samples contained O and Si, primarily from the glass
substrate, with oxygen increasing slightly as TSC
concentration increased, possibly because of stronger
citrate coverage. Na was present in small amounts, likely
from residual precursor salts, while Mg appeared only in
trace quantities, suggesting that it may be an impurity from
the reactants or synthesis environment.

Overall, FESEM-EDX analysis confirms that increasing TSC
concentration at 90°C leads to smaller, more uniform, and
more effectively stabilized AgNPs. Peak 1 values from the
Zeta Sizer showed the strongest correlation with FESEM
sizes, validating their use as a reliable indicator of particle
size in solution. Meanwhile, EDX results support the
observed morphological trends by showing reduced Ag
signal intensity as nanoparticles become better capped and
more dispersed. These findings emphasize the role of TSC in
controlling AgNP size, stability, and surface composition.
Increasing TSC concentration enhances AgNP stability and
size uniformity, while differences between FESEM and Zeta
Sizer measurements can be explained by the presence of the
solvation layer in solution and the dry-state visualization
provided by FESEM. The EDX analysis further confirms
silver composition and the presence of stabilizing agents
[16,17, 31, 42].

Mechanistically, TSC acts both as a stabilizing and capping
agent: negatively charged citrate ions induce electrostatic
repulsion to prevent aggregation during nucleation, while

426

90

804 78.46 7868

72.85

72.85
704

Size (nm)

Size 1 Size 2 Size 3 Size 1 Size 2 Size 3
Sample 3: AgNPs with TSC 0.50 (0.136mM) | Sample 6: AgNPs with TSC 1.0g (0.272 mM),
added a1 80°C d a1 90°C

Size 1

Sample 9: AgNPs with TSC 1.5g (0.406 mM)
added at 80°C

Figure 15. Particle size comparison of AgNPs for Sample 3,
Sample 6 and Sample 9 produced in Batch 2

80
Sample 3. AgNPs with TSC 0.5g (0.136 mM) added at 90°C
Sample 6: AgNPs with TSC 1.0g (0.272 mM) added at 90°C
Sample 9. AgNPs with TSC 1.5g (0.408 mM) added at 90°C
60
B
L
E -
s 40
<
20
04 0,14 02 036
0 Ag

Figure 16. Comparison of EDX elemental composition (at%) of
AgNPs synthesized in Sample 3, Sample 6 and Sample 9 in Batch 2

Sample 3: AgNPs with TSC 0.5g (0.136 mM) added at 90’(:;
Samplo 6: AGNPs with TSC 1.0g (0 272 mM) added at 90°C|
[ Sample 9: AgNPs with TSC 1.5 (0.408 mM) added at 90°C
60
40
B
-
£
2
2
20
6.52 547 613
015 024 044
04
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AgNPs synthesized in Sample 3, Sample 6 and Sample 9 in Batch 2



steric stabilization slows growth and enhances dispersion.
Higher TSC concentrations thus favor smaller, more
uniform, and stable nanoparticles, consistent with the
observed Zeta Potential, Pdl, and FESEM-EDX results.

4. CONCLUSION

This study systematically optimized the Turkevich-based
synthesis of AgNPs by evaluating the effects of TSC addition
timing, storage conditions, reaction temperature, and TSC
concentration. The results identify room-temperature
storage and TSC addition at 90°C as key parameters for
suppressing early-stage agglomeration and ensuring
consistent nucleation. Higher reaction temperatures
(280°C) and increased TSC concentrations (0.136-
0.408 mM) produced progressively smaller, more uniform,
and more stable AgNPs. These trends were consistently
supported across all characterization methods: UV-VIS
showed blue-shifted SPR peaks with decreasing particle
size, zeta potential increased in magnitude with improved
stabilization, and FESEM confirmed uniform morphology at
90°C with 1.0 g TSC. Collectively, this optimized synthesis
produced stable, well-dispersed AgNPs with controlled size
and morphology. Such attributes are essential for reliable
performance in downstream applications, particularly in
biosensing, catalysis, and environmental monitoring, where
nanoparticle uniformity and stability directly influence
sensitivity, reproducibility, and functional efficiency.
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