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Abstract

The synthesis of silver nanoparticles (AgNPs) using sustainable and non-toxic methods
has become an important research focus due to the limitations of conventional chemical
approaches, which often involve hazardous reagents and produce unstable products. In
particular, the effects of reaction conditions on the quality and stability of AgNPs ob-
tained via green synthesis remain insufficiently understood. This study addresses this
gap by examining the influence of pH and temperature on the synthesis of AgNPs using
Rosmarinus officinalis extract as both reducing and stabilizing agents. UV-vis spectroscopy
and TEM analysis revealed that optimal conditions for producing uniform, stable, and
spherical AgNPs were achieved at pH 8, with a narrow size distribution (~17.5 nm). At
extreme pH values (<3 or >13), nanoparticle formation was hindered by aggregation or
precipitation, while elevated temperatures mainly accelerated reaction without altering
particle morphology. HRTEM and SAED confirmed the crystalline face-centered cubic
structure, and colloids synthesized at pH 8 showed excellent stability over 30 days. Overall,
the results demonstrate that precise pH control is critical for obtaining high-quality AgNPs
via a simple, scalable, and environmentally friendly approach. Their stability and homoge-
neous size highlight potential applications in biomedicine, food packaging, and sensing,
where reproducibility and long-term functionality are essential.
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1. Introduction

Silver nanoparticles (AgNPs) have garnered significant attention in recent decades
due to their unique physicochemical properties and wide range of applications in
medicine [1,2], environmental remediation [3], food packaging [4], and electronics [5].
Among their most studied features are their potent antimicrobial activity, surface plasmon
resonance (SPR), and high surface area-to-volume ratio, which enable enhanced reactivity
and functionality [6,7]. While several physical and chemical methods have been developed
for the synthesis of AgNPs, increasing concerns over toxicity, environmental impact, and
sustainability have led to growing interest in “green” synthesis approaches using biological
systems [8,9].

In recent years, the green synthesis of silver nanoparticles (AgNPs) using biological
sources has attracted increasing scientific attention. Several recent studies emphasize not
only the environmental and biomedical potential of plant- and biomass-derived AgNPs, but
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also the urgent need to better understand and optimize the synthesis process itself [10-12].
These reviews and experimental works demonstrate that bio-mediated silver nanomaterials
are highly promising for a wide range of applications, including photocatalysis, water
purification, and antimicrobial treatments. The continued growth of this field confirms
its relevance and highlights the importance of exploring key synthesis parameters, such
as pH, temperature, and extract composition, that critically affect nanoparticle properties
and performance.

Biogenic synthesis of AgNPs involves the use of plant extracts, microorganisms, or
biomolecules that act simultaneously as reducing and stabilizing agents. These biosynthetic
routes offer several advantages: they are environmentally friendly, cost-effective, energy-
efficient, and typically carried out under mild reaction conditions. Among these, plant-
mediated synthesis is especially attractive due to its simplicity, scalability, and the complex
mixture of phytochemicals (for example, phenolics, flavonoids, alkaloids) that facilitate
nanoparticle formation and stabilization.

We selected Rosmarinus officinalis leaf extract because it is rich in phenolic com-
pounds, flavonoids, and antioxidant diterpenes (for example, carnosic acid, carnosol),
which are known to act as effective electron donors and stabilizing agents in nanoparticle
synthesis [13,14]. The high reducing potential of rosemary extract has been demonstrated
in previous works, where it successfully mediated the production of silver nanoparti-
cles by reducing Ag* ions to Ag® [15]. In addition, the antioxidant capacity of rose-
mary helps to suppress unwanted oxidation or aggregation during synthesis, enhancing
nanoparticle stability.

Despite its advantages, green synthesis is highly sensitive to various physicochemical
parameters that influence the kinetics of nanoparticle formation, the morphology of the
final product, and its long-term stability. Two of the most critical parameters are pH of
the precursor solution and temperature at which the synthesis occurs [16]. pH affects the
ionization state and reactivity of bioactive compounds in the extract, the reduction potential
of silver ions (Ag™), and the surface charge of the forming nanoparticles. Similarly, temper-
ature influences the rate of reduction reactions, nucleation dynamics, and the interaction of
capping agents with nanoparticle surfaces.

Numerous studies have shown that even small changes in pH and temperature can
significantly influence the size, shape, and dispersity of silver nanoparticles (AgNPs),
thereby affecting their optical, catalytic, and antimicrobial properties [17,18]. These syn-
thesis conditions also play a crucial role in determining long-term colloidal stability of
AgNPs, which is essential for their practical use and storage. For example, nanoparticles
formed under suboptimal pH may suffer from aggregation or degradation of the organic
stabilizing layer, while excessive thermal input can lead to the denaturation of sensitive
biomolecules [11], ultimately reducing both the efficiency of the reduction process and the
structural integrity of the nanoparticles.

Although the green synthesis of AgNPs has already been widely explored, the topic
remains highly relevant. Continuous optimization of synthesis conditions is necessary
to better understand the relationship between parameters and the resulting nanoparticle
properties. In this context, our study provides new insights by systematically examining
the effect of pH on AgNP synthesis under two different temperature regimes, ambient
and elevated (75 °C), within a directly comparable experimental framework. Furthermore,
we investigated long-term colloidal stability of the nanoparticles over 30 days, an aspect
often overlooked in related research despite its practical importance. By employing an
environmentally friendly and easily accessible plant extract, our results help clarify how
the interplay between pH and temperature governs nanoparticle formation and stability,
thereby contributing meaningful data to the field of green nanotechnology.
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This study aims to systematically investigate the influence of precursor pH and syn-
thesis temperature on the formation, optical properties, and stability of silver nanoparticles
synthesized using a plant-based extract. By combining visual observation, UV-vis spec-
troscopy, and long-term colloidal monitoring, we seek to determine the optimal conditions
for producing stable AgNPs with desirable characteristics. This work contributes to the
broader effort to optimize green nanotechnological processes by elucidating the fundamen-
tal roles of pH and temperature in nanoparticle biosynthesis.

2. Materials and Methods
2.1. Materials

As silver precursor, silver nitrate (>98% purity) supplied by Mikrochem Ltd. (Pezinok,
Slovakia) was employed. The plant material, fresh leaves of Rosmarinus officinalis (rosemary)
was harvested in summer months from the Botanical Garden in KoSice, Slovakia. Nitric acid
(HNOs3, 68%, CAS 7697-37-2) and sodium hydroxide (NaOH, pellets, p.a., CAS 1310-73-2),
purchased from Fisher Slovakia. To prepare a 20% HNOj3 solution for pH adjustment,
14.28 mL of concentrated nitric acid was diluted with deionized H,O to a final volume of
100 mL. Similarly, 20 g of NaOH pellets were dissolved in deionized H,O and diluted to a
final volume of 100 mL, yielding a 20% solution that was subsequently used to increase
pH. All solutions used in the experiments were prepared using deionized H,O.

2.2. The Extract Preparation Procedure

Dried rosemary leaves were used for the extract preparation. The preparation proce-
dure was as follows: fresh rosemary leaves (10 g) were dried at 50 °C for 48 h, yielding 2.8 g
of dry material, and dry rosemary leaves were mixed with 200 mL of deionized H,O. This
ratio was experimentally optimized and consistently used to ensure comparability, with
~150 mL extract obtained after processing. Subsequently, the mixture was heated to a
temperature of 70-80 °C and held at this temperature for 10 min under constant stirring at
800 rpm. After heating, the extract was cooled and filtered. Prepared extract (pH = 5.89)
was stored in refrigerator (no longer than 5 days) and used to prepare AgNPs. Extracts
were stored at 4 °C for a maximum of 5 days, since longer storage led to degradation and
potential contamination from filtration and centrifugation steps.

2.3. AgNP Colloid Preparation Procedure

Two synthesis protocols were employed to evaluate the impact of temperature and
pH on the synthesis of AgNPs.

In the first protocol, a precursor solution of Ag* ions (400 mL) with a concentration
of cag = 50 mg/L (pH 5.78) was prepared. The silver concentration of 50 mg L~! was
selected based on our previous experiments, as higher concentrations produced excessive
amounts of AgNPs, complicating characterization (for example, dilution required for
UV-vis, reduced clarity in TEM images). This solution was divided into eight 50 mL
Erlenmeyer flasks. The pH in each flask was adjusted to values of 3, 4, 5.5 (natural pH of
precursor), 6, 8, 10, 12, and 13. To decrease the pH, a 20% HNOj solution was used; to
increase the pH, a 20% NaOH solution was applied. After pH adjustment, all precursor
solutions were heated in a water bath at 70-80 °C under constant stirring (400 rpm). Once
the target temperature was reached, the plant extract was added, and the mixtures were
stirred at approximately 70 °C for an additional 20 min. The precursor-to-extract volume
ratio was 10:2. The precursor-to-extract volume ratio of 10:2 was selected based on our
previous preliminary experiments, in which different ratios were tested to evaluate their
influence on nanoparticle formation, stability, and reproducibility.
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In the second synthesis protocol, the same procedure was followed, except that no
heating was applied; all experiments were conducted at ambient temperature.

After synthesis, the UV-vis spectrophotometry was used to confirm AgNP formation.
These measurements were labeled as D0. The same measurements were repeated on
days 1 (D1), 7 (D7), 14 (D14), and 30 (D30) after synthesis. Selected samples were chosen
for TEM and XRD analysis. During the 30-day stability study, colloidal suspensions were
stored at room temperature under daylight conditions to simulate simple and practical
storage environments. All experiments were repeated three times.

2.4. Methods

The presence and stability of AgNPs were monitored using a UV-vis spectropho-
tometer (UNICAM UV4, Waltham, MA, USA) in the wavelength range of 300-850 nm.
Measurements were performed in 1 cm quartz cuvettes at room temperature (RT). The
surface plasmon resonance (SPR) peak position (Amax), peak intensity, and spectral sym-
metry/broadening were analyzed to assess nanoparticle formation, size distribution, and
aggregation behavior. Transmission electron microscopy (TEM, JEOL model JEM-2000EX,
Tokyo, Japan), operated at 200 kV, was applied to examine particle size and morphology.
Crystallinity was evaluated through selected area electron diffraction (SAED), performed
with a JEOL JEM-2100 microscope. Copper grids with deposited samples were used for
SAED analysis. High-resolution transmission electron microscopy (HRTEM) was also
performed using a JEOL JEM-2100 microscope at 200 kV to resolve lattice fringes and de-
termine interplanar spacings. The chemical composition of nanoparticles was determined
by energy-dispersive X-ray spectroscopy (EDX). Image] software (version 1.54g) was em-
ployed for particle size distribution analysis, evaluating between 300 and 800 nanoparticles.
X-ray diffraction (XRD) was used to study phase composition and structure (Malvern Pana-
lytical, Almelo, The Netherlands). The analyses were performed on a Philips X'Pert Pro
diffractometer using Cu Kot radiation (A1 = 1.54056 A, A2 = 1.54439 A) in Bragg-Brentano
geometry. Data were collected within a 26 range of 20-100° with an RTMS X’Celerator
rapid detector.

3. Results and Discussion
3.1. UV-Vis Analysis

Upon mixing the silver precursor solution with the biological extract, an immediate
and visible color change was observed in all samples except those with pH 3 and 13.
Initially colorless solutions turned yellow to brown, as shown in Figure 1. It was observed
that colloidal solutions synthesized at higher temperatures exhibited a slightly darker
coloration. This suggests an increased nanoparticle concentration, which is consistent with
more efficient reduction and nucleation processes under these conditions. At pH 3 and 13,
a precipitate formed rapidly and settled at bottom of the Erlenmeyer flasks, suggesting the

formation of large particles that aggregated and subsequently sedimented.

Figure 1. The color of the solutions prepared at 20 °C (a) and at 75 °C (b) (from left to right pH 3, 4,
55,6,8,10,12,13).

The color change observed during synthesis is a primary indicator of silver nanopar-
ticle formation, arising from localized surface plasmon resonance (LSPR). LSPR results
from the collective oscillation of conduction electrons in response to incident light and is
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sensitive to nanoparticle size, shape, concentration, distribution, and the composition of
the surrounding medium. Since visual observation provides only qualitative information,
UV-vis absorption spectroscopy (350-850 nm range, quartz cuvette with 1 cm path length,
measured at room temperature ~25 °C) is employed to confirm nanoparticle formation
through the detection of characteristic LSPR absorption bands. It is well-established that
spherical silver nanoparticles exhibit a characteristic LSPR band with maximum absorption
peak (ABSmax) around 400-450 nm [19-21].

Based on the UV-vis spectra of prepared AgNP colloids (D0—day of synthesis)
recorded at different pH values and synthesis temperatures, Figure 2, it can be concluded
that pH values < 3 and >13 are unsuitable for the synthesis of silver nanoparticles. Spectra
obtained at pH lower than 5.5 were broader, and ABSyax appears at ~450 nm, less symmet-
ric, and exhibited lower absorbance intensity compared to those recorded at pH 6, 8, or 10.
The most optimal results in terms of spectral symmetry and intensity were achieved at
pH 8 and 10. In these samples, the surface plasmon resonance peaks remained centered
around 415 nm, which is characteristic of predominantly spherical AgNPs. This observation
aligns with previous studies reporting narrow LSPR bands in 400-440 nm range for spheri-
cal nanoparticles of similar size [22-24]. Notably, at pH 12, a secondary shoulder appeared
near 540 nm, suggesting either the presence of quasi-spherical particles alongside spherical
ones or the formation of two distinct size populations. This broadening and appearance of
secondary shoulders can be mechanistically linked to simultaneous nucleation and growth
processes occurring under these conditions, where slower kinetics at lower pH favor larger
particle growth and aggregation, while faster kinetics at elevated temperatures enhance
nucleation efficiency.
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Figure 2. UV-vis spectra of AgNPs synthesized at different pH values on the day of synthesis (D0),
measured at 25 °C (blue) and 75 °C (red). Panels: (a) pH 3, (b) pH 4, (c) pH 5.5, (d) pH 6, (e) pH 8,
(f) pH 10, (g) pH 12, (h) pH 13.

From our data and current understanding, we hypothesize that at alkaline pH, the
reduction potential of silver ions increases, and the functional groups in the plant extract
(such as phenolics, flavonoids, or hydroxyl groups [25-32]) become more ionized and
reactive, enhancing their ability to reduce Ag™ ions and stabilize the resulting nanoparticles.
Conversely, at low pH, these groups may be protonated and less reactive, their functionality
apparently increasing even at very high pH (for example, pH 13).
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A key finding of this analysis is that the surface plasmon resonance profiles remained
consistent at the same pH values, regardless of whether the synthesis was performed at
ambient or elevated temperatures. This suggests that the morphology of the nanoparticles
was not significantly influenced by temperature. However, synthesis temperature had a
clear impact on efficiency of AgNP formation, the reaction rate, and to a minor extent the
nanoparticle size.

Higher temperatures led to increased synthesis efficiency, likely due to enhanced
reaction kinetics. Alahmad et al. [33] also reported that AgNPs were formed more rapidly
at elevated temperatures. Similarly, Kaabipour et al. [34] observed that lowering the
synthesis temperature resulted in a broader SPR peak, which they attributed to a wider
size distribution, though the morphology of the nanoparticles remained unchanged.

3.2. Concentration of AgNPs in Colloid

UV-vis spectral analysis provides insights not only into the presence of nanoparticles,
their size, shape, and stability over time but also into their concentration. Sikder et al. in
their work demonstrated that UV-vis spectroscopy, owing to the unique size-dependent
properties of nanoparticles, can be used as a detection method to measure the concentration
of AgNPs [35]. The ABSmax intensity can reflect the synthesis yield. Higher intensities gen-
erally indicate a higher nanoparticle concentration. By applying the Lambert-Beer law it is
possible to approximate the concentration of nanoparticles in the colloidal solution. Based
on calculations, the highest yields of silver nanoparticles were recorded at pH 8 and 10,
regardless of the process temperature. However, when comparing these calculated values
with the initial concentration of the AgNOj3 precursor (50 mg/L), it was found that the
theoretically determined concentrations of AgNPs were significantly lower (0.129 mg/L,
the ex=2.16 x 10" L/mol-cm). This discrepancy between absorbance, the applied calcula-
tion, and the known concentration of Ag* ions in the reaction mixture (assuming complete
reduction of Ag* to metallic silver) is likely due to several factors [36-40].

Most studies that use Lambert—Beer law to calculate AgNP concentration rely on a
standardized value of the molar absorption coefficient (for example, ¢ ~ 3 x 10'° L/mol-cm
for 10 nm spherical particles). However, this value was established for highly monodis-
perse, synthetically produced nanoparticles under strictly defined conditions. In the case
of biological or “green” synthesis, where complex organic molecules stabilize particles,
the effective ¢ value may be significantly lower. For example, according to literature [36],
¢ for spherical nanoparticles with a diameter of 20 nm and an ABSpax at 400 nm, prepared
using citrate, is 0.418 x 10!° L/mol-cm. Due to this uncertainty in the ¢ value, the calcu-
lated concentration may be underestimated when a standard ¢ is applied. Similarly, low
concentration values compared to the inlet concentration were reported in the works of
Alahmad et al. [33] and Peiris et al. [41]. Both authors demonstrated that the correct choice
of the extinction coefficient is crucial, as it directly depends on the wavelength and particle
size. With increasing Amax and larger particle size, the extinction coefficient increases.

Another factor may be light scattering instead of absorption. Silver nanoparti-
cles, especially those with diameters greater than 10 nm, exhibit significant light scat-
tering. The Lambert-Beer law assumes purely absorptive behavior. As a result, the
measured absorbance can become nonlinear and may not directly correspond to parti-
cle concentration [37]. Scattering also causes broadening and distortion of the plasmonic
band, making it difficult to precisely determine the absorbance maximum and potentially
leading to an inaccurate calculation of the concentration.

Surface passivation and stabilizers may also affect calculated values. Biologically
synthesized AgNPs are often passivated by a layer of biomolecules (for example, phenols,
flavonoids, carbohydrates), which bind to the particle surface and prevent agglomeration.
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This layer may partially shield the plasmon resonance, thereby lowering the absorbance
intensity. Although the nanoparticles may be stable and present at high concentration,
optically they appear weaker, which results in an artificially low yield as estimated by
UV-vis spectroscopy. For example, Chandra et al. studied the interaction of AgNPs with
(—)-epigallocatechin gallate (EGCG) and found that EGCG not only reduces Ag* but
also chelates AgNPs, slightly altering their SPR band, causing a shift and suppression of
the signal [38]. Malik et al. reported that polyphenols and other biomolecules present
in the extract (for example, chlorogenic acid, luteolins, cynaropicrin, polysaccharides,
and saponins) bind to the AgNP surface and influence the shape and intensity of the
plasmon band [39].

Despite the assumption of complete reduction based on intense color formation, it is
not certain that all Ag* ions were converted. Residual Ag* ions may be bound in complexes
with reducing agents or stabilizers or may remain unreacted. As a result, only partial
precursor conversion may have occurred, even if the synthesis appears visually successful.
Therefore, it must be concluded that the Lambert-Beer law provides only an approximate
estimate of AgNP concentration, which can be significantly distorted in a complex matrix
and biological synthesis. More accurate quantification of yield would require the use
of analytical methods such as Sp-ICP-OES (Single Particle Inductively Coupled Plasma
Mass Spectrometry), NTA (Nanoparticle Tracking Analysis) or AAS (Atomic Absorption
Spectrometry), or alternatively, yield determination using a calibration curve created
specifically for the given particle type and conditions.

The Lambert-Beer calculation likely underestimated the absolute concentration of
silver nanoparticles due to the extinction coefficient used. However, based on the colloid
color and the UV-vis spectra, it follows that nearly all Ag* ions were converted into AgNPs.
Despite this limitation, the systematic deviation would have affected all samples similarly.
Therefore, while the absolute yields may appear low, the relative differences between the
samples remain reliable and valid for comparative analysis.

3.3. Transmission Electron Microscopy Analysis

Based on the analysis of UV-vis absorption spectra, the synthesized AgNP samples
were classified into three groups, Figure 3a, according to the similarity of their optical
properties:

e  Group I: samples synthesized at pH < 6;
e  Group II: sample synthesized at pH 8;
e  Group III: samples synthesized at pH > 10.

To enable detailed morphological characterization, representative samples from each
group (pH 5.5, 8, and 12; at both synthesis temperatures) were selected and analyzed
using Transmission Electron Microscopy. The pH 10 sample was not included in the
long-term stability tests because its UV-vis spectrum was nearly identical to that of the
pH 8 sample, indicating very similar nanoparticle characteristics. For practical reasons,
pH 8 was selected for the extended stability study, as achieving this pH required a smaller
addition of base, minimizing potential alterations to the colloidal system. The analysis
focused on particle shape, size, and size distribution. TEM characterization was performed
one day after synthesis (D1) to allow sufficient time for nucleation and nanoparticle growth.
TEM micrographs of the selected samples are presented in Figure 3.

For comparison purposes, all UV-vis spectra were normalized to their maximum
absorbance, ABSmax = 1, Figure 3a. These normalized spectra enable a more accurate
evaluation of peak shapes and wavelength shifts between samples. No significant differ-
ences were observed in the UV-vis absorption spectra of the samples synthesized at 75 °C
compared to those prepared at ambient temperature, Figure 3a. This was further confirmed
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by TEM micrographs, Figure 3b—g, and particle size distribution histograms, Figure 3h,i,
which showed that neither morphology nor size of the nanoparticles was substantially
affected by the synthesis temperature. In contrast, the precursor pH had a pronounced
influence on both nanoparticle size and shape.
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Figure 3. Approximated UV-vis spectra of AgNPs synthesized at pH 5.5, 8, and 12 at 25 °C and 75 °C
on D1 (a). TEM microphotographs of AgNPs at pH 5.5 (b,c), pH 8 (d,e), and pH 12 (f,g) for 75 °C and
25 °C, respectively. Size distribution histograms for nanoparticles synthesized at temperatures of
25°C (h) and 75 °C (i).

At pH 5.5, quasi-spherical nanoparticles were formed in both cases, with average
diameters of 17 nm for the thermally assisted synthesis and 18.5 nm for the ambient-
temperature synthesis, also larger nanoparticles of more than 30 nm occurred in both
samples. The absorption spectra of colloids prepared at pH 5.5 are broader compared to
those synthesized at pH 8, Figure 3a, indicating a wider size distribution and less uniform
particle shape.

In contrast, nanoparticles synthesized at pH 8 showed a narrower size distribution
and mostly spherical shapes, as confirmed by the TEM images, Figure 3d,e, and his-
tograms, Figure 3h,i. For both synthesis temperatures at pH 8, the average particle size was
about 17.5 nm.

At pH 12, the UV-vis spectra showed an extra shoulder at higher wavelengths, indicat-
ing the presence of larger quasi-spherical particles alongside smaller ones, which was also
confirmed by size distribution analysis, Figure 3h,i. TEM analysis, Figure 3f,g, verified that
the most symmetrical and monodisperse nanoparticles were produced at pH 8, regardless
of the synthesis temperature.

Several studies have investigated the effect of pH on the synthesis and properties of
silver nanoparticles (AgNDPs). Fernando et al. examined how pH influences the stability,
aggregation, and dissolution of pre-formed AgNPs, finding that higher pH reduces aggre-
gation, decreases particle size, and enhances colloidal stability, which indicates that pH
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exerts a stronger effect than other environmental factors such as ionic concentration [42].
Similarly, Miranda et al. studied the green synthesis of AgNPs using Spinacia oleracea leaf
extract at pH values of 4, 5, and 9. Their results showed that nanoparticles synthesized
under more alkaline conditions were more stable and moreover, exhibited stronger and
longer-lasting antimicrobial activity [43]. Norouzi et al. explored the chemical reduction
synthesis of AgNPs over a wide pH range (2-13), reporting that pH 10 produced the
smallest (3—6 nm), most monodisperse, and most stable particles, while pH 13 led to the
precipitation of silver compounds [44]. In agreement with these findings, our study demon-
strated that alkaline pH, at our conditions, pH 8, is optimal for forming uniform, stable,
and monodisperse spherical AgNPs, with an average diameter of approximately 18 nm
and high structural integrity. Moreover, the long-term colloidal stability of AgNPs was
found to be strongly pH-dependent, with slightly alkaline conditions offering the most
favorable electrostatic stabilization over time.

In our study, a clear correlation was observed between the color of the colloidal solu-
tions, nanoparticle morphology, and particle concentration. Since all prepared AgNPs were
predominantly spherical or quasi-spherical in shape, as confirmed by TEM analysis, the
color of the colloids remained within the same honey-brown range, which is characteristic
of spherical silver nanoparticles due to their uniform LSPR response. The variations among
samples were mainly reflected in the color intensity (saturation) rather than in hue. This
difference is directly related to nanoparticle concentration, as supported by UV-vis spectra:
samples with higher absorbance maxima (ABSmax) exhibited more intense coloration,
indicating a higher number of nanoparticles in the solution. Thus, the observed relation-
ship between color, concentration, and morphology can be attributed to the influence of
nanoparticle number and size distribution on LSPR behavior, with concentration being the
key factor responsible for the changes in visual appearance.

3.4. EDS, HRTEM and EDX Analysis of Nanoparticles

The EDS characterization confirmed the presence of silver in all analyzed samples.
Figure 4a presents a representative spectrum of nanoparticles synthesized at pH 8 and 75 °C.
A strong silver signal is presented, but other elements such as Cu and Na are also obvious.
The Cu signal is caused by the copper grid, which was used in sample preparation, and Na
is a residue from the pH treatment. The presence of Cu as an artifact was well-documented
and described by Jianqiang Hu et al. [45], who reported that copper grids can produce
spurious Cu signals due to electron scattering.

The HRTEM image of the sample synthesized at pH 8, Figure 4b, shows lattice fringes
with spacings of 0.2795, 0.2447, and 0.301 nm (measured over 14 atoms), which confirms the
crystalline nature of the synthesized AgNPs. These interplanar distances likely correspond
to different crystallographic directions of the face-centered cubic (FCC) structure of silver,
although the exact indices (hkl) are not identified. Additionally, the corresponding selected
area electron diffraction (SAED) pattern, Figure 4c, displays well-defined diffraction rings
indexed to the (111), (200), (220), and (311) planes, further confirming the FCC crystalline
structure of AgNPs.

X-ray diffraction (XRD) analysis was performed to determine the crystallographic
phases present in the samples by comparing the obtained diffraction patterns with
the PDF-2 database (Powder Diffraction File). The diffraction peaks observed at 20 values
of 38.10°, 44.37°, 64.18°, and 77.55°, Figure 5, correspond to the (111), (200), (220), and
(311) planes, respectively, which are characteristic of crystalline silver (PDF 00-001-1167).
Quantitative phase analysis indicated that silver accounted for 91.6% of the sample composi-
tion. In addition, diffraction peaks corresponding to silver chloride (AgCl, PDF 00-031-1238)
were detected, Table 1.
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Spectrum 1

Af Element = Weight%  Atomic%

CK 13.85 52.26

Na K 4.57 9.00

Cuk 15.20 10.84

AglL 66.38 27.89

Totals

15

(220)(311)
(111)

/200)

Figure 4. EDS analysis (a), HRTEM image, and lattice fringes (b), and electron diffraction (c) of the
AgNPs prepared at a temperature of 75 °C at pH 8.
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Figure 5. XRD analysis of the AgNPs prepared at a temperature of 75 °C at pH 8.

Table 1. Analysis of AgNPs prepared at a temperature of 75 °C at pH 8.

Sample Lattice Space Group vol. Percentage (%)
Ag cubic Fm-3m 91.6
AgCl cubic Fm-3m 8.4

The identification of these reflections confirms that the silver nanoparticles adopt a
cubic crystal structure, specifically a face-centered cubic (FCC) lattice, in which the unit
cell is a cube with equal edge lengths and 90° interaxial angles. The assigned space group,
Fm-3m, denotes the high-symmetry nature of the lattice, including mirror planes and
multiple rotational axes, and is consistent with the most stable form of metallic silver.

The presence of AgCl detected in our XRD patterns can be explained by the occurrence
of chloride ions (C1™) in the plant extracts used for the synthesis. Chlorides are naturally
present in many plants as mineral salts (for example, NaCl, KCI) [46,47] or may originate
from the growth medium and water [48] used during extract preparation. During the



Appl. Nano 2025, 6, 22

11 0f 15

reduction of Ag* to Ag®, CI~ ions can react with silver ions to form insoluble AgCl, which
may precipitate alongside AgNPs. This phenomenon has been reported in several studies
on green synthesis of silver nanoparticles using plant extracts, where AgCl was identified
as a secondary phase in XRD patterns due to the presence of chlorides in the biological
medium [46—48]. The formation of AgCl in such systems is therefore considered a common
and well-documented outcome rather than contamination.

3.5. Stability of AGNPs

Figures 6 and 7 illustrate evolution of SPR bands in colloids synthesized at ambient
temperature and 75 °C across various pH values over 30 days. Colloids prepared at elevated
temperatures generally exhibited higher stability.
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Figure 6. UV-vis spectra showing the evolution of SPR bands of AgNP colloids synthesized at 25 °C
over time (D1, D7, D14, D30) at different pH values: (a) pH 4, (b) pH 5.5, (c) pH 6, (d) pH 8, (e) pH 10,
and (f) pH 12.

Long-term stability was maintained at pH 6, 8, and 12, although SPR spectrum at
pH 6 was broader and the band symmetry at pH 12 was the lowest. The most favorable
properties as excellent stability, uniform morphology, controlled size distribution, and the
highest yield were consistently obtained for AgNPs synthesized at a precursor pH of 8.

The pH plays a decisive role in the long-term stability of biologically synthesized silver
nanoparticles. Stability is strongly influenced by surface charge, which governs electrostatic
repulsion and prevents aggregation. Literature reports indicate that AgNPs reach maximum
stability under slightly alkaline conditions, where optimized zeta potential minimizes
clustering [41,49]. In contrast, strongly acidic or highly alkaline conditions reduce stability,
either by weakening electrostatic repulsion or by degrading organic capping molecules
from the plant extract [50]. Our 30-day observations are in agreement with these findings.
Moreover, several studies note that extreme pH can promote AgNP oxidation or dissolution,
compromising morphological integrity and plasmonic properties. Therefore, maintaining
an appropriate pH during both storage and application is essential to preserve the physical
and chemical stability of AgNPs.



Appl. Nano 2025, 6, 22 12 of 15
18 Ag 75°C D1pH4 18 Ag 75°C D1pH5.5 18 Ag75°C D1pH6
18 Ag 75°C D7 pH4 A8 Ag 75°C D7 pH5.5 16 Ag 75°C D7 pH6
14 14 14

Ag 75°C D14 pH4 Ag 75°C D14 pH5.5 Ag 75°C D14 pH6
1.2 12 12
Ag 75°C D30 pH4 ——Ag 75°C D30 pH5.5 Ag 75°C D30 pH6
o o o
<08 <08 <038
06 06 06
04 04 04
0.2 0.2 0.2
0 0 = 0 =

350 450 50 750 850 350 450
(a) (b)

550 6 50 750 850 350 450 550 650 750 850
wavelength (nm) (C)

550 6
wavelength (nm) wavelength (nm)

18 18

Ag 75°C D1pH8 Ag75°C D1pH10 Ag 75°C D1pH12
16 Ag 75°C D7 pH8 16 Ag 75°C D7 pH10 18 Ag 75°C D7 pH12
14 14 14
——Ag 75°C D14 pH8 ——Ag 75°C D14 pH10 ——Ag75°C D14 pH12
1.2 1.2 12
Ag 75°C D30 pH8 — Ag 75°C D30 pH10 Ag 75°C D30 pH12
wn 1 wn 1 wn 1
o o o
<038 <08 <08
06 06 06
04 04 04
0.2 0.2 0.2

0 - 0

(d) 350 450 550 650 750 850 (e) 350 450 550 650 750 850 (f) 350 450 550
|

650 750 850
wavelength (nm) wavelength (nm) wavelength (nm)

Figure 7. UV-vis spectra showing the evolution of SPR bands of AgNP colloids synthesized at 75 °C
over time (D1, D7, D14, D30) at different pH values: (a) pH 4, (b) pH 5.5, (¢) pH 6, (d) pH 8, (e) pH 10,
and (f) pH 12.

4. Conclusions

Biological (green) synthesis represents a promising method for the preparation of
silver nanoparticles with low environmental impact. This work demonstrates successful
green synthesis of silver nanoparticles using Rosmarinus officinalis extract under varying
pH and temperature conditions. UV-vis spectroscopy and TEM imaging revealed that
pH 8 provides optimal conditions for the formation of uniform, stable, and monodisperse
spherical nanoparticles with an average diameter of ~17.5 nm, high yield, and excellent
colloidal stability for at least 30 days. Their high structural integrity was confirmed by
HRTEM and SAED, while XRD analysis verified crystalline FCC structure. Notably, the
synthesis temperature did not significantly affect nanoparticle morphology, although
elevated temperatures enhanced the reaction rate and efficiency, which facilitates transfer
of process to production. The long-term colloidal stability of AgNPs was shown to depend
strongly on pH, with slightly alkaline conditions providing the most favorable electrostatic
stabilization. Although biological synthesis is often limited by the complex and variable
composition of plant extracts, our findings provide a practical guideline for standardization,
enabling this green approach to become applicable on an industrial scale. Future studies
will incorporate advanced quantification techniques such as Sp-ICP-OES, NTA, or AAS to
achieve a more precise characterization of AgNPs.

This paves the way for industrial production of stable AgNPs and their commercial-
ization (for example, for antibacterial materials, food packaging, or sensing applications),
where colloids prepared by chemical synthesis still dominate due to synthetic reagents and
established large-scale production.
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