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Abstract: The use of plasmonic nanoparticles for biosensor technology is dependent on nanoparticle 
size and morphology. This study determined the effect of pH and pressure on synthetized silver 
nanoparticles size. In method 1, a mixture of NaBH4 and sodium citrate was added to a solution of 
AgNO3 monodispersed by ultrasound energy. In method 2 the reducer was added to the precursor-
dispersant mixture solution. The effect of pH was evaluated by using buffer solutions at pH 4,0, pH 
7,0, pH 10,0 and water as control. To determine the effect of pressure, AgNPs were subjected for 0, 4 
and 23 hours to 1,75 MPa at 200°C. AgNPs produced with method 1 showed a more symmetric SRP 
and a smaller nanoparticle diameter (±6 nm). The SPR with method 1 at pH 10,0 produced a higher 
UV peak with a shift around 20 nm. In the case of the pressure treatment, a shift of approximately 20 
nm was observed at all time conditions studied, and a higher AgNPs diameter was found in contrast 
to method 1. Finally, EDX and Raman analysis confirm the presence of AgNPs and a mild oxidation 
of these. These results suggest that alkalinity and pressure allow affect the diameter of AgNPs. 

Keywords: ultrasonic energy; hydrothermal pressure; pH synthesis; morphological characterization; 
size characterization 
 

1. Introduction 

Silver nanoparticles (AgNPs) are used in a wide variety of applications and are one of the most 
studied nanoparticles (NPs) because of their antimicrobial capabilities and their applications in 
different industries as textile or wastewater treatment [1]. Biomedical applications of AgNPs have 
been reviewed widely considering pros and cons of their application and listing their antibacterial 
and antifungal properties [2,3] and their antiviral, anti-inflammatory or antiangiogenic (inhibition of 
the formation of new blood vessels) effects (Zhang et al. 2016). Because of the great spectrum of 
applications and potential uses, different methodologies have been proposed for the synthesis of 
AgNPs, as the chemical reduction, the biological reduction or physical methods such as laser 
irradiation [5]. According to the synthesis method selected, the resulting AgNPs possess a variety of 
shapes and size distributions, which in turn influence their optical properties and the ability to 
interact with specific molecules [6]. 

One strategy to produce AgNPs is the chemical reduction synthesis, which precisely controls 
nanoparticle size and shape meanwhile biological or green synthesis generate amorphous 
nanoparticles with nanoparticle surface functionalities that are useful for certain applications [7]. This 
strategy has resulted in a variate set of morphologies (cubical, triangular, oval, pebble-like, and 
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circular in shape) in a single pattern or aggregated [8,9] with a diameter size >30 nm [10]. The use of 
ultrasonic energy in green AgNPs synthesis has favored the formation of AgNPs with a smaller size 
and improved monodispersity [11,12]. The use of ultrasonic energy and plant extracts for AgNPs 
synthesis has proved to produce smaller AgNPs (diameter < 10 nm) with spherical morphologies [13] 
than magnetic stirring (± 40 nm; Deshmukh, Gupta, and Kim 2019), where ultrasound has been used 
to assist synthesis in different plan extracts [15–17] 

Size and morphology are essential for applications in plasmonic sensors, where sensitivity and 
specificity of detection are critical [18]. Different challenges arise in the research and development of 
specific NPs and their applicability as biosensors, as follows: The stability of the nanoparticles in the 
medium, the aggregation over time, the control of the growth of the nanoparticle crystals, the 
morphology, the size and the size distribution [19]. Lorca-Ponce et al. [20] showed that AgNPs 
modified by high-power Light-Emitting Diode (LED) energy, produce diverse morphologies that 
present different catalytic activities towards methylene blue (MB) degradation. Spherical AgNPs 
possessed a more negative ξ potential (mV) meanwhile nanoparticles with cubic morphology 
presented a less negative potential. Also, current response was found to be inversely proportional to 
the size of nanostructure, consistent with the lower surface area of AgNPs. 

Monodispersity and stability of AgNPs are variables to consider over time, because these 
characteristics are or great relevance in practical applications where consistency and reliability are 
required. Marciniak et al. [21] found a great stability of AgNPs reduced with citric acid and malic 
acid at pH > 7,0, where the stability of rods and quasi-spherical morphologies after 7 weeks of 
synthesis was found, according to the SPR signal and SEM characterization. For AgNPs exposed to 
acidic and alkaline pH, the stability of silver ions aggregation into AgNPs was found to be pH 
dependent, showing NPs of high diameter (around 400 nm) at pH<5,0 and a higher concentration of 
Ag+ ions in solution, in contrast to AgNPs synthetized at pH>7,0 where NPs diameter is lower and a 
lower Ag+ ions concentration was found [22,23]. In addition to the pH, the concentration of salts in 
the reaction and the exposure to light also affect aggregation of AgNPs [24–26]. Another factor to 
contemplate is the use of high pressure on synthetized AgNPs. In the case of small AgNPs (5 – 10 
nm) exposed to ultra-high pressure at gigapascal (GPa) level, undergo a structural distortion 
consistent with a rhombohedral distortion with increasing pressure (Koski et al. 2008). 

Synthetized AgNPs can be used as colorimetric detectors when surface plasmonic resonance 
(SPR) changes in the moment the nanoparticle specifically interacts with a specific compound [28], or 
as electrochemical sensors. AgNP-based electrochemical sensors are based on the conversion of 
chemical reactions into measurable electrical signals, where kinetics of the redox reaction at the 
electrode surface influences the transduction efficiency [29]. Also, AgNPs have been used as an 
antibacterial agent, because their main action on bacteria is related to the interaction and modification 
of the external bacterial membrane. According to Menichetti et al. [30], the accumulation of AgNPs 
on bacterial membrane allows the penetration of particles and perturbation of membranes 
permeability. These effects caused by the production of Ag+ ions from the oxidative dissolution of 
AgNPs, which is favored by smaller particles, because of the faster the small particles dissolve, 
releasing more Ag+. In Addition to nanoparticle size, cubic shaped nanoparticles present best 
antibacterial activities than nanospheres and nanowires, due to the closer contact of nanocubes to 
bacterial surface. It has been explained by the higher reactivity of nanocube’s facet (100) than 
reactivity of facet (111) in nanospheres [31]. 

On the other hand, to increase specificity, the AgNPs can be further functionalized and 
bioconjugated to allow the specific detection of substances. This functionalization generates changes 
in the SPR and provide a quantitative signal that can be used to determine the presence and 
concentration of the detected substance [32,33]. In the same way, the higher homogeneity of the NPs 
is achieved, the higher sensitivity of AgNPs is reached due to a sharper and more defined SPR peak 
[34]. In the case of a capture probe like immunosensors, the AgNPs are bioconjugated to antibodies 
to enhance its selectivity toward targeted analytes, and to immobilize directly to the electrode surface 
to enhance selectivity and further quantify the amount of analyte detected [35]. Also, as the 
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proportion of available atoms at the surface of nanoparticle increases, the number of capping 
molecules do [36]. 

Computational simulations carried out by Farcas et al. [37] correlated the surface 
functionalization area with the van der Waals energy and counterion interactions. Results 
demonstrate that thiol molecule’s surface density saturation on gold nanoparticles (AuNPs) is 
reached at less than 75% of coverage, if each sulfur atom of a thiol chain with chemical composition 
S-[CH2]2-CH3 is covalently bonded to the surface gold atoms of AuNPs. In the same way, at low 
thiol surface densities, these are arranged in a quasi-parallel orientation respecting AuNP surface, 
but at 50% of coverage, thiol chains are tightly packaged and are mostly loose from the surface. 
Finally, for larger AuNPs, the surface curvature is smaller and the access of counterions near the 
thiol-modified AuNP proves to be more difficult, than smaller AuNPs. Besides the number of surface 
atoms functionalized, the total number of functional groups in a factionalized nanoparticle 
determines the zeta potential and in consequence their colloidal stability, dispersibility and 
hydrophobicity or hydrophilicity, in addition to size, size distribution and the shape and morphology 
[38]. As mention previously, the surface functionalization of NPs can be covered below 75%, because 
of the bulkiness of the functionalization compound and the steric effect caused by its chemical 
structure [39]. Also, the type of chemical bond produced between the surface and the 
functionalization compound should be considered. For example, in the case of tightly covalent 
attached carbon chains to the NP surface, only steric effects affect the accessibility of the carbon chain 
[40]. 

Because size is an important issue to consider if NPs are synthetized to be functionalized and 
bioconjugated for specific detection of molecules, the main objective of this work was to evaluate the 
effect of pH and pressure on the size and plasmonic characteristics of AgNPs by using ultrasound 
energy as a rapid and cost-effective synthesis method, and to develop different methods that allows 
the production of AgNPs with a specific size. 

2. Results 

2.1.  

Figure 1 presents the UV/Vis spectra obtained from the AgNPs synthetized by method 1 (Figure 
1A) and method 2 (Figure 1B), where a symmetry peak can be observed in both methods, with a 
maximum SPR on 396 nm. 

 
Figure 1. UV/Vis spectra of AgNPs synthetized at different synthesis conditions and stability in time for method 
1 (A) and method 2 (B). 

Figure 2 presents the UV/Vis spectra from 300 to 700 nm of AgNPs synthetized at pH 4,0, 7,0, 
10,0 and in water. At pH 4,0 and 7,0 no SPR peak as found. At pH 10,0 it was found a shift of +10 nm 
in SPR peak, with reference to water. 
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Figure 2. UV/Vis spectra of AgNPs synthetized at different synthesis conditions and stability in time for method 
1 and method 2 at pH 4,0 (A) pH 7,0 (B) and pH 10,0 (C, D). M1: method 1. M2: method 2. Control: water. 

Figure 3 presents the UV/Vis spectra from 300 to 700 nm of AgNPs subjected to a pressure of 
1,75 MPa for 0, 4 and 23 hours. Upon treatment for 0 hours (Figure 3A) the AgNPs exhibited a 
maximum absorbance of 0.813 at 414 nm, showing a SPR shift of +18 nm. The measurement of SPR 
one day and 28 days after treatment showed no significant changes in the SPR. In the 4 hours 
treatment (Figure 3B) a maximum absorbance of 0.825 at 414 nm was observed and a decrease in the 
SPR intensity was found two days after pressure treatment. In the 23 hours treatment (Figure 3C) a 
SPR shift of +19 nm and an increase in the plasmon peak intensity was found. 

 
Figure 3. UV/Vis spectra of AgNPs synthetized at different synthesis conditions and stability in time for method 
1 under pressure until stabilization of solvothermal reactor to 1,75 MPa (0 h; A), method 1 at 1,75 MPa for 4 
hours (B) and method 1 at 1,75 MPa for 23 hours. M1: method 1 in water. 
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Table 1 summarizes the SPR maximum and SPR shift obtained for each AgNPs treatment. Also, 
the “full width at half maximum” (FWHM) measured from the UV/Vis spectra is presented. Synthesis 
of AgNPs at pH 10 with method 1 and the pressure treatment of AgNPs at 1,75 mPa for 23 h produced 
the more intense SPR (higer values). In contrast, methods 1 and 2 produced the sharper SPR peaks, 
which in turn suggest a more homogeneous size diameter distribution. 

Table 1. Maximum absorbance wavelength SPR for the different AgNPs synthesis methods. NPs: nanoparticles. 
SRP: Surface plasmon resonance. M1: Method 1. M2: Method 2. FWHM: Full width at half maximum. 

Sample NPs size (nm) SPRmax (AU)  SRP peak 

(nm) 

SPR Shift 

(nm) 

FWHM 

(nm) 

M1 6.00 ± 2.0 0.695 396 0 67 

M2 21.0 ± 11.0 0.714 396 0 67 

M1 pH 10 300 ± 84.0 1.813 421 25 90 

M2 pH 10 31.0 ± 19.0 0.722 419 23 104 

1.75 MPa - 0 h 23.0 ± 9.0 0.813 414 18 71 

1.75 MPa - 4 h 8.00 ± 4.0 0.825 414 18 76 

1.75 MPa - 23 h 17.0 ± 7.0 1.043 415 19 74 

STEM images of AgNPs synthetized with the two synthesis methods are presented in Figure 4. 
Figure 4A presents the AgNPs synthetized with method 1, showing spherical morphologies with a 
diameter distribution of 6 ± 2 nm. Figure 4B presents the AgNPs synthetized with method 2, which 
presented a diameter distribution of 21 ± 11 nm. AgNPs synthesized with method 1 at pH 10,0 
resulted in particles with spherical morphologies at a submicrometric scale with a diameter 
distribution of 300 nm ± 84 nm. 

 

Figure 4. STEM images and diameter distribution graphs of AgNPs synthetized with method 1 (A), method 2 
(B). 

Figure 5 presents the synthesis with method 2 at pH 10,0 with a size distribution of 31 ± 19 nm 
(Figure 5A). The AgNPs obtained at the end of the synthesis and subsequently subjected to a heat 
treatment at 200 °C until stabilization of solvothermal reactor to 1,75 MPa (0 hours) are presented in 
Figure 5B. Very uniform spherical morphologies can be observed with a very symmetrical size 
distribution in a range of sizes of 23 ± 9 nm. At 4 hours of pressure exposure (Figure 5C), spherical 
AgNPs are observed with a size distribution of 8 ± 4 nm. At 23 hours of pressure exposure (Figure 
5D), it is possible to observe spherical AgNPs with a much more uniform size distribution than the 0 
hours and the 4 hours treatment, with a predominance of AgNPs with a diameter in the range 17 ± 7 
nm. 
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Figure 5. STEM images and diameter distribution graphs of AgNPs synthetized with method 2 at pH 10,0 (A), 
AgNPs synthetized with method 1 and exposed to 1,75 MPa for 0 hours (B), 4 hours (C) and 23 hours (D). 

Because method 1 produce more homogeneous and smaller AgNPs, a sample produced with 
this method was chosen to be characterized by EDX. The EDX analysis (Figure 6A) provides a 
detailed elemental composition of AgNPs. The sample contained 32% oxygen, sodium at 31%, 3% 
aluminum, 17% copper, 11% chlorine, and 3% of silver. The elemental composition is complemented 
with the Raman Spectroscopy results (Figure 6B) where the spectra of samples synthesized with 
method 1, method 1 at pH 10, and method 1 under 4 hours at 1.75 MPa of pressure were analyzed. 
The Raman spectra confirm the presence of Ag-Ag metallic bonds, C-H bonds and Ag-O bonds. 
Notably, for the AgNPs exposed to 4 hours of high pressure, C-C bonds were observed. 

 
Figure 6. Determination of elemental composition and chemical structure of AgNPs synthetized by method 1 
EDX (A) and Raman (B) techniques. 

3. Discussion 

4.1. Influence of the Synthesis Method on the Plasmonic Properties of AgNPs 

The monitoring over time of AgNPs synthesized with method 1 shows a greater stability of 
nanoparticles than AgNPs synthetized with method 2, where an increase in the signal intensity 
occurs, suggesting that the AgNPs slightly agglomerate over time. In method 2 is observed that as 
time passes, a shift of the SPR occurs, attributed not only to the agglomeration of the nanoparticles, 
but also to the formation of reactive forms of silver, such as the Ag+ ion. Apparently, the dynamics 
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of the AgNO3 reduction reaction is different between the two methods. In method 1, the addition of 
the mixture of NaBH4 and Na-cit to the AgNO3 solution favors the reduction of the AgNPs in a 
controlled manner, producing smaller, more uniform and stable AgNPs. In method 2, the mixture of 
AgNO3 with sodium citrate could cause an uncontrolled reduction when adding NaBH4, due to the 
reducing effect of sodium citrate [43] producing a greater heterogeneity in the size and shape of the 
NPs (Figure 4B). This variability in morphology would contribute to a mild aggregation and an 
increase in the maximum of the SRP over time [44]. 

4.2. Influence of pH on the Plasmonic Properties of Silver Nanoparticles 

Regarding the pH effect on AgNPs synthesis, at pH 4,0 (Figure 2A) no SPR peak was detected. 
This finding suggests that the pH of the reaction medium interferes with the formation and/or 
stability of the AgNPs nucleation and it is no dependent on the method. The absence of a SPR peak 
at pH 4,0 suggests that the acidic environment interferes with the formation and stability of AgNPs, 
indicating that low pH conditions may slow down the reduction rate of silver nitrate, thereby altering 
the kinetics of AgNPs synthesis. This observation is consistent with previous studies that have shown 
how acidic conditions can affect the reduction process and the resulting nanoparticle characteristics 
[45]. 

At pH 7,0 (Figure 2B) no SPR peak was found in the UV-Vis spectrum with both methods either. 
Considering that the synthesis of AgNPs in water (neutral pH) resulted in a defined SPR, it could be 
assumed that the ionic strength generated by the 20 mM phosphate buffer solution at pH 7,0 could 
be interfering with the reduction of AgNO3 or nucleation of AgNPs, highlighting the critical role of 
buffer composition and concentration in the synthesis process. 

Regarding the synthesis at pH 10,0, it is observed that method 1 (Figure 2C) produces a more 
intense peak of the SPR compared to method 2 (Figure 2D) and to method 1 in water (Figure 1A), 
suggesting a higher efficiency in the synthesis of AgNPs in alkaline medium. In addition, the SPR 
presented a shift of +22 nm in contrast to method 1 in water. Time-course monitoring of AgNPs shows 
a great stability for both methods, with method 1 maintaining a higher SPR intensity than method 2. 

At pH 10,0, the presence of a more intense SPR peak with method 1 compared to method 2 and 
method 1 in water, indicates that an alkaline environment enhances the synthesis efficiency of 
AgNPs. The observed shift in SPR (>22 nm) suggests changes in the size and morphology of the 
nanoparticles, attributable to the higher reduction rate of silver nitrate in basic conditions. These 
results demonstrate that the efficiency of AgNPs synthesis is method-dependent, with method 1 
showing higher SPR intensity and stability compared to method 2. Xiao et al. [44] have suggested 
that pH conditions exert a significant impact on the size and stability of AgNPs, with higher pH 
values favoring the stability and growth of nanoparticles. 

4.3. Influence of Pressure on the Plasmonic Properties of Silver Nanoparticles 

In the 0 h treatment, a shift in SPR peak of +18 nm was found and AgNPs presented a great 
stability one day and 28 days after treatment, suggesting that the pressure applied after synthesis 
promoted the formation of stable and well-defined structures. The 4 h treatment presented also a +18 
nm shift in SPR but led to a higher absorbance and a decrease in SPR intensity over time, indicating 
potential instability or morphological changes. 

For the 23 h treatment the SPR presented a shift of +19 nm and an increase in the plasmon peak 
showed in Figure 3C, which indicates that an increased consolidation or growth of the nanoparticles 
occurred. The shift in SPR may be caused by changes in the crystal structure or by the agglomeration 
of nanoparticles. Previous findings have shown that the application of high pressures on 
nanoparticles induces significant changes in their morphology and plasmon resonance, attributed to 
recrystallization or changes in the crystal structure due to rearrangement of atoms under high 
pressure [47]. The observed shift in the SPR maximum following pressure treatment indicates 
significant alterations in the optical properties of the AgNPs. These observations are consistent with 
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prior research, which shows that high pressure can induce significant changes in nanoparticle 
morphology and optical properties through recrystallization or atomic rearrangement [48]. 

The SRP and their corresponding FWHM values summarized in Table 1 for pH, method and 
pressure treatments shows how methods 1 and 2 present the lower FWHM, indicating a sharper SPR 
than pressure treatment or at alkaline pH. Despite this, the SPR has a higher peak when AgNPs are 
subjected to pressure and pH of 10,0. The FWHM is a measure of sharpness of the SPR, which in turn 
is related to NPs diameter and the precision of shift determination in the SPR peak, leading to a higher 
sensitivity in detecting molecular binding events on the NPs surface [49]. According to this, pressure 
and pH treatment suppose an interesting way to modify or synthetize AgNPs, because of their higher 
SRP peak, and an acceptable sharpness. 

4.4. Characterization of the Size and Functional Groups of Silver Nanoparticles 

STEM images allowed us to confirm that uncontrolled reduction of AgNO3 caused by the 
mixture with Na-cit produce larger particles with method 2. In the same way, the shift caused by 
method 1 at pH 10 is caused by the larger size of NPs. In this respect, the development of three 
different synthesis methods allowed us to control the size and distribution of AgNPs, producing very 
small AgNPs with method 1, followed by method 2 and the largest NPs with method 1 at pH 10.0. 
The advantage of produce large AgNPs with the higher SPR peak and an acceptable FWHM is related 
to the advantage of produce AgNPs with larger diameters, favoring the number of capping 
molecules, with the disadvantage of restrict the access of counterions near the thiol-modified AuNP, 
in contrast to smaller AuNPs [37,38]. 

Although AgNPs size increases according the method applied, the use of ultrasound energy 
promotes the production of small particles in the case of method 1, and allowed the control of size in 
method 2, because of the Na-cit reducing effect. These insights highlight the importance of utilizing 
ultrasound as a rapid and cost-effective method for synthesizing silver nanoparticles, as it is 
employed for biological synthesis of AgNPs. Ultrasound offers an efficient means to control particle 
size and distribution while minimizing synthesis time and cost. This technique provides a valuable 
alternative for producing AgNPs with precise characteristics, ensuring high quality and performance 
for a range of applications. The integration of ultrasound in the synthesis process not only enhances 
the feasibility of nanoparticle production but also supports the development of scalable and 
economically viable nanotechnology solutions. 

In the same way, the heat treatment for 0 h produced a range of sizes of 23 ± 9 nm, suggesting 
that the size of the nanoparticles is affected due to the exerted pressure of 1,75 MPa and the exposure 
time, in comparison to water synthesis, suggesting that the size of the nanoparticles is affected due 
to the exerted pressure of 1,75 MPa and the exposure time. Note that before subjecting the AgNPs to 
the hydrothermal process, the average size is small (6 nm), but after pressure exposure, the size of 
AgNPs increases (17 nm). According to these results, prolonged pressure at 1,75 MPa allows the 
production of very uniform AgNPs of larger size compared to method 1 and method 2 synthesis at 
atmospheric pressure. Cristal formation was also observed for 4 and 23 hours of pressure exposure. 
Thereby, the increase in time exposure to pressure allows the formation of more homogeneous and 
larger AgNPs. 

The influence of pressure on larger size of AgNPs and uniform morphology can be influenced 
by different factors. Apparently, the nucleation and growth of AgNPs is favored and influenced by 
constant pressure. In consequence, morphology of AgNPs is be more uniform and size distribution 
is narrower. A sustained pressure for a prolonged period has a synergistic effect on growth of the 
nanoparticles as observed in the increase in size from 0 to 23 hours. Yang et al. [48] found that 
hydrothermal synthesis of AgNPs at 100°C for 6 hours produce spherical particles of 15 nm on 
average, but synthesis for 12 hours produced irregular particles of 10-40 nm. Increasing the 
temperature to 180°C for 6 hours produce truncated triangular nanosheets meanwhile for 12 hours 
disk-like nanoparticles were obtained. Viet Quang et al. [49] report the presence of rods and plates, 
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but the use of chitosan as dispersant apparently aggregate AgNPs when subjected to hydrothermal 
treatment at 100°C and 150°C. 

Integrating these findings with the observed variations in size, pressure treatment significantly 
impacts both the size and uniformity of AgNPs as well as their chemical composition and structural 
characteristics. The presence of graphite, coupled with changes in elemental composition, illustrates 
the complex effects of pressure on the synthesis of nanoparticles. This complex interplay between 
physical conditions and chemical composition affects critical aspects such as the SPR shift, which 
reflects alterations in the nanoparticle’s electronic environment. For instance, the observed SPR shift 
of +20 nm with pressure treatment indicates notable changes in the electronic structure and 
morphology of the AgNPs, which are directly related to the formation of more uniform and larger 
particles. The impact of pressure on AgNPs not only underline the requirement of optimal synthesis 
parameters to achieve specific nanoparticle properties, but also emphasizes the critical role of such 
optimization for diverse applications. In fields such as catalysis, the size, the shape, and the chemical 
environment of nanoparticles are pivotal for their efficiency and effectiveness. Understanding and 
controlling these parameters enable researchers to tailor AgNPs for enhanced performance in various 
applications, from environmental sensing to advanced materials. 

Finally, the elemental composition of AgNPs showed the presence of oxygen and sodium, which 
corroborate the presence of sodium citrate and sodium borohydride used in AgNPs synthesis and 
probably in some degree the oxidation of the nanoparticles. Copper and aluminum found are related 
to the matrix on which the sample was analyzed, meanwhile chlorine is derived from ammonium 
chloride in the buffer solution. Silver constitutes only 3% of the total composition, reflecting the 
relative abundance of the silver nanoparticles within the sample. The Raman Spectroscopy confirmed 
the presence of silver nanoparticles, because of the Ag-Ag bonds found, and confirmed the presence 
of sodium citrate (organic stabilizers) because the C-H bonds from methyl groups. Additionally, the 
detection of Ag-O bonds suggests that the nanoparticles have undergone a mild oxidation. C-C bonds 
detected indicates the formation of graphite in its two forms—D-graphite (amorphous) and G-
graphite (ordered). This formation of graphite is a result of the high-pressure environment affecting 
the carbon components of citrate, leading to a more complex and ordered carbon structure. 

4. Materials and Methods 

2.1. Synthesis of Nanoparticles 

Synthesis of AgNPs was carried out with two different methods: in method 1, 50 mL of a mixture 
of NaBH4 1,85 mM and sodium citrate (Na-cit) 1,85 mM was added to 50 mL of a solution of AgNO3 
0,93 mM at a flow rate of 16 ml/min and a temperature of 12 °C in constant sonication of the mixture 
for 3 min at a frequency of 20 kHz (Elmasonic S S30H, Singen, Germany). Reaction was performed 
with a UP400St sonotrode (Hielscher Ultrasonics, Teltow, Germany) at 60% amplitude (A) and a 
pulse cycle (C) of 90%. In method 2, the same concentrations are used but the NaBH4 solution is 
dropped to the mixture of AgNO3 and Na-cit. 

2.2. Evaluation of the pH Effect 

To evaluate the effect of pH, the synthesis was carried out according to methods 1 and 2 in three 
pH conditions: at pH 4,0 in a citrate buffer solution 20 mM, at pH 7,0 in a phosphate buffer solution 
20 mM and at pH 10,0 in an ammonium buffer solution 20 mM. The synthesis is carried out under 
the same conditions of temperature, dropping rate and temperature previously described. Both the 
solution in the reactor and the solution that is dropped are prepared in the same buffer solution. 

2.3. Evaluation of the Effect of Pressure 

To determine the effect of pressure, 35 mL of AgNPs synthesized with method 1 are subjected 
to a pressure of 1,75 MPa for 0, 4 or 23 h in a solvothermal reactor (what is known as synthesis by 
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hydrothermal process) at a temperature of 200 °C. At the end of the experiment, the solvothermal 
reactor was let to cool for 12 hours and the SPR samples was checked by UV/Vis. 

2.4. Characterization of Materials 

To check the SPR of synthetized AgNPs, a 1:6 dilution of the sample was done and a spectral 
scan from 300 to 700 nm with a step size of 1 nm was carried out on a UV/Vis spectrophotometry 
(Spectroquant® Prove 600 spectrophotometer). To characterize the morphological characteristics of 
the synthetized AgNPs, a Scanning Transmission Electron Microscopy (STEM) was conducted by 
using a TESCAN FE-SEM LYRA3 operated on a range of 500 nm, with a voltage of 30 kV and a 
magnification of 200 kx. The chemical composition of the samples was acquired through an 
integrated X-ray Energy Dispersion Spectroscopy (EDX) microanalysis system, enabling the 
identification of chemical elements in the samples and their relative percentages. For sample 
preparation, the nanoparticles were dispersed in water for 10 min using an ultrasonic bath, then a 
single drop of this suspension was poured onto a Lacey carbon-supported copper TEM grid and 
finally dried under vacuum. Raman analysis was carried out on a Horiba Jobin Yvon LabRam HR800 
Raman spectrometer. This spectrometer is equipped with a 532 nm laser and a 900 lines/mm 
diffraction grating. The experimental conditions were as follows: a 60-second exposure time, two 
acquisitions, and 512 background acquisitions. The laser operated at a power of 8.0 mW, and the 
spectrometer aperture was set to 50 µm. 

5. Conclusions 

The synthesis of AgNPs is significantly influenced by different parameters, including the 
synthesis method, the pH, and the pressure. The choice of a synthesis method, particularly the use of 
dispersants with reducing properties, plays a crucial role in determining the size distribution of 
AgNPs. In this study, it was found that the combination of AgNO3 with sodium citrate (a dispersant 
with reducing capabilities) facilitates the production of AgNPs with a broad range of sizes. This is 
due to the dual role of sodium citrate in both reducing the precursor and stabilizing the nanoparticles, 
followed by the addition of sodium borohydride (NaBH4) as a secondary reducing agent. The pH of 
the reaction medium also impacts AgNPs synthesis. At acidic pH (<7.0), the formation of AgNPs is 
hindered by the presence of salts and the low reduction rate of the precursor. Conversely, alkaline 
conditions (pH > 7.0) promote the formation of larger AgNPs, with diameters exceeding the 
nanometric scale, as observed in the synthesis at pH 10.0. This is reflected in the shift of the surface 
plasmon resonance (SPR) peak, indicating changes in the optical properties of the nanoparticles. 

Pressure treatment further affects the synthesis of AgNPs, with high pressures and prolonged 
exposure times leading to an increase in nanoparticle size and a significant shift in SPR. This suggests 
that pressure can be used to optimize the size and uniformity of AgNPs, enhancing their 
morphological and optical characteristics. Additionally, this study emphasizes the utility of 
ultrasonic methods as a rapid and cost-effective alternative for synthesizing AgNPs. Ultrasonic 
synthesis offers precise control over particle size and distribution, reducing both synthesis time and 
cost, and thereby providing an efficient pathway for the scalable production of high-quality 
nanoparticles. 

These findings highlight the importance of carefully controlling synthesis parameters to tailor 
the properties of AgNPs for specific applications. Manipulating pH and pressure provides a means 
to optimize the morphological and optical properties of AgNPs, which is essential for maximizing 
their catalytic activity and effectiveness across various applications. 

As we discussed previously, the morphological changes in size and shape of the NPs have 
important implications on their properties, as the biological cytotoxicity. In the same way, pressure 
can also affect the solubility and stability of chemical intermediates (such as silver - citrate 
complexes), promoting a more controlled nucleation and less aggregation [50]. The crystal formation 
observed at 4 and 23 hours suggests that prolonged pressure not only stabilizes the spherical 
nanoparticles but also facilitates the formation of more ordered crystalline structures. The observed 
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increase in size and uniformity under pressure suggests that constant pressure promotes nucleation 
and growth, leading to a tighter size distribution and more uniform morphology. Prolonged pressure 
has a synergistic effect on nanoparticle growth, as noted in previous studies. Additionally, changes 
in size and morphology have significant implications for properties such as biological cytotoxicity, 
solubility, and stability of chemical intermediates. The observed crystal formation at 4 and 23 hours 
further implies that sustained pressure not only stabilizes spherical nanoparticles but also facilitates 
the formation of more ordered crystalline structures. 

For future experiments, higher and discrete pressure conditions would complement the result 
obtained on this work, highlighting the importance of these variables on AgNPs size and 
morphology. Also, the synthesis of AgNPs at the same pH but without salts presence in the reaction 
mixture would confirm the effect of salts on AgNPs synthesis. Finally, the use of combined variables 
and the use of different dispersants would develop a more complex strategy for the synthesis of 
AgNPs, not only with different sizes, bur with different morphological shapes in addition to the 
spherical morphology. 
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