
 

 

 

 

 

Research  

 

Journal of Military Science and Technology, 114 (2026), 151-158 151 

Cold plasma-assisted synthesis of silver nanoparticles 

using a sand-bath reactor and their antibacterial activity against E. coli 

Vu Thi Van Anh1, Nguyen Van Quan2, Nguyen Kim Thoa3, Tran Thanh Thuy3, 

Nguyen Thanh Tung2, Vu Dinh Lam1, Nguyen Thuan Dao2, 4* 

¹Graduate University of Science and Technology (GUST), Vietnam Academy of Science and Technology 

(VAST), 18 Hoang Quoc Viet, Nghia Do, Hanoi, Vietnam; 

²Institute of Materials Science (IMS), Vietnam Academy of Science and Technology (VAST), 18 Hoang 

Quoc Viet, Nghia Do, Hanoi, Vietnam; 

³Institute of Biology, Vietnam Academy of Science and Technology (VAST), 18 Hoang Quoc Viet, Nghia 

Do, Hanoi, Vietnam; 

⁴University of Science and Technology of Hanoi (USTH), Vietnam Academy of Science and Technology 

(VAST), 18 Hoang Quoc Viet, Nghia Do, Hanoi, Vietnam. 
*Corresponding author: thuandn@ims.vast.ac.vn  
Received 9 May 2026; Revised 13 Jul. 2026; Accepted 15 Sep. 2026; Published 15 Oct. 2026. 

DOI: https://doi.org/10.54939/1859-1043.j.mst.114.2026.151-158 

ABSTRACT 

Silver nanoparticles (AgNPs) are widely studied because of their strong optical response and 

antibacterial activity. In this work, AgNPs were synthesized by a cold atmospheric-pressure 

plasma-assisted method using AgNO3, NaBH4, and sodium citrate in a sand-bath reactor. The 

reaction was performed in a 25 mL glass beaker under Ar plasma treatment at 100 sccm and 60–

70 °C. The plasma jet operated stably and produced OH, N2, and Ar emissions, indicating active 

plasma–liquid interaction. The effects of plasma irradiation time, citrate amount, and NaBH4 

amount were investigated by UV-Vis spectroscopy. The optimized condition produced a yellow-

orange AgNP colloid with a clear LSPR peak at 395–400 nm. After centrifugation at 9000 rpm for 

5 min, the FWHM decreased from 82 to 70 nm. The optimized AgNPs had a hydrodynamic size of 

about 14 nm, a zeta potential of −24 mV, and a TEM size of 12.28 ± 2.04 nm. HR-TEM showed a 

lattice spacing of 0.23 nm. The plasma-synthesized AgNPs showed stronger inhibition against E. 

coli than commercial citrate-stabilized AgNPs. These results show that sand-bath plasma-assisted 

synthesis is a simple and effective route to prepare small AgNPs for antibacterial applications. 
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1. INTRODUCTION 

Silver nanoparticles (AgNPs) are important metal nanomaterials because of their localized 

surface plasmon resonance, high surface activity, and broad antibacterial performance [1-3]. Their 

properties depend strongly on particle size, morphology, surface chemistry, and colloidal stability 

[4]. Small and well-dispersed AgNPs usually show strong visible absorption and high interaction 

efficiency with bacterial cells [5]. Therefore, simple synthesis routes that can control particle 

formation and surface properties remain important for antibacterial applications. 

Chemical reduction is a common method for AgNP synthesis [4]. In this approach, Ag+ ions 

are reduced to Ag0 atoms by reducing agents such as NaBH4, citrate, or ascorbate, followed by 

nucleation and growth. Sodium citrate is often used as a weak reducing agent and stabilizer. 

However, conventional chemical reduction requires careful control of reagent concentration, 

temperature, and reaction time [6]. Excess chemicals or dense surface capping may also reduce 

the accessible active surface of AgNPs [7, 8]. 

Cold atmospheric-pressure plasma has recently been used for liquid-phase nanomaterial 

synthesis [9]. Plasma–liquid interaction can generate energetic electrons, UV photons, ions, and 

reactive oxygen and nitrogen species at the liquid surface [10]. These components can support 
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metal-ion reduction and promote nanoparticle nucleation [11]. In our preliminary tests, plasma-

only treatment, previously applied to synthesize stabilizer-free AuNPs [9], was not sufficient to 

form AgNPs in AgNO3 solution. In citrate/NaBH4-assisted synthesis, AgNP formation usually 

requires heating at about 75 - 80 °C for 1 - 2 h to obtain stable colloids. Therefore, a sand-bath 

reactor was used here to provide indirect and uniform heating, reduce temperature gradients, and 

assist controlled AgNP formation. 

Several studies have reported plasma-based AgNP synthesis. Habib et al. used a non-thermal 

atmospheric-pressure plasma jet with AgNO3 and trisodium citrate to rapidly form AgNPs [12], 

while Kondeti et al. showed that plasma-delivered electrons, radicals, reactive species, and 

UV/VUV photons can assist Ag+ reduction at the plasma–liquid interface [13]. Based on these 

studies, the present work combines plasma treatment with indirect sand-bath heating to improve 

thermal control under low chemical-reductant conditions. 

In this study, AgNPs were synthesized by cold plasma-assisted chemical reduction in a sand-

bath reactor. AgNO3, NaBH4, and sodium citrate were used as the silver precursor, reducing agent, 

and stabilizer, respectively. The plasma jet was characterized by electrical measurement and 

optical emission spectroscopy. The effects of plasma irradiation time, NaBH4 amount, and citrate 

amount were investigated by UV-Vis spectroscopy. The optimized AgNPs were characterized by 

DLS, zeta potential, SEM, TEM, and HR-TEM. Their antibacterial activity against E. coli was 

then evaluated and compared with commercial citrate-stabilized AgNPs. 

2. EXPERIMENTAL 

2.1. Chemicals and precursor solutions 

AgNO3, NaBH4, sodium citrate, and deionized water were used for AgNP synthesis. AgNO3 

and sodium citrate stock solutions were prepared at 1% w/w, corresponding to 58.86 and 38.75 

mM, respectively. NaBH4 was prepared at 0.1% w/w, corresponding to 26.43 mM. Deionized 

water with a resistivity of 15 MΩ.cm was used. Commercial citrate-stabilized AgNPs from Sigma-

Aldrich/Merck (product No. 730785, nominal size: 10 nm, 0.02 mg/mL in aqueous buffer) were 

used as the reference sample and denoted as AgNP-c. 

2.2. Plasma-assisted synthesis setup 

 
Figure 1. Plasma-assisted setup for AgNP synthesis. (a) Schematic of the cold atmospheric-

pressure plasma system coupled with a sand-bath reactor. (b) Photograph of the experimental 

setup. (c) Plasma plume generated at the quartz-tube outlet. Photographs of the solution (d) 

before and (e) after plasma treatment. 
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The plasma-assisted synthesis setup is shown in Figure 1. The plasma jet was generated using 

Ar gas and a tunable high-voltage power supply of 2–6 kV and 20–100 kHz. The discharge was 

formed inside a quartz tube with a stainless-steel needle electrode and directed toward the 

precursor solution. The reaction was carried out in a 25 mL glass beaker placed in a sand bath for 

indirect heating, with stirring at 750 rpm. 

Before plasma treatment, the precursor solution containing AgNO3, NaBH4, and sodium citrate 

was heated to about 80 °C. The beaker was covered with aluminum foil to reduce evaporation, 

with a small hole for the quartz plasma tube. Ar gas was introduced at 100 sccm, and the solution 

was treated for 5 min at about 60–70 °C. No noticeable volume loss was observed, and the 

temperature decrease was mainly due to the cooling effect of the Ar gas flow. After treatment, the 

solution was further stirred for 10 min and stored at room temperature. 

NaBH4 acted as the main reducing agent, while sodium citrate stabilized the AgNPs. Thus, the 

process is considered plasma-assisted chemical reduction rather than plasma-only reduction. 

Without plasma, AgNP formation was very slow at room temperature, whereas plasma treatment 

produced a yellow-orange colloid within a few minutes, likely due to the activated plasma–liquid 

interface that supports Ag+ reduction, nucleation, and early particle growth. 

2.3. Plasma characterization 

The plasma jet was characterized by voltage-current waveform measurement and optical 

emission spectroscopy (OES). The electrical waveform was used to determine discharge stability, 

frequency, and pulsed operation. The OES spectrum was recorded under the same synthesis 

condition to identify OH, N2, and Ar emissions near the plasma-liquid interface. 

2.4. Optimization of synthesis conditions 

The effects of plasma irradiation time and precursor composition were evaluated by UV-Vis 

spectroscopy. Plasma treatment times of 1, 3, and 5 min were tested. Sodium citrate volumes of 

0.5, 1.0, and 1.5 mL and NaBH4 volumes of 0.05, 0.10, and 0.15 mL were examined. AgNP quality 

was assessed from LSPR peak position, absorbance intensity, FWHM, and long-wavelength tail. 

Selected samples were centrifuged at 9000 rpm for 5 min. 

2.5. Material characterization 

UV-Vis spectroscopy was used to evaluate AgNP formation and optical properties. Samples 

were diluted 10 times before measurement. DLS and zeta potential were used to determine 

hydrodynamic size and surface charge. SEM, TEM, and HR-TEM were used to analyze 

morphology, particle size, and lattice structure. 

2.6. Antibacterial test 

The antibacterial activity was tested against E. coli by the agar well diffusion method. AgNP-p 

was tested at 0.1, 1, 10, and 20 µg/mL, while AgNP-c was tested at 1, 10, and 20 µg/mL. Deionized 

water was used as the negative control, and cephalexin at 100 and 2000 µg/mL was used as the 

positive control. After sample loading, the plates were kept for 20-30 min for diffusion and 

incubated at 37 °C for 24 h. The inhibition-zone diameter was then measured. All inhibition-zone 

diameters are presented as mean ± standard deviation from three repeated measurements.  

3. RESULTS AND DISCUSSION 

3.1. Electrical and optical characterization of the plasma jet 

Figure 2 shows that the plasma jet operated as a stable periodic discharge. The peak-to-peak 

voltage was about 4.2 kV, with a period of 24 µs, corresponding to a frequency of about 41 kHz. 

The discharge worked in a pulsed mode of about 0.7 s on and 0.5 s off, giving a duty cycle of about 

58%. This mode was controlled by the electronic unit of the plasma power system and helped 

maintain a stable plume while reducing excessive heating. The OES spectrum shows OH emission 



 

 

 

 

 

Physics & Materials Science  

 

V. T. V. Anh, …, N. T. Dao, “Cold plasma-assisted synthesis … activity against E. coli.”  154 

near 309 nm, N2 bands in the 330–390 nm region, and strong Ar lines mainly at 700–850 nm. 

These emissions confirm the formation of reactive species at the plasma–liquid interface, which, 

together with energetic electrons and UV emission, can assist Ag+ reduction and AgNP nucleation. 

 
Figure 2. Electrical and optical characteristics of the plasma jet. (a) Voltage-current waveform of 

the discharge. (b) Pulsed operating mode of the plasma source. (c) Optical emission spectrum 

showing OH, N2, and Ar emission bands/lines under the AgNP synthesis conditions. 

3.2. Effect of plasma irradiation time on AgNP formation 

Figure 3 shows the effect of plasma irradiation time on AgNP formation. All samples showed 

an absorption band at 395–400 nm, confirming AgNP formation. After 1 min, the LSPR peak was 

weak, with a maximum absorbance of about 0.36, indicating limited Ag+ reduction. Increasing the 

irradiation time to 3 min increased the absorbance to about 0.52, showing more efficient AgNP 

formation. At 5 min, the absorbance slightly decreased to about 0.48, and the absorption tail at 

450–550 nm became more visible. This suggests that prolonged exposure may promote secondary 

growth or partial aggregation. Therefore, 3 min gave the strongest LSPR response, while the 3–5 

min range was suitable for AgNP formation. 

 
Figure 3. UV-Vis absorption spectra of AgNPs synthesized with 

different plasma irradiation times of 1, 3, and 5 min. 

3.3. Effect of NaBH4 and sodium citrate concentration 

The effects of citrate and NaBH4 amounts were evaluated by UV-Vis spectroscopy (Figure 4). 

With 0.5–1.5 mL citrate, all samples showed a main LSPR band at 400–405 nm. The 0.5 mL citrate 

sample had a stronger long-wavelength tail above 470 nm, suggesting insufficient stabilization, 

while 1.0 mL citrate reduced this tail and 1.5 mL gave no further improvement. Thus, 1.0 mL 

citrate was selected. NaBH4 strongly affected Ag+ reduction. Increasing NaBH4 from 0.05 to 0.10 

mL raised the maximum absorbance from about 0.27 to 0.67 at 395–400 nm, while 0.15 mL 

broadened the spectrum and lowered the peak intensity. Therefore, 1.0 mL citrate and 0.10 mL 

NaBH4 were selected as the optimized precursor condition. 
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Figure 4. Effect of precursor composition on AgNP formation. UV-Vis absorption spectra of 

AgNPs synthesized with different volumes of (a) sodium citrate and (b) NaBH4. 

The insets show the molecular structures of sodium citrate and NaBH4. 

3.4. Effect of centrifugation and colloidal properties 

Centrifugation improved the optical quality of the AgNP colloid (Figure 5a). Before 

centrifugation, the LSPR peak appeared at 395–400 nm with a FWHM of about 82 nm. After 

centrifugation at 9000 rpm for 5 min, the LSPR position remained almost unchanged, while the 

FWHM decreased to about 70 nm and the long-wavelength tail above 450 nm was reduced, 

indicating partial removal of larger particles or weak aggregates. The purified AgNPs showed a 

main hydrodynamic size of about 14 nm (Figure 5b), consistent with the near-400 nm LSPR band. 

The zeta potential was about −24 mV (Figure 5c), indicating citrate-assisted negative surface 

charge and colloidal stabilization. 

 
Figure 5. Optical and colloidal properties of optimized AgNPs. 

(a) Normalized UV-Vis spectra before and after centrifugation. (b) DLS size distribution 

and (c) zeta potential distribution of AgNPs after centrifugation. 

3.5. Morphology and crystal structure 

The morphology of the optimized AgNPs is shown in Figure 6. SEM and TEM images confirm 

that the particles were mainly spherical or nearly spherical, with limited large aggregation after 

centrifugation. Some local clustering was observed after drying on the TEM grid, but most particles 

remained separated. The TEM size distribution gave an average diameter of 12.28 ± 2.04 nm, close 

to the DLS result. HR-TEM showed clear lattice fringes with an interplanar spacing of about 0.23 

nm, which can be assigned to the (111) plane of face-centered cubic Ag. These results confirm the 

formation of small and crystalline AgNPs under the optimized plasma-assisted condition. 
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Figure 6. Morphology and size distribution of the optimized AgNPs. (a) SEM image, 

(b) TEM image, (c) HR-TEM image showing lattice fringes with a spacing of 0.23 nm, 

and (d) particle-size distribution obtained from TEM analysis of ~100 particles. 

The particle size is presented as mean ± standard deviation. 

3.6. Antibacterial activity against E. coli 

The antibacterial activity of AgNPs against E. coli was evaluated by the agar well diffusion 

method (Figure 7). Deionized water showed no inhibition zone, while cephalexin produced clear 

zones of about 6 mm at 100 µg/mL and 20 mm at 2000 µg/mL. For plasma-synthesized AgNPs 

(AgNP-p), the inhibition-zone diameter increased from ~0.1 mm at 0.1 µg/mL to about 2, 10, and 11 

mm at 1, 10, and 20 µg/mL, respectively, confirming concentration-dependent antibacterial activity. 

 
Figure 7. Antibacterial activity of AgNPs against E. coli. 

(a) Agar well diffusion test showing inhibition zones of plasma-synthesized AgNPs (AgNP-p), 

commercial citrate-stabilized AgNPs (AgNP-c), cephalexin, and dH2O control. 

(b) Inhibition-zone diameters measured from different sample positions and concentrations. 

The numbers shown in the agar plate images indicate sample positions.  

Commercial AgNPs (AgNP-c) showed weaker inhibition, with zones of about 0.1, 1.5, and 5 

mm at 1, 10, and 20 µg/mL, respectively. The antibacterial effect of AgNPs is mainly related to 

Ag+ release, interaction with the bacterial membrane, membrane damage, and oxidative stress 
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generated during AgNP–cell interaction [14]. Since the AgNP colloid was washed and centrifuged 

before testing, short-lived plasma-generated ROS are not expected to directly contribute to 

bacterial killing. Thus, the ROS discussed here refer to oxidative stress generated during AgNP–

bacteria interaction, not residual plasma species. The stronger inhibition of AgNP-p may be related 

to its small particle size and surface condition, which can favor bacterial contact and Ag+ release. 

4. CONCLUSIONS 

AgNPs were successfully synthesized by cold atmospheric-pressure plasma-assisted chemical 

reduction using AgNO3, NaBH4, and sodium citrate in a sand-bath reactor. The plasma jet operated 

stably and generated OH, N2, and Ar emissions, confirming a reactive plasma–liquid environment. 

UV-Vis results showed that plasma irradiation time and precursor composition affected AgNP 

formation, with 1.0 mL citrate and 0.1 mL NaBH4 selected as the optimized condition. 

The optimized AgNPs showed a clear LSPR peak at 395–400 nm, and centrifugation reduced 

the FWHM from 82 to 70 nm, indicating improved optical quality. The particles had a 

hydrodynamic size of about 14 nm, a zeta potential of −24 mV, and a TEM size of 12.28 ± 2.04 

nm. HR-TEM showed a lattice spacing of 0.23 nm. The plasma-synthesized AgNPs exhibited 

concentration-dependent antibacterial activity against E. coli and stronger inhibition than 

commercial citrate-stabilized AgNPs at comparable concentrations. 

Acknowledgement: This work was supported by Vietnam Academy of Science and Technology (VAST) 

with the grant number NCXS02.02/25-26. 

REFERENCES 

[1]. Y. Hang, A. Wang and N. Wu, “Plasmonic silver and gold nanoparticles: shape- and structure-

modulated plasmonic functionality for point-of-caring sensing, bio-imaging and medical therapy”, 

Chemical Society Reviews, Vol. 53, pp. 2932–2971, (2024). 
[2]. I. Aleknavičienė et al., “Low-cost SERS substrate featuring laser-ablated amorphous nanostructure”, 

Applied Surface Science, Vol. 571, p. 151248, (2022). 
[3]. T. A. H. Nguyen, T. V. Tran, K. N. Nguyen and A. K. Le, “Multifunctional electrospun CS/PVA/AgNPs 

nanofiber membranes for dye removal and antimicrobial water purification”, Journal of Military 

Science and Technology, No. 109, pp. 113–120, (2026). 

[4]. R. Abbas, J. Luo, X. Qi, A. Naz, I. A. Khan, H. Liu, S. Yu and J. Wei, “Silver nanoparticles: synthesis, 

structure, properties and applications”, Nanomaterials, Vol. 14, p. 1425, (2024). 

[5]. J. Helmlinger, C. Sengstock, C. Groß-Heitfeld, C. Mayer, T. A. Schildhauer, M. Köller and M. Epple, 

“Silver nanoparticles with different size and shape: equal cytotoxicity, but different antibacterial 

effects”, RSC Advances, Vol. 6, pp. 18490–18501, (2016). 

[6]. P. Szczyglewska, A. Feliczak-Guzik and I. Nowak, “Nanotechnology–general aspects: a chemical 

reduction approach to the synthesis of nanoparticles”, Molecules, Vol. 28, p. 4932, (2023). 

[7]. A. Sati, T. N. Ranade, S. N. Mali, H. K. Ahmad Yasin and A. Pratap, “Silver nanoparticles (AgNPs): 

comprehensive insights into bio/synthesis, key influencing factors, multifaceted applications, and 

toxicity—a 2024 update”, ACS Omega, Vol. 10, pp. 7549–7582, (2025). 

[8]. Ha Quoc Bang, “Microwave-assisted synthesis of oleic acid-capped silver nanoparticles as lubricant 

additives”, Journal of Military Science and Technology, No. 93, pp. 71–76, (2024). 

[9]. L. T. Q. Xuan, L. N. Nguyen and N. T. Dao, “Synthesis of stabilizer-free, homogeneous gold 

nanoparticles by cold atmospheric-pressure plasma jet and their optical sensing property”, 

Nanotechnology, Vol. 33, p. 105603, (2021). 

[10]. Q. X. T. Le, H. Q. Tran, T. H. Trinh and T. Dao Nguyen, “Removal of Rhodamine B dye by plasma jet 

oxidation process”, Communications in Physics, Vol. 31, p. 95, (2021). 

[11]. T. Q. X. Le, T. B. Pham, V. C. Nguyen, M. T. Nguyen, T. L. Nguyen and N. T. Dao, “A novel method 

for rapid and high-performance SERS substrate fabrication by combination of cold plasma and laser 

treatment”, Nanomaterials, Vol. 14, p. 1689, (2024). 

[12]. T. Habib, J. M. A. Caiut and B. Caillier, “Synthesis of silver nanoparticles by atmospheric pressure 

plasma jet”, Nanotechnology, Vol. 33, (2022). 



 

 

 

 

 

Physics & Materials Science  

 

V. T. V. Anh, …, N. T. Dao, “Cold plasma-assisted synthesis … activity against E. coli.”  158 

[13]. V. S. S. K. Kondeti, U. Gangal, S. Yatom and P. J. Bruggeman, “Ag+ reduction and silver nanoparticle 

synthesis at the plasma–liquid interface by an RF driven atmospheric pressure plasma jet: Mechanisms 

and the effect of surfactant”, Journal of Vacuum Science & Technology A, Vol. 35, (2017). 

[14]. S. Rodrigues, J. G. S. Batista, M. Á. V. Rodrigues, V. C. Thipe, L. A. R. Minarini, P. S. Lopes and A. 

B. Lugão, “Advances in silver nanoparticles: a comprehensive review on their potential as 

antimicrobial agents and their mechanisms of action elucidated by proteomics”, Frontiers in 

Microbiology, Vol. 15, (2024). 

TÓM TẮT 

Nghiên cứu tổng hợp hạt nano bạc bằng phương pháp plasma lạnh kết hợp gia nhiệt bể cát 

và đánh giá hoạt tính kháng khuẩn đối với E. coli 

Trong nghiên cứu này, hạt nano bạc (AgNPs) được tổng hợp bằng phương pháp plasma 

lạnh áp suất khí quyển trong hệ phản ứng nồi cát gia nhiệt gián tiếp. Dung dịch AgNO3, 

NaBH4 và natri citrate được xử lý bằng plasma Ar ở 100 sccm và 60–70 °C. Đặc trưng điện 

và phổ phát xạ cho thấy plasma hoạt động ổn định, tạo ra các phát xạ OH, N2 và Ar, hỗ trợ 

quá trình khử Ag+ và hình thành AgNPs. Ảnh hưởng của thời gian chiếu plasma, lượng 

NaBH4 và natri citrate được khảo sát bằng phổ UV-Vis. Điều kiện tối ưu tạo ra dung dịch 

AgNPs màu vàng với đỉnh LSPR khoảng 395–400 nm. Sau ly tâm ở 9000 vòng/phút trong 5 

phút, độ rộng bán cực đại giảm từ 82 xuống 70 nm. AgNPs thu được có kích thước thủy 

động học khoảng 14 nm, thế zeta −24 mV và kích thước trung bình theo TEM là 12.28 ± 

2.04 nm. AgNPs tổng hợp bằng plasma thể hiện khả năng ức chế E. coli phụ thuộc nồng độ 

và hiệu quả hơn hơn mẫu AgNPs thương mại. 

Từ khóa: Hạt nano bạc; Plasma lạnh áp suất khí quyển; Natri citrate; Kháng khuẩn; E. coli. 


