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Abstract: Silver (Ag) nanoparticles were successfully prepared by using the in-liquid pulsed plasma
technique. This method is based on a low voltage, pulsed spark discharge in a dielectric liquid. We
explore the effect of the protecting ligands, specifically Cetyl Trimethylammonium Bromide (CTAB),
Polyvinylpyrrolidone (PVP), and Sodium n-Dodecyl Sulphate (SDS), used as surfactant materials
to prevent nanoparticle aggregation. The X-Ray Diffraction (XRD) patterns of the samples confirm
the face-centered cubic crystalline structure of Ag nanoparticles with the presence of Ag,O skin.
Scanning Transmission Electron Microscopy (STEM) reveals that spherically shaped Ag nanoparticles
with a diameter of 2.2 4= 0.8 nm were synthesised in aqueous solution with PVP surfactant. Similarly,
silver nanoparticles with a peak diameter of 1.9 + 0.4 nm were obtained with SDS surfactant. A
broad size distribution was found in the case of CTAB surfactant.
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1. Introduction

Many fields in both academia and industry are being revolutionised by the advance-
ment of nanotechnology, due to its capability to tailor the properties of materials at the
nanoscale [1]. Nano-sized metal particles (<100 nm) are of particular interest because of the
growing opportunities in various fields, including sensing [2,3], catalysis [4—6], electron-
ics [7,8] and optoelectronics [9,10], which arise from their special physical and chemical
properties. Silver (Ag) nanoparticles are of special interest in this scenario [11]. One of
the most important applications of Ag nanoparticles is as an antimicrobial agent against
bacteria, fungi, and viruses [12-14]. Ag nanoparticles are safe and non-toxic to human
and animal cells at low concentrations, and their toxicity in the environment is considered
low compared with other materials [15]. Currently, many studies are being carried out
to prepare advanced Ag-based antimicrobial agents [16]. For example, carbon-coated Ag
particles are prepared to enhance stability, since carbon is biocompatible and has less of an
effect on physiological conditions [17].

It is essential to take sustainability criteria into consideration across the full technology
supply chain in the large-scale manufacturing and processing of nanomaterials [18,19].
Ag nanoparticles can be synthesised chemically and physically towards different targeted
applications [20-25]. The chemical routes can provide good control of the size and morphol-
ogy, but can involve toxic or costly precursors, solvents, and reductants [1]. On the other
hand, the physical methods, such as magnetron sputtering, laser ablation, cluster beam
deposition, and flame pyrolysis, can offer green routes to synthesise Ag nanoparticles, even
if scale-up production can remain a challenge [26,27]. However, without the protection
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of ligands, the physical methods tend to produce aggregates of nanoparticles with poor
size control. Thus, a significant challenge is to prepare Ag nanoparticles in a simple and
environmentally friendly way and, in particular, with well-controlled size and morphology.

Here, we report on a simple and promising method, the pulsed plasma in-liquid
technique [28-30], to prepare Ag nanoparticles based on the electrical discharge between
two Ag electrodes submerged in a dielectric liquid, which is believed to be ecologically
friendly and cost-efficient compared with other traditional chemical methods [31]. By
changing electrode materials and the dielectric liquid, this method is also capable of
synthesising particles of other materials, such as metals, oxides, sulfides, carbides, etc. The
physical and chemical properties can also be tuned by varying the experimental conditions,
including sputtering potential and current [32]. During the preparation, different surfactant
materials were added to the dielectric liquid to protect the synthesised nanoparticles
from aggregation. XRD (XRD) and scanning transmission electron microscopy (STEM)
were employed to investigate the composition and size distribution of the nanoparticles
produced. The effects of the surfactant materials on the formation of the nanoparticles are
reported here and discussed. This study opens a new way to stabilise metal nanoparticles
synthesised on a large scale, with potential applications in biotechnology.

2. Materials and Methods

Pure Ag electrodes (2 mm in diameter and 10 mm in length) were submerged in
a 50 mL pyrex beaker filled with deionised water. Plasma pulses (200 V, 50 A, 10 us)
were generated between the Ag electrodes for about 15 min. Several different surfactant
materials have shown the best stabilizing properties for Ag nanoparticles, including the
three ones studied in this work: Cetyl trimethylammonium bromide (CTAB) (molecular
weight 364.45), Polyvinylpyrrolidone (PVP) (molecular weight 111.14n, average molecular
weight 10,000), and Sodium n-Dodecyl Sulphate (SDS) (molecular weight 446.06). The
surfactant materials were added to the water at 0.01 M concentration as stabilising agents
to prevent nanoparticles from aggregating. The production yield of the samples has
been found to depend on the melting point of the synthesised metals. For instance, low
melting point metals, such as Zn and Sn, can usually be produced at a rate of up to a few
grams per hour.

X-Ray diffraction (XRD) patterns of the samples were obtained using Cu K« radiation,
Rigaku RINT-2500VHE. The particle size distributions were characterised by a Thermo
Fisher Scientific Talos Scanning Transmission Electron Microscope (STEM) with a conver-
gence angle of 20 mrad and a high angle annular dark field (HAADF) detector operating
with inner and outer angles of 62 mrad and 164 mrad at 200 kV. Samples were prepared by
dispersing the nanoparticle powder in water and then drop-casting the suspension onto
graphene oxide and holey carbon-coated copper grids.

3. Results and Discussion

Figure 1 shows the XRD patterns of the samples produced by the pulsed plasma in
liquid between two Ag electrodes, with three different surfactant materials (SDS, CTAB,
and PVP) and without any. Diffraction peaks corresponding to Ag and Ag,O phases can
be observed as labelled in Figure 1. The presence of Ag peaks confirms the successful
synthesis of Ag nanoparticles. The Ag,O results from the interaction of Ag nanoparticles
with surfactant materials and other oxidising agents in the solution. The ratio of Ag/Ag,O
for each sample (weight percentages) was calculated from the integrated peak areas. The
results are summarised in Table 1. The samples consist principally of two phases, Ag and
Ag>0O, regardless of the type of surfactant. In addition, some other unknown peaks from
impurities were also observed. The content of Ag nanoparticles formed in CTAB water
solution was around 72.51%, which is slightly higher than that produced without any
surfactant (Ag, 65.52%). In the case of samples produced with PVD, the composition (Ag,
64.62%) was very similar to that produced with pure water. The Ag nanoparticles formed
in SDS water solution presented the smallest Ag ratio (43.94%). The cell crystal parameters
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of Ag nanoparticles were also calculated, as summarised in Table 1. Although some small
deviations (less than 1%) compared with the cell parameters from JCPDS card (No. 65-2871)
were found, considering the use of surfactant materials and the dynamic conditions of the
pulsed plasma in liquid, these deviations are small.
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Figure 1. XRD patterns of Ag nanoparticles synthesised using pulsed plasma in aqueous solution in
the presence of different surfactant materials. The individual peaks corresponding to different crystal
planes from the Ag and Ag,O phases are marked in the figure.

Table 1. Calculated content ratio of the constituent phases of the samples prepared using different
kinds of surfactants and their cell parameters.

Samples Constituent Phases (wt%) Ag/AgZO Calculated Ceoll Parameters
Ag Ag,0 Other Ratio (A)
SDS 43.94 43.87 12.19 1.00 4.0895
CTAB 72.51 16.75 10.74 4.33 4.0907
PVP 64.62 19.92 15.46 3.24 4.1007
no surfactant 65.52 20.29 14.19 3.23 4.1090
JCPDS
#65-2871 / 4.086

Figure 2a shows typical HAADF-STEM images and size distribution of the Ag nanopar-
ticles produced by the aqueous pulsed plasma technique in the presence of CTAB. Two
peaks of cluster size in diameter are observed at 3.2 and 17.2 nm from its size distribu-
tion. The poor size distribution can be attributed to the weak interaction between Ag
nanoparticles and CTAB. Figure 2b,c shows the STEM images and size distributions for Ag
nanoparticles prepared with PVP and SDS, respectively. In contrast to the case of CTAB,
the sizes distributions show single peak distributions for PVP and SDS, with diameters of
2.2 nm and 1.9 nm, respectively. This indicates PVP and SDS have stronger interaction with
Ag than that of CTAB, which can protect Ag nanoparticles from growing into bigger ones
more efficiently.
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Figure 2. Typical HAADF-STEM images and size distributions for the Ag nanoparticles prepared
using the aqueous pulsed plasma technique in the presence of CTAB (a), PVP (b), and SDS (c).

Figure 3a—c shows the energy dispersive X-ray spectroscopy (EDS) mapping of Ag
nanoparticles prepared with CTAB. It confirms again the successful synthesis of Ag nanopar-
ticles for both big and small sizes. The dominant element of the Ag nanoparticles is Ag, with
a much higher signal to background ratio that that of element O. This can also be confirmed
from the line profile of the elemental fraction (at.%) of the individual Ag nanoparticle
shown in Figure 3d,e. The bulk of the Ag nanoparticle mainly consists of Ag. The ratio of
Ag/O decreases quickly at the edge of the nanoparticles. This implies the presence an oxide
layer on the surface of the Ag nanoparticle. The high-resolution TEM (HRTEM) image in
Figure 3f shows the crystalline structure of the big Ag nanoparticles synthesised in CTAB
solution. The FFT pattern (Figure 3g) of the boxed area in Figure 3f confirms the presence
of both Ag(111) (d = 0.23 nm) and Agy,O(111) (d = 0.27 nm) [33]. The contrast of the spots
of Ag and Ag,0 implies that metallic Ag is dominant in the nanoparticles, with only a
thin skin of Ag,O having formed on the surface of Ag nanoparticles. This is in line with
the XRD data and EDS data. It can be seen that the ratio of Ag/Ag,O (Table 1) increases
with the increase of the size of Ag nanoparticle. The smaller Ag nanoparticles shown in the
cases of PVP and SDS hold larger surface to bulk ratio than that of the case of CTAB; they
provide a significant amount of surface Ag atoms to be oxidised into Ag,O.
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Figure 3. STEM image of Ag nanoparticles prepared with CTAB (a) and its EDS mappings of elements
Ag (b) and O (c). EDS mapping of an individual Ag nanoparticle (d) shows the line profile (e) of the
atomic fraction of Ag and O of the area marked in green in (d). HRTEM of Ag nanoparticles prepared
with CTAB (f) and the FFT pattern of the nanoparticle boxed in red showing the presence of both Ag
and Ag,O (g/h) illustrates the chemical structures of the three kinds of surfactant.

Based on the XRD analyses, STEM observations, and relevant pieces of literature [34-38],
the formation mechanism of the Ag nanoparticles and the Ag,O skin can be proposed as below.
The sputtered Ag ions/atoms in the hot plasma are quickly quenched by the surrounding
liquid, aggregating with each other to form metallic Ag nanoparticles. Then, those Ag
nanoparticles will react with the surfactant materials and O, OH, and H radicals dissociated
from the water molecules due to the high temperature of the plasma. The dissolution of
organic molecules introduced by hot plasma may take place, but it occurs only inside a tiny
zone where the hot plasma is generated. Given that the duration of the electrical discharge
is less than 10 us and the gap between the two electrodes is less than 0.5 mm, the effect of
the dissolution of organic molecules is negligible. As we know, there are many combinations
between Ag and O, OH, H radicals [39]; thus, other metastable phases of Ag/O or Ag/OH
can also be formed. Under the pulsed plasma in liquid conditions, hydroxide of silver is
formed first, which immediately turns into an oxide. In this study, only Ag and Ag,O phases
were observed in the final product according to the XRD analysis. The structures of the three
types of surfactant materials are shown in Figure 3h. Both PVP and SDS have oxygen groups
which can strongly interact with the Ag ions to form oxide particles. Given the small sizes of
Ag nanoparticles (2.2 nm and 1.9 nm for PVP and SDS, respectively), a significant amount of
Ag)0 can be formed on the surface. However, CTAB can only react with Ag via the brome ion
to form AgBr [40]. As AgBr will be quickly reduced to Ag [41], the metallic Ag nanoparticles
will react with other oxidising agents to form a thin Ag,O layer. Therefore, a higher percentage
of metallic Ag was produced when CTAB was used as surfactant material.

4. Conclusions

Ag nanoparticles were synthesised by the “pulsed plasma in liquid” technique in the
presence of surfactants. Three kinds of surfactant materials (CTAB, SDS, and PVP) were added
to the deionised water solution prior to synthesis to prevent nanoparticle aggregation. The effect
of the surfactants on the formation of the nanoparticles was compared. PVP and SDS produced
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spherically shaped silver nanoparticles with diameters of 2.2 &+ 0.8 nm and 1.9 & 0.4 nm,
respectively. For CTAB, two sizes of nanoparticles with diameters of 3.2 and 17.2 nm were
formed, attributed to a weak interaction between CTAB and the Ag nanoparticles. In addition,
the ratio of the constituent phases, Ag and Ag,O by weight percentages, was calculated from
the integrated peak areas in XRD. The fraction of metallic Ag in the nanoparticles increased with
the increase of the size of Ag nanoparticle. This study demonstrates a new route to synthesise
Ag nanoparticles in a scalable way, with potential applications in biotechnology.
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