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An experimental study for copper nanoparticles (NPs) synthesis in aqueous phase, relying upon a physical top-down technique, is proposed. It differs from the well-known wire-explosion protocol, in that two wire-shaped conductors, made of metal precursors of different sections, undergo a short circuit at low voltage where a high current density leads to an instantaneous disaggregation of preferentially one of the two electrodes immersed in a liquid phase, without establishing a stable arc-discharge regime. The as-obtained NPs have been characterized in size by dynamic light scattering (DLS) and in morphology by transmission electron microscopy (TEM). Two non-ionic polymeric capping agents having the same monomeric structure, but differing from one another in molecular weight, have been dissolved in the liquid holdup and the average diameter of the as-obtained Cu NPs is 63 and 72 nm. The present work, thanks to a relatively easy experimental setup and to the mitigation of risk conditions usually related to the use of high voltages, may represent a promising technique in alternative to other physical top-down methods for a sustainable and cost-effective metal NPs synthesis.
 
Introduction
Nanotechnology has today assumed a key role in the production of highly engineered materials on a small and medium scale, with attractive applications in many different sectors (Korkmaz and Gupta, 2024). For example, micro and nanopatterning of surfaces proved to be a useful technique in increasing biocompatibility of metals used in dental implants (Shayganpour et al., 2015). Likewise, laser-induced surface activation with formation of micro- and nanostructures by local etching, led to an increase of polymer-surface adhesion strength (Omiya et al., 2022). In the field of pollution control and environmental remediation (Vocciante et al., 2017), the use of green nanostructured chemisorbents of natural origin represents a green and sustainable technology for wastewater treatment (Fathi et al., 2024). 
In the specific context of NPs synthesis, the most widely adopted protocols rely upon chemical methods, generally comprising bottom-up and top-down techniques. The former, based on a process of nucleation and particle growth from atomic/molecular dimension up to a nanosized diameter, may be carried out in various experimental conditions both in solid and in liquid embedding medium. For example, NPs made of oxides of non-noble elements may be synthesized at the dry state by pyrolysis of a precursor undergoing a spontaneous thermal decomposition (Chiarioni et al., 2006). More routinely, NPs of many different compositions can be produced in a liquid phase using reactants having an active function during the process of nanosynthesis. This is the case of reductants required when metal NPs are the target of the process, based on redox reactions where the electron donors are, in many cases, much more toxic and environmentally noxious than the precursors itself (Lu et al., 2017). For this reason, the recent trends in NPs synthesis in liquid phase refer to the use of green reactants in processes carried out at milder operating conditions, in order to fulfill a multitasking objective of environmental protection and energy saving (Melo et al., 2023). This protocol proved to be efficient not only as far as metal NPs are concerned, but also in the production of metal oxide NPs. In this context, many reagents of vegetal origin have been successfully utilized, as proposed by Avila-Concepctión et al. (2024), who used an aqueous extract of Annona muricata leaves for the production of ZnO NPs. Analogously, other researchers synthesized ZnO nanostructures using a different vegetal extract and tested the as-produced solid phase (Aliannezhadi et al., 2024). The substitution strategy not only pertains to the selection of reactants, but it may also concern the choice of capping agents, namely the chemicals damping NPs aggregation (Skiba and Vorobyova, 2023). That is why thiols, aliphatic amines and artificially made ionic surfactants are going to be progressively replaced by saponins, aminoacids (Ghiyasiyan‑Arani et al., 2018), polysaccharides like starch (Tiwari et al., 2024) and gums (Rahdar et al., 2020), and other compounds of natural origin inhibiting or at least attenuating particle aggregation.

As an alternative to all aforementioned chemical methods, physical methods have been proposed in NPs synthesis (Reverberi et al., 2022), and they differ from one another in the complexity and cost of the experimental setup. El-Khawaga et al. (2023) authored an interesting review on this topic and we refer the reader to the references quoted therein. Namely, while NPs synthesis carried out by laser ablation and sputtering usually require expensive apparatuses and an accurate control setup, mechanosynthesis methods represent a class of economically viable processes to produce NPs even at a medium and large scale. As a first rough classification, these methods can be divided in wet and liquid-assisted mechanosynthesis processes, according to whether a solvent is present during the comminution process (Reverberi et al., 2020). The latter can be carried out in autogenous or non-autogenous mode, depending on the presence of a milling medium, generally represented by hard metallic or ceramic spheres. 
Wire explosion methods occupy a sort of niche position in the context of physical nanosynthesis, but they have already been tested in the preparation of zerovalent metal dispersions in organic and aqueous solvent (Bac et al., 2010), or in a gas (Wada et al., 2013). The standard technique is based on an instantaneous discharge of an electric capacitor, whose current is passed through a wire of a relatively thin metal conductor immersed in a fluid and short-circuited between the poles of the aforementioned charged capacitor. The wire, undergoing thermal  disaggregation by Joule effect, is the metal precursor of the corresponding nanoparticles released into an embedding fluid.
The method proposed here may be considered as a variant of the standard wire explosion technique, as it relies upon a pulsed contact disaggregation not requiring a capacitive discharge at high voltage (Jankauskas et al., 2011), usually adopted in most experimental techniques based on wire disaggregation by Joule effect (Nguyen et al., 2018). The method has been tested in an aqueous liquid phase containing two different capping agent formulations to prevent NPs aggregation and oxidation. 
The paper is divided as follows. In Section 2, the materials used and the relevant experimental setup have been described. In Section 3, the as-synthesized NPs have been characterized in morphology and composition according to the different experimental conditions here adopted. In Section 4, the conclusions are drawn and an outlook on future development of this research is suggested.
Experimental setup
Materials and methods
Two copper wires of 0.4 and 2 mm diameter (Cu, 99.999%, Sigma-Aldrich, Milano, Italy), two polyvinyl pyrrolydone oligomers having different molecular weight of 40 kDa and 10 kDa (PVP40 and PVP10, (C6H9NO)x, 99%, La Farmochimica, Genova, Italy), n-hexane ( C6H14, >99%, Carlo Erba, Milano, Italy) and deionized water have been employed. The wires were previously degreased with hexane in order to avoid any possible contamination with unwanted organic material. Before each experimental test, water has been bubbled by an argon stream to strip all residual oxygen present in it, in order to damp NPs oxidation. All experiments were carried out at room temperature.
The NPs diameter was investigated by dynamic light scattering (Zetasizer Nano, Malvern Instruments, Malvern, UK). A polystyrene cuvette was filled with 1.3 mL of solution, carrying the suspended solid phase. The refractive index of Cu and the liquid holdup viscosity at room temperature were taken from literature data.
The particle shape has been investigated by transmission electron microscopy (TEM, JEOL 2100 Plus, Akishima, Japan), using a copper lacey grid on which an aliquot of the liquid dispersion was collected and further vacuum dried.  After graphitization, the relevant residue was finally scanned by a 200 kV electron beam. 
The wire explosion setup
In Figure 1, a simplified scheme of the experimental setup is reported. A cylindrical glass vessel, containing an aqueous liquid holdup and a teflon (PTFE) stirring bar, is located on a magnetic stirrer ensuring a good agitation of the liquid holdup, where a fixed amount of capping agent has been dissolved. A L-shaped copper electrode is kept stick to the inner side surface of the vessel so that its horizontal side draws into the liquid parallel to the bottom of the vessel, as described in Figure 1. This electrode is connected with a pole of a low-voltage alternate current generator. The other electrode, made of a thinner Cu wire and representing the sacrificial electrode, is inserted into the solution and, as soon as it comes into contact with the L-shaped electrode, a short-circuit is established whose current causes part of the copper electrode to shatter instantaneously, while macroscopic chunks of it remain at the bottom of the vessel. The as-produced Cu particles are released in the surrounding liquid, the colour of which darkens progressively as the number of contacts and relative short circuits increase.  
Suitable fittings around the vessel had to be mounted, in order to damp mechanical vibrations as a consequence of shock wave propagation deriving from bubble formation and implosion in the zone of wire contact. The data pertaining to the operating conditions and to the geometric characteristics of the experimental setup are reported in Table 1.
An attempt was made to install a device for automatic wire feed, but some technical difficulties were encountered due to contact disconnection events outside the solution. For this reason, a manual feed of the wire subject to disconnection was chosen. For each sample prepared, 100 short-circuit events were implemented. 
The method described here is a pulsed wire deconstruction technique, differing both from submerged arc and standard wire explosion techniques for two different reasons:
· Standard wire explosion techniques generally rely upon a capacitive current discharge through a metal wire, while here a wire deconstruction is carried out only by simple low-voltage short-circuiting. 
· Submerged arc techniques are based on a steady current arc, needing high current intensity and producing a considerable heating of the liquid holdup. Here, instead, the current is too low to ensure a self-sustained arc discharge, but there is only a current pulse disconnecting the conductor and causing an instantaneous unbundling of a part of it. As a consequence, the temperature rise in the liquid holdup at the end of each cycle comprising 100 short-circuits never exceeded 5 °C during each experimental run.
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Figure 1: Simplified scheme of the experimental setup where wire explosion experiments beneath a liquid are carried out. 
Table 1: Data concerning experimental conditions and configuration of the experimental setup.
	Holdup volume 
	Vessel 
diameter
	Fixed electrode
diameter
	Moving electrode
diameter
	Voltage
	Surfactant
concentration

	30 [cm3]
	42 [mm]
	2 [mm]
	0.4 [mm]
	14 [V]
	10 [g/L]


Results and discussion

In the present paper, Cu has been chosen as a base metal in NPs for different reasons. Like many other transition elements, Cu may enter the composition of intermetallics with singular physical properties (Freccero et al., 2017) and its compounds have been extensively used in semiconductor technology (Freccero et al., 2023). Despite the noxious role of Cu cation in wastewaters (Beolchini et al., 2003), Cu NPs proved to be an efficient source of Cu ions having a basic role in phytopharmacy, owing to selective activity of Cu against pathogens like fungi and nematodes (Tryfon et al., 2022). Likewise, the choice of PVP as capping agent in the present experiments can be motivated by the satisfactory results obtained in many different situations of Cu NPs synthesis, both in bottom-up and in top-down processes. In the latter, often based on collision or surface friction schemes, capping agents may have a basic role in determining short-term and long-term physico-chemical characteristics of the dispersion (Reverberi et al., 2020). Additionally, PVP is recognized as a non-toxic, biodegradable and biocompatible material, with extended uses in medicine and also in products of everyday’s life (Mangang et al., 2023).

During each aforementioned cycle of 100 short-circuiting events, the solution progressively darkens and, at the end of each cycle, the solution becomes so dark that the light emitted in the area of contact between the two wires is mainly absorbed by the surrounding liquid. In Figure 2, two photographs of the liquid suspension after 25 and 100 short-circuiting events have been reported to qualitatively account for this phenomenon. After each cycle, the solution is allowed to stand for 12 h in order to promote the sedimentation of the agglomerated particles. Furthermore, an aliquot of the supernatant liquid is collected for DLS analysis, whose results are reported in Figure 3. From each curve, the calculated average particle diameter in case of PVP10 is 6310 nm, while the corresponding value in case of PVP40 is 7212 nm. These results are consistent with TEM images reported in Figure 4, proving that the surfactant efficiency tend to increase for lower values of surfactant’s molecular weight. A possible explanation could be found by taking into account the different mechanism of NPs formation by a chemical reduction technique, implying nucleation from atomic species, and the present technique, where NPs might be present from the very first moments following the short-circuit. Admittedly, in this case, the capture kinetics is favoured by a lower mass polymer. Another interesting aspect arises by simple visual comparison of the two panels in Figure 4. In fact, Cu NPS obtained with PVP40 show the presence of polygon-shaped NPs, while they are scanty when PVP10 is used. Therefore, one may conclude that capping agents of the same chemical composition but different molecular weight, may have a role in NPs shaping.  
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Figure 2: Photographs of a liquid holdup containing PVP10 during wire explosion experiments. (a):  after 25 short-circuits; (b): after 100 short-circuits.  
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Figure 3: Particle size distributions for Cu NPs in water containing capping agents of two different molecular weights. (a): PVP10; (b): PVP40. Each plot reports the average value of three different runs. 

[image: ]

Figure 4: TEM images of Cu NPs obtained using capping agents of two different molecular weight. (a): PVP10; (b): PVP40. 
Conclusions
In the present experimental study, a variant of the wire explosion method has been proposed. The main results can be summarized in the following points:
· The experimental setup, based on a submerged short-circuiting between wires of the metal precursor beneath a water solution where suitable capping agents have been dissolved, does not require the use of high voltage, generally adopted in standard wire explosion techniques. For this reason, this experimental route can contribute to the improvement of safety conditions in a nanosynthesis process, irrespective of the precursor composition.
· With respect to other top-down processes based on autogenous or non-autogenous solid disaggregation, the present technique has a greater hourly productivity. This aspect may have important repercussions in a future scale-up of this technique.
A further development of this process will be based on an improvement in the wire feed technique, possibly making it semi-automatic.
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