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Abstract

Electrical discharges in liquids are used to synthesize and process nanoobjects with breakthrough
achievements that lead to high expectations in the field. As plasmas are non-equilibrium media, the possibility
to access novel compositions, shapes, structures, etc. is often put forward as major argument to promote these
processes. Two main classes of processes are considered in this review: the so-called “solution plasma” and
glow-discharge electrolysis. The influence of the main parameters controlling the selected processes is
discussed. Applications are also presented together with expectations on breakthrough achievements awaited
for these processes.

Introduction

It is always interesting to question one's practices and to put the known possibilities of certain processes into
perspective with those provided by their competitors. By combining discharges and liquids, it is possible to
synthesize original nanoobjects and process them, with the significant advantage of being able to use highly
non-equilibrium media.

The multiplication of recent reviews on this subject [1-14] demonstrates the current craze for these
approaches, which offer interesting prospects due to their specificities. There are many ways to synthesize or
functionalize nanomaterials by discharges, using processes that can be classified as depicted in Fig. 1:
sputtering onto liquids, spray in plasma, plasma-assisted electrochemistry, and discharges in liquids.

Following Prasad et al. [7], liquid-phase production without plasma assistance can be made by six main
techniques, namely sol-gel processing, microemulsions, hydrothermal, sonochemical, chemical
coprecipitation, and electrochemical methods. All these processes require the presence of a stabilizing agent
to prevent aggregation of the resultant nanoparticles, but also many steps like stepwise unit operations of
heating, addition of reactants, cooling-down, and removal of supernatant after centrifugation and
redispersion.

Jendrzej et al. [15] showed in 2017 that laser-based synthesis is more economical than wet-chemical
reduction if productivity exceeds 550 mg h™!. Even though this conclusion does not include arguments about
key features of nanoparticles, like their shapes, size distributions or compositions, it demonstrates that the
economic viability of a process is strongly dependent on the number of processing steps needed to produce
the final colloidal solution rather than its energetic cost. This latter parameter, for either process in the given
example, is only 1%, and then negligible as labor (55%), investment (12%) and materials (32%) represent
99% of the overall cost of a produced batch. The argument about energy, even though it is perfectly grounded,
sounds surprisingly outdated in the world context we know today, putting pulsed processes on par with
continuous processes.



As explained by Amans et al. [16], laser processes in liquids based on ablation, melting, fragmentation and
photoreduction/oxidation offer different routes to obtain colloids with controlled nanoparticle sizes. Laser
generation of nanoparticles in liquids may be deemed mature enough for industrial outlets of colloid
production. Plasma-based processes in liquids offer many similarities with their laser counterparts and like
them, can challenge chemical routes: they offer extreme conditions achievable with non-equilibrium
processes and, as such, they generate huge gradients that drive the formation of a whole zoology of
nanoobjects. In the case of water splitting, for instance, the size of a cocatalyst deposited onto a photocatalyst
can significantly affect the quantum efficiency (by one order of magnitude if it only varies from 2.3 to 5.2
nm, for instance) [17].

However, the wizardry of chemists always goes far beyond our highest expectations. In a seminal work on
high entropy alloys, Yao et al. [18] presented a general route for alloying up to eight elements into single-
phase solid-solution nanoparticles with possible control of size distributions. Nanoparticles produced by
these methods deviate from the phase-separated thermodynamic equilibrium structures, as shown in the work
of Chen et al. [19]. However, this approach allows for independent control of both composition and size, and
the formation of phase-separated states can be designed as needed, resulting in libraries consisting of every
combination of several (up to five) metallic elements.

In this review, we propose a review of works mainly published after 2018 on electrical discharges submerged
in liquids, completed by former results when necessary. These processes (class of processes 1d in Fig. 1) are
used for nanoobjects synthesis as a basis for comparison with their competitors.
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Fig. 1 Main classes of processes involving electrical discharges and liquids: a) sputtering onto liquids, b)
spray in plasma, ¢) plasma-assisted electrochemistry, d) submerged discharges in liquids.

The main advantages of submerged discharges in liquids are taken from [20-22]: (1) a one-step process; (2)
an ambient reaction environment; (3) a straightforward and easy setup; (4) a cost-effective production; (5)
possible large-scale synthesis quantities; (6) an eco-friendly fabrication; and (7) high control on nanoparticle
characteristics (size, shape, composition, etc.)

Different criteria are evaluated, including mastering of size distributions, control over compositions, access
to non-equilibrium phases, structure design capabilities, solution stability, and energy cost. After a short
description of the classes of processes and the main strategies adopted to synthesize nanoobjects, the
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capabilities and limitations of the described processes through the influence of the main parameters dealing
with liquid characteristics, process conditions and time, are exposed. Before concluding, expectations are
presented together with the applications considered by the researchers.

Classes of processes

Numerous processes have been developed to synthesize nanoobjects with discharges in liquids where
electrodes are submerged. However, these processes can be broadly classified into two main categories:
"solution plasma" and "glow-discharge electrolysis”, even though some authors use these terms
interchangeably. The distinction between these processes is based on two ranges of applied voltages: below
or above ~1 kV, which also corresponds to two ranges of interelectrode gap distances: below or above ~1
cm. This dichotomy arises from the use of two types of widely-spread DC power supplies that provide high
pulsed voltages or low continuous voltages.

In the case of high-pulsed voltage supplies, no electrolysis precedes the discharge, which ignites by
breakdown of the liquid dielectric (most often aided by the presence of bubbles). The transition from
electrolysis to glow-discharge electrolysis is characterized by the occurrence of pulsed discharges through a
dielectric gaseous sheath as well as current pulses. Plasma electrolytic oxidation is a form of glow-discharge
electrolysis, but the applied voltage is usually high enough (several hundreds of volts) to cause the breakdown
of the growing oxide layer. While this process can be used for particle synthesis, it is more challenging to
control, as its primary purpose is to convert metallic surfaces into oxides [23].

The most commonly used process for synthesizing nanoobjects is known as "solution plasma", although it
goes by various other names. This process involves creating a discharge between metallic electrodes
submerged in an electrolyte, which may be loaded with chemicals. Electrode erosion and electrolyte
reduction can be used separately or together to create nanoobjects and hierarchical structures.

The discharge can also be used to create defects and activate the surface of pre-existing nanoobjects in the
liquid. The process was first proposed by Takai [24] and Saito [25] and it is characterized by the following
features (see Supplementary Material 1. Table S1): Two wire electrodes facing each other, partly covered
by insulating materials, are subjected to a unipolar or bipolar pulsed DC high voltage (typically 1 kV) while
submerged in a conductive electrolyte. Frequencies are generally in the kHz range, and pulse widths are
typically around one microsecond. If the electrodes are hollow or pipes are placed around them, gas (such as
N> or Ar) can be blown through, which connects them with a bubble. The solution is typically stirred at
several hundred rounds per minute and may be controlled for pH, electrical conductivity, and temperature
(see Fig. 2a). The characteristics of the nanoparticles produced by this process strongly depend on the applied
current densities.

a) b) e

Fig. 2 a) Schematic of the “solution plasma” process. b) Schematic of the “Glow-discharge electrolysis”
process.



NP* v I w’ f Electrodes  Gap Electrolyte Vol. t T Ss* pH/s" SD” Gas Comment Ref.
(kv] (Al [us]  [kHz] [mm] [mm] [mL]  [min] [°C] [rpm]  [-]/[uS/cm] [nm] [sccm]
MnO: +0.6 0-5 2 15 " 1g KMnOg, 0.15¢g 100 10 Yes 20-100 [9]
ER -1 glucose in H20
Ndop. +1.5 13 0.5 30 W(0.8) 1 Pyridine 200 30 Yes Sheet:1um w/ or wo/ [20]
nanoC Sphere: 10 low-pass filter
ER sheet/sphere
Au 1 0.5 20 A/K: Au 0.2 0.5-5 mM NaCl 35 10 450 ~6.5/[91-630] 7.6+2.6 @ ageing [26]
EE” 0.5mM increases size
BiVO4 12 W/hollow- 0.4g BiVO4in KCI 150 480 Reg. Adj. w/ NHs 6+3 N2 Chem. synth. [27]
ER’ w to 1.5/0.3 of BiVO4
SioC DC: <50 3 HMDSO 40 0.5 Ar/He 600 Vin AC [28]
6-13 (300) current
B/Fdop.- 1.5 0.5 100 W(1) 10 mM TPBO, 100 20 Yes 20-40 [29]
C TFPB, TDFPB,
ER TTFPB in toluene
C $1.5 0.5 50- W(1) Tributylborate 80 60 Flake / NP Trace Win C [30]
ER 125
AuPt >+ 0.6 1-2 10- Au(1)/ 0.3 H20 or ethanol ~0 Yes [-1/200 15+1 Alloying = [31]
EE 0.86 20 Pt(1) f(gap)
C-dots 2 20 W(3) 1-2  H,O/ethanol (1:1) 100 240 10 ~3 N, On HNbsOs [32]
ER nanosheets
C +0.6 0-5 0.5- 100/ W(1) 0.75 Benzene(50mg/L) 30 Yes 15-25 R: 50 mg/min [33]
ER -1 2 150 BZ-NO>(18) BET: 220 m?/g
BZ-NH2(50)
WC@C 0.6 0-5 2 100- W(1) 0.5-1 Palm oil 200 30 Yes 4-12 [34]
EE-ER -1 180
Poly- 61 003 100 5 W(0.5)/ 2 Pyrrole 15 120 40 [8-9]/[0.3- 2000- Ar(100) Biased [35]
pyrrole (Teflon/Cu 1.5] 20000 (+and-)
ER (plate)) bipolar pulse
Black- +0.6 0-5 2 20 Ti(1) KCl (0.3-3mM) 200 60- ~6/[66-371] 400-3200 R:13-46 mg/h [36]
TiO2 -1 HNOs (0.3-3mM) 240 ~1.5/[244-
EE 1015]
PANI +16. 60 5 W 1 Aniline 26 20 or ~50-200 Ar(100 [37]
ER 4 50 or 500)
Ndop.C-  +2 1 1 50 W(1) 0.5  Pyridine: H,0(7:3) 100 10 Yes 6.1+0.7 [38]
dots
Pdop.C- 2 1 100 wcC Lig. P(CeHs)3 10 Yes [39]
balls
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*NP: Nanoparticle. V: Voltage, I: Current, w: pulse width, f: frequency, Vol.: volume, t: treatment time, T: temperature, SS: Stirring speed, o: electrical conductivity, SD: size distribution.
EE: Electrode erosion. ER: Electrolyte reduction. In italic : assumed values.

Table 1: Selected experimental conditions used with the “solution plasma” process for nanoobjects production.



The other approach, known as “glow-discharge electrolysis”, involves applying voltages beyond those
required for electrochemical processes, i.e., a few tens of volts (see Supplementary Material 2. Table S2).
The electrodes are positioned a few centimeters apart (see Fig. 2b) and liquid conductivity must be high
enough to transmit charges. As the voltage increases, the current in the solution increases almost linearly,
and a gaseous envelope forms around the electrodes due to evolution reactions. When this insulating envelope
becomes continuous, the flow of the current stops because shortcuts of conductive liquids fall below the
percolation threshold in the sheath. Then, breakdown occurs and discharges appear. At the transition, the
current drops and then increases again, but more slowly than before, as the applied voltage increases [84].

Main strategies

There are two primary approaches to synthesizing nanoparticles with solution plasmas and glow-discharge
electrolysis. In one approach, electrodes are eroded, emitting vapors that subsequently condense. In the other
approach, precursors added to or present in the electrolyte are reduced by discharge electrons at the gas-liquid
interface. Both strategies can be used alone or in combination, either simultaneously or successively.

Electrode erosion requires conductive electrodes, with most studies using carbon, metals, or metallic alloys
[85]. In this case, electrolyte species are also reduced, which affects the liquid composition and the post-
processing of nanoparticles.

Precursor reduction requires refractory metals as electrodes to limit their fusion by discharges and emission
of metal contaminants. Tungsten is commonly chosen as it is the most refractory metal, readily available,
and has a melting temperature of 3,695 K. Precursors often include metallic salts (chlorides, nitrates, acetates,
etc.), carbonaceous compounds (aromatic cycles, alkanes, alcohols, etc.), monomers (HMDSO, APTES,
diacetylene, etc.), and bio-sourced materials such as saccharides.

In every situation, three essential sets of parameters must be properly defined to obtain the desired properties
of the nanoobjects (Fig. 3): solution characteristics, process conditions, and time. Parameters are often
strongly interrelated: for instance, the solution’s composition determines its conductivity, which requires a
specific voltage signal, leading to current densities determined by the electrode sizes. In the following
descriptions of the influence of each parameter, emphasis will be put on the most striking features associated
with a given parameter, and coupling with others will be made as clear as possible.

» Canductivity Salution
®pH characteristics
= Viscosity

s Camposition

»(3as Dubbles

Nanoobjects

* Electr properties
= SLITINg

= Temperature
= Treatment time

*Ageing
* Post-processing

Fig.3 Links between process parameters and nanoobjects properties
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NP v I Gap Cathode  Anode Electrolyte Vol.” t T Ss” pH/ o SD Comment Ref.
(V] [A] [mm] [mm] [mL]  [min] [°C] [rpm]  [-]/[uS/cm] [nm]
Al 30 ~5 Al [5] Pt H20+(K2COs/0.1- 300 30 [140-155] 5 V/min till BD [21]
0.5 M) and 30V
Al203- 10(100 90 Ti [200%x1] Ti H20+(KOH 1 g/L)I 4L 30 Coo Yes 0.1-10 um PEO. (T<60°C) [23]
ZrOz Hz) led
CuO0-ZnO  52- ~4.6 Brass [0.5] Pt NaCl / 2M Bat 200 [6] Nano- Brass: 63%Cu- [84]
72 h flowers 37%Zn
Cu 110 <4 Large Cu [1] Pt H20+(K2CO03 or 300 15 [7-28] um FromOto 110V [86]
NaOH / 0.1-1M) [38-28] um @ 5 V/min
Fe-Based 0- 0-2.5 Steel Steel H20+(KOH 0.125- 400 60 ~80 Yes [0.1-50] [87]
300 [2] [Large] 0.625 wt%) pm
Ti/Au/Zn  95- Ti/Au/Zn Ag [1] H20+(K2CO3 / 0.1 200 Element- Preheating @ 5V [88]
/C 125 [0.5] C[1] M) dependent 60 min
Au foam 110- 30 W [1] Pt grid H20+(HauCls / 10s 1200 Acid=HCI, H2S04 [89]
150 0.03-0.1 M)+acid or HNO3(10M)
NazFeO4 20- 7.3 30 Steel C-steel H20+(NaOH / 8- 500 5 5- 350 [1/ [390- [10-90] Breakdown after [90]
55 [large] [2mm] 18M) 45 650] mS/cm delay
Mn3Og4 550- 0.1- Pt Mn H20+(NaNOs3 /2 150 60 25 120 [6.5-10.5] / [14-26] Nanospheres [91]
650 0.14 [needle] [Large] g/L) [-] [120-220]
Fe304 600 0.15 10 Pt Scrap H20+(NazS04 / 2 150 0-60 90 [6-11] / [-] [0-26] 2 kQ ballast [92]
[large] Fe g/L) resistor
Ni(OH)2 500 0.085 ~5 Pt Ni H20+(NaCl / 2 150 60 25 120 [6.5-10.8] / [1-3] um 2 kQ ballast [93]
[needle] [Large] g/L)+ CH:COONa [-] resistor
Mn304 130 ~1 Cu [0.9] C- 0.01M C4HeMnO4 50 10 150 NP: 40nm H20 + 9 mg CTAB [94]
Cloth / 0.5M NacCl Nanosheet +30 mg PVP

*NP: Nanoparticle. V: Voltage, I: Current, Vol.: volume, t: treatment time, T: temperature, SS: Stirring speed, o: electrical conductivity, SD: size distribution.

Table 2: Selected experimental conditions used with the “glow discharge electrolysis” process for nanoobjects production. Electrode erosion only except for Xiu’s works [94] based of
electrolyte reduction.



Solution characteristics
Electrical conductivity

Electrical conductivity is generally the key factor that determines the applied voltage required for breakdown
and discharge ignition. The lower the conductivity, the higher the voltage needed to achieve reproducible
discharges, and the shorter the pulse width.

In the experimental results presented in this work, the electrical conductivity ranged from 0.2 to 1015 puS
cm™!, which is higher than that of Milli-Q water (~0.06 uS cm™") but includes deionized water (~10 pS cm™).
Achieving breakdown in these media requires high voltages (> a few hundreds of V) and short gaps (< 1 mm)
with currents around several amps. To ensure reproducible breakdown conditions, electrolytes such as NaCl
are often introduced. This helps to stabilize the discharge during synthesis [26].

Analyzing the influence of conductivity is not straightforward, as it affects not only all electrical parameters,
but also the temperature of the solution. The important concept to keep in mind is that it affects the way the
generator supplies the circuit, and this relationship is not linear and varies over time. All generators used in
the processes studied here are voltage-driven, with the voltage set at a given intensity, for example with a
rectangular shape defined by its width and frequency of occurrence. However, the voltage applied to the
power electrode is quite different because of the non-linear answer of the discharge. The behavior of the
current is also dependent on the specific generator used.

As the electrical conductivity decreases, a higher breakdown voltage is required to ignite the discharge. Saito
et al. [95] have stated that "when the concentration of the electrolysis solution [and thus the electrical
conductivity] is low, the current decreases, and the plasma generation requires a high voltage owing to an
increase in the solution resistance." Similarly, Saebnoori et al. [96] have observed that solutions with lower
concentrations of potassium carbonate exhibit lower current density and higher breakdown voltage due to the
lower conductivity of the electrolyte. Anbouri et al. [86] have also shown that the same is true for glow-
discharge electrolysis. For insulating liquids such as Milli-Q water, heptane, or liquid nitrogen, Belmonte e?
al. [97] demonstrated, using a nanosecond-pulsed electrical switch, that discharges ignite at breakdown
voltages beyond a few kV in micro-gaps and generate currents around hundreds of amps without a ballast
resistor.

Kim et al. [98] assisted the discharge process with oxygen bubbling under the electrodes in water containing
concentrations of LiCl ranging from 0 to 15mM. They showed that decreasing the electrical conductivity
(from 500 to 2 uS cm™') was advantageous for the decomposition of methylene blue, although discharge
ignition was more difficult. With a similar configuration, Hamdan ef al. [99] showed that the discharge
probability, volume, and lifetime reduce, when the electrical conductivity increases.

In contrast, Shin et al. [68], observed a different behavior when assisting the discharge process with argon
bubbling around the electrodes. They measured an increase in the breakdown voltage and a decrease in
current as the conductivity increased from 0.2 to 1.3 uS cm™'. It is important to note that this decrease in the
discharge current occurs over time as the liquid changes, attributed to an increase in the resistance of the
discharge. The way in which bubble injection is done with respect to the electrode is therefore crucial. In this
example, by-products from decomposition reactions within the liquid gradually modified the composition of
the argon gas, which increased the breakdown voltage.

On the other hand, as observed, for instance, by Lee et al. [100], too high electrical conductivity (i.e., above
6000 uS cm™' [101]) prevents the occurrence of the discharge.
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The same authors [100] note that "too low" electrical conductivity leads to minimal nanoparticle production.
This is because the conductivity is determined by the concentration of the precursor, so if it is low, the
conductivity and production yield will be low as well.

This behavior can also be caused by an increase in circuit resistance, which decreases the current provided
by the power supply at a given voltage. If the current is not limited by the generator, as demonstrated in
[102], significant nanoparticle production (~0.1 g h™") can still occur in liquids with electrical conductivities
as low as 0.06 uS cm™'. In electrode erosion-based processes, nanoparticle production is dependent on the
charge delivered to the electrodes, as demonstrated by Hamdan ez al. [103], which is controlled by the internal
capacitance of the generator.

According to Lee et al. [100], there is little difference in the morphology of tin nanoparticles produced from
SnCl, when the electrical conductivity changes, whereas their size slowly increases with an increase in
electrical conductivity. The same group showed that an increase in the initial conductivity, as well as the
conductivity during treatment, leads to bigger Ni nanoparticles [104].

In glow-discharge electrolysis, Anbouri et al. [86] showed that size evolution can vary depending on the
electrolyte. With a higher concentration of K,COs, and thus higher conductivity, the size of copper
nanoparticles increases, but it decreases in NaOH. This behavior is attributed to a lower amount of
nanoparticles being produced in NaOH as the concentration increases. This means that NaOH modifies the
characteristics of the discharge in such a way that electrode erosion is less efficient. However, no mechanism
is given to explain how this happens.

pH

In general, the pH of a solution influences the reaction pathways in acidic or basic environments. When
precursors are dissociated, the pH determines which intermediate products react preferentially with H or
OH. It also plays a crucial role in defining the electrical stability of the synthesized phases.

The impact of the pH is particularly significant, as demonstrated by the Pourbaix (potential-pH) diagram
(Fig. 4), which shows how the electrochemical stability of the synthesized phase varies with this parameter.
For instance, Saito et al. [105] synthesized Cu/CuO nanoparticles via glow-discharge electrolysis. In a basic
solution, made of K»COj3 with concentrations ranging from 0.001 to 0.50 M, CuO nanoflowers were formed.
In an acid solution buffered by citrate (pH=4.8), spherical particles, possibly with pores, were formed. When
the eutectic phase Cu/Cu,O was present, CuxO was dissolved as predicted by the Pourbaix diagram, leading
to the formation of pores. During the electrolysis, the copper cathode was negatively charged, which
stabilized metallic copper. When the cathode surface melted and generated nanoparticles, the particles that
peeled off from the surface had zero potential. Conversely, the potential in the sheath could reach tens of
volts, making equilibrium conditions irrelevant for this type of analysis.
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Fig. 4 Pourbaix diagram of copper. (Color online) Cu E-pH diagram under the assumption of [Cu?"]= 1.0
mol/kg (solid line) and [Cu?"] = 1.0x107¢ mol/kg (dotted line); (1) CuO + 2H* = Cu?" + H,0; (2) Cu?* + 2¢~
= Cu; (3) Cup0 + 2H* = 2Cu?" + 2e™ + H,0; (4) 2CuO + 2H* + 2¢~ = Cuz0 + H20; (5) Cuz0 + 2H* + 2e™ =
2Cu + H,0; (6) 2H,0 = O, + 4H* + 4¢7; and (7) 2H" + 2¢™ = Ha. The plots show the pH of solutions which
were used in the experiments; (a) citrate buffer (pH=4.8), (b) 0.001 M K>COs3; (c) 0.01 M K»>COs; (d) 0.01
M K,COs; and (e) 0.5 M K,COs;. SHE means standard hydrogen electrode. After Saito et al. (2011) J Appl
Phys 110:023302. Reproduced with permission from the American Institute of Physics.

Bratescu et al. [106] demonstrated that the reduction of HAuCly by solution plasma in the presence of CTAC
(hexadecyltrimethylammonium chloride) produces nanoparticles with diameters smoothly decreasing from
10 to 2 nm as the pH of the solution increases from 3 to 12 by adding small amounts of 1M NaOH. The
conductivity of the solution measured before and after experiments did not vary monotonically with NaOH
concentration, confirming the main role of pH variation on the observed changes in nanoparticle size. Surface
functional groups differ with pH, with CTAC-originating ligand-metal complexes forming at pH 3 and
oxygen binding with metal at pH 12. The pH modification alters the initial ion state of the precursor and the
redox standard potential of the reactions it undergoes. Electrostatic repulsion forces between gold ions and
the protective layer of the surfactant also contribute to explaining the observed experimental results.

By adjusting the pH of solutions containing saccharide precursors (with a pH around 5 without additives)
between 2 and 8 with HCI and NaOH, Treepet ef al. [73] showed that carbon dots produced by solution
plasma only emit light for pH values greater than 5. The pH value directs chemical reactions towards
intermediate by-products resulting from precursor decomposition by the discharge. It plays a crucial role in
chemical pathways and can be used to some extent to drive polymerization processes.

Mn304 microspheres, made of two types of nanospheres (small and large, with the latter resulting from the
aggregation of the former), were produced by Wang et al. [91] using glow-discharge electrolysis. During the
production process, the pH of the solution gradually increased from around 6.5 to approximately 10.5 within
30 minutes, after which it stabilized. However, the pH varied spatially, depending on the proximity to the
anode (acid, pH < 3) or the cathode vicinity (basic, pH > 10). Mn?" ions were produced at the anode and then
transported to the cathode, where they reacted to form Mn(OH).. In basic conditions, Mn(OH), was oxidized
to form MnOOH, which then reacted with manganese oxides to produce Mn3Oa.

In a similar process, the same group synthesized Fe;O4 nanoparticles and observed an increase in pH from 6
to 11.5 during the treatment of a solution containing 2 g L™! of Na;SO4 [92] (see also [93] for Ni(OH),
nanoflowers). Fe;O4 nanoparticles were found to be stable in highly alkaline aqueous media. The formation
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mechanism is similar to that of Mn3Os, with the spinel form of iron oxide resulting from the reaction of Fe*
and Fe*" ions in the presence of OH™. Fe3* ions were produced at the cathode by oxidation of Fe?* ions.

Viscosity
In general, viscosity plays a critical role in particle transport and prevents their agglomeration.

Vanecht et al. [107] reported evidence that the growth of Au nanoparticles sputtered by physical vapor
deposition in ionic liquids was faster in less viscous media. For comparison, it is important to note that
viscosity was varied from 0.032 to 0.354 Pa s.

Treatments of alginate solution [51] showed that the initial viscosity of solutions with various alginate
concentrations (ranging from 0.1 to 0.5% w/v) decreased strongly, from 0.0246 Pa s (for the most
concentrated) to 0.0024 Pa s in 15 min of discharge, and to 0.0018 Pa s in 30 min, with no further changes
observed thereafter. Fragmentation by the discharge shortened the long-polymer chains, which led to a
decrease in viscosity. This behavior generally depends on the concentration and molecular weight of the
precursor through the Kuhn—-Mark—Houwink equation [108]. Similar behaviors were observed with other
natural polymer-based materials [109] like cellulose [110, 111] or chitosan [112-114].

Contrary to cellulose and chitosan, the viscosity of gelatin-containing solutions can either decrease due to
depolymerization (at 40 °C) or increase due to cross-linking (at 22 °C) [115, 116]. At low temperature, the
formation of free radicals in the solution triggers enhanced cross-linking in gels, leading to an increase in
solution viscosity. As expected, depolymerization of gelatin at higher temperature results in a decrease in
solution viscosity.

Cross-linking has also been observed with solutions of monomers such as aniline [68], where the viscosity
increases as PANI is produced. The synthesis of free radicals was likely favored over the dissociation of
aniline by applying ultra-mild discharge conditions, i.e., with currents below 30 pA in absolute value.

Composition
The composition of a solution typically consists of several components, including:

- the carrier liquid, which is most often water but can also be non-aqueous liquids such as liquid
nitrogen or alcohols,

- the selected electrolytes (such as NaCl, KOH, NaNQOs, etc.) and surfactants (anionic surfactants like
sodium dodecyl! sulfate-SDS or cationic surfactants like cetyltrimethyl ammonium bromide-CTAB),

- the precursors (such as HAuCly, CuCl,, FeCl; or FeCls, etc.), which can have different structures
(such as benzene, alkanes, alkenes, etc.)

- the presence of dopants (such as triphenylphosphine, boric acid, thioanisole, etc.)

Non-aqueous solutions

Among the most often used non-aqueous liquids, carbonaceous compounds and liquid nitrogen occupy a
special place. The structure of carbonaceous compounds plays a key role in the formation of nanoobjects,
and will be discussed in more detail in the corresponding paragraph.

Liquid nitrogen is preferred over water or alcohols to suppress oxidation processes during the synthesis
process. It can also be used to produce nitrides [117] or to dope materials with nitrogen [118]. The reason
why Park et al. were able to synthesize nitride nanoparticles from aluminum, whereas Hamdan et al. [119]
could only obtain metallic aluminum, is still unclear. However, the maximum current intensity reached at the
beginning of the discharge could explain this difference. In Hamdan et al.’s work, current reaches up to 150
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A, compared to 5 and 30 A in Park et al.’s experiments. The formation of a fully metallic discharge at very
high current, with negligible incorporation of nitrogen, would thus limit metal nitriding.

Although the temperature of liquid nitrogen is very low, the intense evaporation of the metastable liquid
during the discharge prevents proper thermal exchange between the produced substance and its surroundings.
Thus, the cooling efficiency of liquid nitrogen is lower than that of deionized water [120]. Therefore, it is
difficult to accept, as proposed by Ustiin et al. [121], that “the sharp temperature gradient from the arc zone
to the liquid nitrogen medium plays a vital role in producing different nanoparticles with various
morphologies”. Furthermore, the temperature difference between the plasma core and the liquid is only 2%
larger with liquid nitrogen than with water, as the plasma temperature is around 1 eV (~12000 K).

Electrolytes concentration

Horiguchi et al. [122] demonstrated that the frequency of plasma emissions and the size of Pt nanocrystals
depend on electrolyte concentration in the presence of intentionally injected microbubbles in the liquid. The
frequency of plasma emissions increased as the concentration of KNOj3 increased due to the simultaneous
increase in the solution’s conductivity. In contrast, Pt nanocrystal size initially decreased as KNO;
concentration increased, showing a minimum size of 3.3 nm at 2.06 mM KNOs; but then increased with
further electrolyte concentration. At high KNO3 concentration, the increase in frequency of plasma events
caused an increase in Pt concentration in the solution plasma, which favored the production of larger Pt
nanocrystals. These results indicate that by varying the conductivity of the solution, the frequency of plasma
emissions and the size of Pt nanocrystals can be controlled.

Reprocessing of already-synthesized nanoobjects can be limited by large volumes of vessels, which makes
flowing processes, such as overflow or more sophisticated microfluidic systems, a natural choice [122].

Chantaramethakul et al. [26] used a solution plasma process and observed that gold nanoparticles,
immediately after processing, became smaller as the NaCl concentration increased from 0.5 to 5 mM. They
associated this result with weaker erosion yields caused by higher electrical conductivities.

Anbouri et al. [86] observed in glow-discharge electrolysis that the size of copper nanoparticles increases as
the concentration of K»COj3 increases from 0 to 1M. In contrast, it decreases when NaOH concentration, used
instead of K»COs3, increases also from 0 to 1M. This behavior is attributed to the way the discharge erodes
the electrodes, as discharges are weaker (the glow is said to be not “full”’) in NaOH beyond 0.5M. Yii et al.
[123] also observed with TiO; nanoparticles that their mean size increases when the concentration of KoCO3
increases from 0.1 to 1M.

In the case of K»CO3; and NaOH at concentrations higher than 0.1M, the pH is higher than 10, and this
parameter has little influence. Some observations confirm that increasing the concentration of the electrolyte
can have a more complex effect on size distributions than simply increasing the electrical conductivity of the
solution and weakening discharges.

Surfactants

In general, the addition of surfactants like sodium dodecyl sulfate (SDS) or cetyltrimethylammonium
bromide (CTAB) stabilizes and disperses the synthesized nanoparticles in solution [124].

Lee et al. [104] synthesized alloyed nanoparticles made of nickel and copper with traces of tungsten using a
solution plasma process. They found that the addition of an anionic surfactant (SDS) had no significant effect
on the size of the nanoparticles, while the addition of a cationic surfactant (CTAB) up to 20% resulted in
smaller spherical particles. However, beyond 30% of CTAB, the particles became polygonal, large, or
whisker-shaped.
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Luet al. [125] were able to change the shape of the CuO nanoobjects produced by glow-discharge electrolysis
by adding CTAB to the solution (Fig. 5). They obtained spindle-like CuO nanoparticles formed by the
assembly of smaller nanoparticles (~20 nm) at an applied voltage of 300 V. Increasing the applied voltage to
350 V made the reaction “very violent” and resulted in the formation of larger aggregated particles. Thus,
the discharge likely modifies the surfactant by reducing it, affecting its chemical properties and its ability to
prevent particle agglomeration.

The same group [126] suggested that adding CTAB only changes the growth pattern of Ta>Os crystallites
rather than influencing the composition of Ta,Os nanoparticles using the same process.

EHl = &b0w W s A2 Mags BIDOKE DpaieSEl e - EHT = BoBE WA S Mege BADOKE  Mgedds 3E7  [CREA

Fig. 5 SEM images of CuO nanoparticles prepared without CTAB (left) and with CTAB (right). After Lu
et al. (2020) Mater Lett 264:127316. Reproduced with permission from Elsevier.

Musaka et al. [52] demonstrated that the average diameter of tin nanoparticles produced by wire erosion was
non-linearly dependent on the concentration of gelatin, used as a surfactant in water, with a minimum value
at 2 mg/L. Although the observed behavior is not fully understood, it may be attributed to an optimal
activation of gelatin by the discharge for a certain production rate of tin. Additionally, the use of surfactant
prevents metallic nanoparticles from oxidizing to SnO».

Structures of precursors

The structure and concentrations of precursors play a key role in the synthesized products. It is well known,
for instance, that the choice of carbon precursor structure strongly determines the forms of nanocarbons
produced by plasma. Solution plasmas also obey to these rules.

Morishita et al. [49] investigated the synthesis routes of nanocarbons by solution plasma from hexane,
hexadecane, cyclohexane, and benzene. Benzene provides the highest production rates, which is not
astounding since the carbon-hydrogen homolytic bond dissociation energy for benzene is considerably larger
than for cyclohexane and linear molecules. Two main routes are described, depending on the structure of the
carbon precursor. Cyclic molecules would produce intermediates like benzene radical cations, which are
assumed to polymerize at the discharge-liquid interface. On the contrary, linear molecules are first
fragmented and form shorter olefins, starting from C, and these fragments assemble in a second step by
pyrolysis (heating in the plasma), leading to more crystalline nanocarbons than cyclic molecules. This scheme
assumes that dissociation processes in the discharge and at its interface with the liquid are relatively similar
for linear chains but different for cyclic molecules, as cyclic molecules must be opened and fragmented
within the discharge (1.7 kV is applied with currents around several amps, representing a huge power density
in small plasma volumes). As the energy deposited at the edge of the plasma is much weaker than inside,
cyclic molecules are likely preserved at the boundary.
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Islam et al. [33] compared the effects of grafting different functional groups on benzene by comparing CsHs
to aniline (NH»-CsHs) and nitrobenzene (NO»-CgHs). As expected, the resulting nanocarbons exhibited
different chemical structures, including C-N and N=O bonds for nitrobenzene and C-N and N-H bonds for
aniline. In the latter case, the number density of defects sites was higher. However, all nanocarbons were
spherical with very similar average diameters (15-25 nm) and BET surface areas (~220-230 m?/g). They
adopted graphite-like structures with a good nanocarbon crystallinity. Benzene provided the highest
production rates. Experimental conditions were very close to Morishita’s — where initial concentrations are
unknown — except for the frequency, which was 10 times higher (150 kHz vs 15 kHz) and production rates,
which were 5 times higher (50 vs 10 mg min~' for benzene). Thus, the deposited power, with initial
concentrations being relatively similar, certainly contributed to higher fragmentation of cycles, leading to
nanocarbons with features that were closer to those produced by the pyrolysis route in this case.

Romero Valenzuela et al. [65] used o-dichlorobenzene, a benzene ring with two chlorine atoms, to produce
carbon soot as a precursor for the growth of fibers. The conditions were chosen to retain chlorine in the soot
in order to create defects in nickel used next as a catalyst. Although plasma conditions are similar to Islam’s,
chlorine was found in the resulting carbon particles. These particles were large (0.39 to 1.7 um) but made up
of coalesced smaller spherical particles.

Park et al. [57] used a similar approach to investigate six aliphatic alcohols (from methanol to hexanol) and
n-hexane as precursors for synthesizing nanocarbons. The presence of oxygen in the precursor molecule, and
consequently the C/O ratio, strongly affects the morphology and the degree of graphitization of the
synthesized nanocarbons. The highest C/O ratios (in 1-hexanol — C/O = 6 — and n-hexane) result in the highest
degree of graphitization and the lowest content of flakes relative to spheres (no flakes are observed in n-
hexane).

Shin et al. [69] synthesized nanoparticles in 1-hexanol using a solution plasma assisted by Ar/O; bubbles
injected in the interelectrode gap. Breakdown occurred in the gas phase around 1-2 kV, with currents
remaining below 1 mA, providing “mild” discharge conditions. The level of graphitization was enhanced
using Ar:O, mixtures (3:1), where the production of oxygen atoms was maximal. It is known that Ar-O,
mixtures exhibit maximum dissociation of O, for amounts of oxygen in argon close to this ratio, leading to
higher concentrations of O atoms than in pure O [127] and, of course, pure argon. Therefore, higher O»
contents in argon result in lower graphitization. Regardless of the gas composition, the particles are always
spherical. If this conclusion aligns with Park er al.’s findings [57], the role of oxygen here is drastically
different, as oxygen in the gas phase must play a specific role. Further investigations are needed to determine
the role of bubbles in the way oxygen active species are created.

Huang et al. [32] demonstrated that carbon dots (~3 nm in size) can be anchored onto HNbzOg nanosheets
introduced in ethanol — C/O =2 — and processed by solution plasma. The presence of the nanosheets in the
liquid certainly affects the growth mechanism of the carbon products. Carbon dots are chemically bonded to
HNDb3;Os nanosheets, which results either from heterogeneous growth or, more likely, from attachment of
already-grown clusters to defects created by the discharge in the nanosheet lattice. As carbon dots are ultra-
small, it is difficult to say whether these results, based on ethanol where the C/O ratio is low, are in line with
Park’s findings [57].

Treepet et al. [73] selected three relatively simple saccharides (5-membered ring (fructose), 6-membered ring
(glucose) and their combination (sucrose)) to synthesize nanocarbons by solution plasma. Usually,
saccharides are used to produce hard carbons. The conditions are close to those used by Kum et al. [42], but
the frequency is four times higher and the pulse width is 0.9 ps instead of 100 ps. Considering the type of
precursor, the degree of graphitization changes in the following order: Fru-CDs > Glu-CDs ~ Suc-CDs,
showing the orderliness of in-plane sp? carbon atoms in the core of Fru-CDs. The size of the carbon dots is
proportional to the precursor's molecular weights: Fru-CDs < Glu-CDs < Suc-CDs, but the average size

16



increases at higher pH. These results are interpreted through comparison with the mechanism steps proposed
by Morishita et al. [49]: nanocarbon formation starts from (i) C-H dissociation, followed by (ii) conversion
into unsaturated ring molecules, and (iii) polymerization through cation radicals. The authors attributed the
higher degree of graphitization of the carbon dots produced from fructose to the 1,2-enediol intermediate
specifically produced by 5-membered ring molecules (Fig. 6). Sucrose would also be less graphitized because
of its disaccharide structure.
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Fig. 6 Schematic illustration of possible reaction pathways for CD formation through SP from fructose and
glucose. Starting from (a) isomerization between glucose and fructose occurring under acidic and alkaline
conditions through the 1,2-enediol intermediate formation. Possible reaction pathways and the related
products in (b) acidic media (pH 2) and (c) pH 5 and 8, along with the post-treatment aid by heat-drying. CD,
carbon dot; SP, solution plasma. After Treepet et al. (2022) Mater Today Chem 26:101139. Reproduced with
permission from Elsevier.

Sucrose (C12H2011, low C/O ratio ~1) was used as carbon source by Kum et a/. [42]. Carbon nanomaterials
synthesized from sucrose have an average size ranging from tens to hundreds of nanometers. They exhibit
absorption spectra similar to those of graphene and graphene oxide.

Chokradjaroen et al. [30] observed that carbon products synthesized by solution plasma in trimethyl borate
are negligible, limited in triethyl borate, and by-products are all decanted. The particles are larger with tributyl
borate where a fourth of the mass of nanocarbons remains in suspension. In this case, boron (and traces of
tungsten from the electrodes) was detected on nanocarbons in suspension, but no carbon-boron bond could
be detected by XPS. The decanted particles are flakes-like structures (with ~45 carbon monolayers), whereas
nanocarbons in suspension are made of fullerene-like multilayers surrounded by a disordered amorphous
phase.
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Ualkhanova et al. [128] investigated the synthesis of spherical nickel particles encapsulated in a graphene
shell using discharges in water, ethanol, and toluene. They eroded a nickel wire facing a carbon electrode.
Nickel particles synthesized in water and alcohol were covered by a multilayered graphene shell, with more
defects in water than in ethanol. They also contained a nickel oxide phase, probably as a shell as well, formed
by the oxidation of nickel in the liquid. As toluene does not contain any oxygen, it enables the complete
encapsulation of nickel particles by carbon, which prevents surface oxidation of the samples. The large
amount of carbon in the composition of toluene promotes the formation of metastable nickel carbide that can
be removed by annealing at 300°C in argon.

Doping

Plasma processing in solutions can be used to graft different functional groups onto carbon networks and
modify surface interactions. Additionally, atoms can be inserted inside the network by substituting a carbon
in a ring, which can enhance the catalytic properties of nanocarbons.

Nitrogen is an important element for this purpose and has been extensively studied. Precursors such as
pyridine (CsHsN) [20, 38, 43, 82], aniline (CﬁHsNHz) [129], APTES (i. e., SiO3(C2H5)3C3H6NH2 or 3-
aminopropyltriethoxysilane) [72] or DMF (i.e., C3H7;NO or N,N-dimethylformamide) [58, 59] can be used to
introduce nitrogen atoms (see Fig. 7a). Bratescu et al. [129] demonstrated that discharges in aniline result in
much lower concentrations of CN radicals compared with discharges in pyridine.

N atoms in carbon rings can be pyridinic, pyrrolic, or graphitic (or quaternary N). Due to their five-valence
electrons, they can cause the planar carbon structure to bend. However, plasma processes can introduce a
cationic type of N-dopant with four-valence electrons, which preserves the planar structure of carbon [130]
(Fig. 7b).

High-resolution XPS is a useful technique to determine the different types of bonds present in amino-
modified nanocarbons (Fig. 7c-e). The N-1s spectrum is typically deconvoluted into four components,
namely pyridinic-N at 399.0 + 0.5 eV, pyrrolic-N at 400.0 £+ 0.5 eV, cationic-N/graphitic-N at 401.0 = 0.5
eV, and pyridinic-N oxide (NO) at 402.5 eV. The high-resolution peak in the C-1s region can be interpreted
by considering the presence of different types of carbon bonding: C=C bond (284.5 ¢V), C—C bond (285.0
eV), C—N bond (285.9¢V), C-O bond (286.5 ¢V), and C=0O bond (287.0 e¢V). Lee et al. [20] assert that the
presence of the C—N bond at 285.9¢V proves the successful incorporation of nitrogen into the carbon
structure. However, it only proves the presence of C—N bonds that can possibly be perpendicular to the ring
basal plane. Kim et al. [38] took more precautions by interpreting the high-resolution XPS spectrum of C-1s
with only a two-peak deconvolution at 284.6 and 286.1 eV, corresponding to C=C, and C—N/C-O bonds.
The contributions of C-N and C-O are relatively close, and the unexpected presence of oxygen makes spectra
analyses more complicated. These authors also provided the high-resolution XPS spectrum of O-1s with two
peaks: one peak at 531.2 eV attributed to C=0, and one peak at 532.6 eV attributed to C-O.

The presence of nitrogen atoms in the carbon networks of nitrogen-doped graphitic carbon nanosheets
produced by Lee et al. [20] is demonstrated by the catalytic activity of the nanoparticles, which enhances the
oxygen reduction reaction (ORR) activity. Thanks to amino-functional groups present in N-doped carbon
dots (~6 nm in diameter) produced by Kim et al. [38], the dots exhibit bright blue fluorescence. This
fluorescence can be quenched by 2,4,6-trinitrophenol, which can thus be detected.

It is possible to nitride oxygen-doped nanocarbonaceous sorbents by NH;s-treatment at 800 °C [62]. The raw
XPS N-1s spectra provided in this work are noisy and binding energies of pyridinic-N (given at 384 + 0.1
eV) and pyridinic N-oxide (at 403.5 = 0.2 eV) are pretty far from the values given above. However, these
sorbents exhibit a higher CO, adsorption capacity.
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Fig.7 a) Some precursors used to dope nanocarbons with nitrogen. b) The different possible states of
nitrogen within the carbon network. c) High-resolution XPS spectra of N-doped nanocarbons by [38]. After
Kim et al. (2020) Carbon 168:448—457. Reproduced with permission from Elsevier. d) idem by [20] for
nitrogen-doped graphitic carbon nanosheets (NGS) synthesized with a tune-up SP system including a low-
pass filter circuit. e) idem by [20] for nitrogen-doped amorphous carbon nanoparticles (NAP) synthesized
with standard SP system. After Lee & Saito (2018) RSC Adv 8:35503—35511. Reproduced with permission
from RSC Publishing.

The tune-up solution plasma system, proposed by Lee et al. [20] and based on the use of a low-pass filter
circuit, provides appropriate plasma conditions for synthesizing nitrogen-doped graphitic carbon nanosheets
where nitrogen atoms do integrate, at least to some extent, into the carbon network. This conclusion is
essential, as it highlights the importance of controlling the energy delivery by the power supply to the
discharge.

Niu et al. [131] produced nitrogen-doped graphene with a nitrogen content close to 20 at.% by using a
crisscross configuration of electrodes based on the principle of dielectric barrier discharges to “suppress the
excessive energy in the reaction field”. They efficiently retained graphitic N in the in-plane carbon lattice by
using a mixture of pyridine and N, N-dimethylformamide (DMF). This was also true for 2-
cyanopyridine/DMF and 2-aminopyridine/DMF mixtures with retention levels higher than 15%. The way
energy is transferred from the electric field to the plasma and, subsequently, from electrons to the medium
controls the way bonds of given precursors are broken, and free-radical polymerization processes occur. In
this sense, discharges in liquids behave similarly to discharges used for plasma polymerization.

Therefore, a better understanding of the reaction pathways driven by radicals in liquids is needed. To the
best of our knowledge, no attempt based on Yasuda's factor has been made yet [132].

Niu et al. [133] suggest another approach based on the assumption that plasma can act similarly to
semiconductors. They proposed an energy band diagram of the plasma—solution junction. According to the
model, the Fermi level of the selected organic molecule determines the magnitude of the electron temperature
in the plasma. Benzene produced the highest electron temperature, followed by phenol, toluene, and aniline.

Finally, other functional groups could be grafted by discharges in liquids:
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Process conditions
Gas bubbling

In general, gas bubbling reduces the liquid density locally within the interelectrode gap, and thereby lowers
the breakdown voltage. It also promotes stirring of the solution and enhances heat and mass transfer.

Horiguchi et al. [122] produced platinum nanoparticles through electrode erosion and found that the presence
of microbubbles created with a generator in the liquid, stabilized the discharge emission, resulting in a steady
occurrence of the discharge and a lower emission intensity. Kim et al. [134] synthesized silver nanoobjects
using a similar process and studied the influence of three different kinds of bubbles. They discovered that
when very tiny bubbles were generated between the two electrodes or when only the grounded electrode was
enveloped with large gas bubbles, spherical Ag nanoparticles were synthesized. However, when both
electrodes were completely enveloped with large gas bubbles, Ag nanoplates were synthesized, and the
discharge occurred within the gas bubbles. This partly explains the change in the growth mode of silver
nanoobjects.

To remove dissolved gases from the solution, Romero Valenzuela et al. [65] used Ar bubbling for 1 minute
before processing. However, gas bubbling is also used to better control reduction and/or polymerization
processes in a given electrolyte.

Injecting gas around or through the electrodes is a way to limit the thermal vaporization of the liquid phase,
which suppresses discharge instability and promotes low-temperature polymerization processes in a
monomer-containing liquid [35]. The gas cools the liquid and facilitates the generation of the discharge, but
in pin-to-pin configuration, this may lead to more energetic discharges that can easily carbonize polymeric
particles. To control the deposited energy, pin-to-plate configuration and asymmetric bipolar pulsed voltages
can be used. Optical emission spectra suggest that the discharge in this work is an argon discharge, and the
active species in the liquid originate from the interface reactions that transfer electrons and active species
from the gas to the liquid. This process, presented as a solution plasma, is closer to a plasma-electrochemistry
process.

Pitchaimuthu et al. [61] used nitrogen gas to generate bubbles at the cathode in the interelectrode gap to
facilitate the interaction between particles added beforehand to water and the hydrogen free-radical species
created in the discharge. N> bubbling is more efficient than simply stirring the liquid, likely because H™
species are transported farther into the liquid by the gas bubbles. The role of nitrogen in the discharge itself,
assumed to be mainly composed of H- and OH-excited species from water, is not considered.

The synchronization of discharges and bubbles is a crucial factor in these approaches. In micro-gaps where
high voltages are applied, breakdown can occur in either medium. If the flow of bubbles is not synchronized
with discharge pulses, their role is limited to simply stirring the liquid. However, if they are synchronized,
the process resembles a discharge in contact with liquid, which is a much simpler way to process a liquid.

The lack of synchronization between bubbles and discharges might be the reason for bimodal distributions
of nanoparticles. This is suggested by Xing’s work [76] where a high nitrogen gas flow (1 L min™!) is used.
At short times, two populations of sizes (centered around 5 and 50 nm) are found. On the contrary, Jang et
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al. [35], with an argon flowrate 10 times smaller, showed large but uniform distributions. Other works do not
provide sufficiently accurate statistics to draw conclusions.

One important aspect of adding a gas flow is the modification of the contamination level by elements from
the electrodes of the particles produced by electrolyte reduction. According to Shin et al. [68], electrode
erosion is reduced in the presence of bubbles, and the presence of metallic elements is also limited. This
conclusion is exactly in contrast to what is stated by [35] (see above). Similar to these authors, who studied
the polymerization of polypyrrole, Shin et al. studied a polymerization process in a solution of aniline. The
former statement does not account for the possible dilution effect of impurities by larger amounts of
polymerized species when bubbles are present (Fig. 8). Jang et al. assume that electrical characteristics such
as current density and applied voltage are the same with or without bubbles, which is unlikely and does not
correlate with Shin’s electrical data reported in [69]. As argon is introduced, the voltage decreases (from 2
kV without bubbling to about 1.4 kV with 100 sccm Ar) and the current increases. It is also important to
mention that these features vary with time — the discharge current decreases with time and the voltage
increases — due to the synthesis of nanoobjects and modification of the solution properties (viscosity,
conductivity, temperature, etc.). In any event, following Jang’s reasoning, if the discharge is more energetic,
electrode erosion is stronger, but polyaniline particles are likely denser. So, the contamination level changes,
which probably depends on the current density in either situation as it affects both surface and in-liquid
processes simultaneously.
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Fig. 8 Changes in the gas bubble in (a) a non-discharge case without applying a rectangular bipolar pulse,
and in (b) a discharge case with applying a rectangular bipolar pulse relative to solution plasma process time.
These images were obtained by high speed camera with 5000 fps and exposure time of 197 ps. After Shin et
al. (2019) Polymers 11:105. Reproduced with permission from MDPI.

Jung et al. [37] found that increasing the argon flow rate from 100 to 150 sccm does not significantly affect
the crystallinity of PANI particles after 50 min. Pitchaimuthu et al. [61] demonstrated the benefits of
discharges in liquids in the presence of nitrogen gas (200 sccm) for inducing defects in a crystallized phase
like TiO». They associate the possibility of crystal amorphization with the removal of oxygen atoms from the
lattice by reacting with hydrogen excited species created in the discharge. Although they used much longer
treatments (up to 15 hours), if defect creation relies on chemical processes, it is not efficient for a particle
formed in the discharge conditions where the created bonds are necessarily stable unless experimental
conditions change. The role of ions is deemed negligible due to the lack of energy in these media, where
pressures are high. Therefore, the term “plasma-solution sputtering”, sometimes encountered, is clearly
misleading. As shown by Bratescu et al. [129], with the excitation energy of electrons below 1 eV in benzene
and even with electrons in the tail of the energy distribution below 10 eV, it is far from the minimum of 40
eV needed to sputter tungsten [135], whereas this element can be melted by a discharge at ~0.3 eV.

Finally, Ahmadi et al. [136] used a nitrogen gas flow during processing by solution plasma to deoxygenate
deionized water and preserve iron nanoparticles produced by electrode erosion from oxidation.
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Electrical parameters
Comparison of discharges

Glow-discharge electrolysis involves the use of low voltages (typically from 50 to 500 V) and large
interelectrode gap distances (> 1 cm), where the liquid functions as a conductor connecting the two
electrodes. When evolution reactions create an insulating gas sheath around one electrode, discharges form
and create a shortcut in the electrical circuit. Typically, currents range from 0.1 to 1 A. One electrode is much
smaller than the other one, usually made of platinum, and it can be biased either positively or negatively.
Consequently, current density is much higher on the smaller electrode, which is not necessarily the case in
other discharge-assisted processes, such as arc discharges submerged in liquids, where pin-to-plate
configurations are used. Gupta [137] indicates that the electron density estimated for the cathodic plasma is
4x10'® to 4x10!'7 cm ™ and the electron temperature is ~ 1 eV.

In solution plasma processes, applied voltages are usually in the range [0.5-2.5 kV], with interelectrode gap
distances between 0.2 and 2 mm. Typically, currents from 1 to 5 A are needed to produce nanoparticles by
electrode erosion, but they must be much lower (from a few tens of pA to a few tens of mA) for
polymerization processes from monomer precursors in solution. Both electrodes are wires (typically 1 mm
in diameter) in a pin-to-pin configuration.

The current density, rather than the current, plays a key role in the way electrodes erode and precursors in
electrolytes decompose to form nanoparticles. However, determining this quantity is very challenging.
Covering part of the electrodes with an insulating material, such as ceramic, glass, silicon, or butyl rubber
[58, 138]), is often used to define the surface areas of the electrodes accessible to charges, which sets the
current density without discharge. In the presence of discharges, the current density is determined by the
contact area between the discharge channel and the electrode. Discharges are pulsed and associated with
current pikes in time-current characteristics, even with “continuous” DC generators.

Submerged arc discharges require higher voltages (beyond 5 kV) and shorter gap distances (0.2-2 mm)
because the liquids used in processes are more insulating than those used for solution plasmas. As a result,
they are associated with “high [excitation] temperature” [2]. However, Belmonte ef a/. [139] have shown that
the electron density in this kind of discharge is approximately 1x10'7 cm™3, and the electron temperature is
around 1 eV. For such a heavy element as bismuth, the electron temperature can be even lower (7. ~ 0.35
eV) [140].

Bratescu et al. [129] conducted spectrochemical analyses by absorption through solution plasmas run in
organic solvents (benzene, pyridine, and aniline). They could determine the number density of different
radicals in their ground state, such as C; and CN, and obtained densities close to a tenth of the electron density
(~10'7 cm™). At such a high electron density, with an estimated electron temperature of 0.6 €V by the authors,
Saha’s equation is fully satisfied if the ionization energy is higher than 7.5 eV (which is ~12.6 eV for gaseous
water and 8 eV for tungsten). The discharge parameters are then very similar to those of an arc discharge
(Fig. 9). The currents, in the ampere range, oscillate at high frequency (in the MHz range). However, if the
discharge is close to equilibrium, it does not necessarily mean that nanoparticles are also close to equilibrium,
as their formation can occur in regions with large gradients.

22



£

_—
o]

i 100 i
— B0 ||
-
- 1000 . b B0 / r2a
o &n .
P = 2 s \ <
= s £ f 0 £
= 5004 = _; 2000 rm ¥
> o 2 g
_& 14 | b =5
(e
o
~3000
4 s
500 L i A r
4 G | : H T 3 i i DD 150 W0 2500 I
time / s Time {ns)

Fig. 9 Comparison between voltage and current waveforms of positive pulses in two different liquids (note
that the time scales are not the same). (a) Benzene. After Bratescu et al. (2019) Plasma Process Polym.
16:¢1900012. Reproduced with permission from WILEY-VCH Verlag GmbH. b) Liquid nitrogen. After

Hamdan et al. (2018) Particuology 11:105. Reproduced with permission from Elsevier.

It can be concluded that the three types of discharges mentioned above, while seemingly different, actually
behave similarly. It is therefore somewhat arbitrary to categorize them in this way. All three types of
discharges have electron densities around 10'7 cm™ and electron temperatures close to 1 eV, and their main
differences lie in the amount of energy deposited in each discharge event. Some of this energy is used to
erode the electrodes, some is used to transform the liquid surrounding the discharge, and the rest is used to
produce the discharge itself. It is also likely that pressure at ignition increases with the applied voltage and
the electrical resistivity, with atmospheric pressure for glow discharge electrolysis exceeding typically 10
bars for submerged arcs in dielectric liquids [140] and probably in between for solution plasmas.

Shape of signals

Lee et al. [101] argue that the use of bipolar pulses results in more “stable” operating conditions. This
excitation mode is used for symmetrical discharge generation and immediate cleaning of the tips of the two
electrodes of any possible products. It is difficult to understand what Chokradjaroen et al. [14] meant by
stating that “the bipolar pulsed power supply is key, which can help avoid raising the temperature and keep
plasma to be the nonequilibrium plasma”. Both temperature and shift from equilibrium are actually correlated
with the current density of the discharge rather than the shape of the voltage pulse. In that sense, it is likely
that polarity inversion helps to remove any remaining surface charges from electrodes from one period to
another. This prevents charges from accumulating on surfaces, thus not affecting initial conditions and
making the discharge process more reproducible.

Park et al. [57] used a ballast resistor of 1 kQ in their electrical circuit and observed improved stability of the
discharge. They inferred that the resistance decreased current spikes and limited voltage fluctuation. The
resulting drawback was a decrease in the overall efficiency of the process due to energy loss in Joule heating.
Alternatively, Lee et al. [20] added a low-pass filter circuit consisting of a parallel capacitor, a variable
resistor, and a variable inductor to adjust the plasma stability. With this system, plasma stability was
considerably improved by eliminating energy fluctuations.

Jang et al. [35] applied a DC bias to the bipolar pulse, changing the mean value from zero to either positive
or negative. For a negative bias, pyrrole anions were produced by reduction of pyrrole, and a polypyrrole
film was deposited on the Cu tape electrode. In contrast, for a positive bias, large polypyrrole particles were
formed in the liquid phase, but no deposit was found on the tungsten wire electrode.
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While the off-period between positive and negative pulses certainly plays a role in the way the temperature
of the liquid rises over time, increasing the pulse width of the voltage waveform increases the supply of
electrical energy to the liquid [134]. Then, a longer pulse width increases the probability of creating a
discharge in a gas bubble-dominant state instead of a liquid-dominant state.

Gap distance

In general, the distance between the electrodes in a discharge setup must be short enough to enable
breakdown and plasma ignition at a given applied voltage. Usually, the shorter the distance, the better.
However, electrode erosion increases the gap distance over time, and the discharges can stop if the gap
becomes too large.

In glow discharge electrolysis, the gap distance to consider is not the distance between the electrodes, which
is always “large enough”. It is actually lower than the distance between one electrode and the gas-liquid
interface formed by evolution reactions around this electrode. Breakdown is made possible in this sheath
once the current stops flowing, which corresponds to a breakage of the electrical percolation path caused by
a denser gas layer. The gap is then much smaller than the gas sheath, which is why breakdown is possible at
voltages as low as 50 V, for instance [89].

Kim et al. [40] were able to maintain the gap distance during the process by employing a pin-to-coil
configuration of electrodes. This avoids the use of a feedback loop consisting of an electrode-gap detector
and an analog electronic unit as controller to permanently adjust the position of one electrode in relation to
the other to set the desired gap distance, as in [141]. For example, considering a tungsten wire with a diameter
of 1 mm and an erosion rate of 100 mg h~!, the eroded length after 1 h is 0.9 mm (as shown in [52]). However,
the coaxial alignment of pin and coil becomes crucial to operating the system for long periods of time.

According to Hu et al. [31], the gap distance between electrodes affects the way vapors emitted by each
electrode mix and generate alloy nanoparticles. When the gap distance increases beyond 0.3 mm in the given
example, Pt and Au alloy clusters are no longer formed and are replaced by unalloyed gold and platinum
nanoparticles. The main question is how gold and platinum are distributed in alloys, depending on their
composition (Pt/Au ratios vary from 0.48 to 1.87). These compositions lie within the miscibility gap of the
macroscopic phase diagram (i.e., without including the size effect). According to the nanoscopic phase
diagram, onion, Janus or surface segregated structures should be formed [142].

In contrast, Pootawang et al. [143] used the same process, but by using unipolar instead of bipolar pulses,
they showed that Pt and Ag bimetallic nanoparticles were produced without alloying, even if Pt and Ag do
alloy. The gap distance was 0.5 mm. The melting temperatures of Au, Ag and Pt are 1337 K, 1235 K and
2041 K, respectively. So, it is unlikely that alloying or not is ruled by differences in melting temperatures, as
suggested by [144, 145]. It is more likely that the gap distance is too large to enable alloying. The possibility
of limiting alloying by using unipolar instead of bipolar pulses is not mentioned.

Hamdan et al. [146, 147] used another strategy to control the discharge and the interelectrode gap distance.
They created the discharge at the interface of two immiscible liquids: heptane in contact with water in [146]
(Fig. 10) and cyclohexane in contact with a conductive solution made of Ni-nitrate and/or Fe-nitrate and/or
Co-nitrate in [147]. They were able to synthesize nanoalloys of Ni-Fe, Ni-Co, Co-Fe, and Ni-Co-Fe,
individually embedded in a C-matrix, with average diameters <10 nm.
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heptane, water, and the interface. b) ICCD image (integrated over 1 ps) of the discharge at the interface n-
heptane-water (15 kV of applied voltage and 2 mm of gap distance). ¢) 2D electric field simulation using
Comsol Multiphysics for conditions similar to b). d) Electric field profile along a line (the red line in the
inset) crossing the interface close to the anode. After Hamdan et al. (2018) J Phys D: Appl Phys 51:244003.
Reproduced with permission from the Institute of Physics.

Electrodes

Refractory metals, particularly tungsten, are used as electrodes when nanoobjects are produced by solution
reduction, as electrode erosion can introduce impurities in the process by-products. Conversely, selected
metals are used as electrodes if their erosion is the source of the synthesized nanoobjects. The electrodes can
also be hollow to allow a gas to be blown within the interelectrode spacing. In glow-discharge electrolysis,
the electrodes have unbalanced immersed areas to limit the current density on the larger electrode.

Nanoobjects production by electrode erosion is usually achieved with wires. The higher the radius of
curvature, the lower the breakdown voltage. However, as electrode erosion proceeds, the radius of curvature
of a pin-shaped electrode decreases rapidly and becomes too large to affect the breakdown voltage.
Conversely, a too sharp electrode is consumed very quickly and limits the process yield. Wires with a
diameter of 1 mm are usually used, as they provide a good trade-off between the two former limitations.

Tungsten is usually preferred as a refractory material to limit electrode erosion in solution plasma, where
nanoobjects are generated by electrolyte reduction. However, discharges are often strong enough to erode
tungsten and introduce this element as an unwanted trace contamination. Tantalum (melting point: 3290 K
vs. 3695 K for W) was also tested [14], but breakdown occurs at higher energy.

Wires are often covered with isolated segments of ceramic (e.g., mullite or glass) [49, 63]. This reduces the
conductive area of the electrode and increases the current density. As explained by Saito ef al. [148], anodic
dissolution can contribute to electrode erosion during off-plasma periods. Due to the instabilities of the
solution plasma process, electrode areas in contact with the electrolyte can be subjected to current flows.
Metal ions are then released from the anode and neutralized. Atoms can then nucleate and contribute to the
generation of clusters.

Using hollow electrodes is also interesting. Shin ez al. [68] explain that obtaining polymer nanoparticles of
uniform size is difficult due to the small contact surface area between the discharge and the electrolyte.
Polymer nanoparticles with uniform size distributions can be produced by creating a channel of gas bubbles
blown through one hollow electrode in order to increase the contact surface area and produce a stable
discharge during the electrochemical plasma synthesis.
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In glow-discharge electrolysis, a large platinum anode is often used with a wire cathode made of the metal
to be eroded. Platinum is chosen for its chemical inertness and with large surface areas to reduce the current
density. However, the opposite approach can also be taken. Yu ef al. [93] used a large nickel anode with a
platinum needle. In this case, the discharge is generated at the Pt tip. This creates OH™ ions that react with
NiCls>~ ions formed by cathodic dissolution to produce Ni(OH), and CI~. The erosion of the Pt electrode is
negligible if the applied voltage does not exceed a threshold of about 450 V.

Using alloy electrodes is also useful for generating directly alloyed nanoparticles [95]. The composition of
the nanoparticles is usually slightly different from that of the eroded electrode, as some elements tend to
evaporate faster than others. The compositional analysis of the eutectic Sn—35%Pb nanoparticles prepared
by glow-discharge electrolysis showed the coexistence of Pb-rich and Sn-rich phases. The authors note that
the uniformity of the alloy composition depends on the grain size of the electrode; smaller grain sizes promote
the formation of nanoparticles with uniform compositions.

Stirring

Typically, stirring is used to homogenize the concentrations of species in the solution, disperse produced
particles, and ensure uniform temperature distributions.

The stirring speed usually varies from 200 to 1000 rpm (See Table 1). Like sonication, stirring can contribute
to degassing the solution.

The mode of stirring was evaluated in a work where the plasma was in contact with the solution [149].
Without stirring, the average diameter of the synthesized Au nanoparticles was around 21-22 nm in the
selected conditions, and it was independent of the processing time. With magnetic stirring, the size
distribution of Au nanoparticles is almost the same, with an average diameter around 22-24 nm. However,
the distribution becomes narrower (from about 9 to about 7 nm). With ultrasound stirring, the average size
strongly varies with time, decreasing from 75 nm (after 3 min) to 34 nm (after 10 min) with broad
distributions. It is proposed that ultrasounds can increase the surface energy of nanoparticles and induce the
generation of larger nanoparticles from the beginning of the process. Similar effects can be expected for
discharges in liquids.

Temperature of solutions

The temperature of solutions has a significant impact on reaction kinetics in the liquid phase. Low
temperatures can limit liquid evaporation, while high temperatures promote the generation of bubbles and
facilitate the formation of discharges.

Oruncak et al. [54] demonstrated how gradually increasing the voltage from 0.1 to 0.5 and 1.2 kV to raise
the temperature of water and dissipate energy by Joule heating can promote the formation of discharges.
Evaporation of water begins only at 0.5 kV, forming small bubbles, but no discharge. Discharges begin to
appear beyond 1.6 kV. This approach is preferably used for large electrode surface areas [150, 151] with
liquid temperature being regulated close to the boiling point. This is why temperatures are usually higher in
glow discharge electrolysis than in solution plasma.

In contrast, Che et al. [27] and Huang ef al. [32] set the temperature of water at 10 °C. Cooling the solution
is claimed to be a way to avoid introducing bulk defects in materials post-treated by solution plasma at high
temperatures. As the authors used nitrogen flow assistance through one hollow electrode (W, 3 mm in
diameter), we assume that cooling the liquid to this temperature also strongly limits the presence of water
inside nitrogen gas. This might limit oxidation and promote reduction processes.

Samimi-Sedeh er al. [90] investigated the effect of liquid bath temperature on the synthesis of Na,FeOs
nanoparticles via glow discharge electrolysis with low AC voltage. They used a carbon steel wire as anode
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in water containing NaOH. The temperature increased during the process, with an amplitude that depended
on the initial temperature selected in the range from 5 to 45°C. After 5 min, for an initial temperature of 5°C,
the final temperature was 25°C, and 39°C for an initial temperature of 35°C. The incubation time awaited
before discharge ignition varied from 186 s at 15°C to 1 s at 45°C. The maximum production of nanoparticles
was achieved at an initial temperature of 30°C. The existence of this maximum production is attributed to a
change in reaction pathways in the electrolyte.

This phenomenon has also been observed in other works using gelatin [115, 116]. Cross-linking reactions
occur at 22 °C, while depolymerization is observed at 40 °C. Therefore, changing the liquid temperature can
influence reactions if transitions in pathways exist at temperatures remaining below the boiling point of the
liquid.

In the case of cellulose processed in highly concentrated sulfuric acid, Surov ef al. [111] explain that higher
temperatures usually lead to higher surface charges and narrow particle size distributions, but lower yields
and decreased crystallinity and thermal stability of nanocrystals.

Che et al. [27] suggest that because the “thermal conductivity of liquids is much higher than gases, defects
can be mildly introduced by solution plasma (contrary to gaseous processes), ensuring the selective
introduction of defects on the surface of oxides”. This assertion implies that heat transfer between the
particles and the liquid is controlled by the thermal conductivity of the liquid phase. However, this is only
true if the particle temperature is lower than the liquid’s boiling point. Beyond this limit, a gas phase forms
around the particle, and heat transfer is controlled by the thermal conductivity of the gas phase. In other
words, the previous assertion assumes that defects are created by the reaction of particles with species created
by the plasma in the liquid phase, which is yet to be demonstrated.

Time
Treatment time

The treatment time plays a strategic role in the processing of nanoobjects in liquids. It is always correlated
with the reactor design (material, volume, overflow, stirring,...), which affects the residence time, and the
liquid composition, which defines the kinetic rates for given discharge conditions. Treatment time varies
from minutes to hours. In general, short times are preferred for the synthesis of small nanoobjects, as the
mean size usually increases via in-liquid growth and agglomeration [143].

The same authors [152] showed that sufficiently long treatment times (> 3min in the selected condition) are
needed to avoid undesirable oxidation reactions of copper nanoparticles in the presence of gelatin as capping
agent. This was attributed to a reduction of particle size and a change in morphology (from spherical to
anisotropic), together with the adsorption of the capping agent during particle growth.

Long treatment times are needed for high throughput production, and increasing the treatment time usually
modifies size distributions. In a non-thermostatic bath, liquids are heated up by the energy released during
the discharge process. Elevation of temperature beyond 30 °C typically affects significantly the kinetics of
the agglomeration process [153], leading to a broadening of the size distribution due to bimodal growth.
Yoshida et al. [81] produced Ag nanoparticles by electrode erosion and observed a significant change in the
size distribution from 75 s to 600 s, varying from [3.0-20] nm to multimodal [3.0-58] nm (Fig. 11). Such a
change was attributed to Ostwald ripening, likely enhanced by temperature, as the process was not regulated
in temperature. As observed by Pootawang et al. [143], the increase in the temperature of the solution as time
passes results in faster growth. As size increases, the surface/volume ratio of the particles decreases, affecting
their zeta potential and their stability in the solution, promoting agglomeration. For these reasons, cooling
the liquids or using continuous flow processes [122] is a way to reduce agglomeration processes.
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Fig. 11 TEM images and size distribution histograms of Ag nanoparticles obtained after 75 s (upper) and
600 s (lower). After Yoshida et al. (2018) Catalysis Today 303:320. Reproduced with permission from
Elsevier.

Long treatment times can also narrow size distributions and even decrease the mean size under certain
conditions. According to Jiang et al. [153], a fusion growth process, different from the Ostwald ripening
mechanism, can cause the decrease in particle size. This process results in the merging of a small particle
with a larger one, which usually increases the size of the larger one, but in this case, it leads to a medium-
sized particle, probably due to structural rearrangement [ 154]. This process applies to both spherical and non-
spherical particles. MubarakAli et al. [5S0] produced CeO> spherical nanoparticles with average diameters
decreasing with time, from ~7.0 nm after 15 min to ~5.0 after 25 min. However, the decrease in the average
diameter with time seems to result more from limited statistics and/or samplings than from physical reasons.

The shape of nanoparticles can drastically change with treatment time if experimental conditions (pH,
temperature, liquid composition, conductivity, etc.) drift significantly. Kim et al. [134] attributed the change
in the shape of silver nanoparticles to the synthesis mechanism, which varies according to the way the
discharge bubble forms. The pulse width could be modified from 20 to 60 ps in water heated at 80 °C to
enhance bubble formation and facilitate breakdown. The way the bubble forms results from the characteristics
of the discharge. Lee et al. [104] demonstrated how the increase of the interelectrode gap distance (from 0.25
to 1 mm) in a benzene solution affects the structures and the H/C ratios of the produced nanocarbons.
Therefore, keeping the gap distance constant as electrodes erode with time is crucial to preserving the
characteristics of the synthesized nanocarbons. It is thus essential to keep discharge parameters as constant
as possible. Kim et al. [40] produced ZnO nanobullets by using a zinc coil as the electrode in water. They
suggest that the specific shape of particles results from the discharge created with the chosen arrangement,
which overcomes the discharge interruption. Kim et al. [41] also studied the synthesis of ZnO nanostructures
by discharges in water mixed with zinc nitrate hexahydrate and hexamethylenetetramine. Nanorods or
nanosheets were formed depending on whether one electrode was made of W or Zn. WO4* ions, released
progressively by electrode erosion, inhibit growth in the [001] direction, which affects the general shape.

It is a valid question to ask whether the shape of nanoparticles remains unchanged when experimental
parameters are held constant. Chemical processes have shown that nanoparticle shapes can be time-dependent
[155]. Typically, spherical nanoparticles are observed to maintain their shape. However, Treesukkasem et al.
[156] demonstrated significant changes in the shape of gold nanoparticles over time by reducting HAuCla,
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particularly in gelatin. However, it is not clear if these changes are solely driven by kinetics, as the process
temperature also evolves freely during the synthesis.

In the same study, the authors highlighted the crucial role of treatment time in determining the hydrodynamic
radius of Au nanoparticles produced in solutions containing various sugars and biopolymers. Over time, gold
ions generated by plasma reduction of HAuCls assemble and grow in the natural matrix cavity (Fig. 12).
Reactive species from the discharge interact with the carbonaceous shell and reduce their molecular weights.
Consequently, the shell shrinks, and the hydrodynamic diameter of nanoparticles decreases with prolonged
treatment.
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Fig. 12 Schematic representation of a possible phenomenon for the hydrodynamic diameter reduction of the
AuNP colloids with prolonged plasma treatment. After Treesukkasem et al. (2019) ACS Appl Nano Mater
2:8051—8062. Reproduced with permission from the American Chemical Society.

Liu et al. [46] have reported that the mass of Pt nanoparticles generated by erosion is mainly influenced by
the diameter of the discharge electrodes and the discharge time, but no further details are given. Mani-Lata
et al. [47] observed an increase in the production of platinum nanoparticles with time in a solution containing
Ketjen Black (KB) particles (30-50 nm in size), but the possible effect of the presence of KB was not
described.

Pootawang et al. [143] showed that the synthesis of platinum and silver nanoparticles leads to a linear
increase in the electrical conductivity of the solution over time (0-120 min). The composition of Ag/Pt
nanoalloys changed slightly over time, with an increase in the silver content from 94.65 to 96.10% based on
EDX measurements. However, due to the inaccuracy of quantitative EDX measurements on small objects
and elements with low concentrations (less than 5 wt.% typically, which is the case here for Ag), this
evolution can be considered negligible. The larger amount of silver compared to platinum is due to the large
difference in melting temperatures between the two elements [1235 K vs. 2041 K].

Ageing

Ageing causes changes in the solution’s pH and conductivity, which affect the reactivity of chemical species
or trigger post-plasma reactions, leading to degradation that continues long after the plasma treatment [8].

Chantaramethakul et al. [26] synthesized gold nanoparticles by electrode erosion and produced a colloidal
suspension after 10 minutes of treatment. Using 0.5 mL of NaCl in water, they obtained a size distribution
ranging from 2.2 to 19 nm and centered at 7.6 nm. After 15 days of ageing, the distribution evolved and was
found to be [2.8-14.6] nm (centered at 6.1 nm). It changed again after 30 days to [4.8-19] nm (centered at 8.5
nm). This unusual evolution is due to the presence of gold ions (AuCly™) in the NaCl solution containing the

29



particles, which form chain assemblies after processing. In the first step, these ions react with Au® from the
particles and produce AuCly™ ions, leading to a decrease in particle size. Next, when the etching process
reaches equilibrium, the etched Au nanoparticles serve as seeds for further growth by Ostwald ripening
(wherein Au’" ions are converted into Au®), resulting in larger particle sizes over an extended storage time.

Engineering of defects by post-processing

Discharges in liquids are an effective method for creating defects in nanoobjects. Tran et al. [157] used high-
voltage discharges in a DBD configuration to gel a sol made of water, titanium tetraisopropoxide and HNOs.
Argon was bubbled into the liquid, and the synthesized mixtures of defective anatase and rutile crystals were
calcinated before use. These crystals exhibited superior photocatalytic activity when compared with the pure-
phase samples. Pitchaimuthu et al. [61] processed pure anatase commercial TiO, powders by solution plasma
in water with nitrogen flow assistance. They formed anatase/brookite hetero-crystalline phases with oxygen
vacancies through interaction with the discharge over several hours. This phase showed improved
photocatalytic performance for acetaldehyde degradation to CO, compared to untreated TiO, and nitrogen-
doped Ti0O,. Jedsukontorn et al. [36] eroded a titanium electrode in a solution containing nitric acid for several
hours, resulting in the formation of defective black TiO,. Defects like Ti—H and O—H introduce mid-gap
states. They change the color of pristine TiO, from white to blue, green, or black. Synthesized micrometric
particles are made of anatase/rutile polycrystals, and their photocatalytic activity was significant when tested
for glycerol conversion. Zhu et al. [158] also synthesized black TiO» through the erosion of a titanium cathode
in KOH heated at 80 °C. Black H-TiO, nanoparticles result from a hydrogen doping process in the liquid
phase of TiO,.x nanoparticles emitted from the oxidized surface of the titanium electrode. They are
surrounded by a structurally disordered shell and exhibit superior performance in generating water vapor
from liquid water under simulated solar irradiation by solar—thermal water evaporation. Yu et al. [159] used
solution plasma to treat two-phase TiO, homemade nanoparticles containing anatase and another monoclinic
polymorph named TiO2(B). This heterojunction already possesses a large number of oxygen vacancies. Post-
treatment by solution plasma with nitrogen flow assistance was used to introduce shallow energy levels via
hydrogen doping and to fine-tune the gap between oxygen vacancies and the conduction band of TiO,. They
reported that solar photothermal catalysis over colored oxygen vacancy-rich TiO, is enhanced by
incorporating shallow donor levels of hydrogen. Interestingly, in this case, the treatment duration did not act
linearly on the performance of the catalyst. After 2 hours, hydrogen dopant at the shallow level increased,
and oxygen vacancies at the deep level decreased. After 4 hours, as these evolutions continue, the content of
oxygen vacancies becomes too low to maintain the photothermal catalytic activity (Fig. 13). The lowering of
deep-level defects is attributed to the annealing process caused by the high-temperature discharge. It is not
clear why the creation of oxygen vacancies in this process is not observed, as in the works by Pitchaimuthu
et al. [61] and Jedsukontorn et al. [36]. It is not because of the nitrogen flow assistance, also used by the
former authors, other experimental conditions being almost the same (the presence of KCI in Yu’s work,
Pitchaimuthu using deionized water only, is deemed not relevant here on the basis of Huang’s results [32]
described in the next paragraph). Then, we assumed that it was only due to the initial state of TiO,, where
the presence of deep defects in large quantities at the beginning may not permit the creation of new ones. The
sizes of the objects are pretty similar: BET area of 136 m?> g~' and mean diameter of 10 nm in Yu’s work,
289 m? g! and 5 nm in Pitchaimuthu’s work. In their study, Wang et al. [160] opted to use solution plasma
in ethanol to process commercial P25 TiO,, rather than water. This approach offers several advantages.
Firstly, because alcohol has a lower dielectric constant compared to water, it requires less power to ignite
discharges. Additionally, ethanol’s lower boiling point and surface tension lead to smaller bubbles between
the discharge electrodes, facilitating the solution discharge process. Ethanol is also easily split into hydrogen,
oxygen, and hydroxyl radicals. Hydrogen dopes more easily titanium oxide. Moreover, oxygen-containing
radicals contribute to passivating oxygen vacancies. The authors found that P25 particles treated in ethanol
plasma exhibited a 124-fold increase in photocatalytic H> evolution. This effect was attributed to the surface
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amorphization, which resulted in a decrease in surface deep electron traps and an up shifted energy level of
electron traps.
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Fig. 13 a) Ultraviolet—visible absorption spectra of TiO»(AB) treated by SPP for T-0 h, T-2 h, and T-4 h.
Circles around each sample name is a photograph of the actual sample color. b) Photocatalytic and
photothermal catalytic activities of CO> conversion over T-x upon exposure to solar light. Reversed double-
beam photoacoustic spectroscopy of Aelectron-trap-density c) between T-4 h and T-2 h and d) between T-4
h and T-0 h. After Yu ef al. (2020) Adv Sci 7:2000204. Reproduced with permission from WILEY-VCH
Verlag GmbH.

Huang et al. [32] have proposed similar effects to those identified by Yu ez al. [159]. They activated HNb3Os
nanosheets by solution plasma in ethanol to anchor carbon nanodots formed in situ on their activated surfaces.
The authors observed that the Fermi level of HNb3zOg was up shifted after treatment, and may result from the
introduction of shallow energy-level defects by hydrogen doping. Conversely, the top of the valence band
was downshifted. The authors suggest a passivation of the defect state in the original HNb3Og nanosheets,
resulting from the annealing by the discharge. However, they also suggest in the same work the possible role
of O?* cations formed in ethanol (and not in water), which might inhibit the formation of oxygen vacancies.
Decoration by carbon dots promotes electron transfer from HNb3Os to the dots, enhancing photocatalysis.

With another oxide, namely BiVO4 known for its capability of separating charges across exposed {0 1 0}
and {1 1 0} facets, Che et al. [27] showed that solution plasma in water with KCI for 8 hours was efficient
for introducing vanadium vacancies. This leads to electron trapping and enhanced charge separation.
Although the way vanadium is taken out of the structure by discharge processes is not explained, it opens up
interesting perspectives on how to selectively remove one element from an alloy.

Particles are likely reprocessed several times during the treatment, especially for long treatment durations
and small liquid volumes (~100 mL), and defects can be created, like in the former work, by successive
interactions with the discharge. Jedsukontorn et al. [36] indicate other possibilities, such as the rapid
quenching of the molten Ti clusters leaving the electrode and/or the reaction between the oxygen lattice in
the generated TiO; and species such as electrons, H, O and OH radicals inside the plasma that would create
oxygen vacancies. This latter mechanism is also proposed by Zhou et al. [161], who formed highly-defected
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WOs3 nanoparticles. Of course, this kind of interaction can occur not only during the synthesis process of the
nanoparticles but also during their post-processing by the discharge once they are synthesized.

Liu et al. [162] used solution plasma to introduce defects in heterojunctions made of semiconductive metal—
organic framework CoxNiz(HITP), (HITP: 2,3,6,7,10,11-hexaiminotriphenylene) and boron nanosheets,
resulting in an effective catalyst for the electrocatalytic nitrogen reduction reaction under ambient conditions.
DFT calculations showed that the plasma treatment significantly enhanced the adsorption and activation of
Nz molecules on the heterojunction, thus improving the electrocatalytic nitrogen reduction reaction.

Niyitanga et al. [163] attributed the improved catalytic activities of thermally reduced graphite oxide-
supported molybdenum disulfide (RGO@MoS>) hybrids to high electrical conductivity and increased sulfur
vacancies resulting from the solution plasma treatment. They also reported an increase in the active surface
area of the treated materials by about a factor of 4 after 10 hours.

Glow discharge electrolysis also leads to defect-rich nanoparticles, as demonstrated by Yu et al. [93]. They
synthesized Ni(OH), flower-like microspheres by eroding a nickel anode for one hour in 150 mL of
electrolyte with NaCl, which promotes nickel dissolution, and CH;COONa, which acts as a stabilizer.
Structural defects and disorders, such as different proton sites in a disordered structure containing H>O and
0% defects, were observed. As particles assemble through the Ostwald ripening mechanism, it is very likely
that they interact with the discharge several times during processing, leading to the formation of defects.
However, these defects might also be due to the formation mechanism of nuclei and/or to their assembly into
larger structures.

APPLICATIONS

To demonstrate the capabilities of discharges in liquids, we have chosen four of the most widely studied
applications: batteries, supercapacitors, photocatalysis, and biological applications.

Batteries

Graphite is the most commonly used anode material for lithium-ion batteries, but its low lithium-ion insertion
potential (approximately 0.1 V) creates safety issues due to the potential for lithium precipitation and dendrite
formation during cycling. Wei et al. [164] proposed using solution plasma to produce LiEuTiOs in a single
step, which operates at 0.8 V as anode material without lithium precipitation or battery voltage reduction.
The particles are relatively large (with an average of 160 nm), but they have a high specific surface area of
about 120 m? g~!. Saito et al. [151] synthesized silicon nanoparticles (with a mean diameter of ~100 nm) by
glow-discharge electrolysis in a liquid containing LiCl and H3BOs, which was then heated to ~93-95 °C.
After combining the nanoparticles with carbon using MgO-template-assisted sol-gel combustion, the
composite exhibited a high reversible capacity of 537 mAh g™! after 30 discharge/charge cycles at a current
rate of 0.5 A g7,

Kim et al. [39] proposed to synthesize P-doped carbon balls as anode material in sodium ion batteries using
a solution plasma process. The carbon balls have disordered amorphous structures and contain up to 4 at%
of phosphorus. When organized in porous architectures with meso- and macropores, they efficiently adsorb
Na* ions while accelerating their transport properties. They exhibit a high initial coulombic efficiency of
about 75% and a high reversible capacity of 340 mAh g! at a current density of 1 A g7

Chokradjaroen et al. [30] and Islam et al. [33] investigated cathodic materials that can efficiently catalyze
the oxygen reduction reaction for use in energy-conversion Li—O; batteries. The former synthesized
simultaneously amorphous carbon containing boron (from tributyl-borate) and tungsten carbide (W was from
the electrodes) in suspension in the liquid phase, along with graphite-like carbon, as precipitate. B-doped
carbon showed an initial capacity of 6200 mAh g~!, while the graphite-like carbon resulted in the formation
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of LixO,, and, to a lesser extent, of Li,CO3 and lithium acetate products upon discharge in the Li-O; cell. WC
contributes to the efficiency of the produced material as a cathode coating material that can enhance the
performance of Li—O; batteries. The latter produced nanocarbons from aniline with tungsten carbide (W was
also from the electrodes) and obtained a capacity of 15500 mA h per gram of carbon at a discharge rate of
0.1 mA cm™2 with a load of 1.0 mg in carbon. Cyclic voltammetry in sulfuric acid saturated with N, and O,
showed the oxygen reduction reaction of the nanocarbons, with a proposed synergistic effect between N and
WC. For metal-air batteries, carbon doping by heteroatoms can tune its electronic properties and reactivity
by providing more active sites and enhancing the interaction between carbon structure and active sites [43].
Li et al. [45] found that the stability of platinum nanoparticles loaded onto sulfur-doped nanocarbons,
synthesized by solution plasma from mixtures of benzene and thioanisole, improved over longer cycles. Lee
et al. [20, 43] came to similar conclusions with (N and/or B)-doped nanocarbons.

Controlling size distributions is a key factor in the properties of materials made of nanoobjects. For instance,
it is relatively simple to produce platinum nanoparticles with diameters around or even below 5 nm [46, 47,
59, 122]. In contrast, manganese oxide nanoparticles are generally larger (between 20 and 100 nm typically)
[9, 60, 91, 94]. While recipes are available, no model can predict how to set parameters to achieve the
desired range of sizes.

1t has been found that “impurities ” like tungsten can have both positive and negative effects on the properties
of composites, depending on the circumstances. However, controlling electrode erosion by discharges
remains a challenge, as it is difficult to fully suppress or accurately set to a desired level. In this regard,
models could be useful.

Supercapacitors

Lee et al. [44] synthesized Fe3;O4 nanoparticles by solution plasma and used them to impregnate nitrogen-
doped activated carbon, also synthesized by solution plasma. The specific surface area of the composite
reached ~1500 m? g~!. Similar to batteries, nitrogen doping in carbon increases charge transfer rates, and
composites containing Fe3O4 exhibit a lower equivalent series resistance. The initial specific capacitance of
composites was ~125 F g7!, which decreased to ~110 F g™! after 300 cycles. Yu et al. [92] also synthesized
Fe304 nanoparticles but used glow discharge electrolysis. With mean sizes below 20 nm, these nanoparticles,
used as electrode material, likely have a large surface area and exhibit a specific capacitance of 247 F g™! at
a current density of 0.5 A g='. Even after 5000 cycles, the nanoparticles maintain a capacity retention of
41.1%.

Xiu et al. [94] deposited two different Mn3O4 nanostructures (nano-octahedron and nanosheets) on a carbon
cloth by changing the applied voltage in a glow discharge electrolysis process. The nanosheet-cloth
composite delivers a better capacitive performance (488 F g™!) and remarkable cycle life (10,000 cycles with
99.1% capacity retention), due to the nanoporous structure of the nanosheet, which provides a larger
electrochemical active surface area (Fig. 14). Wang et al. [91] synthesized Mn3O4 microspheres using glow
discharge electrolysis, but at higher voltages and lower currents than Xiu et al. The microspheres were made
of an assembly of small (~20 nm) and large (~180 nm) nanospheres. The microspheres exhibited a specific
capacitance of 360 F g7' at 0.5 A g”! and a superior cycling property with 83.6 % capacity retention after

1000 cycles at 1 A g~'. The specific area of the nanospheres was ~48 m? g!

, which is probably smaller than
that of Mn3O4 nanosheets. Pimklang et al. [60] elaborated a graphene oxide-MnO, nanocomposite and
measured a specific capacitance of 218 F g~! within an aqueous environment. The composite exhibited a

capacity retention of 85% after 1000 cycles.

33



:\‘II -r|
5 By
Mann-netsbedran = 2
Min 0,00 5 3
| k
E " mv ! E
=l B =2 e u“ | = >
—— Mpncrsheal ~Him g
s (2t it BT —— 100 mid' !
T j__'_u}":'_'."f""_ﬁ__l.c___- T 1 7] [T TR
Polorial E va [Agaglan Pmc.r\lu E w5 ey AT
= it el
d‘} 7 ' —— MG
o { ~ —— Hanpsheot
C] W ! =
& - g
Z
= i
1 e
~ :
ato - 3
¥ LPI”} 3 .! 2
Criiey — i |
I Mheagp i — 80w
- Ay s
,‘*'MH“‘T T4 4w F o a4 e e v
(1) Wi, i, 00 (g\] Pt 1 v [AgiAGEFY (h) Tims b
MO
b B =y .::u"ilﬂl'.mrulul ™ = r —s— Nanc-octahadron
- % —a— Mano-dhee = { #— Nang-sheol
. ¥ - Bpne-crintemibnn ol | o 5 £
E el | - é Ll & Manostem .lFI | |
g E £ s—i pf LY .'. .II.
- 5 e - ' ¥ r
= oam - E s qoa ! J | I| 1 | H || ﬂ ?'.'_u -_.- o Fi !
g [} - § Fon II L ||r-| || III || R b /
™, . s LUV sk (VL)Y [ Host /
0 - 2 oapl omoef L] i | I P S
g - B =l WA U o b I|||
% T 5 '=I“| [ f | I|I i1 | I I| | W ¥
E - T—— G ‘F'...q | I|. 4 i 1 | oo 1 ‘ II 0.0l |
Ermr s oo || T 47 8 9
i i z !I . b |:| .ulcl.- J-ulc\c- uc:m aclm 10000 LI'? i‘- e ISI-C' xo ﬁ'-'l ¥ =
Curmni deraily ji& an? g’ ek numbe e

Fig. 14 (a) Schematic illustrating liquid plasma discharge deposition (LPDD) processing of nano-
octahedron and nano-sheet Mn3O4/carbon cloth composites; (b) CV curves of nano-octahedron and nanosheet
Mn3O./carbon cloth composites, and bare carbon cloth substrates under scan rates of 20 mV s7!; (¢) CV
curves of nano-octahedron Mn3Os/carbon cloth composites, and (d) nano-sheet Mn3Os/carbon cloth
composites at different scan rates; (¢) Galvanostatic charge discharge curves at a current density of 0.5 A g™';
(f) Calculated specific capacitance at different current densities; (g) cycle stability tests at a current density
of 2 A g7!, the inset shows the galvanostatic charge discharge curves of the last 6 cycles; (h) Nyquist plots of
the nano-octahedron and the nano-sheet Mn3O4/carbon cloth composites, the insert shows the Nyquist plots
at high frequency region. After Xiu et al. (2023) Electrochim Acta 439:141620. Reproduced with permission
from Elsevier.

Yu et al. [93] used cathode glow discharge electrolysis to erode nickel electrodes and fabricate 3D flower-
like B-Ni(OH), microspheres. These microspheres exhibit a high specific capacitance of 1818 F g! at 3 A
¢! and good capacity retention of 85 % after 1000 charge—discharge cycles at a current density of 5 A g~'.

These studies emphasize the importance of synthesizing non-spherical particles using discharges in liquids.
They demonstrate the advantage of mastering the process conditions and electric fields to design shapes that
are well-suited to the application. While using electric fields to assemble nanoparticles into 1D
nanostructures is well understood [85] and mastered [165], controlling porosity and defects is challenging
as it relies on processes that are very difficult to control. Additionally, selecting the thickness of 2D objects
produced by discharges in liquids is complicated. A better understanding of how these objects are produced
is necessary to improve their design.

Photocatalysis
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Photoactive nanoparticles have shown potential for use in water splitting [27, 47, 166]. Che et al. [27] utilized
solution plasma to mildly introduce defects for surface activation of decahedral BiVOs4 crystals. This
technique enhanced the oxygen reduction rate (ORR) from water oxidation under visible light by a factor of
1.5. Similarly, Panomsuwan et al. [56] improved the ORR by using a composite consisting of silver
nanoparticles supported on nitrogen-doped carbons created via solution plasma. They achieved this by
utilizing two electrodes of silver immersed in 2-cyanopyridine (C¢H4N>), taking advantage of the synergistic
effect of Ag nanoparticles and NC nitrogen-doped carbon supports.

In another study, Mani-Lata et al. [47] proposed architectured nanomaterials composed of platinum
nanoparticles supported on Ketjen Black (KB) to improve evolution reactions in water splitting. Solution
plasma was used to improve adhesion between the nanoparticles and the dispersed carbon in comparison to
a similar commercial catalyst. This better anchorage was deemed responsible for the improvement of the
activity and stability of both the hydrogen evolution reaction (HER) and ORR.

Islam et al. [34, 167] synthesized tungsten carbide/carbon nanocomposites (C coming from palm oil and W
from electrodes), and enhanced the activity of the oxidation reduction reaction in alkaline solution for fuel
cell application. With a surface area of 160 m? g™!, the WC/C nanocomposites reached an electrical
conductivity of 4.27x1072 S cm™!, which is ~5 times higher than that of Ketjen Black.

Cui et al. [166] used solution plasma to load bimetallic oxide alloy nanoparticles made of Pt and Pd onto
exfoliated two-dimensional MXene (Ti3C,Tx, where T is a functional group, here synthesized from TizAlC,
where Al was removed by HF and functionalized next in dimethyl sulfoxide). They measured a low
overpotential for the HER (57 mV) in a 0.5 M H,SOj4 solution and for the ORR (1.63 V) in 0.1 M KOH
solution. They could achieve a water splitting current density of 10 mA ¢cm™ at 1.53 V in a 1.0 M KOH
solution. For comparison, Niyitanga et al. [168] created surface defects in MoS» nanosheets using the solution
plasma process and measured HER and ORR overpotentials of —0.06 V and 1.22 V with a current density of
10 mA cm2,

Using bimetallic nanoparticles is a way to improve the efficiency of a water splitting cell. The synthesis of
Au-M bimetallic particles (where M is another metal) was studied by Bratescu et al. [148, 169]. Table 3
shows the nanoparticles synthesized from different metal precursors. Gold-containing bimetallic
nanoparticles exhibited sizes in the range from 5 to 20 nm. The gold content was high in alloys with a 3d
metal, and the difference in electronegativity between gold and the other metal was responsible for the
formation of intermetallic compounds. It can be noticed that the composition of gold-cobalt nanoalloys is not
compatible with the macroscopic equilibrium phase diagram, which suggests that non-equilibrium phases
are synthesized with the solution plasma. It is also true for Pt and Pd as reported in detail in another work
by Zhang et al. [170]. The possibility of using non-equilibrium multi-metallic nanoalloys is a strong
expectation of such processes [171], in order to evaluate their potentiality as a new class of materials in
applications where temperature ranges are compatible with their utilization, such as water splitting.
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Au-M Composition from RIR method?

Average size (nm)

Morphology aggregation solubility in

Gold (wt%) Other compounds (wt%) water
Divalent sp metals
Au-Zn 48 Zn(OH)2 46 20 Chains of NPs which tend to aggregate
AusZn 5
Z10.965A10.035 1 Insoluble
Au-Cd 63 AuCd 10 20 Chains of NPs which tend to aggregate
AusCda.y7 27 Insoluble
Trivalent sp metals
Au-Ga 3 (Auz2sGaz)o.16 37 5 Sphere
AuooGao.i 3 No aggregation
(AusGa)o.4 57 Soluble
Au-In 69 (Auzsln2)o.16 31 3 Sphere
No aggregation
Soluble
3d Metals
Au-Fe 85 Auo.osFeo.os 15 5 Almost no aggregation
Slightly soluble
Au-Co 78 (AuysCo)o.4 5 10 Chains of NPs which tend to aggregate
AusCo 16
C00.975A10.025 1 Insoluble
Au-Ni 95 Nio.92Au0.08 1 10 Chains of NPs which trend to aggregate
Auo.45Nio.s5 4 Insoluble
Au—Cu 80 AusCu 3 10 Chains of NPs which tend to aggregate
AuosCuo2 4
Cu20 13 Insoluble
4d Metals
Au-Ag 29 Ag 26 8 Sphere
AgAu 45 No aggregation.
Soluble
Au-Pd 73 AuPd 8 8 Chains of NPs which tend to aggregate
Aul.1Pdoo 8
(AuPdv)o.4 10 Soluble
PA(NO3)2 1

2 The gold bimetallic NPs were prepared from a solution with an initial salt concentration of 1 mM.

Table 3 Composition, size, morphology, and water solubility of gold bimetallic nanoparticles synthesized in
SPP. After Bratescu et al. (2013) J Alloys Compounds 562:74-83. Reproduced with permission from
Elsevier.

Photoactive nanoparticles can also be used for the degradation of chemicals. Defective structures exhibit high
capabilities in this objective, as discharges in liquids provide a promising platform to tailor the surface
microstructure of catalytic materials.

Zhou et al. [161] synthesized WO; nanoparticles to enhance photooxidation of bisphenol A by persulfate by
about one order of magnitude. They discovered that the interaction of hydrogen species with the surface of
the catalyst generated abundant oxygen vacancies. The synergistic effect between WO3 and persulfate was
attributed to defect sites and intercalated hydrogen, which facilitate the formation of surface-bridging
hydroxide via surface hydroxylation. This provides specific channels for electron and hole transfer, resulting
in significantly increased efficiency for pollutant elimination.

Sirotkin et al. [71, 172, 173] also synthesized WO3 nanoparticles and studied the photodestruction of the dye
rhodamine B in aqueous solutions under the action of UV radiation with and without the synthesized tungsten
oxide powder. They attributed the high photocatalytic activity of WO3; nanoparticles to the low values of the
band gap and the porous structure of the sample.
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The photocatalytic performance of silver-loaded gallium oxide (Ag/Ga,03) photocatalysts was evaluated by
Yoshida et al. [81]. The presence of silver nanoparticles, synthesized by solution plasma and loaded onto
GaxOs powders, could strongly improve the photocatalytic reduction of CO», but they also observed that the
CO production rates decreased with the reaction time. As silver nanoparticles migrate and aggregate on the
photocatalyst surface during the photocatalytic process, their global efficiency decreases. Photoirradiation on
the prepared Ag/Ga,Os samples improves the photocatalytic performance, likely by introducing defects.

Pitchaimuthu et al. [61] utilized solution plasma to synthesize heterocrystalline anatase/brookite TiO2 with
oxygen vacancies. They achieved a high gaseous photocatalytic performance for acetaldehyde degradation
to CO,, which was almost twice as high as the untreated TiO, and 50% higher than nitrogen-doped TiO,
under visible light. Yu et al. [174] also observed that solution plasma structurally modified the surface of
pre-synthesized yellow TiO, with numerous oxygen vacancies. Upon elevated temperature treatment, the
modified TiO, exhibited a conversion rate increased by a factor of 300 for CO, reduction under solar light
irradiation and an increased removal rate (by a factor of 7.5) of acetaldehyde under UV light irradiation.

Defective rutile TiO, nanoparticles, containing oxygen vacancies and surface OH defects, were annealed up
to 700 °C [175]. The average particle sizes increased from 25 and 50 nm and the optical band gaps decreased
from 2.9 to 2.0 eV, changing the color from blue-gray to light-gray. The highest degradation efficiency of
methylene blue was observed at an intermediate annealing temperature of 500 °C. The samples contained the
lowest concentration of non-lattice oxygen atoms. The concentration and position of the defects significantly
affected the mechanism of the photoactivity. In contrast to bulk defects that produce charge carrier traps
acting as recombination centers, surface defects have a dual effect on the photocatalytic enhancement: they
produce charge carrier traps, which reduce exciton recombination, and provide adsorption sites for oxygen
and organic species.

Jedsukontorn et al. [36] produced defective black TiO; and achieved the highest photocatalytic activity for
glycerol conversion (58.49% at 24 h) and values around 40 and 26% for glycolaldehyde and formaldehyde.
They suggest that discharges, in addition to creating extra surface adsorption sites, also promote high ratios
of Ti**/Ti*" and low band gap values, which can create a mid-gap state level with an energy lower than the
minimum conduction band. The presence of these mid-gap state levels prolongs the lifetime of electron-hole
pairs, resulting in an amelioration of the photocatalytic performance. For longer treatment times, black TiO,
nanoparticles agglomerate, which can also extend the lifetime of electron-hole pairs due to the interparticle
charge transport.

Yu et al. [176] treated commercially available nitrogen-doped TiO; with solution plasma to modulate the
surface electron traps. The introduction of electron traps with a shallow energy level promotes the de-trapping
of electrons at defects with a deep energy level by light or thermal assistance, enhancing the utilization of
electrons for reduction reactions like photocatalytic degradation of acetaldehyde.

Biazar et al. [177] associated carbon dots as cocatalyst with TiO» nanoparticles, both synthesized by solution
plasma. The association of TiO, with carbon dots contributes to shifting the absorption edge at longer
wavelengths and increasing the optical absorption in the visible range. The estimated direct band gap is 2.41
eV.

Pt@CoOx@N-C catalysts were synthesized by Liu et al. [46] by grafting Pt nanoparticles, prepared by
solution plasma, onto CoOx@nitrogen-doped porous carbon. This catalyst was designed to be used as an
anode material in direct methanol fuel cells and exhibited high methanol oxidation reaction performance with
a remarkable mass activity of 2400 mA mgPt™") as well as durability and stability (70% remained after 300
cycles).

Results are compiled in Table 4.
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Although the mechanism of creating defects by discharges is now well identified, the specific process by

which vacancies are created, their depth and accessibility by molecules to be reduced, still requires further

investigations in order to better understand and optimize photoactive nanomaterials.

Photocatalysts Chemical process Methods Improvement Comments Ref.
ORR and HER
BiVO, ORR in water Surface ORR ratex 1.5 Facet-dependent [27]
activation photoactivity
C-encapsulated WC ORRin 0.5 M H,;SO;  Composite Decrease of ORR peaks High conductivity of [34,
saturated in O, catalyst from 150 to 180 kHz nanocomposites 167]
Pt NP / Ketjen Black ORR and HER in 0.5 improvement of  bifunctional catalytic Improvement of yield and [47]
M H,SO4 saturated NP adhesion on  activity toward HER and  stability
in Nz and O, C support ORR solution.
Si NP / N-doped ORRin 0.1 M KOH Composite ORR activity still inferior  co-existence of two and [56]
carbons solution saturated catalyst to Pt/C four-electron pathways in
in N2 and O, ORR
PtPd / MXene ORR and HER in 0.1 Composite Lower voltage for Ti3C,Tx nanosheets inhibit [166]
nanosheets M H,SO, saturated catalyst yielding 10 mA cm2for  aggregation of different
in N2 and O3 both HER and OER metal NPs
MoS; ORR and HER in 0.5 Surface low overpotential at 10  large surface area, low [168]
M H,SO4 activation mA cm~2 current impedance, high
density capacitance, and fast
electron transfer
DEGRADATION OF CHEMICALS
Pt / CoOx@nitrogen- methanol oxidation Composite activity superior to Pt/C  MOF used as precursors [46]
doped porous carbon  reaction catalyst (460 mA/mgpy)
W03 photodestruction of  High specific Complete degradation Narrow forbidden band and  [71]
the rhodamine B area under UV large surface to volume
ratio due to small size
Ag/Gay03 Photocatalytic Composite Higher CO production Reduction of performance [81]
reduction of CO, catalyst rate after UV irradiation  with time by NP
aggregation
W03 Photooxidation of Surface 6 and 12 x higher rates Electron and hole [161]
bisphenol A activation than (SO47); oxidation extraction improved by
and photodegradation oxygen vacancies and
hydrated bridging hydroxyls
TiO,
Defective black TiO; Glycerol conversion  Surface highest photocatalytic high degree of defective [36]
activation activity compared to structures (Ti3*/Ti** ratio)
other chemicals which can shorten the band
gap energy
Anatase/brookite Degradation of Surface ~twice more efficient more effective charge [61]
TiO; acetaldehyde activation than untreated TiO, separation at
anatase/brookite
heterocrystalline phases
Defective rutile TiO, Degradation of Surface Optimum degradation Optical band gap decreases  [175]
methylene blue activation rate after annealing from 2.9to 2.0 eV
@500°C
Nitrogen-doped TiO, Degradation of Surface Rate increased by 3.2 Introduction of electron [176]
acetaldehyde activation times traps with shallow energy

level into N-TiO,

Table 4 Compilation of results obtained in photocatalysis.

Biological applications

Saebnoori ef al. [96] synthesized CuO nanoparticles ranging from 25 to 160 nm in diameter. The antibacterial

results revealed that CuO samples are effective in reducing the activity of gram-negative Pseudomonas

Aeruginosa and gram-positive Staphylococcus Aureus. Weerasinghe ef al. [178] examined the antibacterial
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activity of silver nanoparticles (ranging from 5.4 to 17.8 nm) against both gram-negative Escherichia Coli
and gram-positive Staphylococcus Aureus. They observed inhibition of growth of colonies deposited on agar
plates for both types of bacteria. Elwaki et al. [179] produced spherical CuO nanoparticles by discharges in
water and compared their antibacterial activity with nanowires produced in the same reactor by simply
replacing liquid water with argon gas. They found that both types of nanoobjects showed potent antibacterial
activity against different multi-drug-resistant Acinetobacter baumannii strains, with nanowires showing
superior antibacterial activity over particles. MubarakAli [114] synthesized low-molecular-weight chitosan
through the depolymerization of high-molecular-weight chitosan with the solution plasma process. These
aggregates showed antimicrobial activity against Escherichia Coli, Staphylococcus Aureus, and Candida
Albicans with a minimal inhibitory concentration of 80-1200 pg'mL™'. Mohammadi et al. [180] prepared
chitosan-coated Bi,O3-Bi(OH); nanoparticles using solution plasma. The cytotoxicity of these hybrid
nanoparticles on the HDF-1 cell line displayed no considerable toxicity, indicating the potential usefulness
of MubarakAli’s approach.

Ko et al. [181] developed biocomposites of hydroxypropyl methylcellulose (HPMC) and silver nanoparticles.
The bactericidal activity was evaluated by measuring the sizes of inhibition zones of bacterial growth formed
by the biocomposites (Fig. 15), which ranged from 8 to 14.3 mm. The minimal inhibition concentrations
were found in the range of 10-15 pg-mL™! for gram-negative bacteria (E. Coli, P. Aeruginosa, V. Vulnificus)
and 25-30 pg-mL"! for gram-positive bacteria (B. Cereus, S. Aureus and C. Albicans). A similar solution of
alginate/Ag composites was also tested, which showed a suppression yield of 99.8% against E. Coli [53].

b
Pathogens 5.0% HPMC/AgNEs (mm)
| L 1 IV 3 I

E. coli 12.9 & 0.06 133031 133036
P seruginosa 41 0.9 14.8 =033 153078
V. vastnificos 138 £+ 0.31 142 £ 0.5 144 £ 000
B. cereas 12.8 £ 066 12.9 =015 13.5 £ 0.20
5. aurens 14.3 £ 0,06 144 £ 0.00 14.5 £ 015
. adlleans B.0 B0 3.0

Fig. 15 Agar diffusion assay of the HPMC/Ag nanoparticles biocomposites: (a) inhibition zones of growth
formed around the discs of 5 % HPMC discharged for 1, 2 or 3 min (b) diameters of the growth inhibition
zones formed around the biocomposites on the agar plates inoculated by various pathogens. After Ko et al.
(2023) Carbohydrate Polym 302:120341. Reproduced with permission from Elsevier.

Arkarca et al. [182] utilized a combination of solution plasma and pulsed electric field (3500 V, repetition
17 kHz, and pulse width 2.58 ps) for the treatment of raw milk. The temperatures reached during microbial
inactivation remained low. Maillard reactions were limited, and color changes and nutritional values were
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preserved. Furthermore, unique physical and chemical values of the probiotic yoghurt drink made from the
milk were also maintained. One of the most important effects of plasma application was the higher number
of probiotic bacteria in samples produced by this method during storage compared to all other samples.
However, the authors did not mention the possible contamination by tungsten nanoparticles produced by
electrode erosion.

Vu et al. [75] studied the acute oral cytotoxicity of selenium nanoparticles (diameter:100 to 200 nm) prepared
using the solution plasma process. With doses of Se nanoparticles lower than 6 mg kg™!, no deaths or signs
of toxicity were observed in mice. The mean fatal dose of Se nanoparticles was determined to be 9 mg kg™!,
which is four times higher than that of SeO..

The bactericidal effects of nanoobjects are well-known, and they have been exploited in the experiments
reported here based on discharges in liquids. However, the benefits of the selected processes rely more on
the advantages offered by the synthesis method than on the improvement of the intrinsic properties of the
selected materials. Promoting the development of new nanomaterials could be an interesting way to take
advantage of discharges in liquid in this field.

CONCLUDING REMARKS

Discharges in liquids have proven to be highly effective in producing nanoobjects with controlled
characteristics. They offer a low-cost, high-yield, and safe one-pot synthesis method. As demonstrated in this
review, the process parameters can be adjusted to achieve the desired final properties for specific applications.

Despite their remarkable capabilities, the non-equilibrium conditions prevailing in discharges have not been
fully exploited, and preliminary studies have only recently begun to investigate the alloying of multiple
immiscible elements. Further research is necessary to deepen our understanding of the growth mechanisms
of nanoobjects, particularly when they are non-spherical.

Additionally, the investigation of discharge parameters and their time-resolved evolution is a difficult but
necessary task that can provide critical information on active species and reaction pathways. Interface
processes between media also require significant research efforts, but their complexity makes it challenging
to probe them. However, mastering polymerization processes, for instance, depends on understanding these
processes.

Processes based on discharges in liquids have now undergone more than a decade of research, and we can
anticipate significant breakthroughs in a period when the energy transition demands new and efficient
nanomaterials to meet the challenges we face.
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