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Abstract

Plasma-liquid interactions (PLIs) have emerged as a rapid and reagent-minimized plat-
form for the synthesis of gold nanomaterials (GNMs) with tunable size, morphology, crys-
tallinity, and surface chemistry. In contrast to conventional wet-chemical routes, non-ther-
mal atmospheric-pressure plasmas reduce HAuCls through highly reactive species gener-
ated at the gas-liquid interface. This review consolidates the field by classifying PLIs sys-
tems into four categories based on the discharge configuration, including plasma electro-
chemistry, plasma jet, solution plasma, and plasma aerosol, and critically compares their
mechanisms and operational parameters. We show that the relative weighting of key pro-
cess variables is strongly configuration-specific, with short-lived species initiating burst
nucleation and long-lived neutrals sustaining autocatalytic growth. Furthermore, the re-
view highlights how the distinct characteristics of each PLI configuration affect nanopar-
ticle formation, morphology evolution, and physicochemical properties, providing prac-
tical guidance for selecting appropriate plasma systems for the controlled synthesis of
gold nanomaterials.

Keywords: gold nanoparticles; plasma-liquid interactions; non-thermal plasma; plasma
electrochemistry; plasma jet; in-liquid plasma; plasma aerosol; SERS; nanocomposite;
green synthesis

1. Introduction

GNMs have attracted sustained attention because of their distinctive physicochemi-
cal, electrical, catalytic, and optical properties. Owing to localized surface plasmon reso-
nance, high chemical stability, tunable surface chemistry, and excellent biocompatibility,
GNMs have been widely used in a vast range of applications. Their size-, shape-, and
surface-dependent properties make them particularly valuable for applications in which
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precise control over crystallinity, morphology, dispersibility, and interfacial chemistry is
required [1-5].

Non-thermal plasma technology has emerged as a promising alternative and com-
plementary strategy for GNMs synthesis [6,7]. Non-thermal atmospheric-pressure plas-
mas contain energetic electrons, ions, metastable species, photons, and reactive radicals
while maintaining a near-ambient bulk gas temperature [8]. When nonthermal plasma
interacts with a liquid, energetic electrons, ions, photons, metastable species, and radicals
generated in the gas phase are transferred across the plasma-liquid interface [9,10]. This
interaction produces highly reactive chemical species in the liquid, including solvated
electrons (ewaq), reactive oxygen species (ROS), and reactive nitrogen species (RNS). These
species can drive redox reactions that enable the synthesis or modification of nanomateri-
als (including GNMs) without adding a reducing agent or thermal processing.

However, the use of PLIs for GNMs synthesis remains a highly fragmented field.
Different research groups and communities employ broad terms such as PLIs [11-13],
plasma-assisted [14-16] and plasma synthesis/synthesized [17-19], as well as more spe-
cific terms such as microplasma [20,21], plasma electrochemistry/electrochemical [22],
plasma-driven solution electrochemistry [23,24], plasma jet [25,26], solution plasma
[27,28], plasma-in-liquid [29,30], electrohydrodynamic discharge [31], plasma-aero-
sol/droplet [32,33]. Although these systems are often grouped under the broad concept of
PLIs, they differ substantially in discharge geometry, dominant reactive species, liquid-
phase transport, nucleation environment, and particle collection mechanism. This diver-
sity in terminology and configuration can be particularly confusing for non-plasma spe-
cialists, who may find it difficult to distinguish whether different studies are describing
comparable processes or fundamentally different synthesis environments. As a result,
mechanistic interpretation and cross-study comparison remain challenging. In addition,
key parameters such as precursor concentration, pH, discharge voltage, current, plasma
treatment time, gas composition, electrode configuration, stabilizer type, and batch vol-
ume often vary significantly across studies. They are reported inconsistently, making it
difficult to establish clear structure—processing—property relationships for GNMs synthe-
sized by PLIs.

Several reviews have already surveyed plasma-liquid interaction (PLI) approaches
to nanomaterial synthesis, though generally with a broader scope than the exclusive focus
on GNMs [34-36]. This review aims to consolidate recent progress in PLIs for the synthesis
of GNMs and to provide a configuration-resolved framework for understanding their for-
mation mechanisms, controllable parameters, and emerging applications. First, we intro-
duce the fundamental properties and application relevance of GNMs, followed by a brief
discussion of major advances and limitations in conventional GNMs synthesis. We then
describe nonthermal plasma, its interactions with liquid, and briefly describe four repre-
sentative PLIs platforms for GNMs synthesis: plasma electrochemistry, plasma jet, solu-
tion plasma, and plasma-aerosol. For each configuration, we discuss the reaction mecha-
nism, dominant reducing species, nucleation and growth pathway, and key operating pa-
rameters governing particle size, morphology, crystallinity, and colloidal stability. Repre-
sentative applications of plasma-produced GNMs in sensing, biomedical technologies, ca-
talysis, and energy-related systems are then summarized. Finally, we identify current
challenges, including mechanistic uncertainty, scalability, reproducibility, process stand-
ardization, and application-driven design, and propose future research priorities for ad-
vancing plasma-enabled GNMs synthesis. Table 1 provides a summary of key parameters
of PLIs configurations for the preparation of GNMs.
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Table 1. Classification of PLIs configurations for GNMs synthesis.

Configuration Main Reducing Species Reaction Volume Scale-Up Potential Key Bottleneck

Plasma electrochemistry eaq- and H202 Small (1-50 mL) Low I.nterfac1a1 reaction-zone con-
finement

. Sensitive to ambient air en-

Plasma jet eaq- and H202 Small (1-50 mL) Moderated .

trainment
. . Electrode erosion introducing

Solution plasma eaq”, He, sputtered atoms from the electrode Large (50-500 mL) High .. i

metallic impurities
. . . Complex mist collection and
Plasma aerosol Gas-phase electrons, radicals Micro-droplets streams ~ High

deposition design

2. Gold Nanomaterials
2.1. Properties and Applications

GNMs have been extensively reviewed, with continuous updates on their synthesis
strategies, physicochemical properties, surface chemistry, and applications across diverse
fields [37-41]. Therefore, this section provides only a concise overview of their key prop-
erties, representative applications, and major synthesis approaches, rather than a compre-
hensive discussion, as these topics have been thoroughly covered in dedicated reviews
before [39,42].

The technological appeal of GNMs arises from their unique size- and shape-depend-
ent properties, which differ significantly from those of bulk counterparts. At the nanoscale,
GNMs exhibit localized surface plasmon resonance (LSPR) [43], typically in the visible
region for spherical particles, resulting from the collective oscillation of conduction elec-
trons under light excitation. The LSPR response is strongly influenced by particle size,
morphology, interparticle spacing, and the surrounding dielectric environment, making
GNDMs attractive for optical sensing, imaging, and photothermal applications. Anisotropic
GNMs, such as nanorods, nanoplates, nanostars, and branched nanoparticles, can further
extend plasmonic absorption into the near-infrared region and generate localized electro-
magnetic hot spots, which are important for light-driven processes [44]. UV-visible spec-
troscopy is therefore widely used as a rapid and non-destructive technique to confirm
GNMs formation and evaluate their optical and colloidal properties [45]. In PLIs studies
for GNMs synthesis, UV—-visible spectroscopy has been widely used as a preliminary char-
acterization tool to assess the influence of key operational parameters and optimize syn-
thesis conditions before conducting more advanced analyses, including XRD, SEM, TEM,
zeta potential, and XPS [46-48].

GNMs have been widely explored across biomedical fields because of their distinc-
tive chemical stability, tunable surface chemistry, and size- and shape-dependent optical
properties [49]. These features have enabled their use in specific biomedical applications,
such as biosensing [41], bioimaging [50], theragnostics [51], antimicrobials [52], photother-
mal [53] and photodynamic therapy [54]. In sensing applications, they can serve as color-
imetric probes [55], SERS substrates [56], fluorescence quenchers [57], and electrochemical
sensors [58] for detecting heavy metals, biomolecules, pathogens, and pollutants. Their
sensing capabilities are mainly based on localized surface plasmon resonance, a high sur-
face-to-volume ratio, and the ability to amplify optical or electrochemical signals upon
interaction with target analytes. The unique surface chemistry also allows GNMs to be
used in heterogeneous catalysis [59], photocatalysis [60], electrocatalysis [61], energy con-
version and storage [62] due to their high surface area, tunable electronic structure, and
strong light-matter interactions.

2.2. Synthesis of Gold Nanomaterials

Over the past several decades, significant advances have been made in the synthesis
of GNMs. Classical wet-chemical routes, including the Turkevich citrate reduction
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method in aqueous solution [63] and the Brust-Schiffrin two-phase method [64], have
provided reliable platforms for producing colloidal GNMs with controlled size and sur-
face functionality. Subsequent developments involving seed-mediated growth [65], lig-
and-directed synthesis [66], microwave-assisted synthesis [67], and photochemical reduc-
tion [68] approaches have further expanded the accessible morphologies of GNMs, in-
cluding nanospheres, nanorods [69], nanotriangles [70], nanostars [69], and nanoprisms
[68]. Physical approaches such as radiation [69] and laser-ablation [70] can generate lig-
and-free gold colloids without conventional chemical reductants; however, they often face
limitations in colloidal stability, morphology control, energy efficiency, and production
throughput. Green synthesis of GNMs uses biological or naturally derived agents, such
as plant extracts [71], microorganisms [72], enzymes [73], or biopolymers [74], to reduce
Auions and stabilize the resulting nanoparticles under mild and environmentally friendly
conditions. This approach reduces the need for toxic chemical reductants and surfactants,
making it attractive for biomedical and environmental applications [75]. However, its
main limitations include poor reproducibility, slow reaction kinetics, difficulty in control-
ling particle size and morphology, and variability in the composition of biological extracts.

3. Plasma-Liquid Interactions
3.1. Non-Thermal Plasma

Non-thermal atmospheric-pressure plasmas are weakly ionized gases with electron
temperatures (T, typically 104105 K) far exceeding the gas and ion temperatures, which
generally remain close to ambient conditions [76]. The generation of non-thermal plasma
is based on gas breakdown under an applied electric field [77]. When a sufficiently high
voltage is applied between electrodes, free electrons are accelerated and collide with neu-
tral gas molecules, triggering electron-impact ionization and creating an avalanche of
charged particles [78]. The discharge can be sustained using different power supplies, in-
cluding direct current (DC) [79], radiofrequency (RF) [80], microwave [81], or alternating
current (AC) [82]. Reactor geometry, electrode configuration, dielectric barriers, gas flow,
and applied voltage waveform strongly influence the discharge mode, plasma stability,
electron energy distribution, and the types and fluxes of reactive species delivered to the
target medium. In this context, several non-thermal plasma reactor configurations have
been developed for plasma-assisted chemistry and PLIs studies. Dielectric barrier dis-
charges (DBDs) use one or more dielectric layers to limit current and prevent transition to
thermal arcs, enabling stable operation at atmospheric pressure [83]. Atmospheric-pres-
sure plasma jets generate plasma in a flowing carrier gas and deliver reactive species re-
motely or directly to liquid surfaces [84]. Corona discharges are produced around sharp
electrodes under highly non-uniform electric fields and are commonly used for gas-phase
oxidation and surface treatment [85]. Glow discharges [86], spark discharges [87], pulsed
discharges [88], and solution plasma [89] can also be used, depending on whether the
plasma is generated above the liquid, at the gas-liquid interface, inside bubbles, or di-
rectly within the liquid phase. These different configurations provide distinct pathways
for transferring electrons, ions, radicals, UV photons, shock waves, and local electric fields
into the liquid environment.

3.2. Plasma—-Liquid Interactions

When a plasma discharge contacts or operates in proximity to a liquid surface, a com-
plex cascade of physical and chemical processes generates a diverse inventory of reactive
species through both gas-phase and liquid-phase pathways. In the gas phase, electron im-
pact dissociation and excitation of water vapor and ambient gases produce primary spe-
cies, including hydroxyl radicals (¢OH), atomic hydrogen (He), atomic oxygen (*O),
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Gas phase

Gas-liquid
phase

singlet oxygen ('O2), ozone (Os), and excited nitrogen species (Ne, N2*) [90]. At the
plasma-liquid interface, high-energy electrons and UV photons emitted by the discharge
penetrate the interfacial layer and initiate homolytic cleavage of water molecules, gener-
ating additional *OH and He radicals, as well as e-aq through a process analogous to water
radiolysis. Once transferred into the bulk liquid, these primary species undergo a rapid
and interconnected sequence of secondary reactions. ewaq, possessing a strongly negative
standard reduction potential (E° = -2.87 V vs. SHE), react with dissolved oxygen to form
superoxide radical anions (O2¢-), which are subsequently transformed to hydrogen per-
oxide (H202) [91,92]. Simultaneously, OH radicals recombine to produce H:0: directly
(*OH + ¢OH — H202), while He radicals can reduce protons or react with dissolved oxy-
gen to form hydroperoxyl radicals (HOz®). In nitrogen-containing or air-fed plasma sys-
tems, gas-phase reactions between excited nitrogen and oxygen species yield nitric oxide
(NOpe), nitrogen dioxide (NO2®), and dinitrogen pentoxide (N20s), which dissolve into the
liquid and hydrolyze to form nitrite (NOz2") and nitrate (NOs"), collectively lowering solu-
tion pH [93]. The overall illustration of PLIs is presented in Figure 1 [94].

Primary species
e M H m* NO N &

Figure 1. Schematic of generation pathway of reactive species in bulk liquid via plasma-liquid in-
teractions [94]. Copyright MDPI 2021.

Together, these processes create a complex interfacial reaction environment that can
be exploited for material synthesis, surface modification, environmental remediation, and
biomedical applications. Building on these general principles, PLIs systems can be broadly
grouped into four configurations that differ in the spatial relationship between the dis-
charge and the liquid phase, and consequently in the dominant transport pathways for
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(A) Plasma

electrochemistry

@ Gold nanoparticles

Plasma

reactive species, charged particles, and photons: (i) plasma electrochemistry, (ii) plasma
jet, (iii) solution plasma, and (iv) plasma-aerosol (Figure 2).

(B) Plasma Jet (€) Solution Plasma (D) Plasma Aerosol
Plasma

Plasma

Figure 2. Schematic of conventional PLIs systems. (A) Plasma electrochemistry, (B) plasma jet, (C)

solution plasma, and (D) plasma-aerosol.

4. Plasma-Liquid Interactions for Gold Nanostructure Synthesis
4.1. Plasma Electrochemistry

Plasma electrochemistry is based on an electrochemical cell, with the plasma acting
as one of the electrodes through the gas-liquid interface [95]. In a typical configuration, a
DC power supply is used to energize a high-voltage electrode positioned several millime-
ters above the electrolyte surface, with a counter electrode immersed in the solution (Fig-
ure 3) [96]. A dual-plasma electrode configuration, in which plasma simultaneously
served as both the cathode and the anode, was also reported by Shirai et al. [97]. Depend-
ing on polarity, the liquid functions as a cathode or anode, and the discharge supplies (or
accepts) electrons across the interface together with ions, photons, radicals, and localized
heat [98]. Because the plasma discharge is on the micrometer scale, this plasma configura-
tion is also referred to as microplasma in various studies [20,99,100]. For this configuration,
both the plasma-liquid distance and the interelectrode distance must be carefully adjusted.
He and Ar are commonly used as the working gases, typically at low flow rates of a few
tens of sccm, to minimize disturbance of the liquid surface, which could otherwise inter-
rupt the microdischarge. We note that the configuration termed “plasma electrochemistry”
in this review corresponds to what the Bruggeman group describes as “plasma-driven
solution electrochemistry” [23,24].

(A) Plasma anode cell (B) Plasma cathode cell (C)

R -

Metal
Cathode

+

R- 1+

Plasma Plasma
Anode Cathode

Figure 3. Configuration of plasma electrochemistry system (microplasma). (A) Plasma anode elec-

trochemical cell, (B) plasma cathode electrochemical cell, (C) photograph of the microplasma
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discharge in plasma electrochemical cell [96]. Reproduced with permission from Springer-Nature,
2014.

A pioneering study by Richmonds and Sankaran demonstrated the use of this con-
figuration for gold nanoparticle synthesis [48]. A pioneering study by Richmonds and
Sankaran demonstrated the use of this configuration for gold nanoparticle synthesis [48].
In their work, the plasma electrochemical cell employed a plasma cathode, while a gold
foil served as the anode. Fructose was added to the aqueous solution as a stabilizing agent.
The dissolution of the gold anode provided Au cations, which were then reduced by elec-
trons from the plasma cathode. This approach produced crystalline, nearly spherical gold
nanoparticles (GNPs) with mean diameters of approximately 10 nm within minutes,
showing that a non-contact plasma cathode can replace a conventional solid cathode. Al-
ternatively, the same PLIs system can be applied directly to HAuCl4 solutions to generate
GNPs without using a solid gold anode. Patel et al. showed that surfactant-free GNPs
synthesized by plasma electrochemistry are colloidally stabilized primarily by electro-
static repulsion, exhibiting zeta potentials more negative than —-30 mV attributable to elec-
tron injection from the plasma [101]. Yasin et al. further demonstrated that these bare me-
tallic surfaces provide superior performance in surface-enhanced Raman scattering (SERS)
and catalytic degradation compared to coated nanoparticles, as target analytes can ap-
proach the gold surface more closely without the steric hindrance of larger stabilizing
molecules [102].

The formation of metallic Au nanomaterials by plasma electrochemistry can be ex-
plained as follows:

The Au® is considered the primary precursor in the synthesis of Au nanomaterials
by plasma electrochemistry. It can be provided either by adding HAuCls+— or through the
anodic dissolution of an Au electrode. Under plasma electrochemistry, the Au®* cation can
be reduced by high-energy electrons from the plasma cathode. The plasma-induced eaq
has a high reducing potential (-2.87 V vs. SHE) that is capable of reducing Au®/AuCls to
zero-valent Au’, which further undergoes a nucleation and growth process [103,104].

Au’t +3e— Au’ (E0=1.5V)
AuCls +3e- — Au? (E°=0.994 V)

Patel et al. demonstrated that H20:2 possesses mild reducing capability, which can
further contribute to the reduction of Au®/AuCls ions both during the plasma treatment
and even after the plasma discharge has been terminated [101]. A later work by De Vos
also confirmed the importance of H202 in the reduction of Au ions by PLIs. Overall, the
reduction of Au*/AuCls by H:O2 can be expressed by the following equations
[101,105,106]:

2 AuCls + 3H202 — 2Au° + 8Cl- + 302 + 6H* (E = 0.449 V)
Au’+ 3H202 + 30H- — Au0 + 3HO: + 3H20 (E°=1.148 V)

Although the reactions above identify the principal reducing species responsible for
Au? reduction, the reaction environment at the plasma-liquid interface remains incom-
pletely understood. e-aq, H® and ¢OH radicals are generated within an ultra-thin interfa-
cial layer, where steep concentration gradients make their transport predominantly diffu-
sion-controlled rather than spatially uniform. In air or N2-based plasmas, dissolution of
plasma-generated NOx can also induce transient local acidification before bulk buffering
takes effect. This is particularly important because AuCls~ speciation is strongly pH de-
pendent, shifting from AuCls under acidic, chloride-rich conditions to mixed chloro-hy-
droxo complexes and eventually Au(OH)s as pH increases [107]. Since these species differ
in ligand-exchange kinetics and susceptibility to reduction by e-aq and He, the local pre-
cursor speciation can significantly influence the reduction rate, nucleation kinetics, and
ultimately the particle size distribution. Consistent with this interpretation, Saito and co-
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workers highlighted the importance of pH-dependent Au speciation in solution plasma
systems [108]. Therefore, pH should be regarded as a dynamic interfacial parameter rather
than merely a bulk solution property. Direct characterization of transient interfacial pH
and concentration gradients, combined with diffusion-reaction modeling, remains essen-
tial for establishing a quantitative understanding of plasma electrochemical AuNP for-
mation.

Reactor parameters deterministically modulate size and crystallinity. Huang et al.
systematically varied discharge current, temperature, pH, and stabilizer concentration in
an atmospheric microplasma cell [96]. Increasing the discharge current from 8 to 15 mA
reduced the mean particle size due to a higher production rate of reducing species and
stronger interparticle electrostatic repulsion, while raising solution temperature from 25
to 70 °C promoted growth as accelerated decomposition of intermediates dominated over
diffusion-limited supply. Stirring was also identified as a vital mechanism for ensuring
uniformity, as it reduces the residence time of newly formed nuclei at the reactive plasma-
liquid interface and suppresses uncontrolled agglomeration. Kim et al. extended this pic-
ture by demonstrating diffusion-controlled growth via continuous syringe-pump infusion
of HAuCls into the reaction batch. As a result, monodisperse GNPs in the 50-300 nm range
can be obtained by adjusting reaction time [109]. The same platform allowed controlled
deposition of Ag shells, yielding Au@Ag core—shell architectures of tunable thickness.

The addition of stabilizing agents was also found to improve both the particle for-
mation rate and size regulation. De Vos et al. emphasized that approximately 1 wt% pol-
yvinyl alcohol (PVA) is sufficient to provide steric stabilization and produce monodis-
perse spherical GNPs [105]. Other polymeric materials, such as chitosan [110], fructose
[109], and PEDOT:PSS [111], can also act as stabilizers, leading to smaller and more uni-
form nanoparticles. Building upon these findings, the plasma electrochemistry method
has been further extended for the in situ decoration of GNPs onto template materials, in-
cluding carbon nanotubes [19,112], graphene oxide [99], TiO2 [113], TEMPO-oxidized cel-
lulose nanofibers [114]. For example, a proposed mechanism for the decoration of Au con
multiwall-carbon nanotubes by Sun et al. is presented in Figure 4 [19]. Some notable ex-
amples of GNMs synthesized via plasma electrochemistry are summarized in Table 2.

Plasma
& & & & ¢ & ¢
//.i” YN\

Sé + H,0 - H +OH® Plasma-liquid
% e® interface
20H* 5 H,0, ~

H,O  Bulk liquid

Figure 4. Reaction mechanism for GNPs synthesis on carbon nanotube by (I) solvated electrons,
(IT) hydrogen peroxides , and by (III) surface reduction. [19] Copyright ACS, 2019.
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Table 2. GNMs synthesized by plasma electrochemistry systems.

Stablizer/Template Materials  HAuCls Concentration Plasma Source Gas Size SPR Peak Volume Time Ref.
CNT-COOH-H 0.1 mM DC (2 kV,5mA) He (25 sccm) 28.7+141nm 531 nm — 10 min Sun et al. [19]
CNT-COOH-L 0.1 mM DC (2kV,5mA) He (25 sccm) 95.1+251nm 552nm — 10 min Sun et al. [19]
CNT-OH 0.1 mM DC (2 kV,5mA) He (25 sccm) 50.3+152nm 536 nm — 10 min Sun et al. [19]

— 0.1 mM DC (2 kV) He (50 sccm) 25+ 15 nm 545 nm 30 mL 20 min Khatoon et al. [12]
— 0.5 mM DC (2 kV) He (50 sccm) 44 +11 nm 529 nm 30 mL 20 min Khatoon et al. [12]
Chitosan (in acetic acid) 0.1 mM DC (8 mA) Ar (25 sccm) 3.7-9.4 nm 520 nm 10 mL 20 min Kurnianwan et al. [110]
— 0.1-0.6 mM DC (900 V, 5 mA) He (25 sccm) 27 nm 540-560 nm 10 mL 10 min McGlynn et al. [115]
GO 2.5 uM DC (2 kV, 5 mA) He (25 sccm) 19.2+7.3 nm — — 10 min Sun et al. [99]

GO 0.1 mM DC (2 kV, 5 mA) He (25 sccm) 57.7+1.7 nm 539 nm — 10 min Sun et al. [99]

GO 0.2 mM DC (2 kV, 5 mA) He (25 sccm) 63.4+4.3 nm 553 nm — 10 min Sun et al. [99]
MWCNT-COOH 0.1 mM, pH2 DC (2kV, 5mA) He (25 sccm) 28.7+141nm 542nm — 10 min Sun et al. [112]
MWCNT-COOH 0.1mM, pH7 DC (2 kV, 5 mA) He (25 sccm) 57.1+16.8nm 547 nm — 10 min Sun et al. [112]
MWCNT-COOH 0.1 mM, pH 12 DC (2 kV, 5 mA) He (25 sccm) 5-200 nm 570 nm — 10 min Sun et al. [112]

TiO2 HAuCls DC (2.5kV, 6 mA) Ar (200 sccm) 3.3+0.6 nm 546 nm 10 mL 5 min Lee et al. [113]
Fructose 0.2 mM DC (2 kV, 8 mA) He (25 sccm) 32.78 nm 530 nm 10 mL 15 min Huang et al. [96]
PEDOT:PSS 20 uM DC (2kV, 5mA) He (25 sccm) 4.1+0.04 nm — 50 mL 5 min Chang et al. [111]
PEDOT:PSS 20 uM DC (2kV,5mA) He (25 sccm) 7.5 +0.04 nm — 50 mL 5 min Chang et al. [111]
PEDOT:PSS 200 uM DC (2kV, 5 mA) He (25 sccm) 35 +0.04 nm — 50 mL 5 min Chang et al. [111]
Fructose 1mM DC (1.5 kV) He (30 sccm) Lllgai?n?ml 120- 558-600 nm 100 mL 30-360 min  Kim et al. [109]

— 0.5 mM DC Ar 40 nm 542 nm 20 mL 25 min Yasin et al. [102]
D-fructose 0.5 mM DC Ar 20 nm 524 nm 20 mL 25 min Yasin et al. [102]
TEMPO-CNF 0.0025-0.2 mM DC (2kV, 5 mA) He (25 sccm) — 540 nm — 2-8 min Zhu et al. [114]

. 76+21nmto

Chitosan 0.1-2 mM DC (4 kV, 5 mA) He (50 sccm) 511-529 nm 10 mL — Guo et al. [116]
32.6+7.2nm

PVA 0.1-0.2 mM DC (2kV,2mA) He (25 sccm) 10-15 nm 523 nm 20 mL 10 min Nolan et al. [117]

Fructose 1 mM DC (5-6 kV, 2-2.5 mA) Ar 8-288 nm 541 nm — 20 min Zubair et al. [118]

w“

— 7 denotes not reported.
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4.2. Plasma Jet

Atmospheric-pressure plasma jets generate a non-equilibrium plume in a confined
dielectric tube or capillary and transport reactive species to a remote liquid target via a
carrier gas flow [119]. The typical configuration and photograph of a plasma jet are pre-
sented in Figure 5A,B, respectively. The spatial separation between discharge ignition and
treatment zone reduces electrode contamination and allows treatment of liquid medium.
The continuous plume of a plasma jet is made up of fast-propagating plasma bullets (ion-
ization waves) moving at velocities up to 105 m/s [120]. Most atmospheric-pressure plasma
jets operate on the dielectric barrier discharge (DBD) principle [120], though their perfor-
mance is strongly dictated by several factors, including electrode configuration, powering
mode (AC, RF, pulsed DC, etc.), and gas composition (He, Ar, N2, Air, etc.). A gliding arc
plasma jet (Figure 5C,D) is a non-equilibrium atmospheric-pressure discharge in which
an electric arc is initiated at the shortest gap between diverging electrodes and then driven
downstream by a gas flow, continuously elongating until extinction and reignition,
thereby generating a spatially extended plasma with both thermal and non-thermal char-
acteristics [121,122]. This hybrid nature, combining the high reactivity of thermal plasmas
with the selectivity of cold atmospheric plasmas, makes gliding arc jets particularly attrac-
tive for applications requiring efficient generation of ROS and RNS, including surface
treatment, gas conversion, and PLIs. Together, these parameters determine whether the
chemistry delivered to the liquid surface is dominated by short-lived species (electrons,
ions, excited atoms, radicals) generated near the discharge region, or by long-lived neu-
trals (H202, O3, NOx) produced in the downstream effluent [123]. Plasma jets are widely
used in biomedical applications due to the remote discharge that is independent of the
target [124].

Figure 5. (A) Structural schematic and (B) photograph of a typical plasma jet [124]. Reproduced with
permission from Wiley 2024. (C) Structural schematic and (D) photograph of a gliding arc plasma
jet [122]. Reproduced with permission from MDPI 2020.

Furusho et al. reported one of the earliest plasma-jet syntheses of GNPs by a He
plasma jet [125]. Since then, plasma jets have been widely adopted for the synthesis of
GNMs. Compared with plasma electrochemistry, plasma jets typically operate at substan-
tially higher gas flow rates, ranging from a few hundred SCCM to several LPM, to sustain
a stable plume. The increased gas flow produces a well-defined dimple at the plasma-—
liquid interface while preserving discharge stability, providing greater operational flexi-
bility. As a result, several parameters that are difficult to adjust in confined microplasma
electrochemical cells, including jet length, jet-to-liquid distance, gas flow rate, and stirring
speed, can be independently optimized in plasma jet configurations.
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A mechanistically important consequence of this geometry is that long-lived neutral
reactive species, rather than e-aq, are widely regarded as the dominant plasma constituents
reaching the liquid. Ghimire et al. demonstrated that the H2O2 concentration generated in
plasma-treated water can be significantly enhanced by optimizing the key geometric and
operational parameters of the jet, including electrode configuration, plume length, and
the gap distance between the nozzle and the liquid surface [126-128]. Building on this,
Lamichhane et al. showed that the downstream length of the plume can be deliberately
tuned to favor either H202 or NOx, with intermediate plume lengths providing the opti-
mal for Au reduction [129].

Plasma jets have been exploited to produce both stabilizer-free and polymer-func-
tionalized GNMs [130] (Figure 6). Le et al. systematically optimized jet-to-surface distance
and excitation frequency to produce stabilizer-free, homogeneous GNPs with advanced
optical-sensing performance [47]. Habib et al. used a He jet with PVP capping to deliver
monodisperse spherical GNPs in 5 min, with size tunable by precursor and stabilizer con-
centration [26]. Sanavandi et al. demonstrated simultaneous Au synthesis and linker-free
conjugation with the neuronal stem-cell marker nestin in 15 min, illustrating the use of a
plasma jet for in situ bio-functionalization [14]. Au@polydopamine (Au@PDA) nano-
spheres are produced in a single-step approach in which dopamine self-polymerizes into
PDA concurrently with Au reduction, yielding a 44 nm core-shell structure within 5 min
[15]. Subsequent biological evaluation showed that these Au@PDA particles promote au-
tophagy-dependent immunogenic cell death (ICD) in aggressive breast cancer cell lines
[18]. Acharya et al. extended this concept to Au@chitosan composites using an Ar-H2 mix
gas, achieving complete Au® reduction and chitosan encapsulation in 5 min and demon-
strating ICD-inducing activity against lung and colorectal cancer cells [131]. Plasma jet
treatment can also enable the decoration of GNMs on substrate materials, including pol-
ydopamine nanospheres and TiO2 [132,133].
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Figure 6. A plasma jet setup for GNMs synthesis in the presence of PEG. (A) Photographs of the
solution during plasma treatment at different treatment times, and (B) Spatial distribution of H,O,
concentration generated by the plasma jet [130]. Copyright © MDPI 2021.

Sakakibara et al. developed cryoplasma-assisted freeze templating, in which a He
cryoplasma jet at sub-zero gas temperatures irradiates a frozen HAuCls solution; freeze
concentration expels solutes into nanoscale liquid pockets at the ice front, where the
plasma reduces Au®* to form self-standing porous Au films with thicknesses tunable by
precursor concentration and freezing temperature [134,135]. This is a unique approach
that would be hard to perform with different types of PLI systems. For a summary of
advances in plasma-jet fabrication of GNMs, we selected several notable works with key
parameters in Table 3.
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Table 3. GNMs synthesized by plasma jet systems.

Capping Agent/Template Precursor Plasma Source Gas Particle Size SPR Peak Batch Volume Time Ref.
Polydopamine (PDA) 0.2 mM AC-DBD jet (4.8 kV, 23.86 kHz, 0.9 W) Ar (700 sccm)  44.4 +4.8 nm 525 nm 2mL 5 min Nguyen et al. [15]
PVP 01mM  Plasmajet (8 A, 25 kHz) He 3Lmin?) 13+4nm 526 nm 10 mL 5 min Eg;"b tal.

PDA 02mM  Plasma jet (4.8 kV, 28 kHz) Ar (700 sccm)  42.6+5.3 nm 525 nm 2mL 5 min gg}‘ye“ etal

PEG 0.7 mM Ar jet (5 kV, high-frequency AC) Ar (700 sccm)  32.5+10.1 nm 530 nm ~4.35 mL 10 min Nguyen et al. [130]
Polyvinyl Alcohol 0.2 mM AC-Ar jet (5 kVims, 29 kHz) Ar (500 sccm)  33.92 nm (J8) ~522 nm 10 mL 10 min Lamichhane et al. [129]
Gelatin 0.3 mM DBD pulsed (4 kV, 40 kHz) Ar (2L min?!) 5.3-34.3nm 539 nm 77 mL ~10 min Shirafuji et al. [136]
Stabilizer-free 0.2 mM ACjet (5.5kV, 40 kHz) Ar (1L min?) 45nm 535 nm 10 mL 5 min Xuan et al. [47]
Nestin 0.25 mM DBD jet (12.5 kVpp, 20 kHz) Ar (1Lmin?) 25-30 nm 520.04 nm 3 mL 15 min Sanavandi et al. [14]
PDA nanospheres 0.5 mM AC et (6 kV, 59.5 kHz) Ar (1400 sccm) 10.3 +2.0 nm 537 nm (composite) 10 mL 10 min Nguyen et al. [133]
MWCNTs 0.5 mM SDBD (6 kV, 10.4 kHz) (100 sccm) 15.0 £ 6.2 nm — 2mL 7 min Yang et al. (2025) [17]
Stabilizer-free 1.0 mM Pin—Ar plasma (12.5 kVpp, 20 kHz) Ar (1.5 L min!) 20-90 nm 520-600 nm — 5 min Olenik et al. [137]
Sodium citrate 0.3 mM AC (6.8 kV, 90 kHz) Ar (2 slm) 20.3-27.4 nm 535-545 nm 4mL 90-150 s Xie et al. [138]
Chitosan (CS) 0.6 mM AC-driven NTP jet (6.8 kV, 34.13 kHz, 74 W) Ar — 530-540 nm 10 mL 5 min Raj et al. [131]
N6-PEG 0.1 mM DBD jet (8 kV, 10 kHz) He (60 L min!) 5-10 nm 520 nm — 90 min Furusho et al. [125]
Brookite TiO2 10 mM DC microplasma (7.5 kV) Ar(1Lmin"') <10nm 537 nm 20 mL — Tran et al. [132]

“

— " denotes not reported.
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4.3. Solution Plasma

Solution plasma is a non-equilibrium plasma generated directly inside a liquid me-
dium at atmospheric pressure and near room temperature (Figure 7). Owing to its distinc-
tive discharge conditions, this type of plasma is also referred to by several alternative
terms in the literature, including in-liquid plasma [36], plasma discharge in liquid [139],
liquid discharge [140], submerged discharge/plasma [141,142], plasma under water [143].
The discharge is generated between two closely spaced electrodes (sub-millimeter gap)
immersed in liquid, using a high-voltage bipolar pulsed power supply with microsecond
pulse durations and applied voltages of several kilovolts. Local Joule heating around the
electrode tips vaporizes the surrounding liquid to form transient vapor bubbles, in which
dielectric breakdown produces the plasma channel; thus, although termed “in-liquid,” the
discharge itself occurs within gas-phase microcavities embedded in the bulk solution. SP
is characterized by electron temperatures (1-10 eV) far above the gas and bulk-liquid tem-
peratures, enabling highly reactive chemistry without significant bulk heating. The key
reactive species generated by SP come from the discharge water vapor, including elec-
trons (e”), hydrogen radicals (He), hydroxyl radicals (¢OH), atomic oxygen (O®), and
longer-lived species such as H20:. Because the plasma is generated within rapidly forming
and collapsing vapor bubbles, SP exhibits extreme local conditions (high electron density,
rapid quenching, shockwave generation) that drive non-thermal, kinetically controlled re-
actions distinct from conventional liquid-phase thermal chemistry. The plasma, therefore,
exists in transient gas-phase domains embedded in the liquid rather than at a planar in-
terface, leading to extreme local conditions (high electron density, rapid quenching,
shockwaves) and intense production of reactive species. Unlike other plasma-liquid sys-
tems, solution plasma is generated inside the bulk liquid; thus, the influence of the air
environment is limited.
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The synthesis of GNMs by SP is well studied using either top-down or bottom-up
approaches. In a bottom-up configuration, HAuCls-3H2O is reduced by plasma-generated
reactive species (electrons, He, *OH, Oe¢) into zero-valent atoms that nucleate and grow
into nanoparticles in solution [146]. The common electrode materials for this configuration
are W and Pt due to high corrosion resistance. (Figure 8A,B). For top-down approaches,
energetic ions, radicals, and atoms generated in the plasma physically bombard sacrificial
Au electrodes, ejecting atoms or clusters that subsequently diffuse into the liquid and as-
semble into nanoparticles (Figure 8C,D) [147].
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2019; (C,D) solution plasma for GNMs synthesis from Au electrodes [147]. Copyright ACS 2023.

A distinction that is important for the purity of the final product is whether the gold
originates from a dissolved precursor or from the electrodes themselves. In the bottom-
up route, HAuCls is the sole gold source and the electrodes (typically W or Pt) are chosen
for corrosion resistance; nevertheless, sputtering and thermal wear of even these refrac-
tory electrodes can release trace metallic species into the colloid, which may co-deposit on
or dope the growing nanoparticles and alter their surface chemistry and catalytic behav-
ior. In the top-down route, where sacrificial Au electrodes are eroded directly, electrode
consumption is intrinsic to the synthesis and the resulting “surfactant-free” nanoparticles
can nonetheless carry electrode-derived impurities and a broadened size distribution aris-
ing from the co-existence of atomically dispersed and cluster-ejected material. Reports of
solution-plasma GNMs should therefore state the electrode material and, where possible,
provide elemental analysis (e.g., ICP-MS or EDX) to confirm that the product is not con-
taminated by electrode erosion.

An early report by Lung et al. used arc discharge between an Au wire submerged in
deionized water, yielding GNPs with a size of 15-30 nm [148]. The obtained zeta potential
of =35 mV indicates the high stability of the obtained GNPs even without the presence of
stabilizing agents. The Saito group has made foundational contributions to the develop-
ment of SP for the synthesis of nanomaterials, including GNMs [89,149]. They reported
the formation of anisotropic GNMs, such as triangular, pentagonal, and hexagonal nano-
particles, by the SP process [150]. They also demonstrated that incorporating small
amounts of ethyl alcohol into the aqueous phase of a solution plasma process dramatically
accelerates gold nanoparticle formation, with the reduction of AuCls- proceeding approx-
imately 35 times faster at an ethanol mole fraction near 0.089 than in pure water [151]. In
a recent work, by monitoring the colloids over a 30-day storage period, Chantaramethakul
et al. further observed that the acidic environment generated in the solution after plasma
termination drives post-synthesis transformations of the nanoparticles through oxidative
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etching and Ostwald-ripening regrowth [147]. They also controlled the diameter of GNPs
produced by solution plasma within the range of 1-10 nm by adjusting the solution pH.
When the pH was increased to 12, the surfactant bound to oxidized gold atoms on the
nanoparticle surface, generating electrostatic repulsion that limited particle growth and
aggregation [28]. In another study, they investigated the reduction of AuCls by SP in the
presence of sodium dodecyl sulfonate as a stabilizer, systematically demonstrating the
influence of key operating parameters such as discharge time, applied voltage, and
HAuCls concentration on the formation rate and morphology of the AuNP product [152].
Several studies have utilized other surfactant molecules, such as sugars, biopolymers
[146], sodium citrate [153], sodium alginate [29], and CTAC, to obtain well-controlled
GNMs. In summary, for the fabrication of GNMs by solution plasma, we selected several
publications and presented them in Table 4.
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Table 4. GNMs synthesized by solution plasma systems.

Capping/Stabilizer HAuCls Concentration Plasma Source Size SPR Peak (nM Batch Volume Time Ref.
Carboxymethyl chitosan 0.05,0.2, 2 mM Bipolar pulsed (15 kHz, 1.6 kV, 2 us) 2-40 nm 510-520nm 50 mL 90 min ﬁlslz]kradiaroen et al. (2020)
Carboxymethyl chitosan 0.3 mM Microwave (MWPLP), 2.45 GHz, 400 W ~175 nm ~550 500 mL 140 min Hi%l]limoto etal. (2017)

_ Au electrodes Bipolar pulsed (2.0 kV, 2.5 us, 20 kHz) —14 nm 521 nm 40 mL ~5 min ?;[;g]suda et al. (2019)

- Au electrodes Pulsed DC (20 kHz, 2 ps) 3.5 nm 511 nm _ 0.5-2 min Etsl;]rt al. (2013)

- Au electrodes AC glow discharge (1.5kV,20kHz, 1.5 us)  ~1.25-3.5nm ~520 nm - 15 min ?;I;;ltani et al. (2014)
Sugars/biopolymers 2 mM Bipolar pulsed (20 kHz, 1.5 kV, 2.0 pis) 39-103 nm 535-545 100 mL 10-30 min [lee:]“kkasem etal. (2019)
Sodium alginate 0.5 mM Microwave (MWPLP), 2.45 GHz 41nm 539 nm 100 mL 10-25 min [Lzl;] etal. (2022)

Sodium citrate 1mM DC (15 A-3 V) 12nm 520 nm - 10 54 min ﬁ;};}‘am“ (2012)

Sodium dodecyl sulfonate 0.3,0.48, 0.65 mM Pulsed DC glow (1.6-3.2 kV) ~20 ~540 nm 100 mL 0-20 min [Sl as‘;’ etal. (2009)

_ Au electrodes Bipolar pulsed (1 kV, 20 kHz, 0.5 ps) 6-12 nm ~510-530 nm 35 mL 10 min [Clil;;ltaramethakul et al. (2023)
- Au electrodes DC high voltage (0.2-0.8 A) 20-90 nm 530 nm — _ [Sli;;’]tkin & Khlyustova (2022)
- 0.86 mM Electrohydrodynamic (0.1 kV, 15 kHz, 0.2 pis) 30-50 nm ~520 nm ~ 45 min g;‘]’“mk et al. (2020)

- Au electrodes Bipolar pulsed (2.0 kV, 2.5 us, 20 kHz) — 530 nm 50 mL 5 min Takayanagi et al. (2022)

[160]

w“

— " denotes not reported.
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4.4. Plasma Aerosol

Plasma aerosol systems disperse the precursor solution into small droplets that trav-
erse the plasma volume, with each droplet acting as a flow-through microreactor [32,80].
Compared with bulk-liquid PLIs systems mentioned above, plasma aerosol provides sev-
eral orders of magnitude greater gas-liquid interfacial area, enables near-instantaneous
mass transfer between gas-phase reactive species and dissolved precursors, and decou-
ples the synthesis from a stationary liquid surface. Aerosols are typically generated by
ultrasonic [161] or pneumatic nebulization [162], electrospray [163], or piezo-driven inkjet
[33], and are entrained by a carrier gas through a DBD [161], RF [32], or microwave [33]
plasma. Janda et al. recently provided a comprehensive overview of the fundamental prin-
ciples and broad application landscape of plasma aerosol systems, encompassing antimi-
crobial treatment, nitrogen fixation, therapeutic delivery, and agricultural uses; however,
the rapidly advancing field of plasma aerosol-enabled nanoparticle synthesis was only
mentioned briefly in their discussion [164].

The complete immersion of liquid droplets within the plasma volume maximizes the
influx of plasma-generated reactive species into the droplets. The high surface-to-volume
ratio of the droplets accelerates mass transport of the dissolved precursor to the gas-liquid
interface. Together, these features allow controlled nanoparticle synthesis in an extremely
small reaction volume, with the plasma treatment time precisely defined by the droplet
residence in the discharge. A further advantage is the continuous, in-flight delivery of
high-purity, uncoated, surfactant-free nanoparticles to the target substrate, which inher-
ently bypasses the agglomeration and post-synthesis growth issues that limit bulk-liquid
plasma processes. A pioneering work by Maguire et al. used picoliter HAuCls droplets
(15 pm diameter) injected into an RF microplasma in a 2 mm diameter quartz capillary
[32]. Nanoparticle formation was complete within 150 us of residence time, yielding crys-
talline, ligand-free spherical GNPs with a median diameter of 4.4 nm. The conversion rate
of Au® precursor to zero-valent Au® is more than 10** atoms s™'L-1, which is significantly
higher than the rate of conventional chemical synthesis with 10'® atoms s'L".

A recent work of Nam et al. proved that over 70% of the gold ion precursor is con-
verted within just ~10 ms of droplet residence time in the plasma—and remarkably, the
observed conversion exceeds the maximum faradaic efficiency by a factor of 250, proving
that direct electron transfer alone cannot account for the synthesis rate [32]. Short-lived
species, including electrons and VUV photolysis, drive rapid interfacial reduction and
burst nucleation consistent with classical LaMer nucleation theory, while H2O>-mediated
autocatalytic surface growth (the Finke-Watzky mechanism) dominates particle size de-
termination, accounting for over 80% of final nanoparticle growth in the afterglow phase
on a ~1 s timescale.

Cai et al. integrated a pneumatic nebulizer with a DBD plasma to synthesize size-
controlled GNPs (4.9-16.8 nm) with sodium citrate [162]. Lin et al. developed a microflu-
idic T-type plasma reactor in which the plasma discharge was oriented perpendicular to
the droplet flow direction, enabling the in-flight synthesis of crystalline Ag—Au nanoalloys
[165]. The alloy composition was readily tuned by adjusting the relative flow rates of the
silver and gold precursor solutions. The resulting nanoalloys demonstrated exceptional
surface-enhanced Raman scattering (SERS) activity, achieving detection limits as low as
10-1© M and 10 M for crystal violet dye and rhodamine 6G, respectively. Nitta et al. em-
ployed a piezo-driven inkjet device under UHF plasma to deliver submicron Au particles
(0.3-0.6 pm) with narrow distributions of less than 9% [33]. Bjelajac et al. used a coaxial
DBD plasma torch operating on Ar with ethanol/water aerosols to produce 21 nm crystal-
line GNPs embedded in carbon matrices [161]. Hong et al. demonstrated direct plasma
printing of ligand-free nanogold films onto silicon, paper, and alumina, enabling SERS

https://doi.org/10.3390/app16157618


https://doi.org/10.3390/app16157618

Appl. Sci. 2026, 16, 7618

20 of 38

sensing applications (Figure 9) [166,167]. Shvalya et al. fabricated truncated nanogold ag-

gregates with abundant hot spots for SERS-based bacterial DNA discrimination (Figure

10) [168]. Plasma aerosol processing accelerated the formation of multiple gold dimer and

chain configurations, yielding a plasmonic substrate with an enhancement factor of ~107

attributed to strong electric-field confinement within nanometric inter-particle gaps. The

resulting plasma-synthesized substrates demonstrated sufficient sensitivity for SERS-

based detection and genomic differentiation of bacterial DNA at nanogram sample quan-

tities, highlighting the practical analytical potential of plasma-fabricated plasmonic

nanostructures. Table 5 summarizes selected publications on plasma-aerosol synthesis of

GNMs.
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of microbes [168]. Copyright ACS, 2022.
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Table 5. GNMs synthesized by plasma aerosol systems.

Capping Agent Plasma Source Size SPR Peak Injection Rate/Volume Time Ref.
. . DBD microplasma; 2.7 kV si- o I . Cai et al. (2021)
Sodium citrate nusoidal, 40 kHz He (400 mL-min™) 49+1.1nm 522 nm 10 uL-s 4 min (162]
— DC microfluidic plasma; T- 3 (o) 20-50 nm 401-530 nm 0.1-0.8 mL-min"! 0.06-0.47 s Lin et al. (2022)
type microreactor; 10 W [165]
Atmospheric jet; two ring Ar (0.8 L'min™') + He (5 . .
— clectrodes; 10 kEz, 6 kV L-min-1) 32+ 13 nm — 20 pL‘min 5 s to 2 min Hong et al. (2019) [166]
UHF plasma (450 MHz); Cu . Kaishu Nitta et al. (2021)
— Ar (0.15 sl 0.3-0.6 — Inkjet droplets 20 uM 50
plate electrodes; 32 W 1 slm) Hm nijet droplets (20 ms [169]
RF (13.56 MHz); 2 il 15 um droplets, 20 Paul Maguire et al.
- o ( Caw 2); 2 mm capil- 44nm - TP TP 150 s (2017)
Mas [170]
Carbon matrix EI]_SIZD, géasvma torch; coaxial; 52 , 10 sim) 214 nm 545-601 nm 100 pL-min-! 1-60 min deposition E’;I?]ac etal
RF glow discharge; atmos-
— . He/Ar or He/Ar/H20 2.8-9.7 nm 550 nm 41 um droplets ~10 ms Jae Hyun Nam et al. [32]
pheric pressure
Atmospheric DBD; ring elec- - . .
- trodes; 34 kHz, 7 W Ar (1300 sccm) 26.6 nm 420 nm 0.04 mL-min 10-34 ms Gallingani et al. [171]
. Ar (0.5 L'min™) + He (4 R » Alder et al.
Atmospheric jet; 23 kHz, 7 kV L-min-1) 32 nm 20 yL'min 1mms (167]
— 25 W, 21.2 kHz He (290 sccm) 10+ 4 nm — 1000 mL-min™! — Shvaly et al. [168]

“—" denotes not reported.
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5. Influences of Operational Parameters
5.1. Key Parameters Influence the Formation of GNMs by PLIs

Several key parameters also remain insufficiently addressed. Solution pH, HAuCls
concentration, additive chemicals, and stabilizing agents all significantly influence the
gold nanoparticle formation process. In particular, pH dictates the speciation of AuCls in
solution (AuCls = AuCl3(OH)- = ... & AuCl(OH)s~ = Au(OH)+), thus affecting the kinetic
rate of Au®* reduction [172]. Solution pH typically decreases under plasma treatment at a
rate that depends on reactor volume, treatment time, and solution composition. The ad-
dition of ionic species can buffer this pH shift and thereby potentially regulate nanoparti-
cle formation. HAuCls precursor concentration is likewise a critical determinant of nucle-
ation and growth dynamics; a large body of published work employs concentrations in
the range of 25 uM to 2 mM. Moreover, the concentration of HAuCls also slightly affected
the pH of the solution, which is often overlooked in plasma synthesis studies [172]. As an
alternative to HAuCls, gold electrodes immersed in electrolyte solutions have been ex-
plored in plasma electrochemistry and solution plasma configurations.

Reactor volume in PLIs synthesis of GNMs is also a bottleneck that limits the practical
application of this method. Plasma electrochemistry and plasma jet systems are typically
demonstrated at a small volume of a few tens of milliliters. In contrast, plasma aerosol
systems are inherently continuous, with throughput set by the droplet-generation rate. In
each configuration, the trade-off among throughput, uniformity, and discharge stability
is pronounced and has not yet been captured by quantitative scale-up rules.

Long-lived species, particularly H20:, could induce cascade reduction of Au®. Their
composition is most directly tunable in plasma jets through gas composition and down-
stream plume length, reaches its highest local concentration in in-liquid plasma, and is
uniquely modulated by peroxone-mediated ¢ OH regeneration in plasma aerosol systems.
In plasma electrochemistry, H202 generally dominates and has been identified as the prin-
cipal reductant through scavenger experiments. ewq initiate burst nucleation across all
configurations, although their flux scales differently with operational parameters depend-
ing on reactor geometry.

Finally, while several reports highlight the advantage of producing surfactant-free
GNPs, the presence of stabilizing agents has been shown not only to control particle size
but also to accelerate the formation rate (Figure 11) [11]. Furthermore, the incorporation
of biocompatible additives can reduce the cytotoxicity of the resulting nanoparticles rela-
tive to those produced by conventional chemical synthesis, opening promising avenues
for biomedical applications.

https://doi.org/10.3390/app16157618


https://doi.org/10.3390/app16157618

Appl. Sci. 2026, 16, 7618

24 of 38

e £
. e
e -
e ¢ e H,0,H:0: | @
N Tl i E s
\ . . ) eaq' H202 .-9
- €q Sa %m Hzo/zi Z
&\, L/ /e, YO
B AuCl, AuCly AuCl; _
L [PFs 2 Steric
repulsion
e

uonesjonu-uononpay (|)

Existence region of e,q and H,O,

nA
Yy = g W
Q@ 2| |
° o |
% = %%
o TN
S IR
= gﬁ,‘%
3
g 7N @
(&) ) -
Size of GNPs
3:73?3 Coalescence o~ Ligand
%PQ Ripening Jb(_, GNPs at different size

Figure 11. Schematic of GNPs formation and size controlled by concentration of stabilizer [11]. Cop-
yright RSC 2022.

These differences in PLIs configuration are not necessarily conflicting measurements
of the same system; rather, they follow directly from where the discharge sits relative to
the liquid and, therefore, which reactive species survive transport to the reaction zone. In
plasma electrochemistry and plasma jets, the discharge is separated from the bulk liquid
by a gas gap of millimeters, so short-lived species are largely consumed within the inter-
facial region, and the reduction that proceeds in the bulk is dominated by long-lived spe-
cies that diffuse into solution; the greater the gap and the longer the plume, the more the
balance tips toward H202 and NO, [128,129]. In solution plasma, by contrast, the dis-
charge is generated inside vapor bubbles within the liquid, so the reaction volume is co-
located with the region of highest short-lived-species density, and electrons, He, and «OH
can act on AuCls before they recombine [152]. Plasma aerosol occupies an intermediate
but distinctive regime: the droplet is fully immersed in the plasma with an extreme sur-
face-to-volume ratio and sub-millisecond residence, so short-lived species and VUV pho-
tons drive an initial burst of reduction and nucleation, after which long-lived H20: accu-
mulated in the droplet sustains autocatalytic surface growth in the afterglow [170]. The
four configurations should be considered as not four different chemistries but a single
interfacial reduction chemistry sampled at different distances and timescales from the dis-
charge; the dominant species reported in each case is the one whose lifetime matches the
transport time to the reaction zone.

5.2. Limitation in Understanding the Reaction Mechanisms of PLIs
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Unlike conventional wet-chemical reduction, where reaction kinetics can often be in-
terpreted using well-established rate laws, plasma-liquid interactions involve the simul-
taneous coupling of plasma physics, interfacial transport, and liquid-phase chemistry.
Consequently, the concentration, lifetime, and spatial distribution of plasma-generated
reactive species are not intrinsic properties but depend strongly on reactor configuration
and operating conditions. As a result, no single mechanism for plasma-induced Au nano-
particle formation can be assumed to apply universally. Although hydrated electrons
(eaq"), Hradicals, and H20:2 have all been proposed as reducing agents for AuCls-, different
studies identify different dominant species under different plasma conditions, highlight-
ing the absence of a consistent framework for mechanistic interpretation.

A major reason for this inconsistency is that the criteria used to identify the dominant
reductant are often insufficiently rigorous. Detecting the presence of a reactive species, or
even measuring its concentration, does not necessarily demonstrate that it is responsible
for most of the Au® reduction. A highly reactive species may be produced in large quan-
tities but be consumed preferentially through competing reactions before reducing AuCls~.
Conversely, a species present at relatively low concentration may dominate the reduction
pathway if it reacts much more rapidly with AuCls. Therefore, a robust mechanistic as-
signment should be supported by multiple independent lines of evidence demonstrating
both the availability and the effective contribution of a reactive species to Au®* reduction.
Ideally, such evidence should include: (i) quantitative determination of the reactive spe-
cies concentration; (ii) temporal correlation between species generation and Au?* reduc-
tion or nanoparticle nucleation; (iii) selective perturbation of the proposed reaction path-
way accompanied by a corresponding change in the reduction kinetics; and (iv) con-
sistency with kinetic modeling or reaction simulations.

Scavenger experiments are widely employed because they selectively quench specific
radicals or hydrated electrons, providing valuable information on the possible role of in-
dividual reactive species [173]. However, scavenger experiments alone cannot provide
conclusive mechanistic evidence. In addition to removing the targeted species, scavengers
frequently modify the solution chemistry, including pH, ionic strength, ligand environ-
ment, and the speciation of AuCls~. These secondary effects can alter the reduction kinetics
independently of radical quenching, making it difficult to determine whether the ob-
served changes originate from suppression of the target species or from changes in the
reaction environment. Consequently, scavenger experiments should be regarded as sup-
porting rather than definitive evidence for identifying the dominant reducing species.

A reliable mechanistic interpretation, therefore, requires complementary diagnostic
techniques that provide independent and mutually consistent evidence. OES character-
izes excited plasma species and plasma conditions but cannot directly quantify solvated
reducing species [174]. Electron paramagnetic resonance (ESR/EPR) enables direct detec-
tion of transient radicals, whereas H202 assays quantify long-lived reaction products [175].
UV-Vis spectroscopy monitors AuCls~ consumption and the evolution of the localized
surface plasmon resonance, while in situ small-angle X-ray scattering (SAXS) directly fol-
lows nanoparticle nucleation and growth [176]. Continuous pH monitoring further helps
distinguish plasma-induced reduction from changes arising from solution chemistry. By
integrating these complementary techniques with scavenger experiments and kinetic
analysis, a substantially more rigorous framework can be established for identifying the
dominant reducing species and elucidating the plasma-induced reduction mechanism.
Table 6 summarizes the principal diagnostic techniques, together with their typical detec-
tion limits, temporal resolution, and potential artifacts to consider when interpreting
mechanistic results.
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Table 6. Diagnostic methods suggested for preparation of GMNs by PLIs.

Diagnostic Method Primary Information Obtained Indicative Detection Limit Time Resolution Limitations
Optical emissi tros-
CO};;C?OEI;;SSIOH SPECHOS™  Excited plasma species Qualitative/relative ms Gas-phase only; no solvated-species data

Precursor consumption and LSPR

UV-Vis spectroscopy evolution uM (precursor and nanoparticles) ms-s Shows outcome, not identity
ESR/EPR Detection of transient radicals 0.1-1 uM spin adduct (technique-dependent) Sgconds (adduct accumulation); s only with Spin trap competes with AuCls- for radicals
time-resolved EPR

Hydrogen peroxide assay ~ Concentration of H202 0.1-1 uM Ex situ discrete sampling; cumulative (minutes) Cumulative rather than real-time

pH monitoring Solution acidity changes 0.01-0.1 pH unit Seconds Also affected by dissolved gases

SAXS Nanoparticle nucle'atio'n, size evolu- 1-100 nm size range ms (synchrotron) to s Requires synchrotron; difficult to integrate with
tion, and growth kinetics PLI reactors
Indirect luation for i t of

Scavenger experiments ndirect evatuation for Mmpact & Not applicable (indirect method) End-point (per run) Alters pH, ionic strength, chemical composition

plasma-generated species
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5.3. Minimum Reporting Standards for Reproducible PLI Synthesis

Because the outcomes above depend on parameters that are frequently omitted, we
propose a minimum set of electrical, chemical, and pH descriptors that should accompany
any PLI gold-synthesis report to enable cross-study comparison and to address the repro-
ducibility problem quantitatively (Table 7). In particular, pH should be reported at three
points—before treatment, during or immediately after discharge, and after storage —be-
cause plasma-induced acidification shifts AuCls~ speciation and post-synthesis acidity can
drive oxidative etching and Ostwald ripening; a single “initial pH” value is insufficient to
reconstruct the reduction environment.

Table 7. Proposed minimum reporting standards for plasma-assisted synthesis of Au nanomaterials.

Category

Parameters to Report

Electrical parameters

Power supply type, voltage, current, frequency, pulse width/duty cycle, delivered power
or specific energy input.

Reactor configuration

Plasma source, electrode material and geometry, plasma-liquid distance, jet length (if ap-
plicable), working gas, gas purity, gas flow rate

Solution conditions

Au precursor concentration, solution volume, pH (initial, during and after treatment),
conductivity, temperature, stabilizer/reducing agent, stirring, liquid flow rate.

Processing conditions

Treatment time, discharge polarity, ambient atmosphere

Product characterization

Particle size measurement method (TEM, DLS, etc.), size statistics, morphology, SPR
wavelength, zeta potential

6. Challenges and Future Perspectives
6.1. Challenges

Reproducibility remains the most pervasive limitation in the PLIs synthesis literature.
Reported particle sizes, LSPR positions, yields, and zeta potentials are sensitive to a wide
range of parameters that are frequently underreported, including ambient humidity, gas
composition, electrode geometry, electrolyte conductivity, droplet-size distribution, dis-
charge waveform, gap distance, and colloid storage conditions. For example, in the report
by Sun et al., varying only pH from 2 to 12 shifts the product from ~29 nm to a broad 5-
200 nm population [112]. The scarcity of independent reports at matched conditions is
itself a symptom of the reporting inconsistency discussed here and underscores the need
for the minimum reporting standards of Table 7 before cross-laboratory reproducibility
can be quantified rigorously.

Closing current mechanistic knowledge gaps will require diagnostic tools that go
well beyond steady-state spectroscopy. Advanced characterizations such as small-angle
X-ray scattering (SAXS) for time-resolved nucleation and growth are also promising ap-
proaches [177]. Without mechanism understanding, the field risks remaining a collection
of phenomenological observations rather than a quantitative engineering discipline.

The vast majority of PLI synthesis studies have been conducted at volumes of tens of
milliliters, with treatment times ranging from several minutes to hours. While adequate
for laboratory exploration, this is several orders of magnitude below the throughput re-
quired for industrial nanoparticle production or clinical-grade theragnostic agents. Con-
tinuous-flow and microfluidic plasma reactors, as well as plasma aerosol systems with
high droplet throughput, represent the most promising pathways to scale-up, offering
steady-state operation, narrow residence-time distributions, and straightforward integra-
tion with downstream processing steps.

While PLI synthesis can reduce or eliminate added chemical reductants, describing
it as ‘green synthesis’ may be an overstatement unless energy input, precursor sourcing,
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and byproduct streams (e.g., NOx, ozone) are also accounted for. A rigorous sustainability
assessment, such as life-cycle and energy efficiency of PLI synthesis compared to estab-
lished chemistry, is therefore an important and currently missing element of the field.

For most reported PLI-synthesized GNMs, the demonstrated result is proof of syn-
thesis that particles of a given size, morphology, or composition can be produced rather
than validated application performance under realistic conditions. In SERS, for example,
many studies report enhancement factors or detection limits for model analytes on freshly
prepared substrates, but far fewer establish reproducibility, shelf-life, batch-to-batch var-
iation, or performance in real matrices. Similarly, biomedical reports frequently demon-
strate cytotoxicity or an in vitro response for a single cell line without the dose-response,
biodistribution, or in vivo validation required for translational claims. Distinguishing
proof-of-synthesis from application validation could substantially strengthen the practical
case for PLI-produced GNMs.

6.2. Future Direction

Perhaps the most transformative near-term opportunity lies in the integration of PLI
synthesis with autonomous experimentation platforms. The large, multidimensional pa-
rameter space governing nanoparticle outcomes, including discharge waveform, gas com-
position, precursor concentration, pH, additive chemistry, and reactor geometry, renders
exhaustive manual exploration impractical. Self-driving laboratory systems, in which
closed-loop optimization algorithms direct experimental execution, in situ measurement,
and parameter updating without human intervention, offer a compelling solution to this
combinatorial challenge [178].

In practice, such platforms would couple real-time optical diagnostics and electro-
chemical sensing with machine learning trained on standardized experimental datasets
[179]. These models would propose the next experiment based on current uncertainty and
target objectives (e.g., minimize polydispersity, maximize yield, achieve a target LSPR
wavelength), execute it through automated liquid-handling and plasma-control hardware,
and update their internal model upon receiving new measurements.

Beyond optimization, autonomous systems could play a critical role in addressing
the reproducibility crisis described above. By enforcing standardized protocols, logging
all experimental metadata automatically, and interfacing directly with open data reposi-
tories, self-driving reactors would generate the structured, high-quality datasets needed
to train predictive models and enable cross-laboratory meta-analysis.

What would make such a platform PLI-specific, rather than a generic self-driving
laboratory, is the choice of real-time feedback signals and the plasma-specific barriers that
must be overcome. For instance, autonomous fabrication systems combined with machine
learning have already been demonstrated for the conventional chemical/physical synthe-
sis of GNMs, using UV-Vis spectroscopy for real-time evaluation [180,181]. Several barri-
ers, however, are peculiar to plasma reactors and are not addressed by importing auto-
mation from wet-chemical robotics. First, non-thermal discharges are intrinsically non-
stationary —mode transitions, electrode conditioning, and streamer-to-glow changes shift
the reactive-species output on timescales that can be comparable to the synthesis itself —
so a controller must accommodate a drifting process model rather than a fixed one. Second,
there is an inherent feedback between nanoparticle formation and the discharge: as reduc-
tion proceeds, colloid formation and ionic by-products change the liquid conductivity and
permittivity, which in turn alter the discharge and the species flux, creating a coupled
plasma-—colloid system that is harder to control than an open-loop reactor. Third, the key
reducing species are generated and consumed on microsecond-to-second timescales, so
the sensing and actuation bandwidth, not the optimization algorithm, is often the limiting
factor. Finally, to our knowledge, no fully autonomous PLI nanoparticle synthesis has yet
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been reported. Current PLI process understanding is likely sufficient to support Bayesian
optimization over a bounded parameter window for a fixed reactor, but not yet to train
predictive models that transfer across configurations. Thus, establishing standardized,
FAIR data is a prerequisite for the latter. Concrete near-term priorities are therefore: (i)
instrumenting existing PLI reactors with synchronous plasma- and in situ particle-char-
acterization measurements; (ii) demonstrating single-reactor closed-loop control of a de-
fined target (e.g., a fixed LSPR wavelength or minimum polydispersity); and (iii) building
shared, standardized datasets that make cross-laboratory model transfer feasible.

7. Conclusions

PLIs have evolved over the past two decades from a niche curiosity into a versatile,
environmentally benign, and reagent-minimized platform for the synthesis of GNMs with
tunable size, morphology, crystallinity, and surface chemistry. In this review, we have
consolidated the field into a configuration-resolved framework built around four domi-
nant architectures, including plasma electrochemistry, plasma jet, solution plasma, and
plasma aerosol.

The field is nevertheless still maturing. Reactor standardization, mechanistic diag-
nostics at the plasma-liquid interface, scale-up to continuous flow, and translation toward
device-level integration remain the principal research priorities. Emerging directions are
likely to define the next phase of the field. Addressing these challenges will allow PLI
synthesis to move from a versatile laboratory route to a quantitatively controllable, appli-
cation-driven, and industrially relevant platform for the next generation of gold-based
functional nanomaterials.
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