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Plasma-activated water (PAW) enables surfactant-free synthesis of gold nanoparticles (AuNPs) at room tem-
perature and acts as a reaction medium with tuneable reactive oxygen and nitrogen species (ROS and RNS),
decoupled from the plasma discharge. Treating deionised water with an argon atmospheric-pressure plasma jet
for 1-16 min increased HoO5 concentration from 0 to 8 mM, lowered pH from 7.0 to 3.5, and raised the oxi-
dation-reduction potential from 0 to 400 mV, while maintaining negligible RNS levels. These changes directly
influence Au®" reduction and AuNP growth. At 1.00 mM [Au3+], increasing PAW activation time from 1 to 16
min shortened the reduction time tenfold and shifted the LSPR maximum from 610 to 538 nm, with particle size
decreasing from 120 nm to about 80 nm. Using the most reactive PAW (16 min), decreasing [Au®*] from 1.00 to
0.10 mM reduced the mean AuNP size from 80 to 35 nm, yielding uniform, well-faceted nanoparticles. Weakly
activated PAW (1-2 min) yields slower, partially incomplete reduction, broader size distributions, and more
planar nanoparticles. These results establish PAW as a sustainable method for directed AuNP reduction kinetics,

size, morphology, and optical response without external reducing or capping agents.

1. Introduction

Structurally complex polyhedral gold nanoparticles (AuNPs) exhibit
enhanced plasmonic, catalytic, and electronic properties compared to
spherical nanoparticles due to the presence of twin boundaries, lattice
defects, and faceted surfaces that influence chemical sensitivity and
interactions with external electric fields [1,2]. Such structural features
are particularly important for applications involving plasmonic sensing,
catalysis, and surface-enhanced spectroscopies, controlled design for
functional biomedical and antibacterial platforms, theragnostic and
therapeutic devices in clinical trials, where nanoparticle morphology
and crystallographic complexity strongly affect performance [3-6].
However, obtaining structurally complex AuNPs in a controlled and
reproducible manner remains a challenge for many physically driven
synthesis methods, including ablation and sputtering approaches,
whereas chemical routes offer greater flexibility in tailoring nano-
particle morphology and structural properties required for tuneable
optical and plasmonic behaviour [2].

Conventional chemical routes such as the Turkevich [7] and
Brust-Schiffrin [8] methods typically yield relatively low-defect

polycrystalline AuNPs with limited control over twin preservation,
defect density, and anisotropic growth, producing predominantly quasi-
spherical particles. Although subsequent polymer- [9] or biomolecule-
assisted [10] modifications have partially improved size uniformity
and colloidal stability, they still offer limited influence over internal
crystallinity and shape evolution. To achieve structural control, many
established synthesis strategies rely on chemical reductants, stabilisers,
and surface-directing agents, including sodium borohydride, hydrazine-
based reductants, poly(vinylpyrrolidone), and cetyl-
trimethylammonium bromide [7-10]. While effective in directing
nanoparticle growth, these additives introduce additional chemistry
that may become undesirable in medicine, biotechnology, catalysis, and
sensing applications where chemically clean nanoparticle surfaces are
required.

Recently, non-thermal plasma-assisted synthesis has emerged as a
rapid, tuneable, and environmentally benign route for the generation of
gold nanostructures. Many plasma-based methods rely on solution
plasma processing across gas-liquid interfaces, where precursor solu-
tions interact with plasma-generated reactive species. These systems
facilitate plasma-driven electrochemical reactions, enabling Au®*
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reduction and nanoparticle synthesis without additional reducing
agents, organic solvents, or prolonged thermal exposure [11-23]. Such
approaches have demonstrated a degree of control over nanoparticle
size and morphology together with the possibility for simultaneous
surface functionalisation.

However, direct plasma-liquid synthesis still faces several limita-
tions associated with coupled plasma-reaction environments, including
small reaction volumes, solvent evaporation, fluctuations in reagent
concentration and pH, as well as local thermal effects in both plasma and
liquid phases. The outcome of nanoparticle synthesis is highly sensitive
to reactive species flux, gas flow dynamics, discharge power, and plas-
ma-liquid interaction geometry, together with numerous system-
specific parameters that can compromise reproducibility and scalabil-
ity. In addition, direct plasma exposure continuously modifies the re-
action medium during nanoparticle nucleation and growth, making it
difficult to establish systematic relationships between plasma-generated
chemistry and nanoparticle formation pathways [24].

These limitations can be addressed using a temporally decoupled
two-step strategy in which plasma treatment is separated from nano-
particle synthesis. Instead of direct plasma exposure of an aqueous gold
precursor solution during nanoparticle formation, only deionized water
is first exposed to atmospheric-pressure plasma and subsequently used
as the reaction medium. During plasma treatment, energy and reactive
species are transferred across the gas-liquid interface, generating a dy-
namic mixture of reactive oxygen and nitrogen species (RONS),
including short-lived radicals (OH, NO, ONOO ") and longer-lived mo-
lecular species (HyO2, O3, NO3, NO3) (Table S1). These species alter the
physicochemical properties of water by lowering pH, increasing oxida-
tion-reduction potential, balancing ROS and RONS interplay and
enhancing conductivity [25-28]. Plasma-activated water has been
extensively investigated for food preservation, surface functionalisation,
agriculture, and microbial inactivation, demonstrating effectiveness and
chemical stability under diverse operating conditions [29-31]. The
balance between ROS and RONS species can be adjusted through plasma
design and operating conditions, enabling control over PAW chemistry
[32]. Beyond these established applications, plasma-activated water can
also serve as a reactive liquid medium for Au" reduction and
surfactant-free AuNP synthesis (Table S2). Unlike conventional wet-
chemistry approaches that rely on molecular reductants or capping
agents, the present approach uses the chemical state of plasma-activated
water itself to influence nanoparticle growth and morphology through
changes in reactive oxygen species balance, pH, and redox conditions.

Despite increasing interest in plasma-assisted AuNP synthesis, a
systematic understanding of how the chemical state of plasma-activated
water influences Au®t reduction kinetics, nanoparticle growth path-
ways, and resulting morphology remains limited. In particular, sys-
tematic correlations between reactive species composition, pH, redox
conditions, and the resulting nanoparticle size, morphology, and plas-
monic characteristics have not yet been clearly established. Establishing
such correlations is important for the design of gold nanomaterials
where morphology and structural complexity are influenced by liquid-
phase reaction conditions rather than conventional chemical additives.
In this study, an atmospheric-pressure argon plasma jet was used for
treatment of deionized water and generation of plasma-activated water
with physicochemical properties tuned through variation of the plasma
treatment time. The resulting plasma-activated water was subsequently
used for room-temperature synthesis of gold nanoparticles at Au>*
precursor concentrations between 0.10 and 1.00 mM. By correlating
plasma-activated water chemistry with Au®' reduction kinetics, plas-
monic response, and nanoparticle morphology, the study examines how
plasma-generated reactive oxygen species influence nanoparticle
growth and faceting under surfactant-free conditions.
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2. Materials and methods
2.1. Plasma setup and preparation of plasma-activated water

The atmospheric-pressure plasma jet (APPJ) system was designed in-
house (Fig. 1a). A high voltage (~12 kV, ~20 kHz) was applied to a 0.2
mm gold electrode positioned inside a quartz tube (6 mm outer diam-
eter, tapered to 2 mm at the nozzle) through which argon flowed at 0.5 L
min~ . The gas flow was initiated 1 min prior to plasma ignition to purge
residual air from the reactor. The nozzle-to-liquid distance was
approximately 1 mm. Plasma was generated due to the intense localized
electric field at the wire tip. The tube was positioned vertically above the
water surface in a glass vial placed on a grounded metal stand, serving as
a counter electrode via capacitive coupling. Voltage and current wave-
forms were recorded using an oscilloscope (MSO5000, Rigol) equipped
with a high-voltage probe (P6015A, Tektronix) and a current probe
(2877, Pearson Electronics). Ultrapure water (3 mL) was treated with
the APPJ for 1, 2, 4, 8, or 16 min to generate plasma-activated water
(PAW), referred to as PAW:1, PAW:2, PAW:4, PAW:8, and PAW:16,
respectively. Following plasma treatment, the samples were stabilized
on ice for approximately 1 h prior to further use.

2.2. Optical emission spectroscopy

Optical emission spectroscopy (OES) measurements were performed
in situ during plasma treatment using a quartz cuvette to improve
transmission below 350 nm. Plasma emission was collected using an
optical fibre positioned at the plasma-liquid interface and connected to
a spectrograph (Shamrock SR500i-D2-R, Andor) equipped with an iCCD
detector (iStar 334 T CCD, Andor). Broad spectral scans were acquired in
the 250-850 nm range using a 300 lines mm ™! grating, while high-
resolution measurements in the OH region (306-312 nm) were per-
formed using a 2400 lines mm ! grating. Synthetic OH spectra used for
rotational temperature estimation were generated using the LIFBASE
simulation software.

2.3. Physicochemical characterization of PAW

The concentrations of reactive oxygen and nitrogen species in PAW
were determined using established analytical assays. Hydroxyl radicals
(*OH) were quantified using terephthalic acid as a fluorescent probe
through formation of 2-hydroxyterephthalic acid (Aex/em = 310/425
nm) [33]. Hydrogen peroxide concentration was determined using the
ferrous oxidation—xylenol orange method [34]. Nitrite concentration
was measured using the Griess reagent system (Promega, Madison, W1,
USA), while nitrate concentration was determined spectrophotometri-
cally at 210 nm [35]. The pH and oxidation-reduction potential (ORP)
of PAW samples were measured using a SevenExcellence pH meter
(Mettler Toledo) equipped with the corresponding electrodes immersed
directly into the samples.

Cyclic voltammetry measurements were performed using a Gamry
5000 Interface potentiostat and Gamry Framework software. Platinum
working and counter electrodes together with an Ag/AgCl reference
electrode were immersed in an electrochemical cell containing 20 mL of
analyte. Measurements were conducted in the potential range from —0.6
to 1.0 V using a scan rate of 100 mV s, step size of 10 mV, and five
consecutive cycles. The obtained data were analyzed using Gamry
Echem Analyst software.

2.4. Gold nanoparticle synthesis and UV-Vis monitoring

A 10 mM aqueous AuCls stock solution was prepared by dissolving
AuClj salt (99.9%, Thermo Scientific) in ultrapure water (OmniaPure
system, Stakpure, Germany). Final reaction mixtures were prepared in a
total volume of 1 mL by mixing appropriate aliquots of the AuClg stock
solution with PAW samples to obtain final Au>* concentrations of 0.10,
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Fig. 1. Generation and physicochemical characterization of plasma-activated water (PAW). (a) Photograph and schematic of the gas-liquid argon plasma jet (APPJ)
setup with an Au wire inside a glass tube connected to a high-voltage generator, showing gas flow direction, plasma-liquid interaction, and key reactive species
formation pathways, with an inset photograph of the experimental setup. (b) Evolution of *OH and H,O, concentrations as a function of treatment duration. (c)
Variation of pH and oxidation-reduction potential (ORP) with treatment time. (d) Concentrations of NO3 and NO3 formed in PAW. (e) Cyclic voltammograms
recorded for PAW after different treatment times. Shaded areas in (b-d) represent standard deviations from three independent measurements.

0.25, 0.50, and 1.00 mM. The reduction process and nanoparticle for-
mation were monitored using UV-Vis spectroscopy. Spectra of 300 pL
aliquots placed in microtiter plates were recorded using a Spark 10 M
microplate reader (Tecan) in the 250-800 nm range. Measurements
were acquired every 10 min for 5 h. Spectral evolution in the 250-350
nm region was associated with Au®* precursor reduction, while the
emergence of localized surface plasmon resonance (LSPR) bands in the
visible region was used to monitor AuNP formation [36-38].

2.5. Nanoparticle characterization

Particle size distributions and particle concentrations were analyzed
using multi-angle dynamic light scattering (MADLS) performed on a
Zetasizer Ultra instrument (Malvern Panalytical) equipped with a 633
nm He-Ne laser. Measurements were carried out using 1 mL samples
loaded into disposable cuvettes (DTS0012) at 25 °C. Individual MADLS
acquisitions lasted approximately 200 s [39]. Scanning electron micro-
scopy (SEM) was performed using a Verios 4G HP microscope (Thermo
Fisher Scientific, USA) operated at 5-20 kV. Transmission electron mi-
croscopy (TEM) and scanning transmission electron microscopy (STEM)
analyses were conducted using a Talos 200X G2 microscope (Thermo
Fisher Scientific, USA) operated at 200 kV. Bright-field (BF) and dark-
field (DF) detectors were employed for structural characterization.
SEM samples were prepared by drop-casting colloidal dispersions onto
silicon wafers, while TEM samples were prepared by depositing diluted
colloidal dispersions onto carbon-coated copper grids followed by dry-
ing under ambient conditions. Quantitative morphometric analysis was
performed using SEM and TEM micrographs of well-dispersed nano-
particles. Individual particles were manually outlined in Inkscape and
subsequently analyzed in ImageJ to determine particle dimensions and
geometric parameters. Approximately 330 + 20 nanoparticles were
analyzed per sample. Statistical processing and visualization were per-
formed using OriginPro 2024b (OriginLab Corporation, USA).

3. Results and discussion
3.1. Optical emission spectroscopy of the plasma discharge

Optical emission spectroscopy (OES) measurements (Fig. S1 b-c)
revealed strong OH emission at ~ 309 nm together with Ar lines in the

700-810 nm region and weaker Hy/H, (486.1/656.3 nm) and O (777
nm) emission, while no nitrogen-band emission was observed after Ar

purging. These spectral features are consistent with our previous char-
acterization [40] of the same pin-based argon plasma configuration,
despite the lower Ar flow used here (500 vs 1500 sccm), and support a
ROS-dominated discharge chemistry. Fitting of the OH(A-X) OES band
in analogous manner to Olenik et al. [40] gave an approximate rota-
tional temperature of Tyt ~ 900 K in the present case.

3.2. Physicochemical evolution of plasma-activated water

Upon plasma-liquid contact, a complex chemical interface is estab-
lished, enriched by local electric fields and ultraviolet radiation. Tran-
sient species such as hydroxyl radicals ("OH) and superoxide anions
(0%7) coexist with longer-lived molecules including hydrogen peroxide
(H2053) and ozone (O3). These species penetrate the liquid phase, where
they engage in further reactions such as solvation, charge transfer, and
radical recombination, leading to additional ROS formation in the bulk
aqueous phase (Table S1). The dissociation of water also contributes,
generating H" and OH™ ions that modulate pH and conductivity
[25,41]. Although the behaviour of solvated electrons remains incom-
pletely understood, they are presumed to undergo recombination or
participate in subtle redox dynamics [42,43]. Overall, plasma-activated
water (PAW) is a dynamic yet tuneable non-equilibrium medium char-
acterized by continuous generation, transformation, and decay of reac-
tive intermediates, as illustrated in Fig. 1a. To ensure reproducibility,
PAW samples were left to stabilise for about an hour at low temperature
prior to use, enabling the reactive composition to reach equilibrium
while minimising contributions from short-lived or thermally induced
species. Quantitative analysis of ROS, pH, ORP, and electrochemical
behaviour revealed distinct temporal trends governed by species life-
time and plasma treatment duration (Fig. 1b-e). Similar temporal
changes in PAW composition have been reported in previous dielectric-
barrier-discharge studies.[44] In our case, hydroxyl radical generation
during plasma treatment (Fig. 1b, purple), increased sharply at short
treatment times (=~ 4 min, peak concentration of 15 pM) followed by a
decline due to recombination into HyO5. After 16 min of plasma treat-
ment, *OH levels approached the detection limit, reflecting the clear
transient nature of PAW from short- to long-lived species, prioritizing
H205 accumulation. In contrast, all other species, including HyO», pH,
and ORP, were measured in rested PAW samples. The HyO, concentra-
tions (Fig. 1b, red) steadily increased with treatment time through *OH
recombination under acidic conditions, reaching 7-8 mM levels after
16 min of treatment and accompanied by a decrease in pH (Fig. lc,
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black) that stabilised after approximately 4 min. This evolution is re-
flected in the oxidation-reduction potential ORP (Fig. 1c, blue), which
increases sharply and plateaus around 400 mV after 8 min of treatment.
The positive ORP indicates that rested PAW is shifted toward an overall
oxidising redox balance; however, a positive ORP does not preclude
Aut reduction in PAW systems, where oxidative and reductive path-
ways may operate simultaneously. Accordingly, ORP is treated here as a
relative descriptor of the overall redox state of PAW rather than a direct
measure of reducing capacity [45]. Notably, PAW chemistry is strongly
source-dependent. For instance, Tephiruk et al. generated PAW con-
taining both ROS and RNS, with pH dropping to approximately 2.5
within 10 min and, after 60 min, H,O, and NO3 reaching ~ 2.1 mM and
8.1 mM, respectively [46]. In contrast, the present Ar APPJ generates a
predominantly ROS-rich PAW after 16 min, with HyO2 up to 7-8 mM.
These differences underline that PAW composition depends strongly on
source design, working gas, discharge conditions, treatment time, and
gas-liquid coupling, which also define the exact requirements PAW
must meet for certain tasks [47,48]. Only trace amounts (< 5 pM) of RNS
(NO3 and NO3) were detected in PAW (Fig. 1d), consistent with the idea
that pre-blowing the vial suppresses their formation. This is a direct
consequence of using argon as the feeding gas for the atmospheric-
pressure plasma jet (APPJ), which efficiently displaces air from the re-
action vial, leaving only trace amounts of residual nitrogen available for
RNS generation.

Electrochemical measurements further support this view. Cyclic
voltammetry (Fig. 1e) shows a gradual increase in redox activity with
extended plasma exposure, along with broader and more pronounced
peaks characteristic of accumulated long-lived species. The cathodic
onset shifts toward less negative potentials with treatment time, indi-
cating altered electron-transfer behaviour and a chemically more reac-
tive redox environment [49,50]. Together, the trends in ROS
concentration, HyO» accumulation, pH decrease, and ORP evolution
demonstrate that prolonged plasma treatment produces a progressively
more reactive redox medium for Au®>* material.

The measured changes in PAW composition with increasing plasma
treatment time indicate progressively stronger activation of the reaction
medium. In particular, progressive plasma treatment transforms rested
PAW from a weakly reactive medium into an acidic peroxide-rich re-
action medium, with HyO5 increasing to 7-8 mM, pH decreasing to 3-4,
and ORP rising to approximately 400 mV, while RNS remain below 5 pM
and are therefore about three orders of magnitude lower than H3O,.
These compositional changes suggest that nanoparticle synthesis in
weakly and strongly activated PAW proceeds under different kinetic
regimes. Weakly activated PAW may favour slower precursor conver-
sion, delayed nucleation, and prolonged growth, whereas strongly
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activated PAW promotes rapid precursor conversion, burst nucleation,
and formation of a larger number of nuclei, resulting in smaller and
more uniform AuNPs. Although H30, is commonly regarded as an
oxidant, it is redox-amphoteric and, in acidic chloride-containing media,
can also act as a reductant towards ionic Au(II) [23,51]. Under these
conditions, chloride-complexed Au(III) oxidises HoO5 to O3 while being
reduced to Au(0), because the AuCly/Au redox couple is highly noble
(E° = +1.00 V vs SHE). A plausible net pathway is therefore:

2AuCl, + 3H,0,~2Au° + 30, + 6H" + 8Cl

3.3. Reduction kinetics of Au®": Influence of PAW activation time and
precursor concentration

The influence of PAW activation time and precursor concentration
on Au®* reduction kinetics was evaluated using time-resolved UV-Vis
spectroscopy. The gradual decrease of the absorption band between
250-350 nm, a characteristic of ligand-to-metal charge transfer in the
[AuCl3(OH)]™ complex, signifies the progression of the reduction
(Fig. 2a) [37]. Data extracted using the local intensity maxima across the
250-350 nm range, obtained from UV-Vis spectra (Fig. S2), illustrate
how the time required for complete reduction depends both on the
initial concentration of gold ions and on the duration of PAW treatment
(Fig. 2b).

Longer plasma treatment times increased the chemical reactivity and
redox turnover of PAW, resulting in faster and more efficient reduction
of Au®*. In particular, PAW:16 reduced 0.10 mM [Au®'] almost
instantaneously and completed the reduction of 1.00 mM within 10 min.
Time-resolved photographs confirmed the characteristic colour evolu-
tion from colourless to deep pink, consistent with rapid formation of
colloidal AuNPs (Fig. 2¢) [52]. The observed reduction behaviour was
reproducible across independently prepared samples under identical
conditions.

3.4. Effect of PAW activation time on AuNP formation and morphology

Consecutive UV-Vis absorbance scans provide insight into the dy-
namics of AuNP formation, with the plasmonic band gradually emerging
in the 450-700 nm range as reduction proceeds. The evolution and
eventual stabilisation of this band mark the reaction’s progression and
completion, as evidenced by the overlap of consecutive spectra indi-
cating a stable colloidal state. Once stabilisation was achieved, the
samples were further characterised by multi-angle dynamic light scat-
tering (MADLS) to assess particle size distributions and by electron
microscopy to examine morphology and structure. To disentangle the
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Fig. 2. Reduction of Au>* by PAW. (a) Representative UV-Vis spectra showing a progressive decrease of the Au>" absorption band in the 250-350 nm region over
time. (b) Reduction times extracted from the UV-Vis spectra for PAW samples treated for 1-16 min with different Audt precursor concentrations (0.10, 0.25, 0.50,
and 1.00 mM). (c) Photographs showing the development of the ruby-red colour characteristic of colloidal gold nanoparticles, corresponding to samples prepared
with 16 min PAW and different precursor concentrations (0.10-1.00 mM). (For interpretation of the references to colour in this figure legend, the reader is referred to

the web version of this article.)
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effects of PAW reactivity and precursor availability, two representative
cases are discussed (full dataset in Supplementary Information,
Fig. S3-S6): (i) varying PAW treatment time at a fixed [Au®t] = 1.00
mM, and (ii) applying the most reactive PAW (PAW:16) across a range of
precursor concentrations (0.10-1.00 mM).

For the first case, UV-Vis spectra consistently exhibited plasmonic
bands between 540 and 600 nm, confirming colloidal nanoparticle
formation (Fig. 3a). Following exposure to PAW:8 and PAW:16 plas-
monic bands rapidly appeared and stabilised, while shorter treatment
times (1-2 min) resulted in slower stabilisation (>1h), with plasmon
maxima located at longer wavelengths. Comparison of Au®t reduction
progress (Fig. S2) with plasmonic band evolution (Fig. S3) reveals that
weaker PAW (e.g., PAW:1, 1.00 mM) is unable to fully reduce the pre-
cursor at high concentrations, resulting in delayed nucleation and pro-
longed growth. In contrast, PAW treated for > 8 min promotes rapid
burst nucleation, consistent with a high flux of kinetically accessible
reducing intermediates under acidic conditions. Although ORP increases
with plasma exposure, it should be interpreted here as an integrated
descriptor of the evolving redox environment rather than a direct
driving force for reduction. The combination of elevated H,O5 concen-
tration, low pH, and non-equilibrium ROS chemistry accelerates Au®*
consumption relative to particle growth, leading to uniform nucleation
and controlled morphology. Key characterisation parameters, including
plasmonic band position, stabilisation time, nanoparticle mean hydro-
dynamic size, and concentration from MADLS (Fig. S4a, b), are sum-
marised in Table 1. MADLS analysis shows particle sizes ranging from 70
to 120 nm with normal size distributions and increasing particle con-
centrations, from approximately 10% particles/mL for PAW:1 to 10'°
particles/mL for PAW:16 (Fig. S4a, b). Samples prepared with weaker

Materials & Design 267 (2026) 116254

Table 1
Characterization of AuNPs for 1.00 mM [Au®"] concentration with different
PAWSs.

Parameter 1 min 2 min 4 min 8 min 16 min
LSPR band (nm) 611 £ 10 564 + 550 + 548 + 548 +
6 4 3 3
Stabilization 100 80 30 10-20 10-20
(min)
Size (nm) 120 + 325 + 95+7 85+6 82+5 80 +5
15 30
Concentration (p/ 2- 1- 8- 6- 1- 1-
ml) 3.10° 2.10° 910®°  7.10° 2100  210%

PAW (1-2 min) exhibit broader distributions and occasional formation
of larger anisotropic particles, consistent with UV-Vis signatures. These
observations are further supported by SEM analysis (Fig. 3b), which
reveals uniform, compact faceted morphologies for samples treated with
PAW:4-16, while weaker PAW (1-2 min) produces a heterogeneous
population comprising both faceted nanoparticles and larger 2D plate-
like structures. The evolution and stabilisation of the LSPR band were
consistent across repeated syntheses performed under identical condi-
tions. Collectively, these results indicate that stronger, more acidic PAW
promotes faster Au>* consumption and burst nucleation, thereby
limiting prolonged growth and reducing morphological dispersion.
Under these conditions, the ligand-free acidic medium and plasma-
defined redox chemistry are also consistent with mild selective
restructuring or etching of high-energy growth motifs, which can favour
the formation of compact, well-faceted nanoparticles.
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Fig. 3. (a) Evolution of the LSPR absorption peak in representative operando UV-Vis spectra (10 min step between 2 neighbouring spectra) of 1.00 mM [Au
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reduced with PAW samples treated for 1, 2, 4, 8, and 16 min. (b) Corresponding SEM micrographs of the resulting AuNPs, collected on the day of synthesis.
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3.5. Effect of [Au>*] precursor on AuNP growth

For the second case, designed to examine how precursor concen-
tration influences nanoparticle morphology, the strongest PAW:16 was
challenged with varying concentrations of Au>* precursor, ranging from
0.10 to 1.00 mM. Normalised UV-Vis spectra (Fig. 4a) displayed distinct
plasmonic bands between 450 and 700 nm, shifting progressively to-
ward longer wavelengths with increasing [Au®*], consistent with the
formation of larger nanoparticles. Complementary MADLS (Fig. 4b)
analysis revealed an increase in average particle size from approxi-
mately 40 to 80 nm, while particle concentrations remained within the
same order of magnitude (around 10° particles/mL) across all samples.
This indicates that initial nucleation density is largely conserved under
these conditions, producing a comparable number of initial nuclei. At
lower precursor concentrations, the limited amount of available mate-
rial restricts subsequent growth, yielding smaller particles; whereas at
higher concentrations, additional material deposition promotes
extended growth and the formation of larger ones. The process proved
reproducible, as confirmed by three independent replicate samples that
showed comparable particle sizes and concentrations over time (Fig. S5,
samples A, B, C), while the resulting colloids remained stable. Zeta
potential measurements further confirmed colloidal stability, with
C-potential values ranging from approximately — 23 to — 33 mV
depending on [Au®*] (Table $3). The negative surface charge together
with the acidic, ion-rich reaction medium likely contributes to electro-
static stabilization of the surfactant-free AuNP dispersions over the
monitored period [53].
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3.6. Structural characterization and statistical analysis of AuNP
morphology

SEM and TEM analyses reveal that PAW-mediated synthesis favours
polyhedral and faceted morphologies over spherical particles, distinct
from the classical Turkevich synthesis route (Fig. 4c—e). The TEM survey
(Fig. 4d-e and Fig. S6-7) indicates that most particles adopt polyhedral
shapes, while a smaller fraction form anisotropic two-dimensional
structures such as rods and triangular or hexagonal plates. The overall
population also includes undistorted face-centred cubic cuboctahedra,
polycrystalline clusters, and multiply twinned Platonic-like solids, such
as dodecahedra and icosahedra. The proportion of plate-like particles
decreases with longer PAW activation, resulting in more symmetric
morphologies composed of multiple crystalline domains and distinct
twinned configurations. Such polyhedral and multiply twinned struc-
tures are typically associated with rapid nucleation, high local super-
saturation, and subsequent coalescence or restructuring of small
triangular or twinned seeds into more compact Platonic-like forms [11].
Representative BF-STEM and DF-STEM micrographs (Fig. 5) further
support this interpretation, showing that particles prepared from
PAW:16 at 1.00 mM Au®' are larger and exhibit stronger internal
contrast and faceting, whereas the 0.10 mM sample remains smaller and
more uniform. These observations are consistent with previous electron
microscopy studies of anisotropic and structurally heterogeneous AuNPs
[11,54]. Such structural and morphological diversity may be relevant
for catalytic and plasmonic applications, where particle anisotropy and
faceting influence surface and optical properties [1,40] (see Table 2).

A puzzling feature appeared in the MADLS data (Fig. 4b) for 0.10 and

0.25 mM

Fig. 4. Effect of Au®* concentration on the optical and morphological properties of AuNPs synthesized using PAW:16. (a) Normalized UV-Vis spectra showing a
gradual LSPR redshift with increasing [Au®"]. (b) MADLS size distributions with an inset of particle concentration. (c) SEM micrographs illustrating the particle
morphology. (d) TEM and (e) STEM (dark-field and bright-field mode) micrographs of AuNPs synthesized at 0.10 and 1.00 mM, revealing pronounced differences in

NP size and their well-defined faceting.



J. Strbac et al.

Materials & Design 267 (2026) 116254

Fig. 5. Representative BF-STEM (bright-field) and DF-STEM (dark-field) TEM micrographs of AuNPs synthesized using PAW:16 at 0.1 mM Au>* (blue boxes, top row)
and 1.0 mM Au®* (green boxes, bottom row). (For interpretation of the references to colour in this figure legend, the reader is referred to the web version of

this article.)

Table 2

Characterization of AuNPs for 0.10-1.00 mM [Au®"] with PAW:16. Stabilization
time was extracted by monitoring LSPR position and intensity from UV-Vis with
2 min step between neighbouring spectra).

0.25 mM, showing signals corresponding to apparent ultrasmall species
detected in excessively high concentrations (2-4 nm, 10'°-10'7 parti-
cles/mL) alongside a small fraction of larger particles (~350 nm, 10*
particles/mL). While the latter likely arise from 2D anisotropic mor-
phologies observed by SEM, TEM analysis did not reveal any sub-5 nm

Parameter 0-10 mM 0.25 mM 0-50 mM 1.00 mM particles that could explain the unrealistically high particle counts
Plasmonic band (nm) 525 + 2 530 + 2 538 +3 548 +£3 inferred from MADLS. To resolve this, the total particle volume esti-
:fab‘(hzat)“’“ time (min) is s 20 s 25 » SO . mated from MADLS data was compared with the theoretical mass bal-
Cljsc;r?ration (p/ml) 451010 6.7.1010 231010 121010 ance. Following th.e spherical-geometry assumptim} inherent to MADLS,
the total nanoparticle volume at 0.10 mM was estimated to exceed the
theoretical maximum by roughly 28600% (Table S4), a physically
PAW:1, 1.00 mM -.2 o ) {
— —— Ideal Sphere AR
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Fig. 6. Statistical representation of the average size and shape of AuNPs synthesized under different PAW conditions. Each point corresponds to one AuNP, plotted by
its major and minor axis lengths. The grey line indicates the ideal spherical shape (1:1 ratio). The data illustrate the systematic variation in particle anisotropy with
PAW duration (1 or 16 min) and AuCl; concentration (0.10 or 1.00 mM). Representative SEM (left) and TEM (right) micrographs correspond to the colour-coded

data sets.
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implausible result. This finding confirms that the apparent ultrasmall
population is not real but an artefact. Similar false peaks have been
reported for non-spherical particles, where deviations from round shape
cause the instrument to misinterpret scattering intensity.[55] These
results demonstrate that the additional MADLS peaks are artefactual and
arise from non-spherical scattering behaviour, consistent with the
faceted morphology of the synthesized AuNPs. These artifacts primarily
affect the absolute particle concentration derived for the ultrasmall
population (< 5 nm) by adding an additional size population, but do not
alter the overall trend in hydrodynamic size as cross-checked by TEM.
Accordingly, the MADLS results are interpreted here as qualitative
support for size evolution across the sample series rather than as a
quantitative measure of absolute nanoparticle number in the artifactual
sub-5 nm regime, and can be used to refine commercially available DLS
software.

Statistical evaluation of 325 + 20 AuNPs per sample (Fig. 6) supports
these observations. Together with the independent repeat measure-
ments of PAW properties and the replicate colloid stability data, this
provides the statistical and experimental basis for the trends discussed
below. Most data points cluster close to the 1:1 line, indicating pre-
dominantly isotropic, compact polyhedral shapes. For weaker PAW
(PAW:1), the points are more dispersed within each group, reflecting
less uniform growth and a broader particle size distribution. In samples
synthesized at higher [Au®H] (1.00 mM), the data deviate further from
the 1:1 line, suggesting a wider variety of particle morphologies enabled
by the increased availability of precursor material. In contrast, stronger
PAW (PAW:16) yields more uniform and sharply faceted AuNPs, with
anisotropic species representing less than 7% of the total population.

Taken together, the chemistry and morphology data indicate that
PAW-mediated AuNP formation is governed primarily by reaction ki-
netics rather than by a change in the overall Au(IIl)-to-Au(0) chemistry.
At 1.00 mM [Au3+], increasing PAW activation accelerates precursor
reduction, shifts the LSPR to shorter wavelengths, and decreases the
mean particle size; under PAW:16, lowering [Au>*] decreases the par-
ticle size further. In this sense, weakly activated PAW acts as a mild-
reduction pathway, functionally analogous to citrate-based Turkevich
chemistry, whereas strongly activated PAW approaches faster reduction
conditions with higher transient supersaturation, more comparable to
Brust-type synthesis. Under such rapid nucleation conditions, the for-
mation of anisotropic or morphologically diverse seeds, followed by
coalescence, overgrowth, or restructuring into more compact particles,
is consistent with reported growth pathways of anisotropic and multiply
twinned gold nanostructures. [8,56] Importantly, the resulting particles
are not predominantly spherical but increasingly polyhedral and
faceted, in agreement with the SEM, TEM and STEM observations. Un-
like both classical routes, however, plasma-treated PAW enables access
to these synthesis conditions at room temperature and under surfactant-
free conditions. We therefore interpret the observed increase in particle
faceting with stronger PAW activation as the combined result of faster
precursor conversion, increased nucleation rate, shorter growth dura-
tion, and possible mild post-nucleation reshaping, rather than as direct
evidence of a single facet-selective pathway.

4. Conclusion

This work demonstrates that plasma-activated water can act as a
controllable reaction medium for directing gold nanoparticle formation
under ambient conditions. By temporally separating atmospheric-
pressure plasma treatment from nanoparticle synthesis, the physico-
chemical properties of plasma-activated water were independently
adjusted prior to Au®" reduction, enabling direct correlation between
plasma-generated liquid chemistry and nanoparticle formation behav-
iour. Increasing plasma activation time progressively enriched plasma-
activated water with long-lived reactive oxygen species, particularly
Hy0,, while simultaneously lowering pH and increasing oxida-
tion-reduction potential. These changes strongly affected Au®*

Materials & Design 267 (2026) 116254

reduction rates and particle growth behaviour. Strongly activated PAW
promoted faster precursor conversion and formation of smaller, more
uniform, and more faceted nanoparticles, whereas weakly activated
PAW resulted in slower reduction, broader size distributions, and a
higher fraction of anisotropic and plate-like morphologies. At 1.00 mM
[Au3+], increasing plasma activation from 1 to 16 min reduced the
characteristic reduction time from over 100 min to below 10 min and
decreased the mean particle size from approximately 120 to 80 nm,
while further lowering the precursor concentration to 0.10 mM yielded
particles as small as 35 nm. Electron microscopy showed that PAW-
mediated synthesis favours faceted and polyhedral morphologies. The
observed structural evolution is consistent with a shift from slower
growth towards faster nucleation and higher transient supersaturation
as the chemical composition of PAW changes with plasma treatment
time. Overall, the results show that plasma activation time provides
direct experimental control over the liquid-phase conditions governing
AuNP formation, enabling reproducible adjustment of nanoparticle size,
growth rate, and morphology through plasma-defined solution
chemistry.
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