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Introduction

3D-printed flow-mode atmospheric pressure glow
discharge reactor for the synthesis of multi-
metallic Pt-/Pd-/Os-/Ru-/Re-/W-/Cr-nanocluster
catalysts

Angelika Nowak, @ *? Piotr Jamroz, €22 Mateusz M. Marzec, ®°

Krystian Sokolowski, ©° Anna Dzimitrowicz,® Pawet Pohl,?
Andrzej Bernasik @ °° and Piotr Cyganowski & *

In this study, cold atmospheric pressure plasma (CAPP) was used to synthesise “electron-rich” multi-
metallic nanocluster catalysts (NCs) from precursors containing Pt, Pd, Os, Ru, Re, W and Cr, with potential
applications in hydrogenation reactions. To this end, direct-current atmospheric pressure glow discharge
(dc-APGD) was operated in two configurations: a flowing liquid anode (FLA) and a flowing liquid cathode
(FLC). The CAPP system was fabricated using stereolithography. The NCs were characterised by dynamic
light scattering and electrophoretic light scattering. Catalytic activity was evaluated using the reduction of
4-nitrophenol (4-NP) to 4-aminophenol. Morphology and surface composition were examined by high-
resolution transmission electron microscopy and X-ray photoelectron spectroscopy. The NCs were
predominantly smaller than 1 nm forming clustered atoms. The NCs synthesised by FLA- and FLC-dc-
APGD with ruthenium as the dominant metal and tungsten as the secondary metal (Ru"NCs) exhibited zeta
potentials of 32.58 + 0.16 mV and 32.42 + 0.46 mV, respectively, indicating good colloidal stability. Ru*'-
NCs synthesised by FLA- and FLC-dc-APGD also showed the highest 4-NP reduction activity, with mass-
normalised rate constants (kiy?) of 17.81 min™t mg? and 18.09 min mg™? (75% and 81% conversion),
respectively. OsPYC'NCs synthesised by FLA-dc-APGD demonstrated comparable catalytic performance
(kim? = 15.87 min™t mg™), achieving 86% 4-NP conversion. Notably, this conversion was attained within 1.2
min, whereas all reported values correspond to a reaction time of 8 min.

greatest interest,” as transition-metal particles consisting of

approximately 12-20 atoms are recognised as the most

Metal particles at the nanoscale have attracted considerable
attention in recent years owing to their catalytic behaviour,
which is strongly governed by their high surface-to-volume
ratio." The smallest nanostructures, with average sizes below 10
nm, play a particularly important role in catalytic processes,
offering substantial increases in the rates of various reactions.”’
Among these, structures with sizes close to or below 1 nm are of
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catalytically active species.” In this context, recent studies have
demonstrated that selected “electron-rich” d-block elements,
such as Au,>® Pt,” Pd,® Ru,>' Ir,"* Os,® Rh*'? and Re,'* exhibit
a strong tendency to form exceptionally small particles,
including atom nanoclusters and sub-nanoclusters. These
structures represent a new generation of catalysts that may play
a crucial role in key chemical processes,™* including catalytic
hydrogenation reactions.

Among d-block metals, platinum (Pt), palladium (Pd),
osmium (Os), ruthenium (Ru), rhenium (Re), tungsten (W) and
chromium (Cr) are of particular significance due to their
distinctive ~ catalytic ~ properties in  hydrogenation,"”*
oxidation,"***> ammonia synthesis,'® electrocatalytic processes
and polymerisation reactions.***> Synthesising these metals as
nanocatalysts comprising only a few to several dozen atoms
offers significant opportunities to enhance catalytic activity,
selectivity and durability through size-dependent effects and the
increased availability of surface atoms.

Catal. Sci. Technol.
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Platinum- and palladium-based catalysts are widely
employed in fuel cells,”®*” exhaust gas treatment***° and fine

chemical synthesis;***' however, their conventional synthesis
methods often require high temperatures, organic solvents or
multi-step processes, which limit scalability and environmental
sustainability. Similarly, osmium-based catalysts exhibit strong
hydrogen affinity and high catalytic potential in hydrogenation
and sensing applications,’” yet their synthesis is constrained by
high reactivity under oxidative conditions and reliance on
complex preparation routes. Ruthenium -catalysts, which are
essential in both homogeneous and heterogeneous systems, are
typically synthesised via polyol reduction®*** or calcination-
based method,**”® both of which involve harsh conditions and
multiple reagents. Ruthenium nanoparticles (NPs) are widely
recognized as efficient catalysts for organic transformations,
including Fischer-Tropsch synthesis, ammonia synthesis,
oxidation and reduction processes, as well as C-C coupling
reactions.*® Rhenium NPs find applications in medicine, fuel
cells, hydrogen evolution reaction, and catalysis,*” and can be
prepared, for example, by pulsed-laser decomposition of NH,-
ReO, or Re,(CO)10,*® as well as through microemulsion-based
synthesis routes.*® Tungsten-based materials play a vital role in
energy-related applications;*® however, precise control over sub-
10 nm tungsten clusters remains limited, despite the well-
established relationship between particle size, dispersion, and
catalytic performance. Chromium-based catalysts are commonly
prepared via incipient wetness impregnation, followed by drying
and calcination to obtain highly dispersed and catalytically
active chromium species, which are widely used in propane
dehydrogenation.*!

Given their industrial relevance, the development of simple,
scalable and user-friendly synthesis methods for multi-metallic
nanocluster catalysts (NCs) derived from precursors containing
Pt, Pd, Os, Ru, Re, W and Cr is both scientifically and practically
important. To achieve catalysts with high activity, selectivity and
long-term stability, a range of modification strategies has been
explored, including surfactant-assisted,”> halogenation,** acid-
base*"*® and chelating-agent-based approaches.”® Nevertheless,
synthesis routes for Pt-, Pd-, Os-, Ru-, Re-, W- and Cr-based
catalysts typically rely on elevated temperatures and organic
reagents, rendering these processes labour-intensive and cost-
prohibitive.”**” In this context, the present study aims to
develop a novel method for the synthesis of multi-metallic
nanoclusters for catalytic hydrogenation reactions. To this end,
a unique plasma-based system is employed, consisting of a 3D-
printed continuous-flow reactor in which direct-current
atmospheric pressure glow discharge (dc-APGD) is generated
and operated without the need for additional discharge gases or
chemical reducing agents. In this approach, aqueous solutions
of metal precursors are continuously introduced into the
reactor, where highly reactive species such as electrons, ions,
radicals and excited atoms*® enable the efficient formation of
metallic nanocatalysts.

Waste materials containing d-block metals, such as spent
catalysts, superalloys or intermediate products from mineral
processing, represent a valuable resource that can be recovered
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and transformed into catalytically active substances. In this
context, a representative mixture of secondary raw materials
was simulated by selecting metals that commonly occur in key
secondary sources. Pt, Pd, Os, Ru, and Re are predominantly
found in spent automotive catalytic converters and other
industrial catalyst residues,*>> where their concentrations can
exceed those in primary ores by orders of magnitude, making
these waste streams important secondary reservoirs.*”* To
simulate such a mixture of secondary raw materials, we
investigated multi-metallic solutions containing Pt, Pd, Os, Ru,
and Re, with W and Cr that were treated using cold atmospheric
pressure plasma (CAPP) to produce catalytically active NCs. This
results from the fact that CAPP systems generate specific
reactive oxygen species (ROS) and reactive nitrogen species
(RNS), which possess distinct redox potentials that facilitate the
reduction of metal ions to their corresponding metallic
nanoscale form.>® The application of multi-metallic NCs, in
which metals with lower work functions, can donate electrons
to metals with higher work functions, facilitates electron
transfer and enhances the catalytic activity of the NCs. This
electron transfer can adjust the electronic configuration of the
active sites, further improving their catalytic performance.>
From this perspective, the use of d-block metals that are rich in
electrons and potentially recoverable from secondary raw
materials is advantageous not only in terms of cost but also due
to their intrinsic catalytic properties. Accordingly, the present
work provides a comprehensive overview of catalysts based on
d-block metal NPs that can be synthesised in a 3D-printed, flow-
mode atmospheric pressure glow discharge reactor from
precursor solutions derived, for example, from the processing of
secondary resources.

Importantly, this study reports the first successful synthesis
of osmium-based NCs using a plasma-based approach,
underscoring the innovative nature of the methodology. While
NPs and catalysts based on Pt, Pd, Ru, Re, W and Cr have
previously  been  synthesised  using  plasma-assisted
methods,”>>® none of these studies has explored the
synthesis of multi-metallic NCs using a 3D-printed, continuous-
flow CAPP system.

Complementing conventional synthesis methods, plasma-
assisted techniques have attracted increasing attention due to
their ability to finely control nanocatalyst characteristics. For
example, the glow discharge-assisted method enables the
formation of a monodisperse ultrafine ruthenium catalyst
supported on TiO,°” Mixed tungsten and cobalt oxide-based
thin films were produced by plasma-enhanced chemical vapor
deposition, and this catalyst can be used as a catalytic material
for CO, conversion.®’ Green methods for nanocatalyst synthesis
are also available, encompassing immobilized gold
nanoparticles synthesised by RF plasma,®® and Ag nanoparticles
on N-doped TiO, nanotubes synthesised by atmospheric
pressure dielectric barrier discharge.®® The aforementioned
plasma-assisted nanocatalyst synthesis methods rely on support
compounds®”®® and are multistep,** thereby increasing process
complexity and reagent consumption. Notably, our previous
research demonstrated the synthesis of rhenium nanoparticles

This journal is © The Royal Society of Chemistry 2026
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by pulse-modulated radio-frequency atmospheric-pressure glow
discharge® and dc-APGD,”® as well as fructose and Arabic gum
stabilized rhenium nanoparticles by de-APGD.*>®® Furthermore,
dc-APGD  was  employed for the  synthesis  of
poly(vinylpyrrolidone)-stabilized platinum nanoparticles®” and
hydrogel-based nanocomposite catalysts containing uncoated
gold nanoparticles.®® These nanocatalysts were utilized for the
hydrogenation ~ of  nitroaromatic = compounds,>>®*°%%®
deactivation of antimicrobial agents,®> and heat management
systems for internal combustion chambers.®” The advancement
presented in this work consists of a plasma system with its
dedicated design, developed specifically to meet the
requirements of the conducted research. The applied design
solution provides a high degree of modularity and facilitates
rapid reconfiguration, thereby enhancing the versality and
applicability of the system for CAPP-studies. Moreover, the
system incorporates dedicated technological solutions, such as
threaded adjustment mechanisms, which enable precise control
of the electrode position and, consequently, accurate regulation
of the discharge gap height.

It is anticipated that the use of a 3D-printed, flow-mode
reactor will enable the efficient synthesis of d-block metal
NCs. In this study, we report the first use of a 3D-printed
CAPP reactor for the synthesis of nanocatalysts comprising
Pt, Os, Ru, W and Re as the dominant metals in the

“electron-rich”  structures particularly important for
hydrogenation reactions. Multi-metallicity was achieved
through the incorporation of accompanying metals,

including Os, Pd/Cr, W and Ru/Os. The adoption of
stereolithography (SLA) facilitated the precise design and
fabrication of a reactor tailored to the operational
requirements of the experimental framework. These
requirements included, among others, maximising the
duration of precursor exposure to the CAPP, ensuring
uniform product collection, enabling continuous precursor
delivery, and allowing flexible control of electrode
positioning. To identify the most efficient synthetic route for
NC formation, a comparative study was conducted using
flowing liquid anode direct-current atmospheric pressure
glow discharge (FLA-dc-APGD) and flowing liquid cathode
direct-current atmospheric pressure glow discharge (FLC-dc-
APGD) configurations. This approach enabled systematic
evaluation of the effects of different discharge configurations,
thereby allowing the determination of optimal synthesis
conditions for enhanced catalytic performance. The efficiency
of NC synthesis was quantitatively assessed using a model
catalytic reaction, namely the reduction of 4-nitrophenol
(4-NP) catalysed by the synthesised NCs. The application of
the CAPP reactor under these conditions enabled the effective
production of catalytically active NCs.

Experimental section
A detailed list of reagents, instrumentation, and experimental

procedures is provided in the SI (S1, Detailed Methods and
Materials).

This journal is © The Royal Society of Chemistry 2026

View Article Online

Paper

Plasma reactor design and 3D printing

A flow-through plasma system was employed for the
synthesis of multi-metallic NCs. The CAPP system (Fig. 1)
comprised two main components: the lid (Fig. 1, element 2)
and the bottom part (Fig. 1, element 3). The reactor was
designed and fabricated using SLA 3D printing technology.
SLA utilises a liquid photopolymer resin that is selectively
cured by a laser beam reflected from a mirror. The reactor
was printed using a Formlabs Form 3 (MD, USA) with an XY
resolution of 25 um, a laser spot size of 85 um, a laser power
of 250 mW and a laser wavelength of 405 nm. Formlabs Clear
V4 resin was used for the reactor body (Fig. 1, element 3),
while Formlabs High Temp resin was employed for the lid
(Fig. 1, element 2). A tungsten electrode with an outer
diameter of 3.0 mm was positioned within the lid to serve as
the plasma discharge electrode. Technical presentation of the
applied CAPP system is provided in Fig. S1 (SI).

The reactor design, which involved the separate fabrication
of the lid, was motivated by the need to mitigate heating of the
tungsten electrode. Additional design features, such as threaded
components, enabled precise electrode positioning and secure
connection of the reactor to the sample collector. The stub is
oriented at a 60° angle, ensuring uniform sample flow and
preventing the accumulation of air bubbles in the supply
channel. Furthermore, the stub terminates in a cut-off cone,
facilitating the attachment of the sample supply hose. The
sample supply channel also widens at its terminal point,
increasing the contact between the generated CAPP and the
liquid sample, thereby stabilising the plasma discharge.
Notably, this reactor design eliminates the need for a quartz
tube, which is typically employed as an insulator in plasma-
based systems.®®7?

Plasma-mediated synthesis of multi-metallic nanoclusters

The designed system was operated in two discharge
configurations, in which the CAPP was generated in contact
with the flowing NC precursor solution either as an FLA or
FLC configuration. In the FLC-dc-APGD configuration, the
tungsten electrode is grounded, while the cathode is
connected to the graphite rim electrode through which the
NC precursor solution flows (Fig. 1, element 5). The FLA-dc-
APGD configuration operates in the opposite manner. In the
discharge zone between the tungsten electrode and the
flowing NC precursor solution, CAPP was generated and
supplied by a HVDC power supply (DSC-Electronics,
Germany). The NC precursor solutions (see preparation in SI,
Section S1.2, Reagents and solutions) were introduced into
the CAPP system using a four-channel peristaltic pump
(Masterflex L/S, Core-Palmer, USA) at a flow rate of 4 mL
min™', supplied sequentially in a continuous mode.
Following plasma treatment, the CAPP-treated solutions
containing the formed NCs were promptly collected in glass
vials for further characterisation and catalytic experiments.
This approach enabled the formation of a series of catalysts
comprising a dominant metal and accompanying metals,

Catal. Sci. Technol.
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Fig. 1 Schematic of the CAPP system: (1) tungsten electrode, (2) lid, (3) bottom part, (4) platinum wire, (5) graphite electrode, (6) inflow port and

(7) channel outflows for post-plasma sample collection.

resulting from the continuous operation of the CAPP system.
In this study, the notation used lists the dominant metal
first, while accompanying metals are indicated in superscript.
The applied current-voltage parameters for the synthesis of
multi-metallic NCs are presented in Table S1 (SI).

This work provides a comprehensive examination of the
synthesis and catalytic performance of a series of catalysts
based on metal NCs synthesised from selected transition
metals such as Pt, Os, Ru, W and Re, with the addition of Pd
and Cr. The selection of the synthesised NCs was not
arbitrary; the NCs included in this study were chosen based
on their catalytic activity among all metals investigated.
Specifically, NCs containing Ir, Pd and Rh as the primary
metals were also examined. However, the catalytic
performance of these additional NCs was significantly
inferior, and therefore, they are not included in the present
study, although the corresponding data are available in the
dataset at https://doi.org/10.18150/JCA2TE.

Results and discussion
Characteristics of nanoclusters

It was hypothesised that CAPP treatment of NC precursors
could influence the morphology and stability of the resulting
NCs, thereby affecting their catalytic properties. Accordingly,
comprehensive characterisation was performed, including
analysis of the particle size distribution by number,
polydispersity index (PdI), hydrodynamic diameter (Dj) by
intensity, zeta potential (&), electrical conductivity (¢) and UV/
Vis spectroscopy, in addition to high-resolution transmission

Catal. Sci. Technol.

electron microscopy (HRTEM). These analyses were carried
out for Pt°°NCs, 0s"¥°'NCs, Ru"NCs, WRWONCs and Re®*-
NCs synthesised using FLA-dc-APGD and/or FLC-dc-APGD. A
detailed discussion on these characterisation results is
provided in the SI (S2.1, NCs characteristic). The UV/Vis
spectra are present in Fig. S2, while the PdI and Dy results
are summarised in Table S2.

To assess the morphology of the synthesised Pt°*NCs, Os"Y"
“'NCs, Ru“NCs, WRYONCs and Re“*NCs produced by dec-
APGD, HRTEM was performed. This analysis was further
motivated by the expectation that the NCs were significantly
smaller than the sizes estimated from dynamic light scattering
(DLS) measurements (Fig. 2). This assumption is supported by
previous studies reporting that transition-metal NCs tend to
form ultrasmall nanoscale structures.””””® Nanometric particles
were observed for samples synthesised using both FLA-dc-APGD
and FLC-dc-APGD configurations, as shown in Fig. 3 and 4.
Furthermore, plasma generates a space-charge sheath near the
catalytic surface, inducing repulsive coulombic forces between
similarly charged particles, which enhances dispersion and
produces smaller, more uniform nanoparticles.”® This is further
confirmed by the quantitative analysis of HRTEM
photomicrographs, presented as size distribution histograms in
Fig. S3 (SI). The HRTEM micrographs reveal the presence of
crystallographic planes in Pt°NCs, 0s*¥“"NCs, Ru"NCs, WX
O°NCs and Re”*NCs synthesised using CAPP. The particles were
predominantly clustered, with structures comprising both
agglomerates of atoms and individual atoms in their vicinity.
The initial stages of crystalline network formation, resembling
the onset of NP organisation, can also be discerned.

This journal is © The Royal Society of Chemistry 2026
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Fig. 2 Particle size distributions by number of NCs synthesised by
FLA-dc-APGD and FLC-dc-APGD: Pt°NCs (a), Os"¥“'NCs (b), Ru"NCs
(c), WR*OSNCs (d) and Re“*NCs (e).

Consequently, these structures should not be classified as NPs
but rather as nanoclusters. The synthesised NCs can be
regarded as dynamic systems, as consecutive micrographs
acquired from the same region exhibited noticeable temporal
variations, indicative of structural mobility. The stability of
obtained NCs was evaluated using &, with the highest values
observed for both dc-APGD synthesised Ru“'NCs, WX"NCs
and Re™*NCs (Table 1), suggesting their good stability.*® A
detailed discussion is presented in section S2.1 NCs
characteristic (SI). Fig. 3 and 4 also present the corresponding
energy-dispersive X-ray (EDX) spectra of the synthesised NCs.
The EDX spectra of Pt°NCs showed peaks corresponding to
metallic Pt samples synthesised using both FLA-dc-APGD and
FLC-dc-APGD. For Os"¥°"™NCs, metallic Os and Pd were detected
in samples produced by FLA-dc-APGD, whereas only metallic Os
was observed when the FLC-dc-APGD configuration was
employed. Ru"'NCs exhibited the presence of Ru under both
CAPP configurations. In the case of WX"?*NCs synthesised by
FLC-dc-APGD, EDX analysis indicated the presence of W at the
surface. Similarly, EDX spectra of Re®NCs synthesised using
FLA-dc-APGD also revealed the presence of W. Additionally, Fig.
S4 (SI) presents a comparison of EDX spectra obtained from
different regions of the photomicrographs for each of the
analysed NCs samples. Based on these results apparent
discrepancies between the EDX results and the expected NCs
compositions were observed. These arise from the surface-
sensitive nature of EDX analysis, that further experienced

This journal is © The Royal Society of Chemistry 2026
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Fig. 3 Representative HRTEM photomicrographs of Pt°°NCs (a.1 and
a.2), OsPY“'NCs (b.1 and b.2), Ru"/NCs (c.1 and c.2) and Re®*NCs (d.1
and d.2) along with EDX spectra of Pt°*NCs (a.3), Os"¥“'NCs (b.3),
Ru“NCs (c.3) and Re®*NCs (d.3), synthesised by FLA-dc-APGD. Each
panel presents pairs of photomicrographs acquired from different
perspectives of the same sample.

challenges related to the imaging of extremely small structures.
Because of this, the actual elemental compositions of NC
catalysts were determined using inductively coupled plasma
optical emission spectroscopy (ICP-OES, Table S3) and X-ray
photoelectron spectroscopy (XPS) discussed further in this
manuscript.

Catalytic activity
PtPNCs, 0s"¥“'NCs, Ru"NCs, WRYOSNCs and Re®*NCs were

employed as catalysts for the reduction of 4-NP to
4-aminophenol (4-AP). Their catalytic performance was
evaluated by UV/Vis spectrophotometric analysis. The

experimental results are presented in Fig. 5, which illustrates
the evolution of the UV/Vis absorption spectra during the 4-NP
reduction reaction, and in Table 2, which summarises the
corresponding rate constants and 4-NP conversion efficiencies.
The data related to the selection of the applied NCs volume are
summarised in section S2.2 Catalytic reaction and presented in
Fig. S5 (SI).

The initial absorption band at 318 nm is attributed to
4-NP. Following the addition of NaBH,, 4-NP was converted
to 4-nitrophenolate ions, resulting in a bathochromic shift of
the absorption peak to 400 nm (Fig. 5).>® This peak remained
stable until the introduction of the NCs, after which it

Catal. Sci. Technol.
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Fig. 4 Representative HRTEM photomicrographs of Pt°*NCs (a.1 and
a.2), OsP¥C'NCs (b.1 and b.2), Ru"NCs (c.1 and c.2) and WR*/©SNCs (d.1
and d.2) along with EDX spectra of Pt°*NCs (a.3), Os"¥“'NCs (b.3),
Ru“NCs (c.3) and WRYOSNCs (d.3), synthesised by FLC-dc-APGD. Each
panel presents pairs of photomicrographs acquired from different
perspectives of the same sample.

gradually decreased in intensity, accompanied by the
appearance of a new absorption band indicative of 4-AP
formation.®” The latter was observed at approximately 295
nm for Pt*NCs, ~282 nm for 0s’¥“"NCs, ~310 nm for Ru"-
NCs, and ~300 nm for WXY9*NCs and Re®*NCs.*°

Although several samples exhibited strong catalytic
activity, others were markedly less effective in promoting
4-NP reduction. The mass-normalised rate constant (kim°),
determined for the 4-NP reduction reaction (Table 2), was
highest for Ru"'NCs synthesised using FLA-dc-APGD (17.81
min” mg') and FLC-dc-APGD (18.09 min™ mg™). A
comparably high k;,," value of 15.87 min™ mg™ was
obtained for Os*¥“"'NCs synthesised using the FLA-dc-APGD
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configuration. These values exceeded those measured for
other dc-APGD-synthesised NCs (Table 2). Based on the data
presented in Fig. 5 and Table 2, 0s*¥“'NCs synthesised using
the FLA-dc-APGD configuration exhibited the highest overall
catalytic efficiency. Notably, this catalyst achieved 86%
conversion of 4-NP within 1.2 min, whereas all other samples
required 8 min to reach their reported conversion levels. In
contrast, the lowest catalytic activities were observed for Pt
NCs and WXYNCs synthesised using FLC-dc-APGD, with
kim® values of 0.55 min' mg™' and 0.50 min™ mg™,
corresponding to 4-NP conversions of 36% and 32%,
respectively. For comparison, k;," values were also
determined for monometallic OsNCs and RuNCs synthesised
using FLA-dc-APGD. The corresponding rate constants were
0.75 min™" mg™' for OsNCs (700 ppm precursor; synthesis
parameters: 70 mA, 1250 V, 4 mL min™") and 14.99 min™
mg ' for RuNCs (600 ppm precursor; synthesis parameters:
52 mA, 1310 V, 5 mL min™"). A detailed discussion of the
turnover frequency (TOF) analysis is provided in the SI (S2.2,
Catalytic reaction), with the corresponding TOF results
presented in Fig. S6.

Oxidation states of d-block elements in NCs

XPS was employed to determine the oxidation states of Pt,
Os, Ru, W and Re, as well as the additional presence of Pd
and Cr, in the synthesised NCs. The surface concentrations
of chemical species, obtained by fitting the XPS spectra, are
summarised in Tables S4-S8 (see SI) for all the analysed

samples.
For Pt”®NCs synthesised using both FLA- and FLC-dc-
APGD configurations, the Pt 4f spectra shown in

Fig. 6(a and b) were fitted using a doublet structure (f;,,—f5/,
splitting of 3.33 eV), with the main 4f,, component centred
at 73.4 eV. This binding energy is indicative of the presence
of Pt*" species, such as PtO and/or PtCl,***" Notably,
additional metallic species were detected in both samples. In
the FLA-dc-APGD-synthesised Pt°*NCs, signals corresponding
to Cr, Pd and W were observed, whereas in the FLC-dc-APGD-
synthesised sample, only Cr was detected. Consequently,
overlapping contributions from the Cr 3 s and W 5 s core
levels were included in the fitting of the Pt 4f spectra. High-
resolution spectra recorded in the regions corresponding to
the principal photoelectron lines of Pt°*NCs are provided in

Table 1 Zeta potential (¢) and conductivity (¢) of NCs synthesised by FLA-dc-APGD and FLC-dc-APGD

NCs synthesised by FLA-dc-APGD

NCs synthesised by FLC-dc-APGD

Sample ¢ [mv] o [mS em™] ¢ [mvy] o [mS em™]
Pt°°NCs -8.20 + 0.97 4.42 +0.03 -11.09 + 2.43 3.36 + 0.04
0sPYC'™NCs 9.31 + 0.23 8.39 + 0.17 -3.63 + 0.36 7.69 + 0.06
Ru"“NCs 32.58 +0.16 1.16 + 0.00 32.42 + 0.46 1.28 + 0.01
WRYOsNCs — — -38.05 + 1.23 1.60 + 0.03
Re“*NCs -45.59 + 0.45 1.49 + 0.02 —a —a

“ The plasma was unstable; therefore, the synthesis was not conducted.
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Fig. 5 UV/Vis absorption spectra and first-order kinetic plots for the
reduction of 4-NP using NCs synthesised by FLA-dc-APGD and FLC-
dc-APGD.

the SI (Fig. S7). For Os"¥“'NCs synthesised using both
discharge configurations, the Os 4f spectra (Fig. 6(c and d))
were fitted with a doublet structure (f;,—f5,, splitting of 2.8
eV), in which the 4f,, peak was centred at 53.6 eV. This
binding energy corresponds to either Os** in 0sO, and/or
0s** in 0sCl;.%* Similar to the Pt°°NCs, additional metallic
species were detected in Os*¥“"NCs, with Re and Pd signals
observed for samples synthesised using both FLA- and FLC-
dc-APGD. The corresponding high-resolution spectra for
these elements are presented in the SI (Fig. S7). For Ru"NCs
synthesised using both FLA-dc-APGD and FLC-dc-APGD, the
Ru 3ps), spectra shown in Fig. 6(e and f) were fitted with two

View Article Online
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components. The first component, centred at 463.8 eV, is
attributed to Ru*' species, such as RuO, and/or Ru*' in
RuCl,, while the second component at 465.6 eV originates
from the presence of RuCl;*** The W 4f spectra
(Fig. 6(g and h)), obtained for Re®*NCs synthesised using
FLA-dc-APGD and W®Y©SNCs synthesised using FLC-dc-
APGD, were fitted with a doublet structure (f/,—f5,, splitting
of 2.18 eV). The main 4f,, peak, centred at 35.5 eV, is
indicative of W*" species, such as WO;, and/or W** in WCl,,
which appear at similar binding energies.**”

The atomic composition (%) of the NC surfaces is of
particular interest and is summarised in Tables S4-S8 (SI). As
shown in Table S4, the concentration of PtO/PtCl, in Pt°*NCs
synthesised using FLA-dc-APGD is approximately three times
lower than that observed for Pt°*NCs synthesised using FLC-
dc-APGD. Moreover, the analysis confirms that Pt®*NCs
synthesised using FLA-dc-APGD were contaminated with W,
Pd and Cr, whereas Pt°*NCs prepared using the FLC-dc-
APGD configuration showed contamination only by Cr. W**
ONCs and Re®*NCs exhibited W(VI) atomic concentrations of
0.3% and 0.0% for NCs synthesised by FLC-dc-APGD and
FLA-dc-APGD, respectively (Tables S7 and S8). These results
indicate that the FLC-dc-APGD configuration was less
effective in reducing the precursors. A markedly different
outcome was observed for Os*¥“'NCs (Table S5), which
displayed atomic concentrations of OsCl;/OsO, of 0.60% and
0.43% for FLA-dc-APGD and FLC-dc-APGD syntheses,
respectively, with additional Re contamination detected.
Similarly, for Ru"'NCs (Table S6), the surface composition of
RuCl,/Ru0O, was 7.6% for FLA-dc-APGD and 4.4% for FLC-dc-
APGD. The atomic concentrations of RuCl; were 1.4% and
1.0% for FLA- and FLC-dc-APGD, respectively. These findings
indicate that the FLA-dc-APGD configuration is more effective
than FLC-dc-APGD in promoting precursor conversion,
particularly for Os"¥“'NCs and Ru“NCs. These trends in
surface composition are consistent with the TOF values and
the measured catalytic activities of the nanoclusters.

Plasma induced mechanism of nanocluster synthesis

The obtained and characterized NCs were synthesised using
two discharge configurations that differed in their influence
on nanostructure formation. In the FLC configuration, the

Table 2 Overview of the catalytic activity of NCs synthesised using FLC-dc-APGD and FLA-dc-APGD

NCs synthesised by FLA-dc-APGD

NCs synthesised by FLC-dc-APGD

Sample t(min) k" (min") ki (min” mg™)  R? E (%) t(min) &, (min™) kim® (min' mg™)  R? E (%)
PtPNCs 8.0 0.19 1.92 0.91 84 8.0 0.05 0.55 0.98 36
0sPY°'NCs 1.2 1.59 15.87 0.92 86 8.0 0.17 1.70 0.91 76
Ru"NCs 8.0 0.18 17.81 0.97 75 8.0 0.18 18.09 0.92 81
WRYOSNGs — — — — 8.0 0.05 0.50 098 32
Re“*NCs 8.0 0.15 1.53 0.94 73 — — — — —

“ The plasma was unstable; therefore, the synthesis was not performed. ¢ denotes the time taken for the corresponding reduction. k,” denotes
the pseudo-first-order rate constant. kim? denotes the mass-normalised rate constant. R? denotes the correlation coefficient. E denotes the 4-NP

reduction rate (%).

This journal is © The Royal Society of Chemistry 2026
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Fig. 6 High-resolution XPS spectra of NCs synthesised by FLA- and
FLC-dc-APGD: (a and b) Pt 4f, (c and d) Os 4f, (e and f) Ru 3ps,, and (g
and h) W 4 f. Panels (a), (c), (e), and (g) correspond to NCs obtained via
FLC-dc-APGD, whereas panels (b), (d), (f), and (h) correspond to those
synthesised via FLA-dc-APGD. Spectra were fitted with doublet
structures corresponding to the characteristic oxidation states
described in the text.

flowing precursor solution surface was irradiated by positive
ions.®®%? Upon reversing the electrode polarity, the discharge
operated in FLA mode, in which the surface of the flowing
solution is irradiated by the electrons.®*®’ During FLC-dc-
APGD treatment the surface of metals from precursor
solution is continuously bombarded by positively charged
high energy species, e.g. H,O", H;O" ions.>® Under these
conditions, high-energy ions (&) were capable of inducing
excitation of water molecules, resulting in the subsequent
formation of solvated electrons (e.q ) according to the
reaction:

® + H,0 — Hy0% — H,0' + ey

These solvated electrons could most likely be responsible for
the reduction of metals present in the analysed NCs.
Conversely, low-energy H,O" ions preferentially could
undergo recombination reactions with water molecules,
leading to the generation of reactive oxygen species,
including hydroxyl radicals (-OH) and hydrogen peroxide
(H202)153,90

Catal. Sci. Technol.
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H,0" — H,0 — H;0" + OH’
OH' + OH" — H,0,

In contrast, when FLA-dc-APGD was applied substantial
concentration of e,, was generated and became available for
subsequent reactions within the solution.®® These electrons
can also participate in the reduction process. Additionally,
recombination reactions between e,q and hydronium ions
(H;0") could lead to the formation of hydrogen radicals (H-),
which also exhibit strong reducing properties:>*?°™%2

€aq + H;0" — H + H,0

UV radiation could be observed during dc treatments,
therefore the high-energy of UV photons can transfer energy
to water molecules, leading to formation of reactive reducing
and oxidizing species:***!

H,O + hv — H + OH

Furthermore, as observed in Table S4 (SI) electron irradiation
for the synthesis of Pt°*NCs is more effective than positive
ion irradiation, as indicated by the surface compositions of
5.8% and 15.6% for PtO/PtCl,, respectively. This suggests
better reduction of PtCls?>", when using the FLA-dc-APGD
configuration. In contrast, for Os*¥“"NCs and Ru"NCs (Table
S5 and S6, SI), an opposite effect is observed for both
dominant metals, i.e., positive ion irradiation in the plasma
is more effective than electron irradiation for the synthesis of
these NCs. Additionally, the elevated oxygen signal observed
in the EDX spectrum (Fig. 3 and 4) suggests the presence of
oxidized metal forms, which is further corroborated by the
XPS results presented in Tables S4-S8 (SI).

Merits of the proposed plasma-assisted synthesis

The successful synthesis of Pt°NCs, 0s*¥“"NCs, Ru"NCs, W**"
©NCs and Re®*NCs enabled a comprehensive investigation into
the catalytic performance of these d-block metal nanoclusters.
Particular attention should be paid to secondary sources
containing d-block metals. Their utilization may offer
considerable economic advantages without compromising
catalytic performance, even in the synthesis of multi-metallic
catalysts. Based on commercially available reagents, the
approximate costs of the catalyst precursors are as follows: Cr <
$1, W $2, Re $4, Ru $14, Pd $20, Os $80 and Pt $106. This
suggests that secondary sources rich in these metals constitute
promising materials that merit further utilization.

The proposed CAPP-based synthesis route represents a
quantitatively efficient and environmentally benign approach to
the fabrication of multi-metallic NCs. The process operates
under ambient pressure and near-room-temperature conditions,
without the use of organic solvents, external reducing agents, or
high-energy thermal treatments, thereby substantially reducing
energy consumption and chemical waste compared to

This journal is © The Royal Society of Chemistry 2026
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Table 3 Comparison of PtNCs, Os"¥“'NCs, Ru"NCs, WRONCs and Re®*NCs synthesised using FLC-dc-APGD and FLA-dc-APGD with d-block

metal-based catalysts

km Conversion
Catalyst/NPs Synthesis method Substrate & (min™") (min™ mg™) (%) Ref.
Ruthenium nanochains  Polyol reduction method 4-NP 2.911-25.992 145.55-519.84  99.1-100 93
NiCo, Solution phase chemical route 4-NP 0.073 0.073 Not provided 94
Au-Pd nanoflowers Seed-mediated growth method 4-NP 2.8 555.56 100 95
AuNPs Citrate thermal reduction technique  4-NP 0.36 16.67 Not provided 96
Au-Ag NPs Seed colloidal technique 4-NP 0.52-0.62 Not provided Not provided 96
Ag/graphene oxide NPs Two-step method 4-NP 0.208 107.22 Not provided 97
ReNPs Green synthesis 4-NP 0.156-0.162 0.58-0.60 93-99 98
Au/CuO and Au/NiO Wet-chemical routes 4-NP Not provided  Not provided 100 99
Pd/covalent organic Multi step 4-NP Not provided  Not provided 15.3-100 100
frameworks
EnCat Pt° Commercial catalyst 4-NP Not provided  Not provided 15 101
Pd/C (5 wt%) Commercial catalyst 4-NP 0.762 3.048 90 93
Ru/C (5 wt%) Commercial catalyst 4-NP 0.852 3.408 88 102, 103
Pt, Os, Ru, W, Re, Pd, CAPP method 4-NP 0.05-1.59 0.50-18.09 <86 This study

Cr multi-metallic NCs

k denotes the rate constant. k,, denotes the mass-normalised rate constant.

conventional nanocatalyst synthesis methods. The high activity
achieved per unit mass of selected multi-metallic NCs (Table 2)
indicates improved utilisation of these metals, enabling a
reduction in noble metal loading while maintaining or
enhancing catalytic efficiency. For this reason, Table 3 presents
a comparative analysis of the multi-metallic NCs synthesised in
this study with selected d-block metal catalysts reported in the
literature. It can be observed that commercially available
catalysts exhibit values of rate constants, as well as the
normalized rate constants, within the values obtained for our
multi-metallic NCs. Notably, Os*¥“"NCs demonstrates superior
performance, exhibiting both a higher rate constant and a
higher mass-normalized rate constant compared to the
aforementioned commercial catalysts. It is also worth noting
that the use of additively manufactured reactor components
supports material-efficient system design and facilitates process
scalability, reinforcing the potential of the presented approach
as a favourable alternative for catalyst synthesis and
application.

Conclusions

The use of CAPP for NC synthesis allows for the customisation
of the experimental setup, which in this work was further
enhanced through 3D printing to design and fabricate a reactor
tailored to the specific requirements of this study. The results
indicate that DLS measurements revealed some particle
aggregation in the produced NCs, whereas HRTEM enabled
more precise characterisation, confirming particle sizes below
10 nm. The most uniform size distribution, 16.3%, was
observed for Os"¥“'NCs synthesised via FLA-dc-APGD.
Enhanced colloidal stability was noted for Ru"'NCs prepared
using FLA-dc-APGD and FLC-dc-APGD, with zeta potentials of
32.58 + 0.16 mV and 32.42 + 0.46 mV, respectively. The optical
properties of NCs were similar following both FLA-dc-APGD and
FLC-dc-APGD treatments, as evidenced by the UV/Vis spectra.

This journal is © The Royal Society of Chemistry 2026

Catalytic activity measurements showed substantially improved
4-NP reduction for Ru"NCs synthesised via FLA-dc-APGD and
FLC-dc-APGD, with mass-normalised rate constants of 17.81
min™ mg™ and 18.09 min™ mg™, respectively. Os*¥“"NCs
synthesised via FLA-dc-APGD also exhibited high -catalytic
activity, with a mass-normalised rate constant of 15.87 min™"
mg™". The calculated TOF values are consistent with these
catalytic measurements, with the highest TOF values observed
for Os*¥“"'NCs (0.76 min™* for 20%) and Ru"NCs (0.89 min™
for 20%) synthesised using FLA-dc-APGD. This correlation is
particularly pronounced for the FLA-dc-APGD configuration,
further confirming its superior catalytic performance. Moreover,
the surface compositions of RuCl,/RuO,, RuCl; and OsCl;/O0s0O,
were higher in NCs synthesised via FLA-dc-APGD compared to
those prepared using FLC-dc-APGD.

The dc-APGD source employed in this study has proven
effective for NC synthesis. Considering the catalytic activity of
PtO°NCs, 0s"Y°'™NCs, Ru¥NCs, WRYOSNCs and Re“*N, multi-
metallic NCs were analysed in this study to simulate
materials that could potentially be produced from metals
recovered from secondary sources, which makes their
synthesis fully justified. Overall, the FLA discharge
configuration favours the production of NCs with superior
catalytic activity, with Os*¥“'NCs and Ru"'NCs synthesised
via FLA-dc-APGD showing the most promising performance.
The use of stabilisers to prevent uncontrolled growth,
aggregation and sedimentation of NCs could be explored in
future studies to further enhance stability and performance.
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