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ARTICLE INFO ABSTRACT
Keywords: Pd-Ga alloy nanoparticles with tunable compositions were produced by combining spark ablation
Nanoparticles with a downstream injection of a metal-organic precursor. This dual-process approach enables

Spark ablation control over nanoparticle composition and morphology by adjusting precursor flow rate and

E;je_t(;l oreanic sintering temperature. At lower precursor flows, uniform Pd-Ga nanoparticles form, exhibiting
T™MGa E stable PdsGay and Pd;Ga phases. HRTEM and STEM-EDX analyses reveal that as precursor supply

increases, Ga incorporation intensifies, leading to structural transitions, phase segregation, and
the formation of PdGa dominated phases with amorphous Ga-rich domains, influencing nano-
particle shape and crystallinity. This process unlocks pathways for tailoring alloy compositions in-
flight with low-melting point materials.

1. Introduction

Spark ablation has emerged as a promising technique for generating nanoparticles due to its versatility in producing high-purity
nanoparticles with precise control over their size, composition, and concentration. Spark ablation operates by generating high-
frequency electrical sparks between two electrodes of the desired materials (Meuller et al., 2012). The energy from the sparks ab-
lates material from the electrode surface, creating a vapour cloud that nucleates, coalesces, and condenses into nanoparticles, which
are transported in a gas flow as an aerosol for further processing and deposition. The process allows for the generation of nanoparticles
with complex compositions, including alloys (Ternero et al., 2024), oxides (Efimov et al., 2016), and core-shell structures (Snellman
et al., 2021), by utilizing electrodes composed of multiple elements or by introducing reactive gases during the particle generation
stage (Elmroth Nordlander et al., 2023; Hallberg et al., 2018). For example, previous studies have reported the generation of bimetallic
nanoparticles, such as Ag-Au (Jonsson et al., 2024), Cu-Ni (Muntean et al., 2016), and Pd-Cu (Franzén et al., 2023), with tunable
compositions by employing mixed-element electrodes. These alloy nanoparticles exhibit enhanced material properties compared to
their single-element constituents, depending on the combination of elements and their proportions. The excellent mixing capabilities
make spark ablation an attractive technique for producing nanomaterials with customized functionalities.

Despite the many advantages of spark ablation, there are significant challenges when it comes to generating alloy nanoparticles
with low-melting-point materials. In spark ablation, the electrodes must be solid to generate sparks and ablate material. However,
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materials with low melting points, such as gallium (Ga), indium (In), and caesium (Cs), among others, are difficult to use as electrodes
because they can melt or deform under the high-energy conditions of the spark process. This limits the ability to generate alloy
nanoparticles containing such elements directly via spark ablation. To overcome this limitation, we propose an alternative approach,
consisting of introducing a precursor material into the aerosol stream. For instance, a metal-organic precursor, which contains the
desired low-melting-point metal, can be injected into the gas flow, where it decomposes to release metal atoms. These atoms can then
alloy with the nanoparticles formed by the spark ablation process. This method allows the incorporation of elements that would
otherwise be difficult to introduce using solid electrodes.

The nanoparticle generation via aerosol techniques, using low-melting point metals was previously studied by Deppert et al.
(1998). Their method involved producing aerosol metal nanoparticles (Ga or In) via evaporation/condensation, mixed with a
downstream injection of a hydride (ammonia, phosphine, or arsine), which was thermally cracked at elevated temperatures. This
process ultimately resulted in the formation of III-V semiconductor nanocrystals.

In this study, an attractive candidate to explore is the production of Pd-Ga alloys. Pd-Ga nanoparticles have shown good perfor-
mance in various catalytic processes. Pd is well-known for its catalytic activity, especially in reactions such as hydrogenation and
dehydrogenation, where it facilitates the addition or removal of hydrogen atoms from organic molecules (Gryaznov et al., 1983). By
alloying Pd with Ga, the catalytic properties can be significantly enhanced. Ga is known to modify the electronic structure of Pd,
resulting in improved catalytic selectivity and stability (Kovnir et al., 2007).

For example, Pd-Ga alloys have demonstrated high efficiency and selectivity in the hydrogenation of acetylene to ethylene, a key
process in the petrochemical industry. In this reaction, Pd alone tends to over-hydrogenate acetylene to ethane, which is undesirable.
However, when alloyed with Ga, the over-hydrogenation tendency of Pd is suppressed, leading to higher ethylene selectivity (Kovnir
et al., 2007; Studt et al., 2008). Furthermore, Pd-Ga alloys are also effective in the hydrogenation of CO5 to methanol, a reaction of
great interest for sustainable energy applications (Docherty & Copéret, 2021; Li et al., 2012). Moreover, Pd-Ga nanoparticles have been
investigated for their use in alkane dehydrogenation reactions, where they exhibit enhanced stability compared to pure Pd catalysts.
The alloy structure of Pd-Ga nanoparticles prevents catalyst deactivation due to coking (carbon deposition), which is a common issue
in hydrocarbon processing (Sun & Li, 2022).

Consequently, to explore this approach combining spark ablation and metal-organic decomposition, we use trimethyl gallium
(TMGa) {Ga (CHs)3}, a commonly used Ga precursor. TMGa is introduced into the aerosol stream where its methyl (CH3) organic
ligands undergo thermal decomposition, releasing Ga atoms. The Ga atoms then alloyed with metallic Pd nanoparticles, which are
produced by spark ablation, forming Pd-Ga alloy nanoparticles. This reaction typically occurs in the gas phase before the particles are
collected, enabling the in-flight synthesis of the alloy particles.

This approach builds upon a previous work by Snellman (2023) who demonstrated the production of sintered Au nanoparticles via
spark ablation which were subsequently mixed with a stream of trimethyl indium (TMIn) in an optical chamber. The TMIn was
decomposed through photolysis, resulting in the condensation of In atoms onto the Au nanoparticles. This process produced core-shell
particles exhibiting diverse morphologies.

In the present study we present the production of Pd-Ga alloy nanoparticles, evaluating the influence of Ga precursor flows and
sintering temperature on the morphology, composition and crystal structure of the compound particles. These findings highlight the
importance of alloying in enhancing the functionality of Pd-based catalysts and the potential of spark ablation combined with metal-
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Fig. 1. Schematic overview of the generation of Pd-Ga alloy nanoparticles. Pd particles are generated in the SDG and TMGa is injected downstream
the SDG, just before the sintering furnace in which the alloying process and particle compaction occur.
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organic precursors for producing advanced nanomaterials.

It is worth noting that although the present experimental configuration was optimized for fundamental studies, spark ablation is a
continuous process with potential for gram-scale nanoparticle generation (Feng et al., 2015; Stein & Kruis, 2018). Likewise, the use of
TMGa as a precursor is widely established in research and commercial applications such as metal-organic vapour phase epitaxy
(MOVPE), where precursor flows are readily adjustable. These aspects highlight the scalability potential of the method, which can be
extended beyond the proof-of-concept experiments reported here.

2. Material and methods
2.1. Particle generation

Pd and Pd-Ga nanoparticles were produced using a setup as shown in Fig. 1. To generate Pd nanoparticles through spark ablation,
two Pd rod electrodes of 3 mm diameter were loaded into a spark discharge generator (SDG) as described by Messing et al. (2010),
keeping an electrode gap of approximately 2 mm, a discharge current of ca. 2.8 mA, and a discharge voltage of ca. 1.37 kV. A nitrogen
(Ny) carrier gas was injected perpendicular to the rod-to-rod electrode configuration at a flow of 1.5 Ipm carrying the as-generated Pd
particles. A separate N line at a flow of 1.5 lpm is used to uptake TMGa stored at —10 °C in a gas bubbler and vapour pressure of 52.9
mbar, which is injected downstream of the SDG and upstream of the sintering furnace, where it mixes with the Pd particles. This
saturated N3 line with TMGa is set at flows of 1 sccm, 3 scem, and 5 scem, representing TMGa molar fractions of approximately 3.7 x
107%,11.2x107°,and 18.6 x 10>, respectively. The sintering furnace which was set to either 750 °C or 900 °C, decomposes the TMGa,
cracking the organic CHs ligands and freeing Ga atoms that, along with Pd nanoparticles, compact the as-produced agglomerates in a
residence time of ca.1.03 s forming Pd-Ga intermetallic compounds. Finally, since a sufficient fraction of the nanoparticles is charged
due to the SDG process (Boeije et al., 2019), the resulting charged Pd-Ga nanoparticles are deposited on a substrate using an elec-
trostatic precipitator (ESP) (Preger et al., 2020) at an approximately nominal particle surface density of 1000 particlesepm 2,

2.2. Characterization

The particle morphology was studied using a ZEISS Gemini 500 scanning electron microscopy (SEM) at an accelerating voltage of
15 kV and an In-lens detector.

Particle composition and crystal structure were analysed using transmission electron microscopy (TEM), high-resolution trans-
mission electron microscopy (HRTEM), and selective area electron diffraction (SAED) patterns. For this purpose, Pd and Pd-Ga
nanoparticles were deposited separately on lacey-carbon film-coated Cu TEM grids under identical spark ablation conditions (see
section 2.1). To facilitate imaging of individual particles, the deposition time was adjusted to achieve a low particle surface density of
approximately 50 particlesepm 2. The TEM grids were subsequently loaded into a single-tilt holder for imaging. The data presented
here were acquired using a JEOL TEM 3000F equipped with a field emission gun and operated at 300 kV. Elemental mapping was
performed using a high-angle annular dark-field (HAADF) detector coupled with an energy dispersive X-ray (EDX) spectrometer
(Oxford Instruments) in scanning transmission electron microscopy (STEM) mode. The spectra were corrected for thickness and
density and using the L-energy lines for both Ga and Pd, the particle composition was determined by the INCA software.

3. Results and discussion

SEM micrographs of Pd and Pd-Ga nanoparticles produced at 750 °C and 900 °C are shown in Fig. 2 (and Fig. S1 of the

©
o
(=

Temperature (°C)

750

Pd

1]37x10% 3| 11.2x10% 5| 18.6x 10°
Pd - Ga: TMGa (sccm) | Ga (molar fraction)

Fig. 2. SEM micrographs of nanoparticles produced at 750 °C (bottom) and 900 °C (top) of a) Pd, b) Pd-Ga at TMGa = 1 sccm, c¢) Pd-Ga at TMGa = 3
scem, and d) Pd-Ga at TMGa = 5 scem. Scale bar: 40 nm.
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supplementary data), with varying TMGa concentrations through regulating the carrying flow from 1 sccm to 5 sccm. The morpho-
logical evolution of the nanoparticles correlates with the increasing TMGa flow. The alloying mechanism begins with Pd nanoparticles
mixing with TMGa vapour prior to entering the sintering furnace. However, no significant alloying occur at this stage since TMGa
remains chemically intact and does not decompose at room temperature or in the mixing zone. Inside the sintering furnace, elevated
temperatures induce the thermal decomposition of TMGa, releasing Ga atoms into the gas phase. These Ga atoms undergo hetero-
geneous nucleation on the surface of the preexisting spark-generated Pd nanoparticles rather than forming particles independently.
Following nucleation, Ga atoms diffuse into the Pd lattice, leading to the formation and growth of Pd-Ga intermetallic phases. Thus, the
overall alloying mechanism is governed by the sequence of TMGa decomposition, heterogeneous nucleation of Ga at Pd surfaces,
atomic diffusion and intermetallic phase formation. Since spark ablation parameters (discharge current, discharge voltage, and
electrode gap) remained constant for Pd nanoparticle generation, the observed changes in the alloyed particles are primarily driven by
the TMGa flow rate and the sintering temperature.

At TMGa of 1 sccm, the size of the alloyed particles is comparable with pure Pd particles. At higher TMGa flows (3 sccm and 5
sccm), the particles show noticeable growth in size and increased aggregation, often forming chain-like structures. This trend is more
pronounced at 900 °C, where Pd-Ga nanoparticles exhibit elongated or tail-like formations, especially at 5 sccm, likely resulting from a
greater TMGa decomposition leading to Ga excess during particle growth and sintering. TMGa can thermally decompose under a
nitrogen (N3) atmosphere at temperatures above 550-660 °C to release Ga atoms (Larsen et al., 1990; Ye et al., 2020). Although the
sintering temperature at 900 °C is well above this decomposition range, the efficiency of TMGa decomposition may increase signif-
icantly at higher temperatures, contributing to more pronounced Ga incorporation. This enhanced decomposition, combined with
exposure at elevated temperatures, may promote the formation of Ga-rich phases.

The variation in Ga concentration can induce subtle changes in the structural and compositional nature of the nanoparticles, which
are not easily captured by bulk or surface-sensitive techniques. Therefore, the morphology, composition, and crystal structure of Pd
and Pd-Ga nanoparticles were further studied through TEM, HRTEM, STEM-EDX, and SAED. The as-produced Pd nanoparticles at
750 °C and 900 °C, shown in Fig. 3 present subtle differences where the latter appears to form more facets. At 900 °C, Pd atoms have
higher kinetic energy, promoting faster diffusion across the nanoparticle surface. This facilitates the migration and reorganization of
atoms into low-energy, well-defined crystallographic planes (facets), including {111} and {100}. In contrast, at 750 °C, Pd nano-
particles remain more spherical or irregular, probably due to slower atomic mobility and less reorganization.

As a separate remark, it is important to analyse the effect of the residence time during sintering on nanoparticle morphology.
Generally, longer residence times lead to a densification of agglomerated particles (Seipenbusch et al., 2003), larger crystallite sizes,
grain growth, and a possible formation of single-crystalline particles (Kocjan et al., 2017). The compaction process induces a particle
rearrangement, with a subsequent reduction of particle mobility diameter (Seipenbusch et al., 2003), which may result in smoother
and more regular surfaces. A comparison between Pd nanoparticles produced at 750 °C with a sintering residence time of 1.03 s
(Fig. 3a and Fig. S1a of the supplementary data) and 5.46 s (Fig. S2 of the supplementary data) shows that the longer the sintering time,
the more compact, spherical-like shape of Pd nanoparticles. Despite this, stacking faults and some facet formations are observed in both
sets of nanoparticles, suggesting that while longer sintering may decrease surface defects, it does not eliminate them.

An elemental analysis from STEM-EDX of the Pd-Ga nanoparticles for a TMGa flow of 1 sccm produced at different sintering
temperatures (750 °C and 900 °C) is shown in Fig. 4 and Table S1 in the supplementary data. For each sintering temperature, 65
nanoparticles of varying sizes were analysed. The data reveal a clear relationship between nanoparticle size, Ga and Pd content,
suggesting the formation of various Pd-Ga phases depending on the particle diameter and sintering conditions.

At 750 °C, smaller nanoparticles (diameter <10 nm) exhibit low Ga content (6.0 at.%), indicating a strong Pd-dominated phase, due
to kinetically limited Ga diffusion. As nanoparticle diameter increases (>10 nm), Ga content rises sharply to ~20 at.%, suggesting
enhanced Ga mobility and potential formation of Pd-Ga intermetallic phases, such as PdsGas, Pdi3Gas, Pd; xGay and Pds xGaj
(Khalaff & Schubert, 1974; Wannek & Harbrecht, 2001).

At 900 °C, distinct trends emerge due to improved Ga diffusion, attributed to the high sintering temperature. All particle size
categories—smallest (<10 nm; 25.1 at.% Ga), mid-sized (10 < D < 20 nm; 25.0 at.% Ga) and larger particles (>20 nm; 23.5 at.% Ga)—
converge near the overall average composition (75.5 at.% Pd, 24.5 at.% Ga). This uniformity suggests effective alloying even in small
particles. Dominant phases likely include Pd;Gas, PdsGap, Pdi3Gas, Pd2Ga, Pda xGajx, and PdyxGay (Khalaff & Schubert, 1974;
Wannek & Harbrecht, 2001).

The observed variations in standard deviation across temperatures and nanoparticle sizes highlight compositional heterogeneity,

i

Fig. 3. HRTEM micrographs of Pd nanoparticles produced at a) 750 °C and b) 900 °C. Scale bar: 5 nm.
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Fig. 4. Pd-Ga particle composition for a TMGa flow of 1 scem at 750 °C and 900 °C.

suggesting variability in Ga incorporation and the coexistence of multiple Pd-Ga phases.

The Pd-Ga composition at 750 °C for Ga concentrations at 3 sccm and 5 sccm are shown in Fig. S3 in the supplementary data. The
average Ga composition of 47. 5 &+ 6.4 at.% and 56.6 + 9.4 at.% for TMGa at 3 sccm and 5 scem, respectively, reveals a significant shift
towards Ga-rich compositions.

Furthermore, as the nanoparticles produced at 900 °C exhibit significant morphological changes compared to those formed at
750 °C, a detailed analysis was carried out. HAADF-STEM and EDX mapping images in Fig. 5 illustrate the effect of increasing TMGa
flow on the composition and morphology of Pd-Ga nanoparticles at 900 °C. At the lowest TMGa flow (1 sccm), the nanoparticles
exhibit a uniform distribution of Pd and Ga, suggesting a stable alloying process. As the TMGa flow is increased to 3 sccm, a noticeable
shift occurs, with Ga signals intensifying and Pd signals becoming more dispersed, indicating enhanced Ga incorporation and potential
surface segregation, i.e., migration of Ga atoms towards the surface of the Pd-Ga alloy. By 5 sccm, the particles undergo significant
morphological changes, elongating in a tail-like formation and showing a clear dominance of Ga, with Pd signals diminishing in
relative intensity. A similar elongated particle morphology was observed by Magnusson (2001) when producing InP particles at
increasing temperatures, where PH3 cracking resulted in excess release of P atoms. This progression highlights the dynamic interplay
between precursor flow and material composition, suggesting that lower TMGa flows promote more homogeneous Pd-Ga structures,
whereas higher Ga precursor flows drive phase separation with Ga-rich domains (see Fig. 54 in the supplementary data). Additionally,
Fig. 5b and c shows distinct areas of higher contrast (for heavier elements such as Pd) in the HAADF-STEM images, correlating with
regions of increased Pd concentration. The EDX maps reveal that localized Pd signals are more intense near the nanoparticle core,
while Ga dominates the outer regions, suggesting a core-shell-like structure (Fig. 5b). The contrast becomes more pronounced at 5
scem, implying that the increased Ga precursor promotes surface accumulation of Ga while Pd segregates to an edge of the particle.
When the concentration of Ga is sufficiently high, continued diffusion and supersaturation can drive surface segregation of Ga,
resulting in the development of core-shell or phase-separated structures. These observations highlight the intricate balance between Pd
and Ga during growth and the critical role of precursor flow rates in defining nanoparticle morphology and elemental distribution. It is
worth noting that TEM-EDX measurements do not show carbon signals above background (see Fig. S5 in the supplementary data),
confirming that methyl species from TMGa are fully decomposed, leaving no detectable incorporation of carbon in the Pd-Ga
nanoparticles.

TEM and HRTEM images in Fig. 6 illustrate the structural evolution of Pd-Ga nanoparticles as a function of increasing TMGa flow,
complementing the compositional analysis in Fig. 5. At 1 sccm (Fig. 6a), the overall morphology of the nanoparticles appears uniform,
suggesting a stable alloying of Pd and Ga, and the particles exhibit well-defined crystalline structures with clear lattice fringes. The
interplanar spacings (d-spacings) range between 2.22 A and 2.25 A. Although these d-spacings are close to pure Pd (d-spacing of 2.27 A
corresponding to (111) plane)(Meyer & Miiller-Buschbaum, 1980), the elemental atomic composition and EDX mappings shown above
indicate the presence of Pd-Ga phases. Therefore, these Pd-rich phases likely correspond to (210) plane of PdsGas (lattice parameters of
a=>5.48A,b=4.08 A, and c = 18.39 A) (Khalaff & Schubert, 1974), in good agreement with the compositional results shown in Fig. 4
and Table S1. The PdsGa, phase has previously been studied as a catalyst in CO4 selectivity in methanol steam reforming (Lorenz et al.,
2009). Other Pd-Ga phases to explore in this regime due to comparable d-spacings include PdsGas, and Pd3Ga which also show
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Fig. 5. HAADF-STEM and TEM-EDX mapping (convoluted Pd and Ga, Pd, and Ga signals, from top to bottom) of Pd-Ga nanoparticles at 900 °C at a)
TMGa = 1 sccm, b) TMGa = 3 scem, and ¢) TMGa = 5 scem. Scale bar: 5 nm.

catalytic properties (Hou et al., 2018; Kaul & Ghosh, 2017).

As the TMGa flow is increased to 3 sccm (Fig. 6b), the formation of PdsGay persists, particularly near the edges of the round
nanoparticles, with d-spacings of 2.22 A. However, the tail-like region of the particle suggests the presence of PdyGa (lattice pa-
rameters of a = 5.48 1°\, b = 4.08 1°\, and ¢ = 7.79 A) (Kovnir et al., 2008; Wannek & Harbrecht, 2001) with measured d-spacings
between 2.47 A and 2.58 A in (112) plane and multiple grain orientations (Figs. 6b-2). This Pdy,Ga phase also presents catalytic
properties with increasing selectivity in hydrogenation reactions (Armbriister et al., 2010; Krajci & Hafner, 2014).

At 5 scem (Fig. 6¢), the particles undergo significant morphological changes, elongating and forming chain-like structures shifting
towards Ga-rich compositions. Nevertheless, sections of ordered structures appear with dominant PdGa phases and larger d-spacings of
4.88 A and 4.94 A along the (100) plane (Grin et al., 2016; Khalaff & Schubert, 1974; Kumar & Ghosh, 2016) which are known to
exhibit enhanced catalytic properties in hydrogenation reactions (Armbriister et al., 2010; Klanjsek et al., 2012; Kovnir et al., 2009).
Like Fig. 6b, lattice fringes are primarily observed near the particle edges, suggesting that the areas further from the crystalline fringes
appear amorphous due to the excess of Ga, which leads to phase separation and a loss of long-range order. EDX elemental analysis
confirms that these areas possess 97.85 + 2.15 at. % Ga, suggesting that Pd-Ga alloying occurs selectively, leaving Ga-dense zones
structurally disordered, likely due to surface segregation of Ga as discussed above (Fig. 5).

To further confirm the phase evolution with TMGa flow, SAED patterns were acquired from clusters of particles, as shown in Fig. 7.
At 1 scem (Ga 3.7 x 10’5), the reflections from the {210}, {400}, and {420} planes (d = 2.26, 1.37, and 1.14 .7\) were indexed to the
PdsGajy phase. Increasing to 3 scem (11.2 x 10’5), two phases were identified: PdyGa indexed to the {112} and {214} planes (d = 2.50
and 1.48 /1’\), and PdsGay indexed to {210} and {020} planes (d = 2.24 and 2.05 ;\). At the highest Ga content of 5 sccm (Ga 18.6 x
1075), main dominant reflections from the {100}, {200}, and {300} planes (d = 4.92, 2.49, and 1.64 f\) indicated the formation of the
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Fig. 6. TEM (1st row) and HRTEM (images 1 and 2) images with their corresponding FFTs (insets) of Pd-Ga nanoparticles produced at 900 °C at a)
TMGa = 1 sccm, b) TMGa = 3 scem, and ¢) TMGa = 5 sccm. Scale bar: 10 nm (a, b), 50 nm (c), and 5 nm (insets of a, b, and c).
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Fig. 7. SAED patterns of a cluster of particles (insets) of Pd-Ga nanoparticles produced at 900 °C at a) TMGa = 1 sccm, b) TMGa = 3 sccm, and ¢)
TMGa = 5 sccm. Scale bar of insets: 20 nm.

PdGa intermetallic phase.
4. Conclusions

The combination of spark ablation and metal-organic precursor decomposition presents an effective and versatile method for
producing Pd-Ga alloy nanoparticles with tunable composition and morphology. This synthesis method enables the formation of
complex intermetallic phases, such as PdsGay, Pd>Ga, and PdGa, by controlling precursor flow and sintering temperature. The results
demonstrate that increasing TMGa flow drives the progression from homogeneous Pd-rich phases to a combination of particle elon-
gation and aggregation with Ga-rich phases. High-temperature conditions (900 °C) enhance phase segregation and promote the for-
mation of tail-like structures The interplay between Pd and Ga at varying precursor concentrations not only influences nanoparticle
morphology but also suggests pathways for tailoring Pd-Ga alloy nanoparticles with specific phase compositions. Future investigations
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focused on fine-tuning the precursor supply and optimizing the sintering time could lead to better control of the resulting Pd-Ga
compositions and access to more homogeneous PdyGa, and PdGa phases. Moreover, this approach can be expanded to other metal-
organic precursors, broadening the spectrum of alloy nanoparticles that can be generated and tailored for catalytic, electronic, and
energy-related applications.
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