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H I G H L I G H T S G R A P H I C A L  A B S T R A C T

• In-flight XPS reveals true nanoparticle 
surface oxide without deposition 
artifacts.

• Carrier gas composition controls NP 
surface chemistry during in-flight 
heating.

• Surface tuning of spark-ablated metal 
oxide NPs depends strongly on the 
material.

• Carrier gas and heating tune Sn and Zn 
surfaces, while Al remains highly stable.

• Size distributions reveal how spark en
ergy and frequency control NP 
formation.
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A B S T R A C T

Metal oxide nanoparticles are widely used in catalysis, photovoltaics, and gas sensing, where surface structure 
and oxidation state strongly influence performance. This work investigates how carrier gas composition, com
bined with in-flight heating, can be used to control the surface properties of metal oxide nanoparticles generated 
via the gas-phase method, spark ablation. Sn, Zn, and Al nanoparticles were characterized using in-flight X-ray 
photoelectron spectroscopy (XPS) at the MAX IV synchrotron radiation facility, enabling near real-time mea
surement of suspended particles under oxidizing (N₂ + O₂), inert (N₂ and Ar), and potentially reducing (N₂ + H₂ 
and Ar + H₂) gas environments, without introducing potential changes associated with particle deposition and 
storage. To support the interpretation of the XPS results, the particle size distributions, spark energy and fre
quency, and compaction behaviour were studied, providing insight into how material properties and generation 
conditions affect surface chemistry.
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The XPS results show that for Sn nanoparticles, surface oxidation state can be tuned from SnO2 to SnO and 
metallic Sn by selecting appropriate carrier gas and in-flight heating temperature. For Zn, the carrier gas pri
marily determines the surface composition, while heating has only a minor influence on the balance between 
ZnO, oxygen-deficient ZnOₓ, and metallic Zn on the surface. In contrast, the surface oxide of Al nanoparticles 
remains largely unaffected by both carrier gas and in-flight heating. These findings demonstrate how careful 
control of carrier gas and in-flight thermal processing can be used to tailor nanoparticle surface properties, 
providing a pathway for designing materials optimized for specific applications.

1. Introduction

Owing to their size-, shape-, and composition-dependent properties, 
nanoparticles (NPs) are used in a wide range of applications, including 
catalysis, medical diagnostics, energy storage, and solar cells [1]. While 
crystalline noble metal NPs are often favoured for many applications, 
there is a high demand for metal oxide NPs, ranging from fully oxidized 
particles to those covered in a surface oxide that protects the core [2–4].

Metal oxide NPs of Sn, Zn, and Al are semiconductor materials with 
wide or ultrawide bandgaps, enabling their use in applications such as 
gas sensing, photocatalysis, and transparent conductive films for solar 
cells [5–7]. Their optoelectronic properties make them particularly 
attractive as catalysts for processes including wastewater treatment, 
organic pollutant degradation, and H2 generation [8–10]. Furthermore, 
coupling these oxides with noble metals such as Au and Ag can promote 
interfacial charge transfer and significantly enhance catalytic activity 
[11–13].

For many applications, the surface properties of metal oxide NPs play 
a crucial role, as they directly influence particle reactivity. Both surface 
contamination and changes in surface oxidation state can affect particle 
properties in distinct ways. Therefore, the ability to tune the surface 
state is a key parameter in optimizing material performance for specific 
applications. For many metal oxide NPs, the oxidation state is estab
lished during production; thus, better understanding and control of 
oxidation during particle synthesis are essential.

Metal oxide NPs can be produced through various chemical methods, 
such as hydrothermal synthesis [14], sol-gel processing [2], and pre
cipitation techniques [15]. However, these methods require chemical 
precursors or ligands that may introduce unwanted surface contamina
tion. While post-processing can typically remove these contaminants, 
such steps are often costly, time-consuming, and may generate chemical 
waste. In contrast, physical gas-phase generation methods, such as flame 
spray pyrolysis and spark ablation, produce nanoparticles in a contin
uous flow of carrier gas, eliminating the need for chemical additives and 
largely avoiding post-processing surface cleaning [16,17]. Flame spray 
pyrolysis offers relatively high production rates, but its reliance on 
flammable metal-organic precursors limits material selection, and the 
presence of O₂ in the reactor can further restrict its use. These factors 
often make spark ablation a more versatile production route [10,18].

Spark ablation produces NPs via physical ablation and evaporation 
of atoms from two opposing conducting electrodes [19]. Generating 
multielement NPs is realized by using pre-alloyed or sintered electrodes, 
or by using electrodes consisting of two different elements. This makes 
spark ablation an extremely flexible method that allows tuning of NP 
composition [20–23]. Metal NPs are usually produced if the carrier 
gases used are inert (e.g., N2 and Ar), and the materials are noble. So far, 
not much attention has been brought to examine their surface in detail 
immediately after production, before being exposed to the ambient at
mosphere. It has been shown, though, that even tiny amounts of O2 
impurities in a high-purity gas like N2 5.0 are enough to oxidize the 
surface of NPs of certain elements [24–26], and that extremely clean 
carrier gases (oxygen conc. 10− 13 ppm) are needed to suppress oxidation 
of easily oxidated materials [27].

In spark ablation, as in many physical processes to generate nano
particles, the particle oxidation depends not only on the material's sus
ceptibility to oxidation and the purity of the carrier gas, but also on 

factors such as leakage of O2 into the system or the presence of oxidized 
components on the setup's interior walls [28]. In contrast to noble 
metals like Au, Pt, and Pd, metals like Sn and Zn may still undergo 
oxidation due to impurities in the carrier gas, like trace oxygen or water 
vapor. To suppress oxidation, a small amount of H2 can be added to the 
carrier gas. H2 acts as a reducing agent when its affinity to react with O2 
species (and form H2O) is higher than the affinity of the metal to react 
with O2 species, and can hence prevent oxidation of some materials 
[24,29]. In combination with heat, reduction by H2 has been shown to 
be efficient [30,31].

In-flight heating of NPs is a common technique in spark ablation and 
is typically employed after the spark generator to control the 
morphology and structure of the produced agglomerates. By allowing 
the suspended particles to pass through a furnace at a sufficiently high 
temperature, the agglomerates can compact into spherical particles 
[32,33]. Metal oxides typically have much higher melting points 
compared to their metallic counterparts, making full compaction more 
difficult to achieve. In-flight heating, combined with a specific gaseous 
environment, can also be used to tune the surface oxide of certain ma
terials. Studies have shown that controlled in-flight heating of Sn 
nanoparticles in a hydrogen-containing carrier gas enables gradual 
reduction of surface oxides, thereby allowing precise tuning of the sur
face composition [30].

This work investigates how the choice of carrier gas and in-flight 
heating influence the surface composition of metal oxide NPs. To fully 
understand these processes, the measurements should be performed in- 
situ, while the particles are suspended in the carrier gas. Conventional 
characterization techniques, such as X-ray diffraction (XRD) and trans
mission electron microscopy (TEM), cannot easily provide detailed 
chemical analysis of a material's surface. X-ray photoelectron spectros
copy is surface-sensitive, but typically restricted to ex-situ measure
ments, where accurate analysis depends on the preservation of the 
sample's surface chemistry between generation and characterization, 
which might not be possible. To overcome this limitation, the present 
study employs in-flight XPS just after generation, which, to our knowl
edge, has only been applied to spark ablation-generated NPs a few times 
before [30,31,34], though the technique has been applied to study 
aerosols previously [35,36].

Results are presented for Sn, Zn, and Al nanoparticles generated in 
different carrier gases: oxidizing (N2 + 21%O2), inert (N2 & Ar), and 
reducing (N2 + 5%H2 & Ar + 2.8%H2). The particles' size distributions, 
morphology, and compaction behaviour are analysed, and their surface 
is examined using in-flight XPS at the MAX IV synchrotron facility in 
Lund, Sweden. By providing in-flight heating, the combined effects of 
carrier gas and temperature on the surface properties were systemati
cally investigated.

2. Methods

2.1. Nanoparticle generation

Single-element metal oxide NPs were generated by spark ablation 
using electrodes of Sn (>99.99% purity), Zn (>99.99% purity), and Al 
(>99.95% purity), each 3 mm in diameter (Goodfellow GmbH). The 
electrodes were positioned approximately 1 mm apart. The spark was 
initiated by applying an electric field at breakdown voltage across the 
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gap using a high-voltage power supply (Technix, Model CCR15-P-750). 
Spark frequency and spark energy were determined by a 19 nF capacitor 
bank that was charged with a current of 5 mA. The carrier gas was 
introduced through the electrode gap at a flow rate of 2 L min− 1, 
regulated by a mass flow controller (MFC) (Bronkhorst, EL-FLOW®, EL- 
PRESS metal seal). For Ar-based gases, the flow was also set to 2 L min− 1, 
which is the instrument maximum. However, because the MFC was 
calibrated for N2, the actual Ar flow was lower, approximately 1.4 L 
min− 1, consistent with the conversion factor that accounts for the dif
ferences in gas density and specific heat capacity [37].

When the applied voltage exceeds the breakdown threshold, the 
carrier gas forms a localized plasma, leading to spark discharge, elec
trode ablation, and evaporation of the electrode material [38]. The 
resulting vapor plumes are mixed within 20–25 μs after gas breakdown 
and rapidly cooled through adiabatic expansion [39]. The effective 
quenching (from ~20,000 K to 300 K) [40] of the vapor plume facilitates 
atomic nucleation and nanoparticle formation. Notably, this process can 
also yield alloyed nanoparticles if electrodes of different materials are 
used, even if the metals are immiscible in bulk [20,41]. Carrier gases 
employed included oxidizing (N₂ + 20.9% O₂, ≥ 99.9995% purity), inert 
(N₂, 99.99% purity; Ar, 99.999% purity) or reducing atmospheres (N₂ +
5% H₂; Ar + 2.8% H₂). An overview of the particle generation process 
and experimental setup is shown in Fig. 1.

2.2. Number size distribution & compaction behaviour

The number size distributions of NPs generated in different carrier 
gases were measured using a scanning mobility particle sizer (SMPS) 
(TSI, SMPS 3938 L76 with Soft-X-ray neutralizer 3088). The SMPS was 
operated with an aerosol flow of 0.3 L min− 1 and a sheath gas flow of 6 L 
min− 1, which allows for measuring high particle concentrations without 
running the condensation particle counter (CPC) into high concentration 
error. Particle mobility diameters were scanned from 9.82 nm to 414.2 
nm. The reported size distributions represent the average of three scans.

For some material–gas combinations, a high fraction of large parti
cles (dₚ > 414.2 nm) was observed. Because the SMPS setup lacked an 
impactor, which would have determined the upper size limit of particles 
entering the DMA, the multiple charge correction implemented in the 
TSI Aerosol Instrument Manager software could not be used. Instead, a 
data inversion algorithm was applied to the AIM raw data after applying 

a log-normal fit.
For the compaction study, a tandem DMA setup was employed, 

consisting of one DMA (TSI, model 3081), a custom-built Vienna-type 
DMA, and a tube furnace (Lenton, LTF) positioned between them. Ag
glomerates were first given a known charge distribution by a beta- 
emitting 63Ni neutralizer, then size-selected at 70 nm with the first 
DMA. The particles were subsequently heated as they passed through the 
furnace with a residence time of approximately 5 s. After the furnace, the 
second DMA, coupled with an electrometer (TSI, model 3086 B), was 
used to measure the post-heating size distribution. The mode of this 
distribution was plotted as a function of furnace temperature, which 
directly gives information about the particles' compaction behaviour.

The DMAs and the DMA-electrometer setup was calibrated for N2- 
based carrier gases. Therefore, for the size distribution and compaction 
studies, only N₂-based gases were included, as a reliable quantitative 
comparison with Ar-based gases would not have been possible.

2.3. Transmission electron spectroscopy

Particles were generated, size selected using a DMA, and deposited 
onto lacy carbon-coated copper grids with a custom-built electrostatic 
precipitator. The samples were stored and transferred under ambient 
conditions before TEM analysis (JEOL, 3000F). Because the agglomer
ates had low mass contrast and consisted of loosely connected primary 
particles forming large, open structures, careful imaging procedures 
were required, especially at higher magnifications. Prolonged electron- 
beam exposure altered the surface structure and dendritic morphology, 
so lower magnifications and short exposure times were used to minimize 
beam-induced changes and preserve the native particle characteristics.

2.4. In-flight XPS

The spark ablation setup was transported to the MAX IV synchrotron 
radiation facility (Lund, Sweden), where particles were generated as 
described above and introduced into the aerosol sample-delivery system 
at the gas-phase end station of the FinEstBeAMS beamline [34]. This 
system delivers aerosol particles from near-atmospheric pressure into a 
vacuum chamber in a continuous flow and focuses them into a narrow, 
highly concentrated particle beam. Aerosols entered the system through 
a 140 μm critical orifice at a constant mass flow of 0.088 L min− 1, passed 

Fig. 1. A carrier gas was used to transport NPs generated from Sn, Zn, or Al electrodes via spark ablation. The resulting aerosol could then be directed through 
different experimental pathways: size selection using differential mobility analysers (DMAs), in-flight heating in a tube furnace, deposition onto a substrate in an 
electrostatic precipitator (ESP), particle counting with an electrometer or scanning mobility particle sizer (SMPS), or surface analysis using in-flight XPS at the MAX 
IV synchrotron. Through these approaches, particle compaction behaviour, size distribution, and surface composition were investigated.
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through a relaxation tube, and were then collimated by an aerodynamic 
lens (Aerodyne PM1). The focused particle beam entered the vacuum 
chamber through a 1 mm conical skimmer, where it intersected with the 
photon beam.

The elliptically polarizing undulator was tuned to produce vertically 
polarized light, optimizing signal intensity with the vertically oriented 
electron analyzer (SCIENTA R4000). Since FinEstBeAMS provides its 
highest photon flux at relatively low photon energies, photon energies 
between 104 and 180 eV were selected depending on the material and 
probed orbitals. To achieve high surface sensitivity, photoelectrons with 
kinetic energies of ~70 eV were collected. Individual spectra were ac
quired over 10–60 min, depending on the signal strength, which varied 
with aerosol generation conditions.

At the photon energies used in these experiments, the inelastic mean 
free path of the photoelectrons was 0.5–0.6 nm (Sn: 104 eV, Zn: 180 eV, 
Al: 150 eV) [42]. Energy calibration relative to the vacuum level was 
performed using the binding energy of the outermost valence orbitals of 
N₂ at 15.58 eV [43]. Data analysis and spectral fitting were conducted 
using CasaXPS software [44].

2.4.1. Fitting of the Sn 4d photoelectron spectra
Shirley backgrounds and contributions from background gas were 

subtracted from the measured Sn 4d spectra. The spin-orbit components 
were fitted using Gaussian/Lorentzian sum functions with an area ratio 
of 3:2 and a fixed splitting of 1.1 eV. The relative peak positions were 
constrained such that Sn4+ was located 0.7 eV above Sn2+ and 2.0 eV 
above Sn0. The full width at half maximum (FWHM) was restricted to 
0.9–1.45 eV for Sn4+ and Sn2+, and 0.5–0.6 eV for Sn0 [30,34,45].

2.4.2. Fitting of the Zn 3p photoelectron spectra
Shirley backgrounds were subtracted from the XPS data, and the Zn 

3p doublets (3p½ and 3p3/2) were fitted using Gaussian/Lorentzian sum 
functions with an area ratio of 2:1 and a fixed spin-orbit splitting of 2.7 
eV. The relative peak positions were constrained such that Zn2+ was 
located 1.5 eV above Zn+ and 3.0 eV above Zn0. The FWHM was 
restricted to 1.6–1.9 eV for the Zn2+ and Zn+ doublets, and 1.3–1.5 eV 
for the Zn0 doublets. The inclusion of Zn+ in the fitting, despite its 
general classification as an unstable oxidation state, is justified and 
further discussed in the Results and Discussion, Section 3.3.2.

2.4.3. Fitting of the Al 2p photoelectron spectra
A linear background was subtracted from the Al 2p spectra, and the 

doublets were fitted using Gaussian/Lorentzian sum functions with an 
area ratio of 2:1, a fixed spin-orbit splitting of 0.44 eV, and FWHM 
values constrained between 1.35 and 1.65 eV [34,46]. Although the 
spin-orbit splitting of Al 2p is small and sometimes modelled with a 
single peak, fitting with doublets is generally considered more accurate 
[47].

3. Results & discussion

To investigate how the carrier gas influences the surface properties of 
metal oxide NPs, we first characterized their size distribution, 
morphology, and compaction behaviour in N2-based carrier gases before 
performing in-flight XPS. For the in-flight XPS experiments, Ar-based 
gases were also used. Ar provides an inert reference environment and 
enables direct comparison with N₂-based gases without introducing ni
trogen chemistry, offering a way to isolate the effect of nitrogen.

3.1. Size distributions and TEM analysis

Fig. 2 presents the size distributions of Sn, Zn, and Al nanoparticles 
generated in N₂ + H₂, N₂, and N₂ + O₂. All the material-gas combinations 
exhibit modes (size distribution peak positions) between 100 and 250 
nm. For Sn and Zn (Fig. 2a and b), the largest modes occur in N₂ + O₂, the 
smallest in N₂ + H₂, and N₂ yields intermediate sizes. In contrast, Al 
(Fig. 2c), shows nearly identical mode diameters for all gases, although 
particle concentrations are highest in N₂ + H₂, followed by N₂ and then 
N₂ + O₂.

Note that for the size distribution measurements, the same electrode 
diameter, electrode gap, carrier gas flow, capacitance, and charging 
current were used. However, the voltage and frequency varied between 
both gases and materials, influencing the size distributions. The average 
voltage U was used to approximate the energy per spark as Es ≈ 2CU2, 
where C is the capacitance. The right panel in Fig. 2 presents the energy 
per spark versus average frequency for d) Sn, e) Zn, and f) Al in different 
carrier gases. A more accurate estimation of the energy dissipated in the 
electrode gap can be obtained by measuring and integrating the current 
waveform and the electrical resistance [48], which has been shown to be 
about 78%–85% of the estimated stored energy [49]. For the purpose 
here of relating the particle size distributions to the energy input to the 
electrode gap, the estimated average spark energy is good enough for a 
qualitative discussion. Another common way of correlating the energy 

Fig. 2. Left panel: Size distributions of NP agglomerates generated from a) Sn, b) Zn, and c) Al electrodes using N2 + H2 (green▽), N2 (yellow ⋄), and N2 + O2 (blue 
△), as carrier gases. Right panel: Energy per spark versus the spark frequency during the generation of d) Sn, e) Zn, and f) Al agglomerates in the same three gases. 
(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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per spark with the material output is to use gravimetry to estimate the 
material loss from the electrodes [50].

At first glance, the energy per spark versus frequency panel in Fig. 2
shows no universal trend across gases and materials. However, some 
patterns can be noted. N2 is the most stable carrier gas, with spark en
ergies ranging from 200 to 260 mJ and frequencies between 54 and 57 
Hz for all three materials. In contrast, N₂ + H₂ and N₂ + O₂ exhibit larger 
material-dependent variations. For N₂ + H₂, the spark energy spans from 
~200 mJ for Zn, ~300 mJ for Al, to ~400 mJ for Sn, with frequencies 
between 45 and 58 Hz. For N₂ + O₂, the spark energy ranges from ~150 
mJ for Sn, ~320 mJ for Al, to ~350 mJ for Zn, accompanied by the 
widest frequency range (47–68 Hz).

In general, a high energy per spark in combination with a high fre
quency should lead to more ablated material. More material in the 
electrode gap can lead to either the formation of high particle number 
concentration, large agglomerate sizes, or large primary particles, or a 
combination thereof, depending on material and carrier gas properties. 
In other words, it may not be straightforward to correlate the size dis
tributions with the energy per spark and frequency, since there are many 
parameters involved. To assist with the analysis, the morphology and 
structure of deposited agglomerates were examined using TEM. Before 
imaging, the particles were exposed to and stored in ambient air, likely 
resulting in surface oxidation, in contrast to the in-flight conditions for 
XPS. Fig. 3 presents TEM images of Sn, Zn, and Al agglomerates pro
duced in different carrier gases, N2 + O2 (blue), N2 (orange), and N2 +

H2 (green).
All agglomerates shown in Fig. 3 exhibit a dendritic-like 

morphology, consisting of primary particles connected through vary
ing degrees of necking. Since the particles were size-selected prior to 
deposition and TEM analysis, the average agglomerate size from Fig. 2
cannot be inferred from these images. Instead, the TEM analysis allows 
for comparison of the average primary particle size, which is important 
for interpreting the relationship between spark energy and the resulting 
size distributions.

For Sn, the estimated energy per spark is more than twice as high in 
N₂ + H₂ compared with N₂ + O₂, directly opposite to what would be 
expected from the size distributions in Fig. 2a. Although the spark fre
quency is lower in N2 + H2 (~45 Hz) than in N₂ + O₂ (~68 Hz), the large 
difference in spark energy should be the dominant factor influencing the 
amount of material ablation. Thus, the frequency alone is unlikely to 

explain why N2 + H2 shows higher spark energies while N2 + O2 still 
produces larger agglomerates at similar number concentrations. To 
understand this discrepancy, the primary particle size and composition 
must be considered, as these cannot be inferred from the agglomerate 
size distributions alone. For Sn, the TEM images in Fig. 3a, d), and g) 
suggest that the largest primary particles are formed in N₂ + H₂. To 
confirm this, a more detailed analysis of 50 primary particles across 
multiple agglomerates was performed (Fig. S1). The results show that N₂ 
+ H₂ produces the largest primary particles (10.2 nm), followed by N₂ +
O₂ (7.2 nm) and N₂ (6.6 nm). A plausible explanation is that although 
more material is ablated in N2 + H2 due to the higher spark energy, the 
particles coalesce more efficiently, forming larger primary particles. In 
contrast, when more oxygen is present, and Sn oxides form, the primary 
particles remain small and do not coalesce as effectively, which may also 
lead to the formation of larger overall agglomerates.

Fig. 2b shows that for Zn, production in N₂ + O₂ yields both the 
highest number concentration and the largest agglomerate size. This is 
consistent with Fig. 2e, where N2 + O2 gives the highest estimated spark 
energy, although it also exhibits the lowest spark frequency among the 
three gases. Comparing N₂ + H₂ and N₂, Zn produced in N₂ + H₂ reaches 
the highest number concentration, while N₂ results in slightly larger 
agglomerate diameters. This is reasonable given that the spark energies 
and frequencies for these two gases are nearly identical, leading to 
similar material production but differences in how the Zn material ag
glomerates. The largest average primary particle size is observed when 
the particles are generated in N₂ + H₂, as visible by comparing the TEM 
images in Fig. 3b), e), and h).

Fig. 2c shows that Al reaches its highest particle number concen
tration when produced in N₂ + H₂. However, this trend cannot be 
explained by the estimated spark energy (Fig. 2f), where N₂ + H₂ and N₂ 
+ O₂ give nearly identical and the highest spark energies for Al. The 
spark frequencies for these two gases are also almost the same, meaning 
neither parameter accounts for the observed differences in size distri
bution. The size distributions for Al generated in N₂ and N₂ + O₂ are 
nearly identical, despite the higher spark energy in N₂ + O₂. The average 
primary particle size appears largely unchanged across the three carrier 
gases, based on TEM images in Fig. 3c), f), and i). This indicates rapid 
and complete oxidation of Al during generation, suppressing coales
cence and limiting primary particle growth regardless of atmosphere. A 
plausible explanation of the difference in amount of material ablated is 

Fig. 3. TEM images of agglomerates generated from Sn, Zn, and Al electrodes in N2 + O2 (a-c: blue), N2 (d-f: orange), and N2 + H2 (g-i: green). All scale bars are 50 
nm. (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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that the electrode surfaces may be more oxidized during generation in 
N₂ + O₂ compared with N₂. Producing the same amount of material from 
a more oxidized surface requires more energy, which could lead to the 
observed trends in particle number concentration and agglomerate size.

Previous studies have shown that the choice of carrier gas has a 
strong impact on nanoparticle size, concentration, and production rate 
in spark ablation. For example, when using N₂ + O₂, N₂, and Ar, the 
breakdown voltage at a fixed electrode gap was similar for N₂ + O₂ and 
N₂, but approximately half in Ar. The higher breakdown voltages in the 
N₂-based gases led to increased material evaporation and resulted in 
larger primary particle sizes for Au agglomerates compared with Ar 
[50]. Comparable trends have been reported for transferred arc gener
ation, where N₂ produced the highest mass yield, followed by N₂ + H₂ 
and then Ar [51]. These observations align well with our results for Sn 
and Zn nanoparticles: N₂ produced intermediate particle sizes, N₂ + H₂ 
yielded slightly smaller particles, and N₂ + O₂ generated the largest 
particles. In contrast, Al nanoparticles showed minimal sensitivity to the 
carrier gas. This difference likely reflects the intrinsic material proper
ties, and specifically the strong oxygen affinity of Al, which most likely 
leads to fully oxidized particles regardless of the carrier gas used.

The detailed TEM analysis is essential to assess agglomerate structure 
and primary particle size, assisting in explaining the correlation between 
spark energy and particle production. With this improved understanding 
of the particle morphology when produced in different gases, the 
following section examines the compaction behaviour of the agglom
erates during in-flight heating. The knowledge of the primary particle 
size will aid the interpretation of their restructuring and densification 
processes.

3.2. Compaction behaviour

To understand how in-flight heating influences particle surface 
properties, the compaction behaviour of agglomerates in different car
rier gases was investigated. Previous studies have shown that even trace 
levels of impurities or oxygen delay compaction by increasing the 
required time or temperature, whereas adding reducing species such as 
H₂ accelerates restructuring [32,52,53]. Compaction is typically 
observed as a decrease in mobility equivalent diameter with increasing 
temperature until the particles reach full compaction, and the mobility 
diameter plateaus.

The compaction temperature of NPs is linked to, but generally lower 
than, the bulk melting point of the material, and it also depends on 
factors such as primary particle size and surface cleanliness. As a result, 
compaction behaviour can offer insight into particle composition, 
especially when the bulk melting points of expected constituents are 
known. Most nanoparticles compact between roughly one-third and 
one-half of their bulk melting point (in Kelvin) [54]. Because metal 
oxides usually have much higher melting points than their corre
sponding metals, the observed compaction temperature can indicate the 
relative amounts of metal and oxide present. Table 1 summarizes the 
melting points of Sn, Zn, Al, and their common oxides for comparison.

Fig. 4 shows the compaction of 70 nm size-selected agglomerates of 
Sn, Zn, and Al produced in N2 + O2 and N2 + H2 as the in-flight furnace 
temperature is increased from room temperature to 1200 ◦C. A general 
trend observed for all three elements in Fig. 4 is that particle compaction 
is more efficient in N₂ + H₂ than in N₂ + O₂, suggesting that carrier gas 
influences particle morphology and/or oxidation state. Nevertheless, 
each material exhibits its own distinct compaction behaviour. Note that 

data could not be collected for Sn and Zn in N₂ + O₂ at the highest 
temperatures due to thermal charging effects within the furnace [55]. 
For Zn in N2 + H2, no particle mode could be detected at temperatures 
above ~900 ◦C, probably due to complete evaporation in the furnace 
[56,57].

3.2.1. Compaction of Sn
For Sn nanoparticles in N₂ + H₂, no further decrease in mobility 

diameter is observed above ~800 ◦C, indicating full compaction at 
around 27 nm. This agrees with earlier studies [24,30] and is confirmed 
by TEM analysis of particles heated in-flight to 1100 ◦C (Fig. 4a, inset). 
The relatively high compaction temperature, far above the bulk melting 
point of Sn (234 ◦C), suggests that the particles remain at least partially 
oxidized even when produced in a reducing atmosphere.

In N2 + O2, the mobility diameter levels off near 50 nm below 1000 
◦C, but since no data were collected above this temperature, this 
apparent plateau is unlikely to represent full compaction. TEM imaging 
of particles heated to 800 ◦C in N2 + O2 shows that compaction is not 
achieved (Fig. 4a, inset), consistent with previous observations that Sn 
in N₂ does not fully compact even at 900 ◦C [24]. The small decrease in 
mobility diameter (from 70 nm to ~50 nm) supports the conclusion that 
full compaction is not reached at 1000 ◦C.

3.2.2. Compaction of Zn
Zn, like Sn, is known for having a low melting point. But Zn also has 

high vapor pressure, causing it to quickly evaporate at elevated tem
peratures [57]. This behaviour is evident for Zn nanoparticles generated 
in N₂ + H₂, where heating above ~700 ◦C causes the mobility mode 
diameter to drop below 20 nm, and even below 10 nm, without reaching 
a plateau (Fig. 4b, green). This strong size reduction is consistent with 
pronounced evaporation rather than compaction. TEM images of Zn 
particles generated in N₂ + H₂ and heated in-flight up to 600 ◦C (Fig. S2) 
also show noticeably smaller agglomerates, supporting the conclusion 
that evaporation dominates over compaction at elevated temperatures.

Zn generated in N₂ + O₂ shows clear compaction behaviour. TEM 
analysis of particles heated to 1100 ◦C in this gas (Fig. 4b, inset) con
firms a compact morphology. This likely reflects the formation of Zn 
oxides during generation in N₂ + O₂, which suppresses Zn evaporation 
and allows compaction to proceed.

3.2.3. Compaction of Al
Al nanoparticles in both N₂ + H₂ and N₂ + O₂ show a gradual, nearly 

linear decrease in mobility diameter with increasing temperature, 
reaching 48 nm in N₂ +H₂ and 57 nm in N₂ + O₂ at the maximum furnace 
temperature of 1200 ◦C. In N₂ + H₂, a plateau slightly below 50 nm 
appears above ~1000 ◦C (Fig. 4c, green). The absence of compaction 
below the melting point of bulk Al (660 ◦C) indicates that the particles 
are at least partially oxidized even in the reducing N₂ + H₂ atmosphere. 
This interpretation is supported by TEM imaging of Al heated to 1100 ◦C 
(Fig. 4c, inset), and at 20 ◦C, 500 ◦C, and 900 ◦C in Fig. S3, which shows 
incomplete restructuring. Since Al₂O₃ is highly thermally stable, the 
apparent plateau could be caused by the formation of an oxide shell on 
the surface of the primary particles, which inhibits surface diffusion and 
slows coalescence. Moreover, mobility diameter is relatively insensitive 
to internal densification, so structural changes that occur without large 
changes in external shape may not significantly affect the measured 
mobility size.

Table 1 
Melting points of bulk Sn, Zn, Al, and some of their common oxides.

Material Sn SnO SnO2 Zn ZnO Al Al2O3

TM (°C) 234 1080 1630 420 1975 660 2072
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3.3. In-flight XPS

Up to this point, the carrier gases discussed have been N₂-based. In 
the in-flight XPS measurements, Ar-based carrier gases were also 
included. Due to time constraints of the beamtime campaign, priority 
was given to investigating how chemically distinct carrier gas environ
ments—specifically oxidizing and reducing conditions introduced by O₂ 
and H₂—affect the particle surface chemistry. Pure N₂ was expected to 
result in a surface chemistry somewhere in between that of N2 + O2 and 
N2 + H2, and therefore not included. Although a direct comparison 
between pure N₂ and pure Ar would have enabled a clearer assessment of 
nitrogen-specific effects, such as potential nitridation, this was not the 
primary objective of the study.

For both Sn, Zn, and Al particles, the difference between their surface 
in N2 + O2 and N2 + H2 was studied. In addition, Ar was used for Sn and 
Zn, while for Al, known to oxidize very easily, Ar + H2 was chosen to 
possibly reduce the oxidation and avoid nitride formation.

Fig. 5 provides an overview of the in-flight XPS results for Sn, Zn, and 
Al agglomerates without any in-flight heating. For each material, data 
for particles generated in different carrier gases were fitted, and the 
envelopes of those fits are displayed (detailed fitted spectra will be 
presented later). Clear shifts in peak positions and shapes are observed 
depending on the carrier gas. As expected, particles generated in N2 +

O2 display peaks at higher binding energies than those generated in N₂ 
+ H₂, consistent with the higher binding energies of oxides. For Sn and 
Zn generated in Ar, and for Al generated in Ar + H2, the peaks appear at 
intermediate binding energies between the N2 + O2 and N2 + H2 cases, 

suggesting surface chemistries that differ from both the more oxidizing 
and more reducing N2-based carrier gases.

Comparing the Sn spectra in Fig. 5a, the peak obtained in Ar closely 
resembles that in N₂ + O₂, with both showing a shoulder on the high
–binding-energy side. In contrast, the N₂ + H₂ spectrum exhibits 
shoulders on both sides. Preliminary fits indicate that N₂ + H₂ requires 
roughly equal contributions of SnO₂ and SnO, N₂ + O₂ is best described 
by predominantly SnO₂, and Ar yields an intermediate mix of SnO₂ 
(~75%) and SnO (~25%).

For Zn (Fig. 5b), each carrier gas produces a distinctly different peak 
shape. All spectra show a shoulder on the higher binding energy side, 
and the Ar spectrum also shows an additional pronounced shoulder. 
Unlike typical Zn 3p fitting, which often includes only ZnO and metallic 
Zn, satisfactory fits here required Zn2+ (ZnO), Zn+ (ZnO0.5), and Zn0 

(Zn). Further justification for this fitting approach is provided in Section 
3.3.2.

For Al (Fig. 5c), the peak shapes are similar but clearly shifted 
depending on carrier gas: N₂ + O₂ appears ~1 eV higher in binding 
energy than N₂ + H₂, with Ar + H₂ falling between the two. This trend 
mirrors the shifts seen for Sn and Zn and is attributed to changes in 
electronic work function rather than oxidation state, and will be elab
orated on more in Section 3.3.3.

Because the in-flight XPS is performed on aerosol particles without a 
substrate, the apparent binding energies are strongly influenced by the 
particle work function. Aerosol photoemission studies show that work 
function shifts can arise from differences in oxidation, as well as 
adsorption of gas-phase species [26]. Thus, the ~1 eV shifts observed 

Fig. 4. Compaction behaviour of 70 nm nanoparticles of a) Sn, b) Zn, and c) Al generated in N₂ + O₂ (blue △) and N₂ + H₂ (green ▽) and heated in-flight. Insets 
show TEM images of the particle morphology in certain conditions. All TEM scale bars are 50 nm. (For interpretation of the references to colour in this figure legend, 
the reader is referred to the web version of this article.)

Fig. 5. In-flight XPS spectra of nanoparticle agglomerates generated from a) Sn, b) Zn, and c) Al electrodes in carrier gases of N2 + O2 (blue), Ar (red), N2 + H2 
(green) and Ar + H2 (purple). Clear differences in both peak position and shape are observed depending on the carrier gas. (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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here, particularly for Sn and Al, primarily reflect carrier-gas-dependent 
changes in surface electronic structure rather than differences in 
oxidation state. The following sections provide a detailed analysis of the 
element-specific spectra, showing the nanoparticles' surface properties 
in different carrier gases and under in-flight heating.

3.3.1. Sn
For Sn particles generated in N2 + O2, in-flight heating produced no 

major changes in the Sn 4d spectra (Fig. S4), indicating that the surface 
remained dominated by SnO₂. In contrast, heating Sn particles in N₂ + H₂ 
resulted in pronounced changes in both morphology and surface 
composition, as shown in Fig. 6, which combines TEM images with fitted 
in-flight XPS spectra. At room temperature (Fig. 6a), the particles appear 
as loosely bound agglomerates with primary particles around 10 nm. At 
500 ◦C (Fig. 6b), the primary particles have coalesced into fewer but 
larger units, and at 1100 ◦C (Fig. 6c), they are fully compacted into 
nearly spherical particles with diameters of 50–70 nm (see Fig. S5 for 
low magnification overview).

The morphological transitions are accompanied by clear shifts in the 
Sn 4d surface oxidation state (Fig. 6d-f). At room temperature, the 
spectra require comparable contributions from Sn4+ and Sn2+. At 500 
◦C, Sn2+ becomes dominant. At 1100 ◦C, a metallic Sn0 component has 
appeared, while the Sn4+ fraction becomes small. The reduction of Sn 
oxides in N₂ + H₂ is consistent with previous reports showing the 
emergence of metallic Sn on the nanoparticle surface above ~900 ◦C 
[30,58].

TEM images of the particles heated to 1100 ◦C (Fig. 6c) show a core- 
shell structure, with a dense metallic core enclosed by an oxide shell. 
Because the TEM samples were deposited and stored under ambient 
conditions, one possibility is that the oxide shell formed after heating, 
during exposure to air. However, the in-flight XPS data show that both 
metallic Sn and Sn oxide are present on the surface during generation. 
Furthermore, increasing the heating temperature from 900 ◦C to 
1100 ◦C, where the particles are known to be fully compact (Fig. 4), did 
not increase the metallic Sn surface fraction (Fig. S6). Together, these 
observations support an alternative explanation: the particles may 
become fully compact and almost fully reduced inside the furnace, but 
an oxide shell forms after they leave the hot zone and cool toward room 
temperature, when reduction by H2 is no longer favourable, yet the 

particles remain airborne.
These results indicate that simply raising furnace temperature or 

increasing residence time is not an effective strategy for enhancing the 
metallic Sn surface fraction. Instead, controlling the carrier gas 
composition, such as increasing H2 content or minimizing oxygen im
purities, is likely a more effective route for tuning the surface chemistry 
of Sn nanoparticles. A detailed analysis of the primary particle size and 
its evolution with in-flight heating temperature in different carrier 
gases, and how these changes correlate with surface composition, would 
be a valuable direction for future work.

3.3.2. Zn
Fig. 7 shows the Zn 3p XPS spectra of Zn nanoparticles generated in 

different carrier gases and heated in-flight to 20, 300, and 600 ◦C. As 
noted earlier, the detection of Zn+ is uncommon in the XPS literature 
because Zn + is unstable under ambient conditions [59,60]. However, 
oxygen-deficient ZnO, often denoted ZnOx (1 > x > 0), Zn-rich ZnO, or 
ZnO with oxygen vacancies, is widely reported and is associated with 
green photoluminescence [61–63] and enhanced photocatalytic activity 
[7,64]. Coexistence of ZnO and ZnOₓ has previously been confirmed via 
XPS and Auger peak spectroscopy [11,60], although, to our knowledge, 
no prior study has explicitly reported simultaneous Zn2+, Zn+, and Zn0 

within the same sample. This makes the interpretation of the present 
spectra both challenging and scientifically interesting. For simplicity in 
the fits, the x in ZnOx is fixed as x = 0.5 to represent an oxygen-deficient 
oxide, although the actual vacancy concentration is not known.

For Zn produced in N₂ + O₂ (Fig. 7a-c), the spectra consistently 
contain both Zn2+ and Zn+, and the relative contributions remain 
essentially unchanged with heating, even though particle restructuring 
is known to occur. When Ar is used as the carrier gas (Fig. 7d & e), all 
three oxidation states, Zn2+, Zn+, and Zn0, are detected. Although Ar is 
inert, trace oxygen impurities are expected to oxidize Zn, so the presence 
of metallic Zn is notable. Further heating in Ar does not significantly 
alter the surface composition. For Zn particles generated in N₂ + H₂, the 
surface contains both Zn2+ and Zn+, and in similar proportions as those 
in N2 + O2. Increasing the temperature shifts the distribution slightly 
toward higher oxidation states, with Zn2+ increasing and Zn+

decreasing.
Note that the Zn 3p peaks from Zn particles generated in N2 + H2 

Fig. 6. Sn nanoparticles generated by spark ablation of Sn electrodes in N2 + H2 and heated in-flight, analysed using TEM (a-c) and in-flight XPS of the Sn 4d 
photoelectron spectra (d-f). As the particles are heated at 20 ◦C (a, d), 500 ◦C (b, e), and up to 1100 ◦C (c, f), both morphology and surface composition evolve. TEM 
images show a transition from loosely bound agglomerates to compact spherical particles, while XPS reveals changes in surface chemistry with varying contributions 
of SnO₂ (green), SnO (orange), and metallic Sn (yellow). All TEM scale bars are 100 nm. (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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(Fig. 7f-h) also can be well fitted by a combination of Zn+ and Zn0, 
instead of a combination of Zn2+ and Zn+ as shown here. For trans
parency, the alternative fits are included Fig. S5. However, the fits 
presented here agree with the expected ~1 eV shift in peak positions, 
compared to that in N2 + O2, when 5% H2 is added to the carrier gas. 
Furthermore, the re-oxidation of metallic Zn on the particle surface after 
exiting the furnace is in line with the results for Sn heated in N2 + H2 
discussed above. The particle morphology when heated in N2 + H2 and 
measured using TEM is shown in Fig. 8.

From the TEM images in Fig. 8 of Zn particles produced in N₂ + H₂ 
and heated in-flight at a) 20 ◦C, b) 300 ◦C, and c) 600 ◦C. At room 
temperature, the TEM images reveal large, dendritic agglomerates 
composed of relatively large primary particles. As the temperature in
creases to 300 ◦C and 600 ◦C, the structures appear to shrink and become 
more compact, though not fully spherical. At 600 ◦C (Fig. 8c), both the 
agglomerates and its primary particles are noticeably smaller, support
ing strong surface evaporation. Thus, under these conditions, the ther
modynamic drive for Zn evaporation clearly outweighs that for particle 
coalescence and compaction. This behaviour is consistent with the size 
decrease observed in the compaction scans in Fig. 4 where the mobility 
diameter continued to decrease without reaching a clear plateau up to 
the highest temperature where particles could still be detected (900 ◦C), 

confirming that evaporation, rather than coalescence and compaction, 
dominates the particle evolution.

From the in-flight XPS results in Fig. 7 it seems like the carrier gas 
used during particle generation is the primary determinant of Zn surface 
composition, while subsequent in-flight heating has only minor effects. 
Previous ZnO annealing studies (using XPS of Zn 2p and O 1 s, and 
photoluminescence) report conflicting trends regarding vacancy for
mation. Some observe more vacancies in oxygen-rich atmospheres 
[63,64], while others report more in inert or reducing atmospheres such 
as Ar or Ar + H₂ [7,62]. In the present work, a similarly strong Zn+

signal, indicative of oxygen vacancies, is found for particles generated in 
all carrier gases (N₂ + O₂, Ar, and N₂ + H₂).

The Zn2+ 3p₁/₂ peak appears between 93 eV and just above 94 eV 
across all gases and temperatures. This is higher than commonly re
ported values (91.6–91.5 eV) [65,66] because, unlike standard XPS on 
grounded samples under ultrahigh vacuum conditions (<1⋅10− 8 Pa), the 
present measurements are performed on charged, free nanoparticles in- 
flight at (~1⋅10− 4 Pa or 1⋅10− 6 mbar). For such suspended particles, 
binding energies reference the vacuum level rather than the Fermi level, 
resulting in systematic shifts of approximately the particle work function 
(~4–5 eV for Sn, Zn, and Al), which is expected relative to literature 
reference values. A brief discussion on binding-energy alignment in in- 

Fig. 7. Zn 3p photoelectron spectra from in-flight XPS of nanoparticles heated at 20 ◦C (a, d, f), 300 ◦C (b, g), and 600 ◦C (c, e, h). The particles were generated by 
spark ablation of Zn electrodes in different carrier gases: N₂ + O₂ (blue), Ar (red), and N₂ + H₂ (green), resulting in varying contributions from Zn2+, Zn+, and metallic 
Zn0 on the surface. (For interpretation of the references to colour in this figure legend, the reader is referred to the web version of this article.)

Fig. 8. TEM images of Zn nanoparticles produced in N2 + H2 and exposed to different temperatures in-flight. Scale bars are 100 nm.
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flight XPS is provided in the Supporting Information, with further details 
in Preger et al. (2025).

3.3.3. Al
Fig. 9 shows the in-flight XPS results for Al nanoparticles generated 

in N2 + O2, Ar + H2, and N2 + H2, and heated in-flight to 20, 500, and 
900◦. The Al 2p core level was fitted using only the Al3+ two spin-orbit 
components, and all spectra (Fig. 9a-h) show very little variation with 
gas composition or temperature. No metallic Al is detected. The 
measured Al 2p binding energies (76–77 eV) are slightly higher than 
literature values for Al₂O₃ (71–76 eV) [46,67–69], which is reasonable 
given that the present measurements are performed on charged, sus
pended particles in-flight rather than on grounded samples.

The peak positions for N₂ + O₂ and N₂ + H₂, highlighted in blue and 
green, differ by ~0.5 eV at room temperature, with N₂ + H₂ giving the 
lowest binding energy and N₂ + O₂ the highest, about 1 eV above N₂ +
H₂. Although Al 2p shifts of ~1 eV per oxidation state (+1, +2, +3) have 
been reported [70], and the observed shift could in principle reflect a 
transition from Al2O3 (Al3+) to AlO (Al2+), a shift in work function 
caused by the carrier gas environment is also expected. This makes it 
difficult to distinguish whether the shift arises from oxidation-state 
changes, work-function differences, or a combination of both.

Upon in-flight heating to 900 ◦C, the Al 2p peak positions for N₂ + O₂ 
and Ar + H₂ remain essentially unchanged, whereas particles generated 
in N₂ + H₂ show a ~ 0.4 eV shift toward higher binding energies. This 
shift is far smaller than what would be expected for a full oxidation state 
change, and no peak broadening is observed that would indicate mul
tiple oxidation states on the surface. Fig. 10 shows TEM images of Al 
generated, and particles heated in-flight up to 900 ◦C in N₂ + H₂. Only 
minor changes in agglomerate morphology can be seen, in line with the 
compaction analysis in Fig. 4, suggesting that the particles are already 
fully oxidized during generation. Therefore, the shift is attributed pri
marily to a change in electronic work function, though a minor com
bined contribution cannot be fully excluded.

Recent work has suggested that aluminium nitride (AlN) may form 
on electrodes during spark ablation in nitrogen-containing gases [71], 

raising the possibility that the NPs contain AlN. However, the AlN signal 
lies only ~1 eV below Al-O in the Al 2p region, making it difficult to 
distinguish from Al-O. The present in-flight XPS data, therefore, cannot 
confirm or exclude the presence of AlN. While some studies infer AlN 
from Al 2p alone, its identification is more reliably achieved through N 
1 s spectroscopy or XRD [67,69,72–75], which were not performed here.

4. Conclusions

The surface of metal oxide nanoparticles is critical for applications 
such as gas sensing and catalysis, where high surface area and chemical 
sensitivity are essential. In this work, in-flight XPS at the MAX IV syn
chrotron facility was combined with a versatile particle generation 
method to demonstrate how the surface properties of metal oxide NPs 
can be tailored by varying the carrier gas and in-flight heating. Unlike 
conventional XPS studies, which typically analyse NPs deposited on a 
substrate, this approach enables both characterization and tuning of NPs 
while still suspended in the carrier gas, avoiding contamination or 
substrate interactions. After in-flight optimization, the particles can be 
deposited onto virtually any substrate for further use. These results 
emphasize the value of advanced characterization techniques for un
derstanding and controlling nanoparticle surfaces in the gas phase.

The present study investigated three easily oxidized materials: Sn, 
Zn, and Al. The results show that the surface composition of Sn can be 
effectively reduced from SnO₂ to SnO and metallic Sn using in-flight 
heating in a carrier gas containing 5% H₂ (N₂ + 5% H₂), whereas the 
surface of Al remains largely as Al₂O₃ and is not readily reduced under 
the gases and temperatures employed. The possible presence of AlN on 
the nanoparticle surfaces was explored, but could not be confirmed. For 
Zn, the choice of carrier gas strongly influenced the surface composition, 
indicating the presence of ZnO, ZnOx, and Zn, while temperature pri
marily affected particle compaction and size. The compaction behaviour 
for all three materials was analysed and related to the surface compo
sition, while the particle size distributions from different gases were 
related to the estimated average energy per spark, its frequency, and the 
particle morphology analysed offline by TEM. The results highlight the 

Fig. 9. Al 2p photoelectron spectra from in-flight XPS of nanoparticles made via spark ablation of Al electrodes in N2 + O2 (blue), Ar + H2 (purple), and N2 + H2 
(green). The particles were heated in-flight to 20 ◦C (a, d, f), 500 ◦C (b, g), and 900 ◦C (c, e, h). Shifts in the Al3+ peak positions can be observed depending on the 
carrier gas and temperature. (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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importance of studying each material individually to understand and 
control its properties and enable improved metal oxide-based sensors 
and catalysts in the future.
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