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Bimetallic CuZn (brass) nanoparticles are keymaterials in catalytic applications, yet access to the full compositional

range remains challenging using conventional wet chemical synthesis. In this study, we demonstrate the physical

synthesis of CuZn nanoparticles across a broad compositional range using spark ablation of alloyed feedstocks

(Cu25Zn75, Cu50Zn50, Cu75Zn25). In spark ablation, the nanoparticles are formed directly in the gas phase

without the need for post-synthesis treatments and exhibit complete internal mixing, as confirmed by

(scanning) transmission electron microscopy ((S)TEM) and energy-dispersive X-ray spectroscopy (EDS). A

pronounced evolution over time in nanoparticle composition was observed during continuous generation. To

elucidate the underlying mechanisms, a comprehensive set of advanced, time-resolved characterization

techniques was employed, including X-ray fluorescence (XRF) of deposited nanoparticles, optical emission

spectroscopy (OES) of the spark plasma, in-flight inductively coupled plasma mass spectrometry (ICP-MS), and

in-flight X-ray photoelectron spectroscopy (XPS). These complementary characterization methods reveal

a gradual compositional evolution linked to changes at the feedstock surface rather than post-formation

processes. The results indicate that preferential Zn evaporation governs the temporal evolution of the

nanoparticle composition, followed by the establishment of a dynamic steady state during prolonged sparking.

Based on the experimental observations, a qualitative mechanism supported by a simple ablation model is

proposed to explain the compositional evolution in CuZn spark ablation. Despite the large differences in

thermophysical properties between Cu and Zn, a broad Cu–Zn compositional range can be accessed, with

stable nanoparticle compositions achieved upon extended operation. This work provides insight into bimetallic

nanoparticle formation via spark ablation and how tunable alloy compositions can be achieved via gas-phase

synthesis, with direct relevance for catalytic and other composition-sensitive applications.
1 Introduction

Due to their tunable properties, including size, morphology,
and composition, metal and metal oxide nanoparticles (NPs)
are widely used in applications such as catalysis, energy storage,
medical diagnostics, and sensing. Compared with mono-
metallic NPs, which consist of a single metal/metal oxide,
bimetallic NPs offer an additional degree of freedom for
tailoring material properties. This added compositional
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exibility is particularly advantageous in catalysis and sensing,
where changes in elemental composition can signicantly affect
reactivity, selectivity, and sensitivity.1,2 Once an optimal
composition has been identied for a given application, it
becomes essential to employ a nanoparticle synthesis method
capable of precisely controlling composition, ensuring that all
particles contribute efficiently to the desired performance.

Bimetallic Cu–Zn (brass) NPs are a prominent example, as they
are thought to play an important role in catalyzing the synthesis of
methanol from CO2-, CO-, and H2-containing gas mixtures.3 The
reaction is particularly interesting because it represents a possi-
bility to produce a sustainable fuel from captured CO2 and green
H2.4 The catalytic performance of Cu-based systems in CO2

hydrogenation is strongly inuenced by structural properties
where increased Cu dispersion and smaller crystallite sizes
enhance activity.5 Consequently, considerable effort has been
devoted to developing synthesis routes that improve catalyst
dispersion, composition control, and selectivity.

The most common approach for producing bimetallic NPs is
wet-chemical synthesis, in which metal precursors are reduced or
© 2026 The Author(s). Published by the Royal Society of Chemistry
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thermally decomposed in solution in the presence of stabilizing
ligands. While such methods enable good size control and are
suitable for large-scale production, achieving homogeneous and
compositionally tunable CuZn alloys is challenging. Co-reduction
or co-decomposition of Cu and Zn precursors typically results in
specic intermetallic phases (such as a-, b-, and g-brass) or
mixtures thereof, depending sensitively on precursor ratios,
ligands, and reaction conditions, rather than allowing continuous
compositional control.3,6 Zn-rich compositions are particularly
difficult to obtain, as excess Zn readily forms the thermodynami-
cally stable ZnO phase. Similarly, co-precipitation approaches are
limited by the different precipitation kinetics of Cu2+ and Zn2+

ions, oen leading to phase-segregated structures and incomplete
alloying.7

In addition, wet-chemical routes require post-synthesis
treatments such as ligand removal, washing, calcination, and
reduction. These steps can induce phase separation and
promote the formation of distinct CuO, Cu, and ZnO crystal-
lites, thereby reducing metal dispersion and altering the
intended alloy structure.5 Furthermore, each targeted compo-
sition, structure, or particle size typically demands development
of new recipes that needs to be optimized. Together, these
constraints reect fundamental methodological, thermody-
namic, and kinetic limitations associated with wet-chemical
synthesis of CuZn alloy NPs.

Herein, an alternative synthesis route is presented, taking
advantage of gas-phase physical synthesis methods which can
offer excellent mixing and composition control of the NPs while
avoiding liquid-phase processing. A key advantage of gas-phase
physical methods, in which NPs are formed from feedstock
materials and suspended in a gas, is the inherently ligand-free
particle surface, eliminating the need for additional purica-
tion steps. Spark ablation stands out compared to other phys-
ical nanoparticle generation approaches, such as thermal
evaporation, arc discharge, and magnetron sputtering, as it is
a particularly versatile method for producing bi- and multime-
tallic NPs.8,9 In spark ablation, short electrical discharges
between electrodes ablate atoms from the feedstock materials,
which subsequently cool, nucleate, and condense into NPs
suspended in the gas phase. NPs can be formed from virtually
any electrically conductive material, including combinations of
materials that are immiscible at the macroscopic scale.9,10 It
also possible to tune the particle composition by controlling the
feedstock compositions11 and generation parameters.12

In this study, bimetallic Cu–Zn NPs are generated in the gas
phase via spark ablation using alloy feedstocks with varying
compositions (Cu25Zn75, Cu50Zn50, and Cu75Zn25). The size,
morphology and composition of the resulting NPs are charac-
terized by TEM, STEM-EDS, and TEM-EDS. Post-generation
analysis of the electrode surfaces aer 30 minutes of opera-
tion, performed using SEM-EDS, revealed a substantial devia-
tion from the initial feedstock composition, as well as from the
nanoparticle compositions. The observations indicate a time-
dependent compositional evolution of both electrodes and
particles during generation.

Such indications were reported already in an article by
Watters et al. from 1989. They showed that particles sampled 5
© 2026 The Author(s). Published by the Royal Society of Chemistry
seconds aer the start of generation were enriched in Zn relative
to the original alloy composition. Correspondingly, elemental
analysis of the electrode surface aer sparking showed a lower
Zn content than before sparking. The effect became more
pronounced for particles sampled aer 120 seconds, thus
indicating a time-dependent evolution of nanoparticle compo-
sition during continuous operation.13

To elucidate the time-dependent composition behavior,
time-resolved characterization techniques were employed. XRF
measured continuously deposited NPs, OES probed the
temporal evolution of atomic species in the spark plasma, and
in-ight ICP-MS provided signals from 63Cu and 64Zn isotopes
in the NPs. The nanoparticle surface composition was investi-
gated using in-ight XPS at the MAX IV synchrotron facility in
Lund, Sweden.

The results demonstrate that bimetallic CuZn NPs can be
successfully synthesized, and that a wide compositional range
of the Cu–Zn system can be accessed using this technique. The
compositional tunability is of high importance for tailoring
nanoparticle properties, for example in catalytic applications
where activity and selectivity are strongly composition depen-
dent. By combining advanced time-resolved characterization
techniques, this work provides detailed insight into the
compositional evolution of CuZn NPs formed via spark abla-
tion, and a qualitative ablation model explaining the time
dependent behavior is proposed.
2 Experimental section and
characterization

The time-resolved measurements were performed using two
different spark ablation systems. The two systems are similar but
built and placed at different locations (Lund and Clausthal). Both
systems have been described in detail elsewhere (Lund:14, Claus-
thal:15) and hereaer, these systems are referred to as the Lund
and Clausthal setups. Both setups were operated under similar
conditions, including a capacitor capacitance (C) of 19 nF (Lund)
and 24 nF (Clausthal), an electrode gap of 2 mm, and an Ar carrier
gas ow rate of 1 Lmin−1. The CuZn alloy electrodes were custom-
made by Goodfellow with specied nominal compositions of
Cu25Zn75, Cu50Zn50, and Cu75Zn25, and had a diameter of 3 mm.
Certied purity values were not available. The nominal Cu/Zn
compositions were veried experimentally by SEM-EDS analysis
of polished, unsparked electrode surfaces. Using E ¼ 1

2
CV2 with

a discharge voltage (V) of approximately 1.2 kV, the estimated
single-discharge energies were 13.7mJ for the Lund setup and 17.3
mJ for the Clausthal setup. Charging currents of 6 mA and 2 mA
were employed, resulting in spark frequencies of ∼130 Hz and
∼43 Hz, respectively, while the spark durations remained below 8
ms for both setups and operating conditions. An exception to these
experimental conditions was made when substantially higher
particle concentrations were needed to obtain sufficient signal for
time-resolved in-ight XPS measurements. For those measure-
ments, nitrogenwas used as the carrier gas with a charging current
of 30 mA.
Nanoscale Adv., 2026, 8, 4804–4815 | 4805
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2.1 Particle generation

To generate the NPs, a pair of electrodes is placed inside
a chamber ushed with a carrier gas. The electrodes are con-
nected to a capacitor bank charged using a high-voltage power
supply, creating a strong electric eld across the gap that
eventually causes electrical breakdown of the carrier gas and
formation of a conductive plasma. Charge is then rapidly
transferred between the electrodes through an oscillatory
discharge. During this process, the electrode polarity periodi-
cally reverses as the current oscillates, causing negatively
charged species (mainly electrons) and positively charged
species (mainly ions) to alternately bombard both electrodes.
This oscillatory behavior enables elemental mixing when two
different electrode materials are used. Since the oscillations are
damped over time, the electrode that is initially negative
(cathode) typically experiences the highest total ion bombard-
ment and, consequently, the largest material removal. However,
the delivered energy can be tuned to some extent by adjusting
the circuit characteristics.12,16,17

Because ions have a much higher mass and inertia than
electrons, material ablation is dominated by ion bombardment.
The impact of the charged species on the electrode surface
results in sputtering, rapid local heating, melting, and evapo-
ration of material. Most of the delivered energy contributes to
melting and redistribution of the electrode material, leading to
the formation of erosion craters and resolidied molten struc-
tures, while only a small fraction results in material erosion and
vaporization that contributes to nanoparticle formation.18,19 As
the produced vapor cools, the material nucleates into atomic
clusters that eventually coalesce and grow into NPs in turn
aggregating into larger particles (still in the nano size regime).
During formation, the particles are transported away from the
spark chamber by the carrier gas.

A signicant difference compared to simple thermal evapo-
ration to produce NPs, is that the sparking process involves
ablation of atoms into a local hot plasma (∼20 000 K) before
they are cooled to room temperature.20 The fast quenching
(∼108–109 K s−1 (ref. 21)) of evaporated material allows for
formation of particles made of the same composition as that of
the vapor, allowing for atomicmixing on the nanoscale. In other
words, difference in condensation temperature between the
elements is irrelevant in this process.8 Previous work also
suggests that distillation effects, i.e., preferential evaporation of
one element over another, are suppressed due to the short spark
discharge durations, typically below 10 ms, such that ablation
results in near-instantaneous material removal.8,17 Studies of
the Cr–Co and Ag–Au material systems demonstrated particles
with compositions close to that of the alloyed electrodes,
despite some differences in vapor pressure.14,22
2.2 Size distribution

The particle size distributions in Ar were qualitatively deter-
mined using a differential mobility analyzer (DMA, custom
Vienna-type design) coupled to an electrometer (TSI 3068B).
Before entering the DMA, the aerosol was passed through a 63Ni
beta neutralizer to establish an equilibrium bipolar charge
4806 | Nanoscale Adv., 2026, 8, 4804–4815
distribution. The DMA was operated with an aerosol ow of 1
L min−1 and a sheath ow of 10 L min−1, and particles were
classied according to their electrical mobility before detection
by the electrometer. The DMA-electrometer setup was calibrated
for N2-based carrier gases. No inversion or deconvolution
procedure was applied to the measured data; consequently, the
DMA transfer function, particle charging efficiency/bipolar
charge distribution, and multiply charged particles were not
corrected for. The reported distributions should therefore be
regarded as apparent mobility distributions and interpreted
only qualitatively. They are intended to compare relative
differences between particles generated from the three CuZn
alloy compositions under identical measurement conditions,
rather than to provide absolute size distributions or values
directly comparable to fully corrected SMPS measurements.

2.3 Single-particle characterization

Investigation of the morphology (TEM), spatial elemental
distribution (STEM-EDS), and average composition (TEM-EDS)
of individual particles was done using a TEM (JEOL 3000F)
equipped with EDS and capable of operation in STEM mode.
The NPs were generated using a charging current of 6 mA, and
prior to TEM deposition, the aerosol was neutralized and
passed through a DMA operated at a xed voltage correspond-
ing to an electrical mobility diameter of 70 nm. These size-
selected particles were deposited 10 min aer the start of
sparking. Single particles generated using both the Lund and
Clausthal setups were investigated. For elemental analysis by
EDS, the Inca soware package (Oxford Instruments) was used,
and the K-lines for Cu and Zn were used for quantication.

For morphology and spatial elemental distribution, particles
were generated using the Lund setup and deposited (for ∼3
minutes) on lacey carbon copper (for morphology) or gold
(elemental distribution) TEM-grids using a custom electrostatic
precipitator, like the one developed by Dixkens and Fissan.23

The samples were exposed to ambient atmosphere prior to
analysis. Samples generated using the Lund setup for
morphology and STEM-EDS were stored for a few hours,
whereas samples generated using the Clausthal setup for TEM-
EDS composition analysis were stored for a few weeks. Surface
oxidation during storage is expected; however, the TEM-EDS
analysis is used to determine the average relative Cu/Zn
elemental composition, and is therefore not expected to be
signicantly affected by storage-induced oxidation.

For average composition of individual particles by TEM-EDS,
NPs were generated using the Clausthal setup and were diffu-
sively deposited (for ∼5 seconds) on Ni lacey carbon TEM-grids.
For each sample, the compositions of 20 particles were
measured. Each measurement was done by condensing the
electron beam onto a single particle at a magnication of 300
000X and collecting a spectrum for 60 live time seconds.

2.4 SEM & SEM-EDS of electrodes

The surface structure and composition of the electrodes was
analyzed using SEM and SEM-EDS (Shottky FEG type SEM,
model GeminiSEM 500 from Zeiss equipped with an Ultim Max
© 2026 The Author(s). Published by the Royal Society of Chemistry
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170 detector). The composition of both the sparked (using 6 mA
in Ar for 30 minutes) and unsparked (polished with sandpaper)
alloyed CuZn electrodes was analyzed using an acceleration
voltage of 20 kV. Spectra were acquired for 20 live time seconds,
i.e., the effective acquisition time excluding detector dead time,
at 30 different positions on the electrode surface both of anodes
and cathodes and evaluated in the AZtec soware using the K
lines of Cu and Zn.

2.5 Time-resolved XRF

Time-resolved XRF of the aerosol particles was performed using
the Lund setup connected to the “Xact” (Cooper Environmental,
Xact 625i); a device that samples an aerosol and use energy
dispersive XRF to provide information about the atomic abun-
dance in the sample.24 For these measurements, a charging
current of 2 mA was used for particle generation. The aerosol
consisting of nanoparticles in Ar with a ow of 1 L min−1 was
diluted with 9 L min−1 N2 using a mass ow controller. The
diluted aerosol was sampled by the Xact onto the instrument's
lter roll for 5 or 15minutes. The sample was then irradiated for
5 or 15 minutes, resulting in a uorescence spectrum that is
evaluated using internal soware and provides the average
composition of the NPs.

2.6 Time-resolved plasma OES

The light emitted from the spark plasma during the particle
generation process was coupled into an optical ber (Thorlabs,
M28L02) by using a quartz lens (Avantes COL-UV/VIS) mounted
outside the chamber window of the Lund setup. A similar
arrangement has been used before to investigate the optical
emission of a spark ablation plasma.21 The acquired – spatially
integrated – emitted light was analyzed by using a compact
spectrometer (Avantes, AvaSpec-ULS3648). Optical emission
spectra were collected and stored automatically every 10
seconds aer starting the sparking with an integration time of
10 ms and averaging of 1000 scans. As a result, the variation of
the excited species' intensity could be investigated with
a temporal resolution of 10 seconds for a total period of 30
minutes. This approach was used to follow the intensity varia-
tion of several spectral lines characteristic to each electrode
component and the gas atmosphere (predominantly Cu I
515.32 nm, Zn I 636.23 nm, and Ar I 912.30 nm).

The purpose of these experiments was to detect any variation
in the relative emission corresponding to Zn and Cu atoms,
potentially indicating variation in the electrode ablation
process. Due to the inherent positional instability of the spark
plasma and potential variations in light collection efficiency, an
atomic argon line was used as internal reference, and Cu I and
Zn I intensity variations are therefore presented as ratios with
respect to an Ar I line. We assume that Ar, used as carrier gas in
the spark chamber, is homogeneously distributed between the
electrodes and any potential intensity variation corresponding
to Ar I emission is due to the spark's spatial instability and light
collection variability.

It should be noted that in addition to the concentration of
the excited species, atomic emission is also sensitive to plasma
© 2026 The Author(s). Published by the Royal Society of Chemistry
temperature variation.20 The present experimental setup does
not allow for a meaningful temperature calculation, but the Ar I
line can be used to detect indications of considerable plasma
temperature variations. To this end, we calculated the intensity
ratios of different Ar I lines with different upper energy levels
and concluded that the plasma temperature does not vary in
a way that could explain the observed intensity variations.
Therefore, we concluded that intensity variation of Cu I and Zn I
emission can be qualitatively linked to the variation of the
relative ablation rate of the corresponding electrode material.

2.7 Time-resolved ICP-MS

To qualitatively investigate of how the amount of Cu versus Zn in
the resulting NPs changes over time, the Clausthal setup was
connected to a time-resolved Agilent ICP-MS analyzer (8900
triple quad, Agilent Technologies Inc.), which has been used for
analysis of aerosol particles before.15,25 To avoid over-loading
the plasma, the particle number concentration must be low
(∼100 particles per cm3). To achieve this, the particles were both
size selected at 70 nm using a differential mobility analyzer
(DMA, model 3081A, TSI Inc.) and diluted using a rotating disk
diluter (RDD, model 379020A, TSI Inc.). In parallel, the number
concentration of particles was recorded using a condensation
particle counter (CPC model 3750, TSI Inc.), allowing for the
signal from the ICP-MS to be corrected for variations in particle
number concentration (see Fig. S1). Since the MS detector can
only measure one mass signal at a time, signal detection
between the Cu and Zn elements was varied 10 times per
second, enabling semi-simultaneous measurement of both
signal intensities.

2.8 In-ight XPS

The Lund setup was transported to the synchrotron facility MAX
IV in Lund, Sweden, and connected to the aerosol sample-
delivery system at the gas-phase end station of the FinEst-
BeAMS beamline26 for in-ight XPS. Similar in-ight measure-
ments of engineered nanoparticles using the same setup have
been conducted before, but without time-resolved analysis.27–29

The continuous aerosol ow of CuZn NPs was introduced from
near-atmospheric pressure into a vacuum chamber, where the
particles are forming a narrow, highly concentrated beam. The
aerosols enter the system through a 140 mm critical orice at
a constant mass ow of 0.177 L min−1, passed through a relax-
ation tube, and were subsequently collimated by an aero-
dynamic lens (Aerodyne PM1). The resulting focused particle
beam was transmitted through a 1.5 mm conical skimmer into
the vacuum chamber, where it intersected with the mono-
chromatic photon beam.

An elliptically polarizing undulator was adjusted to generate
vertically polarized light, which optimized signal intensity for the
vertically aligned electron analyzer (SCIENTA R4000). A photon
energy of 250 eV was chosen as a compromise between the high
ux at low photon energies inherent of the FinEstBeAMS beam-
line, and unwanted scattering from the Cu 3d core levels at lower
photon energies. Photoelectrons with kinetic energies around
160 eV were collected, and the kinetic energy per step was 0.2 eV.
Nanoscale Adv., 2026, 8, 4804–4815 | 4807
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To achieve a time-resolved investigation of the NPs surface
composition, an individual spectrum consisting of a single sweep
was recorded for 83 seconds, followed by a retracing time of 50
seconds. In total, one spectrum took 133 seconds (2 min 13
seconds), and this is therefore the time resolution. Also note that
particle generation parameters were tuned (described in Section 2)
to increase the signal for in-ight XPS.

The Zn 3p and Cu 3p core levels were probed, and their relative
intensity was analyzed for different electrode compositions and
over time. Data analysis and spectral tting were conducted using
CasaXPS soware.30 Shirley backgrounds were subtracted from the
XPS data. The Zn 3p doublets (3p1/2 and 3p3/2) were tted using
Gaussian/Lorentzian sum functions with an area ratio of 2 : 1 and
a xed spin–orbit splitting of 3.0 eV. The best t was obtained
using only the Zn2+ peaks, indicating that the surface contained
ZnO. The FWHM was restricted to 2.8 eV for the Zn2+. The Cu 3p
doublets (3p1/2 and 3p3/2) were tted using Gaussian/Lorentzian
sum functions with an area ratio of 2 : 1 and a xed spin–orbit
splitting of 2.45 eV. Shake-up satellite features characteristic of
Cu2+, was included at 8 eV higher binding energy, indicating that
the surface contained CuO.31
3 Results
3.1 Nanoparticle characteristics

Size-selected CuZn particles with an electrical mobility diameter of
70 nm, were deposited aer 10 minutes of sparking and studied
using TEM. Fig. 1 shows representative particles generated from
alloyed electrodes. Additional overview TEM images showing
several agglomerates at lower magnication are provided in
Fig. S2. The generated particles typically consist of agglomerates of
smaller primary particles. It should be noted that the samples were
exposed to ambient atmosphere prior to TEManalysis, and surface
oxidation is therefore likely to have occurred post-synthesis.
Qualitative inspection of the TEM samples did not reveal
obvious differences inmorphology, such as primary particle size or
degree of coalescence, between particles generated using different
electrode compositions. However, no statistical TEM-based
morphology analysis was performed. Full size distributions of
CuZn agglomerates generated in Ar using a charging current of 2
mA are shown in Fig. S3, with typical electrical mobility diameters
ranging from 10 to 200 nm.

The spatial distribution of Cu and Zn from a particle
generated using Cu50Zn50 electrodes was investigated via STEM-
Fig. 1 TEM images of CuZn NPs generated and deposited 10 min afte
Cu25Zn75, (b) Cu50Zn50, and (c) Cu75Zn25.
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EDS, see Fig. 2. The STEM-EDS maps demonstrate a homoge-
nous spatial distribution of Cu and Zn throughout the entire
particle, consistent with the formation of a homogeneous
mixture of Cu and Zn.

The composition of 20 individual particles was measured
using TEM-EDS and the results are shown in Fig. 3. The mean
composition of Cu with respect to Zn from each sample was
16.2, 38.8, and 67.6 atomic percent Cu, corresponding to
a difference of −8.8, −11.2, and −7.4 atomic percentage points
(at. pp.) from the specied electrode composition (dotted lines
in the gure). The standard deviations were 2.8, 4.1 and 4.5 at.
pp, in line with previously reported particle-to-particle compo-
sitional variations of NPs produced via spark ablation.11

The TEM-EDS results indicate that the nanoparticle
composition deviates from the specied electrode composi-
tions. To investigate how the surface of the electrodes used in
this study is affected by sparking, it is analyzed using SEM and
SEM-EDS.
3.2 Characterization of feedstock surface

The electrode surface of alloyed electrode pairs was investigated
using SEM aer 30 minutes of sparking using a charging
current of 6 mA. Fig. S4 shows the surface structure with craters
where the sparks hit the electrode, indications of melting, and
a greatly varying surface morphology over the electrode surface.
Erosion craters are estimated to be up to ∼10 mm in diameter,
though only ∼1 mm deep. Based only on the surface structure
from the SEM-images, it is difficult to observe any consistent
differences among the electrode pairs. Instead, the surface
composition was investigated.

The composition of the CuZn alloy electrodes was analyzed
by SEM-EDS before sparking (unsparked) and aer approxi-
mately 30 min of continuous nanoparticle generation in Ar
(sparked). For each electrode, 30 individual point spectra were
collected from areas randomly distributed over the electrode
surface, and the average Zn composition (relative to Cu)
together with the corresponding standard deviation is shown in
Fig. 4. Prior to sparking, the measured compositions of the
alloyed electrodes agree well with the nominal values and
standard deviations below 3.3 atomic percentage points. This
verication was performed on polished electrode surfaces on
two separate occasions. Between the measurements, the elec-
trodes had been sparked and subsequently repolished,
exposing material from below the original surface. The repeated
r the start of sparking using alloyed electrodes with compositions (a)

© 2026 The Author(s). Published by the Royal Society of Chemistry



Fig. 2 STEM image of a CuZn nanoparticle generated using the Cu50Zn50 electrodes. The STEM-EDS maps show the spatial distribution of Cu
(magenta), Zn (cyan), and Au (white). The distribution of the Cu and Zn signals over the entire particle indicate an even elemental distribution.

Fig. 4 Average composition of the electrode surface obtained from
30 SEM-EDS point spectra of the anode (purple) and cathode (green).
Error bars correspond to ±1 standard deviation. Stars indicate that the
electrodes have been sparked for 30 minutes. The specified compo-
sition is indicated by dotted lines.

Paper Nanoscale Advances
agreement with the nominal compositions supports that the
alloy composition is homogeneous.

The SEM-EDS results indicate that aer sparking, there is
a lower amount of Zn on the feedstock surface compared to
before sparking. The average Zn composition aer sparking
corresponds to Zn losses of−7.5 and−9.2,−7.9 and−15.9, and
−27.0 and −25.8 atomic percentage points, for anode and
cathode electrodes with increasing nominal Zn content,
respectively. Notably, the quite large change in composition is
detected even though SEM-EDS has a relatively large interaction
volume, extending several mm into the material (for the accel-
eration voltage used here). Consequently, the compositional
differences must be large, andmost probably extend beyond the
immediate surface. The fact that clear differences are observed
aer only 30 minutes of nanoparticle generation indicates that
sparking induces signicant compositional modications.

A SEM-EDS map on the Cu50Zn50 cathode and a line scan on
the Cu25Zn75 anode aer 30 minutes of sparking are shown in
Fig. S5 and S6, respectively. The spatial distribution of Cu and
Zn signal on the electrode surface indicate that local variations
in composition exist, also indicated by the standard deviations
between sparked and unsparked electrodes shown in Fig. 4. The
electrodes were analyzed also aer 5 h of sparking, showing that
the average composition of the surface is similar to that aer 30
minutes (see Fig. S7).

At this point, it is clear that particles generated 10 minutes
aer the start of sparking have a higher Zn content compared to
the original composition of the electrodes. Furthermore, aer
30 minutes of sparking, the electrode surface has a signicantly
Fig. 3 Composition of CuZn NPs determined by TEM-EDS analysis of ind
and alloyed electrodes of Cu25Zn75 (dark blue), Cu50Zn50 (magenta), and
together with shaded regions representing ±1 standard deviation. The s

© 2026 The Author(s). Published by the Royal Society of Chemistry
lower average Zn content compared to the nominal values,
indicating that the composition during extended sparking
times might evolve over time.
3.3 Time-resolved XRF

Time-resolved techniques are employed to obtain quantitative
and time-resolved information of the nanoparticle composi-
tion, starting with analyzing the average composition of
deposited NPs via XRF. The Lund spark ablation setup (run with
ividual particles. NPs were generated using a charging current of 6 mA
Cu75Zn25 (yellow). The mean composition is indicated by dashed lines
pecified electrode compositions are indicated by dotted lines.

Nanoscale Adv., 2026, 8, 4804–4815 | 4809



Fig. 5 Time-evolution of the composition (from XRF) of freshly
produced CuZn NPs. The original electrode compositions are included
as black dotted lines in the figure. The average composition of particles
produced from different CuZn alloys is indicated as follows; Cu75Zn25
(yellow), Cu50Zn50 (magenta), Cu25Zn75 (dark blue).
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2 mA charging current) was coupled to an Xact instrument
capable of measuring the composition of NPs deposited on
a lter with a temporal resolution of 5 minutes. Elemental
analysis was performed directly aer each 5-minutes particle
collection interval using XRF. The results when the three
different alloyed electrodes are used to produce particles for
about 100 minutes are presented in Fig. 5. For reference, the
specied electrode composition is added as dotted black lines,
while the measured particle composition is represented by
yellow (Cu75Zn25), magenta (Cu50Zn50), or dark blue (Cu25Zn75)
circles with measurement uncertainty added as error bars.

According to the XRF results presented in Fig. 5, it is clear
that the nanoparticle composition does not correspond to the
specied electrode composition, and that it changes over time.
For all electrodes, the particle composition has a lower Cu
content compared to that of the specied feedstock, but over
time it seems to increase and approaches the specied
composition. The rst measurement point corresponding to
particles produced during the rst 5 minutes of sparking shows
a Cu difference of about−15 atomic percentage points from the
nominal composition, while aer 90 minutes, the difference is
only about −5 at. pp. For reference, the AgAu material system
was tested (see Fig. S8) in the same manner as the CuZn but did
Fig. 6 The average composition measured by XRF of CuZn NPs generate
particle samples deposited and analyzed for 15 minutes (blue). For compa
are also included (magenta). The dashed line indicates the original elect
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not show a similar change in nanoparticle composition over
time.

A longer measurement and investigation of the nanoparticle
composition from the Cu50Zn50 electrode at 15-minutes inter-
vals can be seen in Fig. 6 together with the 5-minutes data from
Fig. 5. The 15-minutes measurements match well with the 5-
minutes data, showing reproducibility of the results. Over time,
the average nanoparticle composition slowly approaches that of
the originally specied electrode composition, and aer 4
hours, it differs by only about 2.5 at. pp. This result shows that,
for the Cu50Zn50 electrode, the specied composition will be
reached if the sparking is done long enough. However, since no
investigations were performed for even longer sparking times, it
is not known if the composition continues to dri, above the
specied one.

The nominal electrode composition is neither preserved on
the electrode surface nor in the resulting particles. The particle
composition is changing with sparking time, though it seems to
approach the nominal composition with time. The electrode
surface composition indicates Zn depletion, as compared to the
nominal Zn content. However, the nanoparticle composition
depends on two elements, Cu and Zn, so the composition can
change due to a variation of one of them or both. Furthermore,
it is not yet known if the change in composition happens
already during the particle formation stage or if it changes later
in the setup. Therefore, the particle formation stage is investi-
gated by measuring light emission from the plasma including
signals from ablated and excited Zn and Cu atoms.
3.4 Time-resolved plasma OES

Fig. 7 shows the intensity (normalized to Ar) for the selected Cu
I and Zn I atomic lines from the OES over time, for spark
discharge generation of Cu50Zn50 electrodes with a charging
current of 6 mA in Ar. The intensity signals from OES qualita-
tively show the excited Cu and Zn atomic species present in the
plasma during particle generation. The results indicate that the
amount of Zn – assumed to be proportional to the normalized
Zn I intensity – decreases as time progress. Similarly, the
amount of Cu is assumed to be proportional to the corre-
sponding emission intensity – here shown to increase with
time. Note that the results presented here cannot provide direct
quantitative information of the Cu–Zn ratio but shows the
relative evolution over time. However, a qualitative estimation
can be seen in Fig. S9, which shows how the intensity of Cu
d over∼4 hours. The data points represent the average composition of
rison, the 5-minutes interval measurements from the same electrodes
rode composition.

© 2026 The Author(s). Published by the Royal Society of Chemistry



Fig. 7 Integrated optical emission signals from Cu and Zn over 25 min of spark ablation. The Cu (orange) and Zn (blue) emission intensities are
normalized to the Ar carrier gas signal.
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compared to the total intensity from Cu and Zn evolve over time.
The results indicate an increase of 10–20% in the Cu “content”
of the total signal, which is in line with the increase in average
Cu content of NPs over time seen from XRF.

From the OES results, it seems that the change in relative
Cu–Zn composition is not only due to a decrease in the Zn
ablated over time, but also due to an increase in the Cu ablated
over time, and together this results in the observed composition
variation. Furthermore, OES only detects signal from excited
species, and so might not represent the concentration ratio of
the whole population. The signal from ICP-MS does not
discriminate in this sense, and the following analysis is there-
fore continued with in-ight, time-resolved ICP-MS.
3.5 Time-resolved ICP-MS

To gain further qualitative understanding of how the relative
fraction of Cu and Zn in the NPs changes over time, and with
a higher time resolution than XRF, the Clausthal spark ablation
setup was connected to an ICP-MS to allow for in-ight and
time-resolved analysis of the produced NPs. The ICP-MS setup
monitors how a specic elemental signal from the produced
Fig. 8 Time-resolved ICP-MS signals from the 63Cu (orange) and 64Zn (
electrodes in Ar and a charging current of 6 mA. A delay of∼50 seconds r
The signals are corrected for variations in particle number concentration

© 2026 The Author(s). Published by the Royal Society of Chemistry
NPs changes over time. The result from the Cu50Zn50 electrodes
sparked in Ar using a charging current of 6 mA over a period of
about 25 minutes is shown in Fig. 8 below. While the Zn signal
(blue) shows a slight decrease over time, the Cu signal (orange)
exhibits an increase, in line with the OES results above.

Though the signals from ICP-MS cannot directly be trans-
lated to a composition, the intensity from Cu was compared to
the total intensity of Cu and Zn in Fig. S10, providing an indi-
cation of the relative composition of the particles. The trend of
the relative Cu composition is like that from OES in Fig. S9,
conrming that the change in composition is both due to
a decrease in Zn ablation and at the same time an increase in
the Cu ablation.
3.6 In-ight XPS

The techniques used up until now have only been able to give
information of the nanoparticle bulk composition (TEM-EDS,
XRF, ICP-MS). However, for most applications it is the surface
of the particles that is of greatest interest. Therefore, in-ight
XPS is applied to the particles to nd out information of their
surface composition over time.
blue) isotopes during nanoparticle production using Cu50Zn50 alloyed
eflects the particle residence time before reaching the ICP-MS plasma.
.
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Fig. 9 In-flight XPS of the Zn 3p and Cu 3p core levels from NPs
generated in N2 using Cu50Zn50 electrodes and a charging current of
30 mA. (a) Spectra acquired during the first 10 minutes of nanoparticle
generation. (b) Spectra acquired between 50 and 60min after the start
of generation. Note that the spectra are normalized against the Zn 3p
peak intensity. (c) Time evolution of the relative Zn and Cu 3p peak
areas.
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Time-resolved in-ight XPS measurements were performed
at a synchrotron facility. CuZn NPs were generated from
Cu50Zn50 alloyed electrodes. A limitation of the in-ight XPS
measurements was that a sufficiently high signal could not be
obtained when Ar was used as carrier gas, probably due to
a generally lower particle production in Ar compared to N2-
based gases.32 Therefore, N2 was used as carrier gas, to obtain
4812 | Nanoscale Adv., 2026, 8, 4804–4815
a signal allowing for time-resolved analysis of the particles in-
ight. In addition, the charging current was increased to 30
mA to further enhance the particle output.

Fig. 9a and b show the resulting photoelectron spectra,
including both Zn 3p and Cu 3p, acquired during the rst 10
minutes and between 50 and 60 min aer the start of nano-
particle generation, respectively. Comparing the spectra, a clear
change in the relative surface composition of Zn and Cu is
observed (note that the spectra are normalized against the Zn 3p
peak intensity). The XPS spectra reveal that the surface contains
ZnO and CuO, and while ZnO dominates the surface of the
particles generated the rst 10 minutes, CuO increases over
time. Previous studies of CuZn NPs have shown that Zn is
preferentially in the form of ZnO on the nanoparticle surface,
but that the oxidation state it is dependent on the environment
being oxidative or reductive as well as on the temperature.1,27

Fig. 9c shows the evolution of the relative Zn 3p and Cu 3p
peak areas over time, from start to ∼2 hours of sparking. The
corresponding tted peak areas before normalization are
shown in Fig. S11. While these values cannot be directly con-
verted into an absolute atomic composition of the surface, they
provide a qualitative indication of compositional changes at the
nanoparticle surface. The trend of decreasing Zn relative to Cu
from time-resolved XPS is consistent with the results obtained
using the other time-resolved characterization techniques re-
ported in this study (OES, ICP-MS).
4 Discussion

The present study shows that continuous sparking of alloyed
CuZn electrodes modies the electrode surface, leading to
a time-dependent evolution of both the surface composition
and the composition of the generated nanoparticles. In contrast
to previously studied alloy systems such as Ag–Au, where the
nanoparticles composition closely followed the feedstock
composition,14 Cu–Zn shows behavior consistent with a distil-
lation-like effect. This is likely related to the large difference
in vapor pressure between Cu and Zn, together with the much
lower melting point of Zn (see Fig. S12 showing data from
ref. 33).

The SEM-EDS, XRF, OES, ICP-MS, and XPS results consis-
tently indicate preferential Zn removal during sparking.
Together, these techniques probe different stages of the
process: SEM-EDS reects the modied electrode surface, XRF
and ICP-MS probe the particle composition, OES probes the
plasma phase during ablation, and in-ight XPS gives infor-
mation on the nanoparticle surface. For example, aer 30 min
of sparking with the Cu50Zn50 electrodes, the electrode surface
contained approximately 40 at% Zn, whereas the generated
nanoparticles contained approximately 60 at% Zn. Time-
resolved OES and ICP-MS further showed decreasing Zn
signals and increasing Cu signals during the rst 30 min, con-
rming a compositional change during sparking. These obser-
vations indicate that Zn is preferentially ablated or evaporated
from the electrode surface, gradually leaving behind a Cu-
enriched surface.
© 2026 The Author(s). Published by the Royal Society of Chemistry



Fig. 10 Schematic illustration of an alloyed Cu50Zn50 electrode
surface when steady state is achieved (proposed hypothesis based on
results in this study). Over time, the surface becomes enriched in Cu
due to preferential Zn evaporation. Spark erosion craters can reach
deeper into the electrode surface, hence sampling both Cu-rich
surface and “fresh” alloy electrodematerial, ensuring a constant supply
of new Zn. The ablated material is vaporized and mixed, leading to
well-mixed CuZn NPs.
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A Zn-rich native oxide layer on the electrodes may contribute
to the initial rapid change in composition, but it cannot explain
the longer evolution observed over tens of minutes to hours,
since such a thin surface layer would be removed early during
sparking. Likewise, diffusion may contribute locally in transient
molten regions, but estimated diffusion lengths are small
compared with the micron-scale erosion craters formed during
spark ablation, and the average electrode surface temperature is
expected to remain below 100 °C34 (see diffusion and electrode
temperature discussion in SI). Local transient melting and
resolidication during repeated spark impacts may neverthe-
less promote near-surface reorganization. Therefore, long-range
diffusion from the bulk is unlikely to be the primary source of
Zn replenishment.

The fact that polishing the electrode surface using sand-
paper, which typically removes tens of micrometers of material,
restores the nominal alloy composition (conrmed by SEM-
EDS) indicates that the depletion zone is conned to relatively
shallow depths. Based on the results in this study, we propose
a qualitative mechanism, in which preferential Zn evaporation
leads to formation of a Cu-rich surface layer, while repeated
spark erosion, redeposition, and exposure of less-depleted alloy
material provide a continued supply of Zn. The ablated material
is subsequently vaporized and mixed in the gas phase, resulting
in well-mixed CuZn NPs. This proposed mechanism is
© 2026 The Author(s). Published by the Royal Society of Chemistry
illustrated schematically in Fig. 10 and should be regarded as
a hypothesized mechanism rather than a direct structural
reconstruction of the electrode surface.

A simple semi-quantitative ablation model was developed to
test whether preferential Zn evaporation combined with effec-
tive surface renewal can reproduce the temporal CuZn NP
composition trends observed in this study. The model/t
reproduces the general trends observed by time-resolved XRF,
as shown in Fig. S13 and discussed in the SI. Importantly, the
predicted steady-state nanoparticle composition does not
necessarily coincide with the nominal feedstock composition.
The relatively slow change in composition over time may be
related to the fact that approximately 99.5% of the ablated
material is known to redeposit on the electrode surfaces, while
only ∼0.5% contributes to nanoparticle formation.19

To reproduce the long-time Cu50Zn50 XRF data using the
model, the effective surface-renewal parameter b had to exceed
the parameter describing material ablation a. Physically, this
suggests that each spark modies a larger near-surface volume
than the fraction of material ultimately released as gas-phase
nanoparticles. Preferential Zn evaporation continuously
enriches the uppermost electrode surface in Cu, while repeated
spark erosion, local melting, redeposition, and exposure of
partially fresh alloy provide a continuous supply of Zn. The
system therefore approaches a stable particle composition close
to, but not necessarily identical to, the original electrode
composition.

Overall, the observed behavior likely reects an interplay
between preferential Zn evaporation, redeposition and inter-
electrode material transfer, local melting and resolidication,
and continuous replenishment of Zn through partial renewal of
the electrode surface. Although further investigation is needed
to fully resolve the underlying mechanisms, the model provides
a qualitative explanation for the gradual compositional shi
observed during continuous spark ablation of CuZn alloys.

5 Conclusion

This study demonstrates the gas-phase synthesis of bimetallic
Cu–Zn NPs via spark ablation, showing that compositions
across a wide Cu–Zn range can be accessed by selecting
appropriate feedstock materials. Compared with wet chemical
synthesis, spark ablation generally provides less precise control
over particle size and morphology, but offers advantages in
terms of composition control. In this work, internally homo-
geneous CuZn alloy nanoparticles were produced, and their
composition was shown to evolve with sparking time before
reaching a dynamic steady state. Thus, despite the substantial
differences in thermophysical properties between Cu and Zn,
stable and tunable nanoparticle compositions can be achieved.

A clear time dependence in nanoparticle composition was
identied when starting from new “un-sparked” electrodes.
This behavior was systematically investigated using comple-
mentary, time-resolved techniques probing (i) the electrode
surface composition, (ii) the ensemble nanoparticle bulk and
surface composition, (iii) the single-particle composition, and
(iv) the plasma phase. Together, these measurements provide
Nanoscale Adv., 2026, 8, 4804–4815 | 4813
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a comprehensive picture of the processes governing composi-
tional evolution. The results indicate that prolonged sparking
leads to a progressively stabilized nanoparticle composition,
reecting the establishment of a dynamic balance between
preferential evaporation, redeposition, and electrode composi-
tion modication. Based on these observations, a qualitative
mechanism, supported by a simple ablation model, is proposed
to explain the temporal evolution of composition in CuZn spark
ablation.

By combining advanced time-resolved characterization with
controlled nanoparticle generation, this work provides critical
insight into bimetallic nanoparticle formation in spark abla-
tion. The ndings contribute to rening the understanding of
the process and establish guidelines for achieving controlled
and tunable nanoparticle compositions. This capability is
essential for tailoring material properties, for example in cata-
lytic applications where activity and selectivity are strongly
composition dependent.
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