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ABSTRACT ARTICLE HISTORY
Spark ablation is a highly effective and versatile method for producing nanoparticles from Received 11 April 2024
bulk conductive electrode materials. For a number of applications, however, the production Accepted 19 August 2024
throughput of the process needs to be increased with respect to the current state of the
art. Here we show that this can be achieved by decreasing the diameter of the employed
bulk-material electrodes from ca. 12 to 0.15mm, corroborating previous observations, and
demonstrate that the throughput is associated with the ablation efficiency (i.e., the energy
spent to produce nanoparticles per total input energy) that respectively increases by a fac-
tor of 10. It is also shown that the commonly used theory for predicting the mass of nano-
particles produced by spark ablation cannot capture this effect, and thus we extend it to
account for heat losses that affect the process when electrode diameter reduces below ca.
2mm. Through this exercise we also show that reduced heat losses associated with thinner
electrodes provide an effective recipe to increase the ablation efficiency, also referred as the
nanoparticle production yield. The new extended theory for estimating spark ablation nano-
particle mass production throughput is also accompanied by an empirical equation predict-
ing its dependence on electrode diameter.
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including catalysis (Messing et al. 2010; Lu et al. 2020;
Schmidt-Ott 2020) and gas sensing (Isaac et al.
Spark ablation provides an elegant way of producing 2016, Isaac, Pikaar, and Biskos 2022; Schmidt-Ott
tailored nanoparticles. Originally introduced by  2020), as well as in experiments for understanding
Schwyn, Garwin, and Schmidt-Ott (1988), the tech-  fundamentals of nanotoxicity (Gutierrez et al. 2023;
nique has been employed over the years to produce  Minogiannis et al. 2019) and atomic cluster physics
nanoparticles for a number of applications  (Maisser et al. 2015, 2021; Schmidt-Ott 2020). Apart

1. Introduction
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from those applications, the technique is often used to
produce test nanoparticles for the characterization
and/or the calibration of aerosol instruments
(Schmidt-Ott 2020; Zhang et al. 1995).

In a spark-ablation aerosol nanoparticle generator,
referred to as Spark Discharge Generator (SDG) from
this point onwards, two electrodes are usually placed
coaxially next to each other with a small gap between
them. In the simplest set-up, periodic electric dis-
charges are induced in this gap through a Resistor
Inductor Capacitor (RLC) circuit that is powered by a
constant-current/high-voltage source, inducing the dis-
charges in a controllable way and a specific repetition
frequency. Each spark is a short-lived hot plasma that
has a temperature of 10,000-20,000 K (Kohut et al.
2017), evaporating a small portion of the electrodes
each time. The resulting vapor cloud is carried away
from the gap region and very rapidly cooled down by a
carrier gas flow, forming atomic clusters that rapidly
grow to singlet nanoparticles and agglomerated struc-
tures by condensation and/or coagulation.

The advantages of the SDG are that: i. it provides a
stable source of nanoparticles (Petallidou, Schmidt-
Ott, and Biskos 2024), ii. it is highly versatile with
respect to the size and composition of nanoparticles it
produces (including alloys in a highly controllable
manner; Petallidou et al. 2023) and iii. it is environ-
mentally friendly as it does not produce any waste
streams (Feng, Biskos, and Schmidt-Ott 2015).
Depending on the material used for ablation, the mass
throughput (i.e., mass production rate) of existing
SDGs typically ranges from ca. 1 to 100 mg/h, which
is considered small for many industrial applications.
As a result, efforts have been made to increase it by
increasing the energy per spark and the repetition fre-
quency (Noh et al. 2017; Feng, Biskos, and Schmidt-
Ott 2015; Pfeiffer, Feng, and Schmidt-Ott 2014;
Tabrizi et al. 2009), or by using multiple electrode
pairs in parallel (Efimov et al. 2013, 2016; Ivanov
et al. 2016). We should note here that these measures
increase the mass throughput but not the ablation
efficiency (also referred to as production vyield),
defined as the ablation energy, i.e., the energy needed
to evaporate material from the electrodes and form
nanoparticles, per input energy, i.e., the total energy
provided by the SDG electrical circuit.

More than a decade ago, Han et al. (2012) showed
that using pin-to-plate or pin-to-rod electrode configura-
tions in spark ablation can lead to higher nanoparticle
production  throughputs. Along the same lines,
Domaschke, Schmidt, and Peukert (2018) provided sys-
tematic measurements showing how the throughput of an

SDG operated with a constant energy input increases by
decreasing the electrode diameter. In addition, they dem-
onstrated how the production throughput for different
materials is correlated with the Fourier number that char-
acterizes transient heat transfer. However, this correlation
is not general, as the parameters representing the elec-
trode dimensions in the Fourier number predict a
decrease of mass production with decreasing electrode
diameter, and most importantly does not provide an
insightful understanding of the observed effect.

Using a new commercial SDG, here we investigate
the dependence of nanoparticle production through-
put on the diameter of the employed electrodes, and
offer a qualitative theory-based explanation together
with a simple semi-empirical model that describes
how these two parameters scale. The rest of the paper
is organized as follows. Section 2 provides all the
details of the experimental setup. Section 3 expands
on the state of the art theory for predicting the rate at
which material is ablated by electrical sparks, and pro-
vides a theoretical framework that captures heat losses
and how these vary by changing electrode diameters.
Section 4 reports all the experimental and theoretical
results, as well as simulations that provide insights of
the observed phenomena. Finally, Section 5 summa-
rizes the most important conclusions.

2. Experimental methods

All the experiments reported here were carried out
using a SDG manufactured by VS-Particle (VS-Particle,
Model Gl1), with Ni (99.99% purity; Goodfellow
GmbH), Cu (>99.95% purity; Goodfellow GmbH) or
Pd (99.95% purity; Goodfellow GmbH) electrodes of
different diameters. N, (99.999% purity) was used as
the carrier gas in all cases. The experimental setup and
the geometry of the electrodes inside the SDG chamber
are shown in Figure 1. In every experiment we used
electrodes with different diameters, ranging from 0.15
to 12mm, while maintaining the other geometric
parameters unchanged. In all cases, the shape of the
electrodes was cylindrical. The thinner electrodes (ie.,
those having diameters <1 mm) were fitted to the SDG
holders by extended custom-made adaptors made of
stainless steel, in a way that made sure they do not
bend during the experiments.

For every electrode pair diameter we measured the
mass ablated at different energies per spark, whereas
the frequency was kept constant (~200+20Hz). The
mass ablated from the electrodes was determined
gravimetrically by measuring the mass of the electro-
des with a high accuracy balance (KERN, Model ABT
100-5M) before and after running the SDG for a fixed
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Figure 1. Schematic illustration of the SDG (VS-Particle, Model
G1), including details of the configuration of the electrodes,
employed in our experiments.

amount of time. The mass ablation yield was estimated
by determining the mass ablated per spark as a function
of the energy per spark, following the method proposed
by Feng, Biskos, and Schmidt-Ott (2015). The produc-
tion yield of the SDG was subsequently determined by
calculating the energy per spark needed to ablate the
measured mass (cf. Equation (5) in the next section)
and dividing it by the energy provided per spark in the
SDG (Feng et al. 2016).

Preliminary gravimetric measurements were carried
out in order to exclude that other parameters such as
the electrode length, the carrier gas volumetric flow,
and its velocity around the electrodes (influenced by
the distance between the inlet and the outlet of the
SDG), affected the particle mass production (cf.
Figure S1 in the online supplementary information
[SI]). In addition to these measurements, we carried
out systematic tests to ensure that nanoparticle pro-
duction from the SDG is stable over long periods of
time (cf. results in Figures S2 and S3 in the SI).
Additional measurements also involved testing the sta-
bility of the SDG electric circuit (cf. Figure S4) and
determining the mean discharge voltage and sparking
frequency of the SDG under the conditions that this
was employed (cf. Figure S5). We should note here
that the distance between the two electrodes is con-
stantly regulated in the Gl VS-Particle SDG to ca.
1 mm (also confirmed by a caliber with an accuracy of
0.1 mm before and after each experiment) by keeping
the discharge voltage and the spark frequency con-
stant during operation. The capacitor employed in
this SDG is 20 nF.

3. Theoretical framework

Llewellyn Jones (1950) provided a model, which is still
readily used today, relating the mass of material

AEROSOL SCIENCE AND TECHNOLOGY 3

ablated by a single spark discharge with the total
input energy of the system. This model can be
expressed by the following energy balance:

Am - (Cps(Ton = T) + Cpi(Ty = Tiw) + Hp + He)
= oE;p; — 211’071 (T‘Z - T4) — 271 thga(Tp — T)
— 211tk (Ty — T) (1)

Starting from the left-hand side of Equation (1),
Am is the mass of electrode material evaporated by
each spark, T,, and T} are the melting and the boiling
points of the electrode material, respectively, T is the
electrode temperature before the spark (also referred
to as the stationary temperature in the rest of the
paper), C,; and C,; are the specific heats of the elec-
trode material in the solid and the liquid phase,
whereas H,, and H, are the enthalpies of melting and
evaporation of the electrode material, respectively. On
the right-hand side of Equation (1), « is the fraction
of the total input energy transferred to the electrodes,
E,» is the total input energy to the system, o is the
Stefan Boltzmann constant, whereas kg, and k. are,
respectively, the heat conductivity of the gas and of
the electrode material. The parameter r is the radius
of the spot on which the spark lands (also referred to
as the “hot spot”), and 7 is the duration of a single
spark.

The first term on the left-hand side of Equation (1)
represents the energy that goes into ablation, E,,
which is the energy required to evaporate a mass Am
from the electrodes, whereas the terms on the right-
hand side account for heat lost: i. via radiation, ii.
from the electrode to the carrier gas, and iii. from the
electrode to the housing of the spark chamber.
Considering that, we can collapse Equation (1) to:

Eapt = %-Eyor — Eps(T), (2)

where Eppgg represents all the heat loss terms, which
are functions of the electrode stationary temperature.
In general the ablation energy can be expressed as:

Eavi = 1-Esots (3)

where 7 is the energy efficiency of ablation. To
decouple the amount of electrical energy transferred
to the electrodes from that lost through heat in the
system, we can expand Equation (3) to:

Eapt = -Egor — B-Eiors 4)

where f is the fraction of the total input energy lost
as heat. It is reasonable to assume that this loss term
is proportional to E,,; because the spark diameter is
proportional to the spark energy, and thus the fraction
of energy, f, transferred to the electrodes is
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anticipated to be constant, in contrast to what is
assumed to the Llewellyn-Jones approach. We should
note here that by combining Equations (3) and (4)
yields that n=0o - f5.

In what follows, we adapt the expression on the left
side of the Llewellyn-Jones model (i.e., Equations (1)
and (2)) to represent E,,, but replace the electrode
heat loss term by f-E;y, following Equation (4). This
leads to:

Eabl - (OC - ﬁ)'Etot
— Am:[Cyo(Tw = T) + Cpr(Ty = T) + H + H.).
(5)

We should note here that the Llewellyn-Jones model
refers to a single spark event, and this is why it can con-
sider T to be room temperature. In a SDG, multiple
sparks follow one another with high repetition, resulting
in a considerable warming of the electrodes. As a result,
the stationary temperature of the electrodes, T, ranges
between room temperature and the electrode melting
point considering that the bulk of the electrodes remains
solid during the process. Simplifying this process and
accounting for electrode heating, our model considers
the repetitive sparks (having frequencies that range from
100 to 10,000Hz for typical SDGs) as a continuous
source that heats the face of the electrodes, which
consequently forces a temperature gradient along their
length.

It is important to note that under conditions leading
to a stationary temperature close to the melting point,
we expect production of larger micron-sized particles,
also referred to as “splashing” particles (Pfeiffer, Feng,
and Schmidt-Ott 2014). Splashing, in contrast to evap-
oration-condensation, is a mechanism by which a liquid
pool forms at the hot spot on the electrodes during the
sparks, emitting liquid droplets that subsequently cool
down to form solid particles in the carrier gas.
Qualitative measurements using particles deposited on
substrates and observed by electron microscopy did not
show any significant variability in the fraction of splash-
ing particles to the rest of the nanoparticles when
changing the electrode diameter (data not shown here).
As a result, it is reasonable to assume that the produc-
tion of splashing particles is similar among the different
experiments we carried out using electrodes of different
diameters for the rest of the analysis.

Expressed now in terms of power, Equations (3)
and (4) can be used to estimate the power going into
electrode ablation as follows:

Pabl = m'[cps(Tm - T) + Cpl(Tb - Tm) + Hm + He]
= N-Prot = 0t-Pyor — ﬁ'Pton (6)

with 1 being the mass production rate. Here, Py, is
the total power provided by the SDG power supply,
which can be estimated by:

Py = VI, (7)

where I is the constant current charging the capacitor
that periodically releases its energy into the spark, and
V is the mean voltage across that capacitor. If we neg-
lect electromagnetic losses, Py, is a good estimate for
the power required to create the spark discharges.

The second term on the right hand side of
Equation (6), (i.e., f-Ps,) is the power lost: i. via heat
conduction through the solid parts of the SDG, and ii.
by forced convection through the carrier gas flow. For
the case of a cylindrical rod of length L and diameter
D, having a stationary temperature Tp,, at the
ablated face and room temperature Ty, at the other
end, this power loss can be expressed as:

Pioss = ﬁ'Ptot = Peonda + Peonys (8)

where P, is the power lost by conduction and P,
by convection (Faghri, Zhang, and Howell 2010),
approximated respectively by:

kelec‘(n'Dz)

Peong = 2- 4L

: (Tfront - Tback)’ (9)

and

Peony = 2'(7I'D'L)'Uconv'(Ts - Tgas)~ (10)

Here, U,,, is the heat transfer coefficient deter-
mined by the physical properties of the carrier gas
and the shape of the electrodes (cf. Equations (S3)-
(S6) in the SI referring to the COMSOL simulations,
which are also applicable here). T, and Tpaer in
Equation (9) are the mean temperatures of the front
edge of the electrodes (i.e., exposed to the sparks) and
the back edge of the electrodes (i.e., attached to the
SDG holders). In Equation (10), Ty is the mean cylin-
drical surface temperature of the electrodes (ie., in
contact with the carrier gas flow) and T, is the tem-
perature of the carrier gas. The factor of 2 in
Equations (9) and (10) accounts for the fact that there
are two electrodes in the SDG system, assuming that
the power is equally distributed between them.

We should note that full consideration of the heat
losses (i.e., Equation (8)) should also account for
resistive (or Joule) heating caused by the charge car-
riers transported through the electrodes during the
small duration of the repetitive sparks. The power of
resistive heating can be estimated as Pjyu =
Iﬁ_RMS-ReleC, where I; rys is the root-mean-square cur-
rent passing through the electrodes, and R, their

resistance that can be estimated by £t if

7-R?



their electrical resistivity, p,,. length, L, and radius,
R, are known. Calculations of Pj,,. for our system are
given in the SI (cf. Section S.8), showing that even for
the smallest electrode diameters employed here, Joule
heating is negligible compared to P.,,; and P, and
can therefore be omitted in the energy balance.

4. Results and discussion
4.1. Evaluation of ablation efficiency

Figure 2a shows how the measured mass ablated per
spark Am, determined by the gravimetric measure-
ments, relates to the total energy per spark E,, for
several electrode diameters (cf. also Table S1 of the SI
for the values shown in Figure 2a), for Ni electrodes.
Evidently, the ablated mass is linearly related to the
total energy input, and increases substantially by
decreasing electrode diameter from 12 to 0.3 mm (for
Ni electrodes). Figure 2b shows the same data as a
function of the total energy per spark E,,, but after
converting Am to energy for ablation E,;, according
to Equation (5), assuming a stationary temperature of
T=1013K estimated as the mean value between
room temperature and the melting point of Ni. The
slope of the relation between E,, and E,, provides
the energy efficiency of the entire system, #, as indi-
cated by Equation (3). Considering that vapor and
particle losses cannot be avoided in the SDG system
and in the tubing, estimation of the efficiency using
measurements of the mass ablated by the electrodes,
as we do here, can be regarded as an upper limit for
the particle mass production per unit input energy.
Similar results for Cu and Pd electrodes of different
diameters (i.e., 2 to 0.15mm for Cu, and 3 to
0.25mm for Pd) are provided in the SI (cf. Figures.
S6 and S7, as well as Tables S2 and S3).

Figure 3 shows how # varies with the electrode
diameter for all the three electrode materials studied
in this work. The error bars reflect the minimum and
maximum values employed for T, i.e., room tempera-
ture and the melting point of the electrode materials,
indicating their practically small contribution to abla-
tion efficiency. It is important to note here that the
results in Figure 3 agree fairly well with those
reported by Domaschke, Schmidt, and Peukert (2018).
Although the nanoparticle mass production rate in
the two studies was estimated in different ways (i.e.,
based on gravimetric measurements of the electrodes
in our study, and based on mass concentration of the
produced particles derived from measurements of the
size distributions by Domaschke, Schmidt, and
Peukert 2018), the exponents of the fitting curves
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Figure 2. Results from gravimetric measurements correspond-
ing to different diameters of Ni electrodes expressed as: (a)
mass ablated from the electrodes as a function of the total
electrical energy per spark provided to the SDG, and (b) frac-
tion of input energy going to ablation, determined as the
slopes of the fitted curves in the top sub-plot. The flow rate
and spark frequency in these measurements were kept con-
stant at 10 L/min N, and ~200 + 20 Hz.

relating ablation efficiency to electrode diameter were
very similar (cf. Figure S8 in the SI).

4.2. Estimation of heat losses

Evidently, the ablation efficiency is
affected by the diameter of the electrodes, especially as
it is reduced below 2mm, providing the underlying
reason for the observed associated increased through-
put. However, the question why this happens still
remains open. To address this question, we need to
quantify the heat losses through the system as indi-
cated by the theory (cf. Equations (9) and (10) in
Section 3), for which the face temperature of the elec-
trode is needed. To determine the face temperature
we attached a thermocouple to the electrodes as

significantly
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Figure 3. Ablation efficiency, 5, as a function of the electrode
diameter for the three materials studied in this work. The abla-
tion efficiency is determined by Equation (3), using ablation
and total energies determined by the experiments.

discussed and shown in the SI (cf. Section S.5). These
measurements show that the equilibrium temperature
of the 2- and the 4-mm electrodes are ca. 378 and
352K, respectively, suggesting that electrodes warm
up significantly during the operation of the SDG, and
that there are significant associated heat losses.

In order to determine f§ for any electrode diameter,
we use Equations (8)-(10), and an input temperature
at the face of the electrode. T,,; in Equation (9) is
assumed to be 378K, as indicated by the measure-
ments with the thermocouple, Tp,cx and Ty, are set to
room temperature, i.e., 299K, whereas T; is assumed
to be the average value between T, and Tpack.
Using a value of L =27 mm (which is the length of all
the electrodes we employed), we estimate that P}, ~
2W for the 2-mm Ni electrodes. Considering that the
total input power to the SDG is P, ~ 10W yields
B :%z 0.2 for the whole system. Values of the
spark ablation efficiencies n = Eg/E,o, that have been
reported so far are around 0.005, indicating that n <
p. Considering that n=a - f, a and S should have
very similar values, and thus the latter gives an esti-
mation of the former, so that « ~ 0.2, which is an
amazingly high portion of the total energy transferred
to the electrodes from the spark plasma. The
Llewellyn-Jones model is inconsistent with this result,
implying that # is similar to o, or, in other words,
that the thermal losses are insignificant.

We must point out that the approximation of f
described above is crude due to uncertainties related

to the determination of the face temperature of the
electrodes. Despite that, however, a safe conclusion we
can draw is that heat losses by conduction through
the electrode and by convection through the carrier
gas, are certainly substantial and that they represent
the main energy loss in spark ablation. Our new
approach assuming E,; o Eyy, is supported by the
results shown in Figure 2b. We cannot describe the
heat losses as a small constant value, as the Llewellyn-
Jones approach does, but rather as a fraction of the
total input energy. This is now captured by our modi-
fication of the Llewellyn-Jones model expressed by
Equation (6). Given this, the discussion that follows
attempts to explain how the electrode diameter can
influence the ablation efficiency and consequently the
nanoparticle throughput of SDGs.

4.3. Stationary temperature distribution of the
whole system

To qualitatively verify the results described in the pre-
vious section we carried out finite element calcula-
tions, using COMSOL, accounting for the whole
temperature profile of the SDG (cf. Section S.6 in the
SI). For practical reasons, the successive spark dis-
charges between the two electrodes were considered as
a continuous heat source with a power of 20% of the
total power provided by the SDG electrical circuit, fol-
lowing the estimation of S described in Section 4.2.
The COMSOL simulations consider heat conduction
through the electrodes to the housing, forced convec-
tion to the carrier gas and free convection from the
SDG housing to the ambient air. Using an input
power of 2W for the case of the pair of 2-mm Ni
electrodes (i.e., using an input energy of 10 W and
the estimated values of o as calculated above), we
determine the temperature profile on the surface of
the electrodes (cf. right subplot of Figure S9 in the
SI), and a temperature value at the point of the
thermocouple of ca. 363 K, which is very close to what
we measured.

To determine the dependence of heat losses on the
electrode diameter, we have to estimate how the tem-
perature varies axially and radially, and more specific-
ally the associated values at the two ends (i.e., the face
temperature and the temperature on the mount side),
for electrodes of different diameters. To achieve that,
we carried out COMSOL calculations, similar to those
described in the previous paragraph, decreasing the
diameter of the electrodes from 14 to 0.2mm (cf.
Section S.6 in the SI for more details). In brief, assum-

ing a constant input power, these simulations
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provided a steady state temperature distribution not
only of the electrodes having different diameters, but
also of the entire SDG chamber. We should note here
that because we had to assume that the heating area is
1 mm in diameter (a limitation posed by the meshing
employed in COMSOL), these calculations should be
considered as a first approximation of the temperature
distribution of electrodes having different diameters.

Figure 4 provides results from the COMSOL simu-
lations showing the temperature distributions across
electrodes having diameters that range from 0.15 to
12mm, together with the temperature differences
ATconduction = Tfrortt — Thack (Cf Equation (9)) and
ATconvection = Ts — Tgas (cf. Equation (10)), as functions
of the electrode diameter. As observed, the ends of
the thin electrodes exposed to the sparks are signifi-
cantly hotter (Tfo,) than the ends attached to the
SDG holders (Tp,), which is always very near to
room temperature. The value of Ty, is ~298 K, which
is the mean gas temperature far from the cylindrical
surface of the electrodes (cf. Figure S13 in the SI).

Using the temperature distribution determined by
COMSOL, we then estimated the power lost via heat
conduction to the solid parts of the SDG chamber
and via forced convection by the carrier gas flow. In
order to do that, we used again Equations (8)-(10).
Note that the carrier gas temperature far from the
electrode surface is always equal to room temperature
as indicated by the calculations. Stationary tempera-
tures (Tons Tpacks Ts and Tga) used in Equations (9)
and (10) are determined as average values by integrat-
ing across the respective surfaces of the electrodes; cf.
Table S4 that provides the above-mentioned tempera-
ture values derived by COMSOL for all the different
electrode diameters simulated.
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Figure 5 shows heat loss rate values of P,; and
Pny as a function of the electrode diameter, expressed
as fractions of the total power provided by the SDG
circuit. We should point out that for an input power
of I0W and assuming that o ~f=0.2, the thinnest
electrodes (i.e., 0.2 mm diameter) used in the simula-
tions reach a temperature of ca. 1010K at their top
surface (as calculated by COMSOL). This temperature
is high, but still lower compared to the melting point
of Ni, which is realistic. The carrier gas, as expected,
is only heated very close to the hot electrode surfaces,
and at the outlet of the SDG chamber it practically
reaches room temperature. The temperature of the
bulk solid parts of the SDG becomes slightly higher
(i.e., by 4-5K) than the room temperature, which is
also realistic according to our experience under such

—A— Conduction
—W— Forced Convection
—@—Total

Heat Loss Power Fraction (%)

0 2 4 6 8 10 12
Electrode Radius (mm)
Figure 5. Fraction of input power lost as heat due to conduc-
tion and convection within the SDG chamber, determined by
the COMSOL simulations.
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Figure 4. Temperature distributions along Ni electrodes of different diameters employed in the SDG, determined by the COMSOL
simulations (a)—(d), and temperature deference between the front and back of the electrodes, or the carrier gas and the surface of

the electrodes induced respectively by conduction or convection,

as a function of the electrode diameter (e).
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operating conditions (10 W total power). The whole
SDG chamber, as mentioned above, is also cooled
down externally by the ambient air via free convec-
tion, which explains why it is not overheated as the
SDG operates continuously for a long time.

4.4. Effect of electric field focusing on ablation

The previous sections discussed how the thermal phe-
nomena in SDGs can affect the ablation efficiency. Here
we qualitatively point out a mechanism that may also
have an influence when the electrode diameters are
reduced. Apart from the decreased heat losses (parameter
p), the ablation efficiency #, which is associated with an
increase of nanoparticle throughput as discussed above,
can increase due to the increase of the efficiency of
energy transfer from the plasma to the electrodes,
expressed by o in Equation (6). In fact, o can increase
due to the focusing of the electric field between the bulk
plasma and near the electrodes. To qualitatively under-
stand this, we have to consider that the energy transfer
from the spark plasma to the electrodes is mainly gov-
erned by the bombardment of the cathode by cations
(Trodini, Richardson, and Schmidt-Ott 2019). This is in
line with the observation that the cathode is more
severely ablated, and that in an oscillatory discharge,
which we typically have in SDGs, the electrodes take
turns in acting as the cathode (Feng et al. 2018).

The cations are ionized gas atoms and molecules,
while the negative charge carriers in the plasma are
mainly electrons. The cations are accelerated toward
the cathode by the strong electric field in a so-called
thin “sheath zone” between the bulk of the plasma
and the cathode surface as illustrated in Figure 6.
Being much heavier than electrons they contribute
more to the ablation. Due to the high concertation of
electrons (compensated by positive ions for charge
neutrality), the bulk of the spark plasma has a high
electrical conductivity (Kohut et al. 2017), and conse-
quently the voltage drop across it is small. So a con-
siderable portion of the total voltage drop (in the
order of hundreds of V) occurs in the sheath zone,
which has an estimated thickness in the order of
100 nm (Trodini, Richardson, and Schmidt-Ott 2019),
where the majority of cations reside and strongly
accelerate leading to an energy exceeding 10eV along
their mean free path (~100nm at normal pressure).
Their impact with the cathode then heats the cathode
face and releases surface atoms from the material.

We should stress here that electrode ablation is not
driven by the electric field strength between the two
electrodes (which serves to initiate the spark), but to

the field created between the plasma and the cathode
(to a larger extent) or the anode (to a smaller extent).
The bulk plasma diameter is reported to be between
0.5 and 1.5mm according to Palomares et al. (2015),
under conditions comparable to the ones we used
here (cf. Figure S14 in the SI). If the electrode tip
diameter is smaller than the bulk plasma diameter as
shown in Figure 6, the electric field must be focused
in the vicinity of the cathode (cf. Figure 6b), so that
the cations are accelerated to a higher kinetic energy
near the cathode surface than in the case of electrodes
that exceed the bulk plasma diameter.

This phenomenon can be regarded as an additional
contribution to the field enhancement discussed
above. Although extremely difficult to quantify, it is
very well possible that this effect contributes to the
higher efficiency of spark ablation of thin electrodes
as compared to the thicker ones. While the total cat-
ion current within the sheath region is expected to be
similar in both cases, the higher acceleration of the
cations before they collide with the cathode and after
their last collision with the gas molecules, makes the
difference. Thus, a higher average energy is trans-
ferred to the cathode by each cation and less is trans-
ferred to the gas molecules within the sheath zone.

4.5. Semi-empirical model

The measurements in Figure 3 show that the ablation
efficiency scales with electrode diameter as n = ¢-D~,

(a) Thick Electrode

Sheath
Zone

(b) Thin Electrode

Sheath
Zone

Figure 6. lllustration of electric field lines near the cathode for
the cases where the diamter of the cathode electrode is larger
(@) or smaller (b) than that of the bulk plasma. The region
between the plasma and the electrodes is a sheath zone
within which the ions are accelerated toward the cathode
electrode.
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where ¢=0.0921 and x=-0.834 for Ni, ¢=0.0155
and x=-0.835 for Cu, ¢=0.045 and x=-0.878 for
Pd. Considering the values of ¢ and x in these fittings,
the relation between ablation efficiency and electrode
diameter can be approximated by the following

power law:
D\ !

where 1, is the ablation efficiency determined experi-
mentally for a specific electrode diameter D, for any
given material. We should note here the inverse pro-
portionality between the electrode diameter with the
ablation efficiency, and consequently of the mass
throughput of the process is consistent with the
results reported by Domaschke, Schmidt, and Peukert
(2018) who measured the mass concentration of par-
ticles produced spark-ablating Cu electrodes of differ-
ent diameters and correlated these measurements with
the diameter of the electrodes (cf. Section S.4 in
the SI).

The nanoparticle mass production rate by spark
ablation, 1, is a variable that can be used to describe
the throughput of SDGs. Our results clearly show that
the energy efficiency # of the process depends both
on the material and the diameter of the electrodes
employed in the SDG (cf. Figure 3). Previous work by
Tabrizi et al. (2009), also shows that the gas has an
influence on the mass production rate, which must
also be connected in the energy needed for evapor-
ation. Taking this two points together, Equation (11)
can be extended to the following expression:
Dy
B)
where f, is a correction factor accounting for different
carrier gases with values of unity for Ar and 0.38 for
N, (Schmidt-Ott 2020).

Solving Equation (6) for # and substituting in
Equation (12) we obtain:

n=mnfg- (12)

Mpat

Ptot

DO, mat
D

= Cmat * Mo, mat f:g ' > (13)

where C,0t = ( ) is the inverse

Cps(Tm—T)+sz(1Tb—Tm)+Hm+He
energy per unit mass required for evaporation of the
electrode material, also referred to as the ablatability
of the material, and 7, ,,,, is the material-specific abla-
tion efficiency corresponding to diameter Dy 4 of
the same material. Considering that values of 7 .,
are not available for most materials, we rely on
reported measurements of ablatability ratios, deter-
mined as the relative ablation rates of any given
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material with respect to that of Au (cf. Sect. S.9 in the
SI), given by:

Mmat _ Cmut 7]0, mat

Rahl == > (14)
May Cau Mo, Au
Combining Equations (13) and (14) yields:
. Do, 4
Mumat = Pror - Rapi - Cau * Mo, 4y ]fg' ) %) (15)

or, considering that Cay - g o, = Mau/Prot, au» We can
write:

. . Ptot DO Au
m:mAu'Rabl'fg'ﬁ' D’
tot, Au

(16)

where my,, = 1.152mg/h is the mass production rate
of Au electrodes, having a diameter Dy 4, = 6.0 mm,
that are spark-ablated in N,, leading to j:g = (.38,
when the Py, 4, = 8.4m]. Figure 7 correlates ablation
rate values (i.e., mass production rates) ri,, calcu-
lated by Equation (16) with values determined by the
measurements using Ni, Pd, Cu, and Sn electrodes of
different diameters. We should note here that there
are systematic overestimated production rates in the
results provided in Figure 7, that are associated to the
thinnest (0.15 or 0.25mm) Ni electrodes tested. This
can be attributed to experimental uncertainties and
errors associated to the fitting of Equation (11) to the
measurements, which can yield an overestimation of a
factor of 2 for these electrode diameters.

100 T
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@® Cu °
@® Sn ¢
°®
_
5 1o L] @
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=
8 °
=
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S [ ]
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-] )
< o Ve
E A
k]
§ S A
= 0.1 @ |
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0.01 0.1 1 10 100
Experimental Ablation Rate (mg/h)

Figure 7. Correlation between the ablation efficiency deter-
mined by the experiments (values in the x axis) and by the
simplified scaling law relating it with the diameter of the elec-
trodes (values in the y axis) for all the materials tested in this
work. The size of the circles indicates the diameter of the elec-
trodes, ranging from 0.15 to 12 mm.
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5. Conclusions

We provide quantitative and qualitative results show-
ing why the throughput from the SDG increases as
the electrode diameter decreases, and demonstrate
that this effect is associated with a substantial increase
of the ablation efficiency, #, (i.e., the energy spent to
produce nanoparticles per unit of total input energy)
as a result of decreased heat losses. We also show that
the commonly used Llewellyn-Jones model for pre-
dicting the mass of nanoparticles produced by spark
ablation cannot capture this effect, and thus we mod-
ify it to account for heat losses that become important
when the electrode diameter is reduced below ca.
2mm. This is achieved by defining the ablation effi-
ciency as n =a — f§, where o is the fraction of the
total input energy transferred to the electrodes and 3
the fraction of the total input energy lost as heat. Our
measurements indicate that 5 is a small difference
between two large quantities:  and f. The fraction of
the total input energy transferred to the electrodes, a,
is difficult to determine theoretically, as it depends on
complex processes in and around the spark plasma.
Showing that o ~ 5, however, we can approximate o
o by determining f through temperature measure-
ments of the hot surface of the electrodes. The result-
ing values of f are remarkably high, with the main
energy losses being through thermal conduction of the
electrodes, and, to a smaller degree, through gas
convection.

Going a step further, and according to the updated
model, an increase of the ablation efficiency, #, and
consequently of the SDG throughput, could be
achieved by further reducing the heat losses around
the place where the ablation takes place; something
that can be achieved if the electrodes consist of an
electrically conductive material with low heat conduct-
ivity (cf. Equation (9) in Section 3). Following this
train of thought, sintered metals or metal foams
should achieve higher nanoparticle production rates,
as long as Joule heating remains much smaller than
the heat loss. We believe that considerable increases
of the mass throughput should be achievable, as our
results estimate the efficiency of energy transfer to the
electrodes to be ~20%, while typical energy efficien-
cies 1 are less than 0.1%.

An additional mechanism that may contribute to
the increased mass throughput with decreasing elec-
trode diameter is the focusing of the electric field in
the so-called “sheath zone” of the spark plasma.
When the electrode diameter becomes equal to or
smaller than the bulk plasma diameter, the electric
field near the electrode becomes stronger causing the

cations to collide with the cathode having a higher
average kinetic energy, and consequently leading to
stronger ablation. Our measurements also show that
the ablation efficiency scales with the inverse of the
electrode diameter. Using this observation, and the
updated Llewellyn-Jones model, we provide a semi-
empirical equation that relates the mass production
rate to the input power to the SDG, the ablatability
ratios of the electrode material and its diameter.
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