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Abstract

®

CrossMark

The electron-induced secondary electron emission (SEE) yields of imidazolium-based ionic

liquids are presented for primary electron beam energies between 30 and 1000 eV. These results
are important for understanding plasma synthesis of nanoparticles in plasma discharges with an
ionic liquid electrode. Due to their low vapor pressure and high conductivity, ionic liquids can

produce metal nanoparticles in low-pressure plasmas through reduction of dissolved metal salts.
In this work, the low vapor pressure of ionic liquids is exploited to directly measure SEE yields
by bombarding the liquid with electrons and measuring the resulting currents. The ionic liquids

studied are [BMIM][Ac], [EMIM][Ac], and [BMIM][BF,]. The SEE yields vary significantly
over the energy range, with maximum yields of around 2 at 200 eV for [BMIM][Ac] and
[EMIM][Ac], and 1.8 at 250 eV for [BMIM][BF,]. Molecular orbital calculations indicate that
the acetate anion is the likely electron donor for [BMIM][Ac] and [EMIM][Ac], while in
[BMIM][BF,], the electrons likely originate from the [BMIM] ¥ cation. The differences in SEE
yields are attributed to varying ionization potentials and molecular structures of the ionic
liquids. These findings are essential for accurate modeling of plasma discharges and

understanding SEE mechanisms in ionic liquids.

Keywords: secondary electron emission, ionic liquids, nanoparticle synthesis

1. Introduction

Ionic liquids are salts that consist of an organic cation and
either a simple or polyatomic anion, and they are typically
liquid at or near room temperature. These liquids are chemic-
ally stable and nonvolatile, making them useful for a variety of
applications including electrochemical devices, nanoparticle
synthesis, catalysis, and green chemistry [1, 2]. As a result
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of their low vapor pressure, ionic liquids can be used with
low pressure plasmas to produce metal nanoparticles through
the reduction of dissolved metal salts by the reactive spe-
cies (including ions, electrons, and radicals) produced in the
plasma [3-5]. For example, liquids seeded with gold com-
pounds have been shown to form gold nanotubes and other
nanostructures when in contact with a plasma [6, 7]. The ionic
liquid stabilizes the metal nanoparticles and prevents agglom-
eration through electrosteric stabilization of the metal nano-
particles, which occurs as a result of the liquid’s Coulomb
network of charges [8]. Ionic liquids present an advantage
over other media for nanoparticle synthesis because additional
reducers and stabilizers are not needed, and the low volat-
ility of ionic liquids makes them suitable for use with low
pressure plasmas [3]. Ionic liquids containing imidazolium-
based cations, such as 1-butyl-3-methylimidazolium (BMIM)

© 2024 The Author(s). Published by IOP Publishing Ltd
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and 1-ethyl-3-methylimidazolium (EMIM), are preferred for
metal electrodeposition because of their high conductivity [9].
Previous studies have shown imidazolium-based ionic liquids
to be important for shape-controlled synthesis of silver crys-
tals with hierarchical structures [10].

Metal nanoparticles can be synthesized in ionic liquids dur-
ing exposure to a plasma discharge generated between a metal
electrode and an ionic liquid solution containing dissolved
metal precursors [8, 11]. Chen et al measured the voltage and
current of a DC discharge operating with an ionic liquid elec-
trode and found that at low pressures (< 3 Torr), the discharge
parameters were dominated by secondary electron emission
(SEE) from the electrode [12]. SEE occurs when a mater-
ial liberates electrons as a result of bombardment by incident
electrons and ions, and the SEE yield is defined as the ratio
of the number of emitted electrons to the number of incid-
ent particles. SEE is important for breakdown in plasma dis-
charges, and it sustains the plasma and stabilizes the discharge
current. Since the SEE yield is material dependent, the dis-
charge current in the plasma is heavily influenced by which
ionic liquid is used.

Horvith et al performed particle-in-cell/Monte Carlo col-
lisions simulations to understand the influence of electron-
induced secondary electrons on capacitively-coupled oxygen
and argon plasmas at low pressures [13, 14]. They found that
using energy-dependent yield values, rather than considering a
fixed yield, significantly changed their simulations results. The
plasma exhibited a marked increase in the electron density and
improved ionization dynamics when they included realistic,
energy-dependent values of electron-induced SEE yields into
their models. They also showed that in radio frequency dis-
charges, the ion-induced secondary electrons from one elec-
trode can be accelerated by the sheath into the bulk plasma and
reach the opposite electrode, where they can induce secondary
electrons. This conclusion is consistent with the findings of
Baba et al [15], who investigated RF discharges operating with
an ionic liquid electrode. Their setup included a stainless steel
mesh electrode inside a Teflon cell. They observed that the
electron density in the plasma increased by more than a factor
of two when the ionic liquid was introduced. They attributed
this increase to enhanced SEE from the ionic liquid. These
studies highlight the importance of using energy-dependent
values of the SEE yields to obtain accurate simulation results.
Indeed as seen by Chen et al [12] and Kaneko [16, 17], the
high SEE yield of ionic liquids seems to enhance ionization
in the plasma, leading to higher discharge currents and lower
breakdown voltages compared with metal electrodes.

SEE measurements from liquids are difficult because elec-
tron gun operation requires low pressures, typically less than
10~° Torr, which is often below the vapor pressure of most
liquids. In many cases, the SEE yield from materials used in
plasma applications is inferred from breakdown measurements
and I-V curves. For example, Delgado et al [18]. estimated
the SEE yield of water using an electrochemical reactor in
which an argon plasma functioned as one electrode and a plat-
inum foil submerged in the liquid was used as the opposite

electrode. They obtained a SEE yield of < 107> for water by
using the Paschen model to determine the yield that provided
the best fit to their measurements of the breakdown voltage.
Oyarzabal and Tabares [19] measured electron-induced SEE
yields of liquid lithium for electron energies up to 150 V using
I-V curves obtained during operation of a 5S-mTorr helium DC
glow discharge, and Kvon et al [20]. performed similar SEE
studies on molten Sn-Li.

Kaneko et al [16] measured the I-V curve for an argon
DC plasma ignited between a grounded stainless steel anode
and a platinum cathode submerged in 3 ml of [BMIM][BF,].
The discharge current was highest using an ionic liquid elec-
trode compared with experiments using nickel and stainless
steel electrodes. These results indicate that the SEE yield of
[BMIM][BF,] is higher than both nickel and stainless steel,
and Chen et al [12] estimated the SEE yield of [BMIM][BF,]
to be 1 from Kaneko’s measurements. Using the Paschen
model or I-V curves to estimate SEE gives only one yield
value and lacks information on how the yield changes with
incident particle energy. In the experiments presented here,
direct measurements of the total electron yield (TEY) of
[BMIM][BF,] were obtained by bombarding the liquid under
vacuum with primary electrons of energies between 30 and
1000 eV and measuring the resulting SEE current. By per-
forming direct measurements rather than inferring the yields
from breakdown models, accurate measurements over a large
energy range applicable for glow discharges can be obtained.
In this work, direct measurements of the SEE yield for three
imidazolium-based ionic liquids are presented for primary
electron energies of 30-1000 eV. The liquids include: 1-
butyl-3-methylimidazolium acetate ([BMIM][Ac]), 1-ethyl-
3-methylimidazolium acetate ([EMIM][Ac]), and 1-butyl-
3-methylimidazolium tetrafluoroborate ([BMIM][BF,]). The
structural formulas of each of these ionic liquids are shown in
figure 1.

2. Experimental setup

SEE measurements were conducted in a stainless steel vacuum
chamber with a base pressure of 7 x 10~% Torr at the
Princeton Collaborative Low Temperature Plasma Research
Facility (PCRF) at Princeton Plasma Physics Laboratory.
The vacuum chamber is equipped with a fast entry load-
lock door for easy access to the sample and a Kimball
Physics ELG-2 electron gun that produces primary elec-
tron energies up to 1000 eV. The sample stage is mounted
on a linear feedthrough and contains a stainless steel cup
0.8 inch in diameter and 0.1 inch deep to hold the liquid
sample. The ionic liquid used were [BMIM][Ac] (= 96.0%,
Sigma-Aldrich), [EMIM][Ac] (97.0%, Sigma-Aldrich), and
[BMIM][BF4] (97.0%, Sigma-Aldrich), which have conduct-
ivities of 1.44 mScm™! (at 25°C) [21], 2.776 mScm™' (at
25°C) [22], and 3.3 mScm™! (at 30°C) [23], respectively.
Fluorinated ionic liquids with imidazolium-based cations such
as [BMIM]™ have the high electrical conductivity necessary
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Figure 1. Structural formulas for the three ionic liquids considered in this study.

for the dissipation of electrical charge when exposed to high
energy electron beam irradiation. In addition, the vapor pres-
sure of ionic liquids is negligible, making vacuum-based
measurements viable. The stainless steel cup was cleaned with
acetone and alcohol before use and approximately 0.5 ml of
the liquid was placed in the cup using a pipette. The stage also
contains a Faraday cup in order to easily characterize the elec-
tron beam and ensure that it is aligned with the sample during
experiments. The beam diameter during these measurements
was approximately 0.5 mm.

Current measurements were collected using a Keithley
6485 picoammeter. The beam current, lye,m, Was measured
by biasing the sample to +70 V to collect all primary elec-
trons and suppress secondary electrons. Beam currents ranged
between 60 and 800 nA for all experiments. The total electron
emission current, which includes both secondary and backs-
cattered electrons, was obtained by measuring the current to
the sample, Igmple, Without the +70-V bias and subtracting
it from the beam current. For these measurements, the sample
was grounded through the picoammeter and a +20-V bias was
placed on a cylindrical collector located above and axisymmet-
ric with the sample. The collector was isolated from the elec-
tron gun and was used to attract the secondary electrons away
from the sample. A 420 V bias was chosen for the cylindrical
collector based on the energy of secondary electrons (typically
below 50 eV) to ensure effective collection without distorting
the sample measurements. The sample current measurement
consists of both the primary electron beam current and the sec-
ondary electron current such that

Lee = Tpeam — Isample' (D
The total secondary electron yield is therefore:
_ Isee _ Ibeam — Isample _1_ Isample ) (2)
I beam I beam I beam

Schematics of the two different configurations used to measure
beam and sample currents are shown in figures 2(a) and (b),
respectively.

3. Results and discussion

The total electron yields of the three liquids are shown in
figures 3 and 4 as a function of primary electron energy from

(a) Beam Current

(b) Sample Current

Collector Collector

Prim: N, Primary

Electrons \_\Elcctrons’/ Secondary
) Secondary ~, |  Electrons
‘ ‘/ Electrons

Sample Sample
© 9

Picoammeter Picoammeter

Figure 2. Schematic of the secondary electron emission experiment
at PCRF. The left diagram shows the configuration for measuring
the beam current. The right diagram shows the configuration for
measuring the sample current, which is equivalent to the beam
current less the secondary electron emission current.

30 to 1000 eV. The average yields for each of the three liquids
are shown together in figure 3 without error bars for clar-
ity and ease of comparison. Error bars are shown in figure 4
and represent one standard deviation of uncertainty for N =4
experiments. The error accounts for instrumentation error
of the Keithley 6485 picoammeter and the systematic error
caused by currents that do not fully saturate. The total elec-
tron yield exceeds one for incident electron energies above
50 eV and reaches its maximum value at an electron energy
of 200 eV for [BMIM][Ac] and [EMIM][Ac] and 250 eV for
[BMIM][BF,].

The yield measurements are compared with a model pro-
posed by Scholtz et al [24] in which the yield is described by

£ 2
(ln a)

202 ’

Y = Ym €Xp 3

where E is the primary electron energy, o is a fit parameter, and
Ym and E,, refer to the maximum yield and the corresponding
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Figure 3. Measurements of the total electron yield as a function of primary electron energy. The lines are fits of the universal yield curve

proposed by Scholtz et al [24].
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Figure 4. Measurements of the total electron yield for each liquid as a function of primary electron energy.

energy value, respectively. The lines in figures 3 and 4 rep-
resent fits of equation (3) to the yield data. The correspond-
ing fit parameters are listed in table 1. As seen in figure 3, the
SEE yield varies considerably with energy from 30 to 1000 eV,
which is in the range of most discharges. The yield exceeds 1
for most of the energy range, and it exceeds 1.5 between 100
and 600 V. The Scholtz model predicts that the yield will drop
below one for electron energies above 1000 eV.

For energies up to approximately 100 eV, [BMIM][Ac] and
[EMIM][Ac] display coinciding TEY values, but they start to
diverge beyond this point. The most significant differences in
TEY values for all three liquids occur in the energy range of
about 100 to 400 eV. The TEY of all three ionic liquids con-
verges for energies of 400 eV and above. Among the three,
[BMIM][Ac] exhibits the highest yield, reaching a maximum
of 2.1. [EMIM][Ac] follows with a maximum yield of 1.96,
and [BMIM][BF,] has the lowest maximum yield at 1.8.

There is some evidence that the length of the alkyl
chain may account for the difference in TEY between
[BMIM][Ac] and [EMIM][Ac]. Rivera-Rubero and Baldelli
performed surface characterization of different ionic liquids
with the [BMIM]* cation using sum frequency generation
spectroscopy and determined that the imidazolium ring lays
flat along the surface and the butyl chain extends into the gas

Table 1. table of fit parameters to the Universe yield curve proposed
by Scholtz et al [24] for each ionic liquid.

Tonic Liquid “Ymax Emax o
[BMIM][Ac] 2.1 200 eV 1.4
[EMIM][Ac] 1.96 200 eV 1.5
[BMIM][BF4] 1.8 250 eV 1.35

phase [25]. This orientation suggests a potential drop between
the vacuum and the bulk liquid. Kaneko et al operated a plasma
discharge using ionic liquids with alkyl chains of different
lengths and interchanged butyl, a four-carbon alkyl group, in
[BMIM][BF,] for ethyl and hexyl, which are two- and six-
carbon alkyl groups, respectively [17]. They found that the dis-
charge current increased when ionic liquids with larger alkyl
chains were used. They concluded that the orientation of the
alkyl chain may increase the electric field in the cathode sheath
to generate larger SEE currents.

Our experimental results align with these findings. We
observed that the yield of [BMIM][Ac] exceeds that of
[EMIM][Ac], indicating that the longer alkyl chain in
[BMIM]* (butyl group with 4 carbons) results in higher
yields compared to the shorter alkyl chain in [EMIM] T (ethyl
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(a) BMIM][Ac]  (b) [EMIM][Ac]  (c) [BMIM][BF4]

Figure 5. The optimized structure and electrophilic frontier density
plot of each ionic liquid using Hartree—Fock theory with a 6-31G(d)
basis set.

(a) [BMIM][Ac]

(b) [EMIM][Ac]

(¢) [BMIM][BF]

Figure 6. Molecular orbital plot of each ionic liquid for the HOMO
surface.

group with 2 carbons), while both have the same anion.
However, [BMIM][BF,] shows the lowest yields, suggesting
that the anion also plays a significant role in determining the
yield.

To help distinguish differences in SEE between the three
liquids, we generated electrophilic frontier density plots,
shown in figure 5, which give the most probable location of
an electrophilic attack on, or the loss of, an electron from a
molecule. We also generated molecular orbital plots for the
highest occupied molecular orbital (HOMO) for each liquid,
shown in figure 6. The geometry of the ionic liquid was optim-
ized using Gaussian16 [26] and Hartree—Fock theory with a 6-
31G(d) basis set. Following optimization, a molecular orbitals
calculation was performed and the Fukui f~ function was used
to calculate the electrophilic frontier density. The electrophilic
frontier density plots and the HOMO for each liquid were
visualized using WebMO [27] to create isosurface represent-
ations. These visualizations highlight regions of the molecule
with high electron density, indicating likely sources of emitted
electrons and revealing where electrons might originate dur-
ing SEE. In frontier density plots, blue represents the highest
probability of electrophilic attack (i.e. the donation of an elec-
tron from the molecule), while red represents the lowest prob-
ability. From figure (5) of [BMIM][Ac] and [EMIM][Ac], it
is evident that the electrons are most likely to come from
the [Ac]™ anion. Conversely, in [BMIM][BF,], the electrons
are more likely to originate from the imidazolium ring of the
[BMIM]™ cation.

The HOMO energies were calculated and are listed in
table 2 along with values from previous computational studies.
According to Koopmans’ theorem, the ionization potential

Table 2. Ionization potential and HOMO energies.

Ion/Ionic Liquid 1P (eV) HOMO (eV)
[BMIM]* 4.072%, 12.40° —11.698%, —14.18¢
[EMIM] 6.976%, 12.53° —11.820%, —14.29°
BF, 8.44° —9.55¢

CH;CO;, 1.79° —4.35¢
[BMIM][Ac] — —9.09¢, —7.36¢
[EMIM][Ac] — —9.06°
[BMIM][BF4] — —10.7¢, —9.42¢

2 Gupta et al [28].

b [lawe et al [29].

¢ This work.

d Bardak et al [30].

(IP) of a molecule is approximately equal to the negative of
the energy of the HOMO in the Hartree—Fock approximation
[31]. Since the SEE yield of a material is dependent on its IP,
variations in HOMO energy and IP could help explain relat-
ive differences between the yields of different materials. We
calculate the HOMO energy of [BMIM]* to be greater than
[EMIM]™*, which is consistent with results from Ilawe et al
[29]. This suggests that it is easier to remove an electron from
[BMIM]™T over [EMIM]*. In addition, our results show that
the HOMO energies for [BMIM][Ac] and [EMIM][Ac] are
very similar at around 9.1 eV, which could also support the
previously stated conjecture that the orientation of the ionic
liquid at the liquid-vacuum interface plays an important role in
SEE by creating a potential drop that depends on alkyl chain
length.

Our measurements show that [BMIM][BF,] has the low-
est TEY, suggesting that the anion significantly influences the
yield. This observation is consistent with the frontier density
plots, which indicate that the acetate anion, with its lower IP,
is identified as the probable electron donor for [BMIM][Ac].
Conversely, in [BMIM][BF;], the [BMIM]™ cation, which has
a higher IP, is the likely source of electrons. This distinc-
tion implies that electron donation is more favorable from the
acetate in comparison to [BMIM] ™, potentially explaining the
lower SEE yield observed in [BMIM][BF4] compared with
[BMIM][Ac] despite sharing the same cation. This conclusion
aligns with our calculations of the HOMO energies, showing
that [BMIM][BF4] has a lower HOMO value (and therefore a
larger IP) compared to both [BMIM][Ac] and [EMIM][Ac].

4. Conclusions

In this work, we present SEE measurements of three
imidazolium-based ionic liquids for primary electron beam
energies ranging from 30 to 1000 eV. The low vapor pres-
sure of ionic liquids allows for direct measurements of the
SEE yield under vacuum by bombarding a liquid sample with
electrons and measuring the resulting currents. The SEE yields
of these ionic liquids vary considerably over the energy range
studied, reaching maximum yields of around 2 at electron
energies of 200 eV for [BMIM][Ac] and [EMIM][Ac], and



J. Phys. D: Appl. Phys. 58 (2025) 035206

A M Capece and A N Enriquez

250 eV for [BMIM][BF,]. Among the three, [BMIM][Ac] has
the highest yield, while [BMIM][BF,] has the lowest.

To explain these differences, molecular orbital calcula-
tions were performed. For [BMIM][Ac] and [EMIM][Ac], the
electrons are likely donated from the acetate anion, whereas
for [BMIM][BF,], the electrons likely originate from the
[BMIM]T cation. Since the electron donor site for both
[BMIM][Ac] and [EMIM][Ac] is likely the same, and their
HOMO energies are similar, the orientation of the alkyl
chain may play an important role. The alkyl chain, which
extends outward into the vacuum, could create a larger poten-
tial drop for longer chains, possibly explaining the higher
yield of [BMIM][Ac] over [EMIM][Ac]. The low yield of
[BMIM][BF,] could be attributed to the high ionization poten-
tial of the likely electron donor, the [BMIM]™ cation.

These findings are applicable for discharges using ionic
liquid electrodes for plasma synthesis of nanoparticles and
may enhance our understanding of how SEE occurs in liquids.
The results of this study can be used for precise modeling
of plasma discharges operating with imidazolium-based ionic
liquid electrodes and for explaining the increased discharge
currents observed with these electrodes.
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