
Achieving Low Voltage Plasma Discharge in Aqueous Solution Using
Lithographically Defined Electrodes and Metal/Dielectric
Nanoparticles
Ruoxi Li, Indu Aravind, Sizhe Weng, Zhi Cai, Boxin Zhang, and Stephen B. Cronin*

Cite This: ACS Appl. Mater. Interfaces 2024, 16, 33571−33577 Read Online

ACCESS Metrics & More Article Recommendations *sı Supporting Information

ABSTRACT: Because of the high dielectric strength of water, it is extremely difficult to discharge plasma in a controllable way in
the aqueous phase. By using lithographically defined electrodes and metal/dielectric nanoparticles, we create electric field
enhancement that enables plasma discharge in liquid electrolytes at significantly reduced applied voltages. Here, we use high voltage
(10−30 kV) nanosecond pulse (20 ns) discharges to generate a transient plasma in the aqueous phase. An electrode geometry with a
radius of curvature of approximately 10 μm, a gap distance of 300 μm, and an estimated field strength of 5 × 106 V/cm resulted in a
reduction in the plasma discharge threshold from 28 to 23 kV. A second structure had a radius of curvature of around 5 μm and a
gap distance of 100 μm had an estimated field strength of 9 × 106 V/cm but did not perform as well as the larger gap electrodes.
Adding gold nanoparticles (20 nm diameter) in solution further reduced the threshold for plasma discharge to 17 kV due to the
electric field enhancement at the water/gold interface, with an estimated E-field enhancement of 4×. Adding alumina nanoparticles
decorated with Pt reduced the plasma discharge threshold to 14 kV. In this scenario, the emergence of a triple point at the juncture
of alumina, Pt, and water results in the coexistence of three distinct dielectric constants at a singular location. This leads to a notable
concentration of electric field, effectively aiding in the initiation of plasma discharge at a reduced voltage. To gain a more
comprehensive and detailed understanding of the electric field enhancement mechanism, we performed rigorous numerical
simulations. These simulations provide valuable insights into the intricate interplay between the lithographically defined electrodes,
the nanoparticles, and the resulting electric field distribution, enabling us to extract crucial information and optimize the design
parameters for enhanced performance.
KEYWORDS: plasma discharge, aqueous solution, nanoparticle, electric field, photolithography

1. INTRODUCTION
The application of plasma technology in various research fields
like clean fuel generation, pollutant conversion, and wastewater
treatment is discussed, showcasing its potential for future
catalytic applications.1−6 In addition, plasma-catalyst hybrid
systems can advance efficient CO2 conversion processes, and
plasma generation techniques can be developed in sustainable
energy applications.7 However, a vast majority of previous
literature on plasma-driven chemistry has been limited to gas-
phase reactions.8 The main reason for this is that it is extremely
difficult to discharge plasma in a controllable way in the aqueous
phase due to the high dielectric strength of water. The

mechanism behind the initiation of plasma discharge in liquid
is thought to be through the generation of nanopores. Previous
research from Zhang et al. investigated the influence of the
material dielectric constant on plasma generation inside catalyst
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pores, revealing that lower dielectric constants enhance
ionization inside the pore, while higher dielectric constants
lead to increased ionization in the sheath, providing valuable
insights for optimizing plasma catalysis processes, and found
that different pore sizes influence plasma generation.9 These
elongated ellipsoidal voids, in the direction of the electric field,
are due to a strong inhomogeneous electric field rearrangement
of the elementary dipoles on a time scale much shorter than the
counteracting hydrodynamic flow.10,11 The rise time of the high
voltage pulse (dV/dt = 1012 V/s) must be short enough to
produce the negative pressure zones, while being long enough to
allow them to grow to the critical size.12,13 Once the nanopore
reaches this size, a primary liquid phase streamer, which is a
common initial stage of electrical discharge that forms from the
electrons within the nanopore, experiences an acceleration from
the electric field that surpasses the ionization energy of water
molecules.14,15 After the electrons reach the electrode, the
liquid’s positive ions form a new electrode, and the process
cascades.10 This electrostriction creation of nanovoids from
rapidly pulsed high voltages has been experimentally supported
through various studies.11,13,16 As such, this plasma initiation
mechanism is unique to the fast rise times of the nanosecond
pulse discharges.
Yang et al. recently demonstrated plasma discharge in CO2

saturated water, which drives the reduction of CO2 to higher
order hydrocarbons (including acetate C2H3O2

−, formic acid
CH2O2, acetic acid CH3COOH, and format HCO2

−).17 This
process involves the generation of neutral species and radicals
and then recombination to form new chemical processes that
can be observed through nuclear magnetic resonance spectros-
copy and liquid ion chromatography. One application of plasma
chemistry is the production of stable oxidizers, such as plasma
acid, that can be used across many applications, from food
sterilization to industrial cleaning. Plasma acid contains
superoxide anions O2

− and hydrogen cations H+ and is
generated from plasma discharge in pure deionized water.
While other groups have explored plasma formed with discharge
above the liquid surface,18,19 the work presented here initiates
the plasma discharge directly within the solution.

2. MATERIALS AND METHODS
As mentioned above, generating a plasma discharge in liquid water is a
highly challenging task because of the high dielectric strength of water.
Lithographically defined electrodes can create electric field enhance-
ment, as shown in Figures 1 and 2. These stand in contrast to the
electrodes used previously, which were prepared by hand using copper
tape and a razor blade. Here, the tip radius is around 20 μm, as
measured with an optical microscope.17,20,21 In this study, electrodes
were fabricated through a series of steps. Initially, electrodes were
patterned using photolithography, followed by the deposition of Au via
e-beam evaporation. The process began by spinning a layer of
1,1,1,3,3,3-hexamet́hyldisilazane (HMDS, Cat# AC120580025 from
Thermo Fisher Scientific) onto a glass substrate at 500 rpm for 5 s and
3500 rpm for 60 s, succeeded by the application of AZ5214 (#697316
fromMerck KGaA) with same spinning speed, and subsequently baking
it for 1 min at 110 °C. The pattern transfer onto the sample was
achieved using an Aligner MJB3 under 100 mW dose power, followed
by development using AZ 726 MIF developer from AZ electronic
materials. Finally, a 100 nm gold film was deposited onto the sample
using electron -beam evaporation before using acetone to lift off the
photoresist overnight to obtain the final structure, as shown in Figure
1b. It is worth noting that, while both Au and Pd are commonly utilized
materials for electrodes, Pd was not employed in this study due to its
higher melting point. The higher power required during Pd evaporation
could potentially overbake the photoresist, complicating the lift-off

process. We also tried several other electrodematerials for which details
have been given in the Supporting Information document. By reducing
the gap distance and using sharper electrode tips, we achieved higher
electric fields (at a given voltage), resulting in more efficient plasma
discharge.17 Specifically, we defined two structures for our experiments:
the first structure had a radius of curvature of approximately 10 μm, a
gap distance of 300 μm, and an estimated field strength of 5 × 106 V/
cm. The second structure had a radius of curvature of around 5 μm and
a gap distance of 100 μm.

To estimate the electric field distribution around the tip of the
lithographically defined electrodes, we perform static simulations using
the electrostatic physics package in the AC/DCmodule available in the
COMSOL Multiphysics solutions. The geometry used in the
simulation is illustrated in Figure 2a. Here, triangular-shaped gold
tips are simulated on top of a glass slide (ε = 6.7) in an aqueous
dielectric (ε = 78.6). For the simulation shown in Figure 2b, a peak field
of 3 × 107 V/cm is predicted under an applied voltage of 20 kV. The tip
has a terminating curvature of rtip = 5 μm and a gap size of 10 μm (gap =
2rtip). Figure 2c plots the calculated peak electric fields produced as a
function of electrode gap with sizes ranging from 5 μm to 2 mm, all of
which are well above the threshold for plasma discharge in aqueous
solution. Here, we use a physics-optimized mesh for the system with
tetrahedral meshes having a minimum mesh size of 0.3 μm and a
maximum mesh size of 300 μm. The minimum feature size of our
photolithography is approximately 1−2 μm. Therefore, we only
explored tip radii of 1 μm and larger. We also explored gap sizes of
10, 30, 50, 70, 100, and 300 μm. Experimentally, however, we found that
a gap size of 300 μm worked best for producing stable plasma, and
smaller gaps tended to arc uncontrollably.

Figure 3a shows a schematic diagram of the experimental setup used
for obtaining plasma emission intensity-time traces at the surface of our
lithographically defined electrode surfaces under high voltage nano-
second pulse discharge. The setup uses a high voltage nanosecond pulse
generator (Transient Plasma Systems Inc., model 30×), which
produces up to 30 kV pulses, 20 ns in duration, as shown in Figure
3a. Figure 3b shows a cross-section schematic diagram of our

Figure 1. (a) Image of the lithographically defined electrode tips with a
300 μm gap size under an optical microscope. (b) Image of
lithographically defined electrodes with smaller gaps (100 μm) on a
75 × 25 × 1 mm glass slide.
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experimental setup for observing plasma emission spectroscopy. Here, a
gold lithographically defined electrode supported on glass, separated by
a 300 μm gap, is immersed in an aqueous solution and held by a Teflon
holder, while the top surface of the glass slide remains exposed to air.
This “flipped” geometry enables plasma emission intensity-time traces
to be taken efficiently using a glass-corrected objective lens (Olympus
LUCPlanFLN 40×/0.6) that is carefully aligned with our spectrometer.

The nanosecond pulse is used to apply high voltage, and plasma
emission is generated between two tips, as shown in Figure 3c.

3. DISCUSSION
The process of plasma discharge in liquid is a stochastic process
that occurs randomly within our relatively small focal volume,
making it difficult to predict and measure. However, by

Figure 2. (a) Electric field simulations of various electrode geometries, showing a schematic diagram of the physics-optimized mesh with tetrahedral
meshes having a minimummesh size of 0.3 μm and maximummesh size of 300 μm. (b) Plot of the electric field profile obtained across the top surface
of the electrodes. (c) Maximum electric field plotted as a function of the electrode gap at 20 kV.

Figure 3. (a) Schematic diagram illustrating spectroscopy of electrode surfaces using a glass correction objective lens under high voltage nanosecond
pulse discharge. (b) Cross-sectional diagram of the experimental setup used to obtain in situ plasma emission intensity-time traces. (c) Photograph of
plasma emission using electrodes with a 300 μm gap distance.
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analyzing the intensity-time traces produced during these
discharges, we can determine the onset voltage for plasma
discharge, which provides valuable insight into the process. Raw
data and more details have been given in the Supporting
Information document. Our research found that using litho-
graphically defined electrodes significantly reduces the voltage
needed to achieve plasma discharge in liquid. Our experiments
showed that the threshold voltage for plasma discharge was
around 23 kV (as shown in Figure 4), a significant reduction
from the voltage required without the lithographic electrodes.
Previously, we observed that when using copper tape, a voltage
of 28 kV is required to initiate plasma discharge, but a discharge
voltage of only 23 kV is required when using lithographic
electrodes in deionized water (#7732-18-5 from VWR, with a
resistivity of 18 MΩ·cm). Figure 4a shows plasma discharge in
deionized (DI) water observed at 23 kV. In Figure 4b, the data

appear as random telegraph noise, reflecting the stochastic
nature of the plasma discharge process, which fits within our
focal volume only occasionally.
We have also found that adding 20 nm diameter Au

nanoparticles (Sigma-Aldrich #741965) can reduce the thresh-
old voltage required for plasma discharge in DI water, as shown
in Figure 5. Figure 5a shows the electric field strength produced
with gold nanoparticles in DI water calculated using static
simulations with the electrostatic physics package in COMSOL,
which exhibits a 4× enhancement in the local strength. Here, the
dielectric constants were taken as glass slide (εο = 6.7), aqueous
dielectric (εο = 78.6), and gold (complex index of refraction: n =
0.467 + 2.415i). Figure 5b shows the plasma emission intensity
plotted as a function of the peak pulse voltage. This
demonstrates that the threshold voltage for plasma discharge
in DI water can be reduced from 22 to 17 kV by adding metal

Figure 4. (a) Transient plasma emission observed under an optical microscope under high voltage nanosecond pulse discharges at 23 kV and (b)
corresponding intensity-time traces showing plasma emission when the voltage is 23 kV.

Figure 5. (a) Electric field strength calculated using numerical electrostatic simulations in gold nanoparticles in DI water. (b) Intensity-time traces
generated with gold electrodes in gold nanoparticle solution at 16 kV.
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nanoparticles to the solution. While gold is rather catalytically
inert, catalytic materials (e.g., Ir, Ru, and Ni) can be introduced
to provide catalytically active sites for directing various reaction
pathways toward desired products.
We have also discovered that adding Pt-loaded alumina

nanoparticles, which are sized between 50 to 150 μm (Sigma-
Aldrich #205974, 5 wt % loading, powder), can lower the voltage
needed to start plasma discharge in DI water. One possible
explanation for this effect is the formation of a triple point at the
interface between the alumina nanoparticles, Pt, and water. This
triple point creates a unique situation where three different
dielectric constants are present at the same point, which is
associated with a large electric field concentration that helps
facilitate plasma discharge at a lower voltage. Figure 6a shows
the results of electric field simulations, which show an
enhancement of 2× at the Al2O3/water interface. This relatively
small field enhancement can greatly affect plasma discharge
thresholds, since the field emission of electrons depends
exponentially on the electric field strength. Also, these
simulations do not include the effects of the Pt nanoparticles.
Figure 6b shows that the onset of plasma discharge occurs at 14
kV, nearly half of the required voltage needed without the
alumina nanoparticles and lithographically defined electrodes.
Additionally, the presence of Pt on the alumina nanoparticles
provides a catalytically active surface that can assist in plasma-
driven reactions, further enhancing the efficiency of the system.
It should be noted that the oxygen radicals in the plasma (atomic
O and O3) tend to break down carbon-based molecules (e.g.,
ligands). Here, however, the Pt is not bound to the alumina by
organic molecules. These findings suggest that adding Pt-loaded
alumina nanoparticles could offer a promising approach toward
achieving efficient and controllable plasma discharge in liquids,
with potential applications in fields such as water treatment and
renewable energy.
Figure 7 illustrates the relationship between plasma discharge

intensity and nanosecond pulse voltage obtained in DI water,
both with and without gold nanoparticles and alumina particles
as intermedia. This plot shows that a significant enhancement is
achieved by using the alumina particles than by the other two
methods. Specifically, plasma can be initiated at voltages as low

as 14 kV, corresponding to a significant reduction in energy
consumption and reduced power supply cost. In addition, the
plasma discharge intensity observed with alumina nanoparticles
was 15× stronger than in DI water at a discharge voltage of 22
kV.
Achieving low-voltage plasma discharge in aqueous solutions

opens new possibilities across various fields. In manufacturing,
plasma-based technologies can enhance surface modification,
cleaning, and sterilization, improving product quality and
efficiency. In materials processing, reduced voltage plasma
discharge allows for precision etching, thin film deposition, and
surface functionalization, enabling high-performance compo-
nents. Environmentally, this offers improved solutions for water
treatment and pollution control by degrading organic pollutants
and disinfecting water. Additionally, the energy efficiency of low-
voltage plasma discharge, especially with alumina nanoparticles,
can reduce industrial costs and environmental impact, making
these technologies more appealing for widespread use. By
integrating plasma with electrochemistry, we can utilize this
system to accomplish various tasks. For example, this can be
used to remove surface contamination and increase the surface

Figure 6. (a) Electron field strength calculated using numerical electrostatic simulations and (b) intensity-time traces obtained with different pulse
voltage discharge in DI water with alumina nanoparticles decorated with Pt.

Figure 7. Plasma discharge intensity (luminescence intensity)
generated in DI water with and without gold nanoparticles and
alumina particles plotted as a function of nanosecond pulse voltage.
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energy of biomaterials in the ocean. The true potential of
combining plasma with a catalyst surface lies in its ability to
control reaction selectivity. For example, Tirumala et al. have
used CuO2 nanoparticles excited through a Mie resonance to
drive hot electron-driven processes on a catalytic surface.22,23

Our approach will, in principle, enable the implementation of
this same general idea with plasma hot electrons and free radical
species.

4. CONCLUSIONS
In conclusion, through the utilization of lithographically defined
electrodes and metal/dielectric nanoparticles, which create a
significant enhancement in the electric field, this study has
achieved low voltage plasma discharge in aqueous solutions. By
employing high voltage nanosecond pulse discharges, the
research successfully generated transient plasma in liquid
electrolytes at reduced applied voltages. Using gold and alumina
nanoparticles reduces the threshold to generate plasma
discharge to 17 and 14 kV, respectively. Furthermore, the
plasma discharge intensity shows a significant (around 15×)
enhancement with alumina particles at the same generation
voltage compared to DI water without nanoparticles. The
innovative approach of electric field enhancement has enabled
the exploration of plasma discharge in water, overcoming the
challenges associated with its high dielectric strength.
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