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Abstract
Plasmas interacting with liquid surfaces produce a complex interfacial layer where the local
chemistry in the liquid is driven by fluxes from the gas phase of electrons, ions, photons, and
neutral radicals. Typically, the liquid surface has at best mild curvature with the fluxes of
impinging plasma species and applied electric field being nominally normal to the surface. With
liquids such as water having a high dielectric constant, structuring of the liquid surface by
producing a wavy surface enables local electric field enhancement due to polarization of the
liquid, as well as producing regions of higher and lower advective gas flow across the surface.
This structuring (or waviness) can naturally occur or can be achieved by mechanical agitation
such as with acoustic transducers. Electric field enhancement at the peaks of the waves of the
liquid produces local increases in sources of reactive species and incident plasma fluxes which
may be advantageous for plasma driven solution electrochemistry (PDSE) applications. In this
paper, results are discussed from a computational investigation of pulsed atmospheric pressure
plasma jets onto structured water solutions containing AgNO3 as may be used in PDSE for
silver nanoparticle (NP) formation. The solution surface consists of standing wave patterns
having wavelength and wave depth of hundreds of microns to 1 mm. The potential for structured
liquid surfaces to facilitate spatially differentiated chemical selectivity and enhance NP
synthesis in the context of PDSE is discussed.
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1. Introduction

Plasma driven solution electrochemistry (PDSE) broadly
refers to the delivery of plasma produced species to an electro-
lytic cell or an isolated electrolytic solution with the goal being
material synthesis or chemical conversion. In these applica-
tions, the externally applied low-temperature plasma can serve
as either the cathode or anode [1–3]. PDSE differs from other
plasma-assisted electrolysis techniques, such as contact glow-
discharge electrolysis [4–7], where electrodes are immersed
within the electrolyte. In PDSE, a plasma impinging onto a
liquid electrolyte acts as a reducing or oxidizing agent in place
of, for example, a solid cathode immersed within the solution
[8–10]. Plasma-assisted electrochemical processes differ from
conventional electrochemical processes due primarily to the
wide range of plasma produced species delivered to the solu-
tion, including electrons, ions, photons, and neutral radicals,
that may affect or stimulate the material synthesis process.

When the solution acts as the anode, large fluxes of elec-
trons can be incident onto the plasma–liquid interface. Once in
the solution, electrons will typically solvate prior to reacting
with other in-solution species. Excited atomic and molecular
species in the gas phase produce UV and VUV photons that
penetrate into the solution. With most applications of PDSE
being performed at atmospheric pressure, the plasma on the
surface of the solution is usually in the form of a surface ion-
ization wave (SIW) which hugs the surface. As a result, these
plasma produced photons are directed into the liquid, repres-
enting a significant source for dissociation and ionization of
solution resident species [11]. Plasma produced electrons and
photons typically directly interact with the top tens to hun-
dreds of nm [12–15] of the liquid. Longer lived gas phase ions
and neutral radical species also transport across the plasma–
liquid interface and either rapidly react with liquid phase spe-
cies in the interfacial layer or diffuse deeper into the solution.
Neutral species such as OH react quickly in the liquid whereas
longer lived species such as H2O2 will diffuse deeper into the
solution.

The majority of PDSE applications employ either a pulsed
atmospheric pressure plasma jet (APPJ) or a DC glow dis-
charge, the latter which typically requires a conductive solu-
tion and counter electrode to sustain the DC current [1, 2].
Pulsed plasma jets are of particular interest as the rapidly rising
voltage pulse (typically ∼10–100 ns rise time) produces high
transient electric fields that significantly exceed those in steady
state sources [1]. Pulsing such sources can produce time aver-
aged reactive fluxes that exceed their DC counterparts.

Metal and semiconductor nanoparticles (NPs) are
employed as catalysts, microelectronics components, optical
components, biomedical delivery or material coating agents,
and recently as additives to battery and fuel cell electrodes to

enhance charge density [16, 17]. Silver NPs (Ag NP) account
for ∼55% of nanomaterial-based consumer goods [18], due
primarily to their high electrical and thermal conductivities,
catalytic activity, and antibacterial properties [19]. The cata-
lytic, optical, and electrical properties of NPs depend on their
size and shape; and so it is important to control these proper-
ties. A wide range of methods have been employed to control
NP growth and morphology in both conventional solutions
and PDSE, including choice of the NP precursor species and
molarity [20], growth medium temperature [21], plasma treat-
ment time [22], and the addition of capping agents [23]. The
addition of capping agents or stabilizing agents influences
the NP size and morphology, enabling spheres, rods, cubes,
prisms, or irregular shapes [19, 20, 23]. Common capping
agents include ammonia, paraffin, dimethylformamide, triso-
dium citrate, polyethylene glycol, glycerol, sucrose, and other
ligand polymer additives [18, 23].

Plasma-assisted NP production as an alternative to con-
ventional methods has been investigated in both the gas [17,
24] and liquid phase [22, 25, 26]. In general, PDSE NP syn-
thesis reduces or removes the need for chemical reducing
agents, while potentially providing precise control of NP size
and morphology [18]. However, there are several unknowns
regarding the physical, chemical, and electrical effects of elec-
tron, ion, and radical transport across plasma–liquid interfaces,
and the role(s) that solvated atomic and molecular reducing
species such as OH– and O– have on NP growth.

In a prior work, SIW propagation across wavy dielectric
surfaces was investigated [27]. It was found that the polariza-
tion of the dielectric (which increases the electric field in the
gas phase at the surface of the dielectric) combined with geo-
metrical electric field enhancement at the apexes of the waves
results in directing electron fluxes into the apexes (or peaks of
the wave). The ratio of, for example, electron to VUV fluences
to the surface can be controlled by the depth and wavelength
of the modulated surface. Although PDSE solutions are con-
ductive, they respond as dielectrics if their dielectric relax-
ation time is longer than the pulse length of the plasma. In
this regard, wavy electrolytic solutions will likely affect the
propagation of SIWs across their surfaces in a similar manner
as wavy dielectrics—focusing of electron and photon fluxes
into apexes of the surface. This structuring of the solution
surface could be standing waves produced by acoustic trans-
ducers. NP growth is, to some degree, a threshold process. NP
growth requires formation of a critical cluster size which, for
PDSE, requires a critical fluence of reducing agents incident
onto the surface. Structuring the solution surface could provide
locally critically large electron fluences that would aid in NP
growth, selectivity and particle size.

In this paper, we discuss results from a computational
investigation of PDSE intended for Ag NP synthesis while
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Figure 5. Electron density at 40 ns for the APPJ incident onto the
flat (n00) liquid surface for different molarity of the AgNO3

solution. (a) 0 mM, (b) 1 mM, (c) 5 mM, (d) 25 mM, (e) 50 mM. The
electron density is plotted on a 4-decade log scale. (Figures (a), (c)
and (e) reprinted from [30], with the permission of AIP Publishing.)

( 1.6 × 1013 q cm−3). The underlying dielectric charges to
1.4 × 10−5 C cm−3 ( 9.0 × 1013 q cm−3).
The maximum total reduction of Agnm+ species in solu-

tion depends, to first order, on the total available inventory of
solvated electrons. The major sources of solvated electrons are
gas phase electrons incident onto the surface of the solution,
and electrons produced in-situ by VUV photoionization of the
water. With the absorption length of ionizing VUV photons
being only tens of nm, the photo-generated electrons appear
to be a surface source of solvated electrons, similar to those
produced by the incident electron flux. The availability of solv-
ated electrons for reduction of Agnm+ is then proportional to
the fluence (time integral of flux) of incident electrons and
VUV photons. These electron and VUV fluences are shown
in figure 6 at 40 ns.

Electron fluences to the solution (figure 6(a)) for the single
pulse up to 40 ns have maximum values of 3–6 × 1011 cm−2.

Figure 6. Fluences across the flat (n00) liquid surface at 40 ns for
varying AgNO3 molarity for a 15 kV pulse. (a) Electron fluence,
(b) VUV photon fluence, and (c) ratio of electron to photon fluence.
(Figures (a) and (b) reprinted from [30], with the permission of AIP
Publishing.)

Low AgNO3 molarity (less than a few mM) for a fixed applied
voltage results in wider, more uniform electron fluences across
the liquid surface. This trend arises due to the low conductiv-
ity of the solution, whose capacitance quickly charges and pro-
motes propagation of the SIW. Largermolarity and higher con-
ductivity solutions inhibit propagation of the SIWwhile focus-
ing electron current into the solution on axis. If the electron
mediated processes in the solution were strictly linear with
electron fluence, then the area integrated fluence (or inventory)
of electrons onto the surface would determine the total amount
of reactivity produced by the plasma in the solution. For these
conditions, at the end of the voltage pulse, the inventory of
electrons onto the solution decreases with increasing conduct-
ivity, by a factor of 1.5 from pure water to the 50 mM solution.

10
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Figure 7. Fluences of (a) electrons and (b) VUV photons across the
liquid surface at 65 ns for varying applied voltages and 5 mM
AgNO3 molarity.

Through photoionization of liquid water, VUVfluence onto
the surface of the solution produces solvated electrons which
contribute to reduction of Agnm+. The VUV fluences onto the
solution are shown in figure 6(b) for different AgNO3 molar-
ities. Similar, though less dramatic trends, occur for the VUV
fluences compared to the electron fluence. Higher molarity has
more concentrated VUV fluences on axis. The VUV fluences
are less sensitive to molarity due to the non-local source of the
VUV photons. The electron fluence onto the surface originates
from electrons a few mean free paths from the surface, which
at atmospheric pressure is about 5µm. TheVUV photons from
He2∗ emission havemean free paths of manymm and arrive on
the surface of the solution from remote locations. The on-axis
maximum in VUV fluence for all molarities originates from
the common first-strike of the IW onto the surface of the solu-
tion which occurs on-axis. Due to the non-local delivery of
photons to the liquid surface, the inventory of VUV photons
onto the surface is less sensitive to conductivity. The VUV
inventory decreases with increasing conductivity by a factor
of 1.3 from pure water to the 50 mM solution.

In the specific case of PDSE of AgNO3 solutions for NP
synthesis, the primary driver is likely solvated electrons. As
such, the source of the solvated electrons—VUV photoioniz-
ation or direct electron fluxes—may be of secondary import-
ance. However, in chemistries in which different products are
generated by VUV and electron fluences, controlling the ratio
of these fluences may be important. The ratios of electron-to-
VUV fluences for different molarities are shown in figure 6(c).
Electron fluences dominate over VUV fluences by a ratio

of 10–25 on axis from pure water to 50 mM solution. Low
molarity solutions have significantly larger dynamic range of
this ratio. Electron fluences dominate by a factor of 103 104

for low conductivity solutions at larger widths.
The decrease in the VUV fluence (relative to the electron

fluence) at large lateral positions is a consequence of the man-
ner of propagation of the discharge and of the SIW. As the
discharge progresses and propagates further along the surface,
the plasma is increasingly contained within the water domin-
ated boundary layer. For the 5 mM solution on axis 0.5 mm
above the liquid, the dominate ions at 40 ns are He+, He2+ and
O2

+. The VUV radiating species (He2∗, He(21P)) have densit-
ies exceeding 2 × 1013 cm−3. At the leading edge of the SIW
which is embedded in the water dominated boundary layer, the
dominant ions are H2O+ and H3O+, with the VUV radiating
species having densities of less than 3× 1012 cm−3. Integrated
over the dwell time of the SIW across the surface then pro-
duces progressively smaller fluences of photons compared to
electrons.

The just discussed trends on consequences of SIWpropaga-
tion on conductivity of the solution was focused on the con-
ductivity of the solution as determined by the initial molarity
(concentration) of the AgNO3 that is dissolved into the water.
Upon solvation, the AgNO3 produces Ag+aq and NO3

−
aq.

During long term plasma exposure, the conductivity of the
solution can change. There could be a decrease in conductivity
due to reduction of Agnm+

aq or the formation of higher mass
Ag clusters. At the same time, over long periods of processing,
the conductivity of the solution can increase due to solva-
tion (and hydrolysis) of, for example, HNO3 which produces
H3O+

aq and NO3
−

aq in solution. Observations of decreasing
pH and increasing conductivity of air plasma treated water
have been made in several experiments [41]. In these single-
pulse simulations, the change in conductivity due to plasma
exposure during the discharge pulse is not large. For example,
for the 5 mM solution, the maximum decrease in conductivity
at the surface of the liquid at the end of the discharge pulse
is 1.6% and after 2 µs is 7%. The majority of this decrease
in conductivity is not directly due to reduction. The change
in conductivity is largely due to reduction of Ag+aq that initi-
ates formation of heavier mass clusters of Agnm+

aq. The con-
ductivity decreases due to there being clusters having smaller
ratios of charge-to-mass. This change in conductivity of the
surface layer would be significantly smaller after several hun-
dred microseconds or ms of interpulse period due to mixing of
the surface layer with the bulk solution.

Increasing the applied voltage increases both the uniformity
and the maximum extent of the SIW on the solution. Electron
and VUV fluences are shown onto the 5 mM solution in
figure 7 at 65 ns (end of the voltage pulse) for voltages of
10 kV to 20 kV. The electron fluence on axis increases

from 9.2 × 1010 cm−2 at 10 kV to 2.7 × 1011 cm−2 at
20 kV, a factor of 3 increase for a factor of 4 increase in

stored energy. The maximum fluences at any location increase
from 9.2 × 1010 cm−2 at 10 kV to 5.6 × 1011 cm−2 at
20 kV.
Increasing voltage extends the SIW over the surface of the

solution, producing a large disparity in electron fluences. This
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Table 2. Spatially integrated fluences to the surface of the 5 mM
solution relative to a flat surface (n00).

Surface VUV photons Electrons

n04 0.911 0.751
n08 0.943 0.853
n16 0.949 0.930
n32 0.968 0.983

Figure 12. Fluences of (a) electrons and (b) VUV photons across
the n04 liquid surface at 65 ns for varying applied voltages and
5 mM AgNO3 molarity.

the applied voltages enhances both the uniformity and the
maximum extent of the SIW on the solution. For the lower
voltages of 10 kV and 12 kV, the electron fluences are
strongly focused near the apexes. For voltages of 15 kV and
18 kV, electrons can better propagate into the troughs, lead-

ing to a more uniform fluence. The VUV fluence increases sig-
nificantly with voltage, but the overall shape is less affected
than that of the electron fluences due to the non-local nature
of the photon sources.

Structuring the liquid surface influences not only the react-
ivity delivered onto the surface but also the topology of react-
ive species produced in the gas phase. The distribution of the
OH− ion above the liquid surface is shown in figure 13 for the
flat and structured surfaces at the end of the pulse (65 ns). The
profile resembles that of the electron density, albeit slightly
more uniform. The distribution of O− is similar to OH−, hav-
ing a maximum density of 1.7 × 1013 cm−3 at 65 ns, approx-
imately 3.5 times lower than OH−.

The gas phase densities of OH and H2O2 after 2 µs are
shown in figure 14 for the flat (n00) and structured (n04-n32)

Figure 13. Surface-adjacent OH− density at the end of the 15 kV
pulse, t = 65 ns, for the flat (a) and structured (b)–(e) liquid
surfaces, and a 5 mM AgNO3 solution.

surfaces for the 5 mM solution. Even though the voltage pulse
lasts only 65 ns, the profiles of OH and H2O2 after 2 µs closely
mirror the profile of electron density left by the passage of the
SIW. With the convective speeds above the surface no larger
than 300–400 cm-s−1 and diffusions speeds even smaller, con-
vective motion has yet to redistribute these species. The spa-
tial distribution of other reactive oxygen species are similar
to those for OH and H2O2. The local maxima in these densit-
ies (0.3–0.5 cm) reflect the maximum in plasma density in the
SIW (see figure 4).

5. Selectivity of silver NP growth

In this section, we discuss how acoustically structuring the
gas–liquid interface may provide control over silver NP pro-
duction. The first step in NP growth is the reduction of sil-
ver cations, Ag+, to neutral Ag in solution. The density dis-
tribution of silver neutral atoms (Agaq) at 50 ns is shown in
figure 15(a) for all surfaces (n00-n32) and for a 25mMAgNO3

solution. In all cases, [Ag] peaks around 50 ns, reaching a
value of approximately 6× 1015 cm−3. The profile of Ag neut-
ral atoms on the flat liquid surface is nearly uniform along the
first 0.2 cm, while on structured surfaces, the distribution of
Ag is concentrated near the apexes indicating a spatial differ-
entiation of reduction.
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potentially enables larger areas of the liquid surface to be in
contact with the plasma, producing more evenly distributed
electron fluences when treating high conductivity solutions.
This advantage is distinct from that of size selectivity.

6. Concluding remarks

Pulsed helium atmospheric plasma jets incident onto acous-
tically structured electrolytic liquids were computationally
investigated using 2D and global models. The goal of the work
was to demonstrate control of plasma produced fluxes (and
fluences) to different locations on the surface of the solution
based on the shape of the surface, here characterized by the
wavenumber as might be produced by acoustic structuring.
Control of these fluences then may enable control over mater-
ial synthesis in PDSE systems. This control was achieved,
with larger fluxes (fluences) delivered to the apexes of the
waves and smaller fluxes delivered to the troughs of the waves.
Through polarization of the AgNO3 solutions and geometrical
effects, electric fields in the gas phase were enhanced near the
apexes of the waves and decreased in the troughs relative to flat
surfaces, similar to non-planar solid dielectric surfaces. The
modulation in E/N between the apex and trough varies in pro-
portion to the liquid structure wavelength and amplitude, with
the largest structures having the largest variation. Propagation
of SIWs across the structured surfaces transitions to a hopping
mode as the electric field enhancement at the apexes increases.
At this juncture, the electron fluxes to apexes and troughs
diverge. With increasing conductivity of the solution, electric
field enhancement increases, as does the difference between
fluxes delivered to apexes compared to troughs. These pos-
ition dependent electron fluxes to the surface extend to VUV
photon fluxes as well. However, the modulation in VUV fluxes
is small compared to that for electrons. This smaller modula-
tion results from electron fluxes being of largely local origin
whereas VUV photon fluxes are of non-local origin.

The impact of the modulation of plasma produced fluxes to
acoustically structured AgNO3 solutions was evaluated by the
predicted sizes and densities of silver clusters and NPs. Based
on results of single-pulse simulations with the 2D model,
higher order clustering of Agnm+ was produced with the larger
electron fluences to apexes than troughs. These trends exten-
ded to global plasma chemistry simulations of NP growth over
100 s of exposure of structured AgNO3 solutions having vary-
ing wavelengths and molarity. Three regimes were identified
for NP growth: (1) full reduction producing larger neutral NPs,
(2) partial reduction producing smaller charged NPs, and (3)
lack of NP production. These growth regimes can be con-
trolled by combinations of electron flux, exposure time, and
solution molarity, the former of which can be controlled by
the shape of the solution.

The ability to retain selectivity in synthesis of NPs by con-
trolling fluences onto the solution in part depends on the trans-
port of NPs in the solution. A solution that is well mixed
during the length of plasma exposure required to synthesis
the NPs will be challenged to maintain selectivity as the NPs
will sample (and average) the spatially dependent fluences.

Ideally, solutions that are stagnant and resistant to forming
convective cells would best retain the selectivity afforded
by controlling fluences of plasma produced species onto the
solution.

In actual plasma jet or DC discharge treatment during
PDSE, the solution surface is rarely perfectly flat. Ripples
and waves in the surface of the solution are often produced.
The intentional outcomes of having acoustically structured
surfaces—location dependent fluxes—are likely to naturally
occur as a result of these ripples and waves in the surface of the
solution. If these ripples and waves are random and chaotic (as
is often the case), the location dependent fluxes are likely aver-
aged over the duration of the plasma treatment. If the ripples
and waves have some long-term stability or structure, then
position dependent fluxes can be expected, leading to position
dependent materials synthesis.
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