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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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using AgNO3 solutions with wavy surfaces, as might be pro-
duced by acoustic transducers. The simulations were per-
formed with the 2-dimensional (2D) nonPDPSIM modeling
platform [28] and the zero-dimensional, plug-flow model,
GlobalKin [25]. A helium APPJ plasma was incident on flat
and structured liquid surfaces of varying wavelength and solu-
tion conductivity. Under most operating conditions, formation
of Ag NPs by PDSE is controlled by the fluence (time integral
of flux) of reducing species onto the surface of the solutions,
and electron fluences in particular. We found that the curvature
and conductivity of the surface of the solution intensified the
electron and VUV photon fluxes to the apexes of the wave pat-
terns. Higher conductivities (as produced by a larger molarity
of the AgNO3 solution) and shorter wavelengths of the sur-
face structure produced more intense electron fluences to the
apexes of the waves. For low conductivity solutions having
long wavelength structures, the ratio of electron fluences to
apex of the waves compared to the troughs of the waves was
2–5. For high conductivity solutions and shorter wavelengths
this ratio can be several hundred. These spatially controlled
electron fluences then produce spatially differentiated forma-
tion of Ag NPs.

An overview of the numerical methods, simulation geo-
metry, and chemical reaction mechanism used in this invest-
igation are in section 2. Results are discussed in section 3 for
fluid and plasma properties of the base case—a 65 ns,−15 kV
discharge sustained in He/O2 onto a flat 5 mMAgNO3. Plasma
properties for APPJs incident onto structured AgNO3 solu-
tions are discussed in section 4. The consequences of structur-
ing the liquid surface structure on densities of Ag NP precurs-
ors (Ag—Ag4) after a single pulse are discussed in section 5.
Trends for NP formation over 100 s of plasma exposure of the
solution for electron fluences at apexes and troughs are also
discussed. Concluding remarks are in section 6.

2. Description of the models and conditions

The 2D fluid model nonPDPSIM was employed in this work
to investigate the control afforded by acoustically structured
plasma–liquid interfaces as applied to the PDSE of Ag NP.
nonPDPSIM has been previously described in detail [28], and
so a brief overview is provided here.
nonPDPSIM is a multi-fluid simulation employing a 2D

unstructured mesh. The simulation begins by solving a modi-
fied version of the compressible Navier–Stokes (NS) equations
(continuity, momentum, energy) for the neutral flow field res-
ulting from inlet nozzles and pumps. The particular form of the
NS equations solved is couched in terms of number densities
instead of mass densities to better address large gradients in
mass density for conditions that are essentially isobaric. The
integration of the NS equations continues throughout the sim-
ulation, while accounting formomentum transfer to the neutral
fluid from electric field driven ions and electrons.

The electric potential, charged species densities, and
material surface charges are obtained using a fully-implicit
solution of Poisson’s equation which is solved concurrently

with changes in charged species densities employing a
Newton–Raphson method. Charged species fluxes are
obtained using a Scharfetter and Gummel method, while
charged and neutral species densities are updated using finite
volume based discretization of their continuity equations.

Bulk average electron energy, ε̄, as a function of position
is obtained from an implicit solution of the electron energy
conservation equation which is solved using a successive-
over-relaxation method. This average energy then defines the
effective electron temperature, ε̄= 3

2kBTe (kB = Boltzmann’s
constant). The electron temperature is updated synchronously
with Poisson’s equation for electric potential such that it is
closely coupled to changes in charged particle densities and
surface charges. Electron-impact rate coefficients are obtained
from stationary solutions of Boltzmann’s equation for the elec-
tron energy distribution (EED), solved over a range of reduced
electric field (electric field/gas number density, or E/N) values
to account for the non-Maxwellian nature of the EEDs. From
these solutions, multiple lookup tables of electron-impact rate
and electron transport coefficients as a function of effective
electron temperature are constructed and assigned to zones
within the mesh dependent on the local gas composition. Rate
coefficients extracted from the table are interpolated to the
effective electron temperature within each simulation cell,
which retains information on the non-Maxwellian EEDs.

Secondary electron emission is included with a second-
ary emission coefficient of 0.1 on all surfaces for all incid-
ent positive ion species. Given operation at atmospheric pres-
sure, the temperature of secondary electrons was assumed
to be the bulk (fluid) electron temperature within the same
cell. Photoemission and photoionization were included, where
radiation transport is modelled employing a Green’s function.
Photoionization was produced by VUV photoemission from
excited He(21P) (58.4 nm), and He2

∗
dimer (broadband radi-

ation centered on∼70 nm). Radiation originating fromHe(3P)
was not included in the model as its intensity is low compared
to that originating from He(21P) and He2

∗
. Photoionization of

gas phase O2 and both gas and liquid phase H2O was included
with radiation trapping being addressed as described by
Leitz et al [11].

In the discussion of results, we refer to the dielectric relaxa-
tion time, τ = ε/σ, where ε is the permittivity and σ is the con-
ductivity. τ is a measure of how rapidly accumulated charge
will dissipate by electric field driven currents. Larger conduct-
ivity produces larger current that removes charge more rap-
idly and produces a smaller τ . Larger permittivity produces a
smaller electric field and lower current density requiring more
time to dissipate the charge (a larger τ ). Charge dissipation and
τ is a natural outcome of the model by simultaneously solv-
ing Poisson’s equation (∇· εE⃗=−∇ · ε∇Φ = ρ, for electric
field E, potential Φ and charge density ρ) and charge density
(dρ/dt=−∇ · j⃗ =−∇ ·σE⃗).

Transport of gas and liquid phase species within their
own phases is given by their diffusion fluxes, or in the case
of charged particles, drift-diffusion fluxes using transport
coefficients for only that phase. The fluxes of a gas phase
species into and out of the liquid are limited by Henry’s law
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equilibrium at the surface of the liquid. The gas phase flux of
a neutral species entering the liquid is

Γgl =
Dg

∆x

(
1− nl

ngh

)
(ng − nl) , nl ⩽ ngh,

= 0, nl > ngh (1)

where ng is the gas density at the numerical node adjacent to
and∆x away from the liquid having gas phase diffusion coef-
ficient Dg. The solvated liquid phase partner of the gas phase
species has density nl at the surface of the liquid. h is the
Henry’s law equilibrium constant. The flux of the gas phase
species into the liquid goes to zero when the solvated species
at the surface of the liquid is saturated. The flux of a liquid
phase species leaving the liquid into the gas, Γ lg having diffu-
sion coefficient in the liquid Dl is

Γlg =
Dl

∆x

(
1−

ng
(nl/h)

)
(nl − ng) , ng ⩽

(nl/h)
= 0, ng >

(nl/h) . (2)

The flux of species leaving the liquid goes to zero when
the gas phase is saturated with respect to the liquid concen-
tration at the surface. These transport limits based on being
super-saturated, at equilibrium, and sub-saturated applies only
to neutral fluxes passing through the gas–liquid interface. The
transport of species in the gas phase and in the liquid away
from and towards the surface are not otherwise constrained.
It was assumed that all ions and photons with fluxes into the
gas–liquid interface enter the liquid, although the algorithm
allows for an accommodation coefficient to limit the ion flux
that enters the liquid.

Electrons incident onto the surface of the solution are
immediately converted to solvated electrons, denoted as
e(H2O)aq. The temperatures of the liquid phase and of solv-
ated electrons temperatures were held at a constant at 300 K.
With the solution functionally serving as the anode, elec-
trons are initially accelerated into the solution prior to its
charging. The incident electron flux has energies of several
eV. When striking the solution, these electrons can undergo
inelastic collisions prior to solvation, resulting in dissociation
and ionization of surface resident molecules. These inelastic
electron-collisions with the top layer of the liquid are particu-
larly important for plasma–liquid interactions with surfactant
molecules which preferentially are found at the surface of the
solution [29].

To address the possibility of inelastic collisions of gas phase
electrons with the surface of the liquid, the plasma-surfactant
module (PSM) was developed for nonPDPSIM. Here, the term
surfactant is used in the most general manner, and refers to
any liquid phase molecule that resides on the surface. For lack
of liquid-phase electron-molecule cross sections, we assumed
that gas phase cross sections applied to the interaction between
the incident gas phase electrons and the liquid surface resident
molecules. At the liquid phase mesh point i having neighbor-
ing mesh nodes j in the gas phase, the rate of reaction for pro-
cess m, Rim (cm−3s−1), resulting from the incident gas phase

electron flux is

Rim =

neighbors∑
j

fjΓjiMm

Vi
min

(
kjm (Te,j)

vth,j
,As

)
. (3)

The sum is over gas phase mesh points which are neighbors
of liquid node i. kjm(Te,j) is the electron-impact rate coefficient
at node j for process m, where the electron temperature at the
gas phase node is Te,j. vth,j is the thermal speed of electrons
arriving from node j to node i. The ratio kjm (Te,j)/vth,jis an
effective cross section for the interaction. As = N−2/3 is the
cross sectional area of a surface site where N is the total liquid
phase density.Mm is the mole fraction of the liquid phase spe-
cies for processm at the surface of the liquid.Γ ji is the electron
flux from gas phase node j to liquid phase i passing through
the face of the liquid volume element having fractional area
fj. Vi is the volume of the liquid cell. With electron penetra-
tion distances of a few to tens of nm (a dimension which is
not resolved in the numerical mesh), we assume that all incid-
ent electrons react at the surface. The minimum function in
equation (3) limits the effective cross section to the area of a
surface site occupied by the molecule. An analogous expres-
sion is used for reactions of gas phase neutral species with sur-
face resident liquid species.

The products of the electron (or neutral) impact with
surface-resident liquid species are assumed to remain in the
liquid phase, though the algorithm allows for products to
return to the gas phase. This latter process likely occurs for
large surfactant molecules whose hydrophobic end penet-
rates above the surface. Dissociating the hydrophobic end of
the molecule likely results in a fraction of the dissociation
products entering the gas phase. However, in this investiga-
tion, the only surfactant molecule is water itself.

Gas phase electron-impact cross sections for H2O were
used for the liquid phase, resulting in production of H2O+

aq,

e(H2O)aq, OHaq, and Haq. We assume that the electron pro-
duced in the incident gas phase electron ionizing the surface
resident water is then immediately solvated. Due to the man-
ner in which the PSM was implemented, computationally this
was accomplished by producing an intermediate non-solvated
electron in the liquid which then rapidly solvated.

PDSE processes to produce, for example, NPs using DC
and pulsed plasma sources operating at many to tens of kHz
may take many seconds to a few minutes to complete. This
elapsed time and number of pulses is beyond what can be
addressed using the 2D model. To evaluate the consequences
of the different electron fluences onto solutions that may res-
ult from having structured surfaces, the model GlobalKin was
used [25].GlobalKin is a zero-dimensional (plug-flow) plasma
kinetics and plasma chemistry modeling platform capable of
addressing plasma–liquid interactions. GlobalKin was used in
our prior investigation of plasma jet treatment of AgNO3 solu-
tions for production of Ag NPs [25].

Although GlobalKin is capable of addressing coupled
plasma–liquid interactions simultaneously with in-solution
chemistry, only the in-solution plasma-activated chemistry
capabilities were used here. Electron and ion fluences onto
the surface of AgNO3 solutions as a function of location on
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the surface were computed with nonPDPSIM over a single
pulse. These fluences were converted to time averaged fluxes
by specifying a pulsed repetition frequency (PRF). The elec-
tron temperature above the solution surface during delivery of
the fluxes computed by nonPDPSIM was also recorded. These
values were then used inGlobalKin as the fluxes incident onto
the surface of the solution. The same algorithms used in nonP-
DPSIM for interactions between gas phase species and surface
resident species in solution (the PSM) were also incorporated
into GlobalKin. Additional cases were run with GlobalKin to
represent solution chemistry resulting from fluences incident
on different locations on the surface over long periods of time.

The source geometry used in this work is shown in
figure 1(a). The 2D Cartesian geometry implemented in non-
PDPSIM is symmetric about the left-hand boundary. The
APPJ is patterned after that used in experiments by Jiang and
Bruggeman [31]. The APPJ was positioned above a glass dish
containing the liquid. The APPJ source consists of a tungsten
powered electrode 1 mm in diameter situated inside a 2.0 mm
inner diameter, 0.7 mm thick glass tube (relative permittivity
εr = 4.5). The inner tube is coaxial to a 9.5 mm inside dia-
meter, 1.6 mm thick outer glass tube (εr = 4). The downstream
end of the powered electrode and both glass tubes are termin-
ated in rounded tips. A 1.2 cm radius glass dish (εr = 4) was
positioned downstream of the source. The dish contains water
to a height of 0.8 mm, for a total liquid volume of 9.6 ml.
The distance from the tip of the electrode to the surface of
the flat liquid is 10 mm. A 5.4 mm tall, 0.88 mm wide metal
ring is positioned coaxially around the inner tube centered at
a height of 1.3 cm. This metal ring can function as a grounded
electrode, but remained electrically floating in this work. As
such, the path to ground from the powered electrode proceeds
through the liquid and glass dish to the grounded metal foil
under the dish resulting in the discharge directly impinging on
the liquid surface below the source aperture.

The flat liquid mesh nodes and connectors are shown in
figure 1(b) where the mesh resolution varies between a min-
imum of 0.04 mm/cell across the plasma–liquid interface and
a maximum resolution of 1.0 mm/cell in the ambient air to
the right of the source. The numerical mesh used for the flat
liquid consists of 14 143 total nodes, comprising 8372 gas-
phase nodes and 2526 liquid-phase nodes. These numbers vary
less than 20% over all the acoustically structured liquid surface
meshes.

The results discussed here are sensitive to the shape of
the mesh at the interface between the gas and liquid phases.
With the permittivity of the solution being large (εr = 80)
and conductivity typically being small, the surface of the
liquid charges negatively in proportion to the local capacitance
(C [F cm−2]). The large permittivity results in electric field
enhancement in the gas phase above the liquid, which is then
augmented by surface charging which produces a sheath. The
magnitude of the electric field at the first gas phase mesh point
above the liquid is sensitive to the physical distance, ∆xg, of
that mesh point from the liquid measured parallel to the sur-
face normal. Smaller∆xg results in a larger electric field at that
mesh point. Charging of the liquid surface is in turn sensitive to

Figure 1. Schematics of the (a) APPJ geometry and (b) the flat
(n00) liquid surface mesh. (Figure (a) reprinted from [30], with the
permission of AIP Publishing.)

the physical distance, ∆xl, of the first mesh point below sur-
face along the inverse normal to the surface. This sensitivity
results from the local capacitance C being inversely propor-
tional to ∆xl. If the values of ∆xg and ∆xl are allowed to ran-
domly vary along the surface about amean value, as may occur
if mesh generators are not otherwise constrained, the densities
of electron-impact generated species above the surface, their
fluxes onto the surface, and surface charging will be numeric-
ally noisy. This noise can be significantly reduced by having
several layers of numerical mesh points, both in the gas phase
and in the liquid, that are parallel to the liquid surface. This
best practice extends to any dielectric material in contact with
the plasma.

All cases employed a flow of 1 slm He/O2 = 0.995/0.005,
supplied through the central inlet at the top of the inner
glass tube with 30 ppm humid air impurity. A 2.5 slm
N2/H2O = 0.995/0.005 nitrogen shroud flow entered through
the outer co-axial inlet. The region beyond the source and
dish was initiated as humid air. A 10 slm flow of humid
air (N2/O2/H2O = 0.795/0.2/0.005) entered through the top
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Table 1. Species in the reaction mechanism used in nonPDPSIM.

Gas phase charged e, H+, H−,H2
+, H3

+, OH+, OH−, H2O+, H3O+, O+, O−, O2
+, O2

−, O3
−, N+, N2

+, N3
+, N4

+, NO+,
NO2

+, NO2
−, NO3

−, NH+, He+, He2+, HeH+

Gas phase neutral (ground states) He, H, H2, OH, H2O, HO2, H2O2, O, O2, O3, N, N2, NO, NO2, NO3, N2O, N2O3, N2O4, N2O5, HNO,
HNO2, HNO3, HNO4

Gas phase neutral (excited states) H∗, H2
∗, O∗, O2

∗, O2
∗∗, O2(v), N∗, N2

∗, N2
∗∗, N2(v), OH∗, He(2s3S), He(2s1S), He(2p3P), He(2p1P),

He(3s3S), He(3p3P), He2∗

Liquid species H2Oaq, e(H2O)aq, H2O+
aq, H3O+

aq, H2O2aq, HO2aq, OHaq, OH+
aq, OH−

aq, Haq, H2aq, Oaq, O2aq, O2
+

aq, O3aq,
O−

aq, O2
−

aq, O3
−

aq, HO2
−

aq, NOaq, NO2aq, NO3aq, N2O3aq, N2O5aq, NO2
−

aq, NO3
−

aq, NO4
−

aq, ONOO−
aq,

HNOaq, HNO2aq, HNO3aq, HNO4aq, ONOOHaq, N2Oaq, NO2
+

aq, Naq, N2aq, NO+
aq, Heaq

Silver species Agaq, Ag+aq, Ag2+aq, Ag2aq, Ag2+aq, Ag22+aq, Ag23+aq, Ag3aq, Ag3+aq, Ag3
2+

aq, Ag3
3+

aq, Ag4aq, Ag4
+

aq,
Ag42+aq, Ag43+aq, AgOH+

aq, AgNO3aq

boundary of the computational domain to minimize artificially
large vortexing resulting from the differential flow velocity
tangential to the lip of the glass dish. To emulate evaporation of
the solution into the ambient, the gas phase density of H2O at
the liquid interface was held constant at a value corresponding
to the vapor pressure of water at 1 atm and room temperature,
a partial pressure of 18 Torr. An initial 15 ms of neutral fluid
simulation was performed prior to each plasma simulation to
obtain a converged fluid flow field and to establish an equilib-
rium saturated water vapor layer above the liquid surface. This
was accomplished by initiating the entire gas phase with the
He/O2 gas mixture and then turning on the shroud and humid
air flows. The base case employed a single −15 kV, 47.5 ns
flat-top pulse with a 2.5 ns rise time and 15 ns fall time.

The gas and liquid reaction mechanism used in nonPDP-
SIM consisted of 25 charged species, 23 neutral species, and
18 excited states in the gas phase; 39 non-silver liquid species,
and 17 silver-containing liquid species, listed in table 1, with a
total of 2179 reactions. (The subscript aq denotes an aqueous
or in-solution species.) The air reaction mechanism was based
on Van Gaens and Bogaerts [32], and helium reactions were
included by Norberg et al [33] and Emmert et al [34]. Non-
silver liquid-phase reactions were employed as described in
Tian and Kushner [35], with additions from Lietz and Kushner
[36] andMeyer et al [37]. Additional reactions were added and
treated with the surfactant module. These reactions include
dissociation, dissociative attachment, and ionization of H2Oaq,
based on the data for gas phase reactions [38].

The liquid-phase silver reaction mechanism was developed
by Raisanen et al [25]. The full mechanism considers silver
species of Agnm+ where n = 1–9 and m = 0–3 cation charge
states. This mechanism was developed to investigate PDSE
of AgNO3 for the synthesis of NPs. The dominant process in
formation of NPs is the reduction of Agnm+ cations by solv-
ated electrons (denoted as e(H2O)aq in table 1),

e(H2O)aq + Agn
m + → Agn

(m−1) + + H2O (4)

The formation of neutral Agn initiates or sustains a cascade
producing larger Agnm+ clusters. In this mechanism, Agnm+

species having n > 9 were classified as NPs Ag(NP), whose

average properties (mass, diameter) are calculated as a func-
tion of time. NP species having charge states m = 0–3 were
included.

In [25], the mechanism was employed in investigations
using a global plug-flow model over several seconds which
enabled nearly full reduction of AgNO3 solutions of several to
tens of mM. This full mechanism was used for simulations
using GlobalKin. In addition to the processes described in
[25], the consequences of Ostwald ripening [39] were included
in the mechanism. Ostwald ripening is a process that effect-
ively limits the size of NPs that are produced in solution chem-
istry. Based on experiments by others for expected sizes of
NPs for our conditions [1], we included Ostwald ripening by
limiting the rate coefficient for agglomeration between NPs.
The limited rate coefficient, klim, for agglomeration between
species classified as NPs having radii r1 and r2, is

klim = k0 · exp
(
(r̄/ rlim)

2
)
, r̄= 1

2 (r1 + r2) (5)

where k0 is the unlimited rate coefficient and rlim is the limiting
radius. Here, we used rlim = 10 nm. Growth of NP to radii
greater than rlim occurs by adding smaller atoms and clusters
through surface growth.

In simulations using nonPDPSIM, single discharge pulses
onto AgNO3 solutions were investigated having electron flu-
ences onto the solution that are not large enough to fully reduce
the Agnm+, and so the densities of large clusters approaching
NPs following the single pulse are negligible. In recognition
of these trends and to reduce the computational burden, only
Agnm+ with n⩽ 4were included in the reactionmechanism for
nonPDPSIM. Plasmas onto solutions of AgNO3 having mol-
arities between 1 mM to 50 mM were investigated.

This work addresses acoustic shaping of a plasma treated
liquid surface, its impact on particle transport across the
plasma–liquid interface, and the corresponding control that
may be achieved over the reduction and nucleation of silver
NP precursor species and NP production. The acoustically
structured liquid surfaces are shown in figure 2. The liquid
surface structures are sinusoidal in shape, described by their
wavelength, λ, and peak-to-peak amplitude, App. Wave struc-
tures will be referred to by their wavenumber, nxx, where xx
refers to the total number of complete wavelengths across the
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Figure 2. Schematics of the acoustically structured liquid surfaces.
nxx refers to the number of wavelengths contained across the dish. λ
is the wavelength of the structures and App is the peak-to-peak
amplitude. (a) n00, (b) n04, (c) n08, (d) n16, and (d) n32. The flood
contours show the H2O vapor density resulting from evaporation of
the solution on a linear scale with maximum value 5.8 × 1017 cm−3.

1.2 cm dish half-width. In addition to the flat control case,
four structured surfaces were investigated with wavenumbers
of n04, n08, n16, and n32, corresponding to acoustic driv-
ing frequencies of 100 Hz, 200 Hz, 500 Hz, and 1500 Hz.
These values were chosen to closely match experimentally
obtained limits for the highest possible (Rayleigh instabil-
ity limited) amplitude for each wavelength. Wavenumbers
of n04, n08, n16, and n32 have wavelengths of 3000 µm,
1500 µm, 750 µm, and 375 µm with peak-to-peak amplitudes
of 1200 µm, 600 µm, 300 µm, and 150 µm. The average
heights of the structured surfaces were the same as for the flat
surface. The maximum height of each surface was aligned on-
axis (width = 0.0 cm) to enable continuity across the sym-
metric left boundary. Consequently, the distance between the
powered electrode and the liquid surface on axis was smaller
by half the peak-to-peak amplitude of each structured case rel-
ative to the flat case.

For the Cartesian geometry employed here, the structured
surfaces are effectively a series of parallel waves, rather than
concentric rings as would be the case in cylindrical geometry.
The wavy surfaces have larger area (and larger length along
the surface) compared to the flat base-case. For a sinusoidal

surface, the effective length L along the surface for a single
wavelength is a factor of 1.216 greater than the linear distance
between the start and end points below the curve.

3. APPJ onto a flat liquid surface

As a point of comparison for pulsed APPJs incident onto
structured liquid surfaces, the plasma properties of an APPJ
onto a flat liquid surface (n00) was first investigated. The ini-
tial gas flow fields for He, N2, O2, and H2O prior to pulsing
the discharge are shown in figure 3. For this baseline case,
and all cases that follow, 1 slm of He/O2 = 99.5/0.5 with
30 ppm humid air impurity was flowed through the inner
tube. 2.5 slm of N2 with 0.05% H2O was supplied through
the outer tube. A background flow of 10 slm of humid air
(N2/O2/H2O= 79.5/20/0.5) was supplied from the top bound-
ary (not shown).

The volume below the powered electrode and a 0.5 cmwide
region adjacent to the liquid surface consist of a relatively
homogeneous He gas. The N2 shroud confines the He due to
the short residence time and low rate of diffusion of He into
the N2. The radial He flow velocity varies between 500 and
2000 cm s−1 across the liquid surface, reaching a maximum
of 3400 cm s−1 as it is compressed crossing the lip of the glass
dish at a width of 1.2 cm. The He flow only moderately mixes
into the N2 shroud. The N2 flow is effective in isolating the
ambient gases from the He flow with there being little penet-
ration of O2 from the ambient into the He. Water vapor evap-
orates from the liquid surface with a density at the surface of
5.8× 1017 cm−3 corresponding to the saturated vapor pressure
at 300 K. The high He and N2 flow velocities over the surface
of the liquid entrain the water vapor, resulting in an inhomo-
geneous distribution of water vapor across the liquid surface.
The water vapor is compressed where the He and N2 intersect
the liquid surface. Water vapor accumulates in the stagnation
zone at the lip of the dish.

The electron density and ionization source close to the
liquid surface are shown in figure 4 during a 65 ns, −15 kV
pulse rising from 0 kV to −15 kV over the first 2.5 ns, main-
taining a flat-top until 50 ns. The solution contains 5 mM of
AgNO3 whose conductivity is approximately 0.5 mS cm−1.
The discharge is initiated with a neutral spot of plasma placed
at the tip of the electrode having density of 1011 cm−3 and dia-
meter of 500 µm. Between 0 and 19 ns, a Townsend ionization
wave (IW) propagates from the powered electrode towards the
liquid surface. The initial forward IW is accelerated through an
E/N of ∼120 Td (1 Td = 10−17 V cm2), resulting in a max-
imum electron temperature of 8.5 eV in the front of the IW.
Although the solution is conductive, its dielectric relaxation
time (τ = 15 ns) is commensurate with the length of the dis-
charge pulse. As a result, the surface of the solution charges
negatively, producing parallel components of the electric field
to launch a SIW. From 20 to 40 ns the discharge propagates
across the liquid surface with the maximum electron density
reaching 2 × 1015 cm−3, as shown in figure 4(a). The speed
across the surface of the SIW is ≈3 × 107 cm s−1.
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Figure 3. Initial neutral densities prior to pulsing the APPJ for the flat liquid surface. (a) Helium, (b) nitrogen, (c) oxygen, and (d) water
vapor. Operating conditions: 1 slm of He/O2 = 99.5/0.5 with 30 ppm humid air, 2.5 slm of N2 with 0.05% water vapor, and 10 slm humid
air (N2/O2/H2O = 79.5/20/0.5) through the inner, outer, and atmospheric boundary inlets, respectively.

The electron-impact ionization source Se shown in in
figure 4(b) has distinct regions being net positive and net neg-
ative, the latter indicating that attachment and recombination
dominates over ionization. (The absolute value of the ioniza-
tion source Se is plotted in figure 4(b). The regions of net posit-
ive ionization and net loss are labeled with ‘+’ and ‘−’.) The
head of the SIW has a positive ionization source exceeding
1 × 1024 cm−3 s−1. With passage of the head of the SIW, the
trailing liquid surface has been charged akin to a solid dielec-
tric. With the SIW propagating through the saturated water
vapor boundary layer, the Se transitions to being negative. The
rate of electron losses by dissociative recombination of H2O+

and H3O+ and dissociative attachment to H2O are rapid com-
pared to losses in the bulk helium. Electron-impact ionization
sources remain positive above the H2O dominated boundary
layer.

The ionization source not involving electron-impact pro-
cesses, Sall, shown in figure 4(c), has a maximum value of
2× 1023 cm−3s−1. In the gas phase, Sall consists of dominantly
Penning ionization with small contributions from photoioniz-
ation. On the surface of the liquid layer, photoionization is the
dominant source of ionization.

The propagation of SIWs across a surface, solid or liquid,
can be explained in part by current continuity. Consider a
geometry similar to that investigated here, consisting of a
sequence of series impedances—a powered electrode, gas gap,
liquid, dielectric dish, and ground plane. Current continuity
must be maintained through this series of impedances. An IW
begins from the powered electrode directed towards the sur-
face. Current in the ionized column behind the head of the IW
is in large part conduction current. Current continuity ahead
of the IW wave in the non-conductive gas is maintained by
displacement current. Assuming the liquid is poorly conduct-
ing, current through the liquid (and underlying dielectric dish)
is displacement current, terminating as conduction current at
the grounded electrode. When the conductive plasma channel
reaches the liquid, the surface of the liquid initially charges,
which is equivalent to charging the series capacitances of the
liquid and underlying dish. When this capacitance has been
fully charged, displacement current can no longer flow through
that location on the liquid surface. To maintain current con-
tinuity, the plasma expands as a SIW onto uncharged liquid,
which then enables displacement current to flow through that
locally uncharged capacitance.

8



Plasma Sources Sci. Technol. 34 (2025) 035004 S J Doyle et al

Figure 4. Macroscopic plasma properties for the APPJ incident onto the flat (n00) liquid surface (5 mM AgNO3 solution). (a) Electron
density, (b) electron-impact ionization source, and (c) ionization source due to processes other than electron-impact. Operating conditions
are −15 kV, 47.5 ns flat top pulse with 2.5 ns rise and 15 ns fall, 1 slm He/O2 = 99.5/0.5 within 2.5 slm N2 shroud gas. Values are plotted on
4-decade log scales with maximum value noted. The absolute value of the electron-impact ionization source is plotted. The portions of the
image labeled ‘+’ and ‘−’ indicate regions of net electron source and loss.

As the conductivity of the liquid increases, current con-
tinuity can be maintained increasingly as conduction current
through the liquid. As such, there is less need for the plasma
to expand as a SIW, seeking out uncharged surface to pass dis-
placement current. Amore conductive liquid is also less able to
support horizontal components of the electric field that enable
propagation of the SIW. In the limit of metal-like conductiv-
ities, there would be no requirement for the plasma to expand
as a SIW for current continuity to be maintained as the current
can be conducted directly through the solution.

This trend of less expansive SIWs on the surfaces of solu-
tions with increasing conductivity is demonstrated in figure 5,
where electron densities are shown at 40 ns for solution mol-
arities of 0 mM (essentially pure water) to 50 mM. The con-
ductivities of the AgNO3 solutions vary from 0.1 mS cm−1 for
the 1 mM solution to 5 mS cm−1 for the 50 mM solution. With
pure water (0 mM solution), the liquid is functionally a dielec-
tric and passes only displacement current. The local charging
of the surface of the liquid in large part terminates passing
displacement current into the liquid. The discharge then pro-
ceeds as a detached SIW. (Recall that following propagation
of the SIW, the electron-impact ionization source in the water
vapor dominated boundary layer is negative, thereby decreas-
ing electron density behind the head of the SIW).With increas-
ing molarity of the solution and conductivity, current is pro-
gressively carried through the liquid as conduction current,
resulting in less expansion of the plasma as a SIW along the
surface of the liquid.

These trends of decreasing speed of the SIW with
increasing conductivity agree with the recent experiments of
Herrmann et al [40] who observed optical emission from SIWs

propagating across potassium chloride (KCl) solutions in an
air ambient. Although their results were made more com-
plex by the onset of filamentation, between a solution hav-
ing a conductivity of 2 µs cm−1 and a solution having a con-
ductive of 1 mS cm−1, the propagation speed decreased by
about 35%.

Recording the extent of the SIW propagation at 40 ns in
figure 5 was chosen because the SIWs on the low conduct-
ivity solutions strike the wall of the dish prior to the end of
the discharge pulse, whereas the SIWs on higher conductiv-
ity solutions have nearly reached their maximum extent. For
example, the SIWs on the 0, 1 and 5 mM solutions strike the
dish by 65 ns. The SIW on the 25mM solution propagates only
0.08 cm further from 40 ns to 65 ns, and 0.06 cm further on
the 50 mM solution.

In this particular geometry, the solution sits in a dielec-
tric dish which represents a series capacitance through which
current is carried by displacement current. The current flows
through the series impedance of the solution and the underly-
ing dielectric dish. The surface that charges will be that have
the largest impedance (smallest capacitance and conductivity).
For example, we examine the charge density at the surface of
the solution and the surface of the underlying dielectric dish at
40 ns at a position of 0.2 cm. For the discharge onto pure water
(0 mM), the liquid surface charges to −2.4 × 10−5 C cm−3

(−1.5× 1014 q cm−3, q= elementary charge). The underlying
dielectric charges to 3.5× 10−10 C cm−3 (2.2× 109 q cm−3).
The non-zero charging of the dielectric results from the water
having an initial pH of 7, and so there is some intrinsic con-
ductivity. For the discharge onto the 50 mM solution, the roles
reverse. The liquid surface charges to −2.6 × 10−6 C cm−3
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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.
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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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disparity is in part a consequence of pulse length and partly a
consequence of the finite size of the dish holding the solution.
At−10 kV, the bulk IW from the gas phase strikes the surface
of the solution at 37 ns, which allows only an additional 28 ns
for propagation of the SIW before voltage is terminated. The
bulk IW strikes the solution at 19 ns at −15 kV and at 12 ns
for −20 kV. With a constant voltage pulse length, the higher
voltages simply have a longer time for the SIW to propagate
across the surface of the liquid. The extent of propagation of
the SIW during the 65 ns voltage pulse is indicated by the loc-
ation where the electron fluence cascades towards zero. This
location is 0.48 cm for −10 kV, 0.88 cm for −12 kV, and
1.1 cm for −15 kV. For larger voltages, the SIW propagates
across the entire width of the solution and over the lip of the
dish.

The VUV photon fluences onto the solution as a function of
voltage show similar trends as the electron fluences. The VUV
photon fluence decreases with propagation distance more rap-
idly than the electron fluence due to the SIW being embed-
ded in the water dominated boundary layer. There are fewer
VUV radiating species being produced and those species that
are produced are quenched more rapidly by collisions with the
water vapor.

4. APPJs onto acoustically structured liquid
surfaces

In prior work, the consequences of shaped, wavy solid dielec-
trics on the propagation of SIWs were investigated [27, 42].
Wavy surfaces having large dielectric constants and apexes
with small radii of curvature produce electric field enhance-
ment in the gas at the apexes. This electric field enhance-
ment focuses gas phase IWs onto the surface, initiating SIWs.
Charging of the surface may then launch both forward and
reverse bulk IWs towards the electric enhancement of neigh-
boring apexes. The same underlying mechanisms are expec-
ted, and observed, for acoustically shaped liquid surfaces. The
E/N in the vicinity of the surface with a −15 kV applied
voltage is shown in figure 8 for a 5 mM solution for flat (n00)
and wavy surfaces (n04 to n32). These values are shown at
3 ns when the voltage is at its maximum value but prior to the
plasma affecting potential distribution near the surface of the
liquid. The high dielectric constant of the solution (εr = 80)
produces electric field enhancement at the apex of the waves
and diminishedE/N in the troughs of thewave. The diminished
E/N results in part from the mild conductivity of the solution.

An added complication of shaped solutions compared to
solid surfaces is the distribution of water vapor above the sur-
face resulting from evaporation and gas flow. The densities of
water vapor above the shaped surfaces are shown in figure 2 for
surfaces n00 (flat) to n32 (wavelength 375 µm). The troughs
of the waves contain stagnation zones, or regions that have
weak vortices, that trap water vapor. The apexes of the waves
are more exposed to the bulk flow which convects the water
vapor away, and so have lower water vapor densities in their
vicinities.

The electron density and electron-impact ionization sources
are shown in figure 9 for the n04 structured surface for

Figure 8. Electric field (E/N) across the solution surface at 3 ns for
a −15 kV applied voltage with a 5 mM solution for structured
surfaces. (a) n00, (b) n04, (c) n08, (d) n16, and (e) n32. The
maximum value of E/N is noted in each frame.

a −15 kV pulse. Time sequences are shown for a 5 mM
AgNO3 solution, with a late-time comparison to a 25mMsolu-
tion. (The absolute value of the ionization sources is plotted.
Regions labeled ‘+’ and ‘−’ indicate net positive ionization
and net electron loss.) The incident bulk IW that propagates
from the electrode towards the surface is focused onto the on-
axis apex of the surface due to the local electric field enhance-
ment. The resulting propagation of the SIW is focused on (and
near) the high electric field regions in the gas near the apexes
of the waves. Similar to propagation of SIW over dielectric
wavy surfaces, the surface of the mildly conductive solution
charges at the site where the bulk IW strikes the surface. This
charging then launches a bulk IW towards the electric field
enhancement of the next apex. The IW strikes the next apex
on its leading edge, largely bridging over the trough between
apexes. The charging of the second wave produces a reverse
IW back through the ionized channel, while also launching
a bulk IW towards the next apex. The ionization source at
37 ns bridging the 3rd and 4th apexes in figure 9 results in
large part from the reverse IW. VUV emission at the preced-
ing peak illuminates and preionizes the gas near the leading
surface of the following apex of the wave. Electrons released
at the forward peak are then accelerated backwards through a
positive space charge towards the preceding peak through the
enhanced E/N. This process repeats, with the propagation of
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Figure 9. Macroscopic plasma properties for the n04 structured surface for a −15 kV pulse. Values are shown for 5 mM AgNO3 solution
for times of 25 ns–37 ns, and a 25 mM solution at 37 ns. (a) Electron density and (b) electron-impact ionization source, both with a
4-decade log scale. The absolute value of the electron-impact ionization source is plotted. The portions of the image labeled ‘+’ and ‘−’
indicate regions of net electron source and loss.

the SIW being a series of hops originating at the apexes of the
waves.

The deficiency in plasma density in the troughs of thewaves
arises in part due to the hopping of the IW from apex to
apex and partly due to the large water vapor density in the
troughs, leading to more diffuse volumetric VUV ionization at
these locations. Although the IWwaves are directed across the
troughs, isotropic photoemission originating in the IWs does
illuminate and photoionize both the water vapor and the liquid
surface in the trough.

As the SIW passes from apex to apex, the ionization source
is positive (net electron production). However, as the plasma
channel is established and E/N decreases in the plasma chan-
nel, the electron source rapidly turns negative (net electron
loss). The transition from electron source to electron loss is
dominated by the reduction in E/N but is also exacerbated by
the high water vapor density near the surface. This is particu-
larly the case in the troughs where the water vapor density is
the highest and into which the plasma does not significantly
penetrate.

A similar sequence of SIW hopping occurs at higher solu-
tion molarity, shown by the results for the 25 mM solution in

figure 9. Similar to the flat surface, the SIW propagates across
the higher conductivity 25 mM solution at a slower rate. The
plasma is initially more focused on axis (as the plasma is for
the flat surface). Requiring surface charging for propagation of
the SIW, the more conductive solution is less able to support
surface charging and sustaining the SIW.

The electron density and electron-impact ionization sources
are shown in figure 10 for the n16 structured surface for
a −15 kV pulse. Time sequences are shown for a 5 mM
AgNO3 solution, with a late-time comparison to a 25mMsolu-
tion. (The absolute value of the ionization sources is plotted.
Regions labeled ‘+’ and ‘−’ indicate net positive ionization
and net electron loss.) The mode of propagation of the SIW
across the structured surface is essentially the same as for the
n04 surface—a hopping from apex to apex. However, with
closer spacing of the apexes and more filling of the troughs
with water vapor, there is less penetration of the plasma into
the troughs. The SIW appears to propagate nearly uniformly
across the surface. (Compare to the results for the flat, n00 sur-
face in figure 4).

The mode of propagation of the SIW across the n16 surface
is similar that of the n04 surface with increasing conductivity.
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Figure 10. Macroscopic plasma properties for the n16 structured surface for a −15 kV pulse. Values are shown for 5 mM AgNO3 solution
for times of 24 ns–40 ns, and a 25 mM solution at 40 ns. (a) Electron density and (b) electron-impact ionization source, both with a
4-decade log scale. The absolute value of the electron-impact ionization source is plotted. The portions of the image labeled ‘+’ and ‘−’
indicate regions of net electron source and loss.

The dominant effect is a slowing of the SIW laterally across the
surface and a focusing of the SIW into the apex of the waves.
These similarities aside, The SIW across the n16 surface is
more sensitive to the conductivity of the solution compared to
the n04 surfaces. As shown in figure 10 for the 25mMsolution,
the propagation is more focused on the apexes of the waves,
with there being hopping of the SIW from apex to apex. These
trends result from the larger degree of electric field enhance-
ment at the peaks of the waves with higher conductivity due to
the smaller radius of curvature of the n16 surface. This elec-
tric field enhancement at the apexes is coincident with lower
electric fields in the troughs with increasing conductivity due
to the closer spacing of the peaks of the waves. These dis-
parities, combined with the large water vapor density in the
troughs, limits the propagation of the plasma across and into
the troughs.

Electron fluence to the surface of the 5 mM and 25 mM
AgNO3 solutions integrated over 65 ns are shown in figure 11
for the flat (n00) and structured (n04, n08, n16, n32) surfaces.
The discharge voltage is −15 kV. Fluences are plotted as a
function of horizontal lateral position, allowing a direct com-
parison between the flat and structured surfaces. Note that the

fluences along the structured surfaces are calculated account-
ing for the increased path length.

Acoustic structuring of the liquid surface introduces peri-
odic variations in the electron fluence to the surface, enhan-
cing the fluence at the apexes of the waves and reducing
the fluence in the troughs. These trends in fluence qualitat-
ively agree with the distributions of electron density and ion-
ization rates shown in figures 9 and 10. The enhancement
in fluence at the peaks arises from the enhancement in E/N
and local increases in ionization rate. The disparity between
the maximum of electron fluence at the apex and the min-
imum in electron fluence in the trough increases with increas-
ing wavenumber (and decreasing wavelength). For example,
define β as the ratio of maximum electron fluence at the apex
to the minimum fluence in the trough. Near a lateral position
of 0.75 cm, β = 9, 18, 23, and 32 for the n04, n08, n16 and
n32 surfaces. This modulation in electron fluence will pro-
duce spatially dependent densities of solvated electrons which
in turn will initiate spatially dependent material synthesis
in PDSE.

The modulation in electron fluence is greater for the higher
conductivity 25 mM solution. The analogous values for the
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Figure 11. Fluences of electrons and photons over 65 ns for a −15 kV pulse onto 5 mM and 25 mM AgNO3 solutions. Electron fluences for
(a) n00, n04, and n08, and (b) n00, n16, and n32 structured surfaces. (c) VUV photon fluences for n00, n08, and n32 structured surfaces.
The fluences are plotted as a function of horizontal lateral distance (and not distance along the surface). Note that the lateral extent in the
images is 1.1 cm for the 5 mM solution and 1.0 cm for the 25 mM solution.

ratio of maximum to minimum electron fluence near 0.5 cm
for the 25 mM solution are β = 5 × 104, 105, 2300 and 580
for the n04, n08, n16, and n32 surfaces. These large values of
β indicate that the troughs are essentially shadowed from the
electron flux. The high conductivity waves are more conducive
to apex-to-apex hoping and less conducive to SIW propagation
into the troughs.

The VUV fluence is shown in figure 11(c) for the 5 mM and
25 mM solutions for the n00, n08 and n32 surfaces. The mod-
ulation in the VUV fluences apex-to-trough is only a factor
of 2–3, a consequence of the long-mean-free path transport
of the He2

∗
excimer radiation. These more uniform fluences

imply that photolytically driven processes in solution will be
less sensitive to the structuring of the surface.

The total amount of potential activation of the solution by
VUV and electron fluences is given by the spatial integral
of the fluences shown in figure 11. If the PDSE process was
strictly linear in the fluences of VUV and electrons (and ignor-
ing depletion of the solute), then the total material produced
would depend only on the spatial integral of these fluences.

The spatially integrated fluences (inventory) for VUV photons
and electrons normalized by the value for the flat n00 surface
are in table 2 for the 5 mM solution and n04 to n32 surfaces.
The flat surface receives the largest inventory of both VUV
photons and electrons. The n04 surface receives the smallest
electron inventory (75% that of the flat surface) as the n04 sur-
face has the largest relative modulation in fluences between
peak and trough, and the largest local charging of the sur-
face which would diminish electron fluences. The n32 surface
has inventories closely resembling that of the flat surface. The
electron inventories are more sensitive to the shape of the sur-
face than VUV inventories. The VUV inventories vary by at
most 9%. Electron fluences to the solution originate close to
the surface and so are most sensitive to the shape and char-
ging of the surface. VUV fluences originate several hundred
microns or more from the surface, and so are less sensitive to
local conditions.

Electron fluence and VUV fluence across the n04 liquid
surface are shown in figure 12 for varying applied voltage
for a 5 mM solution. As in the flat surface, increasing
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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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Figure 14. Surface-adjacent (a) OH and (b) H2O2 densities at t = 2 µs, after a single −15 kV pulse incident upon flat and structured liquid
surfaces, for a 5 mM AgNO3 solution.

Figure 15. Densities of (a) silver neutral atoms, [Ag], and (b) total nucleated silver,[Agtot,aq] =
4∑

n = 2

∑
m

n · [Agm +
n ], for the various liquid

surfaces and a 25 mM AgNO3 solution. [Ag] is shown at 50 ns and [Agtot,aq] is represented at 2 µs.
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For example, let γ be the ratio between the Ag densit-
ies at the second centermost apex and the first centermost
trough. At 50 ns, γ is 3.1, 3.3, 2.6, and 2.0 for the n04, n08,
n16, and n32 surfaces, respectively. (For reference, on the flat
(n00) surface, the ratio between [Ag] at x = 0.15 cm and at
x = 0.075 cm is 0.96.) The behavior of γ is non-monotonic,
increasing from n04 to n08 and then decreasing for higher
wavenumbers. This trend is due to the competition of two
effects: the higher the wavenumber, the smaller the radius of
curvature of the apex, and the larger the electric field enhance-
ment in the gas phase. However, as the wavenumber increases,
the wavelength decreases, and the production of solvated elec-
trons in the troughs by photoionization increases relative to
direct electron fluxes.

The total densities of nucleated silver atoms, denoted as

[Agtot,aq] =
4∑

n = 2

∑
m

n · [Agm +
n ], are shown in figure 15(b) for

the liquid surfaces at 2 µs following a single −15 kV pulse.
The distribution of [Agtot,aq] closely mirrors the distribution
of reduced silver atoms during the discharge, suggesting that
acoustic structuring may aid in selectivity in NP production.

The temporal evolution of silver species is shown in
figure 16 for the structured surfaces n04 through n32, compar-
ing densities at the first centermost trough (dashed lines) and
the second centermost apex (full lines). For reference, results
are also shown for the flat n00 surface at the location of the
trough of the n04 surface at 0.15 cm (denoted as [1]) and the
peak of the n04 surface at 0.3 cm (denoted as [2]). In all cases,
the Ag density (shown in figure 16(a)) begins increasing at
approximately 20 ns, when the IW reaches the corresponding
location and initiates the reduction of silver cations by pro-
ducing solvated electrons in the solution. Around 40–50 ns,
[Ag] reaches its peak and decreases thereafter. This depletion
occurs due to the consumption ofAg neutral atoms in the form-
ation of larger Ag molecules.

As shown in figure 16(b), the density of diatomic silver
molecules in all charge states,

∑
m [Agm +

2 ], begins increas-
ing a few nanoseconds after the onset of formation of [Ag].
Then, the production of dimers sets the stage for the forma-
tion of trimers (

∑
m [Agm +

3 ]) and tetratomic (
∑

m [Agm +
4 ]) sil-

ver molecules, with the latter being shown in figure 16(c).
The flat surface does not have the spatial discrimination

in fluxes provided by the troughs and peaks. The fluences of
all electrons and VUV photons that produce reducing species
generally continuously decrease with lateral location. The res-
ult is higher rates of nucleation near the axis.

The trends in nucleating precursors for Ag NPs following a
single pulse using results from the 2D model indicate that NP
size selectivity may be possible using structured liquid sur-
faces. However, NPs produced by PDSE usually result from
treating the solution over tens of seconds (or longer). To invest-
igate these timescales, the electron fluences produced by the
2D model were used as input to GlobalKin. The goal of these
simulations is to isolate the effects of charged particles fluxes
on NP production onto AgNO3 solutions at different locations
on the surface. To this end, in GlobalKin, only fluxes of elec-
trons and H2O+, the ion dominating the positive ion flux, were

Figure 16. Time evolution of (a) [Ag], (b)
∑
m

[Agm +
2 ], and (c)∑

m
[Agm +

4 ] at the first centermost trough (dashed lines) and the

second centermost peak (full lines) for structured surfaces having
n04-n32. For reference, results for the flat surface are shown for
locations corresponding to [1] the trough of the n04 surface
(0.15 cm) and [2] the peak of the n04 surface (0.3 cm). The solution
contains 25 mM of AgNO3.

directed onto the solution. The H2O+ flux was assumed to be
equal to the electron flux produced by nonPDPSIM. Charged
particle fluences at the apex and trough near a position of
0.6–0.7 cm were chosen for surfaces n04 to n32 and conver-
ted to time averaged fluxes for a PRF of 10 kHz. The resulting
solution dynamics for production of Ag NPs were simulated
for 100 s exposure for a 1 mm thick solution. The results from
these simulations are in table 3 for 5mM and 25mM solutions.

For solvated electron dominated reduction, there are 3
regimes of particle nucleation and NP formation:
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Table 3. Predicted Ag nanoparticle properties for AgNO3 solution exposure for 100 s. (See the main text for the definition of the different
regimes.)

5 mM AgNO3

n Position e Flux (cm−2s−1) Regime NP NP radius (nm) NP density (cm−3)

n04 Apex 3.5 × 1015 1 AgNP 21.8 7.5 × 1012

n04 Trough 4.2 × 1014 2 AgNP3+ 1.5 5.1 × 1012

n08 Apex 3.6 × 1015 1 AgNP 22.1 7.2 × 1012

n08 Trough 2.1 × 1014 2 AgNP3+ 0.9 1.2 × 1012

n16 Apex 4.2 × 1015 1 AgNP 22.3 7.0 × 1012

n16 Trough 2.1 × 1014 2 AgNP3+ 0.9 1.2 × 1012

n32 Apex 4.2 × 1015 1 AgNP 22.3 7.0 × 1012

n32 Trough 8.3 × 1013 2 AgNP3+ 0.6 2.3 × 1010

25 mM AgNO3

n Position e Flux (cm−2s−1) Regime NP/Cluster NP radius (nm) NP/Cluster density (cm−3)

n04 Apex 5.9 × 1015 2 AgNP3+ 5.9 3.9 × 1014

n04 Trough 3.0 × 1011 3 Ag2, Ag4 — 3.1 × 1014

n08 Apex 5.2 × 1015 2 AgNP3+ 5.3 3.2 × 1014

n08 Trough 6.8 × 1011 3 Ag2, Ag4 — 6.9 × 1014

n16 Apex 5.0 × 1015 2 AgNP3+ 5.1 3.1 × 1014

n16 Trough 4.7 × 1012 3 Ag2, Ag4 — 4.8 × 1015

n32 Apex 4.2 × 1015 2 AgNP3+ 3.5 2.6 × 1014

n32 Trough 3.1 × 1013 3 Ag2, Ag4 — 3.2 × 1015

(1) Full reduction with neutral NPs: The electron fluence over
the treatment time can fully reduce the original inventory
of Ag+ cations. Agnm+ grow to a large enough size to
produce NPs which, as a result of the full reduction, are
largely neutral. NPs grow in size by agglomeration while
reducing the density of NPs. NP growth is ultimately lim-
ited byOstwald ripening. This regime occurs for high elec-
tron fluences relative to low molarity solutions.

(2) Charged NPs: The electron fluence is insufficient to fully
reduce the inventory of Ag+ cations but is large enough to
produce NPs. Ag+ has been converted to larger clusters.
NPs increase in size by surface accretion of clusters and are
charged due to the abundance of charged particle clusters.
NPs also increase in density by reactions between Agnm+

and Agkj+ with k + n > 9. NP size is not limited by
Ostwald ripening. This regime occurs for moderate elec-
tron fluences relative to high molarity solutions.

(3) Sub-critical cluster growth: Electron fluences are low
while molarity is high. The large inventory of Ag+ pro-
duces large densities of small charged clusters by Ag+

reacting with Ag atoms produced by electron reduction.
The rate of reaction of Agnm+ and Agkj+ with k + n > 9
is insufficient to produce NPs as small clusters are more
likely to react with Ag+ than with larger clusters.

For the 5 mM solution, the combination of electron fluxes
to the apexes and exposure time enables full reduction of the
Ag+ inventory (Regime 1) for all surfaces. The NPs produced
are largely neutral and limited in size by Ostwald ripening
being approximately 22 nm in radius with densities of 7.0–
7.5× 1012 cm−3. The smaller fluxes incident onto the troughs

produce charged NPs (Regime 2). With a decrease in fluxes
to the troughs with increasing wavenumber, the charged NPs
radii decrease from 1.5 nm to 0.6 nmwith decreasing densities
of 5 × 1012 cm−3 to 2 × 1010 cm−3 for n04 to n32 surfaces.

For the 25 mM solution, the combination of electron fluxes
to the apexes and exposure time does not fully reduce the
Ag+ inventory for any surface and produces charged NPs
(Regime 2). With the higher molarity, reactions with solvated
electrons are dominated by reduction of Ag+ and small Agnm+

clusters, which results in smaller NPs, ranging from 5.9 nm to
3.5 nm for n04 to n32 surfaces. NPs are not produced by the
smaller electron fluxes onto the troughs (Regime 3). This is
particularly the case for the n32 surface in which the water
vapor has a higher density in the troughs due to the troughs
being largely stagnation zones. There is insufficient reduction
of the Ag+ inventory to produce the critical cluster sizes that
generate NPs. The dominant clusters are Ag2m+ and Ag4m+.

For every molarity, there is some combination of electron
flux and exposure time (fluence) that will result in full reduc-
tion and neutral NP production. To some degree, the assign-
ment of regimes is a sliding scale that moves towards Regime
1 with increasing electron fluence and towards Regime 3 with
decreasing electron fluence. For example, for the 5 mM solu-
tion, fully reduced Regime 1 is reached at an exposure of 56 s
at the apex of surface n04 and 43 s at the apex of surface n32.

The surface area of the solution in direct contact with
the plasma is a function of the conductivity of the solution.
Higher conductivity solutions with flat surfaces typically have
smaller treated areas. Structuring the liquid surface offers a
method whereby the area treated by the plasma may be altered
independently of the solution molarity and conductivity. This
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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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