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Thermal (equilibrium) Plasmas

Average T > 10,000 K
Te ≈ Ti ≈ Tn

Non-thermal (non-equilibrium) Plasmas

Average T ~ 300 K
Te > Ti ≈ Tn

What is Plasma?
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Non-Thermal Plasmas Revolutionizing Applications
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Plasmas for More Resilient Goods Production
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NSF WORKSHOP

• Workshop report:
   arxiv.org/abs/1911.07076

Low Temperature Plasma 
Science and Engineering

Science Challenges in Low 
Temperature

Plasma Science and Engineering:
ENABLING A FUTURE BASED 
ON ELECTRICITY THROUGH 
NON-EQUILIBRIUM PLASMA 

CHEMISTRY

Courtesy: Mark Kushner, U. Michigan
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Plasma-Liquid Systems As A Basis for Goods 
Production

Cavendish uses an arc to convert 
air to nitrous acid (1784)

H. Cavendish, Experiments on Air, 1785.

Schönbein uses an arc to 
discover ozone (1840)

courtesy J. Lopez, Seton Hall University

Rayleigh and Ramsay use an arc to 
discover argon (1895)

escola.britannica.com.br

Birkeland-Eyde process to produce 
fertilizer patented (1903)

www.hydro.com/en/About-Hydro/Our-history/1900---
1917/Explosive-winter-days-in-1903/
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Plasma–liquid interactions

Cite as: J. Appl. Phys. 130, 200401 (2021); doi: 10.1063/5.0078076

View Online Export Citation CrossMark
Submitted: 9 November 2021 · Accepted: 11 November 2021 ·
Published Online: 24 November 2021

P. J. Bruggeman,1 A. Bogaerts,2 J. M. Pouvesle,3 E. Robert,3 and E. J. Szili4

AFFILIATIONS
1Department of Mechanical Engineering, University of Minnesota Minneapolis, Minnesota 55455, USA
2Department of Chemistry, Research group PLASMANT, University of Antwerp Universiteitsplein 1, 2610 Wilrijk-Antwerp, Belgium
3CNRS, GREMI, CNRS/Université d’Orléans UMR 7344, 45067 Orléans Cedex 2, France
4Future Industries Institute, University of South Australia Adelaide SA 5095, Australia

Note: This paper is part of the Special Topic on Plasma-Liquid Interactions.

Plasma discharges are traditionally associated with a gaseous
phase; however, discharges can be generated in all phases. Plasma
discharges formed in liquids and interfacing with liquids represent
an emerging and fast-growing field of research, not the least
because they offer unique conditions that enable decontamination
of pathogens, synthesis of nanostructures, and treatment of con-
taminated water. With the variety of discharge regimes and types
of liquids comes a rich field of multiphase phenomena to be dis-
covered, measured, modeled, and utilized. A detailed overview of
the field has been reported in Ref. 1 and extended upon in several
more recent reviews and perspective articles.2–7

In the “Plasma–Liquid Interactions” Special Topic
Collection, we explore the richness and full breadth of plasma–
liquid interactions and their applications. The collection contains
two Perspective Articles that discuss key questions related to fun-
damental processes at the plasma–liquid interface. Bruggeman
et al.8 introduce the concept of plasma-driven solution electro-
chemistry (PDSE) inspired by comparing plasma–liquid interac-
tions with conventional electrolysis and develop ten questions
that should be answered to enable researchers to make transfor-
mational advances in plasma–liquid interactions for a variety of
applications. The Perspective by Vanraes and Bogaerts9 focuses
on that same plasma–liquid interface but emphasizes the gas
phase processes rather than liquid-phase processes. The authors
make the argument that sheaths at liquid interfaces can have
unique properties and are relatively unexplored while exceedingly
important for many applications ranging from nuclear fusion to
biomedical applications.

Several of the papers featured in the Special Topic Collection
report on advances in plasma generation in the presence of liquids.
While the breakdown in liquids has been studied for several
decades, most of these studies are phenomenological in nature, and
there is an urgent need for more physical insights. Phan et al.10

contributed to this need for the specific case of cryogenic dis-
charges in liquid helium. They report breakdown field data

revealing that the observed breakdown is closely correlated with
Fowler–Nordheim field emission from asperities on the cathode.

While many studies have been reported on breakdown of
liquid water, our knowledge remains incomplete. Competing break-
down theories focusing on direct liquid phase ionization or
gaseous/low-density phase generation have not been irrefutably
validated experimentally. Zhang and Shneider11 quantitatively
discuss electron detachment from hydroxide as the most probably
source of primary electrons that seed plasma discharges in liquid
water. Their numerical study demonstrates the drift of hydrated
electrons from one cavity to the next might be the rate-limiting
step and sets the minimum electric field requirement for break-
down. A complementary experimental study by Grosse et al.12 con-
cludes that plasma propagation is governed by field effects in
low-density regions that are created either by nanovoids or by
density fluctuations in supercritical water surrounding the electrode
that are created at plasma ignition. Their results suggest that
plasma ignition is dominated by field effects at the electrode–liquid
interface, either as field ionization for positive polarity or as field
emission for negative polarity. While the conditions of Grosse et al.
led to minor differences between positive and negative voltage
pulsed at the very initial stages of the discharge, Hamdan et al.13

reported optical and electrical measurements showing a major dif-
ference in the initial discharge dynamics with polarity, although for
larger pulse widths. Akter et al.14 investigated the effects of elevated
pressure on the breakdown in liquid water in the context of the use
of plasma discharges in liquids as energy-focusing devices to
achieve deep earth drilling for conditions ranging from 1 to
350 atm. Korolev et al.15 extended this work to conditions in highly
conductive saline in which discharge generation is preceded by the
formation of a vapor layer around the driven electrode, which
allows one to generate a glow-like plasma regime instead of the
typical filamentary plasma discharges generated by pulsed dis-
charges in liquid water. Wang et al.16 developed a multiphase
empirical system model to simulate breakdown in gas–liquid phase
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ABSTRACT
Energetic species produced by gas-phase plasmas that impinge on a liquid surface can initiate physicochemical processes at the gas/liquid
interface and in the liquid phase. The interaction of these energetic species with the liquid phase can initiate chemical reaction pathways
referred to as plasma-driven solution electrochemistry (PDSE). There are several processing opportunities and challenges presented by PDSE.
These include the potential use of PDSE to activate chemical pathways that are difficult to activate with other approaches as well as the
use of renewable electricity to generate plasmas that could make these liquid-phase chemical conversion processes more sustainable and
environmentally friendly. In this review, we focus on PDSE as an approach for controlled and selective chemical conversion including the
synthesis of nanoparticles and polymers with desired but currently uncontrollable or unattainable properties as the next step in the use of
PDSE. The underpinning redox chemistry and transport processes of PDSE are reviewed as many PDSE-driven processes are transport-
limited due to the many short-lived highly reactive species involved.

Published under an exclusive license by AIP Publishing. https://doi.org/10.1063/5.0248579

I. INTRODUCTION

Electricity-driven chemical reactions have the potential to pro-
vide low-carbon footprint processes for the chemical and manu-
facturing industry. Electrochemical, photochemical, electrocatalytic,
sonochemical, electric heating, and plasma-based approaches are
being investigated to fulfill this promise.1 Plasmas have been inves-
tigated to initiate and sustain non-equilibrium gas-phase chem-
istry (such as for the synthesis of O32) or thermal chemistry.3
When combined with catalysts, these plasma-initiated processes
may selectively enhance the synthesis of a range of chemicals.4 A less
investigated process in the context of chemical synthesis is

plasma-driven solution electrochemistry (PDSE),5 a method where
a plasma is sustained in the gas phase, producing energetic species
that impinge on a liquid surface, initiating physicochemical pro-
cesses at the gas/liquid interface and in the liquid phase.6 The
energetic species include high-energy electrons, ions, photons, and
radicals. Their interactions with the liquid phase can trigger chem-
ical reaction pathways that result in their consumption and/or the
generation of new species through cascading reactions. There are
several processing opportunities and challenges presented by PDSE.
These include the potential use of PDSE to activate chemical path-
ways that are difficult to activate with other approaches, as well
as the use of renewable electricity to generate plasma which could

J. Chem. Phys. 162, 071001 (2025); doi: 10.1063/5.0248579 162, 071001-1
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Charge transfer processes at the interface between plasmas and liquids

Rohan Akolkara) and R. Mohan Sankarana)

Department of Chemical Engineering, Case Western Reserve University, 10900 Euclid Ave., Cleveland,
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Charge transfer processes at the interface of plasmas and liquid electrolytes have been studied for
over 100 years. Both plasmas and liquid electrolytes contain charged species, and interactions
between the two phases represent a unique combination of physics, chemistry, and materials
science that is fundamentally different than that between solid electrodes and liquid electrolytes.
Unfortunately, scientific progress over the last century has been slow because of several key
challenges including the inability to stabilize nonthermal plasmas at atmospheric pressure, and the
lack of fundamental understanding of the mechanisms for charge transfer. Within the last decade,
significant strides have been made to overcome these challenges. Here, the authors review
this fascinating area of study, highlighting the history, development of experimental systems,
mechanistic aspects, and emerging applications. VC 2013 American Vacuum Society.
[http://dx.doi.org/10.1116/1.4810786]

I. INTRODUCTION

There is a natural connection between plasmas and ionic
solutions. Both contain complementary charged species. In
the case of plasmas, the charged species are typically nega-
tively charged electrons and gaseous positively charged ions,
but also in some cases, negatively charged ions (e.g., O2

!).
In ionic solutions, the charged species are positive and nega-
tive ions, referred to as cations and anions, respectively.
Both plasmas and ionic solutions permit the flow of current
through the movement of these charged species under an
electric field. Both plasmas and ionic solutions support
charge transfer reactions involving ions and electrons. These
similarities lead to an obvious scientific question: Can
charge be transferred between plasmas and liquid electro-
lytes to enable chemical or electrochemical reactions at the
interface of these two phases? The pursuit of the answer to
this relatively simple question has inspired academic
research for some time now, dating back to at least the turn
of the 20th century when Gubkin attempted to reduce aque-
ous silver ions (Agþ) with a low-pressure glow discharge
formed above the solution surface.1

Despite this long-standing history, charge transfer reactions
between plasmas and liquids remain a relatively poorly under-
stood scientific area. A primary reason is that glow discharges
are typically operated at vacuum pressure (<1 atmosphere),
conditions that are not suitable for most liquids, preventing
simple exploration. To circumvent this issue, molten salts or
ionic liquids, ionic polymers, and other mobile phases with
low vapor pressures have been used as the solution phase.
Recently, the development of nonthermal plasmas stable at
atmospheric pressure has widened the scope of experiments2

and enabled applications in materials synthesis,3–5 medicine,6

analytical chemistry,7,8 and environmental remediation.9 At
the core of these diverse applications is the fundamental inter-
action of plasma and solution species at the interfacial region.
Here, we focus on the charge transfer reactions and resulting
chemical and physical processes. The paper is organized as
follows: we begin with a survey of the history, then describe
technical aspects and proposed mechanisms, and finally look
at potential applications. The overall goal of the review is to
provide both a summary of progress to date and existing
challenges and prospects.

II. HISTORICAL BACKGROUND

The earliest documented evidence of plasmas formed at the
surface of solutions is 1887 by J. Gubkin who proposed that
free electrons in a plasma could be used to reduce ions in solu-
tion.1 Gubkin designed several experiments to test his idea and
demonstrated the reduction of aqueous Agþ ions to solid Ag on
a solution surface. The experimental setup envisioned by
Gubkin is schematically shown in Fig. 1. Gubkin’s studies
were quickly followed by several reports, most notably from
Klupfel,10 Makowetsky,11 and Klemenc and colleagues12 in the
early 1900s. This was at a time when scientific exploration of
glow discharges and electrochemistry were both near their
inception. In particular, Klemenc carried out extensive studies,
comparing the passage of current from a glow discharge to the
solution surface with the mass yield of specific chemical spe-
cies.12,13 This more quantitative approach to studying charge
transfer reactions at the plasma–liquid interface was continued
in the mid 20th century by Hickling and colleagues who
used specially designed split cells to study solution-phase
reactions.14–16 In contrast to Gubkin, Hickling primarily studied
anodic discharges, focusing on the interactions of positively

a)Authors to whom correspondence should be addressed; electronic
addresses: rohan.akolkar@case.edu; mohan@case.edu
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Plasma physics of liquids—A focused review

Patrick Vanraes and Annemie Bogaerts
PLASMANT, Department of Chemistry, University of Antwerp, Universiteitsplein 1, 2610 Wilrijk-Antwerp,
Belgium

(Received 22 December 2017; accepted 23 May 2018; published online 25 July 2018)

The interaction of plasma with liquids has led to various established industrial implementations as
well as promising applications, including high-voltage switching, chemical analysis, nanomaterial
synthesis, and plasma medicine. Along with these numerous accomplishments, the physics of
plasma in liquid or in contact with a liquid surface has emerged as a bipartite research field, for
which we introduce here the term “plasma physics of liquids.” Despite the intensive research
investments during the recent decennia, this field is plagued by some controversies and gaps in
knowledge, which might restrict further progress. The main difficulties in understanding revolve
around the basic mechanisms of plasma initiation in the liquid phase and the electrical interactions
at a plasma-liquid interface, which require an interdisciplinary approach. This review aims to pro-
vide the wide applied physics community with a general overview of the field, as well as the oppor-
tunities for interdisciplinary research on topics, such as nanobubbles and the floating water bridge,
and involving the research domains of amorphous semiconductors, solid state physics, thermody-
namics, material science, analytical chemistry, electrochemistry, and molecular dynamics simula-
tions. In addition, we provoke awareness of experts in the field on yet underappreciated question
marks. Accordingly, a strategy for future experimental and simulation work is proposed. Published
by AIP Publishing. https://doi.org/10.1063/1.5020511
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I. INTRODUCTION

Over 99% of the observable universe is made of plasma.
About 71% of the planet we live on is covered by liquid.
Yet, the interaction between both states of matter does not
occur so often in nature on Earth and for that reason it is
described by a specialized and rather young research domain.
The importance of this part of plasma physics is undeniably
illustrated with the various established and promising appli-
cations of plasma-liquid systems. Current industrial imple-
mentation can be found in high-voltage switching,1 electrical
discharge machining,2 chemical analysis,3,4 and food proc-
essing.5 Next to that, the versatility of this technology has
recently led to the development of numerous reactor types
that are proposed for water treatment,6–8 shockwave produc-
tion,9 polymer solution treatment,10 chemical synthesis of H2

and H2O2,11,12 nanomaterial synthesis,13,14 and extraction of
biocompounds.15 Furthermore, biological material is natu-
rally surrounded by a liquid layer, and thus its interaction
with plasma also belongs to this field. Observations that
plasma treatment induces faster germination and more effec-
tive growth of plants are responsible for the emerging field
of plasma agriculture.16 Similarly, the successful use of
plasma for wound healing, skin treatment, dentistry, and can-
cer treatment has provoked a rapidly growing interest in

1931-9401/2018/5(3)/031103/31/$30.00 Published by AIP Publishing.5, 031103-1
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The essential role of the plasma sheath in
plasma–liquid interaction and its applications—A
perspective
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ABSTRACT

Based on the current knowledge, a plasma–liquid interface looks and behaves very differently from its counterpart at a solid surface. Local
processes characteristic to most liquids include a stronger evaporation, surface deformations, droplet ejection, possibly distinct mechanisms
behind secondary electron emission, the formation of an electric double layer, and an ion drift-mediated liquid resistivity. All of them can
strongly influence the interfacial charge distribution. Accordingly, the plasma sheath at a liquid surface is most likely unique in its own
way, both with respect to its structure and behavior. However, insights into these properties are still rather scarce or uncertain, and more
studies are required to further disclose them. In this Perspective, we argue why more research on the plasma sheath is not only recom-
mended but also crucial to an accurate understanding of the plasma–liquid interaction. First, we analyze how the sheath regulates various
elementary processes at the plasma–liquid interface, in terms of the electrical coupling, the bidirectional mass transport, and the chemistry
between plasma and liquid phase. Next, these three regulatory functions of the sheath are illustrated for concrete applications. Regarding
the electrical coupling, a great deal of attention is paid to the penetration of fields into biological systems due to their relevance for plasma
medicine, plasma agriculture, and food processing. Furthermore, we illuminate the role of the sheath in nuclear fusion, nanomaterial syn-
thesis, and chemical applications. As such, we hope to motivate the plasma community for more fundamental research on plasma sheaths
at liquid surfaces.

Published under an exclusive license by AIP Publishing. https://doi.org/10.1063/5.0044905

I. INTRODUCTION

In 1928, Langmuir introduced the term plasma to describe
the body of an ionized gas where free electrons and ions occur in
about equal numbers.1 This balance corresponds to a nearly negli-
gible space charge, which is now known as the plasma criterion of
quasi-neutrality. Already in 1923, Langmuir distinguished this
quasi-neutral zone from the thin layer with an appreciable space
charge formed at any plasma boundary, for which he used the
term sheath.2 For instance, at the interface between a plasma and
a solid object on a floating potential, the free electrons reach the
surface by diffusion on a much smaller time scale than the ions.
Therefore, the object obtains a negative surface charge, while a
thin region around it gets depleted from electrons and thus forms
a positively charged plasma sheath. Consequently, an electric field

is built up in the sheath, repelling electrons back into the plasma
and accelerating positive ions toward the negatively charged
surface.

In many applications, this leads to undesirable effects, like
damage to the plasma reactor wall by sputtering or an increased
heat flux.3 In other applications, such as plasma etching, sputtering,
and ion implantation, the sheath plays a central role, because it
determines the energy and angular distributions of the incident
ions, which are largely responsible for the surface modification.4,5

The sheath generally contributes to the interfacial physical and
chemical processes working during any type of plasma treatment of
materials, further illustrating its technical importance. Moreover, its
properties govern the plasma boundary conditions, as well as the
emission of particles from the surface into the plasma volume,
which both influence the overall plasma behavior. All these effects

Journal of
Applied Physics PERSPECTIVE scitation.org/journal/jap

J. Appl. Phys. 129, 220901 (2021); doi: 10.1063/5.0044905 129, 220901-1

Published under an exclusive license by AIP Publishing
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A) Direct discharge in liquid

B) Plasma jet

C) Gas phase plasma with liquid electrode

D) Surface discharge

E) Gas discharge in aerosols

F) Gas discharge in bubbles

Discharge 
in liquid Gas phase discharges Multiphase discharges

A Diverse Landscape of Interfaces 

Bruggeman et al. Plasma Sources Sci. Technol., 25, 053002 (2016).
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Plasma-Driven
Material Processing

Plasma 
Electrochemistry

Revolutionizing Goods Production: Two Stories
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A) Direct discharge in liquid

B) Plasma jet

C) Gas phase plasma with liquid electrode

D) Surface discharge

E) Gas discharge in aerosols

F) Gas discharge in bubbles

Discharge 
in liquid Gas phase discharges Multiphase discharges

A Diverse Landscape of Interfaces 

Bruggeman et al. Plasma Sources Sci. Technol., 25, 053002 (2016).
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reduction @ 
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oxidation @ 
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Direct Plasma/Liquid Coupling



slide 16 
D B. Go 09/10/2025

Plasma-Induced Water Electrolysis

Rumbach, Griggs, Sankaran, & Go
IEEE Trans. Plasma Sci. 42, 2610-11 (2014). 
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Plasma-Injected Solvated Electrons

-
-

-

-

Rumbach, Bartels, Sankaran, & Go, Nature Comm. 6, 7248 (2015) 
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Measuring Plasma-Solvated Electrons
Total internal reflection absorption spectroscopy (TIRAS) measures the 

time-average, local e–
(aq) concentration at the plasma-liquid interface

Rumbach, Bartels, Sankaran, & Go, Nature Comm. 6, 7248 (2015) 

CW
laser

large area 
photodiode

θ = 17°

lock-in
amplifier atmospheric 

pressure plasma

2"! #"#$ % ≫ % &
&%
∝ (

&
'

% ≫ 2"! #"#$ %
&
&%
∝ (

Martin et al. Plasma Sources Sci. Technol 30, 03LT01 (2021) 
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bulk plasma

vapor 
layer

liquid anode

e– (~1-10 eV) 

+– 

ΔG = -156 kJ/mol

e–(aq) + Sn → Sn-1

M+

2e–(aq) + 2H2O → 2OH– + 2H2(g)

e–
e–

OH∙, OH–, H+, H2O+,  
H2O–, (H2O)n

?
Key Questions
• What chemistry can/do solvated 

electrons drive?
• What is the role of other plasma-

produced reactive species in the 
chemistry?

• How are the plasma and liquid 
coupled?

plasma cathode configuration

Solvated Electrons and the Plasma Cathode
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Direct Plasma/Liquid Coupling
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bulk plasma

vapor 
layer

liquid cathode

M+ (~1-100 eV) 

e–

Key Questions
• What is the mechanism of 

secondary emission from a liquid 
and do solvated electrons play any 
role in this mechanism?

• What is the role of solvated 
electrons in this configuration?

• Can we detect solvated electrons?

+– 

e–
e–

(!)

dissociation

charge transfer

?M+ + H2O à M+ + H• + •OH

M+ + H2O à M+ + H2O+ + e–(aq) 

•OH + H3O+

plasma anode configuration

Solvated Electrons and the Plasma Anode

ionization

M+ + H2O à M + H2O+
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Basics of Secondary Emission

secondary emission 
coefficient

In a plasma, secondary emission refers to the emission of electrons 
from the cathode from incoming positive ions

Charge Creation Processes

anode
ca

th
od

e
electron impact ionization 
(α-process)

ion-induced secondary 
emission (γ-process)

e−   

e−   

e−   
e−   
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Basics of Secondary Emission

secondary emission 
coefficient

In a plasma, secondary emission refers to the emission of electrons 
from the cathode from incoming positive ions

Charge Creation Processes

anode
ca

th
od

e
electron impact ionization 
(α-process)

ion-induced secondary 
emission (γ-process)

e−   

e−   

e−   
e−   
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Measuring Secondary Emission Coefficient
Paschen curve

where,

Modified expression for the Paschen curve

function of gas composition 
(A and B) and electrode 
material (γ)

(Spyrou et al. J. Phys. D. (1994))

Estimate γ by measuring VB at different pd values

Raizer (Gas Discharge Physics)

VB

pd

Delgado, Elg, Bartels, Rumbach, & Go, Langmuir, 36, 1156 (2020)
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Small Fraction of Bombarding Ions Result in an 
Electron Being Emitted

Best fit à γ = 1 × 10-6

Breakdown voltage as a 
function of pd

• maximum γ of ~ 10-5

• secondary emission 
mechanism is very 
inefficient

Delgado, Elg, Bartels, Rumbach, & Go, Langmuir, 36, 1156 (2020)
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Plasma Voltage Indicator of the Secondary 
Emission

If a critical variable for secondary emission is removed, the 
gas might not transition into a plasma

split cell reaction system system characteristicss

• argon headspace
• 10 mA current
• 1 mm capillary-liquid 

separation

Vsystem = Vliquid + Vplasma

~ 0 at high ionic strengths
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• plasma-liquid chemistry has no effect on system voltage
• emitted electron is never solvated or pre-solvated

Nitrate (NO3
-)

Nitrite (NO2
-)

!!"	$ + #$%	$ → #$%	&$

!!"	$ + #$&	$ → #$&	&$

& ⋅ 	+	#$&	$ → $&$ + #$
⋅ $& + #$&	$ → $&$ +	 ⋅ #$&

!'()	 $ + #$%	$ → #$%	&$

Chemical Scavengers Remove Potential 
Contributors to Secondary Emission 

Delgado, Elg, Bartels, Rumbach, & Go, Langmuir, 36, 1156 (2020)
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Possible Process for Secondary Emission

1 Ion impact 2 Conduction band 3 Emission

Liquid chemistry4

Delgado, Elg, Bartels, Rumbach, & Go, Langmuir, 36, 1156 (2020)
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laser
plasma
 + laser plasma

raw signal

scavenging
electrons

scavenging
•OH

Martin et al., Langmuir, 40, 14224 (2024)

Do We Even Know There Are Solvated Electrons?
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THE YIELD OF e~q.IN GDE 321 

density is substantially constant; thus with the same electrolyte at 50 mm pressure, 
Gcl- fell from 1.45 to 1.37 on dropping the current from 50 to 30 mA. 
Changing the hydrogen atmosphere to one of oxygen raised Gc~- by about 
15~o in the cases tried; this is appreciable but nothing like the very large 
increases observed in some oxidation reactions in GDE. 

For  general comparison of the present results with those of oxidation 
reactions, Gve3+ was measured for the GDE of ferrous sulphate in 0.5 M H2SO4 
under the same standard conditions as adopted here. At high concentrations of 
FeSO4 a well defined limiting value of GFe3+ of 6.50 tool mol -~ was obtained; 
this is taken to measure the primary yield of OH radicals i.e. Gon. 

DISCUSSION 

Since it is difficult to scavenge all the hydrated electrons with chloroacetic 
acid even at high concentrations, it is apparent that they must engage in very 
fast competing reactions. Inspection of the accepted rate constants of hydrated 
electrons z suggests that in acid solutions these are likely to be 

e~q. + eaq. --* H 2 + 2 O H -  k, = 5 x 109 1 mol -  1 s- 1 (4) 
and 

ea~. + H 3 0 +  ~ H  + H 2 0  k5=3 × 101° 1 tool -1 s -1 (5) 

These compare with k3=6.5 x 109 1 mo1-1 s - t  for the reaction (3) with un- 
dissociated chloroacetic acid. To extrapolate to the primary Gecq. yield, G~ I- 
was plotted against the reciprocal of the C1CH2COOH concentration and the 
results are shown in Fig. 1. Two straight lines of different slopes are obtained, 
both of which cut the G~ ~- axis at 0.3; this implies a primary G .... value of 
3.3 tool tool-1. Of the comparable oxidation yield Gor~ of 6.5, a 1.0 contribution 
arises from charge transfer leaving 5.5 to arise from the break-up of water 
molecules. Thus it would appear that 2.2 mol mo1-1 of OH radicals arise 

7 

~ 0.6 

o 
B 04 
E 
B 
E 

Q2 J 

10 

X:'- 

I I I [ I 
0 2 4 6 8 10 

[C ICH2 COOH] ' I / i  too, -1 

Fig. 1. Plot of G~ 1 versus [C]CH2COOH]-1, in (©), 0.5 M H2SO4; (x), H20. 

e!"# + ClCH$COOH → Cl#CH$COOH, k% = 6.5×10&	mol#'s#'
e!"# + e!"# + 2H$O → H$ + 2OH#, k( = 5×10&	mol#'s#'

e!"# + H%O) → H+ H$O, k* = 3×10'+	mol#'s#'

1
η,-!

= 1
η."#!

k( e!"# + k* H%O)
k% ClCH$COOH

+ 1
η."#!

in an H2 atmosphere
~3.3 electrons per ion
~2.2 •OH via water dissociation per ion

Goodman et al., 1973, Electroanal. Chem. Interf. Electrochem.

How Many Ions Produce a Solvated Electron?
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)$* = 0.308 ± 0.098 1 + (0.958 ± 0.543) ) = 1.04 ± 0.59 e$
incident	ion

in an Ar atmosphere
~1 electron per ion
~ 2 •OH per ion

Martin et al., Langmuir, 40, 14224 (2024)

Faradaic Efficiency of the Plasma Anode
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9:$$) + 4<$: + <$:$ → 9:$ :$ <$:$ $ <$:$ $ + <$
uranyl

(sulfate or carbonate)
uranyl peroxide

(studtite)

Broad need to recover uranium from water
• in situ leach (ISL) mining (56% of world’s uranium mining)
• environmental decontamination (mining & weapons programs)
• extraction from seawater

Benjamin, Martin et al., Inorg. Chem., 63, 21092 (2024)

Plasma Electrochemistry for Uranium Extraction

Typically achieved by reacting uranyl with hydrogen peroxide

patent pending
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Extraction Can Achieve 100% Faradaic Efficiency

8.47 mA
O2 plasma
0.013 M UO2(NO3)2

!"))* + 4%)" + %)") → !") ") %)") ) %)") ) + %)

η = η+
k/0$ 9:$$)

k/0$ 9:$$) + =01 > :<

' "% + %)") → ")+ + %)"

~ 2 •OH per ion
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Revolutionizing Goods Production: Two Stories

Plasma-Driven
Material Processing

Plasma 
Electrochemistry
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A) Direct discharge in liquid

B) Plasma jet

C) Gas phase plasma with liquid electrode

D) Surface discharge

E) Gas discharge in aerosols

F) Gas discharge in bubbles

Discharge 
in liquid Gas phase discharges Multiphase discharges

A Diverse Landscape of Interfaces 

Bruggeman et al. Plasma Sources Sci. Technol., 25, 053002 (2016).
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semanticscholar.org

• Time consuming
• Uses more material
• Large material waste
• Assembling challenges
• State-of-the-art efficiency

Advanced Manufacturing of Thermoelectrics

Bulk material-based manufacturing of thermoelectric modules

Ink-based additive manufacturing for thermoelectric modules

• Needs less material 
• Little material waste
• No assembling needed
• 10´  larger power density
• 90% cost reduction
• Low efficiency
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Ink formulation:
• composition
• solvent
• additives
• concentration
• particle size
• ….

printing:
• printing speed
• flow rate
• thickness
• substrate temperature
• substrate material
• ….

sintering:
• sintering temperature
• environment
• duration
• plasma carrier gas
• voltage
• ….

400% increase

Data-Driven Manufacturing Optimization
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Danaei, R. et al. Advanced Engineering 
Materials 21, 1800800 (2019)

nanoink preparation
https://www.medicalexpo.com/

oven sinteringprint thin film

high temperature-activation for several hours

§ > 400 °C
§ 45 min – 3 h

Kamyshny et al., Small , 10, 3515–3535, 2014

Can Non-Thermal Plasmas Tackle Sintering?
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Substrate Temperature
700 °C 500 °C 400 °C 50 °C

Wang, C. et al. ECS Journal of Solid State 
Science and Technology 4, P3020–P3025 (2015)

N2 plasma sintering of TiO2
Substrate temperature = 500 °C 

Wünscher, S. et al. Journal of Materials 
Chemistry 22, 24569 (2012)

Ar plasma sintering of Ag
Substrate temperature < 70 °C 

N2 plasma sintering of AlN/CNT
Substrate temperature = 700 °C 

Chiu, Y.-F. et al. Applied Surface 
Science 377, 75–80 (2016)

Can Non-Thermal Plasmas Tackle Sintering?
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Plasma Jets for Low-Temperature Sintering

Substrates:
- Glass
- PEL paper

Thin films: 1-layer printed with Clariant's 
PRELECT® TPS Nano Silver Conductive 
Ink (30-50 nm particles)

Gas composition:
- Flowing: 1500 sccm Ar
- Chamber: 10 sccm N2
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Modulation for Near Room Temperature Conditions

Turan, Saeidi-Javash, et al., ACS Appl. Mater. Interfaces. 
13, 47251 (2021)

10 min
Argon 
flow

process

10 min in N2
chamber

tp-on
tp-off 1 cycle

Ø Trade-off: The cooling down time during the plasma-off portion of 
the cycle does not affect sintering or the conductivity considerably

Ø Advantage: Sintering on temperature-sensitive components
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First Phase (first 20 min): 
removal of surfactants in the ink by 
energetic plasma ions and electrons 
that dissociate chemical stabilizers

Turan, Saeidi-Javash, et al., ACS Appl. Mater. Interfaces. 
13, 47251 (2021)

Scale bar:50 nm

PEL 20 mins 50 mins 100 mins

Plasma Jet Sintering Achieved

Second Phase (20-100 min): 
densification driven by diffusion 
processes
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13, 47251 (2021)

Plasma Jet Sintering on ‘Delicate’ Substrates

sintering on the flesh of a ripe tomato

P = 3 W; T < 30 °C
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the electrical conductivity of the film after 2 min of plasma exposure for 17 different SEI conditions

Ø The most effective conditions occur at high SEI
Ø Linear fit of the data shows that the electrical conductivity (after 2 min of 

sintering) follows an Arrhenius-like >?@(− +,
,+-) relationship

Evidence for Arrhenius-Like Relationship

Turan et al., Plasma Processes and Polymers, 19, 2200011, (2022)
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Plasma-Integrated Aerosol Jet Printer?

www.spacefoundry.us 

http://www.spacefoundry.us/
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First Generation: Parallel Jets
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Second Generation: Co-Axial Jets

sheath gas

aerosol 
carrier gas

plasma 
working gas

Ring-shaped 
electrodes

aerosol loaded 
sheath gas flow

in situ printing & 
sintering

plasma 
working gas

ring-shaped 
electrodes

patent pending
Du, Yang et al., Small, 21, 2409751 (2025)
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Second Generation: Co-Axial Jets

Du, Yang et al., Small, 21, 2409751 (2025)



slide 50 
D B. Go 09/10/2025

High probability of 
filamentation

High probability of 
cracking

Parameter Variation: Resolution & Performance

Ø Both plasma 
gas and 
sheath gas 
affect print 
resolution

Ø Challenge to 
inhibit cracking 
of the film as it 
leads to low 
conductivity and 
plasma-driven 
damage

Du, Yang et al., Small, 21, 2409751 (2025)
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Parameter Variation: Resolution & Performance

Ø Both plasma 
gas and 
sheath gas 
affect print 
resolution

Ø Challenge to 
inhibit cracking 
of the film as it 
leads to low 
conductivity and 
plasma-driven 
damage

Du, Yang et al., Small, 21, 2409751 (2025)
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ML-Based Real Time Control

printing head

camera

Ø ML-enabled monitoring allows for 
higher yield with no impact on 
performance

Du, Yang et al., Small, 21, 2409751 (2025)
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PLA Ecoflex gelatin

Co-Jet Printing: Rapid, Conformal, Versatile

leaf

Du, Yang et al., Small, 21, 2409751 (2025)
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The Potential for Functional Devices

1.5 cm

Du, Yang et al., Small, 21, 2409751 (2025)
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Revolutionizing Goods Production: Two Stories

Plasma-Driven
Material Processing

Plasma 
Electrochemistry
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