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Nonthermal plasmas in contact with liquids have been shown to generate a variety of reactive species
capable of initiating reduction—oxidation (redox) reactions at the electrochemically active plasma-liquid
interface. In conventional electrochemical cells, selective redox chemistry is achieved by controlling the
reduction potential at the solid electrode—electrolyte interface by applying a bias via an external circuit.
In the case of plasma-liquid systems, an analogous means of tuning the reduction potential near the
interface has not clearly been identified. When treated as a floating surface, the liquid is expected to
adopt a net negative charge to balance the flux of hot electrons and relatively cold positive ions. The
reduction potential near the plasma-liquid interface is hypothesized to be proportional to the floating
potential, which can be approximated using an analytical model provided the plasma parameters are
known. Herein, we present a framework for correlating the electron density and electron temperature of
a noble gas plasma jet to the reduction potential near the plasma-liquid interface. The plasma para-
meters were acquired for an argon atmospheric plasma jet in contact with an aqueous solution by
means of laser Thomson scattering. The reduction potential was determined using identical reference
electrodes to measure the potential difference between the plasma-liquid interface and bulk solution.
Interestingly, the measured reduction potentials near the plasma-liquid interface were found to be in
good agreement with the model-predicted values determined using the plasma parameters obtained
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1. Introduction

The increasing availability and decreasing cost of renewable
electricity has prompted research into electrified chemical
processing whereby electrical energy is used to drive chemical
transformations.? Electricity-intensive processing techniques
such as electrochemistry using solid electrodes has attracted
attention in this context for the synthesis of organic com-
pounds, such as high-value pharmaceuticals® and renewable
chemical production.* Chemical transformations are achieved
in conventional electrolytic electrochemical cells by applying a
bias to a solid electrode allowing for the preferential transfer of
electrons across the electrode-liquid interface. The ability to
perform controlled reduction-oxidation (redox) reactions in
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from the Thomson scattering experiments.

electrolytic systems is realized by adjusting the electrode
potential at the electrode-liquid interface via external circuitry
(e.g. a potentiostat).> However, conventional electrolytic cells
have been shown to suffer from complications including foul-
ing of the electrode surfaces by carbonaceous coatings®® and
reaction selectivity that is dependent on the electrode
material.>'® Another way to utilize electricity to drive chemical
reactions is by employing nonthermal plasma in contact with
liquids.

Nonthermal atmospheric plasma interacting with liquids
have been utilized for a variety of applications including waste-
water treatment,'*™® chemical conversion,'*™” and nanomaterial
synthesis.'® " These applications are based on electrochemical
reactions induced by charge-transfer processes taking place across
the interface formed between the plasma and electrolyte solution
(i.e. plasma-liquid interface). Nonthermal plasma in contact
with liquids can act as a source of reactive species such as
solvated electrons,” atomic hydrogen,*® and reactive oxygen and
nitrogen species (RONS),>*?” which can facilitate redox reactions
within solution. Nonthermal plasma-liquid interactions have
been described as a means of performing electrodeless
electrochemistry.”® More recently, nonthermal free atmospheric
pressure plasma jets (APPJs) in contact with liquids have been
shown to form an electrodeless cathode and anode in the liquid°
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capable of promoting selective organic transformations.*® Rather
than modulating the energy of an electron confined in an
electrode using the conventional electrochemistry approach,
plasma initiates electrochemical reactions using free electrons.
An electrodeless approach is hypothesized to ameliorate issues of
electrode fouling experienced using solid electrodes®® as well as
electrode material-dependent reactivity.'® Despite these features
compared to conventional electrochemical systems, a means of
performing controlled chemical transformations on the liquid
side of the plasma-liquid interface has not been clearly identified.
More specifically, a framework for understanding how the
reduction potential in plasma-liquid systems can be tuned for
controlled electrochemistry has not been established.

Electrochemical reactions are driven by differences in the
electrochemical potential of electrons between dissimilar
phases. The difference in electrochemical potential of electrons
results in the transfer of electrons across the interface until
local equilibrium is reached. The reduction potential, E, was
defined by Gerischer*'** as

He
E=—7 1)
where is fi. is electrochemical potential of electrons (Fermi
level) and F is the Faraday constant. The electrochemical
potential of electrons is the sum of the chemical potential
and electrostatic potential energy,*® which for a particle with
charge number —1 is

fe = pe + R T In(ycle]) — FY¥ (2)

where p? is the standard state chemical potential of the
electrons, which is usually taken at a concentration of 1 mol
per liter and temperature T. R, is the ideal gas constant, T'is the
absolute temperature of the solution, y. is the activity coefficient
of the electrons, [e] is the molar concentration of electrons, and
¥ is the electrostatic potential. In the case of conventional
aqueous electrolytic systems, an external bias is applied to a
working electrode to modulate the local electrode potential at
the electrode-liquid interface to a particular value, thereby
driving redox reaction in solution towards local equilibrium
with that reduction potential. We hypothesize an analogous
constraint to occur in plasma-liquid systems, wherein the local
reduction potential in the liquid immediately underneath the
plasma-liquid interface is controlled by the state variables of the
plasma (i.e. electron density and electron temperature) above
the interface.

In this work, we investigate the effect that the electron
density and electron temperature have on the observed
reduction potential directly underneath the plasma-liquid
interface. The electron density, n., and electron temperature,
Te, were measured by means of laser Thomson scattering on a
radiofrequency (RF) argon (Ar) APP]. The reduction potential
for a plasma electrochemistry system cannot be measured
using the same approach as conventional electrochemistry,
since it would contain a contribution from the high applied
voltage required to generate the plasma. Instead, characterization
of the reduction potential in solution was performed using a
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previously reported technique,”>*® where a reference electrode is
used to measure the local potential within the solution directly
underneath the electrochemically active plasma-liquid interface,
Epy, relative to the potential measured by a nominally identical
reference electrode in the bulk solution, Ej,¢. Using this method,
one measures the potential driving electrochemical reactions. The
relative reduction potential in solution near the plasma-liquid
interface, #pyy, is given by

per = EpLr — Einf- (3)

Similar to the reduction potential measured in conventional
electrochemical configurations, more positive and more nega-
tive values of npy; are indicative of oxidation and reduction,
respectively.>® The magnitude of #p; has also been shown to be
related to the rate of reaction,*® which is also the case in
conventional systems. Assuming local equilibrium within the
liquid, the measured voltage #py; is equal to the difference in
the reduction potential in solution between the reference
electrodes. Taking any temperature difference between the
two reference electrodes to be negligible, any contribution from
the standard state chemical potential ! introduced in eqn (2)
will cancel out. Thus, the difference between the reduction
potential in the two locations is caused by differences in
the molar concentration of electrons, activity coefficient, and
electrostatic potential energy.

Treating the liquid as an electrically floating surface, a
negative charge would be expected to form in order to balance
the flux of hot electrons and relatively slow positive ions from the
plasma phase to the liquid.**** Thus, the constraining potential
at the plasma-liquid interface is expected to be proportional to
the floating potential, which can be approximated using an
analytical model if n. and T, are known. Interestingly, the
empirical values of the relative reduction potential near the
plasma-liquid interface, #pr;, were found to be in good agree-
ment with the model-predicted reduction potential determined
using the plasma parameters obtained from the Thomson
scattering experiments.

2. Experimental

The plasma source studied in this work was an RF (13.56 MHz)
Ar APPJ shown in Fig. 1. The APP] was comprised of a powered
nickel needle electrode with an outer diameter of 2.3 mm
housed within an alumina tube with inner and outer diameters
of 3.2 mm and 9.5 mm, respectively. The ground electrode was
an aluminum ring with an inner diameter of 9.5 mm, which
was mounted to the exterior of the alumina tube at a distance of
5 mm from the tube outlet. The Ar flow rate was maintained at
a constant flow rate of 1000 standard cubic centimeters per
minute (scem) using a mass flow controller (GE50A, MKS
Instruments). The plasma was generated using a RF power
supply (AG 0613, T&C Power Conversion) connected to an
impedance matching network (AIT-600 RF Auto Tuner, T&C
Power Conversion) and synchronized to the laser source using a
pulse generator (Model 575 Pulse/Delay Generator, Berkeley
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Fig. 1 Laser Thomson scattering from a radiofrequency argon plasma
jet. (a) Image of a frequency-doubled Nd:YAG laser passing through core
of radiofrequency (RF, 13.56 MHz) argon plasma jet in contact with liquid.
The RF excitation frequency was modulated with a 20 kHz pulse with a
duty cycle of 20%. (b) Schematic representation of RF argon plasma jet
shown in (a) with important dimensions specified.

Nucleonics Corporation). The RF excitation frequency was
modulated with a 20 kHz pulse with a duty cycle of 20% (i.e.,
plasma is turned on for 10 ps and off for 40 ps).
Characterization of the Ar APP] used in this work was
accomplished by means of laser light scattering. All laser
diagnostics reported in this work were performed in the
Princeton Collaborative Research Facility at the Princeton
Plasma Physics Laboratory. The laser source for the light
scattering experiments was a frequency-doubled Nd:YAG laser
(o = 532 nm, Continuum SL-III, Surelite). The laser was
Q-switched at a repetition rate of 10 Hz, generating a beam
with a pulse width of 8 ns (full width at half max, FWHM) and a
maximum pulse energy of 550 mJ. A schematic for the experi-
mental apparatus used for the laser scattering experiments is
shown in Fig. 2. The incident laser was focused with a lens
(focal distance f= 1 m) and the laser spot size interacting with
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the plasma was determined to be 318 pm in diameter. The laser
pulse energy used in the experiments was monitored using a
pyroelectric energy sensor (ES220C, ThorLabs) and was set to be
60 m]. The operating laser fluence used for Raman and
Thomson scattering was 75.6 ] cm™ 2, which was found to be
less than the critical fluence that would result in inverse
bremsstrahlung heating of electrons (ESI,f Note 1). The
orientation of the detection arm was orthogonal (¢ = 90°) to
the axis of the incident laser. Light scattered by the plasma was
focused (f=200 mm) through a 200 pm pinhole, which acted as
a spatial filter. A volume Bragg notch filter (BNF) was used to
physically remove the Rayleigh component of the scattered
light. The filter was a reflecting volume Bragg grating (VBG)
and was specified to block light with an optical density of 4 with
a FWHM of 5-8 cm " (0.14-0.23 nm). The transmission of the
filter outside the blocking region is 80%. The reflected wave-
length can be tuned by rotating the filter. Setting an angle of 6°
between the filter normal and the direction of the incoming
light results in the reflection of 532 nm light, which is the
central wavelength (Z,) of the laser. The main drawback of the
VBG filter is the small angular acceptance of less than 0.1°,
therefore, adequate collimation of the scattered light is crucial
for rejecting Rayleigh scattered light. Light exiting the pinhole
was collimated (f = 50 mm) before passing the volume Bragg
notch filter, and focused ( f= 50 mm) into the entrance slit of the
monochromator (SpectraPro HRS-750, Princeton Instruments)
and projected onto an intensified CCD (iCCD) camera (Pi-Max 3
Model 1024i, Princeton Instruments). Irises were placed along
the detection arm in order to minimize stray light due to light
scattering from solid surfaces. The iCCD captures a two-
dimensional image with the spectral dispersion (wavelength)
along the horizontal axis and spatial information along vertical
axis (ESI,T Fig. S2 in Note 2). The iCCD images of the collected
scattered light were averaged over 10000 accumulations
(17 minutes) for each spectrum. A digital pulse/delay generator
was used to synchronize the laser, RF power supply, and iCCD
camera.

Laser light scattering was performed on an Ar APPJ treating
a 75 uM indigo carmine (IC) solution with an adjusted pH of 10.
The solution was contained in a 325 mL PTFE crystallizing dish,
which produced a positive meniscus to minimize any stray light
from the dish. The PTFE dish was connected to a large reservoir
containing 14 L of freshly prepared 75 uM IC solution (pH 10)
in order to maintain a constant liquid height in the PTFE dish
via hydrostatic pressure while the Thomson signal was being
acquired. The plasma was positioned such that the end of the
tube was at a fixed height of 10 mm above the surface of the
solution, with the laser passing through the plasma at a height
of 8 mm above the liquid surface (see inset of Fig. 2). Thomson
signal was acquired as a function of RF power over the range of
20-50 W, increasing the power in increments of 10 W. Prior to
each Thomson experiment, the solution in the PTFE dish
was replenished with fresh solution from the reservoir. An
alignment procedure for centering the plasma jet along both
the laser and detection axes was performed before each acqui-
sition. The plasma jet was mounted to a two-axis micrometer
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Fig. 2 Schematic of the experimental laser light scattering setup. Laser source used in Raman and Thomson scattering experiments. A Q-switched
frequency-doubled Nd:YAG laser was used to generate a beam with a central wavelength of 532 nm at a repetition rate of 10 Hz. The pulse width of
the laser was 8 ns and the laser power used for acquiring Thomson signal was 60 mJ. Incident light is focused through a lens (f = 1 m) and passed through
the plasma at a distance of 2 mm below the APPJ tube ending, or 8 mm above the liquid surface (see inset). The scattered light was collected along the
detection arm which was orthogonal to the incident beam. The scattered signal was focused (f = 200 mm) through a pinhole and collimated (f = 50 mm)
through a Bragg notch filter to remove the Rayleigh component of the scattered light. The light was focused (f = 50 mm) before entering the
monochromator and images were acquired using an intensified CCD (iCCD) camera.

positioning table, allowing for the relative position of the
plasma jet to be adjusted in 25.4 pm increments along the laser
and detection axes. Alignment of the plasma along the laser axis
was based on locating the core of the plasma by means of Rayleigh
scattering. To that end the angle of the BNF was changed to allow
the Rayleigh scattering (RS) through to the detector. The position
of the plasma along the laser axis was then adjusted to minimize
the RS signal, which corresponds to the position with the lowest
density of heavy particles due to highest temperature. We assume
that the hottest region corresponds to the highest electron density
(i.e. e-n collisions are the dominant gas heating mechanism).
Along the detection arm, alignment of the plasma with the
entrance slit of the spectrometer was determined based on the
position with the strongest H,, (653.6 nm) and/or broadband light
emission which were found to coincide.

Electrochemical characterization was carried out using a pre-
viously reported method,>® based on measuring the potential
difference between a position within the liquid near the
plasma-liquid interface (Epr;) and the bulk solution (Ej,y). Briefly,
the relative reduction potential was measured using identical Ag/
AgCl reference electrodes connected to a digital multimeter
(DMMB6500, Keithley). The reference electrode measuring the
relative reduction potential of the electrochemically active
plasma-liquid interface was housed in a Luggin capillary (Adams
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& Chittenden) and positioned in the liquid directly underneath
the impingement point of the plasma. In a recent work,> we
observed that the measured magnitude of the reduction potential
dissipates with depth below the surface, thus the Luggin capillary
was submerged at an approximate depth of 0.2 mm below the
solution surface to prevent any distortion due to surface tension
while minimizing any apparent drop off in magnitude. The
Luggin capillary was aligned with the end of the APPJ tube to
ensure the measurement was centered below the plasma-liquid
interface to measure the potential at the electrodeless cathode,
which was verified after igniting the plasma. The local reduction
potential within the liquid underneath the plasma-liquid inter-
face was referenced to the potential measured by an identical
reference electrode positioned in the unaffected bulk solution and
time-averaged over a 45 second duration. The relative reduction
potential measurements were performed as a function of RF
power in the same PTFE dish using in the Thomson scattering
experiments using 75 pM IC (pH 10). The reduction reaction of IC
occurs by a two proton, two electron transfer as given by

Oxidized Form, IC* Reduced Form, H,IC*
HH

N _0 o7 . Ci so;
_038 +2H 4 26 ‘oy,s

N
4)
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The measured voltage difference between the electrodes prior to
igniting the plasma was used for baseline subtraction. However,
due to the stringent nature of the Thomson scattering experi-
ments, the electrochemical measurements were performed
asynchronously to avoid the introduction of additional stray light.
In order to verify that the Ar APPJ used in this work was able to
selectively reduce the model redox compound (e.g. IC), the
composition of the solution was treated at the same RF powers
used in the Thomson scattering experiments and evaluated using
ultraviolet-visible absorption spectroscopy (ESL Note 3).

3. Data analysis & fitting
3.1. Laser light scattering

More detailed explanations regarding the theory behind light
scattering of plasmas can be found elsewhere,**”*® but a brief
overview will be discussed. Light guided through a plasma can be
scattered as a result of interactions between the incident electro-
magnetic radiation and heavy particles (Rayleigh scattering),
molecules (Raman scattering), or unbound charged particles
(Thomson scattering). Rayleigh scattering arises from elastic
scattering of light by the electron clouds (i.e. bound electrons)
of atoms and molecules.*®*® Raman scattering describes the
inelastic scattering of light with the bound electrons of molecules,
which induce rotational and/or vibrational transitions.***!
Thomson scattering occurs as a result of elastic scattering of light
from unbound charges (e.g. electrons or ions).***»** In the
context of plasma laser diagnostics, analysis of the resulting light
scattering spectrum for a given mechanism is key for extracting a
characteristic density and/or temperature. Rayleigh scattering can
be used to determine the background gas temperature (Ty),
Raman scattering can provide the densities of molecular species
(eg N, and O,) and the rotational temperature (T), and
Thomson scattering can be used to extract the electron density
(nc) and electron temperature (Te).**

The general form of the power of scattered light per unit

wavelength, P,(2), for each scattering mechanism is expressed
as 36,37

do;
Py(2) = fLPoAQ - ;- 25 S;(2) (5)
dQ
where fis based on the efficiency of the optics and camera, L is
the length of the detection arm, P, is the power of the incident
laser, AQ is the solid angle of detection, n; is the number

. .. do; . . . .
density of species i, d_QI is the differential cross section of

species i, and S,(A) is function that describes the spectral

da;
distribution of scattered photons. While n;, d%’ and S{/) are

unique to the type of light scattering, fLP,AQ is a system-

specific geometrical factor that has a constant value for a

particular apparatus and setup and does not depend on the

scattering mechanism. Given that the profile of S,(4) takes on a

specific form based on the type of light scattering, along with
1

d
the fact that é is typically a known quantity, the value of
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fLP,AQ can be readily determined by performing light scattering
under known conditions (i.e. species density and temperature)
by a procedure known as absolute intensity calibration. More
specifically, an experimental scattering spectrum, Pes,(4), and a
simulated spectrum calculated using eqn (4) can be used to find
the intensity calibration factor by

Pexp(4)

dO',' ’

SfLPyAQ = (6)

For APP]Js, the calibration factor is typically found by means of
performing rotational Raman scattering under ambient condi-
tions in open air. In the case of Thomson scattering, the fLP,AQ
factor is typically required to accurately determine the 7..
Thomson scattering can be categorized as being collective or
non-collective depending on the relative scales of the incident
laser wavelength, 1, and the electron Debye length, /p, given by

. 1/2
/1D _ (LOkB Te) . (7)

qene

where ¢, is the permittivity of free space, kp is the Boltzmann
constant, and g. is the fundamental charge. More specifically,
the scattering regime is determined by the value of the scattering
parameter, «, expressed as

1 A

' 2V2n Ap ®)
which describes the degree of collectivity. Note that the first term
on the right-hand side of eqn (8) only applies for systems in
which the scattering angle ¢ = 90° is orthogonal to the incident
laser. Non-collective Thomson scattering occurs for Ay « Ap (o < 1),
where the incident light is scattered by individual electrons.
Collective scattering takes place when 1y > Jp (z > 1), where
light is scattered by an ensemble (i.e. a collection) of electrons.
The spectral shape in a Thomson scattering experiment is a
consequence of Doppler shifting of light due to the relative
motion (velocity) of electrons with respect to both the incident
laser beam and the detector. Thus, the resulting scattering
spectrum is related to the velocity distribution of the electrons
in the plasma. For non-collective Thomson scattering (i.e. 1, «
/p), the randomly distributed electrons within the plasma
result in the isotropic scattering of light. Assuming that the
electron velocity distribution is Maxwellian, the observed
Thomson spectrum would take on a Gaussian profile with a
width proportional to T, and an area proportional to n.. It
should be noted that the area is also dependent on fLP,AQ, as
shown in eqn (5), highlighting the importance of proper
calibration when determining 7.. For collective Thomson scat-
tering (i.e. Ao » Ap), light interactions with groups of electrons
result in nonuniform scattering, introducing wave interference
effects. While the underlying Maxwellian velocity distribution
of electrons profile is still present, the spectral distribution
function is modified to account for collective effects using the
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scattering parameter, o

i exp(—xd?)

Sl = Um 1+ a2 W (x.)

©

where x. is a dimensionless parameter and W(x.) is the plasma
dispersion function. The value of x, is given by

ek (1 1\ [2kgT.\'?
= G5) (50) 1o

where c is the speed of light in a vacuum. The complex plasma
dispersion function is expressed as

Xe
Wix) =1 — 2xee—-*e2[ et — jy/Txee (11)
0
where ¢ is a dummy variable and j is an imaginary unit. The
spectral distribution function, given by eqn (9), takes on a
unique shape based on the value of « (ESI,T Fig. S4 in Note
4). A noticeable deviation from the Gaussian spectral shape
becomes apparent for « > 0.2, giving rise to a partially
collective scattering regime. The distinct shape of the Thomson
signal in the partially collective and collective scattering
regimes allow for n. and 7. to be determined without the
absolute intensity calibration procedure. Rather, a shape
calibration approach can be used, whereby o and T, are used
to adjust the shape and width of S.(x.), respectively, to fit the
unique shape of the Thomson signal (ESI,{ Note 4).

3.2. Fitting procedure

In this work, both absolute intensity calibration and the shape
calibration approaches were implemented to fit the Thomson
signal. Note that the absolute intensity calibration is used to
account for system specific factors including the efficiency of
the optics and camera, length of the detection arm, the power
of the incident laser, and the solid angle of detection. As such,
performing the calibration using the same optical components
and experimental conditions as the Thomson scattering experi-
ments is crucial. For the absolute intensity calibration, the
Raman signal was first acquired by flowing argon gas (1000
scem) in open air with no discharge under known atmospheric
conditions (i.e. pressure and temperature). The experimental
Raman spectrum was fitted only considering rotational transi-
tions N, and O,, following the procedure described by Penney
et al.,** van de Sande,*” and van Gessel et al.** The rotational
temperature (T) and mole fractions of nitrogen (xy,) and
oxygen (xo ) were used as the parameters to fit a simulated
Raman spectrum to the experimentally obtained Raman signal
in order to determine the system-specific fLP,AQ calibration
factor. The absolute intensity calibration approach used the
calibration factor to rescale the intensity of the simulated
Thomson spectra in order to fit the experimental signal. In
the case of the shape calibration approach, the unique shape of
the Thomson signal in the collective scattering regime allows
for the determination of the plasma parameters without
the need of fLP,AQ. Instead, the experimental signal can be
normalized to eliminate the fLP,AQ-dependence directly fitted
using the simulated Thomson spectrum.
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The fitting procedure used for the absolute intensity and
shape calibration of Thomson signal was adapted from the
work of Obrusnik et al.*® For both calibration approaches, a
two-step procedure was implemented to fit the experimental
Thomson signal using the MATLAB fminsearch and nlinfit
functions following the procedure of van Gessel et al.** While the
fminsearch function shows good convergence when calculating the
least square difference between the fitted and experimental curves,
the algorithm does not provide error estimates for the fitted
parameters. Conversely, the nlinfit function provides a covariant
matrix that can be used for error analysis, but the convergence of
the Levenberg-Marquardt nonlinear least squares algorithm is
sensitive to the initial values of the fitting parameters. Thus, the
fminsearch function was used to determine the initial fit values for
o and T, which were used as inputs for the nlinfit function to
provide error estimates.

3.3. Floating potential calculation

The floating potential of a collisional plasma can be correlated
to the plasma parameters using an exponential-accuracy model
under the assumption that the ion-atom collision frequency is

independent of velocity and the ion mobility, u,, is
46,47

constant. The floating potential is given by
2kpTe, 4 kpT.
Ve=—2"B2eIn = _ 1.0082-2¢ (12)
3 qe AD qe

where 4 is the ionization length. The ionization length can be

written as

. I’lekB Teu+
J+

4 (13)
where j, is the ion current density. The ion current density was
approximated using the Child-Langmuir law given by*®

4 (2g\ VP2
J+ = 580 <M—i> 7 (14)

where M, is the ion mass, V is the voltage applied to the
electrode, and d is the interelectrode spacing. The applied
voltage, V, for each applied RF power was approximated using
the root-mean-square of the measured peak voltages (ESI,t
Fig. S5 in Note 5).

4. Results and discussion

To understand the relationship between the measured
reduction potential in solution, npr;, and the state variables of
the plasma, the plasma parameters were first extracted from
the laser light scattering signal. More specifically, the values of
n. and T, were determined by calibrating and fitting the spectra
obtained in the Thomson scattering experiments. The fitted
Raman spectrum used for absolute intensity calibration is
shown in Fig. 3a. The fitted Raman spectrum (Fig. 3a) showed
that T,o: = 295 K, which was in agreement with the measured
ambient temperature. The mole fractions of nitrogen, xy, =
0.805, and oxygen, xo, = 0.195, obtained from the fit were
consistent with the expected composition of ambient air under

This journal is © the Owner Societies 2022



Published on 23 May 2022. Downloaded by Washington University in St. Louis on 12/31/2022 8:03:38 PM.

a e

1.8 : ; ; ; : : :
* Experimental x, = 0805
[ = Raman Fit . x(, =0.195

531 532 533 534 535 536

Wavelength / nm

528 529 530

T T T T
............ E)(perl mental
Absolute Calibration

 k,T,= 090 +0.06 eV
| n,=7.76£0.30 -10% m~

&
T

4]
T

i
:
:

Intensity / Counts
[3%] [ BN

—_
T

< % 4 LA 1 1 1 1 1 n"f"..
528 529 530 531 532 533 534 535 536
Wavelength / nm
C o
7

o Experimental
= Shape Calibration

o

kT =090+ 005eV
in,=776+028-10" m’

(=]
T

Intensity / Counts
L& w o w

y
T

0 e S 1 i L. i L i | - i L i k'. |I
528 529 530 531 532 533 534 535 536
Wavelength / nm

Fig. 3 Raman and Thomson spectra. (a) Experimental Raman spectrum
acquired under ambient conditions in open air and fitted rotational Raman
spectrum. (b) Experimental Thomson spectrum acquired for argon plasma
operating at 50 W with a flow rate of 1000 sccm and fitted spectrum using
the absolute intensity calibration method. (c) Same experimental Thomson
spectrum from (b) with fitted spectrum based on shape calibration
method. Thomson signal shown in (b) and (c) acquired using a laser time
delay of 8.881 ps. Fitted parameters for each spectrum are indicated on the
top right. Grayed out areas are the Rayleigh rejection region. All spectra
were acquired over an accumulation of 10 000 laser shots.

standard conditions. The experimental Raman signal was nor-
malized in order to determine the system-specific fLP,AQ factor
required for absolute intensity calibration used in the Thomson
scattering experiments.

This journal is © the Owner Societies 2022

View Article Online

Paper

The Thomson signal acquired for the Ar APPJ used in this
work was found to fall within the collective scattering regime,
as observed from the non-Gaussian profile shown in Fig. 3b
and c. Although a temporal evolution in the plasma parameters
was observed over the course the 10 ps duty cycle, the values of
n. and T. were found to plateau and remain relatively
unchanged approximately 4 ps after the pulse onset, which is
discussed in detail in an accompanying publication by Yatom
et al*® Taking this into account, the plasma parameters
reported herein are based on the value within the plateau time
period (ESI,T Fig. S6 in Note 7), which are representative of the
average values of 1. and T, over the 10 us pulse. While absolute
intensity calibration is not required for determining n. and T,
in this scattering regime, it can be useful for comparing the
results from shape calibration fitting. For the Thomson spec-
trum acquired for the Ar APPJ operating at 50 W (Fig. 3b), the
fitted values for the electron density and temperature using
the absolute intensity calibration method were found to n. =
(7.76 4 0.30) x 10*' m> and kgT. = 0.90 + 0.06 €V, respectively.
Similarly, the shape calibration method was applied to the
same data set (Fig. 3c), which showed that the fitted values of
ne = (7.76 £ 0.28) x 10> m~* and kgT. = 0.90 %+ 0.05 eV. Note
that Raman contribution to the Thomson signal was found to
be negligible and omitted from the fit. The absence of Raman
features in the Thomson signal is consistent with the idea that
the amount of air entrainment into the flow would be negligible
close to the tube ending of the APPJ. Given the close agreement
between fitted values for the plasma parameters between both
calibration methods, the reported plasma parameters reported
herein were calculated based on the shape calibration method.

The Thomson signal was acquired for the Ar APPJ as a
function of applied RF power over the range of 20 to 50 W in
increments of 10 W. The plasma parameters obtained from
fitting the Thomson signal are presented in graphical form in
Fig. 4 and tabular form in Table 1. A clear trend was observed in
the case of the electron density, which was revealed to increase
with increasing applied RF power as shown in Fig. 4. The
electron temperature was generally found to increase with
increasing power, apart from the 20 and 30 W cases where
the values of kT, were determined to be approximately equal.
Due to the fact that 7. and kzT. both showed similar trends as a
function of applied power, the ability to delineate the individual
effects that n. and T, have on the reduction potential on the
liquid side of the plasma-liquid interface becomes difficult.

As an aside, it would be useful to note that the reported
plasma parameters were acquired with the laser beam passing
through the plasma at a height of 8 mm above the liquid. While
attempts at performing the light scattering experiments closer
to the plasma-liquid interface were made, dynamic factors of the
plasma played a more significant role. In particular, movement
in the spatial position of the plasma became more apparent as
the laser was moved closer to the liquid surface. The random
movements of the plasma became drastic enough to be notice-
able by eye and prevented proper laser alignment along both the
laser and detection axes. As such, a height of 8 mm above
the liquid was chosen in order to minimize the movement of
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Fig. 4 Electron density and electron temperature as a function of
applied RF power. The electron density (blue triangles) and electron
temperatures (red diamonds) determined from shape calibration fitting
of the experimental laser Thomson signal as a function of applied RF
power. Error bars are the error estimates of the Matlab nlinfit function.

Table 1 Summary of plasma parameters. Summarized results of the
electron density and electron temperature as a function of applied RF
power plotted in Fig. 4. The parameters were obtained using the shape
calibration fitting method of the Thomson signal acquired at each RF
power indicated. Error determined from the error estimates of the Matlab
nlinfit function

Applied RF power/W kgTe/eV ne (x10*")/m>
20 0.77 £+ 0.08 5.09 £+ 0.33
30 0.76 £+ 0.07 5.63 £+ 0.30
40 0.81 £+ 0.05 6.05 £+ 0.26
50 0.90 £+ 0.05 7.72 £ 0.28

the plasma with respect to the laser beam. Here, we are assum-
ing that the plasma is homogeneous throughout the length of
the plasma channel, with negligible variations in the plasma
parameters along the axial direction. This is consistent with the
reported spatial profiles of the electron density and electron
temperature in other atmospheric pressure plasma jets, which
showed significant variations near the edges of the plasma while
the plasma parameters remained relatively constant close to the
core of the plasma jets.**>°

A method is needed to describe the reduction potential in
solution as a function of both the electron density and the
electron temperature. Given that electrochemical interfaces are
typically described in terms of potential differences and charge
densities, a more suitable framework for relating the plasma
parameters to the reduction potential would be based on the
potential and charge formation at the plasma-liquid interface.

If the electrolyte solution is conceptualized to be a floating
target, a negative surface charge would be expected to form due to
the initial flux imbalance between the fast electrons and relatively
slow positive ions. At steady state, the net negative charge on the
liquid surface results in a potential barrier that repels electrons
with insufficient kinetic energy from reaching the surface while
attracting slow positive ions to balance the fluxes of electrons and
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plasma

Fig. 5 Schematic representation of the charged plasma-liquid inter-
face. lllustration depicting the areal charge density formed at the plasma-liquid
interface and the unscreened potentials at characteristic lengths for each phase.

positive ions. For a point charge approaching the interface from
either side, the plasma-liquid interface can be approximated as
an infinite sheet of charge with an areal charge density of g, as
illustrated in Fig. 5. The point charge experiences a uniform
electric field and the potential in each phase can be correlated by

o= Pplasma _ % (15)
dplasma dliq

where ¢; is the potential at a distance d; from the plasma-liquid
interface in phase i. As a positive charge is moved towards the
plasma-liquid interface from a point infinitely far away, a
potential difference between the unscreened test charge and the
interface develops at closer distances to the surface. On the
plasma side of the interface, the distance at which screening
occurs is given by the electron Debye length (ie. dpjasma = 4p)
where the unscreened potential can be approximated using the
floating potential (i.e. Pplasma = V¢). Here, the floating potential
refers to the steady state potential formed to maintain the flux
balance between electrons and positive ions. In the liquid, the
distance at which screening occurs is given by the electrolyte
Debye length (djiq = /p) which is expressed as

1/2

SISOkBT

Nag2 > (¢ x 103)z2

1

I = (16)

where ¢, is the relative permittivity, T is the temperature of the
solution, N, is the Avogadro constant, c; is the molar concen-
tration of ionic species i, and z; is the charge number of ionic
species .. Taking the unscreened potential in the liquid at a
distance /p from the interface to be the relative reduction
potential between the plasma-liquid interface and bulk solution,
®iiq = Neu, the potentials on both sides of the plasma-liquid
interface can be related by

e = Vi I 17)
‘D
In this analysis, changes in the relative reduction potential are

caused by differences in the electrochemical potential of electrons
in the solution.
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The plasma parameters determined from the Thomson
scattering experiments were used as inputs for calculating the
floating potential as a function of applied RF power using
eqn (12)-(14). The ion mobility and mass used for argon were
1.54 x 10 *m? V' s ' and 6.63 x 10 2° kg, respectively.”* The
electrolyte Debye length was calculated using eqn (16) and
found to be /p = 23.0 nm for the IC solution used in this work.
Similarly, the electron Debye lengths were determined with
eqn (4) for each electron density and electron temperature
listed in Table 1, which ranged from Ap = 91.2 nm to 80.1 nm
as the applied RF power was increased from 20 to 50 W,
respectively. Noting that the contact area of the plasma on
the liquid surface is circular with a diameter of approximately
3.6 mm, the charged surface is more than 10* times larger than
the characteristic screening (Debye) lengths in either the
plasma or liquid phase. Thus, the plasma-liquid interface
presents itself as effectively an infinite sheet of charges to the
vast majority of incoming charged particles approaching from
either side. The model predicted value for the relative reduction
potential at the plasma-liquid interface, #, was found for each
applied RF power using eqn (17). The results of the time-
averaged electrochemical measurements and the model-
predicted relative reduction potentials are plotted as a function
of RF power as shown in Fig. 6b. Note that the timescale
between consecutive time points in the electrochemical mea-
surements was on the order of 10 ms, while the timescale of the
RF cycle was on the order of 10 ns. Given the differences in
magnitudes, the relative reduction potential measurements are
representative of a time-averaged steady state where the net
current to the liquid is zero (i.e. the surface is floating) and the
polarity of individual RF half-cycles are negligible. The error
bars for the experimentally measured relative reduction
potential are the standard deviation from time-averaged
electrochemical measurements, while the error bars for the
modeled-predicted reduction potentials are propagated from
the error estimates for the Thomson fit parameters (ESI,
Note 6).

As shown in Fig. 6b, the model-predicted reduction potential
was found to be in good agreement with the experimentally
measured reduction potential. The error bars from the time-
averaged reduction potential measurements overlap with the
error bars propagated from the model-predicted reduction
potential (ESI,7 Note 6) with the exception of the 50 W case.
As discussed in a previous work,> the magnitude of #py;
decreases with increasing depth below the plasma-liquid
interface. The decreased magnitude of #pr; was attributed to
the measurement becoming less representative of the electro-
chemically active PLI and increasingly representative of the
bulk solution with increasing depth. To account for the fact
that the measurement was performed 0.2 mm beneath the
surface, an extrapolated value for #py; at the plasma-liquid
interface (i.e. 0 mm below the surface) was determined based
on the previous study. The extrapolated values were also found
to agree with the model-predicted reduction potentials and
appeared to determine an upper bound for the reduction
potential, as shown in Fig. 6b. The disparity between the
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Fig. 6 Experimentally measured reduction potential and model pre-
dicted potential as a function of RF power. (a) Schematic representation
of Ar APPJ and Ag/AgCl reference electrode measuring local potential
within the liquid near the plasma-liquid interface (Epy) with respect to an
identical Ag/AgCl measuring potential in the bulk solution (Ens). The Epy
reference electrode was housed in a Luggin capillary which was positioned
directly underneath the stagnation point of the plasma jet. (b) Time-
averaged relative reduction potential (red triangles) measured between
the plasma-liquid interface and bulk solution. Extrapolated values at z =
0 mm (blue circles) based on results from ref. 29. Error bars are the
standard deviation of time-averaged measurements. Model-predicted
reduction potential (dark grey diamond) based on floating potential
calculated using experimental plasma parameters (see Table 1) from laser
Thomson scattering with error bars propagated from the error estimates of
the fitted parameters.

measured and model-predicted reduction potentials is likely
due to simplifying assumptions of the model. In particular, the
plasma was assumed to be homogenous throughout the entire
length of the channel, with negligible variations in the plasma
parameters along the axial direction. While the spatial profiles
of the electron density and electron temperature in other
atmospheric pressure plasma jets do not show significant
variations near the core of the plasma, a subtle decrease in 7,
and increase in kzT. was noted in the edges of the plasma.**°
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This would likely improve the accuracy of the model-predicted
reduction potential as the electron Debye length would increase
with the subtle changes in the downstream plasma parameters,
thereby making 7 less negative. As an independent means of
validating the model, an additional supplementary experiment
was performed using a helium APPJ (ESL{ Fig. S7 in Note 8).
The reduction potential was measured for different salt
concentrations, and therefore different electrolyte Debye
lengths /p, but identical plasma generation conditions were
used (electrode geometry, applied RF power, and gas flow rate).
This supplemental independent experiment demonstrated two
key points: (1) that the model could describe the scaling in the
reduction potential as a function of electrolyte Debye length
and (2) that the model was applicable to noble gas plasmas
other than argon, where the gas composition dependence
in the floating potential arises in the p, term in eqn (13) and
the M, term in eqn (14).

5. Conclusions

Laser Thomson scattering was performed on an APPJ in contact
with an electrolyte solution, containing a model redox com-
pound, to measure 7, and T, in the plasma as a function of RF
power. Evaluation of the plasma parameters obtained from
fitting the experimental Thomson signal using both absolute
intensity calibration and shape calibration methods were in
excellent agreement. Using a collision-dominated model for
calculating the floating potential based on the experimentally
measured plasma parameters, a simplistic model for predicting
the reduction potential on the liquid side of the plasma-liquid
interface was developed. Interestingly, the measured values of
the reduction potential were found to be in close agreement
with a scaled version of the plasma floating potential. In
particular, the scaling factor was found to be the ratio of the
electrolyte Debye length to the electron Debye length in the
plasma. The ability to understand how the reduction potential
at the plasma-liquid interface is related to the plasma para-
meters is an important first step in understanding how to
perform controlled redox reactions using electrodeless
plasma-liquid systems. More specifically, this framework pro-
vides guidance on how to utilize plasma-liquid systems for
promoting selective electrochemistry without the use of solid
electrodes.
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