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ABSTRACT: Nonthermal atmospheric pressure plasma in contact with a liquid yields a variety of
energetic photons, ions, and electrons, which can be transported into the plasma−liquid interface
(PLI). Similar to the electrochemical interface formed between a solid electrode and electrolyte in
conventional electrochemical systems, the charge-transfer process across the PLI is able to
promote reduction−oxidation (redox) reactions. However, in the case of free plasma jets in
contact with liquids, the absence of solid electrodes obscures the spatial locations of the
electrochemical half-reactions. Herein, we present a spatial electrochemical measurement
technique used to characterize an aqueous solution in contact with an atmospheric pressure plasma jet. The technique is based
on measuring the potential difference between two identical Ag/AgCl electrochemical electrodes positioned at different locations
within the solution. More specifically, electrochemical maps were made by measuring the potential of one electrochemical electrode
positioned at different locations near the PLI with respect to the other electrochemical electrode positioned far away from the PLI in
the bulk solution. Regions in the map with negative and positive potential differences between these electrochemical electrodes were
used to identify the electrodeless cathode and anode, respectively. Visualization of the spatial distribution of molecular colorimetric
redox indicators by multispectral imaging revealed that reduction was occurring near the plasma jet centerline while oxidation was
occurring further away in solution, which constitutes an independent confirmation of the electrochemical maps.

■ INTRODUCTION

Interactions between atmospheric pressure plasma and liquid
media have attracted attention owing to their great potential in
the fields of medicine,1−3 nanomaterial synthesis,4−6 and
wastewater treatment.7−9 These applications utilize non-
thermal plasma as a source of highly reactive species, including
radicals, photons, atomic and molecular ions, and electrons,
which can be transported into the plasma−liquid interface
(PLI). The injection of energetic species at the PLI has been
used to drive electrochemical reactions, such as carbon dioxide
reduction,10 ammonia synthesis,11,12 and the hydrogen
evolution reaction.13,14 Reduction−oxidation (redox) chem-
istry in plasma−liquid systems has also been demonstrated in
the context of plasma-activated water, which focuses on the
aqueous chemistry induced by reactive oxygen and nitrogen
species (RONS).15,16 However, to date, a comprehensive
framework for understanding how to control the reactions
occurring on the liquid side of the PLI has not been clearly
elucidated, which frustrates efforts to achieve desired chemical
transformations. We have recently proposed that the frame-
work of electrochemistry can be used to conceptualize the
liquid side of the plasma−liquid system,17 wherein solid
electrodes are now electrodeless near the PLI. However, the
spatial locations of the electrodeless cathode and anode within
the liquid have not been previously reported, thus the idea
itself must be tested, which is the purpose of this work.
Electrochemical reactions are understood in terms of

intrinsically coupled reduction and oxidation half-reactions,
which describe the overall charge-transfer processes of the
redox reaction in the liquid. The basic idea is that reduction

half-reactions are coupled to oxidation half-reactions to
preserve both the charge and atom balance in solution. In
conventional electrochemical systems, the half-reactions
simultaneously occur at interfaces of the working and counter
electrodes. In plasma-assisted electrochemistry configurations,
which are systems wherein the working electrode is replaced by
a DC microplasma, the half-reactions take place at the counter
electrode and the PLI.18 Electrolytic systems capable of
initiating redox reactions using reactive species without
requiring electrical contact with a counter electrode have
been described as a form of electrodeless electrochemical
systems.19−21 One such example of an electrodeless system is a
free atmospheric pressure plasma jet (APPJ) impinging upon a
liquid solution (Figure 1). The absence of solid electrodes
obscures the locations of the half-reactions (i.e. the locations of
the electrodeless cathode and anode). Consequently, there is a
lack of understanding of where the half-reactions occur in
electrodeless plasma−liquid electrochemical systems. We
previously developed a framework for electrochemically
characterizing a free APPJ in contact with an electrolyte
solution.17 The technique was based on using a reference
electrode to measure the local potential within the liquid
directly underneath the electrochemically active PLI, Erz, and
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referencing that measurement to the potential of a nominally
identical reference electrode positioned far away in the bulk
solution, Einf. The relative reduction potential measured
between the reference electrodes within the solution is given
by

η = −E Erz rz inf (1)

A negative potential was observed, suggesting that the
reduction-half-reaction (i.e., electrodeless cathode) was taking
place directly underneath the PLI. Thus, the complementary

oxidation half-reaction (i.e., electrodeless anode) is expected to
be occurring elsewhere in solution.
In this work, we investigate the spatial electrochemical

behavior of aqueous solutions exposed to a nonthermal
radiofrequency (RF) helium APPJ to elucidate the locations
of the redox half-reactions. Electrochemical characterization
was based on a previously developed technique,17 which was
adapted to perform measurements as a function of radial
distance from the APPJ centerline and depth below the PLI.
Based on the signs of the potentials measured by the spatial
electrochemical profiles, two distinct regions were observed: a
negative region directly underneath the PLI and a positive
region in the immediately surrounding solution. In situ
multispectral imaging experiments were conducted using
colorimetric probe molecules to independently determine
where the electrochemical half-reactions were taking place.
Visualization of the spatial distribution of redox products was
achieved using white light illumination in conjunction with a
scientific camera equipped with a bandpass filter. Reduction of
the molecular indicator was only detected underneath the
APPJ centerline, while the formation of oxidation products was
found to occur at larger lateral distances. A surprising finding
of our work, which has not previously been discussed in the
existing plasma−liquid literature, is that the plasma−liquid

Figure 1. Atmospheric pressure plasma jet. Image of helium
atmospheric pressure plasma jet (APPJ) in contact with the solution
used in this work. Dotted dash line is added to indicate the APPJ
centerline.

Figure 2. Spatial reduction potential distribution near the plasma−liquid interface (PLI). (a) Schematic representation of plasma jet and scanning
reference electrode, Erz, housed in a Luggin capillary used to measure the local potential in the liquid near the plasma−liquid interface with respect
to an identical reference electrode fixed in the bulk solution, Einf. (b) Schematic illustrating the experimental apparatus used to measure the relative
reduction potential profiles near the atmospheric pressure plasma jet (APPJ) centerline showing axial symmetry. (c) Examples of time-averaged
relative reduction potential profiles, η̅rz, as a function of radial distance, r, from the APPJ centerline at various depths, z, below the PLI. (d) Contour
map generated from the data in (c). Negative potentials (red) are regions where reduction is favored, and positive potentials (blue) are regions
where oxidation is favored.
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interface simultaneously acts as both the cathode and anode,
which occur in spatially distinct locations within the solution.

■ METHODS

Materials. Indigo carmine (IC, 85%) and titanium(IV)
oxysulfate (TiOSO4) solution (1.9−2.1%) were purchased
from MilliporeSigma. Sodium hydroxide (NaOH, 85%) was
purchased from Fisher Scientific. Hydrogen peroxide (H2O2,
35 wt %) was purchased from Acros Organics. All chemicals
were used as received without further purification. All solutions
were prepared using Type III ultrapure (18.2 MΩ cm) water
from a Direct-Q 3 Water Purification System (MilliporeSig-
ma).
Plasma System. The plasma source used in this work was

an APPJ generated using helium (He) as the operating gas, as
shown in Figure 1. The He flow rate was maintained at a
constant value of 2000 standard cubic centimeters per minute
(sccm) using a mass flow controller (GE50A, MKS Instru-
ments). 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). An RF setpoint power of 40 W was
used in all experiments. The APPJ was comprised of a powered
nickel needle electrode with an outer diameter of 2.34 mm
housed within a fused silica tube with inner and outer
diameters of 7 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 silica tube 5 mm
from the tube outlet. The APPJ was attached to a micrometer
positioning stage in order to maintain a gap height of 5 mm
between the end of the silica tube and the surface of the
solution undergoing treatment.
Spatial Electrochemical Measurements. Spatial electro-

chemical measurements were performed within the liquid
using the experimental apparatus shown in Figure 2a,b, which
is an adaptation of the setup reported in our previous work.17

Here, the reference electrode used to measure the local
potential in the solution near the PLI (Erz) was sealed in a
Luggin capillary (Adams & Chittenden) which was mounted
on a motorized two-axis stage (X-XY-LSM100A, Zaber
Technologies) and controlled using LabView (National
Instruments). The glass frit at the end of the Luggin capillary
had an outer diameter (OD) of 3.0 mm. The reference
electrode measuring the potential in the bulk solution (Einf)
remained fixed at a position far from the PLI. The reference
electrodes were connected to a digital multimeter (DMM6500,
Keithley) and the relative potential differences, ηrz, were
recorded via LabView. Axial symmetry was assumed for the
electrochemical measurements, which were conducted in a 740
mL crystallizing dish containing freshly prepared IC solution
with a nominal concentration of 25 μM. The pH of the IC
solution was adjusted to 11 using NaOH and verified using a
pH probe (PHE-1478, Omega Engineering). For a fixed depth
below the PLI, radial electrochemical measurements were
performed by positioning the Luggin capillary directly
underneath the centerline of the APPJ and using the motorized
stage to move radially outward in 0.5 mm increments. To
obtain a depth profile, the radial measurements were acquired
at various depths below the PLI in increments of 0.25 mm.
The potential difference near the PLI and bulk solution was
measured for a duration of 45 s for each radial distance from
the APPJ centerline and depth below the PLI. The potential

differences at each position are reported as time-averaged
values, η̅rz.

UV−Vis Absorption Spectroscopy. Ultraviolet−visible
(UV−Vis) absorption spectroscopy was used to verify the
characteristic wavelengths of the molecular probes, which were
used as the central wavelengths for the bandpass filters in the
in situ multispectral imaging experiments. All UV−Vis
absorption spectroscopy was conducted on a Cary 5000
(Varian) using a scan rate of 150 nm/min over the range of
350−700 nm. Solutions containing molecular probes were
treated in glass petri dishes with an OD = 50 mm and height
(h) of 15 mm. A freshly prepared IC solution with a nominal
concentration of 50 μM and an adjusted pH of 11 was used to
verify the characteristic wavelengths for both the reduction of
IC2− and formation of H2O2. For the reduction of IC

2−, sample
volumes of 20 mL were taken from the same 50 μM IC stock
solution and plasma-treated for durations of 2, 4, and 6 min.
Changes in pH measured before and after treatment were
found to decrease only by 0.2 pH units. A separate untreated
control (i.e., 0 min plasma treatment) was set aside for
comparison. Aliquots of 2 mL were taken from each petri dish
immediately after plasma treatment and characterized using
UV−Vis absorption spectroscopy. The titanium sulfate method
was used to monitor the formation of H2O2 via the complex
that forms between titanium sulfate, which has a strong
absorbance centered around 408 nm.22 Sample volumes of 20
mL from the same 50 μM IC stock solution were plasma-
treated for 2, 4, 6, 8, and 10 min. To verify the observed
change in absorbance at 408 nm was due to H2O2 formation
rather than interference from reduced H2IC

2−, differences in
the 408 nm absorbance between plasma-treated IC solutions
with and without the addition of TiOSO4 were compared. Two
aliquots were drawn for a given treatment time: 200 μL of
TiOSO4 was added to the first aliquot to quantify the amount
of H2O2 formed, while 200 μL of ultrapure water was added to
the second aliquot to maintain the same dilution factor.
Standards with concentrations of 0 and 50 μM H2O2 were also
prepared using the same 50 μM IC stock solution for
comparison.

Multispectral Imaging. In situ multispectral imaging was
used to visualize the spatial distribution of redox products in
solution as a result of plasma treatment. The multispectral
imaging experiments were performed using an LED light
source as a white light illumination source, which was passed
through a rectangular macro-quartz cuvette (102.5 × 12.5 × 45
mm, FireflySci., Inc.). The macro-cuvette was filled with a total
volume of 45 mL of solution prior to each experiment and
positioned underneath the APPJ centerline. A freshly prepared
50 μM IC solution for visualizing both IC2− reduction and
H2O2 formation. The cuvette was filled with 45 mL of the
stock solution for monitoring the reduction of IC2−, while a
mixture of 1 mL TiOSO4 and 44 mL of the stock solution was
used to detect the formation of H2O2. Images were acquired
with a CMOS camera (Atlas 5.0 MP Mono, Sony Pregius
IMX250 CMOS, LUCID Vision Labs), which was controlled
using the ArenaView (LUCID Vision Labs) software package.
All images were acquired using a frame rate of 10 frames per
second, a pixel format of 16 bits per pixel, and a pixel
resolution of 2448 × 2048. The reduction of IC2− was imaged
using a 600 nm bandpass filter (65−163, Edmund Optics) with
a full width-half max (FWHM) of 10 nm with an exposure
time of 8000 μs. The formation of H2O2 was imaged using a
400 nm bandpass filter (65−132, Edmund Optics) with a
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FHWM of 10 nm using an exposure time of 6000 μs.
Additional details regarding the image processing procedure
can be found in Supporting Note 1 of the Supporting
Information (SI).

■ RESULTS AND DISCUSSION

Spatial electrochemical mapping of the time-averaged potential
(η̅rz) in solution near the active PLI revealed regions with more
negative and positive potentials with respect to the bulk
solution as shown in Figure 2c,d. The time-averaged values
were determined by averaging the ηrz values acquired over the
45 s duration at each spatial location using

∑η η̅ =
=N

i
1

( )
i

N

rz
1

rz
(2)

where N is the total number of measurements made over the
acquisition period and ηrz(i) is the relative reduction potential
value of the ith measurement. Qualitatively, the radial profiles
of η̅rz showed similar trends at each depth below the PLI
(Figure 2c). The main influence of varying the depth below the
PLI had on the electrochemical measurements was on the
observed magnitude of η̅rz. The magnitude of η̅rz was greatest
immediately underneath the PLI, suggesting that the electro-
chemical half-reactions occur at higher rates closer to the
surface. As the Erz reference electrode moved away from the
surface, the magnitude of η̅rz decreased with increasing depth,
suggesting that the measured potential approaches that of the
bulk solution. Given that varying the depth had no observable
influence on the sign of η̅rz, the radial distribution of η̅rz was
explored to understand where the half-reactions were taking
place.
For a fixed depth, the electrochemical profiles revealed that

the sign of η̅rz had undergone an inversion as the radial
distance from the APPJ centerline was increased, as shown in
Figure 2c. A similar measurement technique has been utilized
in corrosion research, termed the scanning reference electrode
technique (SRET), wherein potential variations between
reference electrodes in a solution are used to identify the
locations of cathodic and anodic reactions in systems without
an external circuit (e.g. a piece of metal corroding in saline
water).23 In the field of corrosion, cathodic and anodic sites on
electrochemically active surfaces are identified by regions with
potential differences that are more negative and positive,
respectively.23,24 Figure 2c shows that the sign of η̅rz was
negative for all r ≤ 2.5 mm from the APPJ centerline.
Following the same convention as the SRET, the negative sign
of η̅rz (i.e., more negative value) would suggest that the
reduction half-reaction is favored at radial distances closest to
the PLI, which is consistent with the observed behavior from
our previous work.17 In fact, η̅rz was found to be most negative
at radial distances of r ≤ 0.5 mm from the APPJ centerline
regardless of depth below the PLI. As the radial distance from
the APPJ increased, the sign of η̅rz became less negative and
experienced an inversion from negative to positive at r ≈ 3.0
mm (Figure 2c,d). Positive values of η̅rz indicate that the
complementary oxidation half-reaction occurs in this region
immediately surrounding the reduction half-reaction. The
value of η̅rz became increasingly positive and reached a
maximum at a radial distance of r ≈ 4.0 mm. Further than 4.0
mm from the jet centerline, the value of η̅rz decreased to
approximately zero for r ≥ 8.0 mm, meaning the electro-

chemical activity was indistinguishable from that of the bulk
solution.
In addition to spatial electrochemical mapping, spectropho-

tometric methods were used to identify products of reactions
between the plasma and electrolytic solution. The redox
indicator IC is commercially available in its oxidized state
(IC2−) with a characteristic absorption peak at 610 nm (Figure
3a). When IC2− is reduced to H2IC

2−, this characteristic peak

decreases, as demonstrated in the UV−Vis absorption spectra
of plasma-treated IC solutions shown in Figure 3a. The
reduction of IC2− occurs through a two-proton, two-electron
transfer process. The change in concentration for IC2− after
plasma treatment can be determined based on the changes in
absorbance at 610 nm. The absorbance peak decreased from
0.798 to 0.425 for treatment times of 0 and 6 min, respectively.
Using a calibration curve (SI, Supporting Note 2), the change
in absorbance was found to correspond to a reduction of 19.9
μM, which would require a stoichiometric equivalence of 39.8
μM protons. Given the proton concentration in solution before
plasma treatment was on the order of 10−5 μM, the protons
used in the reduction of IC2− must have been produced by a
reaction promoted by the plasma−liquid interface. A likely
proton generating reaction is water oxidation, which produces
both protons and hydrogen peroxide.25−27 Hydrogen peroxide

Figure 3. UV−Vis absorption spectra of redox products. (a)
Absorption spectrum of 50 μM indigo carmine (IC) solutions treated
with helium plasma for various treatment times. Red arrow indicates
the peak used to observe reduction of IC2− in multispectral imaging
experiments. Inset illustrating the changing baseline at 408 nm. (b)
Change in absorbance at 408 nm of 50 μM IC solutions after plasma
treatments for various durations. The plotted value is the difference in
absorbance between with and without titanium oxysulfate (TiOSO4)
in solution. Dashed lines indicate the absorbance at 408 nm of
standards with the specified concentration of H2O2 and TiOSO4.
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(H2O2) is an oxidant and a long-lived species that is well
known to be produced in atmospheric plasma systems that are
in contact with an aqueous solution, and in addition to water
oxidation, it can also form as a result of recombination of gas
phase hydroxyl radicals in the liquid.14,28 Detection of H2O2

can be achieved using colorimetric methods, such as the
titanium sulfate method.22 The titanium sulfate method
involves the formation of a complex between H2O2 and
titanium sulfate that has a deep yellow color with an
absorbance at 408 nm; a wavelength at which interference
from reduced H2IC

2− is minimized (Figure 3a). Thus,
differences in the absorbance between plasma-treated IC
solutions with and without the addition of titanium(IV)
oxysulfate (TiOSO4) were compared to characterize the
formation of H2O2 (Figure 3b). Using these molecular probes
and their characteristic absorption features, in situ multi-
spectral imaging was used to spatially visualize where
molecular products of reduction and oxidation formed as a
result of plasma treatment.
Multispectral imaging was performed using a CMOS camera

equipped with a bandpass filter corresponding to the
characteristic wavelength of the species of interest, determined
via UV−Vis absorption spectroscopy. Only images acquired at
short times after plasma ignition were considered, whereat
convolution by transport effects was minimized. The full
details of the imaging processing can be found in
Supplementary Note 1 in the SI. Briefly, an initial image was
acquired prior to igniting the plasma and used as the reference
frame. The spatially-resolved pixel intensities for frames
acquired after plasma ignition were processed with respect to
that reference frame to produce still images of the
spatiotemporal changes in absorbance, shown in Figure 4.
Thus, negative values (red) correspond to a decreasing

absorbance, while positive values (blue) correspond to an
increasing absorbance at a particular position and wavelength.
Multispectral imaging experiments revealed that both

H2IC
2− and H2O2 were formed in spatially distinct regions

within the solution (Figure 4). Within 10 s of plasma ignition,
transport effects were observed to result in mixing and
recirculation of products and the bulk solution (SI, Supporting
Note 3), thus only short time scales were considered to
determine where redox products were forming. The processed
multispectral still images in Figure 4 show the changes in
absorbance at various times after plasma ignition with respect
to an initial frame acquired prior to turning the plasma on.
Multispectral imaging of IC using a 600 nm filter revealed that
the reduction of IC2− was confined near the PLI, aligned
directly underneath the APPJ centerline (Figure 4c). Shortly
after the plasma was ignited, the reduced product was
transported laterally outward. Multispectral imaging of H2O2
was performed by adding TiOSO4 to an IC solution with a 400
nm bandpass filter. The formation of H2O2 was only observed
at lateral distances of approximately 10 mm or greater from the
APPJ centerline, as shown in Figure 4d. As time elapsed after
igniting the plasma, H2O2 began to move laterally outward.
The results are consistent with other reports of plasma-induced
chemistry using colorimetric probes, where the reaction
emanates from the plasma−liquid interface and transports to
the bulk with increasing time.29 The spatial distributions of
both IC and H2O2 were found to be slightly asymmetric about
the APPJ centerline, but more pronounced in the case of
H2O2. Relative to the APPJ centerline, H2O2 appears to move
downward within the solution on the left-hand side, while
accumulating near the surface on the right-hand side (Figure
4d).
To account for the dispersion of the products, still images

were used to generate lateral profiles of the changes in

Figure 4. Multispectral imaging. (a) Schematic illustrating the multispectral imaging apparatus to visualize redox reactions in plasma-treated
solutions. (b) A representative raw image of a 50 μM IC solution undergoing plasma treatment taken with the CMOS camera acquired using an
exposure time of 8000 μs with a 600 nm bandpass filter. (c) Images of 50 μM IC solution acquired with a 600 nm bandpass filter at various times
after plasma ignition. (d) Images of 50 μM IC solutions with excess TiOSO4 acquired with a 400 nm bandpass filter at various times after plasma
ignition. Dotted-dashed lines indicate the atmospheric pressure plasma jet (APPJ) centerline, and gray arrows indicate the flow direction of the
species in the liquid.
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absorbance. These profiles were generated by averaging over a
depth of 2.0 mm at a given lateral position. The lateral profiles
of the change in absorbance at 1 s after plasma ignition are
shown in Figure 5 for both IC and H2O2. In the case of IC, the

average change in absorbance was found to be negative for
lateral distances of approximately |x| ≤ 14 mm with respect to
the APPJ centerline as shown in Figure 5a, which is consistent
with the reduction reaction occurring near the plasma jet
centerline. For |x| > 14 mm, the average change in absorbance
goes to zero, indicating that the IC solution in this region
remained unchanged relative to the initial solution. Conversely,
the average change in absorbance for H2O2 was found to be
zero for lateral distances |x| ≤ 13 mm, suggesting that H2O2
was not forming close to the APPJ centerline as shown in
Figure 5b. At greater lateral distances from the APPJ
centerline, the average change in absorbance became
increasingly positive reaching a maximum at approximately
|x| = 30 mm, suggesting that H2O2 is most favorably formed in
the region surrounding the PLI. Even further away from the jet
centerline beyond |x| ≥ 30 mm, the value of the average
absorbance decreased toward the baseline value of zero. The
pH change for the IC solution used in the multispectral
imaging experiments was found to be negligible, changing from
11.2 to 11.0 after treatment. Since IC is a pH-dependent redox
indicator, multispectral imaging was also performed on a pH-
independent indicator (see Supporting Note 4 in SI) to verify

that the observed behavior was due to redox chemistry rather
than a possible localized instantaneous pH effect.
While the spatial electrochemical measurements and multi-

spectral imaging experiments revealed the same qualitative
trend, namely, reduction reactions occurring near the PLI with
the complementary oxidation half-reactions taking place in the
surrounding solution, there is a discrepancy in the character-
istic lengths between the two methods. More specifically, the
boundary between the half-reactions was found to occur at a
radial distance of r ≈ 3.0 mm in the spatial electrochemical
measurements and at a lateral distance of |x| < 13−14 mm for
the multispectral imaging experiments. One plausible reason
for this discrepancy is the size of the Luggin capillary used to
make the measurements near the PLI. While the radial
measurements were performed in increments of 0.5 mm, the
diameter of the probe was 3.0 mm. Thus, the actual distances
between the reduction and oxidation zones may be distorted. A
key difference between the two data sets was the vessel
geometry and size used in the experiments for each method
(Figures 2b and 4a), which would likely influence the transport
and recirculation of species between the two characterization
techniques. For multispectral imaging experiments, solutions
were plasma-treated in a rectangular quartz cuvette with
dimensions of 102.5 × 12.5 × 45 mm (l × w × h).
Unfortunately, the reference electrodes used for electro-
chemical measurements had outer diameters of 16 mm, and
thus, the spatial electrochemical characterization could not be
performed simultaneously in the vessel used for imaging.
Instead, electrochemical characterization was performed in
cylindrical vessels with a diameter of 125 mm and a height of
65 mm (Figure 2a). Furthermore, transport effects (Figure 4)
likely broaden the data in Figure 5 when compared to Figure 2.

■ CONCLUSIONS

In summary, a helium RF plasma jet impinging on an aqueous
solution containing the redox indicator IC was used as a model
system to identify where redox half-reactions occur in
electrodeless plasma−liquid configurations. The conclusions
of this work are supported by two independent experimental
methods of in situ electrochemical measurements and
multispectral imaging using colorimetric molecular indicators.
Reduction reactions take place near the plasma jet centerline,
and oxidation reactions take place in the adjacent solution.
Spatial electrochemical measurements revealed values of η̅rz
that were negative for 0 < r < 2.5 mm, and positive for 3.0 ≤ r
< 8.0 mm; indicative of reduction and oxidation half-reactions,
respectively. The multispectral imaging results revealed a
decreased absorbance for IC at 600 nm for |x| ≤ 14 mm,
suggesting that IC2− was reduced to H2IC

2− in that region.
The addition of TiOSO4 to the IC solution showed an
increased absorbance at 400 nm for |x| ≥ 13 mm, indicative of
the formation of a product of water oxidation H2O2. The
results of both data sets suggest that the electrodeless cathode
is located directly underneath the PLI, while the electrodeless
anode is surrounding in the adjacent solution. Despite the
apparent disparity in the characteristic lengths of electrodeless
anode and cathode between the two experimental methods,
the data sets show the same qualitative behavior. More
specifically, the electrodeless cathode is located directly
underneath the PLI, while the electrodeless anode is in the
surrounding solution.

Figure 5. Lateral profiles of average absorbance change. (a) Profile of
the change in absorbance at 600 nm generated using the multispectral
image of IC2− reduction from Figure 4c, 1 s after plasma ignition. (b)
Profile of the change in absorbance at 400 nm generated using the
multispectral image of H2O2 formation from Figure 4d, 1 s after
plasma ignition. Data were binned to increase the signal-to-noise ratio,
and black error bars are the standard deviation of absorbance due to
shot-to-shot variations on a time scale of 20 ms (images not shown).
Dashed gray line is the baseline.
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