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Abstract

The total internal reflection absorption spectroscopy (TIRAS) method presented in this article uses an inexpensive diode laser to detect solvated
electrons produced by a low-temperature plasma in contact with an aqueous solution. Solvated electrons are powerful reducing agents, and it
has been postulated that they play an important role in the interfacial chemistry between a gaseous plasma or discharge and a conductive liquid.
However, due to the high local concentrations of reactive species at the interface, they have a short average lifetime (~1 µs), which makes them
extremely difficult to detect. The TIRAS technique uses a unique total internal reflection geometry combined with amplitude-modulated lock-in
amplification to distinguish solvated electrons' absorbance signal from other spurious noise sources. This enables the in situ detection of short-
lived intermediates in the interfacial region, as opposed to the bulk measurement of stable products in the solution. This approach is especially
attractive for the field of plasma electrochemistry, where much of the important chemistry is driven by short-lived free radicals. This experimental
method has been used to analyze the reduction of nitrite (NO2

-
(aq)), nitrate (NO3

-
(aq)), hydrogen peroxide (H2O2(aq)), and dissolved carbon dioxide

(CO2(aq)) by plasma-solvated electrons and deduce effective rate constants. Limitations of the method may arise in the presence of unintended
parallel reactions, such as air contamination in the plasma, and absorbance measurements may also be hindered by the precipitation of reduced
electrochemical products. Overall, the TIRAS method can be a powerful tool for studying the plasma-liquid interface, but its effectiveness
depends on the particular system and reaction chemistry under study.

Video Link

The video component of this article can be found at https://www.jove.com/video/56833/

Introduction

Plasma-liquid interactions represent an area of growing interest in the plasma science and engineering community. The complex interface
between plasmas and liquids, which contains a variety of highly reactive free radicals, has found applications in many areas including analytical
chemistry, plasma medicine, water and wastewater treatment, and nanomaterial synthesis1,2,3,4,5,6. While there are various configurations
that can be used to bring a plasma in contact with a liquid7, perhaps the simplest is the plasma analog of an electrolytic cell, where one of
the standard metal electrodes is replaced with a plasma or gas discharge8. The plasma electrochemical cell consists of a reactor vessel, a
submerged metal electrode, and a plasma discharge, which can function as either the cathode or anode (or both). When the plasma discharge is
used as a cathode, gas-phase electrons generated in the plasma are injected into the solution. After the electrons enter the solution, their kinetic
energy dissipates on the timescale of femtoseconds9,10,11 primarily through inelastic scattering off the solvent molecules. Once the electrons
have reached a near-thermal kinetic energy, they trap and solvate in a cavity formed by surrounding solvent molecules. Depending on the
solvent and temperature, these "solvated" electrons may be stable until they react with some reducible species in the solution or with another
solvated electron. In aqueous solution, solvated electrons are also referred to as hydrated electrons12.

This process of solvation has long been known, and the detection of hydrated electrons generated by procedures such as pulse radiolysis
or flash photolysis has been studied since the 1960s13,14,15. In traditional radiolysis and photolysis, the solvated electrons are produced via
ionization of the solvent molecules; however, electrons solvated at the plasma-liquid interface are injected from the gaseous plasma16. Previous
experiments have determined that hydrated electrons absorb red light near 700 nm13,14,17, which allows them to be experimentally studied via
optical absorption spectroscopy. Other experiments have measured their diffusion constants, their reaction rates with hundreds of chemical
species, their radius of gyration, and their charge mobility, among other properties of interest12,18.

Within the literature, several methods to detect solvated electrons have been reported, which can be separated mainly into two types: bulk
dosimetry, where solvated electron presence is inferred from the bulk chemical analysis of their reaction products, and direct transient absorption
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spectroscopy, where the electrons' absorbance is measured as the reaction takes place. The latter category, upon which the methodology
presented here is based, has the advantage of direct and instant evidence, as well as the ability to monitor intermediate reactions.

The rationale behind the development of the total internal reflection absorption spectroscopy (TIRAS) methodology was to directly study the role
of solvated electrons at the plasma-liquid interface. The reflection geometry was chosen, because the production of solvated electrons using
a plasma discharge, as opposed to methods like radiolysis or photolysis, occurs at the interface between the plasma and the liquid. When a
probe laser grazes the surface at a shallow angle of incidence, it is totally reflected back into the solution and out into a detector, less the small
amount of light absorbed by the electrons. With no light escaping into the plasma, the experimental technique only measures free radicals in the
liquid phase, just beneath the interface, and is thus a highly sensitive interfacial measurement technique. Additionally, the total internal reflection
phenomenon has the advantage of eliminating noise from the changing of partial reflections due to surface fluctuations, which could otherwise
dominate the signal.

The TIRAS protocol outlined in this article has three essential features. The first is a plasma electrochemical cell, which consists of a transparent
glass beaker with two optical windows at angles of approximately 20° facing downward and a controlled headspace of argon gas. The second
feature is the optical measurement system, which includes a diode laser, an optical cage, and a photodiode detector. The laser provides the light
that is absorbed by the solvated electrons, and is mounted in line with an adjustable iris and a 50 mm lens in an optical cage. This arrangement
is mounted on a goniometer, which allows it to be rotated to a desired angle of incidence. The intensity of the transmitted light is then measured
by the photodetector, which consists of a large area photodiode wired in a reverse-bias leakage circuit. Finally, because of their high reactivity,
solvated electrons only penetrate ~10 nm into the solution, which yields an extremely small optical absorption signal of ~10-5 optical density.
To ensure a sufficiently high signal-to-noise ratio, the third essential component is a lock-in amplification system, which consists of a plasma
switching circuit and a lock-in amplifier. In the switching circuit, a solid-state relay circuit modulates the plasma current between a high and a
low value at a carrier frequency of 20 kHz set by a function generator. This, in turn, also modulates the solvated electron concentration at the
interface and their optical absorbance. The lock-in amplifier then takes the signal from the photodetector and filters all noise outside the carrier
frequency.

The TIRAS method has great potential to reveal important chemical processes in plasma-liquid experiments, particularly in plasma
electrochemistry. The reduction and oxidation pathways are primarily driven by a variety of short-lived radicals at the plasma-liquid interface, and
the detection of the species is extremely important for understanding the interfacial chemistry. The in situ monitoring capabilities of TIRAS will
help establish a greater understanding of the important electron-driven reactions involved at the plasma-liquid interface. TIRAS, for example,
makes the measurement of reaction rates possible in the presence of electron scavengers. Previous studies have focused on the reduction of
NO2

-
(aq), NO3

-
(aq), and H2O2(aq) scavengers dissolved in the aqueous solution16, as well as the reduction of dissolved CO2(aq)

19. Other studies
have focused on the effect of the plasma carrier gas on plasma-solvated electron chemistry20.

Protocol

1. Constructing the Experimental Setup

Note: To run this experiment, assemble a system consisting of a plasma reactor where the reaction will take place, optical components for
absorbance measurements, and the electronic lock-in amplification system to process the signal.

1. Construct the plasma electrochemical cell.
1. Manufacture a reactor cell consisting of a transparent glass vessel, 50.8 mm (2 in) in diameter, with two optical windows at angles of

approximately 20° down from the normal plane.
2. Construct a non-permeable lid containing four orifices, which will be used to introduce the plasma electrode, a platinum anode, and a

small hose for flushing the head space with argon (Ar).
 

Note: The fourth orifice will allow Ar to vent from the head space.
3. Form the anode by attaching a piece of platinum foil to a stainless-steel rod.
4. Form the cathode by sharpening the end of a 1.58 mm (1/16 in) outer diameter, 0.178 mm (0.007 in) inner diameter stainless steel

capillary. Connect an Ar hose to the blunt end of the capillary using appropriate fittings.

2. Construct the optical measurement apparatus.
1. Construct a laser source consisting of a 670 nm diode laser, an adjustable iris, and a 50 mm lens all mounted in a 30 mm optical cage

system. Mount the cage to a goniometer, so that the entire system may be rotated at an angle of 19° with the laser directed into one of
the optical windows of the electrochemical cell.
 

Note: Other laser wavelengths may also be used, see Ref 16.
2. Construct a photodetector consisting of a large area photodiode wired into a reverse-bias leakage circuit. Mount the photodetector to

a goniometer so that it may receive reflected light through the optical window of the electrochemical cell opposite to the laser source.
Additionally, mount to the detector a bandpass filter corresponding to the laser wavelength.
 

Note: A diagram of the photodetector circuit can be seen in Figure 1. For such a circuit, the output voltage is directly proportional to
the laser intensity.

3. Construct the plasma switching circuit and lock-in amplifier circuit.
 

Note: The electronic components include a high voltage power supply, a high voltage switching circuit, a function generator, a voltmeter, and
a lock-in amplifier.

1. Connect the high voltage power supply so that it may apply a direct current (DC) bias of approximately -2.5 kV between the plasma
electrode and the anode to generate the plasma.

2. Use a custom-built switching circuit to modulate the plasma current between high and low values at a carrier frequency of 20 kHz.
 

Note: A schematic of the circuit is shown in Figure 2. The high-voltage power supply drives the current through two ballast
resistors connected in parallel. While a small current continuously flows through the 3 MΩ resistor, the current through the 220 kΩ
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is continuously switched by an insulated gate bipolar junction transistor (IGBT). The function generator produces the 20 kHz driving
frequency, and is connected to the IGBT through an optical isolator, which isolates the high-voltage power supply from the function
generator.

3. Integrate the lock-in amplifier to allow the output of the photodetector to be connected to it.
 

Note: The lock-in amplifier will filter noise outside of the 20 kHz band. Its outputs, namely the amplitude and phase of the absorbance
signal, should be recorded by a computer. An in-house program was used to record the output.

2. Prepare NaClO4 Solution as a Conductive Background Electrolyte

1. To prepare a 0.163 M NaClO4 solution, which is the concentration used in this experiment, dissolve 10 g of NaClO4 in 500 mL of deionized
water. Note: NaClO4 was chosen as an electrolyte because it does not react with solvated electrons. The concentration of 0.163 M is only
representative, and different concentrations can be used, typically on the order of 0.001-0.1 M.

2. Pour 60 mL of NaClO4 into the plasma reactor.

3. Prepare Setup for Measurements

1. Prepare the electrochemical cell set-up and purge the reactor.
1. Insert the anode through the appropriate orifice into the non-permeable lid. Partially submerge the anode beneath the surface of the

solution.
2. Connect the plasma electrode (cathode capillary) to a mass flow meter connected to an Ar tank and insert the capillary through the lid.

Suspend the tip of the capillary approximately 1-2 mm above the surface of a solution. Use a camera to measure the distance between
the capillary and the liquid surface.

3. Connect the small hose to a mass flow meter connected to an Ar tank, and insert the hose through one of the orifices in the lid; this
forms the purge line.

4. With the cathode, anode, and Ar purge line in place, secure the non-permeable lid to the top of the reactor cell.
5. Turn on the Ar flow through the purge line to approximately 250 cm3/min for at least 5 minutes to flush out air from the headspace of

the plasma reactor.
 

Note: The flow rate and the duration of applied flow depend on the volume of the reactor and the volume of solution in the reactor; the
values used here are representative. Failure to flush out air will lead to side reactions driven by dissolved oxygen in the solution (see
Ref. 21).

2. Align the measurement.
1. Set the flow of Ar through the plasma electrode to roughly 10 cm3/min. Align the reactor so that the laser hits the plasma-liquid

interface. Do this by observing light being scattered off the dimple by the flow of Ar gas.
2. Close the flow of Ar to the plasma electrode and wait for the laser spot to return to its normal size. Once this happens, align the

photodetector so that the laser hits the center of the detector.

3. Measure baseline signal intensity and prepare electrical system.
1. Connect the photodetector output to a voltmeter and measure the voltage given by the laser. Record this value, as it will be used later

to normalize the measured absorbance signal.
 

Note: This value is directly proportional to the incident intensity I0.
2. After measuring the incident intensity, disconnect the cable from the photodetector and connect it to the input of the lock-in amplifier to

lock with the signal at the 20 kHz carrier frequency.
3. Connect the transistor-transistor logic output of the function generator to the frequency input of the lock-in amplifier.
4. Make sure the lock-in amplifier, function generator, and high-voltage power supply are turned on.

 

Note: The experiment is now ready to be initiated.

4. Start Experiment and Data Collection

Note: An in-house program is used for data collection. Additionally, this system is automated to ensure precision and reduce human error. The
underlying process of this automation is described in the following steps.

1. Turn on the laser and begin measuring absorbance. Allow time for the noise to be integrated down to a sufficiently low level.
2. Set the high-voltage power supply to a voltage difference of approximately -2.5 kV to ignite the plasma.

 

Note: A photograph of the plasma discharge at a distance of 1 mm from the liquid surface is shown in Figure 3.
3. Wait approximately half a minute for the amplitude measured by the lock-in amplifier to reach a steady-state and, thereafter, record the signal

for approximately 2 min.
4. Turn off the laser and wait for the laser signal to reach a steady-state. Subsequently, measure the absorbance for half a minute.

 

Note: This measurement will be subtracted from the previous absorbance measurements to account for the noise from the plasma.
5. Turn off the plasma by switching off the high-voltage power supply.
6. To repeat an experiment, make sure the plasma electrode is still aligned. To do this, retract the plasma electrode at least 1 cm and then open

the flow of Ar through the capillary. Repeat steps 3.2 to 4.5.
7. If no more experiments will be repeated, turn off all electronic instruments, take off the lid from the electrochemical cell, and dispose of the

NaClO4 appropriately.
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5. Data Analysis

Note: Output from the lock-in amplifier contains information about the amplitude R and phase ϕ of the 20 kHz absorbance signal. This can be
represented by cosine and sine components, X and Y, respectively. Because the lock-in amplifier measures the modulated amplitude of the
signal between the high and low currents set at step 1.3.2, the X and Y represent the differences between these two signals, and are used to
measure the difference of absorbance between the low and high states, ΔI.

1. To properly analyze the data, normalize the X and Y time vectors by dividing them by the incident intensity voltage I0.
 

Note: This voltage, which was measured in Step 3.3.1, is directly proportional to the optical intensity, as are the signal components X and Y.
Therefore, dividing X and Y by this value should yield dimensionless vectors representing the in-phase and out-of-phase components of the
20 kHz absorbance signal.

2. Obtain the average of X/I0 and Y/I0 from the moment steady-state was reached after the plasma was turned on until the laser was turned off.
 

Note: Figure 4 shows the normalized absorbance RMS magnitude R measured throughout the experiment. The plasma was switched on
after 30 s, the absorbance signal reached steady-state at a time of 50 s, and the plasma was switched off at a time of 150 s.

3. Likewise, obtain the average of X/I0 and Y/I0 from the moment the laser was turned off until the plasma was turned off to obtain the cosine
and sine components of the plasma noise. Note: In Figure 4, the plasma was turned off at a time of 150 s, and the noise measurement was
the average absorbance detected from a time of 170 s to 200 s.

4. To obtain the cosine and sine components of the absorbance signal, subtract the averages obtained in step 5.3 from the averages obtained in
5.2.

5. To calculate the true absorbance, calculate the square root of the sum of the squares of the X and Y components of the signal obtained in
step 5.4 as it is shown in Equation 1.
 

 (1)

6. Extraction of Parameters

1. Calculate the concentration of solvated electrons in the solution by assuming a steady state between the rate at which solvated electrons are
introduced into the solution by the plasma, and the rate at which they are consumed.
 

Note: The consumption of solvated electrons, in the absence of other reactions, occurs through the second order recombination of electrons
as shown in Equation 2.
 

 (2)
1. Use Beer's Law, as shown in Equation 3, to find the concentration of the solvated electrons as a function of an unknown penetration

depth l, where ε is the molar extinction coefficient, and θ is the angle of incidence (defined as 19° in step 1.2).
 

Note: The extinction coefficient of the solvated electron is ~ 19,000 L mol-1 cm-1 as described in Ref. 18.
 

 (3)

2. To extrapolate the unknown penetration depth, combine Equation 3 with Equation 4, which assumes electrons are introduced at a
rate proportional to the current density of the plasma, where k is the reaction constant of the second order recombination, q is the
elementary charge, j is the current density, and NA is Avogadro's number.
 

Note: A factor of 2 is included in Equation 4 to denote that two electrons are consumed by the reaction in Equation 2.
 

 (4)
 

The penetration length l and concentration [(e-)aq] can be determined from the measured signal using Equations 3 and 4.

7. Reaction Rate Estimation

Note: When electrons solvate in a solution with unreactive electrolytes such as NaClO4, solvated electrons are only consumed by the reaction in
Equation 2. However, solvated electrons have the capacity to reduce a wide variety of cations, anions, and neutral species. When any of these
electron scavengers are dissolved in the aqueous solution, they react with the solvated electrons. This lowers their equilibrium concentration and
leads to a reduction of the absorbance detected, which allows the TIRAS methodology to estimate the reaction rate constants of these reactions.
When a new reaction is introduced, the rate balance becomes:
 

 (5)
 

where [(S)aq] is the concentration of the electron scavenger in the solution, and k2 is the reaction rate constant associated with its reaction.
However, if the scavenger concentration is sufficiently large, Equation 5 can be simplified to:
 

  (6)
 

Equation 3 can be then combined with Equation 6 to obtain a relationship between absorbance and the scavenger concentration.
 

 (7)

1. To measure the reaction rate constant of solvated electrons with an electron scavenger, start by dissolving the scavenger in the NaClO4
solution, which was prepared in step 1.
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Note: The non-reactive NaClO4 in the solution ensures a solution conductivity high enough for plasma stability. The concentration of the
scavenger should be high enough to compete with the second order recombination, otherwise, the reaction will not take place.

2. Repeat steps 2.2 to 6.1.2 with different scavenger concentrations, and measure the difference in absorbance calculated in step 5.5, with
respect to the pure NaClO4 solution.

3. Make a plot of the absorbance as a function of [(S)aq]
-1.

 

Note: If the scavenger concentration is sufficiently large for Equation 6 to be valid, plotting the absorbance as a function of [(S)aq]
-1 will yield

a straight line with a slope dependent on the rate constant k2.
4. Extrapolate the reaction rate constant k2 from the slope of the line.

 

Note: For additional details, as well as examples of how this was applied to the reactions of NO2
-
(aq), NO3

-
(aq), and H2O2(aq), CO2(aq) with

solvated electrons, see Ref. 16,19.

Representative Results

As mentioned in step 5 of the procedure, this experiment measures the cosine and sine components of the absorbance signal, the phase angle
between them, and the magnitude of the signal. A plot of the magnitude of the signal and its two components is shown in Figure 4.

Occasionally, there will be measurements which may be not optimal or even unusable. This may be due to a misalignment of the laser with the
plasma beam or the introduction of noise into the system. An example of a good and bad measurement may be seen in Figure 5, where an
unknown noise signal was detected in one of the experiments. The absorbance signal is almost identical at early times for both measurements;
however, halfway through the experiment, one of the experiments detects a noise signal, which is seen as two spikes in the plot. These spikes
distort the measurement of the true magnitude of the absorbance signal. It is normal to sometimes have small variations in the signal, but when
variations are large such as in Figure 5, discarding the experiment should be considered.

 

Figure 1: Diagram of the photodetector circuit. The photodetector circuit consists of a large area photodiode wired in a reverse bias leakage
configuration, such that the output voltage is directly proportional to the light intensity. Please click here to view a larger version of this figure.

 

Figure 2: Diagram of the solid-state relay circuit. The solid-state relay circuit uses an insulated gate bipolar junction transistor (IGBT) to
switch the plasma current at 20 kHz. The 20 kHz carrier wave originates from a simple function generator, which is coupled to the IGBT via an
optical isolator. The optical isolator allows the function generator to be safely grounded, lowering the risk of electrical shock. Please click here to
view a larger version of this figure.
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Figure 3: Plasma formation. Photograph of an Ar plasma formed between the plasma electrode (capillary) and the liquid surface. Please click
here to view a larger version of this figure.

 

Figure 4: A typical data set of the signal components vs. time recorder from the lock-in amplifier. The plot contains the magnitude (-),
X component (- - -), and Y component (•••) of the absorbance for an experiment with a 635 nm laser. With the laser on and plasma off, the
measured signal is merely noise, as there are no solvated electrons to absorb light. When the plasma is turned on, the signal increases as the
electrons absorb the light. When the laser is turned off, a small signal remains due to electromagnetic interference from the plasma current
switching at 20 kHz. Please click here to view a larger version of this figure.

 

Figure 5: Example of good (straight line) and bad (dashed line) absorbance measurements with a 635 nm laser. Early on, the absorbance
measurements are almost the same, but halfway through the experiment, one is affected by an unknown source of noise (seen as two spikes)
that distorts the absorbance measurement. Please click here to view a larger version of this figure.

Discussion

The results show that the measurement of absorbance of light at the plasma-liquid interface is an effective method to detect and measure
the concentration of plasma-solvated electrons in an aqueous solution. The subsequent measurement at different wavelengths results in the
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measurement of the absorption spectrum. Though this experiment was done in an aqueous NaClO4 solution, the methodology should be valid for
a great variety of other liquids, provided that electrons can solvate in the liquid.

A useful feature of experiments with the NaClO4 solution, is that NaClO4 is non-reactive with solvated electrons. Knowing the absorbance and
concentration of solvated electrons in the NaClO4 solution can prove useful with the introduction of new chemical species or with the use of
another solvent, as it can be used as a control. The difference in concentration, when only one new chemical is added, can be attributed to a
reaction, with the ability to measure the reaction rate constant.

Because of the potential for the absorbance to be diminished in the presence of other chemical species, it is important to perform an experiment
under an inert atmosphere, such as Ar or helium. This prevents the dissolution of other reactive gaseous species in the liquid that may
inadvertently react with the solvated electrons and affect the measurements20. It is also important to consider that the distance of the plasma
electrode from the liquid affects the diameter of the plasma beam and, consequently, the current density. This results in differences in the
concentration of solvated electrons and can also impact alignment of the plasma and laser. Therefore, the distance of the plasma electrode
should be fixed in order to ensure little deviation between measurements, especially when used as controls.

Future work involving this method may revolve around measuring the absorption spectrum of solvated electrons in different solvents. Analyzing
differences with respect to their pulse radiolysis counterparts might help identify the causes of the blue-shift that was observed in an aqueous
NaClO4 solution, such as in Ref 16. Another area of interest is to develop methods to measure, directly or indirectly, the concentration of other
species relevant to plasma-liquid interfaces and electrochemical reactions. The coupling of the detection of other species, along with solvated
electrons, may enable a better understanding of the different steps in the chemical reaction chain, and enable the identification of the role of
intermediary species. In general, a broadening of the understanding of particularities of reactions caused by plasma-liquid interactions, or in the
ability to measure concentrations of chemicals during the reaction, would further increase the range of applications of this methodology.

An identified limitation of the method is that it relies on the measurement of absorbance to obtain the concentration. Therefore, anything that may
obstruct the transmission of light, including the precipitation of a product or the changing of solution color, will negatively affect this method. Such
is the case of the precipitation of metallic nanoparticles (e.g., silver or gold), which can be fabricated easily using a plasma-liquid system22 and
absorb light as they fall from the interface to the solution. Another thing to consider is that the absorbance signals of plasma-solvated electrons in
aqueous solvents are on the order of 10-5 and, consequently, any introduction of noise to the system will inevitably distort the measurement. This
is particularly noticeable in measurements where the laser wavelength deviates considerably from the peak of the absorption spectrum.

Altogether, the greatest advantage of this method lies in the in situ direct measurement of solvated electrons at the plasma-liquid interface. This
is a powerful tool compared with other methods that only consist of the bulk analysis of reaction products in the solvent. Obvious advantages
include the detection of short-lived intermediary species and the monitoring of a series of reactions as they occur. That said, the analysis of
some reactions might not be ideal, or even possible, in accordance with the limitations previously listed. There is also much to understand about
the behavior of electrons from their transition from the plasma into the solution, and their process of solvation to a pseudo-steady state before
reacting.
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