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Abstract

Charge carriers have been studied for use in applications such as fuel cells, redox flow batteries, and electrochemical CO,
reactors for conversion to value-added products. Here, transient-based equilibrium models are developed for two well-known
charge carriers: methyl viologen (MV) and ethyl viologen (EV). The models are simulated using Butler-Volmer kinetics
until steady-state is reached. EV is favored over MV due to lower dimerization, and enabling over 2 X production of reduced
EV*over MV*. MV and EV products do not appear to significantly change, except only under sufficiently acidic conditions
(pH < 4). Charge and energy input requirement are used to assess total system efficiency and potential for system scale-up via
chronoamperometry. The charge and energy analysis performed with EV as the charge carrier reveals that optimal charging
voltage is around — 0.8 to — 0.85 V vs. Ag/AgCl, which is above the minimum reduction voltage (around — 0.6 to — 0.7 V
vs. Ag/AgCl) and suggest more favorable conditions for performing such charge carrier reductions.

Graphical abstract

Potentiostat Data Logger
Working Reference Counter
Vent Port
| 100 — T T
T
Saturator rap . e
pl & & Experiment
| 80P, B m o i 4
! [ B
60 1 I
-~ L | 4
' I:] Anode - e : [EV2* > EV¥
SulfuricAcid & : . T
) Carbon Felt 5 40k
Electrode 5 I  } 0:
Pt Wire : ' ™
Electrode 20r | *
Cathode -
I
Viologen + Buffer : EV* - EV° ; {
Nafion 115 0 L " L L "
Membrane 11 10 09 - 08 -07 -06 -05
Reference Voltage (V vs. Ag/AgCl)

Electrode

Keywords Charge carrier - Viologen - Electrocatalysis - Cyclic voltammetry - Batch cell reactor - Modeling - Speciation -
Chronoamperometry

1 Introduction

54 Daniel Moreno Electron charge carriers, or charge mediators, have served as

danielmoreno @missouristate.edu redox indicators in various biological and biochemical pro-
cesses [1-4]. Some of the direct uses of mediators include
microbial fuel cells [5-9] and photoelectrochemical cells
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such as in redox flow batteries and supercapacitors [12—17]
will be invaluable in the future for renewable energy storage.
Charge mediators have also been studied for their usefulness
in assisting the selective electrochemical reduction of car-
bon dioxide (CO,) into value-added products [18, 19]. Most
charge mediators readily dissolve into ions in water. When
dissolved into a solution, the charge carrier cation can be
reduced into a variety of different species [20]. The specia-
tion of charge mediator formed depends primarily on the
surrounding electrochemical potential, concentration, and
pH conditions [1], which determine transfer proton/electron
capacity.

Among the most commonly known electron mediators
are viologens, which were first documented in 1933 [1] and
subsequently used for many bio-catalytic applications [2].
Methyl viologen (MV, tradename paraquat) is perhaps the
most extensively studied as a biocatalyst. Reduction voltages
for the first electron transfer of viologens typically range
from — 600 to — 700 mV vs. Ag/AgCl reference electrode
[2, 21]. Additional reduction of viologen, which occurs at
over — 950 mV vs. Ag/AgClI (— 986 mV vs. SCE) [22, 23]
and has also been reported to occur at voltages even lower
than — 1.1 V vs. SCE. These voltages may be less stable
and hard to re-oxidize back to previous states [24]. While
methyl viologen has been one of the most extensively stud-
ied charge carriers, it faces serious environmental concerns
with toxicity [25] and the potential to cause lung cancer [26].
One alternative is ethyl viologen (EV, tradename diquat),
which has lower toxicity [27] and is not a suspected lung
carcinogen [28]. EV also displays greater conductivity and
maintains nearly identical redox potentials [1, 2]. Degrada-
tion through dimerization of viologens and quinones has
also been reported to be an issue as it competes with desired
reaction products and can be difficult to reverse [13, 29-31].
Consequently, there is a need to reliably predict the state of
the charge carrier, requiring more robust theoretical models
which can aid in their design [29, 32, 33].

It has been stated previously that it is necessary for violo-
gens to be optimized before commercialization. Recently,
rigorous studies have been conducted on the characteriza-
tion, synthesis, and long-term cycling performance of such
systems [34-38]. While electrochemical studies reliably
estimate kinetic parameters such as diffusion constant and
reaction rates, the assessment of the variation in particular
species long-term has not been as closely studied. To the
best of the authors’ knowledge, only a few recent studies
have directly examined the independent speciation of prod-
ucts charge mediator products [29, 32, 39]. Expanding upon
existing work can enable more focused studies on experi-
ments and relevant parametric ranges to corroborate compu-
tational models. Additionally, an electrochemical model is a
fundamental tool as all parameters can be directly inserted or
fit to experimental data, and modified depending on the type
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of mediator and operating conditions of interest [40]. This
presents an opportunity to develop and expand on electro-
chemical models, which have not been examined as much in
recent studies despite other significant advances in the field.
One of the main motivations for developing the model is to
quickly assess product composition over a varying range
of voltage and pH values, eliminating the need for a larger
number of experiments.

The understanding of long-term behavior, for applications
such as batteries and capacitors, is necessary in order to opti-
mize carrier speciation and also assess the onset of dimeriza-
tion. Here, A range of electrochemical properties of MV and
EV will be compared to assess optimal operating conditions
for each charge carrier, including experimental design sug-
gestions. A rate-based transient model is constructed which
considers mass/charge transfer rate and electrochemical
properties to demonstrate dynamic convergence to predicted
thermodynamic equilibrium values at a given reaction time
scale. This study primarily considers applications for MV
and EV as charge carriers for CO, capture, but as previously
stated, the model can be extended to other uses such as in
batteries and electrochromatics. The model is also compared
with experimental chronoamperometry results to assess
the accuracy of the fitted parameters; the parameters fit to
experimental data are either taken from existing literature or
examined through a series of cyclic voltammetry tests and
varying scan rates. A product composition analysis confirms
that reactions proceed quickly, and dimerization competition
is present in the intermediate voltage ranges and at higher
concentrations. Lastly, the total charge and energy consump-
tion of EV are reported at various applied voltages, both of
which reveal that optimal EV reduction does not necessarily
occur at voltages which have previously been predicted in
experiments. The model is verified for at least 1 hour of run
time for voltages ranging from — 0.5 Vto — 1.1 V vs. Ag/
AgCl, with optimal performance for EV occurring around
— 0.85 V. The primary aim of this work is to demonstrate
the feasibility of the models, which simultaneously incor-
porate fundamental electrochemical theory and enable the
refinement of parameters through experimental results. In
the future, by examining different charge carriers, advan-
tages and disadvantages of each can be more immediately
predicted for applications such as electrochromic devices,
batteries, and CO, conversion fuel cells [41, 42].

2 Modeling

The electrochemical cell is modeled as a single (0-D) unit, as
the primary objective is to determine how current, cell voltage,
and different reaction products change with time to best con-
nect with experimental data. To eliminate gradients, the core of
the model neglects diffusion simply, allowing concentrations
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in the region modeled near the electrode to “disperse” to the
bulk solution (well-mixed) via a moving average calculation.
This is accomplished by employing a mixing fraction, denoted
by f, which is further explained in the SI. The modeled area
near the electrode is a perfectly mixed volume where the spe-
cies diffuses much faster than they can react. Spatial variations
are thus incorporated through the non-physical moving average
scheme. This results in two perfectly mixed volumes: an outer
bulk and inner reaction volume which communicates through
the non-physical method—moving average with a mixing
fraction to control the speed at which the inner volume mixes
into the outer volume. Volume-averaging schemes [43, 44]
and related reduction in system dimension [45—47] have been
discussed and employed in previous electrochemical literature
and the technique employed here further simplifies the model
from 1-D to 0-D with appropriate experimental correlations.
Thus, mass transport through a gradient is not included in the
model due to the averaging scheme used, but mass transport
between the cathode and anode is included. Accordingly, the
system can still exhibit a limiting current due to mass transfer
considerations, which are accounted for in the model and later
shown to be verified with experimental results.

The thermodynamic modeling in this work is based on
Nernstian equilibrium [31, 32]. Further details on the transient
model are detailed in the Supporting Information; here, only
an overview of the key reactions involved are discussed. The
transient model developed is similar to a previous study with
equilibrium conditions for CO, reduction [48], but here the
spatial variations in the product compositions are neglected.

The methyl viologen (MV) samples considered in this work
consist of a dichloride hydrate anion (Fig. SI1A). Only the
reaction pathways for MV are presented here; ethyl viologen
(EV) is assumed to have similar reaction pathways [1, 2, 13].
Here, the EV cation is paired with a dibromide anion (Fig.
SI1B). The known electrochemical reductions of the dis-
persed MV>* solution to MV* and subsequently to MV are
as follows:

MV* 4+ ¢~ & MV* (1)

MV* + ¢~ o MV’ )

Three additional reactions occur in solution, including the
dimerization reaction, salt dissociation, and protonation of the
reduced MV™ radical ion:

2MV* & MV? 3
MVCl, < MV** 4 2CI~ )
MV* + HY & MVH>* 5)

While other products have been explored/discussed [22],
they are not considered to contribute significantly to the
product speciation. The majority of other reaction products
are believed to occur from the dimer MV,>* and reduced
ion MV?. The full set of reaction pathways for the charge
carriers can be illustrated in a “scheme of squares” diagram
(Fig. 1). Here the salt dissociation is omitted as only sepa-
rated ion reactions are considered. Both MV and EV gener-
ally undergo two pH-independent redox reactions with the
first reduction product undergoing a possible dimerization
reaction (or protonation in more acidic environments). How-
ever, the sensitivity of pH to the quantity of the products
shown in Fig. 1 will later be assessed due to the proton con-
tribution in equilibrium constants.

The equations provided in greater detail in the Supporting
Information were solved in MATLAB using the Eulerian
forward discretization scheme used for ODEs. As the set of
equations could not be solved analytically, it was not pos-
sible to rigorously determine the error in this time step. The
time step chosen was sufficiently small such that it would not
cause a system instability. This increased the accuracy of the
computation while averaged values were considered in order
to neglect concentration/potential gradients.

3 Experimental

Cyclic voltammetry (CV) tests were run in a simple reactor
with cathode (working), anode (counter), and reference elec-
trodes in a single chamber of volume 30 mL. Electrochemi-
cal tests were conducted on a Gamry REF-600 Potentiostat
using current interrupt (CI) to compensate for ohmic resist-
ances. The CV tests were swept over a voltage range from
— 1.5to0 1.5 V vs. Ag/AgCl, to initiate the system and more
clearly illustrate the locations of the redox peaks. Then, the
solution was swept over a range of — 1.0to 0 V vs. Ag/AgCl
at various scan rates to analyze specific locations of redox
peaks. For the CV tests only, electrolytes were used corre-
sponding to prior literature studies to ensure similar redox
values could be replicated [32, 49]. For MV, that electrolyte
was 0.1 M KCI (Cole-Parmer Ionic Strength Adjustors).

|
MV* <> Myt <> MV°

L__i___l

MVH?*

Fig. 1 Scheme of squares depicting reaction products for MV/EV. All
processes are independent of pH. The salt dissociation of MV is not
included here due to its relatively minimal contribution
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Both charge carrier/electrolyte combinations were assessed
at scan rates of 5, 10, 20, and 50 mV/s to determine sensitiv-
ity to redox peak locations as well as current magnitudes. A
mass of approximately 180 mg carbon felt (AvCarb G100
Soft Graphite Battery Felt, Fuel Cell Store) was used as the
working electrode. The counter electrode consisted of an
approximately 520 mg platinum wire (99.9%, 1 mm diam-
eter, Sigma-Aldrich) submerged in the cathode solution, and
Ag/AgCl was the reference electrode (Basi MF-2052 Ag/
AgCl Reference Electrode, 3 M NaCl).

In all other experiments involving direct applied voltage
electrolysis, an acrylic batch cell (Fig. 2) was used. The cath-
ode chamber consisted of a carbon felt working electrode,
200 mM potassium phosphate buffer solution, and a 10 mM
charge carrier. The anode chamber functioned primarily
to supply protons and consisted of a Pt wire (same wire as
mentioned above) counter electrode in a 1 mM sulfuric acid
(ACROS Organics) solution. The cathode chamber was stirred
consistently to maintain uniform composition inside the batch
volume for the duration of the experiment. The volumes used
here were 10 mL for each compartment. Ag/AgCl was used
as the reference electrode for the applied cathode voltage, and
the two sides were separated by a Nafion 115 (Fuel Cell Store)
proton exchange membrane (PEM) that had been soaked in DI
water for at least 24 h prior to the start of the experiment. Prior
to applying any external voltage/current, the cell was purged
with either CO, or N, gas to minimize oxygen interference,
allowing an additional 30 min for the Nafion membrane to

equilibrate in the cell. For the N,, it was expected that pH
would remain balanced at pH 7 since it is an inert gas, but the
CO, purge yields a lower pH (Fig. SI3) due to some formation
of carbonic acid and other carbonates.

The charge carriers used for the experiments were methyl
viologen dichloride hydrate (MV, 98%, Sigma-Aldrich) and
ethyl viologen dibromide (EV, 99%, Sigma-Aldrich). The
buffer consisted of a 50%/50% mixture of potassium phos-
phate monobasic (Fisher Chemicals, 99.9%) and potassium
phosphate dibasic (Anhydrous, MP Biomedicals). The experi-
ments were purged with CO, (99% Purity Grade) to decrease
the system concentration of dissolved oxygen (DO), which can
lead to unwanted secondary reactions, including charge loss
through oxidation.

In both the model and experiments, charge and energy
values were calculated as integrated current and total voltage
values in the cell over the operational time:

Total Charge Q = A / Ieendt 6)

Input Energy IE = Acell / icell Vtotaldt’ (7)

where the current density is multiplied by area A to con-
vert charge and energy into units of Coulombs and Joules,
respectively.
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4 Results and discussion
4.1 Transient-based modeling

The mixing parameter delay due to the presence of the mix-
ing fraction f is the primary reason that the total cell current
decays to a non-zero value to reflect the current leakage. The
delay caused by the mixing fraction slows down the equili-
brating time, which requires additional current input to offset
the delay. Oxygen-mediated chemical reactions may also aid
the re-oxidation of the charge carrier within the bulk solu-
tion [50]. Thus, as this mixing fraction decreases, the total
cell current may be higher at first due to the entire charge
carrier reacting, but will quickly decay to a lower value (Fig.
SI4A). This process may take a longer time before equilib-
rium is seen depending on the selected operating conditions,
but nonetheless is an obstacle in decreasing the required
input charge.

Experimentally, many factors can go into how averaging
parameters such as mixing fraction f are determined, some
of which are not replicated computationally. One such factor
that should be considered is the geometry of the setup, as the
orientation of the reactor chamber and electrode will affect
rate of transport of charge carrier within the reactor. The
size, mixing rate, and spatial effects inside the reactor can
also affect the ability of the charge carrier to react [51-53].
Such spatial effects are beyond the scope of the model, but
the volume of the reactor is considered. Clearly, with more
charge carrier mass at higher volumes, more charge input is
needed to maintain concentrations at electrochemical equi-
librium (Fig. SI4B). The computational model and Eq. S124
for bulk volume are shown to decrease reduction currents at
lower volumes, an important consideration when looking
ahead at system scale-up.

The exact choice of reaction rates primarily depended
on attaining a reliable fit to existing experimental data. The
values selected appeared in the range of published kinetic
reaction rates [21, 29, 49, 54], along with an estimation
based on experimental CV data, redox peak separation, and
diffusion constants. All kinetic values shown in Table SI1
were obtained in the range of 10%-102 m s~, so selected
values within that range proved reasonable for the time that
it should take for the charge carrier reactions to proceed.
Examining concentration-based changes computationally,
the dimerization of MV occurs much more rapidly and at
several orders of magnitude above that of EV (Fig. 3A,
B). At 10 mM, dimerization favors the reduced MV by
about 0.5 mM, but since dimer composes twice the amount
of MV, this is effectively over two-thirds the total MV in
solution that is dimerized. Furthermore, the dimerization
occurs at nearly the same rate as MV*, and the running
time of the experiment cannot be altered to favor MV™* over

dimerization. The model also shows a trace amount of sec-
ondary electrochemical reduction to MV, despite a voltage
insufficient to trigger reduction to that particular species.
This discrepancy is due to the iterative solution technique
of the thermodynamic equilibrium model, where the MV°
product begins to appear in trace amounts (1 107° mM) at
only — 0.6 V for MV and — 0.7 V for EV. Thus, the redox
voltages in the model are primarily equilibrium voltages and
not true cutoff threshold values below which a charge carrier
product would be unable to form [1].

When comparing the viologens, values of K, notably
decrease the extent to which dimerization occurs. In EV,
this suggests that a higher dimerization constant suppresses
dimerization as the values vary inversely with the amount
of dimer formed (Fig. 3C, D). As a result, EV* is now more
heavily favored, with only about 9% of the initial dissociated
EV?** unreacted. The undissociated salts here are considered
negligible; while EVBr, continues to increase, its signifi-
cance as a steady-state value is not reflected in the full equi-
librium solution for either viologen. For both viologens, the
convergence to the final products predicted by equilibrium
conditions is only 15 min on average.

4.2 Transient convergence to steady-state

When compared with steady-state equilibrium models at dif-
ferent voltages, the final product values all fully converge
after reaching steady-state at sufficient operation time, as
would be expected from comparing the forward and reverse
reaction rates. The MV and EV values are similar to existing
literature [1, 2, 32], with peak MV™ production occurring
at nearly the midpoint between the first and second electro-
chemical reductions (Fig. 4A, B). Notably, dimerization is
only sufficiently present in MV where in EV it is decreased
significantly due to the differing dimerization constant value.
For clarity, the steady-state model is also shown at a range
of different concentrations (Fig. SIS), confirming that the
dimerization only impacts MV more significantly in the
intermediate voltage range when concentration is higher.
For completion, the maximum viologen concentration is
extended to 100 mM. For MV as well as EV (Fig. SI6),
some of the initial unreacted viologen salt will remain if the
applied voltage is insufficient.

When considering pH variations, only the low acidic-
neutral values were considered and formation did not change
significantly when pH was raised to 7. Carbonate-based buffer
with potassium salt can enable a more basic pH range of opera-
tions. However, the higher pH values may not be permitted
in certain biological applications or in acid-based batteries.
Conversely, at other pH ranges, product formation does not
change appreciably (Fig. SI7). The protonation of viologen
product, while always factored into equilibrium operation, is
only present in acidic (pH <4) environments.
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4.3 Cyclic voltammetry

MYV and EV plots reveal peaks at values approximate to those
shown in previous studies (Fig. 5) [30, 55]. This confirms the
validity of the redox data consistent with literature and also
provides guidance on the optimal operating voltages. The MV
charge carrier displayed clearer results, but the EV showed
greater current magnitudes. In both cases, the redox peaks are
seen more clearly when scan rate is decreased to 5 mV s7!,
indicating that a small current should be reached at a stable
convergence time when all of the product is reduced.

Randles—Sevcik analyses have been conducted in several
recently published works to reliably estimate parameters such
as diffusion coefficients [36, 56-58]. A Randles—Sevcik analy-
sis was conducted on each of the CV tests to determine the
extent of diffusion coefficients for both the MV and EV redox
reactions. Here, only the first reduction and oxidation stages
(MV**/EV?* to MV*/EV*) were considered as it was most
desired to compare the relevant reactions used for most future
chronoamperometry studies. The scan rate was plotted against
the current for each redox peak and fit to the Randles—Sevcik
equation:

i, = 0.4463AC(zF) RT 8)

where ip is the peak current in amps, A is the electrode area
in cm?, C is the solution concentration in mol mL ™!, F is the
Faraday constant, D is the viologen diffusion coefficient in
cm?s~!, v is the scan rate in V s~', R is the gas constant in
Jmol ' K~!, and T'is the temperature in K, here assumed as
293 K room temperature.

To improve the accuracy of the method, the peak cur-
rents were measured relative not to 0 V, but to the averaged

value of the current during the entire CV scan. In all of
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Fig.6 Calculation of diffusion coefficients for MV and EV redox
peaks by plotting scan rate vs. peak current and fitting using Randles—
Sevcik analysis

the tests, the averaged CV current was negative (Table
SI2), with the EV currents notably more negative (— 24 to
— 32 mA) than the MV currents (— 6 to — 8 mA). Despite
considering this adjusted baseline current, the EV peaks
at each scan rate were always greater than the peaks for
the MV currents. This coincides with the greater electrical
conductivity of EV (see SI), suggested and shown in the
chronoamperometry tests.

For the CV tests, the chosen solution concentration
was 200 mM, because although the viologen concentra-
tion was lower at 10 mM, using a higher concentration
enabled a more proper alignment with diffusion values.
The completed Randles—Sevcik analysis (Fig. 6) yielded
most diffusion coefficients on the order of 10~ cm? s~! as
predicted from previous studies [59, 60]. Despite the
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baseline adjustment, all of the EV diffusion coefficients
obtained were greater than those for MV. The maximum
diffusion coefficient observed was for the oxidation of the
EV*, which may further reflect the change in the average
current when this particular species is re-oxidized after
charging. In the model, diffusion coefficients were not
immediately considered due to the lack of strong concen-
tration gradients, but could still be implemented to account
for limiting currents.

4.4 Chronamperometry and open-circuit voltage

The chronoamperometry tests at — 0.75 V vs. Ag/AgCl for
MYV and EV were compared against a blank sample, which
otherwise employed the same chemistry and operating
conditions as the viologen experiments. CO, and N, were
used as purge gases while the cell was charged for 1.5 h
and then discharged for 3 h. The initially higher current
seen in Fig. 7A suggests favorability toward product forma-
tion, and the subsequent current decrease helps minimize
input energy. When purged with CO, the steady-state cur-
rent magnitude in all cases remains below 5 mA, reaching
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these values within the first 10 min of the experiment. In the
blank sample, however, the current is initially smaller and
gradually increases, probably because it is only possible for
minor side reactions to occur in this case. The gradual cur-
rent uptick in Fig. 7A may explain why in Fig. 7B the blank
sample retained the higher initial voltage when left in an
open circuit (OCV) configuration. Conversely, the viologens,
while charged to a much greater extent than in the blank
sample, could not sustain this charge for more than 10 min
at OCYV, indicating the challenge of retaining reduced violo-
gen products in an open-air environment and reinforcing the
need to keep the system charged.

When purged with N,, Fig. 7C, D showed similar results,
but initial current for EV was more severely diminished,
leading to a more consistent decay throughout. At steady-
state, the current magnitudes for MV and EV were — 2.0
and — 0.7 mA, respectively, a decrease in magnitude over
the CO, purging by over 2 Xin both cases. Generally, the
CO, exhibits lower overall currents, decreasing required
charge input, but with this comes a lower retention of the
potential during the OCV. Thus, it may be preferable to
purge N, instead since the system will remain inert, with no
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Fig.8 Comparison of modeling charge and energy input data with experiments for 10 mM EV charge carrier at different applied voltages. A
Charge, B Energy. Experiments run and simulated for 1 h using CO, purging

hydrocarbons or other products of interest produced. Both
gas purges with N, and CO, do show a general increase in
the current from MV to EV.

In any case, the data between CO, and N, in the violo-
gen studies is mostly consistent, with EV requiring a higher
input charge but also subsequently releasing it quicker in
both cases. In both Fig. 7B and D, a more rapid release is
displayed, indicating that EV reduction is not as stable for
the reduced species EV*. This is to be expected since EV
requires a higher voltage to reduce, thus illustrating the
greater current reflected in Fig. 7A-C.

4.5 Connecting theory with experiment

The experiments to measure electrochemical performance
for a given charge carrier reduction can be fit to the model,
accounting for a molecular oxygen contribution that limits
mass transfer. When considering all of the model parameters
in Table SI1, testing with a charge of — 0.75 V vs. Ag/AgCl
yields a strong fit to both the MV and EV experiments (Fig.
SI8). Here, EV is selected for the charge/energy analysis
as well as the UV—Vis data shown in the Supporting Infor-
mation (Figs. SI9, 10), due to the decreased competition
with dimerization. The contribution of molecular oxygen is
important because it explains the continued rise in the over-
all system current even after the redox peak value necessary
to drive the single and double electron reactions are reached.
This rise in current is not seen from the kinetic equations
alone, which would otherwise lead to unrealistically high
viologen conversion values for a minimal current.
Charge/energy data during the charge time is analyzed
and resulting trends in the data as a function of applied
cathodic voltage is discussed. A key result demonstrated
in Fig. 8A is that the voltage range is divided into three

regions: (1) before the initial EV redox peak of — 0.685 V,
in which the model and experiment data closely align since
insufficient current does not allow O, to contribute signifi-
cantly; (2) above the second peak region, at which mass
transfer limitations come into play for the contribution of
0,; (3) in between the two peaks which is the critical region
in which desired EV™ is formed. This region also appears to
be the most challenging to currently capture the behavior of
the total current for. The fact that the model is overpredict-
ing the experimental charge for most values suggests that
an even lower O, contribution may be assumed. Neverthe-
less, a contribution of below 0.5 mM total is considered a
minimally invasive amount when compared with the value
of CO, or N, when saturated into an aqueous solution at
standard operating temperatures and pressures.

According to the model, a maximum charge value should
occur at around — 0.7 V as the activation toward EV* prod-
uct occurs (consistent with the CV data), but this is not pre-
sent in the experimental data. Additionally, a charge mini-
mum is predicted by the model around — 0.8 V which would
suggest a peak performance in efficiency (still within the
region between the redox peak), which suggests that our
initially tested voltage of — 0.75 V may not be the highest for
optimized production of EV* The energy results replicate
the charge data, demonstrating that the model can effectively
predict this transient data well at higher voltages (Fig. 8B).

While thermodynamic equilibrium data under applied
voltage conditions were successfully replicated from the
model, the charge/energy analysis also proved useful to
replicate charge carrier efficiency. Except for the aforemen-
tioned interior region, the model was a good fit to the trend
seen experimentally, and the fitting parameters found are
comparable to those already found in existing literature.
Improvements that could be made to the model include
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considerations about the products from side reactions such
as oxygen evolution [2, 50] and oxygen reduction at the cath-
ode due to outside air, which can increase input charge in
reactor systems open to the atmosphere. In addition to more
sophisticated modeling revisions, developing a more airtight
reactor to mitigate molecular oxygen is crucial to ensuring
charge carrier stability and improving efficiency. Finally, the
model can be improved upon to include additional reactions
to account for inefficiencies once their contributions are
more clearly understood. To develop a deeper understand-
ing of additional reaction products occurring, experiments
should not only consider UV-Vis, but also other techniques,
such as Raman spectroscopy or nuclear magnetic resonance
(NMR), to analyze full product composition.

5 Conclusion

A transient-based equilibrium model is developed to predict
changes in charge carrier product composition to (1) con-
nect with existing experimental data, and (2) ensure a rea-
sonable time scale at which convergence to thermodynamic
equilibrium conditions is met. With all three charge carri-
ers, appropriate selection of the model parameters enabled
strong correlations to experimental data for current density
and published work on concentration changes, through fur-
ther experimental validation is needed to assess the exact
formation of more complicated products. Under tested
experimental operating conditions of — 0.75 V vs. Ag/AgCl
and pH 6.3, MV and EV reached steady-state convergence
within approximately 15 min. From both experimental and
modeling data, an optimal voltage range is found in which
charge and energy input are minimized due to activating
the redox potential of the viologen (EV used for this analy-
sis), but before the contribution of molecular side reactions
becomes significant. This optimal performance is reached
around — 0.8 to — 0.85 V vs. Ag/AgCl, which is about 15%
additional voltage than the — 0.75 V which has typically
been used in past studies involving viologens. The analysis
developed in this study examines a viologen charge carrier
shuttling can be tuned while minimizing their experimental
use to the environmental toxicity. Designing charge carrier
reduction experiments around such conditions predicted
theoretically, rather than only at — 0.75 V vs. Ag/AgCl, may
enable more rapid and reliable charge carrier production to
assist in applications such as fuel cells, batteries, and CO,
conversion to value-added products.
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