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Abstract

We report full cell-cycling results for two electrochemically-mediated CO, capture and
release systems with newly developed redox-active molecules. Sodium 2,2'-(phenazine-1,8-
diyl)bis(ethane-1-sulfonate) (1,8-ESP) captures carbon through pH swing driven by proton-
coupled electron transfer, while 1,1'-bis[3-(trimethylammonio)propyl]anthroguinone dichloride
(1,5-BTMAP AQ) captures carbon through CO2-adduct formation. Cyclic voltammetry, UV-
Visualization, and fluorescence spectroscopy identify electrochemical and structural changes in
1,5-BTMAP AQ during carbon capture that corroborate with the CO; adduct-formation
hypothesis. Full cell bench-scale cycling studies of 1,8-ESP and 1,5-BTMAP AQ demonstrate
their high capture capacity and low energetic cost. At 20 mA cm2, CO; capture system 0.1M 1,8-
ESP with capture under 10% CO> and release under 100% CO> has a capture capacity of 2.0
molcoz molras™ (With 10% error) and an energetic cost of 52.46 kJ molcoz™ at 20 mA cm; CO;
capture system 0.05 M 1,5-BTMAP AQ with capture under 30% CO; and release under 100%
CO; has a capture capacity of 1.88 molcoz molras™ (with 10% error) and an energetic cost of
110.47 kJ molcoz* at 20 mA cm2. The high efficiency and scalability of these systems makes them

promising candidates for CO- capture and release applications.
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1. Introduction
1.1 Climate change and current carbon capture technologies

Climate change and global warming are increasingly accelerated by CO2 emissions from
human activities, particularly the burning of fossil fuels [1], [2]. Even as we transition to a clean
energy future and phase out fossil fuel combustion, CO2 capture, whether from point sources or
directly from air, is crucial. Fossil fuels will remain an indispensable energy source for a long time,
and even if the energy sector fully decarbonizes, hard-to-abate emissions will still exist. While the
development and implementation of renewable energy sources is ongoing, attempts are currently
unable to keep up with increasing CO2 emissions [3].

One increasingly studied mitigation strategy is carbon capture followed by sequestration
(Chu, 2009; House et al., 2018; Keith et al., 2018). Carbon capture followed by sequestration is
the practice of capturing CO2 from a point source or directly from the air, and then storing it
underground in geological formations. Solvent scrubbing, oxyfuel combustion, chemical looping
and calcium looping are common methods of carbon capture [4]. The predominant form of carbon
capture at industrial-scale point sources (e.g. concrete plants, fossil-fueled power stations) is amine
scrubbing. Despite the relatively low projected energy cost of ~80 kJ molcozt in advanced solvent
systems, its high rates of corrosion and degradation, as well as its severe environmental impacts,
are barriers to widespread, uncontroversial implementation [5]-[7]. Oxyfuel processes target
capture during fossil fuel combustion by using pure oxygen instead of air during combustion,
which emits a high concentration (up to 90%) of CO: for capture [8], [9]. Yet the high cost of
obtaining pure oxygen prevents its widespread use. While calcium looping has shown promise

with high thermal efficiency, challenges with low long-term cyclic capture performance leaves the



technology in development stages [10]-[12]. The CCS technology landscape continues to face

challenges with high energy cost, environmentally dangerous components, and scale.

1.2 Electrochemically-mediated carbon capture systems

In recent years, electrochemical carbon capture processes have shown great potential over
traditional carbon capture methods. Electrochemical carbon capture processes typically contain a
sorbent material that is activated and deactivated to capture and release carbon when
electrochemical potentials are applied [13]. The milder operating temperature and pressure
conditions, as well as the decreasing cost of renewable energy, makes electrochemical systems a
favorable alternative compared to conventional carbon-capture technologies [14]-[16].

There are two general classes of electrochemical carbon capture systems: direct processes
where electrochemistry directly interacts with CO2, and indirect processes where CO. interacts
with secondary features of the electrochemical system [17]. Direct forms of capture include
organic and transition metal redox reactions. Indirect forms of capture include electrochemically-
induced pH swings, which leverage the proportion of carbonate species in solution, as well as
electrophile displacement, where a competitive binding species is introduced and removed [18].

Different system structures may be leveraged for electrochemically mediated carbon
capture. Supported liquid membranes, solid-state electrode cycling, flow cells, as well as other
frameworks, have been studied as candidates for electrochemical carbon capture [13], [19]-[21].
Ultimately, the functionalities of a large-scale carbon capture and storage system demand a
modular, scalable design. One promising scalable, flexible architecture is redox flow batteries,

which have the capacity to cycle large magnitudes of electrolyte solution.



1.3 Redox flow batteries

Redox flow batteries employ reduction and oxidation reactions in liquid electrolyte
solutions to store energy [22]. Critically, their voltage components are physically separate and
decoupled from energy component. This architecture enables maximal flexibility and scalability
unrivalled by conventional batteries [23]. They show high potential for grid-scale energy storage,
especially for intermittent renewable energies like photovoltaic and wind electricity. Redox flow
batteries demonstrate key characteristics for grid-scale applications, such as durability over many
charge/discharge cycles and long calendar life, high efficiency, and rapid response to changes input
[22].

Starting with iron/chromium systems in the 1970s, bromine/polysulfide, all-vanadium,
vanadium/bromide, hydrogen-based, zinc/bromine, soluble lead-acid, and all-iron redox-flow
batteries systems have been demonstrated on the order of 100 kW to 10 MW [22], [24]. While the
grid-scale energy storage features of redox flow batteries inherently would advance the clean
energy transition, the same grid-scale architecture may be applied to carbon capture.

Bench-scale flow systems with controlled electrolyte and gas flow are often used in
preliminary studies for carbon capture liquid flow cells [17]. Electrolyte flows through an electrode
that is connected to a metal or graphite plate, which is then connected the power-supplying
potentiostat. A porous electrode membrane allows ions to flow between the negative and positive
sides of the cell while separating the flow channels. The flow cell is then hooked up to electrolyte
reservoirs with tubing, where flow rate is controlled by fluid displacement pumps. The reservoirs
may be purged with defined gas mixtures. Potentiostats, galvanostats, and power supplies serve as
controlled power sources during experiments. Instrumentation such as pH probes, gas flow

measures, and spectrometers may then be installed at target locations to take measurements. From



here, scale up leverages the modular nature of flow cells, including the flexibility of electrolyte
volume and concentration, as well as the stackability of cells. It is important to clarify that while
carbon capture-focused redox flow batteries still undergo charge and discharge, and quantities of

energy are stored and released, they ultimately do not function as energy storage cells.

1.4 Target redox-active molecule systems in this work: 1,8-ESP and 1,5-BTMAP

This work focuses on two systems that operate within redox flow cell systems. The first is
indirect capture with a proton-coupled electron transfer (PCET)-mediated pH swing, utilizing
redox-active species (RAS) sodium 2,2'-(phenazine-1,8-diyl)bis(ethane-1-sulfonate)
(1,8-ESP). The second is direct capture through CO2-sorbent adduct formation, utilizing RAS 1,1'-
bis[3-(trimethylammonio)propyl]anthroguinone dichloride (1,5-BTMAP AQ). Both processes
require electrical but no thermal energy input, are chemically stable, and are reversible [25]. Both
molecules are newly developed by chemist collaborators and demonstrated to be highly soluble.
The reduced and oxidized forms of these RAS are shown in Figure 1. Investigations with 1,8-ESP
shown in this thesis are included in a manuscript submitted to the journal Nature Energy, of which

| am a co-author [26].
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Figure 1: Molecular structures of (a) oxidized and (b) reduced 1,8-ESP and (c) oxidized and (d)
reduced 1,5-BTMAP AQ.

In this thesis, CO- capture and release cycles are carried out in an aqueous flow cell system
with two different redox active species: 1,8-ESP and 1,5-BTMAP AQ. Tables 1 and 2 illustrate
the CO: capture and release cycle with 1,8-ESP and 1,5-BTMAP AQ respectively. Each molecule
has two target reaction centers, thus two molecules of CO are captured and released per each
organic molecule. However, the mechanism for CO> capture and release differs between the two
negolytes: while 1,8-ESP relies on a pH-mediated process for carbon capture, 1,5-BTMAP AQ

directly forms a complex with two CO2 molecules.
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Posolyte Negolyte
Deacidification 2Fe(CN)e* — 2Fe(CN)e* + 2¢° 1,8-ESP + 2H20 + 2e- — 1,8-ESP-H2 + 20H"
(Charge)
CO2 Capture N/A 20H" + 2C0O2 — 2HCOs3
Acidification 2Fe(CN)e*> + 2e" — 2Fe(CN)s* 1,8-ESP-H2 + 20H" — 1,8-ESP + 2H20 + 2¢
(Discharge)
COz2 Release N/A 2HCOs — 20H" + 2CO2

Table 1: Reactions in the negolyte and posolyte of a battery undergoing pH-mediated CO> capture
with 1,8-ESP dissolved in the negolyte side.

Posolyte Negolyte

Deacidification | 2[BTMAP-Fc]?* — 2[BTMAP-Fc]®* + 2¢ BTMAP-AQ + 2H20 + 2e — BTMAP-AQ-H: + 20H-

(Charge)

CO2 Capture N/A BTMAP-AQ-H:z + 2CO2 — BTMAP-AQ-H2-2CO:>
20H" + 2C0O2 — 2HCO3*

Acidification 2[BTMAP-Fc]®* + 2e” — 2[BTMAP-Fc]?* BTMAP-AQ-H2 +20H" — 1,8-ESP + 2H20 + 2¢

(Discharge)

CO2 Release N/A BTMAP-AQ-H2-2CO> — BTMAP-AQ-H> + 2CO2
2HCO3 — 20H + 2CO2*

Table 2: Reactions in the negolyte and posolyte of a battery undergoing adduct-mediated CO-
capture with 1,5-BTMAP AQ dissolved in the negolyte side.

To demonstrate the pH- mediated process for carbon capture, an aqueous electrolyte with
dissolved 1,8-ESP compound on the negative side is paired with a ferrocyanide solution on the
positive side. The two sides are separated with a cation exchange membrane. During charge, 1,8-
ESP undergoes a two-electron reduction process and consumes two protons from surrounding
water molecules, correspondingly leaving hydroxide molecules in solution. We refer to this pH
increase as deacidification. In the presence of CO, hydroxide molecules react and form
bicarbonate and carbonate. This step completes the CO, absorption and energy storage half-cycle.

During discharge, the reduced 1,8-ESP is oxidized, and the released protons combine with

11



hydroxide to reform water, ultimately acidifying the solution. As pH decreases, CO: is outgassed,
and the second half-cycle is completed.

To demonstrate the adduct-formation process for carbon capture, an aqueous electrolyte
with dissolved 1,5-BTMAP AQ compound on the negative side is paired with a BTMAP-ferrocene
solution on the positive side. The two sides are separated with an anion exchange membrane.
Similar to 1,8-ESP, 1,5-BTMAP AQ reduces during charge and consumes two protons, releasing
hydroxide molecules in solution. Reduced 1,5-BTMAP AQ has two negative charge sites and thus
can form an adduct with two CO2 molecules, which completes the CO, absorption and energy
storage half-cycle. Upon discharge, reduced 1,5-BTMAP AQ releases two protons and the solution
is acidified. The 1,5-BTMAP AQ-CO. complex is electrochemically oxidized and CO: is
outgassed, completing the second half-cycle. While we believe CO, adduct formation to be the
primary carbon capture and release pathway with the BTMAP system, capture and release via
bicarbonate, as indicated by (*) in Table 1, may still proceed because it too is proton-coupled.

In this present work, | report the results of a detailed investigation of CO. capture
mechanism, capture capacity, and energetic cost with both 1,8-ESP and 1,5-BTMAP AQ
compounds. Cyclic Voltammetry is used to probe the electrochemical signature of these two
molecules, including insight on potential carbon capture mechanisms, energy cost, air stability,
and reversibility. UV-visualization (UV-Vis) and fluorescence studies back up these observations
from a different angle. Full-cell cycling experiments apply redox-active species to a flow cell
system, and CO> capture capacity, energy cost, and Coulombic efficiency is measured within this

environment.
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2. Experimental Details
2.1 Cyclic voltammetry

A three-electrode cell setup a 5 mm glassy carbon working electrode, a platinum counter
electrode, and either an Ag/AgCI (filled with 3.0M KCI) or a Hg/HgO (filled with 1M NaOH)
reference electrode was constructed. Cyclic voltammograms (CV) were conducted with 5 mM of
the desired RAS in different support electrolytes at a sweep rate of 100 mVs™. The glassy carbon
working electrode was polished with an aluminum slurry before and after each scan. Supporting
salt experiments were conducted under air, while all other experiments were air-sealed under N

or COz. All the CV plots are blank-corrected.

2.2 UV-Visualization

UV-Vis absorbance spectra were obtained with a DH-2000-BAL UV-Visualization light
source from Ocean Optics with optical fiber connectors, a quartz cuvette, and a cuvette holder with
inlet and outlet allowing for continuous flow of electrolyte. The cuvette holder was positioned
before the inlet of the flow cell, as shown in Figure 2. Since the cuvette pathlength was unknown,
it was experimentally determined. Through obtaining the absorbance spectra of varying
concentrations of ferricyanide, the exact pathlength was extracted using Beer-Lambert’s Law.
Given the slope of the fitted line in Figure 3 and the molar absorptivity of ferricyanide (0.00098
abs pum=cm?), the cuvette path length was estimated to be 100um. All the absorbance spectra are

blank-corrected.
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2.3 Full-cell cycling

Flow battery experiments were conducted with cell components from Fuel Cell
Technologies Inc. Interdigitated flow fields made up of pyrosealed POCO graphite flow plates
were used in each half cell of the battery along with a layer of carbon cloth per side. The torque
applied during cell assembly (for cells from Fuel Cell Technologies Inc.) was 60 Ib-in (6.78
N-m) on each of eight 3/8’-24 bolts, thus the load applied per bolt is approximately 800 Ibs. The
geometric area of each electrode was 5 cm?. The two half cells were separated by DSVN anion
exchange membrane for 1,5-BTMAP AQ and a Viton sheet (10 mils) as a gasket. All membranes
were soaked in 1 M KCI for over a day before operation. The electrolytes were pumped into the
cell using a peristaltic pump for the posolyte and a gear pump for the negolyte using fluorinated
ethylene propylene (FEP) tubing and with a flow rate of 50 ml/min.

A flow meter and CO: sensor were placed in the downstream of the negolyte after a
desiccator to prevent moisture from getting into the sensors. Mass flow controllers were
employed to precisely dictated the upstream gas ratios. A pH meter was fixed inside the negolyte
reservoir. The negolyte reservoir was completely sealed to prevent gas leakage from around the

tubes and pH meter. The schematic of the setup is shown in Figure 4.

pH Meter Mass Flow Controller

¥
g

I| Desiccator
Yy Flow Meter CO, Sensor

Posoly

Figure 4: Schematic of the Fe(CN)e (posolyte)-DSPZ (negolyte) flow cell and full system. Blue
arrows indicate gas flow direction [25], [27].
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For 1,8-ESP, all the flow cell tests were conducted with 100mM of RAS dissolved in 1M
KCI. A constant current of 20mA cm2 was used with cutoff voltages of 1.4V and -0.2V for charge
and discharge respectively. For 1,5-BTMAP AQ, all flow cell tests were conducted with 50mM of
RAS dissolved in 1M KCI. A constant current followed by a constant voltage protocol was used.
A constant current of 20 mA cm was used with cutoff voltages 1.1V and 0.05V for charge and
discharge respectively. A cutoff current of ImA cm was used for both charge and discharge. For
all experiments, the corresponding headspace gas environment ratios are specified in their

corresponding figures.

3. Results
3.1 Half-cell studies: Cyclic voltammetry

Cyclic voltammetry (CV) is a technique used to investigate the reduction and oxidation
processes of electrochemically active molecular species [28]. The species of interest is dissolved
in solution. Three electrodes are inserted into the conductible solution: working, counter, and
reference. The working electrode has an exposed 2D disc surface that serves as the redox reaction
site. The counter electrode completes the circuit. The reference electrode has a stable and known
potential that the target reaction can be measured against. The voltage sweep is first applied at a
voltage more positive than the reference electrode, ensuring that the solution is completely
oxidized from the start of the experiment. Then, the voltage is swept in a negative direction at a
fixed scan rate while the current is measured. When the voltage reaches the point where a redox
reaction is induced, current begins to flow. The potential extrema, which appear as maximums and
minimums on a cyclic voltammogram, are the oxidation and reductions peaks respectively. At

these peak locations, all substrate at the surface of the electrode has been oxidized or reduced.

16



Surpassing these voltage levels at even higher potentials, current is limited by mass transport from
the bulk to electrode surface. At a predetermined point, the voltage sweep is reversed to the positive
direction until it reaches the initial setting. Using CV to extract oxidation and reduction peaks
provides insight on the electrochemical signature of the molecule.

In the present section, | will describe the results of conducting CV of 1,8-ESP and 1,5-
BTMAP AQ in 1 M KCI under different headspace gas environments (N2, CO, and air). The goal
is to extract information about the electrochemical signature of these redox-active species and gain
insight about their oxidation and reduction peak locations, associated energy cost, and redox
reversibility. In particular, we hoped to use CV to elucidate differences in 1,8-ESP and 1,5-
BTMAP AQ carbon capture mechanisms.

In addition to detailed investigation on RAS electrochemical signatures, we used CV to
broadly probe the effect of supporting salts on RAS redox peaks. Under nitrogen gas, cell charge
and discharge occur at a high Coulombic efficiency, where the total number of electrons passed
during discharge divided by those passed during charge is maximized. However, when the system
is exposed to oxygen—which it would be in an application setting—an adverse reaction, i.e. the
oxidation of the RAS by molecular oxygen (RAS-H; + %20, — RAS + H20) occurs, and the
Coulombic efficiency of the system is compromised. On the negolyte side, OH" is accumulated,
thus increasing the pH and salinity, which may decrease the solubility of the aqueous RAS. On the
posolyte side, the electrolyte remains oxidized, effectively terminating the charge/discharge cycle
as well as CO» capture/release [29]. Recent literature suggests that the oxidation reaction can be
mitigated when introducing a salt into the negolyte, due to association between the redox-
activation species and salt cation [30]. However, there is not much research into which

combination of salts and salt concentrations are most effective at mitigating the parasitic reaction.
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Preliminary salt studies of five salts were conducted to determine which, if at all, would push the
oxidation peak in a more positive direction. While a complete investigation into the efficacy of
supporting salts for oxygen stability is not within the scope of this project, preliminary CV studies

were conducted measuring the effects of supporting salts on redox peak location.

CV studies of RAM under N2, CO2 headspace gas environments

In Figure 5, we show the cyclic voltammetry profiles of 5 mM 1,8-ESP in 1M KCI under
three environments: CO2, N, and air. 1,8-ESP is a compound that undergoes proton-coupled
electron transfer with a pKa higher than 15, as demonstrated in Figure 6. Therefore, for a large
range of pKa values, it remains a proton-coupled reaction, fulfilling requirements for pH swing-
induced carbon capture. Given that 1,8-ESP will not form a complex with dissolved CO., we
expect negligible changes between the CVs of 1,8-ESP performed under all environments tested
here. As shown in Figure 5, the reduction peaks are at -0.63 V vs. SHE under CO2 and -0.60 V
vs. SHE under N2 and air, all of which are very close. However, the oxidation peaks exhibit unusual
behavior with regards to their peak location. Under air, the oxidation peak is at -0.28V, while under
COo, the oxidation peak is 0.0023V, indicating a shift of ~280mV towards more positive values
under CO.. Under N2, during oxidation, two-electron transfer appears to have occurred in two
steps, separated by 670mV, rather than a one-step, two-electron transfer. The observations in the
oxidation peaks do not line up with expected behavior and determining the underlying reasons
warrant further research. It should be noted that under these environments, multiple factors may
be affecting the results. For example, given that 1,8-ESP is a proton-coupled electron transfer

reaction, it produces hydroxides during reduction. When CO- reacts with the resulting hydroxides,
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local pH at the electrode changes dynamically. The change in the local pH can affect the redox
potential of the 1-8ESP and consequently, affect the oxidation peak location.

While there is a clear oxidation peak separation between CO; and air for 1,8-ESP, the
oxidation peak location difference of 280 mV vs. SHE is much less than that observed for 1,5-
BTMAP AQ’s. 1,5-BTMAP AQ exhibits a large positive oxidation peak shift of 630 mV under
COg, with an oxidation peak of -0.42 V vs. SHE under N> and an oxidation peak of 0.21 V vs.
SHE under CO>. The two distinct oxidation peak locations indicate two distinct half-wave redox
potentials: -0.47 V vs. SHE under N2 and -0.15 V vs. SHE under CO». These unique redox
potentials point to the production of a new redox-active species under a CO; environment. When
purging N2, the reduced form of 1,5-BTMAP AQ is merely oxidized. However, when purging
COg, as outlined above, 1,5-BTMAP AQ complexes with CO>. This different redox-active species
is oxidized, resulting in a unique oxidation peak. As indicated by (*) in Figure 5c, carbon may be
additionally captured and released via the bicarbonate pathway. However, CV only detects the
signal of electrochemically active reactions. The bicarbonate pathway is not electrochemically
reactive, and while it may undergo in environments where CO; is present, it does not have a
characteristic peak in CV profiles. As such, the positive shift of the oxidation peak points solely

to the adduct formation phenomena.

19



a)

0.075 - T
Acidification/Discharge -~ |
1,8-ESP(H,) + 20H" > 1,8-ESP + 2H,0 + 2¢’ !
0.050 | 2HCO; > 20H +2C0, ,' L
0.025 -
. 0.000
<
E
T -0.025 -
o >
3
=0.050 e ! Deacidification/Charge
{ +————— 1,8-ESP + 2H,0 + 2e > 1,8-ESP(H,) + 20H
; 20H +2C0, > 2HCO,
-0.075 - i r
~0.100 1 :, 1,8 -ESP under CO,
-0.60V\V; — 1,8-ESP under N,
Voo e 1, 8 - ESP under air
-0.125 - L
-1.25 -1.00 -0.75 -0.50 -0.25 0.00 0.25 0.50
Potential vs. SHE (V)
b) 1 L 1 1 L 1 1 1
0.075 - T
Acidification/Discharge /,—\\\ :
1,8-ESP(H,) + 20H > 1,8-ESP + 2H,0 + 2&- / \ i
0.0507 | 2Hco, > 20H + 2¢O, i
0.025 1 A s
— 0.000 ----—-==——=——mm 7'—/— e —:—_:_—;_—_:_—-_:_—.-——-'—':‘—':_——:_-: ——————————— r
. [ ——
£ 1
T -0.025{ - L
g
5
O  ra b !
=0.050 17T e - ! Deacidification/Charge r
{ «——— 1,8-ESP + 2H,0 + 2e" > 1,8-ESP(H,) + 20H-
! 20H- + 2C0, > 2HCO,
-0.075 1 NN i
~0.1001 Vo :
| 1,8 -ESP under CO,
Moo e 1,8 - ESP under air
-0.125 -
-1.00 -0.75 -0.50 -0.25 0.00 0.25 0.50
Potential vs. SHE (V)

-1.25

20



0.04 .
-0.42v
0.02 -
0.00 === === e e T s
<
£
pran)
q=> Acidification/Discharge
S -0.02- BTMAP-AQ (H,) + 20H- > BTMAP-AQ + 2H,0 + 2e-
5 BTMAP-AQ-H,-2CO, — BTMAP-AQ-H, + 2CO,
o 2HCO, - 20H- + 2CO,*
—-0.04 - Deacidification/Charge
' BTMAP-AQ + 2H,0 + 2e- > BTMAP-AQ-H, + 20H-
BTMAP-AQ-H, + 2CO, — BTMAP-AQ-H,-2CO,
20H- + 2C0O, > 2HCO,*
~0.06 - -0.51V 1,5-BTMAP AQ under CO,
— 1,5-BTMAP AQ under N2

-0.8 -0.6 -0.4 -0.2 0.0 0.2 0.4 0.6
Potential vs. SHE (V)

Figure 5: Cyclic voltammetry of a), b) 1,8-ESP and c) 1,5-BTMAP AQ is conducted under three
environments: CO2, N, and air. Carbon capture and release through the bicarbonate reaction
pathway is indicated by (*), where its potential occurrence is not detectable under CV.
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Figure 6: Pourboix diagram of 1,8-ESP [26].
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The CV profiles of 1,5-BTMAP AQ under CO2 and N2 point to important conclusions
regarding the energy cost and air stability of 1,5-BTMAP AQ. The larger peak separation found
under the CO2 environment suggests that the redox reaction is occurring less reversibly compared
to when under the N2 environment, and thus a higher energy is required to oxidize the adduct,
compared to oxidizing the reduced form of 1,5-BTMAP AQ. Consequently, a higher energy cost
for oxidation is expected under the CO. environment versus N» environment. Although 1,5-
BTMAP AQ incurs a higher energy cost during carbon cycling, this positively shifted redox
potential is beneficial for attaining better air stability. At more positive potentials, the
thermodynamic driving force for oxidation of the adduct via oxygen is lower. Consequently, the
adduct is expected to be more air stable than the reduced form of 1,5-BTMAP AQ. These results

demonstrate a trade-off between air stability and energy cost.

CV studies of supporting salts for mitigating parasitic oxidation reactions

Salt-negolyte solutions of KCI, TBACI, KNOg, LiTFSI, and CsCl salts in 1,5-BTMAP AQ
and 1,8-ESP negolytes with concentrations ranging from 1 M and 5 M were prepared. Through
conducting cyclic voltammetry (Figures 7a, 7b), salts that shifted the oxidation potential of the
redox-activation species to the most positive value were identified (Figures 8a, 8b). While most
salts ended up making the solution oxidation potential more negative, in both 1,5-BTMAP AQ and
1,8-ESP solutions, oxidation potential increased with higher concentrations of TBACI, with
oxidation potential (vs. SHE) of 0.078 Vat1 M, 0.25V at2 M, and 0.7 V at 5 M for 1,5-BTMAP
AQ, and -0.047 V at 1M, 0.082 V at 2 M, and 0.14 V at 5 M. Oxidation potential for other tested
salts within the 1 M and 5 M concentration range was between -0.38 V and -0.044 V for 1,5-

BTMAP AQ, and between -0.31 V and -0.16 V for 1,8-ESP. More positive oxygen potential
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indicates that 1,5-BTMAP AQ in concentrated TBACI solutions may be more resistant to oxidative
effects. These results contribute to the broader goal of optimizing conditions to mitigate carbon
capture flow cell components’ susceptibility to oxidation by molecular oxygen. It leads to exciting
chemical and environmental applications for flow cells beyond a controlled laboratory

environment.
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Figure 7: Cyclic voltammetry for a) 1,8-ESP and b) 1,5-BTMAP AQ under different 1M salt
solutions.
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3.2 UV-Vis and fluorescence spectroscopy studies of 1,5-BTMAP AQ

With evidence from CV that 1,5-BTMAP AQ may experience a significant structural
change (adduct formation) during oxidation in a CO. environment, we hoped to use UV-Vis and
fluorescence to investigate the phenomenon from a spectroscopy angle. UV-Visualization (UV-
Vis) measures a compound’s absorbance of light when it is excited by light with wavelengths in
the UV range. Fluorescence is complementary to this analysis, where the compound is excited by
light, it emits heat as well as light. The light emission, which is of a lower energy that the light
absorbed, is measured [31]. The absorption and emission of light is characteristic to the
compound’s atomic structure. Consequently, molecular structural or conformational transitions are
often reflected in changes in UV-Vis and fluorescence spectra. We hoped to use spectroscopy to
capture changing intermolecular interactions during adduct formation between reduced 1,5-
BTMAP AQ and CO2 molecules.

We hypothesized that charge/discharge UV-Vis spectra of 1,5-BTMAP AQ under CO;
would be different than the one under N2, due to structural changes with adduct formation. As
such, we conducted a charge/discharge cycle under a 100% N2 headspace gas environment and
then repeat the same charge/discharge cycle under 100% CO2. As shown in Figure 9, at the start
of charge and end of discharge under an N2 headspace gas environment, three distinct peaks were
identified at wavelengths=222nm, 254nm, and 395nm. During charge, the 222nm peak decreases
in absorbance, the 254nm peak increases, and the 395nm peak increases, where a fourth peak
emerges at 410nm near the end of charge (Figure 9a). Absorbance trends are flipped during
discharge under N2 (Figure 9b). Under a CO, headspace gas environment, three distinct peaks
were identified at wavelengths=222nm, 254nm, and 395nm, which are identical to what was

observed under N2 environment (Figure 9c, 9d). Near the end of charge, the 254 nm peak shifts
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leftward to 252 nm, and a shoulder at wavelength=391nm emerges. As shown in Figure 9e while
there were some small differences between the N2 and CO. spectra in wavelength ranges of 390-
410 nm, the overall spectra were too similar for us to definitively declare a change in 1,5-BTMAP

AQ UV-Vis signature.
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Figure 9: UV-Vis absorbance spectra of 0.01M 1,5-BTMAP AQ (a) charging (b) and discharging
under a N2 headspace gas environment and (c) charging and (d) discharging under a CO2 headspace
gas environment. (e) Spectra comparing fully-charged 1,5-BTMAP AQ under N2 with fully-
charged 1,5-BTMAP AQ under CO> with labelled peak shifts.
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Due to the inconclusiveness of the initial trial, as well of the over-saturation of the
measurement, we attempted a cleaner version of the same experiment with a lower concentration
(0.005M) of 1,5-BTMAP AQ and a modified protocol. In this protocol, 1,5-BTMAP AQ was first
charged up under 100% N stream to obtain its reduced form spectrum in the absence of any CO>
adduct (Figure 10a) Afterwards, the battery was set at rest, and the UV-Vis spectra was monitored
as a 50% CO2/50% N stream was purged to form the adduct (Figure 10b). Finally, the compound
was discharged. With this experiment protocol, the spectra of both reduced 1,5-BTMAP AQ and
the adduct variant were obtained within the same experiment. Assuming adduct formation, we
expected to see a difference in the spectra between full charge under N2 and when CO: is
introduced. However, as shown in Figure 10c, no discernible peak changes were observed. One
potential reason for the lack of observable change is that when the concentration of RAS is as low
as 0.005M, limited adduct may form; the primary mechanism of CO; capture may actually be

through pH swing at low RAS concentrations.
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Figure 10. UV-Vis absorbance spectra of 0.005M 1,5-BTMAP AQ (a) charging under a N>
headspace gas environment and (b) and resting under a CO> gas headspace gas environment. (c)
Spectra comparing fully-charged 1,5-BTMAP AQ under N2 with fully-charged 1,5-BTMAP AQ
under COx.

To combat this phenomenon, we designed a new experimental protocol. In this protocol,
the battery was first charged at a high concentration (0.1M) of 1,5-BTMAP AQ under N2. Then,
the battery was set at rest and CO2 was purged into the system, thus guarenteeing adduct formation
at a high concentration. As expected, UV-Vis measurements taken at this point yielded unreliable
results due to oversaturation of the sample (Figure 11a, 11b). However, this protocol ensured
adduct formation at this point in the experiment. After 100 minutes of rest under CO2, we diluted

the solution using a hermetically sealed syringe until concentrations were in a range appropriate
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for UV-Vis observation, and referred to the UV-Vis spectra to see if any new peaks were

detectable.
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Figure 11: UV-Vis absorbance spectra of 0.1M 1,5-BTMAP AQ (a) charging under a N2
headspace gas environment and (b) resting under a CO2 headspace gas environment. UV-Vis
absorbance spectra of the same solution diluted to 0.025M (c) at rest and (d) discharging under a
50% CO2/50% N headspace gas environment.

Before dilution and during the rest time under CO2, despite absorbance over-saturation, the
spectra features a pronounced leftward shift in the broad 350-450 peak for 0.1M 1,5-BTMAP AQ
under CO. between time=0 min and 5 min (Figure 11b). This points to changing intermolecular
interactions—Ilikely the formation of an adduct. Future investigations with shorter observation
intervals would provide more precision on the exact rate of transition, but based off this data, this
transformation occurs within five minutes of CO2 purging. Still resting under a CO2 gas headspace,
upon sample dilution to 0.025M, which is within UV-Vis’ measurement range, the same broad

peak is isolated and occurs at wavelength=390 nm (Figure 11c). This corroborates with the peak
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location found in the preliminary experiment (Figure 9e). Finally, the 0.025 M 1,5-BTMAP AQ
discharged under a CO; environment. The fully discharged, oxidized form of 0.025M 1,5-BTMAP
AQ has peaks at wavelength= 236nm, 262nm, and 402nm.

While the slight leftward shift of the broad ~400nm peak of hints at structural change of
the RAS, the spectra were not distinctly different such that we could confidently report adduct
formation of 1,5-BTMAP AQ under a CO environment with this evidence alone. We hypothesize
the absorbance signatures of the two structures have enough overlap such that pronounced change
is not observable. Consequently, we turned to fluorscence spectroscopy to investigate the

excitation peak in more detail.

535 nm 590 nm

2
Rest Under N,

b)

Charge Under N,

2
Rest Under CO,

Figure 12: Fluorescence microscopy images of commercial SGL carbon electrode (a) at t=0, (b)
charging under a 100% N2 headspace gas environment, and (c) rest under a 100% CO> headspace
gas environment. A 390nm excitation filter is used, with 535nm and 590 nm emission filters on
the left and right channels respectively. Magnification of 5x was used.
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Based on the suspect region from UV-Vis data, we chose an excitation wavelength of 390
nm. A solution of 50 mM 1,5-BTMAP AQ was charged under a 100% N2 gas headspace, purged
with CO2, and then discharged under 100% CO.. Two parallel channels with excitation filters of
390nm were set up, one with an emission filter of 535nm and the other of 590nm. At t=0, both
channels were dark (Figure 12a). After charge under N2, when 1,5-BTMAP AQ was fully reduced
at t=7140 s, the 590 nm channel fluoresced, while the 535 nm channel stayed dark (Figure 12b).
After introducing CO2 with the RAS at rest, the 590 nm channel darkened, while the 535nm
channel fluoresced (Figure 12c¢). 1,5-BTMAP AQ has different emission spectrum when excited
at 390 nm under N2 and CO2, implying that there is a structural change—Ilikely adduct formation—
when the compound is charged and exposed to a CO2 environment. Our results show that
fluorescence rather than absorbance is a promising path for detection and quantification of adduct
under different conditions. Overall, CV, UV-Vis, and fluorescence data point to electrochemical
and structural changes in charged 1,5-BTMAP AQ under the presence of COg, supporting the

hypothesis of CO.-adduct formation during charge.

3.3 Full-cell cycling analysis of RAM CO:2 capture and release

Investigations with CV, UV, and fluorescence provided a foundation for conducting full-
cell cycling experiments with bench-scale flow cells. Full cycling experiments enabled us to
examine the RAS capture capacity and energetic cost under conditions closer to application
settings. Initial trials of BTMAP AQ are conducted with consistent 50% CO2/50% N2 during
charge and discharge, followed by trials with charging in 30% CO2/70% N2 and discharging into

100% CO3 to simulate application conditions (absorption of flue gas with composition of 30%
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COo, release into pure CO3). 1,8-ESP trials are conducted with charging in 10% CO2/90% N to

simulate even more restrained application conditions.

1,8-ESP carbon cCapture in 10% CO2/90% N2 and release in 100% CO:2 headspace gas
environment

The results of full cell cycling of 0.1M 1,8-ESP negolyte at a current density of 20 mA cm’
2 are reported here. Figure 13 demonstrates a single carbon capture cycle using a 0.1 M 1,8-ESP
and 1.0 M KCI negolyte. An applied 20 mA cm™ current charges the cell, initiating
electrochemically induced deacidification. The resulting CO; absorption is demonstrated in
decreased downstream CO> partial pressure (Figure 13e) and gas flow rate during charge (Figure
13f). Deacidification lasts between t=1 and t=1.5 hours, until the cutoff voltage of +1.4 V is
reached. While the ferri-ferro posolyte oxidizes and the target reaction takes place at +0.39, a
higher voltage cutoff was chosen to accommodate additional resistance in the cell [32]. At the
same time, the voltage was limited to +1.4V to mitigate interfering electrochemical reactions that
occur at higher voltages, such as the electrolysis of water [33]. During charge, hydroxide forms
and pH increases to 11.15. The production of carbonate and bicarbonate buffers the solution,
preventing a full alkaline swing to a pH above 15 (Figure 6). As more CO: is captured, the system
re-acidifies, thus bringing the pH down to 7.48 near the end the charge. CO2 absorption continues
through t = 4 hours as the downstream CO: partial pressure (Figure 13e) and flow rate (Figure
3f) gradually increase until they revert to their starting values, thus indicating completion of a CO>
capture. Att =4 hours, a -20mA current is applied and discharge/acidification initiates. Discharge
continues for 0.5 hours until pH drops to 6.83 where the system is held at rest to complete the

degassing processes.
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Figure 13: A single CO> capture and release cycle with inlet pressure=0.1 bar and exit pressure=1
bar using a 1,8-ESP-based flow cell at 20 mA cm2. Electrolytes comprised 10 mL 0.1 M 1,8-ESP
in 1.0 M KCI (negolyte, capacity-limiting) and 35 mL 0.1M KasFe(CN)s and 0.1 M K3Fe(CN)s in
1.0 M KCI (posolyte, non-capacity limiting). CO. capture occurs under a 10% CO2/90% N2 gas
headspace environment and release occurs under a 100% CO> gas headspace environment. (a)
Current density. (b) Voltage. (c) pH of the negolyte. (d) N2 and CO- percentage in the upstream
source gas, controlled by mass flow controllers. (€) Downstream CO> partial pressure with raw
data and a Savitzky-Golay filter. The baseline indicates pCO2 = 0.1 bar. (f) Downstream total gas
flow rate with original data and an applied Savitzky-Golay filter [26], [34].
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To evaluate the carbon cycling effectiveness of the system, the expected volume of CO>
captured and released is compared to the actual value as determined by the downstream gas flow
rate. Expected volume captured is computed based on the charge/discharge capacity (Coulombs)
reported by the potentiostat. It is first calculated through determining the moles of expected 1,5-
BTMAP AQ reacted using the equation,

Capacity

Expected Moles RAM reacted = n

where charge and discharge capacity is found by Coulomb counting, Faraday’s Constant F is
96,485 Coulombs, and n is 2 electrons exchanged. Since each mole of 1,5-BTMAP AQ captures
2 moles of CO> , expected CO> captured is double that of expected moles RAS reacted. Assuming
ideal gas behavior, moles can then be converted to expected volume of CO> captured. As shown
in Table 2, 41.69 mL (1.86 mmol) of CO; is expected to be captured and 39.53 mL (1.76 mmol)
of COz is expected to be released. The expected volume captured is then compared with the actual
volume captured, based off downstream gas flow rate data. If no CO is captured, downstream gas
flow rate will remain constant. As COz is released, gas flow rate increases; as CO: is captured, gas
flow rate will decrease. By integrating the downstream gas flow rate over the capture or release
half-cycle, total CO> capture or release volume is determined, which is then be converted to moles
assuming ideal gas behavior [26]. As determined by this method, 42.61 mL (1.9 mmol) of CO:
was captured and 44.23 mL (1.97 mmol) of CO2 was released in this cycle (Table 2). Noisy data
for the downstream gas flow rate may have contributed to correspondingly overestimated or
underestimated volumes, resulting in 10% error.

Utilization is the proportion of measured quantity of CO> captured/released divided by the
theoretical quantity. It gauges the actual performance of capture and release relative to the

theoretical performance based on energy input. In this cycle, capture utilization is 102.2% and
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release utilization is 111.9%. In practice, utilization >100% is impossible, but due to noisy
downstream gas flow rate data, the results appear to overestimate actual CO, volume quantities.
Capture capacity, which is the quantity of CO> captured per mole of RAS was 2.04 molcoz molras
! In reality, capture capacity should not exceed 2 molco, molras™, because both redox-active
molecules studied here have two redox-active sites respectively. However, overestimates in actual
CO2 volume quantities are reflected in capture capacity calculations.

Efficiency is the ratio of released CO> to captured COx. It sheds light on the system’s ability
to expel the carbon after capture. A 100% efficiency means the system can release all captured
carbon, therefore providing a fresh system with maximal carbon-capture potential for following
cycles. As listed in Table 3, efficiency for this cycle is expected to be 94.81%, and the volume
based on gas flow rate integration is again overestimated at 103.8. The energy cost of CO> capture,
which is the energy used over the cycle charge (charge energy — discharge energy) as reported by
the potentiostat divided by the experimentally-determine moles of CO; captured, is a key metric
for determining the energetic efficiency of the system. The experimental energy cost of this charge

cycle is 52.46 kJ molcoz™.

Expected Expected mmol CO2 | Volume CO> Utilization
mmol of | Volume of CO> (mL) (%)
CO2 (mL)
Captured 1.86 41.69 1.9 42.61 102.2
Released 1.76 39.53 1.97* 44.23* 111.9
Efficiency (%) 94.81 103.8*

Table 3: Expected and actual quantities of CO> captured and released in one cycle for 1,8-ESP in
a 10% CO2/90% N2 gas headspace capture environment, as well as efficiency and utilization
values. Due to noise in downstream gas flow rate measurements, there is 10% error attributed to
values marked with (*).
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1,8-ESP capture and release of CO> was further studied over multiple cycles. Figure 14
illustrates the results of five and a half cycles over the course of 35 hours. Changes in pH,

downstream pCO; and downstream gas flow rate are consistent across all cycles.
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Figure 14. Five CO> capture and release cycle with inlet pressure=0.1 bar and exit pressure=1 bar
using a 1,8-ESP-based flow cell at 20 mA cm. Electrolytes comprised 10 mL 0.1 M 1,8-ESP in
1.0 M KCI (negolyte, capacity-limiting) and 35 mL 0.1M KsFe(CN)e and 0.1 M KzFe(CN)g in 1.0
M KCI (posolyte, non-capacity limiting). CO2 capture occurs under a 10% CO2/90% N2 gas
headspace environment and release occurs under a 100% CO> gas headspace environment. (a)
Current density. (b) Voltage. (c) pH of the negolyte. (d) N2 and CO> percentage in the upstream
source gas, controlled by mass flow controllers. () Downstream CO: partial pressure. (f)
Downstream total gas flow rate with original data and an applied Savitzky-Golay filter [26], [34].
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Coulombic efficiency, which is the ratio of discharge capacity over charge capacity,
illustrates the charge capacity over a full cycle. Measurements of Coulombic efficiency over
multiple cycles can provide insight into long-term battery lifespan. As the negolyte solution is
charged up and the redox-active compound degrades or is transformed, it becomes unavailable for
discharge, ultimately reducing Coulombic efficiency. Imperfect Coulombic efficiency is attributed
to oxidation of the RAS by molecular oxygen. Long rest periods after charge may enable oxygen
to slowly permeate the system and oxidize RAS. For the 1,8-ESP system, preliminary oxidation
of the negolyte effectively reduces the quantity of oxidizable negolyte during discharge, ultimately
preventing the pH from swinging back down to its initial state. pH is thus unable to attain a full
swing and maximize CO> capture and release. While shortening discharge rest time may prevent
oxidation by molecular oxygen, there remains the tradeoff of an expedited, incomplete outgas
process, ultimately reducing the efficiency overall.

For the first cycle of this 1,8-ESP system, Coulombic efficiency is determined to be
94.82%, reflecting a higher energy cost (Figure 15). Over the following five cycles, Coulombic
efficiency gradually increases to just under 98% and energy cost decreases. The lower Coulombic
efficiency and high input energy required in the first cycle is due to the unintended presence of
oxygen in the solution at the beginning of the experiment. Once the oxygen is used up in the first
cycle, subsequent cycles function as expected, resulting in relatively higher Coulombic efficiency

and a lower energy cost.
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Figure 15: Coulombic efficiency of a 0.1M 1,8-ESP-based flow cell at 20 mA cm over the course
of six cycles.

1,5-BTMAP AQ carbon capture and release in 50% CO2/50% N2 headspace gas environment

Next, we investigated full cell cycling of 0.05M 1,5-BTMAP AQ at 20 mAcm™2. A lower
concentration than that of 1,8-ESP (0.1M) was used due to material availability. A more generous
50% CO2/50% N2 headspace was tested early on to determine preliminary carbon capture efficacy.
Relative to an application environment—capture of flue gas (30% CO> composition) and release
into 100% CO>—more carbon is accessible for capture during release, and less carbon is present
in the release environment. Under these gas headspace conditions, CO> capture and release is more
thermodynamically favorable.

Figure 16 demonstrates a single carbon capture cycle using 0.05 1,5-BTMAP AQ in the
negolyte. Following a similar protocol as with 1,8-ESP, an applied current density of 20 mA cm
charges the cell, initiating electrochemically induced deacidification and adduct formation.
Decreased downstream CO> partial pressure and gas flow rate during charge shows that CO: is

absorbed. Deacidification lasts between t = 1.05 hours and t = 1.225 hours, until the cutoff voltage

39



of +1.1 V vs. SHE is reached. During charge, hydroxide forms and pH increases to 7.68. As
described above with Figure 4, the carbonate and bicarbonate buffer prevents a full alkaline swing
to 1,5-BTMAP AQ’s pKa of 11.9. As more CO3 is captured, the system re-acidifies, thus bringing
the pH down below 7 near the end the charge. CO> absorption continues through t = 1.725 hours
as the downstream CO partial pressure (Figure 16e) and flow rate (Figure 16f) gradually increase
and revert back to their starting values. At t = 1.725 hours, a -20mA cm current is applied and
discharge/acidification initiates. Discharge continues for 0.175 hours until pH drops and stabilizes

at 6, where the system is held at rest to complete the degassing processes.
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Figure 16: A CO- concentrating cycle with inlet pressure p1 = 0.1 bar and exit pressure p3 = 1 bar
using a 1,5-BTMAP AQ-based flow cell at 20 mA cm. Electrolytes comprised 10 mL 0.05 M
1,5-BTMAP AQ in 1.0 M KCI (negolyte, capacity-limiting) and 35 mL 0.1M BTMAP-Fc in 1.0
M KCI (posolyte, non-capacity limiting). CO2 capture and release occur at a 50% C0O2/50% N>
headspace gas environment. (a) Current density. (b) Voltage. (c) pH of the negolyte. (d) N2 and
CO. percentage in the upstream source gas, controlled by mass flow controllers. () Downstream
CO. partial pressure. The baseline indicates pCO2 = 0.5 bar. (f) Downstream total gas flow rate
with original data and an applied Savitzky-Golay filter [26], [34].
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As described in Table 4, in this cycle, 11.89 mL, or 0.531 mmol CO; was captured, which is
slightly less than the expected 13.07 mL (0.583 mmol) capture volume. Energy cost was 72.40 kJ
molcoz?. As discussed in Section 3.1 (CV studies of RAM under Nz, CO2 headspace gas
environments), 1,5-BTMAP AQ’s energy cost is expectedly higher than 1,8-ESP’s (52.46 kJ mol
coz’t) due to its rightward shifted redox potential under CO2. Volume of CO; released was 11.96
mL (0.534 mmol), which is just under expected volume of 12.10 mL (0.539 mmol). Utilization for

capture was 90.85%, and for release it was 98.81%. Capture capacity was 1.82 molcoz molras™.

Expected Expected mmol CO> Volume of Utilization
mmol of CO- Volume of CO2 (mL) (%)
CO2 (mL)
Captured 0.58 13.09 0.53 11.89 90.85
Released 0.54 12.10 0.53 11.96 98.81
Efficiency (%) 92.44 100.54

Table 4. Expected and actual quantities of CO> captured and released in one cycle for 1,5-BTMAP
AQ in a 50% CO./50% N headspace gas capture and release environment, as well as efficiency
and utilization values. Due to noise in downstream gas flow rate measurements, there is 10% error
attributed to values marked with (*).

Voltage-capacity diagrams further illuminate increased energy cost for 1,5-BTMAP AQ
carbon capture cycling. CV has shown that adduct formation shifts 1,5-BTMAP AQ’s oxidation
peak to more positive values under CO,. Since oxidation occurs during discharge, we expect a
difference in voltage during discharge between N2 and CO: cycling, where cell voltage would be
lower under CO>. As seen in Figure 17, at the same capacity, voltage is on average 0.68 V lower
under CO; than N2 during discharge. Yet charge voltage at the same capacity is about the same for
CO:2 and N2 This has implications for energy cost, where more energy is required to operate the

system under a CO> environment.
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Figure 17: Voltage-Capacity diagram for one cycle of 0.1M 1,5-BTMAP AQ under 100% N and
100% CO:z respectively.

Capture and release of CO, with the 1,5-BTMAP AQ system was further studied over
multiple cycles. Figure 18 illustrates the results of five and a half cycles over the course of 35
hours. Changes in pH, downstream pCO: and downstream gas flow rate are consistent across all

cycles.
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Figure 18: Four and a half CO- capture and release cycles with inlet pressure=0.1 bar and exit
pressure=1 bar using a 1,8-ESP-based flow cell at 20 mA cm. Electrolytes comprised 10 mL 0.05
M 1,5-BTMAP AQ in 1.0 M KCI (negolyte, capacity-limiting) and 35 mL 0.1M BTMAP-Fc in
1.0 M KCI (posolyte, non-capacity limiting). CO. capture and release occur at a 50% CO2/50% N2
headspace gas environment. (a) Current density. (b) Voltage. (c) pH of the negolyte. (d) N2 and
COz percentage in the upstream source gas, controlled by mass flow controllers. (¢) Downstream
COz partial pressure. The baseline indicates pCO2 = 0.5 bar. (f) Downstream total gas flow rate
with original data and an applied Savitzky-Golay filter [26], [34].
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The first cycle has a lower Coulombic efficiency of 92.44% and a correspondingly higher
energy cost (Figure 19). Immediately after the first cycle, Coulombic efficiency increases to over
97% and remains high throughout the remaining cycles. Similar to 1,8-ESP, the low Coulombic
efficiency for the first cycle is likely due to the presence of oxygen in the negolyte solution at the

beginning of the experiment.
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Figure 19: Coulombic efficiency of a 0.05 M 1,5-BTMAP AQ-based flow cell at 20 mA cm™2 over
the course of six cycles.

While we hypothesize adduct formation is the primary mechanism for carbon capture with
1,5-BTMAP AQ, that is not to say that 1,5-BTMAP AQ does not undergo a pH swing cycling
comparable to that of 1,8-ESP. In Figure 20, the pH of a 0.1 M 1,5-BTMAP AQ in 1 M KCI
solution is shown over the course of one charge-discharge cycle. Under Ny, as the negolyte charges
and is reduced, more OH" is produced and the pH of the solution rises from 7.9 to 11.9. At t=0.56
hours, discharge is initiated (Figure 20a). As 1,5-BTMAP AQ oxidizes, OH" in solution is used
up, returning pH to initial levels. On the other hand, a CO> environment (Figure 20b) introduces

more complexity. The initial negolyte reduction and subsequent pH increase of 6.2 to 8.4 is similar
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to that of an N2 headspace environment. However, at t=0.6 hr, pH rapidly decreases. As COz is
captured within the solution, it acidifies the solution. As determined by trials with N2, the negolyte
pH has the potential to reach 11.9, yet the formation of carbonate and bicarbonate buffers the
solution and prevents the pH from swinging that high. pH stabilizes at 7.0, where the CO> capture
capacity is reached. At t=1.45 hr, discharge is initiated. Similar to the experiment under N
conditions, as 1,5-BTMAP AQ oxidizes, pH continues to decrease. It stabilizes at the initial pH of
6.2, thus completing the cycle. Small pH differences at the start and end of each cycle are to be
expected due to oxygen evolutions and the possibility of incomplete CO. discharge. However, the
stark decrease in the maximum pH value from 11.9 under N2 to 8.4 under CO2 undeniably

demonstrates the presence of a pH swing during 1,5-BTMAP AQ cycling.
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Figure 20: pH of 0.1M 1,5-BTMAP AQ and 0.1M KClI solution under a) N2 and b) CO2 headspace
gas environments over the course of one charge/discharge cycle. Grey vertical line delineates
transition from charge to discharge.
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1,5-BTMAP AQ carbon capture in 30% CO2/70% N2 and release in 100% CO2 headspace
gas environment

After preliminary experiments with 1,5-BTMAP AQ under a 50% C0O2/50% N2 headspace
gas environment demonstrated successful carbon capture and release, we tightened the headspace
gas parameters to simulate the application setting more closely. Below are the results for full cell
cycling of 0.05M 1,5-BTMAP AQ at 20 mAcm with capture under 30% CO2/70% N and release
under 100% CO> headspace gas environments.

Figure 21 shows a single carbon capture cycle using 0.05 1,5-BTMAP AQ in the negolyte.
Deacidification lasts between t = 1 hours and 1 = 1.18 hours, until the cutoff voltage of +1.1V vs.
SHE is reached. During charge, hydroxide forms and pH increases to 7.46, with the carbonate and
bicarbonate buffer preventing a full alkaline swing to 1,5-BTMAP AQ’s pKa of 11.9. As more
CO:. is captured, the system re-acidifies, thus bringing the pH down to 6.7 near the end the charge.
CO; absorption continues through t = 3.73 hours as the downstream CO; partial pressure (Figure
21e) and flow rate (Figure 21f) gradually increase and revert to their starting values. Att=1.73
hours, a -20mA cm current is applied and discharge/acidification initiates. Discharge continues
for 0.18 hours until pH drops and stabilizes at 5.81, where the system is held at rest to complete

the degassing processes.
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Figure 21: A CO- concentrating cycle with inlet pressure p1 = 0.1 bar and exit pressure p3 = 1 bar
using a 1,5-BTMAP AQ-based flow cell at 20 mA cm. Electrolytes comprised 10 mL 0.05 M
1,5-BTMAP AQ in 1.0 M KCI (negolyte, capacity-limiting) and 35 mL 0.1M BTMAP-Fc in 1.0
M KCI (posolyte, non-capacity limiting). CO> capture occurs under a 30% CO2/70% N2 headspace
gas environment and release occurs under a 100% CO- headspace gas environment. (a) Current
density. (b) Voltage. (c) pH of the negolyte. (d) N2 and CO2 percentage in the upstream source gas,
controlled by mass flow controllers. (€) Downstream CO- partial pressure. The baseline indicates
pCO2 = 0.25 bar. (f) Downstream total gas flow rate with original data and an applied Savitzky-
Golay filter [26], [34].
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As described in Table 5, in this cycle, 12.47 mL, or 0.56 mmol CO; is captured, which is
slightly less than the expected 13.26 mL (0.59 mmol) capture volume. Energy cost is 110.47 kJ
molcozt. Volume of CO; released is 12.04 mL (0.54 mmol), which is just under expected volume
of 12.34 mL (0.55 mmol). Utilization during capture is 94.01%, indicating a capture capacity of

1.88 molcoz molras™. Coulombic efficiency for the first cycle is comparable to the previous full-

cycle trial at 93.01%.

Expected Expected mmol CO> Volume of Utilization
mmol of Volume of CO2 (mL) (%)
CO2 CO2 (mL)
Captured 0.59 13.26 0.56 12.47 94.01
Released 0.55 12.34 0.54* 12.04* 97.55*
Efficiency (%) 93.01 96.52*

Table 5. Expected and actual quantities of CO> captured and released in one cycle for 1,5-BTMAP
AQ ina 30% CO2/70% N2 gas headspace capture environment, as well as efficiency and utilization
values. Due to noise in downstream gas flow rate measurements, there is 10% error attributed to
values marked with (*).

While we attempted multiple cycles for this system, the electrochemical cycles and gas
flow cycles went out of phase, due to lack of signal communication between potentiostat and mass
flow controllers. By the second cycle, electrochemical charge failed to overlap with corresponding
CO2 gas absorption. Therefore, only the results for the first in-phase cycle are meaningful and
shown here. Nevertheless, the results clearly demonstrate a successful capture and release of CO;
by 1,5-BTMPAQ under a 30% CO2/70% N2 gas headspace capture and 100% CO. release

environment.
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4. Conclusion

This work outlines the spectroscopic and electrochemical results of two electrochemical
CO- capture and release systems: 1,8-ESP via a PCET-mediated pH swing, and 1,5-BTMAP AQ
via direct CO2-adduct formation. Large shifts in CV oxidation potential measurements under CO>
provide preliminary evidence that 1,5-BTMAP AQ forms a completely new redox-active
species—Ilikely an adduct—with CO. during capture. UV-Vis and fluorescence data corroborates
with this hypothesis, where 1,5-BTMAP AQ appears to undergo structural changes during charge
with CO>. Both 1,8-ESP and 1,5-BTMAP AQ demonstrate high capacity and low energy cost
during full cell cycling. At 20 mA cm, CO; capture system 0.1M 1,8-ESP with capture in 10%
CO2 and release in 100% CO> has a capture capacity of 2.0 molcoz molras™ (taken with 10% error)
and an energetic cost of 52.46 kJ molcoz at 20 mA cm2; CO; capture system 0.05 M 1,5-BTMAP
AQ with capture in 30% CO2 and release in 100% CO: has a capture capacity of 1.88 molco2
molras™ (taken with 10% error) and an energetic cost of 110.47 kJ molcoz* at 20 mA cm™. These
results show that both 1,8-ESP and 1,5-BTMAP AQ systems may provide a basis for efficient,

safe, and scalable carbon capture and release technologies.

5. Future Directions

While successful bench-scale demonstrations of 1,8-ESP and 1,5-BTMAP AQ CO; capture
and release systems are optimistic, further research is needed to demonstrate full potential for
scale-up.

Beyond UV-Vis and fluorescence spectroscopy, further examination of 1,5 BTMAP AQ’s
structure during CO. capture would shed light on its unique carbon capture mechanism. The

dominant capture/release mechanism of 1,5-BTMAP AQ under low concentrations is still an open
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question, and observation techniques like NMR may help identify changing structures at key
concentration thresholds.

Due to material and time constraints, full-cycling trials of similar concentrations across 1,8-
ESP and 1,5-BTMAP AQ were not executed. At higher concentrations, 1,8-ESP has been
demonstrated to take longer to capture carbon during each cycle, due to increased electron capacity
and a larger pH swing [26]. Consequently, more COz is captured per unit volume. We hypothesize
1,5-BTMAP AQ will undergo a similar phenomenon, and investigations at higher concentration
could help elucidate its range for capture capacity and associated energy cost. Beyond changing
concentrations, more parameters, such as current density, headspace gas environment, and
membrane type, may be explored to maximize carbon capture efficiency and efficacy. Preliminary
results for electrolyte supporting salts were briefly discussed in this work, and there is a lot of
potential for exploration in this direction. Longer full-cell cycling runs would provide insight on
RAS durability over numerous charge/discharge cycles, as well as long-term calendar life for the

entire system.
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