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HIGHLIGHTS

An electrochemically driven

proton concentration process is

proposed to capture CO2

A comprehensive thermodynamic

model is developed to evaluate

the proposed process

The electrochemical work

required to desorb CO2 is

estimated to be 33.2 kJe/mol CO2

The generated current is

effectively translated into proton

concentration change
Rahimi et al. introduce an electrochemically driven proton concentration process

for CO2 capture. MnO2 electrodes that intercalate or deintercalate protons are

used to take advantage of the pH sensitivity of the CO2 hydration equilibrium.

Intercalation of proton ions at the cathode drives the capture of CO2 as either

HCO3
� or CO3

2�, while release occurs at the anode where deintercalation of the

proton from the electrode matrix results in increasing the proton concentration,

leading to regeneration of free CO2.
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SUMMARY

The development of sustainable CO2 capture technologies is critical to address

issues associated with global warming. In this context, the concept of an electro-

chemically driven proton concentration process is developed for the capture of

CO2 based on modulation of the proton concentration in an electrochemical cell

by a proton intercalatingMnO2 electrode. The pH sensitivity of CO2 hydration is

leveraged such that CO2 is absorbed as bicarbonate and carbonate ions at high

pH values and desorbed as gas at low pH values. The electrochemical work

requirement for the proposed proton concentration process to desorb CO2

captured from a flue gas stream is estimated to be 33.2 kJe/mol CO2, suggest-

ing that this process is competitive with other similar electrochemical-based

approaches. The experimental results show that the generated current in a

symmetrical electrochemical cell with fabricated electrodes is effectively trans-

lated into proton intercalation/deintercalation reactions through reversible

cycles, resulting in modulated proton concentrations.
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INTRODUCTION

Over the past few decades, atmospheric carbon dioxide (CO2) concentrations have

risen steeply; in May 2019, atmospheric CO2 reached 415 ppm, a level higher than

any reached in >800,000 years.1 With increasing evidence of global warming and its

correlation with CO2 emissions, the development of cost-effective, large-scale, and

efficient CO2 capture technologies is critical.2,3 State-of-the-art technologies for

CO2 capture involve thermal cycles in which a nucleophilic agent captures CO2

from impure gas streams (e.g., flue gas), followed by a thermal stripping process

in which pure CO2 is released and the nucleophilic agent is regenerated.4,5 The

most developed capture system based on this method uses an amine absorbent

such as monoethanolamine, which acts as a nucleophile, reacting with CO2 at the

electrophilic carbon center to form a carbamate.4,6 Despite their widespread use,

amine-based thermal scrubbing processes face several challenges that have slowed

their deployment on very large scales. These challenges include the high energy

requirement for regeneration,4,5,7 the degradation of amines at high temperature,5,8

corrosion issues,9–11 and high operational costs.12 As an alternative to amines in the

thermal scrubbing process, potassium carbonate (K2CO3) has been widely investi-

gated as an absorbent. It offers several advantages, including a high capacity for

CO2 absorption, a low degradation rate, ease of regeneration, low cost and toxicity,

and low corrosiveness.7,13–15 The major disadvantage of K2CO3 is its low rate of

reaction with CO2, resulting in poor performance of the absorber stage.7,16 Efforts

to address the challenges faced by thermal scrubbing processes are ongoing.
Cell Reports Physical Science 1, 100033, April 22, 2020 ª 2020 The Author(s).
This is an open access article under the CC BY-NC-ND license (http://creativecommons.org/licenses/by-nc-nd/4.0/).

1

mailto:tahatton@mit.edu
https://doi.org/10.1016/j.xcrp.2020.100033
http://creativecommons.org/licenses/by-nc-nd/4.0/


Please cite this article in press as: Rahimi et al., Carbon Dioxide Capture Using an Electrochemically Driven Proton Concentration Process, Cell
Reports Physical Science (2020), https://doi.org/10.1016/j.xcrp.2020.100033
Alternative approaches based on electrochemistry have drawn increasing attention

in recent years. Early efforts in using electrochemistry for CO2 capture date to the

late 1960s, when a molten carbonate fuel cell was developed to remove CO2 from

complex gas streams.17 Another approach used the electrochemical reduction of

organic redox compounds to generate nucleophiles that could bind to the electro-

philic carbon center in CO2, resulting in the selective capture of CO2 from a gas

mixture.18–21 CO2 can also be captured using electrochemically controlled pH

swings as the primary driver. These approaches take advantage of the pH sensitivity

of the thermodynamic equilibrium of CO2. In this context, two different processes, a

bipolar membrane electrodialysis22 and a redox-mediated pH swing,23 have previ-

ously been introduced.

Two recently developed electrochemical systems to capture CO2 are electrochem-

ically mediated amine regeneration (EMAR)24 and membrane capacitive deioniza-

tion (MCDI).25 In the EMAR process, a CO2-rich amine stream from the absorber is

introduced to an electrochemical cell in which copper ions are electrochemically

generated from a copper plate anode to drive the dissociation of amine and CO2

toward CO2 desorption. Once the gas is flashed off, the CO2 lean stream is regen-

erated via the electrochemical plating of copper on the cathode from the copper-

amine complex.24,26 The EMAR approach offers several advantages over thermally

driven amine-based processes, including operation at low temperature (thereby

minimizing thermal amine degradation) and the ability to desorb CO2 at moderate

pressures, which minimizes the downstream compression costs for CO2 storage.27

Recently, MCDI was adapted to capture CO2 in the form of HCO3
� and CO3

2�, using
deionized water as the solvent.25 In this system, HCO3

� and CO3
2� ions are captured

in the electrical double layer established at a carbon-based anode surface. CO2 was

successfully desorbed from a gas mixture containing various concentrations of CO2

through energy-efficient cycles. AlthoughMCDI is still in the early stages of develop-

ment, such systems may represent an opportunity to attract expertise from the field

of capacitive deionization into carbon capture.

In this study, we introduce an electrochemical approach with electrodes that interca-

late/deintercalate protons to take advantage of the pH sensitivity of the CO2 hydra-

tion equilibrium. The process scheme consists of three chemical or electrochemical

transitions that take place in an absorber, an anode, and a cathode. The absorber is

analogous to those used in thermal scrubbing systems, but the absorbent capture

mechanism is based on the hydration of CO2 (i.e., when using K2CO3) rather than

carbamate formation (i.e., when using a primary or secondary amine); hence, CO2

is absorbed as bicarbonate (HCO3
�) and carbonate (CO3

2�) (Equations 1 and 2).

A streamwith high CO2 loading is then sent to the anode compartment of an electro-

chemical cell where deintercalation of protons from an electrode (denoted ‘‘X’’) to

the solution (Equation 3; the oxidation reaction) results in a local decrease in the

solution pH, which shifts the CO2 (aq)/HCO3
�

(aq)/CO3
2�

(aq) equilibrium toward

CO2 formation. Potassium chloride (KCl) is used as the background electrolyte,

and Cl� ion transfer through an anion exchange membrane ensures charge

neutrality. The desorbed CO2 is separated through a flash tank located after the

anode compartment. To regenerate the absorbent, the stream is sent to the cathode

compartment, where the solution pH is increased as a result of proton intercalation

during the reduction reaction (Equation 3). The regenerated solution with high pH is

then sent to the absorber column for further absorption. Therefore, CO2 capture and

release can be achieved by chemical absorption, followed by electrochemical

regeneration of the absorbent through a proton concentration process. To prevent

a complete saturation of the cathode with proton and depletion of the anode, the
2 Cell Reports Physical Science 1, 100033, April 22, 2020
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Figure 1. Schematic of the Proposed Proton Concentration Process for CO2 Capture

In the absorber, CO2 is selectively absorbed by a K2CO3 absorbent, resulting in a decrease in the solution pH (i.e., 4 / 1). The solution is then

introduced to the anode compartment of an electrochemical cell, where proton deintercalation from the electrode (denoted ‘‘X’’) shifts the CO2 (aq)/

HCO3
�

(aq)/ CO3
2�

(aq) equilibrium toward CO2 formation (i.e., 1 / 2), followed by gas separation through a flash tank (i.e., 2 / 3). Subsequently, the

absorbent is regenerated in the cathode compartment, where proton intercalation occurs (i.e., 3/ 4). KCl was used as the background electrolyte, and

Cl� ions transfer through an anion exchange membrane was considered for the charge neutrality. The process takes advantage of the pH sensitivity of

the thermodynamic equilibrium of CO2 (right panel).
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electrode polarity and the fluidic paths of the electrochemical cell must be switched

periodically. A similar polarity change strategy was implemented in our previous

experimental setup for electrochemically mediated amine regeneration with copper

electrodes to prevent a complete corrosion of the anode.28 Figure 1 shows a sche-

matic of the process, including an absorber, an electrochemical cell as the desorber,

and a flash tank to separate the desorbed CO2.

CO2 ðaqÞ + H2O+K2CO3#2KHCO3 ðaqÞ (1)
HCO3�ðaqÞ#CO32�ðaqÞ +H+

ðaqÞ (2)
X ðsÞ + n H+

ðaqÞ + n e�#XHn ðsÞðn; the number of electrons transferredÞ: (3)

The primary goal of this investigation was to estimate the energetics of such an

approach by constructing a thermodynamic model that predicts the process param-

eters, as well as to introduce an electrode that could host protons to electrochemi-

cally modulate proton concentration. In this context, we develop a detailed

thermodynamic model of this proton concentration process, including a rigorous

speciation and activity coefficient description, to predict the (electro)chemical pa-

rameters that are later used to estimate the energetics of the electrochemical cell.

Themodel is validated by several experimental measurements. To electrochemically

swing the proton concentration, manganese dioxide (MnO2)-based electrodes that

could effectively host protons (i.e., intercalation) during reduction and release these

ions (i.e., deintercalation) during oxidation were developed. MnO2 is a low-cost,

Earth-abundant, and environmentally friendly electrode material with high theoret-

ical capacitance (�1,100 F g�1).29,30 MnO2 electrodes with capacities close to the

theoretical value can be obtained using advanced fabrication techniques, which is

beyond the scope of this investigation. Rather, we focus on demonstrating that

this material could be used in an electrode to effectively host and release proton
Cell Reports Physical Science 1, 100033, April 22, 2020 3



Figure 2. Thermodynamic Model Verification for the Absorption Process

(A and B) Comparing the simulated values of (A) CO2 loading and (B) solution pH with their

corresponding experimental measurements. The experiments were performed at various

combinations of K2CO3 absorbent concentration (0.5 mol kg�1, circles; 1 mol kg�1, squares), gas

compositions (15 mol% CO2 and 85 mol% N2, open symbols; 100 mol% CO2, filled symbols), and

temperatures (23�C, blue symbols; 50�C, orange symbols). Error bars represent SDs of the

experimental CO2 loading and pH values of three independent replicates.
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ions through reversible intercalation/deintercalation cycles. The MnO2 electrode

potentials were previously shown to be responsive when exposed to solutions of

different pH and have been used as electrodes to generate electrical power for

such a system. An open circuit potential of �60 mV per 1 unit of pH difference be-

tween anolyte and catholyte (i.e., dE/dpH = 60 mV) was obtained.31,32 In contrast,

in the present study, we use these electrodes to generate a pH difference by

applying electrical power. The fabricated electrodes are characterized to evaluate

their chemical state and capacitance properties. The electrochemical responsive-

ness of the solution pH toward the polarization of MnO2 electrodes was also

investigated.

RESULTS

Thermodynamic Model Verification

The developed thermodynamic speciation and activity coefficient models were vali-

dated for the absorption and desorption processes. For absorption, experiments

were performed with 2 K2CO3 absorbent concentrations (0.5 or 1 mol kg�1) at

different temperatures (23�C or 50�C) under various gas compositions (15 mol%

CO2, 85mol% nitrogen [N2]; 100mol%CO2). For each experiment, the CO2 capacity

and absorbent pH weremeasured, and the experimental values were compared with

those of the simulation (Figure 2). The simulated CO2 loadings and pH were in good

agreement with the experimental values, confirming that the thermodynamic speci-

ation and activity coefficient models provided accurate representations of these

solution compositions.

Themodel was also validated for theCO2desorptionprocess. A solution of 0.5mol kg�1

K2CO3wassaturatedwithagas streamcontaining15mol%CO2and85mol%N2at50�C,
similar to the compositionof fluegas. TodesorbCO2, various concentrationsofHClwere

added to the solution tomimicdesorption in theelectrochemical cell, inwhichH+ ionsare

introduced by deintercalation from the electrode and Cl� ions are transferred from the

cathode to the anode compartment through the anion-exchange membrane. Similar

to the absorption process, CO2 loading andpHweremeasured for each addedHCl con-

centration in the desorption process; the experimental results matched well with the

simulated values (Figure 3). The solutionpHwas not affectedmuch at low concentrations

of HCl, mainly due to the high buffer capacity of the solution, which is derived from the
4 Cell Reports Physical Science 1, 100033, April 22, 2020
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Figure 3. Thermodynamic Model Verification for the Desorption Process

The simulated results of CO2 loading (orange line) and solution pH (blue line) were compared with

their corresponding experimental values (circles) at various added HCl concentrations. A solution

of 0.5 mol kg�1 K2CO3 saturated with 15 mol% CO2 and 85 mol% N2 at 50
�C was used. Error bars

represent SDs of the experimental CO2 loading and pH values of three independent replicates.
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CO2/HCO3
�/CO3

2� buffer system. However, CO2 loading decreased linearly with the

introduction of proton ions, resulting in a 1:1 ratio between the moles of CO2 desorbed

to themoles of proton introduced. Thismeans that despite the highbuffering capacity of

thesolution,whichpreventsapHswing,CO2canbeeffectivelydesorbedbyproton intro-

duction (which, in the electrochemical cell, comes from electrode deintercalation).

For both the absorption and desorption measurements, experimental errors were

likely due to CO2 titration inaccuracies, experimental uncertainties of pH measure-

ments at 50�C (including calibration at 50�C), and the limitations of the activity

coefficient model, which is accurate only up to an ionic strength of 1 mol kg�1.

Overall, the thermodynamic model developed here predicted the thermodynamic

properties of the system with good accuracy and could be used further to estimate

the electrochemical work needed to desorb CO2.
Thermodynamic Cycle and Electrochemical Energetics

The electrochemical behavior of the system was evaluated through its electrochem-

ical thermodynamic cycle constructed based on the Nernst equation at different

chloride loadings. As an example, we considered the capture of CO2 from a flue

gas stream with 15 mol% CO2 and 85 mol% N2 by 0.5 mol kg�1 K2CO3 absorbent

and 0.5 mol kg�1 KCl as the background electrolyte at 50�C. We assumed an elec-

trode with one electron transfer (n = 1) and an intercalation efficiency of 0.7, which

is the case for MnO2 electrodes reported in previous investigations.31,33 For this

operating condition, the half-cell equilibrium potentials (i.e., Eox and Ered) as a func-

tion of chloride loading were calculated with the results illustrated in Figure 4. Point 1

corresponds to the stream entering the anode compartment, which was equilibrated

with 15 mol% CO2 and 85 mol% N2 in the absorber. The stream was then passed

through the anode compartment (i.e., 1 / 2), where the proton concentration

(and, equivalently, the chloride loading) wasmodulated by applying an electrical po-

tential. The potential profile during this process (Eox) shows a sharp increase,

followed by a nearly linear trend as chloride loading increases across the cell. The

initial ramping of the potential could be related to the release of CO2 that remains

in solution at partial pressures lower than the cell pressure until saturation; at this

point, it is evolved as a gas at 100% CO2, as at point 1, the solution was saturated

with 15 mol% CO2. After separating pure CO2 from the anolyte, the stream is sent

through to the cathode compartment (i.e., 2 / 3), where the proton concentration

is decreased by the proton ion intercalation reaction. For the sake of charge
Cell Reports Physical Science 1, 100033, April 22, 2020 5
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an Electrochemical Cell

The electrochemical modulation of proton concentration results in a change in xCl across the cell;

therefore, the results were presented as a function of xCl. In addition to the half-cell equilibrium

potentials (i.e., Eox and Ered), a finite electrode loss (dashed line) and a surface and transport

overpotential (dotted and dashed line) were considered. The highlighted areas between the curves

are proportional to specific energetics. The potentials are presented with respect to the SHE. The

potentials of the anode and cathode inlets and outlets are labeled in the graph and the schematic.

At the anode, deintercalation of proton ions through the oxidation reaction (XHn (s) # X (s) + n H+

(aq) + n e�) results in a shift in the equilibrium toward CO2 formation. The absorbent is regenerated

in the cathode chamber where proton ions are intercalated through the reduction reaction (X (s) + n

H+
(aq) + n e� # XHn (s)).
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neutrality, chloride ions are transferred to the anode compartment, resulting in a

decrease in chloride loading across the cathode compartment. The potential profile

(Ered) follows the same trend as a typical diprotic acid titration curve, suggesting that

the potential needed to modulate the proton concentration in the cathode compart-

ment is mainly affected by the buffer capacity of the CO2/HCO3
�/CO3

2� system. The

area between the Eox and Ered curves is proportional to the minimum electrochem-

ical work (Wmin) needed to desorb CO2. AWmin of 22.7 kJe/mol CO2 was calculated.

In addition to the equilibrium potentials, we considered other overpotential losses,

including finite electrode and surface and transport overpotentials. The finite elec-

trode loss, which originates from a uniform distribution of potential on the electrode

surface, was calculated to be as high as 13.9 kJe/mol CO2. This value is significant

compared with the minimum electrochemical work (22.7 kJe/mol CO2). The finite

electrode loss due to having a single electrode can be minimized by using

segmented electrodes. For example, for 2 and 4 segmented electrode configura-

tions, finite electrode loss could be reduced to 9.93 and 4.9 kJe/mol CO2, respec-

tively. Figure 5 illustrates how using a segmented electrode configuration minimizes

the finite electrode loss, as the highlighted areas corresponding to this loss (i.e.,

olive areas) are decreased compared to those presented in Figure 4. Additional

surface and transport overpotentials of 25 mV were considered to drive the desired

current. The energetics corresponding to this overpotential was estimated to be

5.6 kJe/mol CO2. Therefore, the total electrochemical work required for the

proposed capture process with segmented electrodes that could efficiently interca-

late/deintercalate protons was estimated to be 33.2 kJe/mol CO2.

The electrochemical work for the developed proton concentration process was

further compared with similar electrochemical-based systems of CO2 capture (Fig-

ure 6). The total energy required for the proton concentration process (33.2 kJe/mol
6 Cell Reports Physical Science 1, 100033, April 22, 2020



Figure 5. Simulated Potential Distribution for Segmented Electrode Configurations

(A and B) The potentials were estimated as a function of chloride loading along the length of an

electrochemical cell with (A) two and (B) four segmented electrodes. The half-cell equilibrium

potentials (i.e., Eox and Ered), finite electrode losses (dashed line) and surface and transport

overpotentials (dotted and dashed line) were considered. The highlighted areas between the

curves are proportional to specific energetics, including electrochemical minimum (beige area),

finite electrode loss (olive areas), and surface and transport overpotentials (pink areas). The

potentials are presented with respect to SHE.
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CO2) was comparable to that of the previously discussed EMAR process (31.3 kJe/

mol CO2).
27 The minimum electrochemical energetics of the proton concentration

process (i.e., proportional to the area between Eox and Ered curves) was slightly

higher than that of the EMAR, mainly because the electrochemical reaction in the

EMAR system involves 2 electrons (i.e., Cu0 / Cu2+ + 2e�),24 whereas the reaction

considered here is a 1-electron transfer reaction. Although the proton concentration

process requires higher electrochemical work to desorb CO2, it offers some benefits

compared with the EMAR system. An amine-based absorbent is used in the EMAR

process, which has been shown to have some issues related to corrosion and degra-

dation.9,34 In the present study, however, we used K2CO3, which offers lower cost

and toxicity, together with lower rates of corrosion and degradation. In addition,

the proton concentration process relies on proton intercalation/deintercalation

into and from the electrode, rather than plating or corroding a copper electrode,

leading to a potentially more stable reversible system. It is worth noting that efforts

are continuing on many aspects of the EMAR system to scale it up and implement it

in an actual power plant.

The developed proton concentration process required less energy than the similar

MCDI system operated with different applied current densities. For example, the to-

tal energetics of the proton concentration process was up to 30% less than that of an

MCDI that aimed to separate CO2 from a stream containing 15 mol% CO2.
25 In the

MCDI system, two types of energy losses are introduced: ohmic loss, due to ohmic

resistance, and non-ohmic loss, such as concentration polarization.25 At the higher

current density used in the MCDI work (e.g., 0.6 A m�2), it was found that a major

part of the energetics (up to 70%) was due to ohmic loss. Reducing ohmic loss (ohmic

resistance) could be done by reducing the electrode distance or using a background

electrolyte salt, both of which are challenging to implement in the MCDI system. The

electrodes are already very close to each other (�250 mm) and decreasing that dis-

tance further may cause an electrical shortage in the circuit. Using a background

electrolyte to reduce ohmic resistance is also not feasible because the membranes

that cover the electrodes are selective only to the charge of the ion; transfer of the

background ions rather than proton and bicarbonate ions through the membranes

results in a decreased Faradaic efficiency. In contrast, the energetics of our pro-

posed proton concentration process could be decreased by optimizing the
Cell Reports Physical Science 1, 100033, April 22, 2020 7
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Figure 6. Comparison of the Electrochemical Energetics of the Developed Proton Concentration

Process with Other Electrochemical-Based CO2 Capture Systems

The electrochemical energetics calculated in this study were compared with those of an

electrochemically mediated amine regeneration (EMAR) process operated at 1 bar and

isothermally at 50�C,27 and a membrane capacitive deionization (MCDI) operated at current

densities of 0.2 A m�2 (MCDI-0.2) and 0.6 A m�2 (MCDI-0.6).25 The electrochemical work was

estimated to separate CO2 gas from a stream containing 15 mol% CO2 and 85 mol% N2.
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background electrolyte or by using an electrode with a higher number of electrons

transferred in the electrochemical reaction (i.e., a higher n).

Electrode Development

Based on the thermodynamic model developed above, we showed that CO2 could be

desorbed efficiently from a K2CO3 solution by electrochemically modulating the proton

concentration (i.e., solution pH). Proton intercalation/deintercalation into and from an

electrodematrix was considered themain Faradaic reaction. Here, anMnO2-based elec-

trode, previously shown to be a good proton host,31,33,35 was developed.

MnO2 Electrode Characterization

TheMnO2 electrodes were characterized by X-ray photoelectron spectroscopy (XPS)

to analyze their chemical state. The XPS survey spectrum showed several peaks

related to Mn and O, including Mn 2p and O 1s core-level spectra (Figure S1). The

Mn 2p core-level spectrum displayed 2 peaks at binding energies of 653.9 and

642.3 eV, corresponding to the spin-orbit doublet of Mn 2p1/2 andMn 2p3/2, respec-

tively (Figure 7A). The spin-energy separation of 11.6 eV confirmed the formation of

MnO2, which is consistent with observations for similar materials.33,36 In addition,

the binding energy obtained for Mn 2p3/2 (642.3 eV) was in good agreement with

that corresponding to the Mn(IV) oxidation state (642.6 eV),37 further confirming

the formation of MnO2. Because of the importance of O in the MnO2 matrix, the

O 1s core-level spectrum was studied (Figure 7B). The O 1s spectrum could be

deconvoluted into 2 main constituent peaks corresponding to different O-contain-

ing species. The peaks were related to the Mn–O–Mn bond (529.7 eV) for the tetra-

valent oxide and the Mn–OH bond (531.8 eV) for a hydrated trivalent oxide.33 Based

on the areas under these peaks and the procedure previously developed,33 the

atomic ratio of Mn:O was calculated to be 1:1.93. Therefore, based on the results

from the XPS analysis, it can be concluded that MnO2 was formed successfully.

Cyclic voltammetry (CV) was used to study the capacitance behavior of the fabricated

electrodes (Figure 8). The MnO2-based electrodes showed a mainly rectangular CV

curve, characteristic of a pseudocapacitance material.33 This is in good agreement with

the previously reported results for MnO2 electrodes, which confirmed that the charge

storage mechanism was a Faradaic reaction together with intercalation (i.e., a
8 Cell Reports Physical Science 1, 100033, April 22, 2020



Figure 7. XPS Analysis of the Fabricated Electrode

(A and B) Mn 2p (A) and O 1 s (B) core-level spectra for the fabricated MnO2 electrodes. The red and

blue lines in the O 1s spectrum correspond to the Mn–O–Mn and Mn–OH bonds, respectively.
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pseudocapacitance behavior).38 The capacitance was normalized by the mass of the

active material (known as specific capacitance), enabling relevant comparisons between

MnO2materials fabricated with a casting technique. Using CV, the specific capacitances

of theMnO2electrodeswithcarbon felt andcarboncloth substrateswerecalculatedtobe

85 and 144 F g�1, respectively (Figure 8A). These values matched those previously

reported (ranging from 50 to 220 F g�1).33,39–41 MnO2-based electrodes with higher

capacitances can beobtained throughmore advanced fabricationmethods such as elec-

trodeposition and atomic layer deposition, which will be investigated in the future devel-

opment of proton concentration process (PCPs).

Despite a lower specific capacitance, the MnO2 electrode with carbon felt substrate

had a higher geometrical capacitance (201 mF cm�2 for carbon felt, 110 mF cm�2 for

carbon cloth; Figure 8B). This finding could be related to the amount of MnO2

material cast onto the substrate and its accessibility for electrochemical reactions.

Compared with the carbon cloth, the carbon felt substrate provides a higher active

surface area for the same geometrical area. This is mainly due to larger spaces

between the fibers in carbon felt, which allow MnO2 material to be cast not only

onto the surface but also throughout the substrate. This was also confirmed by the

experimental measurement in which the weight of the substrate was measured

before and after the casting. The mass loading of the MnO2 material on the carbon

felt substrate was 15 mg cm�2, whereas it was 4 mg cm�2 for the carbon cloth. Fig-

ure 9 illustrates the difference between the surface properties of the carbon cloth

and carbon felt substrates. By inserting MnO2 materials, capacitance is improved

because of the increased surface area of the active material. Adding more material

results in the formation of a thick layer (compared with the thin film that normally

forms at low MnO2 loadings). The MnO2 sites of lower layers in a thick electrode

are not necessarily accessible to the electrochemical reaction,33 resulting in a lower

specific capacitance of carbon felt electrodes. Compared with specific capacitance,

geometrical capacitance has better practical meaning because the concept devel-

oped here relies on electrode geometric areas to provide sufficient hosts for proton

intercalation/deintercalation reactions.

The carbon-based materials used as electrode substrates could also store charge;

however, their contribution was much smaller than that of the MnO2 material, as re-

flected by the significantly higher current generated in the CV analysis for the

electrode with MnO2. This is mainly because the MnO2 materials store charge as a

pseudocapacitance, whereas carbon materials rely on the electrical double-layer
Cell Reports Physical Science 1, 100033, April 22, 2020 9



Figure 8. Cyclic Voltammetry of the Fabricated Electrode

(A and B) Cyclic voltammograms were normalized by (A) the mass of active material (specific

capacitance) and (B) the area of the electrode (geometrical capacitance) of a pristine carbon cloth

(gray line) as well as MnO2 electrodes cast on carbon cloth (red line) or carbon felt (blue line)

substrates. The tests were conducted in a potential range between 0.2 and 0.8 V (versus Ag/AgCl)

at a scan rate of 2 mV s�1 and using 0.5 M Na2SO4 as the electrolyte.
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capacitance (the capacity of which is significantly lower than that of a

pseudocapacitance).

Modulation of Proton Concentration by MnO2 Electrodes

A symmetrical electrochemical cell with two MnO2 electrodes was used to study the

rate and reversibility of the proton intercalation/deintercalation reactions. A con-

stant voltage was applied, and current density and solution pH were monitored as

two responses. In an ideal system, the current is effectively translated into proton

intercalation/deintercalation reactions that, for a solution with a low buffer capacity,

can be observed as a change in the solution pH. We tested fabricated MnO2 elec-

trodes with carbon felt and carbon cloth substrates. The results showed a high

rate of proton intercalation/deintercalation reactions with a pH swing ranging

from 1.2 to 3 units (Figure 10). The generated current and pH change over >10 cycles

were very reversible. We investigated reversibility further under different experi-

mental and operational conditions, and the results showed a significant pH swing

that enables the system to effectively capture and release CO2.

We studied the effect of carbon substrate on the generated current and pH change.

The MnO2 electrodes with carbon felt substrate obtained a higher current, and

hence, a higher pH swing (3 and 1.2 units of pH swing for carbon felt and carbon

cloth, respectively; Figure 10). The higher current and pH swing of the carbon felt-

based MnO2 electrode can be attributed to the higher geometrical capacitance of

carbon felt compared with carbon cloth, as shown in the CV measurements (Fig-

ure 8B). Although using carbon felt-based electrodes offers higher current and pH

swing, this substrate causes a greater pressure drop along the cell when integrated

into a flow cell, mainly because of its large pore size and relatively larger thickness.

Therefore, the use of carbon felt as the MnO2 electrode substrate for a flow-based

CO2 capture system should be carefully investigated in the future to avoid significant

pressure drops and extra energy consumption.

These experiments were designed to study the rate and reversibility of the electrode

for proton intercalation/deintercalation reactions using a low-buffer capacity solu-

tion (i.e., KCl) in which the proton concentration change can be effectively translated

into the solution pH change. For future developments in which these electrodes are

used in a PCP to desorb CO2, the experiments must be done with an electrolyte

containing both K2CO3 and KCl.
10 Cell Reports Physical Science 1, 100033, April 22, 2020
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Figure 9. An Illustration of the Difference between Carbon Cloth and Carbon Felt Substrates

(A–F) The thickness of carbon cloth (A and B) and carbon felt (D and E) were measured to be 0.35 and 3 mm, respectively. The SEM images exhibit the

difference between the string formation of the carbon cloth (C) and carbon felt (F). For both substrates, MnO2 materials were cast onto the same

geometrical area of 7.1 cm2.
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DISCUSSION

We introduced a new approach based on a proton concentration electrochemical

cell for CO2 capture usingMnO2, which was shown to be a good proton intercalating

material, as the electrode. The developed activity-based thermodynamic model was

able to predict speciation, which was later validated by experimental measurements

under different conditions. The model was also able to estimate the potential profile

to be applied to the electrochemical cell for CO2 desorption. The electrochemical

work requirement for the proposed proton concentration process was estimated

to be 33.2 kJe/mol CO2, which is comparable to that of the EMAR process

(31.3 kJe/mol CO2) and �30% lower than that of the MCDI capture system

(49 kJe/mol CO2) operating at a reasonable current density. The electrochemical

energy consumption of the proposed approach could be lowered by using elec-

trodes with a higher number of electrons transfer (i.e., a higher n), by process opti-

mization, and by identifying new chemistries. In addition to the electrochemical

work, other process-based energetics related to compressors and pumps should

be considered in future studies to be able to meaningfully compare this technology

with conventional methods of CO2 capture (e.g., thermal processes).

The proposed proton concentration process is in the early stage of development,

and several modifications must be considered in terms of cell design and configura-

tion and process operation. Here, CO2 desorption and solution pH swing processes

were studied independently in two sets of controlled experiments. In one set, we

showed that CO2 could be desorbed linearly by introducing proton ions, despite

the high buffering capacity of the absorbent at high CO2 loadings. We did these

experiments by adding HCl to mimic the proton concentration change modulated

by an electrochemical cell. In another set of experiments, we showed experimentally

that the solution pH could be effectively modulated through reversible cycles by
Cell Reports Physical Science 1, 100033, April 22, 2020 11



Figure 10. Modulation of Proton Concentration by MnO2 Electrodes

(A and B) Current density (green symbols) and solution pH (blue symbols) of a symmetrical cell with

MnO2 electrodes cast onto (A) carbon cloth and (B) carbon felt substrates were recorded. A

constant potential of 1 V was applied, and the polarity was changed at intervals of 10 min for 10

cycles (gray line). A solution of 0.5 M KCl, which has a low buffer capacity, was used as the

electrolyte.
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applying constant potential across a symmetrical cell with two MnO2 electrodes. In

applications, the insights from these two sets of experiments must be combined to

design and operate a system in which CO2 is desorbed from the anode compartment

of an electrochemical cell where the deintercalation of proton shifts the CO2 hydra-

tion equilibrium toward gas release. In addition, to implement the proposed proton

concentration approach in practice, a continuous process of CO2 capture and

release by integrating a K2CO3-based absorber and an MnO2-based electrochemi-

cal cell is being developed and will be reported in a future communication.

EXPERIMENTAL PROCEDURES

Thermodynamic Modeling

A comprehensive thermodynamic model was developed to determine the equilib-

rium speciation in the absorber and desorber, predict the electrochemical behavior,

and, finally, estimate the energy requirement to electrochemically modulate the pro-

ton concentration for CO2 desorption. To be able to desorb CO2, the absorbent

capture mechanism should be based on the hydration of CO2 rather than the carba-

mate formation. Therefore, K2CO3, in which CO2 is absorbed as bicarbonate

(HCO3
�) and carbonate (CO3

2�) (Equations 1 and 2), was selected as the absorbent

in this study. K2CO3 is widely used in thermal scrubbing carbon capture processes

because of its several advantages, including low degradation rate, ease of regener-

ation, low cost, and high CO2 absorption capacity.7

Model Development for the Absorption and Desorption Processes

The model developed for the equilibrium speciation was adapted from a similar

model we introduced for another electrochemically based CO2 capture system using

amines.27 K2CO3 as the absorbent and KCl as the background electrolyte are used in

the present article; hence, the reaction system of CO2–K–Cl–H2O was considered in

the model. All of the relevant equilibrium speciation reactions were taken into

account, with the equilibrium constants tabulated in Table S1. Specifically, we devel-

oped an activity-based model that offers more accurate estimates of solution

equilibria than those of the concentration-based systems, especially for systems

with high ionic strength such as PCP. This is also important for estimating the electro-

chemical parameters such as potential, since the Nernst equation, the core relation

between the pH and potential, uses the activities of the different species. The

activities a of the various aqueous species i are given by:

ai = giCi (4)
12 Cell Reports Physical Science 1, 100033, April 22, 2020
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where gi is the activity coefficient and Ci is the concentration. The extended Debye-

Hückel equation with the B-dot parameter was used to calculate the activity coeffi-

cient of the charged species42:

log gi = � Ag;10z2i
ffiffi
I

p

1+aiBg

ffiffi
I

p + _BI (5)

whereAg,10 and Bg are the Debye-Hückel parameters, z is the electrical charge of the

species, a is the hard core diameter of the species, _B is the characteristic B-dot

parameter, and �I is the ionic strength of the solution. The activity coefficients for

all of the neutral species, except CO2 (aq) and H2O, were set to unity. The activity

coefficients for CO2 (aq) and H2O are described in Data S2. A more detailed descrip-

tion of the activity coefficient model and the speciation calculations can be found in

our previous study.27 The developed activity-based model and the mass and charge

balance equations (Data S1) were used to calculate all of the speciations, including

CO2 (to evaluate the CO2 loading) and proton (to evaluate the solution pH) in the

absorber and the desorber.
Model Development for the Electrochemical Cell

To describe the electrochemical behavior of the system, an electrochemical thermo-

dynamic cycle was constructed. The Faradaic intercalation/deintercalation of

protons during the reduction-oxidation reaction results in a proton concentration

gradient across the length of the cell. For the sake of electrical neutrality and elec-

trical circuit completion, migration of Cl� ions (present as the background electro-

lyte) through the anion-exchange membrane from the cathode to the anode

compartment was assumed. To better represent the results, the Cl� concentration

(CCl) in each compartment was normalized by the initial absorbent concentration

(Cabs) and defined as the chloride loading, xCl (xCl = CCl/Cabs). To construct the elec-

trochemical thermodynamic cycle, the half-cell equilibrium potential at any chloride

loading was calculated according to the Nernst equation43:

E = E0 +
RT

nF
ln aH+ (6)

where E0 is the standard electrode potential for the intercalation reaction (i.e., X + n

H+ + n e� / XHn; n, the number of electrons transferred), R is the gas constant

(8.314 J mol�1 K�1), T is the absolute temperature (K), F is the Faraday constant

(96485 C mol�1), and aH+ is the activity of proton ions.

Faradaic reduction and oxidation reactions of the electrode result in the generation

of an electric current. The generated current affects the solution pH by introducing

H+ ions into the anolyte and withdrawing ions from the catholyte, resulting in a

change in the chloride loading across the cell. Therefore, the current generated

due to a small change in chloride loading dxCl could be described as:

dI =
nFQxw
hint

dxCl (7)

where Q is the mass flow rate of the solution through the compartment, xw is the

mass fraction of water, and hint is the intercalation efficiency. Intercalation efficiency

can be defined as the number of moles of proton intercalated per mole of electron

transferred. For an ideal electrode, all of the electrical current is consumed by the

proton intercalation, resulting in an intercalation efficiency of unity.

By calculating the potential (Equation 6) and the current (Equation 7) as a function of

the solution pH and chloride loading, the minimum electrochemical work (Wmin; in
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kJe/mol CO2) needed to drive the reactions and desorb CO2 was estimated as

follows:

Wmin =
1

Fm:CO2

0
B@

Z
xCl

Eox dI�
Z
xCl

Ered dI

1
CA (8)

where Fm,CO2 is the molar rate of CO2 captured, and Eox and Ered are the oxidation

and reduction equilibrium potentials, respectively. In practice, an electrochemical

cell cannot be operated at its equilibrium potential. In addition to the equilibrium

potentials (Eox and Ered), several overpotential terms contribute to the total work

needed by the electrochemical cell. For example, the overpotential loss due to hav-

ing a single electrode, which inherently develops the same potential at any position

along the electrode, should be considered. This overpotential loss was previously

introduced as a finite electrode loss, and the use of segmented electrodes, in which

different electrode segments were maintained at different cell voltages, was pro-

posed to minimize it.27 In addition to the finite electrode loss, additional surface

and transport-related overpotentials need to be supplied to drive the desired cur-

rent density and achieve the desired shift in chloride loading. For this study, we

considered a surface and transport overpotential of 25 mV. Similar toWmin, the elec-

trochemical work associated with these overpotentials could be calculated using

Equation 8 with appropriate potential values.
Solution Preparation for Absorption and Desorption Experiments

To verify the model developed for the absorption process, a solution of K2CO3

(Sigma-Aldrich; 0.5 or 1 mol kg�1) was purged with various concentrations of CO2

mixed with N2 (15 mol% or 100% CO2) at a constant temperature of 23�C or 50�C.
Pure CO2 and N2 gases (Airgas) were mixed at different flow rates using 2 mass

flow controllers (00284UI, Cole Parmer) to obtain different gas compositions. The so-

lutions were purged in a 250-mL stirred 3-neck flask equipped with a gas dip tube, a

reflux condenser, and a temperature probe (set to either 23�C or 50�C). The CO2

loading (xCO2; defined as xCO2 = CCO2/CK+) and solution pH were measured after

purging for each absorption experiment. The desorption experiment was conducted

by adding certain concentrations of HCl (37%, Sigma-Aldrich; 0.2, 0.4, 0.6, 0.8, and

1 mol kg�1) into 0.5 mol kg�1 K2CO3 saturated with 15 mol% CO2 and 85mol% N2 at

50�C. The CO2 loading and solution pH were recorded at each added HCl concen-

tration. To more accurately compare the simulated equilibrium conditions and the

experimental values, the solutions were purged overnight to reach equilibrium,

owing to the low absorption kinetics of K2CO3 for CO2 capture (Figure S2). For future

practical implementations of PCP for CO2 capture, strategies to improve the absorp-

tion kinetics such as the use of a rate promoter must be considered.
CO2 Capacity and pH Measurements

The CO2 loading for each experiment was estimated by measuring the volume of

gaseous CO2 released upon acidification of the sample. A sample of 1 mL solution was

mixed with 1 mL 4 M HCl in a closed gas-tight glass vial. The gas evolved was sent to a

U-tube manometer to measure the increase in gas pressure and calculate the CO2

loading present in the solution (Figure S3). The solution pH was measured using a pH

probe (Orion PerpHecT ROSS) calibrated at 23�C and 50�C before the experiment.
Electrode Fabrication

The MnO2 powder was synthesized by following a previously reported coprecipita-

tion method in which KMnO4 (Alfa Aesar) and MnSO4 (Alfa Aesar) were mixed at
14 Cell Reports Physical Science 1, 100033, April 22, 2020
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room temperature in a 2:3 molar ratio, leading to a dark brown precipitate according

to32,39,44:

2KMnO4 + 3MnSO4 +H2O/5MnO2Y+K2SO4 + 2 H2SO4 (9)

The formed MnO2 precipitates were washed several times, collected by centrifuga-

tion, and dried overnight in a vacuum oven at 70�C. The synthesized MnO2 was

mixed with carbon black (Ketjenblack EC-600JD) and polyvinylidene fluoride

(Sigma-Aldrich; average molecular weight �180,000) in a 7:2:1 weight ratio to

form a composite. Then, 1-methyl-2-pyrrolidinone (Sigma-Aldrich; 2 mL 0.1 g�1

MnO2) was added to the composite while it was being homogeneously mixed,

and the resulting slurry was cast onto 2 different carbon-based substrates, carbon

cloth and carbon felt, using a leveled glass plate. Commercially available carbon

cloth and carbon felt (AvCarb Material Solutions) were treated to improve surface

hydrophilicity by soaking overnight in a mixed solution of concentrated sulfuric

and nitric acids (3:1 v:v) at room temperature.45 After applying the composite to

the carbon substrates, the electrodes were dried overnight in a vacuum oven at

70�C. An illustration of the electrode fabrication using the coprecipitation method

can be found in Figure S4 and in the literature.32

Electrode Characterization

The fabricated electrodes were characterized using XPS to evaluate their chemical

states. The XPS analysis was obtained on a Thermo Scientific K-Alpha+ XPS equip-

ped with Al (Ka) source with a spot size of 400 mm. The binding energies were cali-

brated with respect to the C1s peak at 284.5 eV. Survey spectra were collected with a

step size of 1 eV and an accumulation of 2 scans. High-resolution spectra were

collected with a step size of 0.1 eV and an accumulation of 10 scans. The microstruc-

ture of the carbon substrates was observed with a Zeiss Merlin high-resolution scan-

ning electron microscope (SEM).

Capacitance Measurement

The CV technique was used to study the capacitance properties of the MnO2 elec-

trodes. The CV was performed in a 3-electrode configuration using a Ag/AgCl

(+0.211 V versus standard hydrogen electrode [SHE]; RE-5B; BASi) reference elec-

trode and a platinum wire as counter electrode. As the working electrode, a circular

MnO2 electrode (3 mmdiameter) was attached to the glassy carbon electrode (3 mm

diameter; BASi) using conductive carbon tape (Ted Pella, 16084-4, 3 mm). To be

consistent with similar studies on MnO2 electrodes, CVs were run over the potential

range of 0.2–0.8 V with a scan rate of 2 mV s�1 and using 0.5 M Na2SO4 as the elec-

trolyte. The capacitance was normalized by either the mass of active material (i.e.,

specific capacitance) or the geometrical surface of the electrode (i.e., geometrical

capacitance). The normalized capacitance, Cn (in F g�1 or F cm�2), was calculated

as29:

Cn =

R V2

V1
I dV

2 c n DV
(10)

where I is the current (A), c is the mass of active material (g) or the geometric area of

the electrode (cm2), n is the scan rate in CV tests (V s�1), V1 and V2 are vertex poten-

tials (0.2 and 0.8 V, respectively), and DV is the potential window (0.6 V).

Electrochemical Cell Configuration and Operation

A batch-type symmetrical electrochemical cell with two MnO2 electrodes was

used to investigate the rate and reversibility of the proton intercalation/deinterca-

lation reaction. The cell used for the tests was constructed as previously
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described.46,47 Briefly, it consisted of cathode and anode chambers, each 2 cm

long and 3 cm diameter, separated by an anion-exchange membrane (Selemion

AMV, Asashi Glass). Two identical MnO2 electrodes with diameters of 3 cm

(geometrical area of 7.1 cm2) were used as the electrodes, which were placed

at the end of each chamber. To uniformly distribute the potential over the elec-

trode surface and collect the generated current, 2 pieces of stainless steel

(100 3 100 mesh; McMaster-Carr) with the same diameters of 3 cm were inserted

behind the electrodes and attached using conductive carbon tape. The solution

pH of the anolyte, where CO2 is desorbed, was monitored using a pH probe.

To facilitate the mass transfer of ions to the electrode, the anolyte was mixed us-

ing a magnetic stirrer. The cell was operated at a constant voltage (E) of 1 V and

the polarity was changed (i.e., E = �1 V) every 10 min using a potentiostat (PAR-

STAT PMC-1000, Princeton Applied Research). While the potential was applied,

the anolyte pH and generated current density (normalized to the geometrical

area of the electrode) were recorded. A solution of 0.5 mol kg�1 KCl (Sigma-Al-

drich) was used as the electrolyte. This solution exhibits a low buffer capacity;

thus, the change in solution pH can be easily correlated with the rate of the proton

intercalation/deintercalation reaction.
Data and Code Availability

All of the data associated with the studies are represented in the manuscript and

supplemental information. The raw data are available from the Lead Contact upon

reasonable request.
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Note S1. Equilibrium speciation calculations 
Potassium carbonate (K2CO3) was used as the absorbent with potassium chloride (KCl) as 
the background electrolyte; hence, the reaction system of CO2−K−Cl−H2O was considered in 
the model. All the relevant equilibrium speciation reactions are considered with the 
equilibrium constants tabulated in Table S1. By considering equilibrium constants (Table 
S1) together with the mass (Eq. S1-S3) and charge (Eq. S4) balance equations, all the 
speciations were calculated including CO2 and proton activities to estimate CO2 loading and 
solution pH, respectively, at different temperatures, feed gas compositions, and initial 
electrolyte concentrations.  

Table S1. The equilibrium reactions and their corresponding constants at 50 °C of the 
CO2−K−Cl−H2O system 

Equilibrium reactions Equilibrium 
constants (K) K50°C* 

CO2 (g) ↔ CO2 (aq) 𝐾𝐾1 =
𝑎𝑎CO2 (aq)

𝑓𝑓CO2
 1.93 × 10−2 

CO2 (aq) + OH− ↔ HCO3− (aq) 𝐾𝐾2 =
𝑎𝑎HCO3−

𝑎𝑎CO2 (aq)  𝑎𝑎OH− 1.01 × 107 

HCO3− (aq) + OH− ↔ CO32− (aq) 𝐾𝐾3 =
𝑎𝑎CO32−

𝑎𝑎HCO3−  𝑎𝑎OH− 1.47 × 1010 

H+ + OH− ↔ H2O 𝐾𝐾4 =
𝑎𝑎H2O

𝑎𝑎OH− 𝑎𝑎H+
1.86 × 1013 

KCl (aq) ↔ Cl− (aq) + K+ (aq) 𝐾𝐾5 =
𝑎𝑎Cl−  𝑎𝑎K+
𝑎𝑎KCl(aq)

 1.78 × 102 

*data were adapted from ref.1

For the considered CO2−K−Cl−H2O system, the mass balances of the aqueous species are, 

for carbon:          𝐶𝐶𝐶𝐶 = 𝐶𝐶𝐶𝐶𝑂𝑂2 + 𝐶𝐶𝐻𝐻𝐻𝐻𝑂𝑂3− + 𝐶𝐶𝐶𝐶𝑂𝑂32− (S1) 

for potassium:    𝐶𝐶𝐾𝐾 = 𝐶𝐶𝐾𝐾+ + 𝐶𝐶𝐾𝐾𝐾𝐾𝐾𝐾(𝑎𝑎𝑎𝑎) (S2) 
for chloride:        𝐶𝐶𝐶𝐶𝐶𝐶 = 𝐶𝐶𝐶𝐶𝐶𝐶− + 𝐶𝐶𝐾𝐾𝐾𝐾𝐾𝐾(𝑎𝑎𝑎𝑎) (S3) 



The overall charge balance is given as: 

�𝐶𝐶𝑖𝑖𝑧𝑧𝑖𝑖
𝑖𝑖

= 0 (S4) 

where Ci and zi are the concentration and charge of species i, respectively. To calculate the 
speciation, the set of nonlinear equations given by the equilibrium reactions (Table S1), the 
mass balances, and the charge balance (Eq. S1-S4) was solved in MATLAB software. A 
comprehensive study on the gas phase, including calculations on different gas fugacities (e.g., 
H2O, CO2, and N2) and water vapor pressure under different conditions, was also considered 
in the model, details of which can be found in our previous investigation.2 



Note S2. Activity coefficients of aqueous carbon dioxide and water 

The activity coefficient for CO2 (aq) was calculated as:2 

log 𝛾𝛾𝐶𝐶𝐶𝐶2 (𝑎𝑎𝑎𝑎) = �𝐶𝐶 + 𝐹𝐹𝐹𝐹 +
𝐺𝐺
𝑇𝑇
� 𝐼𝐼 ̅ − (𝐸𝐸 + 𝐻𝐻𝐻𝐻)

𝐼𝐼 ̅
1 + 𝐼𝐼 ̅

(S5) 

where T is the absolute temperature, C = −1.0312, F = 0.0012806, G = 255.9, E = 0.4445, and 
H = −0.001606. The activity of water was calculated as: 

log 𝛾𝛾𝐻𝐻2𝑂𝑂 =
1
𝛺𝛺 �

−
∑ 𝐶𝐶𝑖𝑖𝑖𝑖

2.303
+

2
3
𝐴𝐴𝛾𝛾.10𝐼𝐼1̅.5𝜎𝜎 −  𝐵̇𝐵𝐼𝐼2̅� 

(S6) 

where Ω is the molar concentration of water (≈ 55.51 mol L−1) and σ is given by: 

𝜎𝜎 = 3
𝑥𝑥3
�1 + 𝑥𝑥 − 1

1+𝑥𝑥
− 2 ln(1 + 𝑥𝑥)�     ;       𝑥𝑥 = 4 𝐵𝐵𝛾𝛾�𝐼𝐼 ̅ (S7) 



Figure S1. XPS survey spectrum of the fabricated MnO2 electrode. 

Figure S2. The kinetics of CO2 absorption using K2CO3. To evaluate the absorption kinetics of CO2, a 
30% wt K2CO3 (similar composition to that used at the industrial scales) was purged with pure CO2 

for 5 hours at room temperature and the CO2 loading and solution pH were measured. After 5 hours, 
the CO2 loading and pH were still changing, and thus the solution needed to be purged for a longer 
time (e.g., overnight) to reach the equilibrium. Our measurements (not shown here) confirmed that 
the solution can reach an equilibrium after ~11 hours using our simple purging setup. In the future, 
the purging time could be significantly reduced, by for example, using a rate promoter or a purging 

setup with more efficient mixing system. 



Figure S3. A CO2 acid titration set up. (a) A sample of 1 mL of solution was mixed with 1 mL of 4 M 
HCl in a closed gas-tight glass vial. (b) The gas evolved was sent to a U-tube manometer to measure 

the increase in the volume (therefore the gas pressure) and calculate the CO2 loading. (c) A 
schematic of the titration setup with a stirred reactor and a U-tube manometer. 

Figure S4. Fabrication of the MnO2-based electrode using coprecipitation followed by casting on 
either carbon cloth or carbon felt substrate. (a) The MnO2 precipitate was formed by mixing a 2:3 

molar ratio of KMnO4 and MnSO4 precursors. (b) The MnO2 precipitates were collected by 
centrifugation. (c) The collected precipitates were washed using deionized water and filtered. (d) The 
MnO2 sample was dried overnight in a vacuum oven at 70 °C. (e) The synthesized MnO2 powder was 

used to make a composite, which was later cast onto carbon cloth or carbon felt substrate. 
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