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Introduction



Chapter 1

1.1. Reducing Global warming challenge

Global warming is one of the biggest challenges that humanity is facing nowadays.
The atmospheric temperature continually increases every year due to a constant increase

of greenhouse gases (GHG) in the atmosphere, i.e., carbon dioxide (CO2), methane (CH4)
and nitrogen dioxide (NO2) and (Fig. 1.1a-b). Among these greenhouse gases, CO: gas
contributes the most to the GHG emissions (up to 75% in 2015). CO2 emissions caused by
anthropogenic activities continuously increases?, which induce a constant increase of the
CO: level in the atmosphere? (Fig. 1.1c). The most significant contributor to CO2 emissions
is mainly industries (power industry and other industries) and the transport sector (Fig.

1.1d). To reduce global warming, industries should embrace innovative technologies to

minimize CO2 emissions.
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Fig. 1.1: (a) Temperature anomaly for the years 1970-2018 (Refs. 34). (b) greenhouse gas emissions

during the last 50 years (Ref. 5). (c) CO; level measurement in the loaa observatory and air

enclosed from ice cores (Refs 19). (d) Global CO, emissions per sector in 2018 (Ref. 3).
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Global warming is the primary cause of many environmental problems, such as the
deterioration of ecological systems worlwide’ and the increase of the sea level®°, many
effects of which are predicted to be irreversible!!. Due to such an unprecedented negative
impact on our environment, nations worldwide agreed to limit the temperature increase
by 2°C before the end of this century (2100) while pursuing efforts to limit the increase by
1.5°C (COP21 in Paris in 2015?). To ensure the success of these ambitious goals, the
Energy International Agency (IEA) designed a roadmap, the so-called “2-degree scenario”
(2DS), i.e., a detailed plan in which a panel of different mitigations strategies are proposed
to reduce CO; emissions 134, These strategies mostly consist of (i) developing renewable
energies, (ii) increasing carbon storage and capture (CCS), (iii) improving the energy
efficiency of power plants and end-use, (iv) including the use of nuclear power and (v)
switching end-use fuel. Though the development of renewable energies meets the
prediction of the 2-degree scenario, the amount of CO: capture rate is falling behind 4,
thus endangering the success of the objective set by the Paris Agreement (COP21). Up to
now, large-scale deployment of CO2 capture technologies is limited by the high operating
costs of the commercially available technologies, i.e., mostly amine scrubbing. Part of their
high costs is related to the high energy demand, which is up to 20 times higher than the
minimum thermodynamic energy needed (=100 kJ molCO2? against =5 kJ molCO2? for
capturing flue gas from power plants'®). Therefore, technology development is still
essential to reduce CO2 emissions, for instance, to increase the energy efficiency of CO2
capture technologies.

1.2. Novel capacitive technologies to contribute to the global
warming challenge

The work done in this Ph.D. thesis aims to contribute to the global warming
challenge by developing two innovative capacitive technologies to reduce CO; emissions.
These two capacitive technologies have mainly been inspired by capacitive deionization
(CDI) 817 and capacitive mixing (CAPMIX) 20 both of which are electrochemical
technologies developed for water-related applications. CDI is a desalination technology
that aims at removing salt ions from water by applying an electrical current. CAPMIX is an
electrochemical technology, which aims at generating electrical energy from salinity
gradients, e.g., when sea and river water streams are mixed (also known as “Blue energy”)
18192122 Dl and CAPMIX are complementary as they use the same technology principle
but are operated in opposite ways. Fig. 1.2a shows the complementarity between CDI and
CAPMIX.
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(a) Water technology (b) €O, gas technology
CDl C0,-CDI
Desalination \ CO, capture \‘
253 2z I Flue gas Free CO, gas Pure CO
V:AA{’:V)\/ A/\//:// % g 28 p)
Brackish water Fresh water Brine water 100% 0,

CAPMIX
Energy production CO,-CAPMIX

Energy production

Fig. 1.2: Schematic representation of different capacitive technologies for water and CO; systems:
a) CDI and CAPMIX, b) CO,-CDI, and CO,-CAPMIX.

In this Ph.D. work, we adapted CDI and CAPMIX from water-based technologies to
gas-based technologies (Fig. 1.2b). In 2014, Hamelers et al. show that a CAPMIX cell can
generate electrical energy from a CO2 gas concentration difference, i.e., flue gas and
atmospheric air (i.e., a “CO2-CAPMIX” technology)?. As a result, CO2-CAPMIX can generate
electrical power from CO; emissions. Based on Ref.?3, a coal power plant could improve its
energy efficiency by up to 5% by harvesting the electrical energy available from their CO2
emissions with a CO2-CAPMIX cell. This improvement of energy efficiency fits well with the
2DS scenario developed by the IEA shown in section 1.1. Moreover, a CDI cell could also
be theoretically used to capture CO:z(i.e., a “CO2-CDI” technology), instead of desalinating
water. In fact, CO,-CDI represents a new electrochemical CO2 capture technology, which
can be promising in the field of sustainable CO> capture strategies.

Nonetheless, how can we convert a water technology into a gas technology? The
first step is to identify a strategy to produce ions from COz gas. As CO2 gas is not an ion,
the CDI and CAPMIX cells are not directly usable with gas streams. Nevertheless, ions can
be generated from CO: by sparging CO2 gas in water, a process in which bicarbonate ions
are formed (see Box 1).
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Box 1: lonization process of CO2in water

CDI and CAPMIX are capacitive technologies that require the presence of ions in
solution to be operated. The ions in salt streams (mainly Na* and CI" as shown in Fig.
1.3) are either desalinated (CDI operation) or use to generate electrical energy (CAPMIX
operation). Although CO: is a neutral molecule, it can react with water via a hydration
reaction to give H2CO3" (Eq. 1.1), and, by means of further acid-based reactions, into
HCOs and COs? (Egs. 1.2-1.3). Fig. 1.3 illustrates the formation of ions from CO; gas.

HCC

with He=0.83 from Refs.242> 1.1
K
H,CO; & HCOZ + H* with K;=10635 M from Ref.26 1.2
K
HCO3 < CO3 + H* with K,=101933 M from Ref.26 1.3

Seawater CO,-sparged water

cr Na* H*
. Water —_, 1

o,

Na*
cl

cl

H* HCO,

CO, chemical
equilibrium

Gas *———— coyfe)

LFIue gas

Fig. 1.3: Illustration of ions in seawater and CO,-sparged solutions. CO, gas reacts into the

formation of bicarbonate ions and protons through chemical reactions (shown in Egs. 1.1-1.3).

Overall, two new capacitive technologies (CO2-CAPMIX and CO2-CDI) can
potentially reduce CO2 emissions. CO2-CDI can be compared with other electrochemical
systems developed for CO2 capture (section 1.3), while regarding CO2-CAPMIX, only one
study has been reported so far showing another technology for harvesting electrical
energy from CO; emissions?’. Regarding CO2-CAPMIX, only early works showing the proof
of concept have been reported so far?®?82%, thus leaving still many technological questions
unsolved. Instead, on the CO2-CDI concept, no studies have been reported prior to this
Ph.D. research.
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1.3.

Development of electrochemical CO;

technologies

capture

Nowadays, amine scrubbing is currently the only CO; capture technology that has
already reached a commercial development stage (TRL 9, see Fig. 1.4). Thus, most
operating large-scale carbon capture and storage (CCS) plants are using amine scrubbing
technology. In particular, among the total of 28 CCS plants that are currently under
operation worldwide, 22 of them are using amine scrubbing as capture technology *.
Nevertheless, despite its technological maturity, amine processes show several
drawbacks, such as (i) high thermal energy consumption, and (ii) poor stability of the
chemical solvent, leading to toxicity®3? and solvent degradation3?=3*, Driven by the search
of solvent-free and more energy-efficient technologies, other alternative technologies
have been investigated for CO» capture, e.g., adsorption 3>73° (TRL 7), calcium looping 3540~
43 (TRL 6), membrane absorption 3>%47 (TRL 3-7), and electrochemical processes (TRL 3)*.
Fig. 1.4 shows that these technologies currently have different stages of development,
some of which are already at demonstration scales (TRL 7-8), but not yet at a commercial

scale (TRL9).

Proof of concept Lab prototype Lab-scale plant Pilot plant D ration C cial Ci cial
refinement
required
TRL3 TRL4 TRLS TRL6 TRL7 TRL8 TRL9
Membrane Membrarl\e Membrarﬁe Post-combustion
Dense inorganic polymeric po!ymerlc Amines (power
(€O, separation) (power plants) (NG industry) plant)
Electsrosctf;nmlcal Post-combustion
O ¥: Adsorption
Calcium carbonate O
Post-combustion looping (Cal)
lonic liquids

O Absorption

O Adsorption

. Membrane-based O Calcium looping O Electrochemical

Fig. 1.4: Comparison of current technology readiness level (TRL) of different CO, capture

technologies (adapted from Ref.15).

Although electrochemical technologies are on the earliest stage of development
compared to other CCS solutions, their application recently attracts much interest due to
their potential advantages compared to traditional amine systems. The main advantages
of electrochemical capture technologies include (i) no use of toxic and corrosive chemical
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solvents®, (ii) better control and tuning of the strength of CO; binding®, (iii) possibility to
minimize side reactions, and (iv) potentially minimizing the energy consumption*. Beside
CO:2-CDI, other electrochemical CO2 capture technologies have been recently reported for

50-52

CO: capture, e.g., molten carbonate CO2 concentrator , pH swing #>3-%5 faradaic

48,56,57

electro-swing and supercapacitive swing adsorption >,

1.3.1. Molten Carbonate CO; concentrator

Historically, the molten carbonate CO2 concentrator (MCCC) has been the first
developed electrochemical system for CO separation®0. This system was designed to
remove CO: gas from breathing gas mixture of humans on space flight by adapting the
molten carbonate fuel cell (MCFC) technology. Both technologies operate on the same
principle: CO: gas is transported from the cathode to anode compartments, while H: is
consumed in the anode compartment (see Fig. 1.5). The anode and cathode reactions are
summarized in Table 1.1. When operated as an MCFC, the cell is a fuel cell that generates
electrical energy from H2. When operated as an MCCC, the cell remove CO2 gas from the
gas mixture in the cathode compartment (see Fig. 1.5). The concentrated CO: gas is
recovered in the anode compartment.

Table 1.1: anode and cathode reactions in a Molten carbonate CO, concentrator (MCCC)

1
Anode EOZ (g) + CO,(g),anode + 2e~ - CO3~(1)
compartment
Cathode H,(g) + C0%~(1) » H,0(g) + CO,(g), cathode
compartment
. 1
Overall reaction Eoz(g) + CO,(g),anode + H,(g) = H,0 + CO,(g), cathode
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Fig. 1.5: Schematic principles of a molten carbonate CO; concentrator (MCCC).

Although the MCFC/MCCC are mature technologies developed for more than 40
years, the performances are mainly limited by two factors, i.e., the energy demand and
the CO:2 purity of the concentrated gas. On the one hand, the energy requirement of the
cell is mainly impacted by the high temperature required to achieve high transport of CO3*
(typically, 500 650 °C >¥52). On the other hand, a gas mixture is recovered on the anode
compartment, limiting the CO> purity of the concentrated gas (around 70-80% °1).

1.3.2. Electrochemical pH swing

CO2 capture can be achieved by generating a pH swing between two chambers in
an electrochemical cell. The electrochemical pH swing has been mostly investigated in
electrodialysis cell®*%% and bipolar electrodialysis cell**>*>5. The CO; absorption takes
place in the alkaline compartment (high pH) through the reaction of CO2 with hydroxide
(CO, + OH™ - HCO3), whereas the CO: desorption takes place in the acidic
compartment (HCO3 + H* — CO,). Fig. 1.6 shows an example of CO2 capture with bipolar
electrodialysis.
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CO, free gas

pure
T CO, gas
S S S
S & S}
HCO; CO,(g)
e t e
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COsaq)
4 H <¢— H*
HCO,"
CO,(g) }
+
Flue gas

Fig. 1.6: Schematic principles of a pH swing electrochemical cell with bipolar membranes.

In electrodialysis, the pH gradient is generated through both the water oxidation
(anode) and water reduction (cathode), as shown in Table 1.2. In bipolar electrodialysis,
the pH gradient is produced by the bipolar membrane (as shown in Fig. 1.6). The major
advantage of this system is the flexibility of operation. The pH gradient is directly
controlled by the current density and can be adapted depending on the CO content in the
gas inflow. Therefore, bipolar electrodialysis can be used for a broad range of gas
composition (e.g., flue gas * or direct air capture®). Although the energy requirement of
the technology is still high (~100-500 kJ molCO,1)*>%, its application is of particular
interest for direct air capture®.

Table 1.2: Water oxidation and reduction reactions

Anode compartment 2H,0 — 4H* + 0,(g) + 4e”

Cathode compartment 4H,0 + 4e~ — 2H,(g) + 40H™

Besides ion exchange membranes, pH swing can be obtained by electrosorption of
proton by using proton-selective electrochemically active material. This approach has
been adopted in a pseudo-capacitive cell using intercalation electrodes® and a proton-
coupled electron transfer (quinones®).

1.3.3. Faradaic electro-swing CO; adsorption
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Faradaic electro-swing consists of reversibly adsorb and desorb CO; on
electrochemically active materials. CO:is then absorbed by applying a reductive potential
(reduction reaction) and is desorbed by applying an oxidative potential (oxidation
reaction). Fig. 1.7a shows an example of a faradaic electro-swing. Several
electrochemically active materials have been tested for faradaic electro-swing, including,
e.g., quinone-based nucleophile %3 and monoalkylated bipyridinium®”%%, Moreover, the
active material is either free in the electrolyte solution %35 (see Fig. 1.7b) or fixed in the
electrode matrix®’. This system shows promising low energy consumption values (~20-90
kJ molC021)%657,

(a) Q(Co,),> (b) Faradaic electro-swing
2/2
B CO, free gas
0

—>

Y \

/ 2e C02
2e /
@ Flue gas

0 D

Fig. 1.7: (a) Example of CO, adsorption and desorption through the reaction with a quinone (1,4-
naphthoquinone). Q stands for Quinone and Q(CO,)? stands for Quinone after CO, adsorption. (b)
Electrochemical cell using a faradaic swing to capture CO; (based on Refs.*8:56),

1.3.4. Supercapacitive swing adsorption

Supercapacitive swing adsorption (SAA) is an electrical double-layer capacitor
(EDLC) for CO: capture®®5, The concept consists of adsorbing CO; on the cathode in a gas
channel while charging the EDLC cell in a highly concentrated NaCl solution. Fig. 1.8 shows
an illustration of the SAA concept. Three mechanisms have been suggested for the CO>
gas adsorption in the electrodes, i.e. (a) adsorption of gas molecules at gas-solid interface,
(b) adsorption of gas molecules at the gas-liquid interface, and (c) adsorption of ionized
gas molecule®’. Adsorption at the gas-solid interface would occur when CO:2 gas is
adsorbed in non-filled electrode pores stimulated by a change of affinity between the pore
wall and CO: during the charging step of the cell. Adsorption at the gas-liquid interface
would occur due to an increased CO2 solubility in the electrical double layer (EDL) by
charging the capacitive cell. Finally, ionization adsorption occurs through the adsorption

10
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of HCOs™ and COs? in the EDL during charging (see Box 1). This latter mechanism is the
same principle of a CO>-CDI cell and will be discussed in more detail in the next section.

CO, free gas
—>

Capacitive electrode

Flue gas

4—

1 M NacCl

Fig. 1.8: Schematic principles of a supercapacitive swing adsorption for CO; capture.

1.4. Principles of Capacitive Deionization (CDI) and Capacitive
mixing (CAPMIX) systems

CDI and CAPMIX technologies are EDLC-based technology. Both technologies have
been widely investigated in the field of water technology in the past years, and several
EDLC cell architectures have been proposed for both systems, e.g., flow-by CDI®73,
Membrane CDI”2747>, flow-through electrode’®, flow-electrode CDI””7%, and wire-shaped
electrode!®?27°, Conventionally, a flow-by CDI is considered as the “conventional” design
for CDI application, while the Membrane CDI is the conventional design for CAPMIX
application.

1.4.1. lon electrosorption mechanisms in CDI

Flow-by CDI cells are composed of two capacitive electrodes separated by a flow
channel where an electrolyte solution is fed (Fig. 1.9). Upon applying a cell voltage, the
capacitive electrodes are electronically charged, resulting in the ion adsorption from the
electrolyte solution to the micropores of the electrodes. As a result, the micropores of the
electrodes act as ion storage in the capacitive cell. This process is the basic underlying
mechanism to desalinate water streams with an EDLC.

11
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Fig. 1.9: Scheme of a flow-by CDI cell with an illustration of the ion electrosorption mechanism. In
conventional CDI, Na* is the cation, and CI- is the anion. In CO,-CDI, H* is the cation and HCOs" is the

dominant anion.

To describe the ion electrosorption mechanisms, two theories have been applied
in CDI, i.e., the Gouy-Chapman-Stern (GCS) theory 80-82 and the modified Donnan
models83-85. The (GCS) theory describes the basic principles of ion adsorption in the
electrode. According to the GCS theory, each electrode/solution interface can be
separated into three regions, i.e., (i) carbon surface, (ii) the Stern layer, and (iii) the diffuse
layer (see Fig. 1.10). During charging, the electronic charge is stored in the carbon, while
the ionic charge is stored in the diffuse layer. The ionic charge concentration in the diffuse
layer follows a Boltzmann distribution, i.e., changing exponentially with the highest ionic
charge concentration close to the electrode surface, and the lowest close to the bulk
solution. The ionic charge can vary by adsorbing or desorbing ions in the diffuse layer and
must compensate the electronic charge to respect overall the electroneutrality. Note that
the thickness of the diffuse layer, which is referred to as the Debye length, Ap, is depending
on the ion concentration of the bulk solution as

14

where €, is the dielectric constant, €, is the permittivity of free space, R the gas
constant, T the temperature, F the Faraday constant and c; the ion concentration in the
bulk solution. Finally, the Stern layer represents the layer of solution separating the diffuse
layer, and the carbon matrix surface. In theory, ions are surrounded by a hydration shell,
and therefore, the charged ions are not infinitely close to the electrode surface.

12
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Fig. 1.10: lllustration of the electrical double layer at the wall of carbon electrodes according to the
Gouy-Chapman-Stern theory.

Since the GCS theory describes the structure of the EDL for planar (metallic)
electrodes, its validity is limited in the case of microporous electrodes. Inside microporous
electrodes, the EDL formed on the surface of micropores are strongly overlapping,
especially at low ion concentration!”#>8¢, The GCS model does not describe this situation.
For instance, the Debye length of 1 mM monovalent electrolyte solution is ~ 9.6 nm (using
Eqg. 1.4), which is five times larger than the average pore diameter of electrode micropores
(<2 nm). To describe the structure of EDL inside microporous electrodes, the GCS theory
has been revisited to take into account overlapping EDLs in a different model, i.e., the
modified Donnan model 17-7°, Compared to the GCS model, the Donnan model assumes a
constant electrical potential (i.e., the Donnan potential, Adp) and ionic concentration in
the micropores (cyy,;;), which can be estimated as”

_Zi'Aq)D'F
RT

Cmi,i = Cje 1.5

where z; is the valence of the ion.
Understanding the mechanisms of ion electrosorption in CDI is a crucial aspect of

the technology. The ion adsorption mechanisms of the EDL has been studied by measuring
the charge efficiency®, A, defined as

13
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Nga)t
AN=——
ncharge

1.6

where ng,); is the amount of salt ion removed and ncp,rge is the molar amount of
electrical charge stored in the electrodes. Ideally, during charge, the electrical charge
would be compensated by ion adsorption (i.e., counter-ion adsorption) in the electrodes,
thus resulting in a charge efficiency of A=1. However, the electrical charge is partly
compensated by the desorption of ions (or co-ion expulsion), leading to A<1. Co-ion
expulsion is then the source of energy losses and loss of ion adsorption capacity of the
electrodes. Co-ion expulsion is more critical at low cell voltages *%” and high ion
concentrations®’.

1.4.2. Use of ion exchange membranes in CDI and CAPMIX

Another commonly used cell architecture for CDI (also representing the
conventional design of CAPMIX cells) consists of porous electrodes covered by ion
exchange membranes (IEM) (see Fig. 1.11). The anode is covered by an anion exchange
membrane (AEM), and the cathode is covered by a cation exchange membrane (CEM).

Membrane potential D lon selectivity

A¢'D,m,conc

Fig. 1.11: lllustration of a flow-by MCDI combined with ion exchange membranes (MCDI)

IEMs are ionomer, i.e., charged polymer, which primarily act as selective charge
barriers. Ideally, only anions can be transported through the AEM, and only cations can be
transported through the CEM (counter-ion transport). IEMs are mainly used in CDI to
improve the charge efficiency (in Membrane CDI or MCDI)’®7? and are required in CAPMIX
to generate an electrical potential.

14
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Thanks to their charge selectivity, ion exchange membranes improve the charge
efficiency in CDI by decreasing the effect of co-ion expulsion (see Fig. 1.11). Blocked by the
IEM, co-ions are retained in the macropores of the electrodes, while counter-ions are
transported across the IEM. Thus, in MCDI, the ion storage occurs both in the micropores
and macropores of the electrodes.

In CAPMIX, IEMs represent the active cell element that allows the generation of an
electric voltage. An electrical potential, or membrane potential, occurs when a
concentration difference exists across an IEM. This concentration difference leads to a
difference of Donnan potential on each membrane side, generating a membrane potential
(see Fig. 1.11). The principle of the establishment of the Donnan potential for IEM is the
same as capacitive electrodes (Eq. 1.5). As capacitive electrodes, the IEM is a charged
material leading to the establishment of an EDL. Unlike capacitive electrodes, the IEM
charge is constant, thus leading to a constant ionic concentration in the EDL (C; 1y; in Eq.
1.5). Therefore, the Donnan potential of the IEM directly depends on the ion
concentration of the bulk solution (C; in Eq. 1.5). For IEM, Eq. 1.5 can be rewritten as:

a-R-T . Ci,side
Zi'F

A':I)D,m,side = ) 1.7

where Adp , sige IS the Donnan potential at one specific membrane/solution interface,
Cp the ion concentration in the EDL of the IEM, C; 5i4e the ion concentration of the bulk
solution on one side of the membrane (right or left) and o the membrane apparent
permselectivity. The membrane apparent permselectivity is a direct measurement of the
charge selectivity of the membrane. For an ideal membrane, a=1, only counter-ions are
transported through the membranes. Finally, the membrane potential is obtained from
the difference of Donnan potentials on both membrane sides (see Fig. 1.11) as:

a-R-T Ci,conc

-In
z; - F ( Ci,ail

Aq)m = Aq)m,conc - Aq)m,dil = 1.8

where A¢y,, is the membrane potential, Ay, onc the Donnan potential at the
membrane/solution interface on the concentrate side, Ay, g; the Donnan potential at
the interface on the dilute side, C;.onc the concentration of the concentrate, C; 4; the
concentration of the dilute. Overall, Eq. 1.8 shows that the membrane potential directly
depends on the ratio of concentration difference across the membrane. For instance, in
the case of the CAPMIX process between seawater and river water, the ion concentration
ratio is ~30, leading to a membrane potential of ~170 mV (a=1).

15
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1.5. CO,-CAPMIX and CO,-CDI: from water to gas streams
1.5.1. Principle of CO,-CAPMIX

Hamelers et al. demonstrated in 2014 the possibility to harvest electrical energy
from the mixing of CO, emissions into atmospheric air using a CAPMIX cell (CO2-CAPMIX)%.
Fig. 1.12 shows the CO2-CAPMIX process. The CO2-CAPMIX and conventional CAPMIX
share the same principle except for the feed solution. Firstly, ions in CO2-sparged solution
results from chemical reactions between CO: gas and water, unlike the case of true
electrolyte solutions. Secondly, in the case of CAPMIX, feed solutions (i.e., natural waters)
are mostly constituted by inorganic salts, fully dissociated electrolytes. Instead, in the case
of CO2-CAPMIX, the feed solution is a weak electrolyte composed of amphoteric ions
(HCO3"). As the ion concentration of the gas-sparged solution directly depends on the CO2
partial pressure, an ion concentration difference is obtained by flushing separately air
(0.04% CO:z) and a concentrated CO2 gas stream (100% CO:). From the concentration ratio,
a membrane potential arises, and electrical energy is generated.
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Fig. 1.12: Scheme of the CO,-CAPMIX process. AEM and CEM stand for anions exchange membrane

and cation exchange membrane, respectively.

Fig. 1.13a shows the solution pH as a function of CO, partial pressure, and the
resulting theoretical membrane potential (calculated from Eq. 1.8). Theoretically, a
concentration ratio of 20 can be obtained between air-sparged (0.04% CO:) and flue gas-
sparged (15% CO.) solutions, thus resulting in a membrane potential of 162 mV. A
concentration ratio of 60 can be obtained with pure CO2 gas (100% COz), leading to a
theoretical membrane potential of 210 mV?°.
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Fig. 1.13: (a) membrane potential for an air-sparged solution and a CO,-sparged solution at
different CO, partial pressures (calculations based on Eq.1.8) and the pH of the sparged solution at
different CO; partial pressures. (b) Experimental Open cell voltage measurement by alternatively
pumping CO,-sparged and air-sparged solutions (OCV cycles) obtained in Ref.23. The difference in
cell voltage by switching solutions is a measurement of the membrane potential.

1.5.2. Challenges of CO,-CAPMIX and CO,-CDI
Improving membrane selectivity

The highest membrane permselectivity reported so far in CO2-CAPMIX is ~50%23
(experimental results from Ref.Z are shown in Fig. 1.13b). This apparent permselectivity
value is low in comparison with conventional CAPMIX system (o >95%)*® or similar systems
using monovalent salt solutions®-. The difference has been attributed to the specific CO:
chemistry, i.e., (i) the diffusion of non-ionic species (H2COs") and (ii) the high pH of the
AEM?%°!, The selectivity of IEMs is also an important parameter to consider in CO2-CDI. An
in-depth understanding of the CO2 carbon species transport through IEM is essential to
improve the membrane permselectivity. Moreover, investigating alternative cell designs
is also of interest to reduce the diffusion of non-ionic species and increase the membrane
permselectivity.

Switching from solution-feeding to gas-feeding operation

Sparging CO2 and air gases in water is an energy-intensive operation. Hamelers et
al. 2 predicted that the energy required for gas-sparging is higher than the theoretical
electrical energy available. Thus, including gas sparging, the net energy generation is
expected to be negative. To avoid the gas sparging step, we propose to feed the gas
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directly in the cell (gas-feeding), instead of pumping a sparged-solution (solution-feeding).
The gas ionization step is then taking place in the cell, where residual water is present.

Reducing the internal resistance

The major limitation of the CO2-CAPMIX cell performance is the high internal
resistance of the CAPMIX cell?®, The same conclusion has been reported for conventional
CAPMIX systems®®. In general, energy losses occur in every resistive element of the
CAPMIX cell (see an equivalent circuit of the CAPMIX cell in Fig. 1.14). Among these
elements, the highest contribution in the internal resistance originates from the spacer
channel due to the low ionic conductivity of the diluted solution. For instance, the solution
conductivity of synthetic river water (1 g L™ NaCl) is ~1880 uS cm™, which is 100 times
lower than the conductivity of electrolyte solutions used in batteries® (typically in the
range of 10° uS cm™). This low ionic conductivity is even more critical in CO-CAPMIX as
the conductivity of the air-sparged solution is below 1 uS cm™, i.e., 1000 times lower than
conventional CAPMIX. Strategies must be investigated to improve the ionic conductivity
of the cell. Simply adding background electrolyte (e.g., NaCl) to the bulk solution is not
feasible, as the IEMs are only charge-selective and not ion-selective. As a result, adding
salt in the water would decrease the ion concentration ratio between the air and CO»-
sparged solutions, and thus reducing the membrane potential.

‘ | Voltage applied
|

SPACER CEM elec

N . . (b)

SPACER ~ CEM

Carbon-cloth
electrode

[_1 Resistance

|| Capacitor

| | Power source

Fig. 1.14: (a) Scheme of a MCDI cell design and (b) its representation as an equivalent circuit

Furthermore, we expect an additional increase of internal resistance by switching
from liquid to gas feeding in a conventional CAPMIX cell design (Fig. 1.14). Clearly, the
conventional CAPMIX cell design is not suitable for CO2-CAPMIX (as presented in Fig. 1.14).
The same observation also applies to CO>-CDI.
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1.6.

Key challenges

Up to now, only the proof-of-principle of the CO2-CAPMIX process has been

reported, demonstrating the possibility to harvest electrical energy by the controlled

mixing of flue gas and air 2. To further develop the CO.-CAPMIX technology, many

research efforts are still required, both focused on the scientific understanding of the

process, as well as on technology development. Furthermore, at the beginning of this

thesis, the CO2-CDI process has never been investigated. Therefore, a proof-of-concept

should be demonstrated for CO2-CDI. Then, further studies should be done to improve the

performance of the CO2-CDI and CO2-CAPMIX processes. Key challenges of this project can

be summarized as:

Developing Proof of concepts

Two concepts have to be demonstrated in this Ph.D. thesis, i.e., CO2-CDI and
direct gas feeding into capacitive cells. This first step is essential before
optimizing the capacitive cell for CO2 gas.

Understanding the effect of CO2-sparged solutions on capacitive cells

CAPMIX and CDI have been mostly investigated for saline electrolyte solutions
(i.e., NaCl), and very few studies have been made with CO2-sparged solutions.
Using CO2-sparged solutions have a significant impact on the performance of the
CAPMIX cell, due to the amphoteric nature of bicarbonate. For instance, the
membrane apparent permselectivity of the CO.-CAPMIX cell is below 50%%,
which is significantly lower than the expected membrane apparent
permselectivity using saline solutions (=90%).

Developing innovative cell designs to reduce internal resistance

The performance of the CO2-CAPMIX cell is limited by the low cell internal
resistance, due to the low ionic conductivity of the air-sparged and CO-sparged
solutions. Different strategies should be investigated to decrease the internal
resistance. Novel cell designs need to be developed to optimize the cell internal
resistance.
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iv. General assessment of the technology potential

After the first development stages of CO-CAPMIX and CO>-MCDI technologies,
the feasibility of both technologies should be discussed. This final assessment can
give direction on refining the possible applications for CO2-MCDI and CO2-CAPMIX
(e.g., post-combustion, pre-combustion, other), and provide future research

direction to develop the technology.

1.7.

In this thesis, we investigate the use of EDLC capacitive cells for two different novel
applications: (i) energy harvesting from CO2 emissions (CO2-CAPMIX) and (ii) CO2 capture
(CO2-CDlI). Chapters 2 and 3 focus on CO2-CAPMIX, whereas chapters 4,5 and 6 focus on
CO2-CDL. Fig. 1.15 shows a scheme of all chapters presented in this thesis. Moreover, the
research project presented in this Ph.D. thesis is divided into four different steps, i.e., (i)
proof of concept, (ii) understanding, (iii) exploration of cell designs, and (iv) discussion (see

Fig. 1.15).

Fig. 1.15: Outline of this Ph.D. thesis, including connections between different chapters.
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Introduction

In the first part of this thesis, Chapter 2 shows a proof of principle of CO»-CDI, and
Chapter 3 shows a proof of principle of direct gas feeding in CO2-CAPMIX. We report in
Chapter 2 several performance parameters, such as energy consumption and absorption
efficiency, which is similar to the charge efficiency in conventional MCDI. To further
improve the system, we identify two major limiting factors, which are (i) the charge
efficiency and (ii) the high internal resistance. In Chapter 3, Three different cell designs are
investigated to optimize internal resistance and membrane potential. In particular, we
investigate the use of a membrane electrode assembly (MEA) cell design and compare
results in terms of membrane potential, internal resistance, and energy consumption.

In the second part, we investigate in Chapter 4 the role of the electrodes and IEMs
on ion selectivity in capacitive cells. Absorption efficiency was reported in a flow-by CO2-
CDI with and without membranes (flow-by CO2-MCDI and flow-by CO2-CDI, respectively).
Furthermore, a theoretical model (amphoteric Donnan model) was adopted and tested in
CO2-CDI by comparing theoretical and experimental results. The main finding shows that
the anion exchange membrane (AEM) is essential to obtain high absorption efficiencies
(up to 70%). Furthermore, the electrode adsorption performance was unexpectedly lower
than predicted by the model. Both the role of IEMs and electrode were discussed in more
detail.

In the third step, we explore the possibility of reducing the internal cell resistance
by testing different cell designs. Chapter 5 shows a comparison between a flow-by MCDI
design and membrane electrodes assembly (MEA) designs in CO2-CDI. Our main finding
shows that the internal resistance successfully decreased with MEA designs, resulting
overall in lower energy consumption to capture CO2. Moreover, we tested the same MEA
designs with ionomer coated electrodes in Chapter 6 for CO,-CAPMIX. We highlight the
benefits of using an ionic conductive material coating on both electrodes to reduce the
internal resistance of a CO2-CAPMIX cell.

Finally, in Chapter 7, we discussed the potential of both technologies and future
research directions based on the results obtained from all other chapters.
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Chapter 2

Solvent-Free CO2 Capture Using Membrane
Capacitive Deionization

Charging step (Absorption) Discharging step (Desorption)

COZ(g)w COZ(g)q\

MCDI cell

Deionized Water Deionized Water

This Chapter has been published as:
L. Legrand, O. Schaetzle, R.C.F. de Kler, H.V.M. Hamelers, Solvent-Free CO: capture using

Membrane Capacitive Deionization, Environ. Sci. Technol. 52(16) (2018) 9478-9485.
https://doi.org/10.1021/acs.est.8b00980.
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Abstract

The capture of CO., originating both from fossil fuels, such as coal combustion and
from renewables, such as biogas, appears to be one of the most significant technological
challenges of this century. In this study, we show that Membrane Capacitive Deionization
(MCDI) can be used to capture CO2 as bicarbonate and carbonate ions produced from the
reaction of CO, with water. This novel approach allows capturing CO2 at room temperature
and atmospheric pressure without the use of chemicals. In this process, the adsorption
and desorption of bicarbonate ions from the deionized water solution drives the CO2(g)
absorption/desorption from a gas phase. In this work, the effect of the current density and
the CO2 partial pressure were studied. We found that between 55-75% of the electrical
charge of the capacitive electrodes can be directly used to absorb CO2 gas. The energy
requirement of such a system was found =40 kJ mol? at 15% CO and could be further
improved by reducing the ohmic and non-ohmic energy losses of the MCDI cell.
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2.1. Introduction

Projections made by the International Energy Agency predict that achieving a net-
zero CO2 emission by the mid-century (=2050) is critical to limit the temperature increase
to 2°C'3. While renewable energy sources like solar and wind already replaced fossil fuels
for power production in part, the production of fuels and chemicals from renewable
sources is slow. It seems that some form of CO2 capture from different sources such as
flue gas (coal, gas, or biomass power plants), biogas, or even from ambient air is required
to achieve net-zero emissions in 2050. The captured CO2 can be either stored or utilized

93-95

as a chemical building block by electrochemical CO; reduction or thermocatalytic CO;

conversion®®%’,

To capture CO: from a gas mixture, various concepts have been developed,
including adsorption®1%, absorption!®*1%, membrane separation®*%, cryogenic

106 " electrochemical methods*>°*1%7, and biochemical methods'®%°, Among

separation
these concepts, amine scrubbing (chemical absorption) is the most developed and applied
technology. This technology is based on the chemical interaction between CO2 and an
amine group, which drives the absorption process of CO; into the amine solvent. Despite
its wide usage, this process shows several disadvantages, such as high amount of heat
energy needed to regenerate the solvent!'®!!! and solvent degradation34, which leads to
high costs and some other toxic emissions3!, solvent loss3? and corrosion effects33. Thus,
more energy-efficient and environmentally friendly CO: capture methods are still of

importance to investigate.

Alternative approaches based on electrochemistry attract more and more
attention. This approach uses fewer chemicals and can potentially minimize energy
consumption. Moreover, electrochemical systems, based on electrical power, are more
suitable for CO2 removal from emission points where insufficient waste heat is available
for solvent regeneration. Various concepts have been explored, such as Molten carbonate
fuel cell®®!?, pH swing with ion-exchange membranes*®°3, electrochemical generation of
nucleophile!'*1'4 and supercapacitive swing adsorption'®’. In this study, we propose an
alternative concept to capture CO: based on Membrane Capacitive Deionization
(MCDI)Y7.7274,

MCDI cells are composed of activated carbon electrodes and ion-exchange
membranes and are mainly used to desalinate water. By applying a current through the
MCDI cell, ions are removed from the electrolyte into the pores of the electrodes and are
stored in the electrical double layer (EDL). During this step, energy is temporarily stored
in the electrodes due to its capacitive behavior. By reversing the current, the ions are
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desorbed from the pores of the electrodes to the electrolyte, and the energy previously
stored is released. An anion-exchange membrane covers one electrode, and a cation-
exchange membrane covers the other electrode. Due to the selectivity of ion-exchange
membranes, MCDI shows higher ions adsorption capacity’® for monovalent salt (NaCl, KCl)
compared to CDI.

In this study, we show that MCDI technology can be used to capture CO>(g) in the
form of HCOs and COs%. These ions are produced by the reaction between CO(g) and
deionized water, producing ions as described in Egs. 2.1-2.3. Here, H2COs" stands for the
combined concentrations of CO2(aq) and H2COs. These two species are usually added up
as they are difficult to distinguish. The value for H* (defined as aqueous concentration
over gaseous concentration) was calculated from Ref.?#%>, and the K1 and K; values were
taken from Ref.%.

HCC
C0,(g) — H,CO; with Hee=0.83 21
K
H,CO% & HCO; + H* with K;=10-6.35 M 2.2
K
HCO3 & CO%™ + H* with K,=10-10.33 M 23

Depending on the CO2 content in the gas, the reactions between CO:(g) and
deionized water lead to an equilibrium composition. Fig. 2.1b shows the concentration of
CO2(g) and H2COs" as well as the pH, based on the Egs. 1-3 as a function of HCOs
concentration in deionized water. The concentration of CO3% can be neglected as it is
lower than 10-11 mM, due to the low pH of the electrolyte (pH<5). Applying a current
would lead to the adsorption of HCOs and H* into the porous electrodes. Fig. 2.1a shows
that when HCOs and H* are adsorbed into the porous electrodes, the chemical equilibrium
is displaced, leading to CO2(g) absorption in deionized water. Upon reversing the current
direction, desorption of HCOs  and COs3* ions from the carbon electrodes takes place,
which drives the chemical equilibrium in the opposite direction toward CO»(g) desorption
into the gas phase. Overall, the CO2(g) absorption or desorption can be controlled via the
current direction, whereas the amount of CO2(g) absorbed or desorbed is determined by
the electrode charge, which is controlled by the current and charging time.
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Fig. 2.1: (a) Scheme of an MCDI cell during charging. AEM stands for anion exchange membrane,
and CEM stands for cation exchange membrane. (b) The concentration of CO(g), H.COs" and the

pH depending on the HCO3™ concentration in solution based on the Egs. 2.1-2.3.

To give a proof-of-concept using MCDI, CO2 gas was alternately absorbed from and
desorbed to a constant gas volume by applying a constant electrical current through an
MCDI cell. Different CO2:N2 gas mixtures at different current densities were tested; 15%
CO2(g) as artificial flue gas from coal-fired power plants, 30% CO2(g) as artificial biogas and
100% CO2(g), to further understand the effect of CO, pressure. The amount of energy
required to absorb and desorb CO2(g) from the water phase was calculated at each applied
current density and gas mixture used. This energy loss was split into the ohmic and non-
ohmic losses. Directions for further improvement of the technology are proposed.

2.2. Materials and Methods
2.2.1. Experimental set-up

The activated carbon electrodes were prepared following a previously reported
method®®23, In short, a slurry containing activated carbon powder (DLC, super 30, Norit,
Amersfoort the Netherlands, BET=1600 m? g!), polyvinylidene fluoride (KYNAR HSV 900,
Arkema Inc., Philadelphia) and N-Methyl-2-pyrrolidone (NMP), was cast onto a graphite
foil (300 um) as a current collector. After evaporation of the NMP for 24 hours at room
temperature, a resulting carbon layer made of 90 wt% of activated carbon and 10 wt% of
PVDF was obtained. The final layer thickness, surface area, and weight of each activated
carbon electrode were around 250 pm, 50 cm? and 1 g. One electrode was covered by a
cation-exchange membrane (CMX, Neosepta, Japan, 50 cm?), and the other electrode was
covered by an anion-exchange membrane (AMX, Neosepta, Japan, 50 cm?). In the MCDI
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cell, the electrodes were separated by a polymer spacer (PA 6.6 fabric, Nitex 03-300/51,
Sefar, Heiden, Switzerland, 200 um) to create a flow-channel between the electrodes.

The electrolyte solution fed to the MCDI cell was prepared by flushing a CO2:N2 gas
mixture through deionized water in a tank. The composition of the gas mixture was
controlled by two mass flow meters (mass view, MV-104, Bronkhorst). Three different CO:
gas mixtures were prepared: 15% CO, 30% CO, and 100% COa.

The MCDI cell was operated in batch mode. A flow of the CO-flushed deionized
water solution (33 ml £ 5 ml) was continuously re-circulated between the MCDI cell and a
gas-liquid contactor at a flow-rate of 20 mL mint. The gas-liquid contactor ensures the CO.
exchange between the solution and a gas volume, secures that the outgoing water is
equilibrated with the gas phase. The gas-liquid contactor was made of a spiral-shaped
glass tube, in which the effluent of the MCDI cell flowed from top to bottom in contact
with a volume of gas contained in the headspace of the spiral-shaped tube. As the solution
flows, the exchange of CO2 occurs via the interphase between the gas and liquid phases
all along the tube length. Fig. 2.2 depicts the research set-up during operation, and a photo
of the research set-up is available in supporting information. The relative pressure
(relative to atmospheric pressure) of the gas in the tube headspace was monitored with a
manometer (Cerabar T PMP131, Endress+Hauser). The pressure measurement is a direct
measurement of the CO: partial pressure as Nz is considered an inert gas. The gas-liquid
contactor contains 233 ml of CO2:N2 gas mixture, and the water residence time inside the
gas-liquid contactor was around 45 seconds. The conductivity of the CO:-dissolved
solution was measured with a conductivity meter (pH/Cond 340i, Mettler Toledo). A
Galvanostat (lvium, the Netherlands) was used for Galvanostatic Charge and Discharge
(GCD) experiments at three different current densities, 1 mA (0.2 Am?2,0.5 mAg?),2 mA
(0.4 Am?2, 1 mAg? and 3 mA (0.6 A m? 1.5 mA g''). Multiple consecutive GCD cycles
were applied between two different cell voltage limits, 0 V and 1 V. Simultaneously, an
impedance measurement at 5 kHz with an amplitude of 1 mA was applied to the MCDI cell
in order to estimate the ohmic resistance of the MCDI cell. Triplicates were obtained for
each current and each gas mixture. At the 5 kHz frequency, the major contribution to the
resistance is the ohmic resistance, mainly related to the solution resistivity in the spacer
channel, the membranes resistivity, the electrodes ionic resistance, and the External
Electronic Resistance (EER)''. EER is defined as the electronic resistances generated in the

116 showed

cables, current collectors, and current collector-electrode contacts. A study
that the current collector contact resistance can be observed at lower frequencies than 5
kHz and could represent up to 50% of the total internal resistance. Here, we consider the

resistance of the current collector-electrode contacts negligible. By following the
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procedure developed in Ref.!'®, we estimate EER to be around 0.6 Q in the MCDI cell,
which is negligible compared to the ohmic resistance measured (=20-50 Q).

Before the experiment, the MCDI cell was short-circuited to reach 0 V cell voltage,
while CO»-flushed deionized water was fed continuously into the MCDI cell. After this first
step, a volume of the equilibrated CO2-flushed deionized water solution (33 £ 5 mL) was
continuously recirculated between the MCDI cell and the gas-liquid contactor.
Simultaneously, the CO2:N2 gas mixture was continuously flushed through the gas-liquid
contactor (0.9 L min?). This step ensures that the liquid and the gas phases are
equilibrated with the same CO2 gas partial pressure. Afterward, gas valves were closed to
contain a volume of gas into the gas-liquid contactor, and the batch experiment was
started as described above, at 0 V.

Temperature controlled chamber

MANOMETER

MCDI ceLL

PERISTALTIC PUMP
@

Fig. 2.2: Research set-up scheme. The blue line represents the CO,-flushed deionized water, while

GAS-LIQUID CONTACTOR

==+ CO,(9)
— H,0, CO,(aq)

the black dashed line represents the CO(g) volume.

2.2.2. Analysis

The molar amount of CO2(g) either absorbed or desorbed (nco,(g)) during the
experiments was derived from the changes in the gas pressure using the ideal gas law
(nco,(g)=(P-V)/(R-T)). The gas is adsorbed from and desorbed to a fixed gas volume. As the
amount of CO; exchanged is small compared to the amount of CO: present in the gas
phase (<9%), the effect of the changing gas pressure can be neglected. The average
between ncoz(g) obtained during the charging step, and the discharging step is reported as
CO2 exchanged. The difference between nco,(g) exchanged during the charge and
discharge is on average 2.2% for most of the experiments. This difference might be caused
by minor leakages in the system, especially in the gas phase and not yet fully equilibrated
conditions in the system. For instance, the initial CO2 partial pressure, the volume of water,
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and the volume gas might differ between the different experiments. The values of nco, g)
during charge and discharge are reported in the supplementary information. The molar
amount of charge exchanged during the experiments (ncyarge) Was calculated based on
the Faraday number (F) and the electrical charge (Q), as Ncharge=Q/F, where Q is the
electrical charge expressed in Coulombs.

CDI and MCDI systems are commonly characterized by charge efficiency (A)"%7%%7,
which for a 1:1 salt solution, such as NaCl, is defined as the ratio of the desired salt ions
removed from the electrolyte, divided by the total charge transferred between the
electrodes. In the case of CO:-flushed deionized water, there are not only monovalent
bicarbonate ions (HCO37) but also divalent carbonate ions (COs%) present. The charge
efficiency can, for such a situation, be evaluated as given in Eq. 2.4.

A= NHcoj (ad) T 2 Neog-(ag) »

1llcharge

Ideally, this metric has value A=1, but due to co-ion expulsion and faradaic reactions, A is lower.
This parameter has been widely studied in (M)CDI7072:87 2,

However, in this study, we are specifically interested in how much CO.is adsorbed
in the form of carbonate and bicarbonate, as this drives the CO2(g) absorption. Thus, we
define a related metric, the electrode carbon adsorption efficiency (A.), which defines the
amount of CO; adsorbed in the electrodes independently of its ionic form (HCOs  and COs*

).

_ DHCo3 (ad) + Nco2-(aq) _ DHcoj (ad) * NcoZ-(aa)

A, = A 25

Ncharge Nycoz(ad) T 2 % N¢o2-(ad)

While A is determined by processes such as co-ion expulsion and faradaic reactions,
A, is also influenced by the distribution of COs% and HCOs in the EDL. A shift in the
distribution towards COs* will lead to a decreased A.. The distribution of HCOs™ and COs*
in the EDL is determined by the pH in the EDL, as described by Eq. 2.3. Different studies
on (M)CDI showed pH effects in the EDL and electrolyte, due to faradaic reactions’>77/117,118
or the presence of amphoteric groups'*®?° This might leads to a shift in the carbonate
ions distribution in the EDL. The effect of pH in the electrodes is discussed in more detail
later in this study.

31



Chapter 2

A describes the efficiency of the CO2 adsorbed in the electrodes, in the form of
HCOs and COs?. For the proposed technology, the key parameter of interest is the amount
of CO2(g) removed from the gas phase A,=nco,(g)/Ncharge. However, the source of CO:
adsorbed in the electrodes can originate either from the gas phase, as CO2(g), or from the
liquid phase (H2COs", HCOs™ and COs?). The fraction of COz adsorbed in the electrode,
which is derived from the liquid phase, is denoted as fw. Thus, to describe the efficiency of
the CO2(g) absorption process, the COz absorption efficiency (A,) is defined as:

Ay =(1—-1£) A 26

The parameter fw is mainly determined by the volume of gas (V) and liquid (Vw) in
the system and the CO: solubility in deionized water at 298 K (H*). We estimated fu=0.11
for our system. Calculations are shown in the supporting information.

f = 1 27
W Vg + Vw - Hee '
Overall we can relate A, and A. in the following equation:
n 3 ( d)+1’1 2—
A, = (1 — i) —220 _cosT@d) |y 2.8

NHCo3 (ad)+ 2*nco§‘(ad)

Eqg. 2.7 shows that the absorption efficiency is determined by the fraction of CO>
adsorbed from the aqueous phase (fw), the distribution of bicarbonate/carbonate in the
EDL, and the factors influencing the charge efficiency (faradaic reactions and co-ion
expulsion).

The energy needed for gas separation has two components, the separation work
(Wmin) required to separate CO: gas to a higher concentration and the work lost as heat
(irreversible loss) during the process due to mainly resistances. In the case of CO;gas, the
separation work can be calculated based on Eq. 2.8, in which R represents the ideal gas
constant, T the temperature, xy, the proportion of N2 in the mixed gas and x¢,, the
proportion of COz in the mixed gas

Winin = R-T - (xy, - In(xy,) + x¢o, - In(x¢0,)) 2.9
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Eq. 2.9 implies that the separation work needed is around 7 kJ molCO:* for 15%
CO2at 298K. This number is small compared to irreversible losses, which is generally true
for all separation processes. In our experimental set-up, the CO: pressure only slightly
changes, and thus the energy used up is the irreversible energy losses during the process.
The key parameter in this respect is the specific energy per mole of CO2(g) (Wjet). This
energy is defined as Wye;=Wnet/nco,(g) and is calculating from the amount of CO:
absorbed (ncp,g)) and the energy lost during a GCD cycle of the MCDI cell (Wy¢). The
amount of COx(g) can be further expressed as n¢o, o) =Q-F/A,. Eq. 2.9 demonstrates that
Wt is mainly depending on two key parameters, which are A, and W,,;.

s _ Whet - F
net A, -Q

2.10

In MCDI, the energy losses (W,.;) is derived as the difference between the energy
input stored during the charge and the energy recovered during the discharge, which can
be calculated by integrating the cell voltage (Ecen) by the electrical charge shown in Eq.
2.10. The superscript C stands for charging, and the superscript D stands for discharging.

Q Q
W, = J ES, dQ — J ED,, dQ 2.11
0 0

In this study, the specific energy losses (W) is differentiated into two categories:
(i) the specific ohmic losses (W} mic ) and (ii) the specific non-ohmic losses (W, _ohmic)s
which is defined in Eq. 2.12.

Wonmic + W, ,
X YAT* * _ VVohmic non—ohmic
Wnet - Wnon—ohmic + Wohmic - n 2.12
CO2(g)

Wihmic @and Wy, _onmic are calculated based on the ohmic energy losses of the
MCDI cell (Wypmic) and the remaining non-ohmic energy losses of the MCDI cell
(Whon—ohmic)- Values for Wonmic, Whnon—ohmic: Wohmic: Wnon—ohmic are reported in the
supplementary information. W, ;. is defined as the specific energy losses related to the
ohmic resistance (Rgopmic) of the MCDI cell over the electrical charge. The non-ohmic
losses are defined as the remaining losses ( W} n—ohmic=Wnet-Wanmic)- The specific non-
ohmic losses include different possible effects such as concentration polarization® and
other phenomena such as faradaic reactions. We can write Wonmic based on an averaged
(constant) internal resistance, which can be written as:
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Wohmic = 2 I Rohmic - Q 213

The current is defined as I, and Ronmic is the ohmic resistance. We can write the
specific ohmic energy losses in our system as:

21+ Rohmic * F

ohmic = A
a

2.14

Wihmic is determined by A, and the internal resistance (Rohmic). The study,
therefore, aims at quantifying the effect of Ronmic and A, on Wy, i and the specific energy
losses due to other phenomena ( Wy, ., —ohmic)-

2.3. Results and Discussion

Fig. 2.3a shows the measured gas pressure and the electrodes charge for several
GCD cycles for an experiment at 0.4 A m2 and 15% CO;. During charging, the pressure
decreases with increasing the electrode charge while during discharging, the pressure
increases with decreasing the charge stored inside the electrodes. Data for different
currents densities and CO:2 partial pressures (supporting information) show similar
behavior. The gas pressure decrease can be explained as the absorption of CO2(g) by the
water, resulting from the HCO3/CO3? adsorption in the electrodes. In contrast, when the
electrode charge decreases, the pressure increases due to the H.COs" desorption into the
gas phase, driven by the HCO3/COs% desorption. The amount of CO; gas exchanged,
electrode charge and A, obtained for different current densities and different CO: partial
pressures were stable for several GCD cycles, as shown for 0.4 A m2 at 15% CO: in Fig.
2.3b. For instance, A, at 0.4 A m? was between 65%-70% for several cycles during the
charging and the discharging steps. This demonstrates for the first time that an MCDI cell
can be operated to absorb CO2 from a gas stream and that its performance is stable.

Surprisingly, Fig. 2.3c shows that A, is depending on the current density. With
increasing the current density, the electrical charge decreases (Fig. 2.3c). The upper
charging voltage (1 V) is the same for all experiments. The ohmic voltage loss (Rohmic'I) is
higher at higher current density, which reduces the voltage available to charge the MCDI
cell. Consequently, the charge stored in the electrodes is lower at higher current density.
A, is higher at higher current densities, and reaches a maximum of 0.76 at 0.6 A m™. This
value corresponds to A.=0.86 (based on Eq. 2.5), which suggests that a minimum of 86%
of the electrical charge has been used to adsorb some carbonate and bicarbonate ions.
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Although the respective amount of HCOs and COs* adsorbed in the electrode is not
known, we can safely assume that A>0.86 at 15% CO; and 0.6 A m™2. This value of A is in
good agreement with MCDI work using monovalent solutions, where high A values,
around 0.9, are expected’?.

In contrast, lower A, is obtained at lower current density, A,=0.58 (A.=0.64) for
0.2 Am?2and A,=0.70 (A.=0.78) for 0.4 A m?, which was not expected. Based on MCDI
research with NaCl, it is not expected that at lower current density A will decrease. In the
case of NaCl, a lowering of A is attributed to two main phenomena, which are the co-ion
expulsion and faradaic reactions. Co-ion expulsion is negligible in our system as the
concentration of the ions is low, below 1 mM, and the ion-exchange membranes blocked
the transport of co-ions from the electrodes to the spacer. Also, A could be affected by
faradaic reactions inside the electrodes, as shown in many studies in MCDI and
CDI7377117.118 - However, most studies’>!'7118 syggested that the faradaic reactions
involved in MCDI are associated with Oz and CI, which are both negligible in our electrolyte
solution. Furthermore, charge leakages, determined as the difference between the
electrode accumulated charge of the charging step and the discharging steps, were on
average 4.4% in all our experiments. The charge leakages are reported in Supporting
information. In (M)CDI, the charge leakages are expected to be caused by faradaic
reactions. Thus, faradaic reactions are not expected to play a major role in the lowering of
the adsorption process.

The lowering of A, would thus point to a change in the distribution of HCOs™ and
COs3% in the EDL, accompanied by a local high pH in the electrodes. With capacitive
electrodes, preferential adsorption of divalent ions over monovalent has been shown to

occur over time!?°

, which suggests the preferential adsorption of CO3? rather than HCO3
into the pores of the electrode. The pH of the electrolyte cannot explain the preferential
adsorption of COs? in the electrode as the pH of the electrolyte is acidic (pH=3.9-4.4
between 15% and 100% CO>) and thus COs* is not present at this condition. A higher local
pH in the anode would favor the conversion of HCOs™ into COs* (Eq. 2.3). During our
experiments, the local pH in the pores of both electrodes is unknown. Changes in pH in
the electrodes or in the electrolyte in (M)CDI have been mostly related to faradaic
reactions’”"'*8, consuming H* in the cathode (high pH) and producing H* in the anode (low
pH). As described above, this seems unlikely under the condition employed in this
experiment (no Oz and CI present). This leaves the question open on what causes a
possible shift in HCO37/CO3? adsorption. A possible explanation might be related to the
amphoteric property of HCOs". Recent studies in (M)CDI suggest that amphoteric groups
could have a significant effect on both the pH in the EDL and the electrolyte*®. Amphoteric
ions have potentially similar properties than amphoteric groups and could also influence
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the pH of the electrodes. Thus, more efforts and studies are needed to characterize the
pH inside the pores of the electrode with amphoteric ions in order to investigate A, and

A with a COz-flushed deionized water solution electrolyte in MCDI.
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Fig. 2.3: (a) Gas pressure in the gas-liquid contactor and electrode charge at 0.4 Am2in 15%
CO,(g). Electrode charge, COx(g) absorbed and the absorption efficiency (A,) (b) for 0.4 Am=2and
15%, (c) for different current densities at 15% CO»(g) and (d) for different CO; partial pressures at

0.6 Am=2,

To estimate the minimum amount of energy needed to capture CO2 using MCDI
technology, the energy losses to separate the CO2(g) from the gas phase was estimated.
In MCDI, the amount of energy required to desalinate salty streams is obtained by
subtracting from the energy input, during the charging step of the GCD, the amount of
energy recovered during the discharging step of the GCD’. Following the same procedure,
energy to capture CO2(g) was estimated based on the energy input during the CO2(g)
absorption step and the energy recovered during the CO2(g) desorption step during GCD
cycles. The energies input and recovered are shown in supporting information. Two
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different types of energy losses were differentiated in this study, which are (i) the ohmic
losses (Wypnmic) related to the ohmic resistance (Ronmic) and (ii) the non-ohmic losses
(Wion—ohmic)» Which are not related to ohmic origins, such as concentration polarization**
and other non-ideal cell behaviors, such as faradaic reactions.

At 15% CO», the total energy consumption to capture CO2 was found to be between
39.5 and 49 kJ molCOz? (=0.89-1.13 GJ TCOY) for all different current densities tested at
15% COz2 (Fig. 2.4a). Fig. 2.4a shows that at higher current densities, the energy losses are
mainly determined by Wy, ic- At 0.6 A m2, Wy, ;.. accounts for 70% of the energy losses,
whereas at 0.2 A m2, W} ;. accounts for 38% of the energy losses. Wy mic is directly
dependent on the Ronmic of the capacitive cell and the current density applied. The higher
the current, the higher is W} ic- Rohmic is mainly determined by the low conductivity of
the electrolyte separating both electrodes, measured around 1.7 mS m™* at 15% CO..
Reducing Ronmic, €.g., via reducing the electrode distance, could significantly improve the
energy efficiency and reduce W}y ni.- Lower current densities are mainly limited by
Wi,on—ohmic - Further investigation studies are required to understand the cause of
Wi on—ohmic t0 improve the energy efficiency of the MCDI cell. Fig. 2.4b shows that the
energy needed to absorb CO: decreases at higher CO: partial pressures (from 49 kJ
molCO;? at 15% CO: to 27 k) molCO2! at 100% CO). This is mainly caused by a lower
Wihmic due to a decrease of Ronmic at higher COz partial pressure.

(a) 70 (b) 7 To6am2
] * = *
15% coz(g) “"Wnan—uhmic " m & Wrion—ohmic
60 1 Wonmic 60 1 IWonmic
" 50 " 50
S S
] J <] |
g 40 £ 40
2 =2
~— 30 = 30 4
& &
@ 59 2 20 4
S &
10 - 10

0 +——1— .
02Am2  04Am?2 0.6Am?2 15% GO, 30%CO,  100% CO,

Fig. 2.4: Ohmic losses (W}, mic) and non-ohmic losses (Wyon _onmic) for (a) different current
densities tested at 15% CO,(g) and (b) different CO, partial pressures tested at 0.6 A m-=2.

Meaningful comparison of this technology with conventional methods should be
done in realistic and similar conditions i.e., gas composition, scale, design, and operations
mode. This study shows a proof of principle, where data are lacking for such a comparison.
Thus, we compare the energy performance of the MCDI cell with a similar technology,
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which used similar conditions, the supercapacitive swing absorption (SAA)%’. MCDI clearly
shows a lower energy consumption than SAA (41-50 kJ molCO> against 103 kJ molCOz
1107 This difference is mainly due to the much lower A, of SAA. We estimated, based on
the data shown on SWA%7, A =0.2-0.3 at 2 mA, which is 3 times lower than A, obtained
in MCDI. The difference in A, seems to point to a difference in adsorption mechanisms of
both technologies. Both SWA and MCDI use capacitive electrodes to drive the sorption or
desorption of COz(g) in an electrolyte. In SAA, however, a 1M NaCl electrolyte is used,
while in MCDI deionized water is used containing only dissolved carbonate species. In SAA,
the authors claim that the CO: gas is directly adsorbed as a neutral species inside the EDL
made of Na* and CI". In MCDI, we claim that the CO2(g) is absorbed into the electrolyte due
to the formation of an EDL consisting of carbonate species (HCOs™ and COs?) as no other
anions are present in the deionized water. Thus, SWA is expected to be dependent on both
the CO: partial pressure, as adsorption process is knowns to be pressure dependent, and
the electrode charge. In MCDI, the COzsorption is expected to be only dependent on the
electrical charge, since the CO2 sorption is driven only by the adsorption of ions. The
difference between both sorption principles is well demonstrated at different CO> partial
pressures experiments. In SWA, the amount of COz2adsorbed in the electrolyte increases
significantly (3.5 times) between 15% and 100% CO: gas mixtures (based on data in
Ref.197), whereas, the amount of CO. absorbed was not significantly affected by the CO>
partial pressure in MCDI. The small increase of CO;absorption observed in MCDI at higher
CO:z partial pressure was mainly caused by a higher amount of electrical charge stored in
the electrodes.

In applications, CO2(g) should be absorbed from a diluted gas mixture, for instance,
15% CO2(g), when the MCDI is charged, and desorbed into a concentrated stream, ideally
100% CO2(g), when the MCDI is discharged. A membrane contactor could be used to
separate the gas from the liquid phase after the charging and the discharging steps,
respectively. Experiments at different CO2 gas mixtures show that the system can be
operated with different gas mixtures. In this study, the CO2 capture rate was still low (6-10
 mol s gearbon*), which is 50 times lower than the state of the art of CO; capture based on
adsorption materials like zeolite'?2. The lower capture rate is mainly caused by the low
current densities used and the non-optimal A,. In our experimental set-up, the current
density is mainly limited by Ronmic, as increasing the current density increases Wiy mic-
Reducing the internal resistance is thus not only of paramount interest for the energetic
performance but would be even more for improving the capture rate.

In conclusion, we proposed a new concept to capture CO: using capacitive
electrodes and deionized water. This system could potentially capture CO at lower energy
consumption and without any addition of chemical solvent or heat. In this study, we
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showed the first proof of principle of this concept and reported energy consumption
comparable to or lower than similar technology, such as swing supercapacitive adsorption.
This energy consumption can be potentially lowered by reducing ohmic losses and non-
ohmic losses. This could be based on well-known strategies from the field of MCDI or new
ones based on insight to be developed on the amphoteric behavior of bicarbonate in the
double layer. Moreover, a continuous process to capture CO, including an MCDI should
be developed and tested to compare this new concept to other electrochemical
technologies.
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2.4. Supporting information
2.4.1. Calculations
Estimation of the External Electronic Resistance (EER)

The resistance in an (M)CDI can be divided into the electronic resistance and the
ionic resistance. The electronic resistance was previously described as the External
Electronic Resistance (EER). It was defined as the resistance generated by the cable's wires
connecting the galvanostat to the MCDI cell, the resistance of the current collector, and
the different contact resistances (cables-current collector and current collector-
electrodes). On the contrary, the ionic resistance is related to the ionic conductivity of the
ions present in the electrodes, the membrane, and the spacer compartment.

Recently, Dykstra et al. proposed a simple method to estimate the EER'!® by
measuring the internal resistance of the MCDI cell at different NaCl ionic conductivity
solutions. By subtracting the contribution of the ionic resistivity of the solution on the total
internal resistance measured, it is then possible to isolate the EER. We performed this test
in our cell with different concentrations of NaCl (from 1 M NaCl to 1 mM NacCl), and CO;
dissolved deionized water at different COz partial pressures. Fig. S2.1 shows that EER was
found around 0.6 Q. This value is between 40 and 75 times lower than the resistance
measured in all experiments. Since the resistance is dominated by the low ionic
conductivity of CO>-flushed deionized water, we assume EER negligible.
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Fig. S2.1: Internal resistance measurement at different salt concentrations (NaCl) and CO,-flushed
deionized water at different CO, partial pressure. The intersection with the y-axis represents the

external electronic resistance in our set-up.

Relationship between the absorption efficiency and the carbon
adsorption efficiency

CDI and MCDI systems are commonly characterized by charge efficiency (A) for
monovalent salt, which defined the ratio of salt ions removed from the electrolyte, divided
by the total electrical charge transferred. In the case of COz-flushed deionized water,
monovalent and divalent ions are in the electrolyte. Thus, the charge efficiency is defined
as:

ano— ad + 2 ncoz— d
A= 3 (ad) 3 (ad) S2.1
ncharge

In this study, we are interested in the removal of the total carbon (nr), contained
into two different phases: a liquid and gas phase. Thus, next to A, we define two related
metrics named electrode carbon adsorption efficiency (A.) and absorption efficiency (A,).
The different metrics are illustrated in Fig. S2.2.

A. is defined as the ratio of total carbon (H2COs" and COa(g)) exchanged from the
system, caused by the adsorption of HCO3/COs? by the molar electrode charge.
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_ MHCOjg) T Mco3~(aa)  dnyp

C

= S2.2
ncharge dncharge

Since H* is the only cation in the bulk solution, [H*]>>[OH"], hence the acidic pH in
solution. Given the high pKa of pK2 (10.33 M) and the low pH of the bulk solution, we can
assume that COs% is negligible. Moreover, pKa of pK1 and pK2 suggest that H.CO3" is the
dominant carbon molecule in solution at low pH. Hence, [H2C03']>>[HCO37]>>[COs?]. Thus,
we assume the amount of carbon in deionized water only depending on [H2COs"].

k

H,CO% & HCO3 + H* with pK,=6.35 M 52.3
ks 2

HCO3; & CO03~ + H* with pK,=10.33 M S2.4

Thus, A, can be defined in Eq. S2.5.

dnT - dncoz(g) + dnHzco§ $25

A=
dncharge dncharge

A, is defined as the ratio between the molar amount of CO2 from the gas phase
exchanged divided by the molar electrical charge.

dnco, )
A, = —28
dncharge
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Fig. S2.2: illustration of the different metrics used in the system, which are A, A. and A,.

For low dilute solutions, the physical equilibrium for the dissolution of CO»(g) into
deionized water is given by the CO:2 solubility constant:

[H,CO3 | = H® - [CO,(g) ] 52.7

where H represents the solubility constant for COz in water at 298 K.

He -V,
NHac05 =y "Nco,(g) 52.8
g

Vw stands for the water volume in the system. From Egs. S2.5 and S2.8, we can
derive the absorption efficiency according to the carbon adsorption efficiency (Eq. S2.9).

Hee 'VW . dncoz(g)

Ac=(1+ ) $2.9
c Vg dnelectrons
By integrating Eqgs. S2.6 and S2.9, we obtain:
. Vw-H¢¢
Ay =(1—1£,)" A with f,, = Vg:"ﬁ $2.10
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By substituting Vw=0.033 L, Vg=0.233 L, H*=0.83, we obtain:

A, ~ 0.89- A, $2.11
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2.4.2. Figures

Gas-liquid
exchanger

Fig. S2.3: Photo of the research set-up during operation. The peristaltic pump is located outside

the temperature-controlled chamber
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Table S2.1: Electrode charge, CO,(g) absorbed, Ay, Ac, Whet, Wiet » Wonmic

CO; partial pressures.

*
non-ohmic

for different current densities and different

Electrode charge (Coulomb) CO2(g) absorbed (umol) Aa Ac

Charging step | Discharging step | Charge leakage | Charging step | Dischargingstep | Charging step | Discharging step Average
0.2 Am-2 15% CO2 20.1 (%0.3) 18.8 (0.1) 1.26 (x0.4) 118 (+4.0) 110 (¢6.8) 0.59(+0.03) | 0.55(%0.04) | 0.61 (0.05)
0.4 Am-2 15% CO2 15.2 (10.4) 14.6 (10.2) 0.6 (%0.5) 112 (+1.6) 103 (£3.9) 0.72(+0.02) | 067 (x0.03) | 0.75(0.04)
0.6 Am-2 15% CO2 12.3 (0.3) 11.9 (0.2) 0.4 (20.1) 97 (x0.9) 94 (+0.9) 0.77 (¥0.02) | 0.75(%0.01) | 0.84(0.02)
0.6 Am-2 30% CO2 16.2 (£0.04) 15.5 (0.1) 0.7 (0.1) 129 (£1.6) 124 (+0.09) 0.80(%0.01) | 0.74(x0.01) | 0.83 (x0.01)
0.6 Am-2100% CO2 19.8 (0.2) 19.2 (0.2) 0.7 (£0.1) 178 (£5.1) 144 (£2.5) 0.89(+0.02) | 0.70(x0.02) | 0.78 (+0.02)

Energy (J cycle” Energy (kJ molCO ) Energy (kJ molCO,")
Charging step | Discharging step Whet Charging step | Discharging step Wiet W hmic W,on—ohmic
0.2A m?15% CO, 13.0 (0.3) 8.4 (x0.1) 4.5 (+0.3) 113 (20.2) 74.0 (£2.1) 39.42 (£2.1) 15.3 (#0.2) 24.1 (£2.0)
0.4Am?15% CO, 10.6 (£0.3) 6.1 (x0.1) 4.5 (+0.3) 98.4 (+1.7) 56.7 (+1.4) 41.7 (£1.9) 25.2 (#0.3) 16.5 (1.7)
0.6 Am?15% CO, 9.1 (x0.1) 4.4 (+0.03) 4.7 (¥0.1) 95.5 (+0.7) 46.5 (+0.6) 49.0 (+1.0) 33.8 (¥0.8) 15.18 (x0.4)
0.6 A m230% CO; 11.3 (£0.1) 6.3 (0.1) 4.9 (+0.2) 89.1 (x1.4) 49.9 (x0.4) 39.2 (#1.7) 23.2 (#0.2) 16.0 (x1.4)
0.6 A m2100% CO, 12.7 (¥0.1) 8.4 (£0.1) 4.3 (+0.1) 78.8 (£2.0) 52.02 (+0.8) 26.7(%1.3) 14.5 (x0.4) 12.3 (#0.9)
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Electrical energy from COzemissions by direct gas feeding in capacitive cells

Abstract

This work demonstrates the possibility of harvesting electrical power from CO2
emissions by feeding CO: and air gas directly into a capacitive cell. Hamelers et al.
previously showed that the available mixing energy of CO2 emitted into the air could be
converted into electricity but at high energy costs for gas-sparging in the process. In the
present work, electrical power is generated by feeding the gas directly into the capacitive
cell. We investigated three different cell designs (namely, “conventional,” “flow-by(wire),”
and “flow-by(flat)”), by changing both electrode and cell geometry. The flow-by(flat),
inspired from fuel cell design, showed the best performance thanks to a high membrane
potential (=190 mV), which is the highest value so far reported from CO: and air. A
maximum membrane apparent permselectivity between CO2 and air of 90% was obtained,
i.e., almost double of values reported in previous studies. On the contrary, the
“conventional” cell design gave poor performance due to non-optimal gas flow in the cell.
We highlight the importance of water management and internal electrical resistance, to
indicate directions for future developments of the technology.
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3.1. Introduction

It is widely accepted that the increase of the CO2 concentration in the atmosphere
is linked to climate change, leading to a global pledge to reduce carbon dioxide
emissions!®. To reach this objective, the international energy agency (IEA) suggested a
panel of different mitigation strategies, including the increase of clean and renewable
energy production and the improvement of energy efficiency of thermal power plants®3.
In close relation with these two strategies, Hamelers et al. demonstrated a concept to
extract electrical energy from COz emissions (from exhaust gases, combustion of biomass,
cement, or steel industries) when mixed in the atmosphere?3. This energy extraction
process is based on the mixing energy available when two streams of different
concentrations, such as CO: in the flue gas and atmospheric air, are mixed. This new
technology uses a capacitive cell, but given the recentness of the concept, its designs have
yet to be optimized, as we further explore in this article.

Up to now, the chemical mixing energy has been mostly exploited for salt streams
of different salt concentrations, such as freshwater and seawater (i.e., “salinity gradient
energy” processes). For that application, several technologies have been developed by
using, e.g., semipermeable membranes in pressure-retarded osmosis (PRO)!?71%5, jon
exchange membranes in reverse electrodialysis (RED)3®121126-128  capacitive
electrodes!?®3° capacitive electrodes covered by ion exchange membranel®-20131132 and

intercalation electrodes®3?

. To the exception of pressure-retarded osmosis, these
technologies are electrochemically-based, which rely on the presence of ions, i.e., mostly
Na* and ClI*in case of salt, to generate electrical power. Therefore, the mixing energy
between CO2 and air gas streams can only be harvested into electrical power if the CO2
concentration difference between both gases is converted into an ion concentration
difference. The shift of concentration difference, from CO; gas to ions, was previously
obtained from the chemical reaction between CO. and water to form HCOs3™ and H* ions
(Egs. 3.1-3.3) by sparging CO2 and air into an aqueous solvent?. In the Eqgs. 3.1-3.3, H.CO3”
includes both concentrations of CO2(aq) and H2COs. These two species are usually
considered together, as they are difficult to distinguish. The value for K (defined as
aqueous concentration over gaseous concentration) was calculated from Refs.?*%, and
the K1 and Kz values were taken from Ref.?®.

P Ki= 29.5 atm ML 3.1
H,C0j} = — He oS
Ky
K - -6.35
H,CO; < HCOj + H* Ki=10%% M 3.2
K,=101033 | 33

K
HCO3 < CO%™ + HY
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Among these technologies, energy from CO2 gas has been successfully harvested
with capacitive electrodes covered by ion exchange membrane?*2?%2°, used in a capacitive
cell, and selective intercalation electrodes?’, used in a pH-gradient flow cell. Both
technologies differ in the combination of the aqueous solution, the type of electrodes, and
the technology principle. In the pH-gradient cell?’’, an H* concentration gradient was
obtained by sparging COz2and air into 1 M NaHCOs. Both saturated-solutions were pumped
into a 2-compartment cell, each containing MnO: electrode, generating an open-cell
voltage between both electrodes. MnO: electrodes have H* intercalating through redox
reaction properties and can generate an open-cell voltage based on the difference of H*
concentration on each electrode surface defined by the Nernst equation. In the capacitive
cell®, an H* and HCOs concentration difference is obtained by sparging CO2(g) in deionized
water. Both saturated-solutions were then alternatively pumped into a capacitive cell,
containing one electrode covered by a cation exchange membrane (CEM), and one
electrode covered by an anion exchange membrane (AEM). In such a system, a membrane
potential is established across the CEM due to the H* concentration ratio across the
membrane, whereas a membrane potential is established across the AEM due to the HCO3
concentration ratio across the membrane. Fig. 3.1a illustrates the source of the CEM
membrane potential in our system, resulting from the ion concentration difference of H*
obtained by sparging pure CO2(100% CO:) and air (0.04% COz) in water. Fig. 3.1b shows
the pH of the CO:z-saturated solution for different CO: partial pressures according to Egs.
3.1-3.3, and the resulting theoretical membrane potential obtained from that solution and
air-sparged water. The theoretical membrane potential expected between air-saturated
and pure COz-saturated water solutions is around =102 mV for each membrane, AEM, and
CEM (Fig. 3.1b). The relationship between the chemical equilibrium of CO; and deionized
water, as well as the membrane potential, is extensively described in Refs.?>?°, Note that
a 0.25 M Monoethanolamine (MEA) solution was also used as an aqueous solution in the
capacitive cell?3. Although MEA shows better performance (i.e., a maximum power density
of 4.5 mW/m?, against 0.28 mW/m? for deionized water), this solvent is not recommended
as the reaction between CO; and MEA solution is not isothermally reversible!3*13°, |n fact,
the amount of energy to regenerate the amine solvent (=100 kJ/molC0O2)*34 is ten times
higher than the mixing energy available between CO; and air (=10.3 kJ/molC0)?3.

The pH-gradient flow cell demonstrated 200 times higher power density
performance than the capacitive cell?’, mainly due to the higher conductivity of 1 M
NaHCOs solution (45 mS cm™) compared to the COz-saturated water (=45 pS cm).
Nevertheless, for both technologies, sparging CO2 into aqueous solutions and pumping the
resulting equilibrated solution into the cell are energy-intensive steps. Previous
calculations indicated that these two steps (i.e., gas sparging and gas pumping) could
either totally cancel out the energy extracted?® or reduced its amount drastically?’.
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Investigating new CO: feeding strategies in the cell is of paramount importance to
minimize the sparging and pumping energy costs. Therefore, in this study, we investigate
the possibility to feed the CO2 gas and air directly into the capacitive cell. We will refer to
this method as “gas-feeding” operation, to distinguish from the above-mentioned
“solution-feeding” operation, where the capacitive cell is fed with gas-saturated aqueous
solutions. In gas-feeding operation, the chemical equilibrium between CO2 and water does
not occur in a sparging step outside the capacitive cell but directly inside the capacitive
cell.

(a) (b) ;
water T 5 |
Membrane c !
@ (potential) potential '% 4 T
1 1
8 3. ;
HCO, H* ¥
HCOy | HCO; H* ;
g > 100 - |
HCO; | .- i
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Fig. 3.1:(a) Graphical representation of the CEM membrane potential. Pure CO; and air are sparged
into water on each CEM side. Due to the difference of CO, partial pressure on both the CEM side, a
ratio of HCO3™ and H* (or pH) occurs across the CEM. As a result, a potential difference across the
membrane arises, referred to as “membrane potential.” (b) Calculated pH of the CO,-saturated
water for different CO, partial pressures, and theoretical membrane potential (based on Eq. 3.6)

obtained between air-saturated water and CO,-saturated water at different CO, partial pressures

In a previous study??, a flat-shaped conventional capacitive cell (Fig. 3.2a) was
used to harvest electrical power. In such a “conventional” design, the solution was fed in
a channel between the electrodes (Fig. 3.2a). This flow configuration is not expected to be
optimal in the case of gas-feeding operation. Even if the membranes and the channel are
pre-wetted, the gas fed into the channel can rapidly dry the membrane surface and the
channel, thus causing an increase in the internal electrical resistance. To use a gas-feeding
operation and overcome this problem, we modified the gas flow configuration of the cell
from “flow-in-between” the electrodes to a “flow-by” configuration, where the gas
streams are fed along the electrodes. Besides, two different electrode geometry were
investigated, i.e., the “flow-by(wire)” and the “flow-by(flat)” (Fig. 3.2b and c). The flow-
by(wire) has been proven to decrease the internal resistance of a capacitive cell for
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harvesting energy from seawater and freshwater streams!®?122136137  yp|ike the
conventional design, the membranes and electrodes are in direct contact, giving efficient
ionic contact between both electrodes. This design is suitable for gas-feeding operation as
the contact between the membranes and electrodes ensure good conductivity between
both electrodes while sparging COz and air. The flow-by(flat) design (Fig. 3.2c) was inspired
by the Proton Exchange Membrane (PEM) fuel cell technology, e.g., using CO> gas for COz
reduction!®-143 or H, for electrical power generation4-148_|n this case, both electrodes
are in contact with an ion exchange membrane, and the gas flow occurs by the electrodes.
In this design, the contact between the electrodes and the ion exchange membrane is
beneficial to keep a good ionic conductivity between the electrodes in gas-feeding

operation.
(a) Conventional (b)  Flow-by(wire) () Flow-by(flat)
Current c ¢
urren CEM
collector AC collector
electrode ‘S
S
AEM }\o AEM
CEM di Carbon-cloth Current
AC : electrode collector
electrode K
CEM o
Channel
aif .
CO,(g} / air(g) CO,(g) / air(g) CO,(g) air(g)

Fig. 3.2: Graphical representation of the investigated cell designs. (a) Conventional (as in Ref.23), (b)

flow-by(wire), and (c) flow-by(flat).

In this study, we characterized the performance of the three different cell designs
shown in Fig. 3.2, using both solution-feeding and direct gas operations. By comparing the
performance of the three different designs, we identify the benefits and limitations of
each cell design, thus giving future directions to develop new cell design to harvest energy
from CO2 emissions.

3.2. Experimental
3.2.1. Cell and material preparations
Three different capacitive cells were used and compared: the conventional design,

the flow-by(wire) design, and the flow-by(flat) design (Fig. 3.2). The conventional cell
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configuration was previously described in Refs.?823, This cell consisted of two different
homemade capacitive electrodes of activated carbon, coated on a graphite foil current
collector. One of the electrodes was covered with a CEM (Ralex CMH, Mega, Czech
Republic), and the other electrode was covered by an AEM (Ralex AMH, Mega, Czech
Republic). Both membranes were separated by a 200 um thick polymer spacer (PA 6.6
fabric, Nitex 03-300/51, Sefar, Switzerland) to create a channel between the
membranes. The homemade capacitive electrodes were prepared by applying a
previously reported method'®?3, Each capacitive electrode was composed of a layer of
90wt% activated carbon (DLC Super 30, Norit, The Netherlands; BET= 1600 m?/g) and
10wt% polyvinylidene fluoride (PVDF) binder (KYNAR HSV 900, Arkema Inc., USA). The final
electrode weight, thickness, and surface are shown in Table 3.1. Scanning Electron
Microscope (SEM) images of the activated carbon electrodes are available in Fig. 3.3.

The flow-by(wire) cell (Fig. 3.2b) consisted of two wire-shaped electrodes, which
were made in a 2-step procedure. In the first step, a capacitive layer made of 90wt%
activated carbon and 10wt% PVDF was coated onto a current collector made of titanium-
coated platinum, following the procedure reported in Refs.'®?2, The resulting rod was
composed of 0.13 g of activated carbon. In the second step, an ion exchange membrane
was hot-pressed on each electrode for 10 min at 130°C and 2 bars into a homemade
shaped stainless steel mold. Both electrodes were hot-pressed with a CEM and with an
AEM (Ralex CMH/AMH, Mega, Czech Republic), respectively. The electrode properties are
shown in Table 3.1, and a picture of the final electrodes is shown in Fig. 3.3. More detailed
SEM images are shown in supporting information. The resulting final electrodes were
treated in CO:-saturated deionized water for three days, changing the solution at least
three times per day. The gas or liquid was fed around the membranes in a “flow-by” gas
flow configuration.
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(a) ACcoating (b) 1EM coating

10 cm

5 kv X100 100 pm 5 kv X80 200 um

Fig. 3.3: Pictures and SEM images of the flow-by(wire). (a) Wire-shaped electrodes coated with
Activated Carbon (AC) layer on the current collector (titanium coated platinum); (b) after hot-
pressing the ion exchange membranes (IEM) on the AC layer.

The flow-by(flat) cell consisted of two carbon cloth electrodes (ACC-5092-15, Kynol,
Germany) separated by a CEM (Ralex, CMH, Mega, Czech Republic). SEM images of the
carbon cloth are available in Fig. 3.3. The solution or gas was fed along the electrodes in a
‘flow-by” configuration. The electrode properties are shown in Table 3.1. The electrodes
were pre-treated in COz-saturated deionized water for three days; the solution was

renewed at least three times per day.

Table 3.1: Characterization of the capacitive cells

Conventional flow-by(wire) flow-by(flat)
Electrode material Activated carbon Activated carbon Carbon cloth
Carbon weight 2g 0.29g 04g
Carbon layer thickness 200 pm 40 um 500 pm
Membrane(s) surface area 100 cm? 15.2 cm? 9 cm?
Gas flow-rate 1L min1 1L mint 0.25 L min
Optimal current for solu- 20 mA m? 33 mA m? 222 mA m?
tion-feeding operation
Optimal current for gas- 5 mA m? 16.5 mA.m?2 111 mA m

feeding operation
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3.2.2. Capacitive cell designs

The main experimental plan was composed of a matrix of 6 different cell designs,
shown in Fig. 3.4. Each cell design was characterized both under solution-feeding and gas-
feeding operations. In solution-feeding operation (Fig. 3.4a,c,e), CO2 and air gases were
separately sparged into two tanks filled with deionized water. For the conventional and
flow-by(flat) designs in solution-feeding operation, the CO.-saturated and air-saturated
water solutions were alternately pumped at 20 mL min into the capacitive cell with a
peristaltic pump (Cole-Parmer, Masterflex L/S). The outflow solution was discarded and
not recirculated into the deionized water tanks to avoid any ion contamination of the
deionized water tanks. For the flow-by(wire) design in solution-feeding operation (Fig.
3.4c), the wire-shaped cell was alternatively immersed into the CO2-saturated water, and
the air-saturated water containers by hand.

For the gas-feeding operation experiments (Fig. 3.4b,d,f), pure CO2and air were
directly fed into the capacitive cell, using mass-flow controllers (mass view, MV-104,
Bronkhorst, The Netherlands). Different gas-flow rates were tested during OCV cycles (0.1,
0.25, 0.5, 1 and 2 L min'Y). The gas flows used to harvest electrical power during 4-step
energy cycles for each cell design are reported in Table 3.1. The flow-by(wire) cell in the
gas-feeding condition was placed into a glass container. The gases were humidified by
sparging the gas first into water before being feed into the capacitive cell. The gas humidity
was measured in-between 80%-90% with a humidity sensor (CO2S-WH-69,
CO2Meter.com, USA) for all experiments. All the systems were tested using a galvanostat
(lvium, the Netherlands) connected to the capacitive cell.
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Fig. 3.4: Cell designs in both solution-feeding and gas-feeding operations for the conventional cell
(a-b), the flow-by(wire) cell (c-d), and the flow-by(flat) cell (e-f).

3.2.3.

Electrochemical measurements

Open Circuit Voltage (OCV) cycles measurement
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The membrane potential in the capacitive cell was characterized by measuring
the cell voltage difference when COz and air streams were alternatively fed in the cell
under open circuit conditions, as described in Ref. 2. For all cell designs, the CO2 and air
streams, either in solution-feeding or gas-feeding operation, were alternatively fed every
5 minutes inside the capacitive cell. In solution-feeding operation, the CO2and air streams
are the CO2-saturated and air-saturated solutions, respectively. In gas-feeding operation,
the CO2 and air streams are the pure CO: and air gases being fed into the capacitive cell,
respectively.

4-step energy cycle

A four-step operation procedure was used to generate electrical power with the
capacitive cell'®!°, Fig. 3.5 shows the four different steps during the 4-step energy cycle.
For each design, the cell is first short-circuited (0V) in the air stream solution. During step
1 (Fig. 3.5), the CO2 stream is fed into the capacitive cell under open circuit voltage for
t=100s. Due to the change of ion concentration of the CO2 stream, the membrane
potential decreases. Consequently, the cell voltage decreases. During step 2, the
capacitive cell is charged under constant current (I) during a specific time (t), while the CO2
stream is fed into the capacitive cell. The charging time during step 2, t, is defined
according to the electrode charge tested (Q=I*t). During step 3, the air stream is fed into
the capacitive cell under open circuit voltage condition for 100s. Due to the change of ion
concentration, the membrane potential decreases. Consequently, the cell voltage
decreases in the opposite direction than step 1. During step 4, the capacitive cell is
discharged under the opposite current (-1) and time (t) used in step 2. Note that the same
amount of electrodes charge is stored in step 2 and released in step 4. A previous study®
showed that an optimal current density exists for a given charge to obtain a maximum
power density. Experiments were done to estimate the optimal current density for each
design, shown in supporting information, and reported in Table 3.1. The optimal current
density was then chosen to perform every experiment.
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Fig. 3.5: Representation of a 4-step energy cycle. Steps 1 and step 3: open-cell voltage steps
related to the establishment of the membrane potential due to the change of streams into the cell.
Step 2 (charging): cell voltage under CO; stream feeding into the capacitive cell. Step 4

(discharging): cell voltage under airstream feeding.

Additionally, consecutive 4-step cycles were performed for 10 hours for each cell
design in gas-feeding operation. Before performing the 10-hours experiment, air-
saturated deionized water was fed into the capacitive cell while the cell was short-
circuited. After this step, only pure COz and air gas streams were alternatively fed into the
cell, according to the 4-step energy cycle procedure.

3.2.4. Power density, membrane potential, and internal resistance
calculations

We estimate the internal electrical resistance by following the method used in
Ref.1?, The internal resistance was obtained from the voltage drop measured between
open-cell voltage steps (step 1 and step 3) and a charging and discharging steps (step 2
and step 4). In most experiments, the internal resistance was not constant during the four
different steps of the energy cycle. In this study, we only reported the internal resistance
in the air-saturated solution. We described the calculation procedure in appendix A.

The power density generated was calculated by subtracting the power density
invested during the charging step, and the power density harvested during the discharging
step.
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1 N air N CO;
0 0

where P is the generated power density, EESHZ represents the cell voltage measured during
step 2, B¢

el Tepresents the cell voltage measured during step 4.

For the conventional and the flow-by(wire) cell designs, the membrane potential
(AE,,) is defined as the sum of the AEM potential (AE 5gy) and the CEM potential ((AEcgm),
AE,, = AEpgm + AEcgMm, Which are defined in Egs. 3.5-3.6. For the flow-by(flat), only a
CEM is used, and the theoretical membrane potential can be calculated as: AE,, = 2 -
AEcgm-

a-R-T aycosai
AEAEM == - ln HCO; alr 3.5
n-F aHCo3,Co,
aRT aHJr,air
AECEM == ln - 3.6
n'F ayt co,

where a represents the activity of either the HCOs  or H* ions in the CO»-saturated solution
or the air-saturated solution; R, T, n, F are the ideal gas constant, the temperature, the ion
valance, and the Faraday constant, respectively. o represents the membrane apparent
permselectivity. In CO2-saturated and air-saturated deionized water, different ions are in
solution, i.e., H*, OH", HCOs3, CO3%* and OH". In the case of a mixture of multi-valent ions,
Egs. 3.5-3.6 are not valid. However, HCO3™ and H* are the major ions in solution, whereas
the other ions can be assumed negligible, which legitimate the use of Egs. 3.5-3.6. A similar
approach was described in Refs.?>2°, The maximum theoretical membrane potential for
each design is estimated at around 205 mV.

3.3. Results and discussion

3.3.1. Cell performance under solution-feeding and gas-feeding
operations

We first characterized the performance of the conventional cell under different
feeding operations (solution and gas) by comparing the membrane potential (Fig. 3.6), the
power density generated (Fig. 3.7a), and the internal resistance (Fig. 3.7b). Fig. 3.6 clearly
shows the change of cell voltage when air and CO2 gases are alternatively fed into the cell
in open-cell voltage condition due to the change of membrane potential. The highest
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membrane potential obtained was 50 mV, using gas-feeding operation at 2 L min™ (Fig.
3.6). This result shows that a change of H* and HCOs™ concentrations took place in the
remaining water phase in the spacer channel, driven by the change of CO, concentration
in the gas inflow (CO:z or air) and the chemical reactions shown in Egs.3.1-3.3. We show
here that a membrane potential can be obtained directly from a CO2 gas concentration
ratio, i.e., pure CO; and air.
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- - — — - gas feeding (1 L min?)
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Fig. 3.6: Open Circuit Voltage (OCV) cycles obtained with the conventional cell with solution-
feeding and gas-feeding operations for different flow-rates. The grey area in the graph shows the
period when pure CO; gas was fed into the cell. The white area represents the period when the air

gas stream was fed into the cell.

However, the membrane potential was on average two times lower under gas-
feeding operation compared to solution-feeding operation (OCVs=80 mV against
0OCV¢gs=20-50 mV). In gas-feeding operation, the ion concentration ratio is achieved by CO2
absorption/desorption from the gas streams in the water phase inside the spacer channel.
The lower membrane potential obtained in gas-feeding operation suggests that a lower
ion concentration ratio was achieved in the cell (Egs. 3.1-3.3), likely due to CO: diffusion
limitations between the gas and liquid phases. Results at different gas flow-rates show the
effect of mass transfer limitation on the membrane potential. In particular, a higher gas
flow-rate leads to higher membrane potential due to an improved mixing between the gas
and the liquid phases inside the spacer channel. Instead, no gas-liquid diffusion limitation
occurs under solution-feeding operation, as the mixing between the water and the gas
(CO2 or air) takes place outside the capacitive cell for a sufficient amount of time.
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Moreover, the membrane potential in both gas-feeding and solution-feeding is more than
2.5 times lower than the theoretical values (205 mV). Such performance loss has been
previously attributed to physical desorption of CO; from plastic tubing 23, and the diffusion
of other ions (e.g., OH’) or carbonic acid through the membrane %°. All these phenomena
are also expected to take place independently of the feeding operation (gas-feeding or
solution-feeding), as the flow pattern in the cell is similar in both feeding conditions.

Based on the obtained membrane potential, we harvested electrical power by
applying the 4-step energy cycle procedure to compare the electrical power generated
(Fig. 3.7a) and the internal electrical resistance (Fig. 3.7b) in both solution and gas-feeding
operations. The 4-step energy cycles are shown in supporting information. The maximum
power density obtained was five times higher in solution-feeding operation (0.3 mW m??)
compared to the gas-feeding operation (0.05 mW m?2). With capacitive cells, the
generated power density increases with higher membrane potentials and lower internal
resistance®®. In solution-feeding operation, the power density generated is higher due to
both higher membrane potential (50% higher than direct gas-feeding operation) and lower
internal resistance (i.e., ~10 kQ cm?in solution-feeding against ~30 kQ cm? in gas-feeding).
The current cell performance is far too low for real applications due to the high internal
resistance. Technology harvesting energy from salt streams is capable of generating 1-3
W m2 with similar membranes?%1?712 However, technologies based on salt streams are
a more mature technology, being developed for more than 20 years. Nevertheless, the
performance comparison between different feeding conditions is still relevant to
characterize the effect of direct gas feeding in capacitive cells.
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Constantly feeding the gas through the spacer leads to dryness of the spacer
channel over time inside the cell. As a result, the water phase in the spacer channel
decreased, leading to a decrease of ionic conductivity between both electrodes, resulting
in a higher electrical internal resistance. This observation highlights the fact that the
conventional design is not optimized for gas-feeding operation, where the gases are
flowing between the electrodes, thus causing a high cell electrical resistance.

In the next sub-section, we introduce and characterize two other cell designs (i.e.,
“flow-by(wire)” and “flow-by(flat)”). In these designs, the gas flow configuration is not in-
between the electrodes but along the electrodes, which could improve the cell
conductivity in gas-feeding operation.

3.3.2. Performance comparison between cell designs

As discussed previously, the conventional design is not suitable for a gas-feeding
operation due to the non-optimal gas flow configuration of the capacitive cell. Therefore,
we proposed to change the gas flow configuration to a gas “flow-by” the electrodes in two
other cell designs, i.e., the flow-by(wire) and the flow-by(flat) cell designs (Fig. 3.8b,c). To
compare the three designs, we measured the membrane potential (Fig. 3.8) and
performed 4-step energy cycles. The cell voltage during 4-step energy cycles is shown in
supporting information, whereas the power densities generated for each cycle are shown
in Fig. 3.9. Results are compared in terms of power densities (Fig. 3.9a) and internal
electrical resistances under gas-feeding operation (Fig. 3.9b).
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Fig. 3.8: Comparison between conventional, flow-by(wire), flow-by(flat) cell
designs in gas-feeding operation. (a) Open circuit cycles (OCV) cycles; (b) the membrane
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potential in gas-feeding and solution-feeding operations; (c) membrane potential of the
different cell designs in direct-feeding operation for different gas flow rates.

Fig. 3.8a-b shows that the membrane potential in the flow-by(flat) design (~140
mV) at a gas flow-rate of 0.25 L.min! is the highest among the three designs tested, i.e.,
~3 times higher than the conventional cell design (=50 mV). The same membrane potential
was also obtained under solution-feeding condition (Fig. 3.8b), which is 35% higher than
membrane potentials previously reported (~140 mV against ~90 mV) 2>2°, The improved
membrane performance could be attributed to a better flow configuration in the flow-
by(flat) cell. In previous theoretical studies?®?°, the diffusion of H.COs;" through the
membrane was identified as the major factor limiting the membrane potential in a
conventional cell design in solution-feeding operation. As the solution only flows on one
side of the membrane (facing the spacer), H2COs" diffuses through the membrane and
accumulates on one side of the membrane (facing the electrode). As a result, the
accumulated H2COs" can be converted back to HCOs™ and H* (Egs. 3.1-3.3), decreasing the
ion concentration difference across the membranes leading to lower membrane
potentials. In contrast, with the flow-by(flat) cell design, feeding simultaneously CO; and
air gas streams on both membrane sides are beneficial to reduce concentration
polarization phenomena and maintain a constant concentration of ions (H* and HCOs") and
neutral molecule (CO2 and H2COs") on each side of the membrane. Therefore, we show
that by feeding COz and air gas streams simultaneously in the flow-by(flat) cell design, the
membrane performance is higher due to a lower effect of H.COs™ flux through the
membrane.

Moreover, Fig. 3.8b shows that the membrane potential obtained in the flow-
by(flat) design is similar in both solution-feeding and gas-feeding operations, unlike the
other two cell designs (Fig. 3.8b and OCV cycles shown in supporting information). In
section 3.1, we explained that a membrane potential difference obtained between the
gas-feeding and the solution-feeding operations was likely due to CO2 mass transfer
limitation. Therefore, the results obtained with the flow-by(flat) cell design suggest that
CO2 mass transfer limitation is the smallest among the three cell designs. Fig. 3.8c shows
that the CO2 mass transfer of the flow-by(flat) cell design can be further improved for each
design by increasing the gas flow-rate. A maximum of 190 mV was achieved at 1 L min*. A
similar trend can be observed for the two other cell designs to a lesser extent. A maximum
of 50 mV at 2 L min'! was achieved in the conventional cell design, whereas a maximum of
45 mV at 2 L min! was achieved in the flow-by(wire). Apart from cell geometry, the two
cell designs were tested under different gas flow velocities (4.8 m s for the conventional
cell design against 0.05 m s for the flow-by(wire) cell design). gas flow velocities
calculations are shown in supporting information. Although the same gas flow-rate was
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used, the gas flow channel of the conventional and the flow-by(wire) designs were
different due to their different cells. Despite the large difference in gas flow velocity, the
membrane potential was similar to the conventional and the flow-by(wire) cell designs.
For cell designs using two membranes, the wire cell geometry appears to be beneficial for
generating a higher membrane potential. Nevertheless, changing the flow configuration
using only one membrane (flow-by(flat)) had a higher effect on the membrane
performance, as we explained above.

In the flow-by(flat) design, concentration polarization can be further reduced in
gas-feeding operation than solution-feeding operation. The membrane potential obtained
in the flow-by(flat) is higher in gas-feeding operation than solution-feeding operation
(OCVs0i=140 mV against OCVgas=190mV at 2 L min?). We believed that at such high gas
flow-rate, the concentration polarization at the membrane surface decreases drastically
due to the higher mobility of CO:2 in the gas phase compared to the liquid phase (
Dcoy,liquid=1.6-10° m? s> and Dcoygas=1.4:10* m? s). The same CO2 mobility property is
used in the field of CO2 reduction, where CO: is fed directly as a gas inside the
electrochemical cell to improve the CO; diffusion on the electrode surface®2. With lower
concentration polarization, H.COs" flux through the membrane can easily diffuse in/away
from the membrane boundary layer, keeping the ion concentration ratio across the
membrane close to the ratio expected. However, increasing the gas flow-rate at 2 L min
decreases the membrane performance due to an expected excessive dryness of the
membrane. Therefore, the gas flow-rate is an important parameter to optimize in order
to increase the CO2 mass transfer kinetics between the water and gas phases but also to
avoid the excessive dryness of the capacitive cell.

In terms of power density, Fig. 3.9a shows that the power density is more than 20
times higher in the flow-by(flat) cell (~3 mW m) compared to the conventional cell (~0.05
mW m2) and the flow-by(wire) cell (0.1 mW m?) under gas-feeding operation. We
observed a similar trend under solution-feeding operation (see supporting information).
The higher power density obtained in flow-by(flat) is the result of the combined effect of
the higher membrane potential and the lower internal resistance compared to the other
two designs. Fig. 3.9b shows that the cell internal resistance obtained in flow-by(flat) cell
design (1.4 kQ cm?) was four times lower than the flow-by(wire) cell design (~6 kQ cm?),
and more than 20 times lower than the conventional cell design (~30 kQ cm?). Both the
flow-by(flat) and the flow-by(wire) cell designs highlight the benefits of good contact
between the electrodes and membranes to improve the electrical conductivity of the
capacitive cell. Moreover, a flat-shaped cell geometry is more suitable to reduce the
internal electrical resistance, as the surface contact between the electrodes and the
membranes is higher than the wire-shaped electrode geometry. Similar cell designs are
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also applied in the field of PEM fuel cell'**1%8 to optimize the cell internal resistance and
gas diffusion in the cell while using gas for power generation (H2), or CO:
reduction42143149,
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Fig. 3.9: Comparison between conventional, flow-by(wire), and the flow-by(flat) in gas-feeding

operation. (a) Power density and (b) cell internal resistance.

Next, we performed consecutive energy cycles for 10 hours under gas-feeding
operation to estimate the performance stability of the different cell designs. Fig. 3.10a,b
shows that only the flow-by(wire) cell design maintained stable performances for 10 hours
(~0.07 uW m?), unlike for the conventional and the flow-by(flat) cell designs. The
generated power decreased until reaching negative values after 5 hours for the
conventional cell design and the flow-by(flat) cell design (Fig. 3.10a,b). In this context,
reaching negative power density means that higher power was consumed than generated.
The performance of each design strongly depends on the internal cell resistance, as shown
in Fig. 3.10c. We believe that the increase of internal resistance reflects the drying of the
cell over time, as discussed in section 3.1. For instance, the internal resistance of the
conventional cell design increases from 20 kQ cm? until 160 kQ cm? after 6 hours, causing
a sharp decrease in power density (Fig. 3.10c). Similar behavior can be observed for the
flow-by(flat) design. On the contrary, the internal resistance of the flow-by(wire) design
remains stable (around ~5 kQ cm?), without causing any performance loss over time. As
mentioned before, the flow gas velocity with the flow-by(wire) cell design is lower than
the two other cell designs. Lower gas velocity avoids the fast drying of the cell, keeping
the internal resistance constant. Note that a decrease of membrane potential over time
also affects the cell performance to a lesser extent. For instance, the membrane potential
of the conventional cell design decreased from 30 mV to 10 mV after 10 hours, and the
membrane potential of the flow-by(flat) decreased from 130 mV to 80 mV after 10 hours.
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The cell humidity can be managed by adding water inside the electrodes
compartment. After adding water inside the cell, the power density increases back to the
maximum power density (see supporting information). Likewise, in the case of PEM fuel
cells, the water content in the electrodes is a key optimization parameter to avoid
excessive drying or flooding of the electrodes'*?'*0, Several parameters have been used to
reach ideal humidification of the electrochemical cell using Hz or CO,, e.g., the operating
temperature 1*%, the humidification of the gas 4#°%, and the gas flow rate *>%. Note that in
most of the studies on CO2 reduction, the gas streams are humidified before entering the
cell, thus highlighting the importance of the gas humidity conditions in the cell. In the case
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of Hz fuel cells and most of the cases in COzreduction, water is produced on the cathode
(according to the reaction O+ 4e” + 4H*->2H20), which facilitates the cell humidification.
This is not the case in the system described in the present work, where deionized water is
used to dissolve CO2, but water is not produced. Therefore, humidity in the capacitive cell
is a crucial parameter to optimize. Good management of the humidity inside the cell is
therefore critical to avoid drying the cell and sustain stable power performance.

3.4. Outlook and perspective

In this study, we characterized the performance of three different capacitive cell
designs, i.e., conventional, flow-by(wire), and flow-by(flat), under both solution-feeding
and gas-feeding operations. The best performance in gas-feeding operation was obtained
with the flow-by(flat) cell (3 mW m), while the flow-by(wire) cell design showed the most
stable performance over time (=0.07 mW m2 during 10-hour run test). Based on this
result, we highlighted the importance of contacting the electrodes with an ion exchange
membrane in a flat-shaped cell to reduce the internal resistance of the capacitive cell.

The best gas flow configuration in the cell was reached by sparging the gas along
the electrodes (flow-by), instead of in between the electrodes. A similar approach has
been extensively applied and demonstrated in fuel cell technology!* 141 and CO:
reduction technology'314143 \where gases are used as reactants into electrochemical
cells. For the technology reported in this work, the membranes are in direct contact with
the electrodes, and the gas flows along the electrodes. In most cases, the electrodes and
membrane are pressed together to form a membrane electrode assembly, which
improves the ionic contact between the two electrodes. Such a strategy, like the flow-
by(flat) design, is also beneficial for a capacitive cell. Moreover, sparging the gas along the
electrode improves the gas-liquid mass transfer in the cell, resulting in a faster CO;
absorption/desorption in the water phase inside the cell. The improved CO; diffusion leads
to a faster change of ion concentration inside the cell, thus higher membrane potential.
By combining higher membrane potential and lower internal resistance, the flow-by(flat)
shows the best performance of the three designs tested.

Nevertheless, the high internal resistance caused by the low electrolyte
conductivity is a major limitation in such a system. In this study, we chose deionized water
for both the CO2-saturated and air-saturated solutions. Although deionized water has a
low conductivity (=45 pS cm™ when equilibrated with pure CO), the addition of a
supporting electrolyte (i,e, NaCl) is not feasible, since any other ion in solution will
decrease the ions concentration ratio between the COz-saturated and air-saturated
solutions. The ideal solvent should combine three main criteria, such as (i) a high ion
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concentration ratio between the CO:z-saturated and the air-saturated solutions to
generate a high membrane potential, (ii) a high ionic conductivity to reduce the internal
resistance and (iii) fast adsorption kinetics for CO2 absorption reversibility (for re-use
purposes). For instance, adding salt would reduce the internal resistance by increasing the
electrolyte conductivity but would also reduce the membrane potential, which depends
on the concentration ratio between the air-saturated and CO-saturated solutions. By
choosing water as a solvent in this study, a concentration ratio of 60 was obtained
between the COz-saturated and air-saturated solutions, corresponding to a membrane
potential of 206 mV (Egs. 3.5-3.6). Selecting a solvent 1000 times more conductive than
deionized water, such as 1 M NaHCOs (=45mS cm™), would decrease the internal
resistance of the cell but would also reduce the ion concentration ratio between the air-
saturated and COz-saturated solutions (concentration ratio=1.2), resulting into a smaller
membrane potential (=4 mV). To the best of our knowledge, suitable solvents that fit all
the criteria mentioned above still need to be identified, and further research efforts are
required in this direction to reduce the cell resistance. In this regard, Kim et al. >’ proposed
an alternative approach to improve the cell conductivity by changing the cell voltage
source from the ion exchange membranes to the electrode potential using intercalation
electrodes. Combining intercalation electrodes and 1 M NaHCOs electrolyte with the flow-
by(flat) cell design could be of interest to harvest energy in gas-feeding operation. As a
result, higher electrical power density could be achieved due to the improved cell
conductivity and the lower sparging and pumping energy costs.

Another important parameter to consider for gas-feeding operation is the water
content management inside the cell. We highlight in our results that sparging the gas in
the capacitive cell for an extended time period led to a sharp decreasing performance in
both conventional and flow-by(flat) designs, mainly due to an increase of the internal
resistance. The water management strategy in the cell can be improved by humidifying
the gas streams or pumping water in the cell. In practical application, the CO2 source might
already contain a high relative humidity (e.g., in the case of flue gas from coal-fired power
plants), which should be sufficient to maintain a good humidity into the cell. If the inlet
gas humidity is insufficient, adding water directly in the cell could be sufficient. In addition,
water management strategies from PEM fuel cell or CO2 reduction cells could be applied
to optimize the capacitive cell design using a gas-feeding condition. For instance,
humidification of the gas or operating the cell at a higher temperature could be adopted.
However, these options are energy-intensive, and their techno-economic feasibility
should be assessed. Another possibility could be to use a microfluidic cell design?3®-141,
where both gas and fluid are pumped into the cell and are both in contact with the catalyst
through gas diffusion electrodes (GDE). In this case, the catalyst could be a capacitive
material such as carbon cloth or activated carbon powder. Thanks to the contact between
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the liquid electrolyte, CO2 gas, and the capacitive material, the electrode will not undergo
dryness with time. Nevertheless, the pumping energy costs of the electrolyte should be
closely assessed. In general, the use of GDE is of interest to improve the overall contact
between the gas and liquid and avoid the fast drying of the cell.

As future applications for this technology, we aim to explore the use of flow-by
capacitive cells with direct gas-feeding as a new CO: capture strategy. By operating the
cell as a membrane capacitive deionization cell, (M)CDI7%117.152153 "g|ectrical energy can
be applied on the capacitive cell to absorb C0O2'**. A conventional cell design under
solution-feeding operation has already been applied for CO, capture and showed
promising low energy requirement to absorb CO2 (40 kJ molCO2 ). The internal
resistance was identified as the major limiting factor to improve further the cell
performance. The flow-by(flat) design would be beneficial to reduce the internal electrical
resistance, and the gas-feeding operation would improve the diffusion of CO; in the cell.
In general, the energy cost for capturing CO2 has been the main factor limiting the
technico-feasibility of CO2 capture until now>155158,

3.5. Conclusion

In this work, we showed that using CO2 gas and air directly into a capacitive cell
is a feasible option to harvest electrical energy. By comparing three different cell designs,
the flow-by(flat) design showed the best performance in terms of power outputs (=3 mW
m2), leading to power outputs 20 times higher than the other cell designs (conventional
and the flow-by(wire) cell designs). We show that contacting both electrodes with one
membrane (flow-by(flat) design) improved both the membrane potential established as
well as the internal cell resistance. Regarding the membrane potential, we argued that the
flow configuration in the flow-by(cell) greatly reduces the concentration polarization
across the membrane, limiting the effect of H.COs* on the membrane potential. Regarding
the internal cell resistance, using an ion exchange membrane as a separator between both
electrodes improve the ionic conductivity between both electrodes. However, the
conventional cell design, which has already been used under solution-feeding operation
to harvest energy from CO, ?>%%2°, was not suitable to harvest energy under gas-feeding
operation. The gas flow in the spacer separates both electrodes leading to a decrease of
ionic conductivity and a sharp increase of the internal resistance. In contrast, only the
flow-by(wire) cell design could sustain stable performance during 10-hour run tests. The
performance of the conventional and flow-by(flat) designs was not stable over time due
to the dryness of the spacer channel (or the electrodes) caused by the gas flow in the cell.
We suggest further studies to use GDE instead of carbon cloth electrodes to improve the
tri-phase contact (CO: gas-water-electrode) and avoid excessive drying. Instead of
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sparging the gas directly into the electrodes such as flow-by(flat), using GDEs in
combination with a bipolar plate provide a better gas flow distribution outside the

electrodesl39, 140,142,143,14

9

Moreover, the major limiting factor with the design proposed in this study is the
low electrolyte conductivity. Therefore, further studies are needed to identify suitable
solvents fitting the selection criteria. An interesting alternative could be to combine the
knowledge acquired on cell design with gas-feeding operation in this study with the use
of intercalation electrodes?’, to decrease further the internal resistance of the cell.

Appendix

Appendix A: Calculation procedure of the internal resistance
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(IR3 and IR4) during each 4-step energy cycle.

We estimate the internal cell resistance (Rint) by measuring the voltage drop
(AEgrop) between an open-cell and a charging/discharging steps at constant current

density (I). This method has been widely used for reverse electrodialysis systems

capacitive deionization
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AEdrop

Ripe = 1 A3.1

As described in the main paper, each 4-step energy cycle is composed of a charging
and discharging steps separated by open-cell steps. Fig. A3.2 shows the voltage drop
measured (IR1, IRz, IR3, IR4) for each cycle. The charging and discharging steps occur in two
different electrolytes, the CO»-saturated (Ri, R2) and the air-saturated solution (Rs, Ra).
Since both electrolytes have different conductivity, the internal resistance of the
capacitive cell is different between the charging and discharging steps.

A Previous study®® clearly showed that the resistances measured in the diluted
solution (in this case, air-saturated solution) are limiting the most the system performance
due to its lower conductivity. Thus, the resistances Rs, R4 are more representative of the
system performance than the resistance R:1 and R.. Thus, we reported the average
resistance in the air-saturated solution (R3 and Ra).

R, =— A3.2

74



Electrical energy from COzemissions by direct gas feeding in capacitive cells

3.6. Supporting information

Table S3.1: Residence time and gas flow velocity calculations

conventional

Flow-by(wire)

Flow-by(flat)

Gas flow-rate
Gas flow channel di-

mension

Volume ratio occupied
by the capacitive cell
Residence time

Gas flow velocity

1L min?
Length=250 mm
Wide=20 mm
Thickness=0.25 mm
Porosity=0.7

N/A

0.05s

48mst

1L mint
Length=140 mm
Radius=12.5 mm

Porosity=0.5

N/A

0.05s

0.5ms?

0.25 L min?
Length=30 mm
Wide=30 mm

Thickness=0.5 mm

0.33

2.7s

0.05ms?
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Activated carbon flat electrode

Cation exchange
membrane

Fig. S3.1: SEM pictures for different electrodes and membrane materials: (a-b) flat-shaped
activated carbon electrode, (c) wire-shaped electrode with an activated carbon coating, (d) wire-

shaped electrode with activated carbon and membrane coating and (e-f) carbon cloth electrodes.
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Fig. $3.8: Cell voltage measured during OCV cycles (open circuit conditions) in gas-feeding

operations for the flow-by(flat) cell design under different gas flow-rates.
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Fig. S3.9: Power density obtained with the flow-by(flat) cell design during a 10-hour run test in

gas feeding-operation. Water was added into the cell after 9 hours, as indicated by the arrow.
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Role of ion exchange membranes and
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Abstract

Recently we showed that membrane capacitive deionization (MCDI) could be used to
capture CO2, but we found that the performance decreases with decreasing current
density. In the present study, we investigate the effect of electrodes and ion exchange
membranes by performing experiments with two membranes (CO2-MCDI), with one
membrane (cation or anion exchange membrane), and without membranes (CO,-CDI). We
find that the anion exchange membrane is essential to keep high CO2 absorption
efficiencies (A,=n¢o,(g)/Ncharge), While the absorption efficiency of the CO2-CDI cell was
lower than expected (A,~0.5 for CO-MCDI against A;~0.18 for CO2-CDI). Moreover, we
theoretically investigate ion adsorption mechanisms in the electrodes by comparing
experimental data of a CO2-CDI cell with theoretical results of the classic amphoteric-
Donnan model developed for conventional CDI. By comparing the experimental results
with the amph-D model, we find that the model overestimates the absorption efficiency
in CO2-CDI experiments. To understand this discrepancy, we investigate the effects of
other phenomena, i.e., (i) low ion concentration, (ii) passive CO2 absorption, and (iii) the
effect of acid-base reactions on the chemical surface charge.
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4.1. Introduction

Climate change mitigation is one of the major and most urgent challenges that
society is facing nowadays. In their 2018 report, the Intergovernmental Panel on Climate
Change (IPCC) highlighted the importance of achieving zero CO; emissions before 2050 to
limit the temperature increase . Among the strategies to reduce CO, emissions, CO2
capture technologies have a major role to play!**’. Although a large number of
technologies have already been proposed for post-combustion CO> capture (e.g., amine
sorbents0%158159  calcium looping!®®, gas separation membranes*®1!), there is still an
urgent need of novel technologies to capture CO: from flue gas and also directly from the
atmosphere>>162 Recently a new technology has been proposed to capture CO, based on
membrane capacitive deionization (MCDI)*>*. MCDI is a well-established process based on
Capacitive Deionization (CDI), which has been widely used to desalinate water streams
17,70,72,80,84,163-166 A CDI cell is composed of two porous electrodes, which can adsorb ions,
either through the formation of an electrical double layer (EDL) in the electrodes*16>16
or through ion intercalation'®’. The MCDI cell differs from the CDI cell as the porous
electrodes are covered by an ion exchange membrane to improve the salt adsorption
performance’®.

MCDI can be used to capture CO; in the form of HCOs  and COs?. Here, we refer to
this technology as CO2-MCDI. CO2-MCDI is similar to MCDI, except that the electrolyte
solution is a CO2-sparged water solution instead of a saline solution. When CO: gas is
sparged in water, CO: reacts with water to form carbonic acid (H2COs"), which further
dissociates to carbonate ions (HCOs and COs%) until reaching a chemical equilibrium,

according to the following reaction 252

HCC
C0,(g) < H,CO} 4.1
K1
H,CO% < HCO3 + H 4.2
Kz
HCO3 <> CO3~ + H*. 4.3

Fig. 4.1a shows the fraction of each carbon species in solution as function of pH.
Fig. 4.1b illustrates the principles of the CO-MCDI cell. When charging the CO2-MCDI cell,
the carbonate ions (COs* and HCO3') are adsorbed in the electrode EDLs by applying a
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charging voltage. The resulting concentration decrease of carbonate ions in solution shifts
the chemical equilibrium between CO:; and carbonic acid (Egs. 4.1-4.3), leading to the
absorption of CO; gas. At the end of the charging step, CO: is adsorbed in the capacitive
electrodes (ncp, (g)) in the form of HCOs™ and C0s%, and as a result, a CO>-depleted stream
is obtained. The electrode regeneration is achieved by short-circuiting the cell or by
discharging the CO2-MCDI cell. During this discharge step, the overall process is reversed:
the carbonate ions (HCOs and COs3*) are desorbed from the electrodes, leading to CO;
desorption from the solution to the gas phase.
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Fig. 4.1: (a) Fraction of chemical species as function of the solution pH (Bjerrum plot) for the H,0-

CO; system at 25°C. The curves are calculated according to Egs. 4.1-4.3 with equilibrium constants

Hee=0.83 (Ref. 25), K;=106-35> M (Ref. 26) and K,=1010-33 M (Ref. 26). (b) Schematic representation of
CO; capture in a CO,-MCDI cell. During the charging step, a charging voltage is applied.

In conventional MCDI for water desalination, the salt absorption performance is
reported by the charge efficiency, A, which is for a monovalent salt given by
A=ngy1¢/Neharge®, Where ng, is the amount of salt adsorbed and neparge is the molar
charge stored in the electrodes. Ideally, A is equal to 1, which indicates that for every
electron transferred, one cation and one anion are adsorbed (in case of a monovalent
salt). In CO2-MCDI, we aim to remove CO: gas, and likewise conventional MCDI, the
performance of a CO>-MCDI cell can be measured by the absorption efficiency (A,=

rlCOZ ® )/ ncharge)154-

In CO2-MCDI operated at constant current, we found values of A, in the range of
0.6-0.8%*. Such values of A, are comparable with A in conventional MCDI for water
desalination’2. However, we unexpectedly found lower values of A, by charging the CO»-
MCDI cell with lower current densities (from ~0.8 at 0.6 A m?2 to ~0.6 at 0.2 A m2) 1> A

85



Chapter 4

decrease of A in conventional MCDI is mainly caused by co-ion expulsion 7087/168:169 gnd by
faradaic reactions 777179, However, both effects are assumed to be negligible in CO>-MCDI
due to (i) the low concentration of ions, (ii) the absence of reactive species in solution
(e.g., 02 and CI)¥% and (iii) the presence of ion exchange membranes [20,28,30].
Therefore, the behavior of a CO2-MCDI cell seems to be different from a conventional
MCDI cell operated for water desalination.

Conventional MCDI and CO2-MCDI only differ by their electrolyte, i.e., COz-sparged
water solution for CO2-MCDI and salt solution for MCDI, which mainly differ by their
electrolyte strength. On the one hand, a NaCl solution consists of fully dissociated salt,
thus being a strong electrolyte. On the other hand, the CO2-sparged solution contains
amphotericions (HCO3'), thus being a weak electrolyte. To the best of our knowledge, very
few studies describe the performance of an MCDI cell with amphoteric ions>%6%107,154171
i.e., HPO4Y72 and HCO35%60.107.154  Most of these studies describe the performance of an
MCDI cell with solutions composed of amphoteric ions in combination with salt
ions>%60:107.172 \whereas only one study tested the MCDI cell performance with a solution
consisting exclusively of amphoteric ions'®*. A CO,-sparged water solution can have a
significant impact on the MCDI performance. For instance, we previously stressed the
importance of the pH inside the electrode EDLs for COz-sparged solutions>*. A higher pH
inside the anode EDL could lead to the dissociation of HCO3 into COs%, which is not desired
as the adsorption of COs® requires twice the number of electrons compared to the
adsorption of HCOs (A,=0.5 for 1 COs* removed), and therefore A, decreases. Besides,
chemisorption of H2COs* could also take places on the electrode surface. COz gas is known
to react with porous electrodes, even when the electrodes are not electrically
charged?®173, Moreover, recent studies showed that H2CO3" could even be adsorbed in
porous electrodes by charging a CDI cell with Na* and CI" ions, a process which has been
referred to supercapacitive swing adsorption (SSA)>%®017 Besides the role of the
electrodes, the ion exchange membranes (IEMs) can potentially affect A,. Studies
demonstrated the importance of IEMs on the ion selectivity in MCDI cells 727, an effect of
which was never investigated in CO2-MCDI with a CO2-sparged solution.

Compared to a monovalent solution, CO2-MCDI is a more complex system due to
the multitude of physical phenomena (ion adsorption, ion transport in IEMs, gas
absorption, and chemical reactions). Therefore, in this work, we separately study the
effect of the electrodes and IEMs on the absorption efficiency. In the first part, the role of
IEMs on the CO2-MCDI performance was investigated by performing CO2 absorption
experiments in CO2-MCDI (i.e., with an AEM and a CEM), in CO2-AEM-CDI (with only the
AEM), in CO2-CEM-CDI (with only the CEM) and CO-CDI (without membranes). In the
second part, the HCO37/CO3? adsorption mechanisms in the electrodes were theoretically
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investigated by comparing experimental data with the amphoteric Donnan model (amph-
D model). In conventional MCDI using salt solutions, theoretical models have been widely
used to predict the salt adsorption in the capacitive electrodes. Finally, in the last part,
different effects on the HCO37/COs% adsorption in the electrodes were investigated, i.e.,
(i) the passive CO2 adsorption in the electrodes, (ii) the effect of low ion concentrations,
and (iii) the chemical dissociation effect of the chemical surface groups in the electrode
micropores.

4.2. Theory

This section describes two theoretical models adopted to predict the performance
of a CO2-CDI cell, operated with a CO2-sparged solution, and a conventional CDI cell with
NaCl solutions. The first model is the so-called amphoteric Donnan (amph-D) model
developed by Gao et al. 1%° for conventional CDI, while the second model is the multi-
equilibria amphoteric Donnan (m-amph-D) model. The m-amph-D model is based on the
model proposed by Hemmatifar and Oyarzun et al. 1'>%74 for conventional CDI. The amph-
D model is an extended version of the Donnan model®*, which considers the presence of
immobile chemical charge on the carbon surface, the amount of which is assumed to be
constant and not dependent on local (electrical) charge and pH. Instead, in the multi-
equilibria amph-D model, the amount of chemical surface charge is a function of the local
pH at the carbon surface, where the chemical surface charge can vary based on acid-base
reactions. Besides the amph-D model, note that other similar models were developed to
predict salt adsorption in conventional CDI, namely, the modified Donnan (mD) model 7°
and the improved Donnan (i-mD) model 8. Among these models, the amph-D model
describes the physics and chemistry of ion adsorption in EDLs most realistically. The amph-
D model can accurately describe adsorption in a wide range of experimental conditions ¢
and can predict phenomena observed under specific conditions, including inverted CDI
behavior!®>1%° Therefore, we selected the amph-D model in this study.

4.2.1. Amphoteric Donnan (amph-D) model

The amph-D model considers that the micropores are separated into two different
regions: an acidic region (region A) and a basic region (region B). The acidic region is
covered by negatively chemical surface charged groups, i.e., COO", and the basic region is
covered by positively chemical surface charged groups, i.e., H*, as shown in Fig. 4.2. Thus,
ion adsorption occurs in 4 different regions (regions A and B in both cathode and anode).
For each region, three different types of charge are considered: the electrical charge
(Oelec), the ionic charge (Ojonic) and the chemical surface charge (0chem)-
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Fig. 4.2: Schematic illustration of the acidic (region A) and basic regions (region B) in the anode

micropores.

In each region, the summation of the three different types of charge is equal to
zero, as given by

Ochem,r T Oclecr T Oionicr = 0 44

where subscript r refers to the region (A or B). The ion adsorption in the micropores is
related to the Donnan potential®®’>176 and therefore, the ion concentration in the
micropores is given by the Boltzmann equation

Ci,mi,r =C- e_Zi'M’D 4.5

where ¢; ,; » refers to the ion concentration in the micropores for each region, ¢; is the ion
concentration in the spacer channel (bulk solution), z; is the ion valence and Ady, is the
Donnan potential at the interface of the electrode micropore and the solution. In
conventional CDI for water desalination, ¢; ,; usually refers to the concentration of Na*
or CI8118 Instead, in CO2-CDI, Cj i refers to the concentration of HCOs', CO3%, H*, OH’,
H2COs". The total ionic charge (0jopic) in each electrode region can be calculated using
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Ojonicr = Zi Zi * Cimi,r- 4.6

The electrode charge (0.ec) is directly related to the Stern potential (Adg) and the
Stern capacitance (Cg), and is given by

Aq)S,r “Vp -G

Oclecr — T 4.7

where Vr is the thermal voltage, and F is the Faraday constant (96485 C mol?). All
potentials are dimensionless, which can be converted to a dimensional voltage by
multiplying the dimensional potential with the thermal voltage, V; = (R - T)/F, where R
is the ideal gas constant (8.314 ) K* mol?), and T is the temperature (298 K).

The electrode potential (Adgjec) is defined as the sum of the Stern and Donnan
potentials. Furthermore, the potential of each electrode is equal for the regions A and B
and is given by

Adeiec = [Adp + Adgla = [Adp + Ads]. 4.8

In equilibrium, there is no potential gradient across the electrodes and the flow
channel due to ionic and electronic resistances. Therefore, the (dimensional) cell voltage
(Veen) is the difference of the electrode potential between the anode and cathode.

Vcell = (Aq)elec,anode - Aq)elec,cathode) ) VT- 4.9

We consider that the mass of both electrode regions (A and B) is the same, and
therefore we can calculate the average electrode charge (Ogjec ayv) USiNg

1
Oelecav — Z (Gelec,A + 0-elec,B)- 4.10

Assuming a symmetric system with the same mass and dimensions of the anode
and cathode sum up to zero (Gelec,av,anode + Gelec,av,cathode = 0)
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For the CO»-CDI cell, the chemical dissociation constants of the chemical reactions
shown in 4.14.3 must also be included in the amph-D model (see Table 4.1). Note that the
constant Ky can be derived from H¢ (Ky=R - T/HCC).

Table 4.1: Equilibrium dissociation constants between CO»(g), H,COs*, HCO3", COsZ, OH-, H*

Equations Equilibrium Constant Reference
cc CHZ(:O; cc 25
H* = ————= H=0.83
Ceo,e)
Cucoz * Cy+
1= ——3 7 K1=10-6.35 26
Ch,co0z
Ceoz- * Cy+
, = 3 K2=10'1°‘33 26
Chcos
Ky = Coy- - Cy+ K, =101

The total carbon (n) in the system is distributed through the liquid volume and the
gas volume and is given by

anode cathode
Nt = CT,solution V] + mgpee ot Vi Z CT,mi,r + Z CT,mi,r 411
5=A,B r=AB
Pco, (g Vg
R-T

where Cr solution 1S the concentration of total carbon (CT,solution=CHZco§+CHcog+Cco§-),
Cr mi is the concentration of total carbon in the micropores, V,; is the micropore volume
(ML getec'), Mgjec is the mass per electrode (gelec?), o is the fraction of each micropore
region, V} the volume of the CO>-sparged solution, and V; the volume of gas. Note that
the volume of micropores was measured by a gas adsorption analyzer, which we will
discuss in Section 3.2.

For the CO,-CDI cell with NaCl solutions, the mass balance for the total amount of
Na* (Ngotalna) @aNd CI (Nyota; 1) in the system is

90



Role of ion exchange membranes and capacitive electrodes in MCDI for COz capture

anode cathode
Niotal,Na = CNa ~ Vi + mgjec - Vi Z CNamir T Z CNa,mi,r 4.12
r=AB r=AB
anode cathode
Niotalcl = Cc1 - Vi + mgjec - 0" Vi - Z CClmir T Z CclLmir |- 4.13
r=AB r=AB

4.2.2. Multi-equilibria Amphoteric-Donnan (m-amph-D) model

In contrast to the amph-D model, the m-amph-D model considers that the chemical
surface charge is dependent on the local pH at the carbon surface. Studies showed that
the chemical surface charge can change over time, due to the local pH at the carbon
surface 1%°, or due to electrode oxidation reactions ’°. Since the pH is expected to change
drastically in both electrodes, as H* is the only cation present in solution, we implement a
similar approach as developed in Ref.}'® to describe the chemical surface charge as
function of pH. We consider the acid-base groups A/AH, for the acidic region, and BH*/B,
for the basic region, and their dissociation constants Ka and Ks, respectively. Constants K,
and Kg are given by

Cae - Cor s
K, = 2 “HmiA 4.14
CAH
Kp = “2Hmi? 4.15
BHt

Then, we can substitute cs-=-Ocpem s and Cgy+=0chemp- The total concentration
of surface groups is then given by Ochematot=-(Ca-+Can) anNd Ochem B tot=Cpu++CB-
Consequently, we can express O¢hem,a aNd Ochem g in the m-amph-D model as

Ka
Ochem,A — K C * Ochem,A,tot 4.16
A+ Camia
CH,mi,B
Ochem,B — — " Ochem,B,tot - 4.17
Kp+CH,mi,B
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4.3. Material and methods
4.3.1. Electrode and cell preparation

In this work, we selected two types of carbon electrodes, i.e., carbon cloth (CC) and
activated carbon (AC) electrodes. The CC electrodes are commercially available (ACC-
5092-15, Kynol, Germany), and the AC electrodes were home-made according to a
previously reported method'®23, In this method, a slurry was prepared from two
components: |) activated carbon (DLC, super 30, Norit, the Netherlands, BET=1600 m? g-
1), Il) a solution of N-Methyl-2-pyrrolidone (NMP) and polyvinylidene fluoride (PVDF)
(KYNAR HSV 900, Arkema Inc., USA) in a ratio of 30:1 (w/w). The slurry was then cast on a
graphite sheet with a 500 um-thickness casting knife and dried for 24 h. After evaporation
of NMP, the fabricated electrodes were then composed of 10 wt% PVDF and 90 wt% AC
with a thickness of 200 um. The electrodes were soaked in deionized water for at least 24
hours. The MCDI cell was composed of several layers, i.e., (i) titanium coated with
platinum current collector, (ii) the AC electrode, (iii) a CEM (CMX, Astom (Neosepta),
Japan), (iv) a polymeric spacer (PA 6.6 fabric, Nitex 03-300/51, Sefar, Switzerland, 200 um),
(v) an AEM (AMX, Astom (Neosepta), Japan) and (vi) another AC electrode and (vii) a
current collector. The CDI cell has a cell structure than the MCDI cell except for the AEM
and CEM layers. Moreover, the CDI cell was also tested with the CC electrodes.

4.3.2. Electrode characterization

Porosity analysis, SEM images, and titration were performed on each type of
electrode (CC and AC electrodes). Porosity analyses were performed using an automated
gas adsorption analyzer (Tristar 3000, micromeritics Instrument Corp., USA). Prior to the
analysis, a sample of 0.2 g of electrodes material was dried at 598 K under N2 atmosphere.
Then, an Nz isotherm was obtained at 77 K using 0.1 g of dry sample of AC electrodes and
0.2 g of dry sample of CC electrodes. The pore-size distribution was then calculated from
the N2 isotherm data using the non-localized density functional theory (NLDFT) model,
provided by the built-in software of the instrument (Fig. 4.3c). The volume of micropores
was found by integrating the pore volume with a diameter smaller than 2 nm.

Titration was performed with an automated titration station (888 Titrando,
Methrom). Before titration, 50 mL of 0.05 M NaOH solution was constantly sparged with
N2 to remove all traces of dissolved CO2. Then, an electrode sample (0.5 g for the AC
electrode and 1 g for the CC electrode) was soaked in the NaOH solution and then titrated
by dosing 0.5 mL of acid solution (0.1 M HCI) every 3-5 min. The time for each dosing step
was adjusted to reach a stable pH value, which indicates that the electrode reached a
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chemical equilibrium with the solution. During the titration period, the NaOH solution was
constantly sparged with N2 to avoid the presence of CO2 and the effect thereof on the
titration results. A blank titration was performed following the same procedure, without
the electrode sample. The results of the blank and sample titrations are shown in the
supporting information (Fig. S2). For each pH value measured, the concentration of
chemical charge on the carbon surface is calculated using

V. -V - Cy
( sample blank) titrant 4.18

Ochem,pH =
Vini * Melectrode

where Cirant represents the concentration of the titrant (HCl), V,,; the micropore
volume per electrode mass, Mgjecirode the Mass of the electrodes used during titration,
Vsample the titrant volume obtained from the sample titration at a given pH value, and
Vpiank the titrant volume obtained from the blank titration at a given pH value.
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Fig. 4.3: Electrode characterization of the AC and CC electrode materials: SEM image of the (a) AC
and (b) CC electrode, and (c) porosity analysis of the AC and CC electrodes. The pores with a
diameter smaller than 20 A (2 nm) are considered as micropores, while the pores with a diameter

larger than 20 A are considered as macropores.
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Fig. 4.3a-b shows the microscopic structure of the electrode materials. The AC
electrode (Fig. 4.3a) shows a homogeneous porous structure, whereas the CC electrode
consists of carbon fibers.

4.3.3. Experimental procedure for passive CO; absorption in
uncharged electrodes

The CO2 absorption in the electrodes was characterized in the absence of an
electrical field in absorption batch experiments. We refer to this type of experiment as
“passive CO; absorption”. A similar experiment has been previously done with NaCI®* or
with mixtures of salts'”’. The passive CO absorption experiments were performed in
batch mode using a home-made reactor. The home-made reactor consisted of a glass
flask, which contained a CO2:N: gas mixture (Vy=55 mL) and a CO>-sparged deionized
water solution (V;=90 mL). Prior to each experiment, the deionized water was equilibrated
with a defined CO: partial pressure (the same as in the gas phase) by flushing a CO2:N2 gas
mixture into the reactor. At the same time, the electrode material was pre-treated in two
steps. In the first step, the electrode material was soaked into deionized water, and
sparged with N2 for 20 hours. In the second step, the electrode material was dried at room
temperature for 4 hours. During the experiment, the pre-treated electrode material was
submerged in the reactor (solution phase), while all the gas valves were closed. The
amount of carbon species adsorbed in the electrode material was monitored by measuring
the gas pressure with a manometer (Cerabar T PMP131, Endress+Hauser). The change of
gas pressure is directly related to a change of CO2 partial pressure, since Nz is an inert gas,
and is not expected to be adsorbed in the electrode. From the change of gas pressure, the
total amount of carbon species adsorbed in the electrodes (Ctotai=CO2(g)+H2C03"+HCO3
+H*) is calculated based on a mass carbon balance and the chemical equilibrium reactions
as given by Eqgs. 4.1-4.3.

4.3.4. (M)CDI experimental procedure

Charging/discharge cycles were performed with (M)CDI cells using both CO»-
sparged (CO:2 absorption tests) and NaCl solutions (salt adsorption tests). During the
charging step, a current (or voltage) was applied between the electrodes to adsorb ions
from the solution. During the discharge step, a reversed current or a discharge voltage of
0V was applied between the electrodes to desorb ions into the solution. The two following
sections describe the procedures for the salt adsorption and the CO: absorption
experiments.

Salt adsorption with NaCl solutions (conventional CDI)
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Salt adsorption tests were performed in CDI cells using different NaCl
concentrations (0.1, 0.5, 1, 5, and 20 mM) in batch experiments until reaching equilibrium.
The research set-up consisted of a CDI cell and a glass bottle stirred with a magnetic stirrer.
A peristaltic pump (Masterflex L/S, Cole-Parmer, USA) was used to recirculate a NaCl
solution between the CDI cell and the glass bottle at a flow rate of 40 mL min™. The water
volume was different in each experiment to ensure that ion adsorption in the CDI cell did
not lead to a complete depletion of NaCl in solution. Charging/discharge cycles were
applied to the CDI cell. During the charging step, a constant voltage of 0.3, 0.5, 0.7, or 1V
was applied to the CDI cell, while during the discharge step, a constant voltage of OV was
applied. The charging time, which was equal to the discharge time, was long enough to
ensure that the CDI cell reached an equilibrium. Since only NaCl was present in solution,
the amount of salt removed from the solution was monitored by measuring the
conductivity of the solution. The charge efficiency was calculated as

_ Dna+ad) T Naiad) _ (Cnaclinitial = CNacifinal) * F

A 4.19

ncharge Q

where Q is the electrical charge stored in the electrode, cyacyinitial i the NaCl
concentration at the beginning of a charging step, and cy,c) fina1 is the NaCl concentration
at the end of a charging step.

CO; absorption tests (CO2-(M)CDI)

Several CO2-(M)CDI experiments were performed in batch mode using the same
procedure, as previously reported in Ref. 1>*, Before the experiment, a COz-sparged water
solution was prepared by flushing a gas mixture of N2:CO2 (85%:15% vol/vol) using two
mass flow controllers (MASS-STREAM D-6300, Bronkhorst, the Netherlands) in deionized
water. A volume of the CO;-sparged solution (33 mL) was circulated at 30 mL min™
between the (M)CDI cell and a gas-liquid contactor (GLC). Both the (M)CDI cell, and the
GLC were contained in a controlled-temperature chamber at 298K. The GLC is a cylinder-
shaped glass container, which contains both a gas and a liquid phase, and ensures the
exchange of CO: between both phases. Note that the recirculated solution and the gas
phase in the GLC were sparged with the same gas mixture (15% CO:) until both phases
reach chemical equilibrium. At the same time, the MCDI cell was short-circuited (cell
voltage of 0 V) to reach chemical equilibrium between the ion concentrations in the
micropores and the COz-sparged solution. After the entire system reached equilibrium,
gas valves were closed to enclose a defined volume of gas in the GLC. The experiment
started by charging the CO2-(M)CDI cell either in constant current or constant voltage
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mode. In constant current mode, a current density (0.2, 0.4, or 0.6 A m2) was applied
between the electrodes, both during galvanostatic charging (positive current) and
discharge (negative current). Under constant voltage mode, a cell voltage of 0.3, 0.5, 0.7,
or 1V was applied during charging, and a cell voltage of 0 V was applied during discharge.
Different times for charging and discharge were tested (1.1 h, 2h, and 5h). A potentiostat
(Ilvium, the Netherlands) was used to control the current or the voltage. During the
experiment, the relative pressure of the gas in the GLC was monitored with a manometer
(Cerabar T PMP131, Endress+Hauser). Based on the change of the partial CO2 pressure
during the experiment (AP;q, ), the amount of CO2 absorbed or desorbed during one cycle
was estimated with the ideal gas law as

_MNco,g  APeo, - F

A, = = .
: Ncharge Q-R-T

4.20

Energy consumption (W,.;) was calculated based on the energy consumption of
the (M)CDI cell (W) and the amount of CO2 gas absorbed

Q QD
* Wnet fo VccelldQ - fO VcelldQ
net — = 4.21
Nco, Nco,

where V), is the cell voltage during charging, V2, the voltage during discharge
and Q is the electrical charge.

4.4. Results and discussion
4.4.1. Absorption efficiency in CO,-MCDI

Firstly, we characterized the absorption efficiency in a CO,-MCDI cell operated in
constant current mode under various conditions (different current densities, amount of
charge stored, and cycle times). Fig. 4.4a shows the electrical charge and the pressure
measured during typical adsorption/desorption cycles in CO>-MCDI operated in constant
current mode Fig. 4.4a shows that the gas pressure in the gas-liquid contactor decreases,
when the electrical charge stored in the electrodes increases, and vice-versa. This charge-
pressure relationship illustrates the principle of the CO-MCDI cell, i.e., by increasing the
amount of charge stored in the electrode, carbonate ions (HCOs™ and COs3%) are electro-
adsorbed in the anode and removed from the electrolyte solution. Consequently, the
carbonate ion concentration decreases in the electrolyte solution, and more CO: gas is
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spontaneously absorbed in the electrolyte solution (according to equilibrium reactions
given by Egs. 4.1-4.3).

Fig. 4.4b-d show the absorption efficiency (A,) as function of the charge stored in
the electrodes (Fig. 4.4b), the current density (Fig. 4.4c), and the charging time (Fig. 4.4d).
In our previous study®*, A, was already characterized as function of current density.
However, the effect of current density could not be differentiated from other effects (the
charge stored in the electrodes and the charging time). Fig. 4.4b-d show that A, tends to
decrease with longer charging times (e.g., from A,=0.55 after 1 hour to A,=0.35 after 4.5
hours), while no specific relation is found with the electrode charge and the current
density. This observation is in good agreement with our previous study (A,=0.7 for 0.7
hours and A,=0.5 for 3.3 hours) 1% In Ref.}>*, we hypothesized that a decrease of A, with
longer cycle time could be related to the selective adsorption of CO3? in the electrodes at
longer charging times. Time-dependent selective adsorption of divalent ions in capacitive
electrodes has been shown in conventional CDI*®. However, besides the electrode
behavior, the IEMs could also influence A,. For instance, the IEMs show a selectivity
towards specific ions based on their valence’>”> or size’. The individual effect of the
electrodes and the IEMs is challenging to distinguish in CO2-MCDI experiments. Therefore,
we investigate the individual effect of the IEMs and the capacitive electrodes by
characterizing A, with (CO2-MCDI) and without IEMs (CO2-CDI).
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the CO,-MCDI cell operated in constant current mode (0.4 A m-2 until 8 C). Absorption efficiency
(Ag) as function of the (b) charge, (c) current density, and (d) charging time. Lines are added to

guide the eye.

4.4.2. Effect of membranes on CO; absorption in CO,-MCDI

Fig. 4.5 shows the values of A, for CO-MCDI and for CO2-CDI as function of the
current density (Fig. 4.5a), cell voltage (Fig. 4.5b), and charging time (charging voltage of
0.5 V) (Fig. 4.5c). Fig. 4.5a shows that values of A, are clearly higher in CO2-MCDI
compared to CO»-CDI in constant current mode (A,=0.55 for CO2-MCDI compared to A,=0
for CO2-CDI). These findings are in line with results expected from conventional MCDI for
water desalination. In conventional MCDI for water desalination, the IEMs greatly improve
the charge efficiency (A) by blocking the desorption of co-ions from the electrode
macropores’®’2, Unexpectedly, CO»-CDI experiments show no significant CO2 absorption
at 0.2 and 0.4 A m2. While the charge efficiency (A) in conventional CDI suffers from co-
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ion expulsion 7087168165 gand faradaic reactions 7377170, we assume that both of these
effects are negligible in CO2-CDI. On the one hand, the effect of co-ion expulsion decreases
at lower ion concentrations’>?¥’. The concentration of ions in the feed water in CO2-CDI is
very low (=0.05 mM), more than 400 times lower than ion concentrations usually tested
in CDI (i.e., typically 20 mM NacCl). On the other hand, faradaic reactions in conventional
CDI are mostly related to the presence of dissolved Oz gas and of CI, both of which are
absent in a CO2-sparged solution.

To study ion adsorption mechanisms in the electrodes, we performed experiments
in constant voltage mode (Fig. 4.5b). In constant voltage mode, a chemical equilibrium in
the electrode EDLs is reached when all time-dependent phenomena vanish. In contrast,
the current mode controls the flux of ions, which continually drives several time-
dependent processes (ionic flux, chemical reaction, ion adsorption). Compared to the
results of the constant current mode, Fig. 4.5b shows that values of A, are higher in CO»-
MCDI than CO.-CDI, independent of the charging voltage. Nevertheless, Fig. 4.5¢ shows
that the values of A, in CO>-MCDI decrease with charging time (A,~0.51 at 1 h against
A,~0.35 at 5.5 h), which was not the case for CO,-CDI. These results demonstrate that the
CO2-MCDI cell did not reach equilibrium even after 5 hours. Fig. 4.5d shows that the CO:
concentration in CO2-MCDI experiments never reached a stable value during charging and
discharge, which demonstrates that a net CO:2 flux still occurs in the system. Unlike the
CO2-MCDI cell, the CO2-CDI cell reached equilibrium after 1 hour, as values of A, in CO»-
CDI are stable with time from 1 hour (Fig. 4.5c), and Fig. 4.5d shows that a constant CO>
concentration is reached in both the charging and discharge steps. Therefore, the
decrease in A, observed at a longer charging time in CO>-MCDI (described in section 4.1)
is mostly caused by the presence of IEMs, and not directly from the electrode adsorption
behavior. This finding disproves the hypothesis we made in Ref.?>*, where we presumed
that the loss of A, in CO2-MCDI with time was related to the electrode behavior.
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hours charging.

Since the membrane pair influences the CO-MCDI performance, it is not possible
to differentiate the individual effect of either the AEM or CEM from the CO,-CDI and CO»-
MCDI alone. To that end, we performed experiments with a cell by including only an AEM
or a CEM, both in constant current and constant voltage mode (Fig. 4.6). Fig. 4.6a shows
that higher values of A, were obtained by using only an AEM compared to using only a
CEM in both modes (A;=0.49 with CO.-AEM-CDI and A,~0.24 with CO2-CEM-CDI in
constant current operation, see Fig. 4.6). Moreover, using only one AEM gives similar
values of A, as in CO-MCDI, where both IEMs are used (A,=0.54 with CO-MCDI and
A,=0.49 with CO>-AEM-CDI in constant current operation, see Fig. 4.6). Fig. 4.6b also
shows similarities between the CO2-AEM-CDI and CO>-MCDI cells in terms of CO:
concentration profile with time (at 0.5V), which suggests that the CO2-AEM-CDI did not
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reach equilibrium either. Instead, the CO2-CEM-CDI cell shows a similar behavior than CO»-
CDI at constant voltage (Fig. 4.6a-b). Therefore, the higher values of A, from the CO»-
MCDI cell are mainly due to the presence of the AEM. The CO2 concentration as function
of time for the CO2-AEM-CDI suggests that a concentration gradient builds up across the
AEM during charging (and discharge) with time (Fig. 4.6b). For instance, Fig. 4.6b shows
that the CO2 concentration first decreases during the charging step, but then starts to
increase after one hour. We believe that, upon charging the cell, more carbonate ions
(HCO37/C0s%) migrate through the AEM to the macropores of the anode than the amount
that is adsorbed in the micropores of the anode. As a result, HCOs and COs? ions
accumulate in the anode macropores, increasing the total carbon concentration (Cr=HCOs"
+C03%+H2C0s3") in the macropores of the anode. Driven by the total carbon concentration
difference between the anode macropores and the spacer solution, the total carbon
diffuses from the macropores to the spacer solution. This total carbon flux can occur
through the (i) diffusion of H.CO3" or (ii) the combined transport of HCOs™ and H* due to
the co-ion leakage of H*.
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A m2, maximum charge 8 C). (b) Pressure and CO, gas concentration at 0.5 V. (c) Energy

consumption at 0.5V and 0.4 A m=2.

As shown in Fig. 4.6a, ion exchange membranes (in particular the AEM) are
essential to keep a high absorption efficiency (A;) in CO2-MCDI. Achieving a high A, is
mostly essential to minimize the energy consumption®®. Fig. 4.6¢c shows that the lowest
energy consumption was achieved with the CO2-MCDI cell at constant current (W;..=49
kJ molCO2?! for CO,-MCDI), the configuration in which the highest A, was obtained. In
contrast, the highest energy consumption was obtained with the CDI cell at constant
voltage (W;.:=390 kJ molCO> for CO2-CDI), the configuration in which the lowest A, was
obtained. Covering the electrode with an ion exchange membrane (MCDI) is a suitable
strategy to increase A,, and also to decrease the energy consumption. The CDI
performance was much lower than expected (compared to conventional CDI), with a
maximum absorption efficiency of only 0.18 in constant voltage mode (Fig. 4.6b). As a first
step toward developing a theoretical model for CO-MCDI, we will theoretically investigate
the ion adsorption mechanism in CO2-CDI at equilibrium condition (time-independent) in
the next section. A full MCDI model is more complicated than a CO2-CDI equilibrium model
as an MCDI model includes not only time-independent phenomena (ion adsorption in
electrode micropores) but also time-dependent phenomena (ion transport in electrode
macropores, membranes and spacer). Thus, developing a reliable model for CO»-CDI is
essential before developing a more complex CO2-MCDI model.

Studying the system under equilibrium conditions (i.e., constant voltage at long
charging time) is essential to understand the system behavior before modeling CO.-MCDI
cells. Besides the equilibrium condition in the micropores, an MCDI model also includes
time-dependent phenomena.

4.4.3. CO,-CDI results compared with theoretical models
Conventional amphoteric-Donnan model

Understanding ion adsorption mechanisms in CO2-CDI cell is of primary importance
in order to optimize the process performance. In this section, we theoretically investigate
the adsorption mechanisms by comparing the amphoteric Donnan (amph-D) model®165
with experimental data. To the best of our knowledge, the amph-D model has been
extensively used for NaCl solutions’®16%174177.178 byt never for CO,-sparged solutions. We
performed CO2-CDI experiments with two different carbon materials, i.e., activated
carbon (AC) and carbon cloth (CC) electrodes. Prior to our modeling work, we performed

a CDI experiment with a NaCl solution (see Fig. S3 in supporting information) to determine
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three model parameters, namely, the Stern capacitance (Cg), and the chemical surface
charge in the acidic and basic regions (Ochem A, Ochem )- Finally, the electrode micropore
volume was determined by porosity analysis, as shown in Fig. 4.3c. The parameter values
for both electrode materials are shown in Table 4.2.

Table 4.2: Parameters used in the amph-D model for both electrode materials

AC electrode CC electrode
Vini (ML/Belec) 0.5 0.6
Mejec (8elec/electrode) 0.5 0.9
o 0.5 0.5
Cs (F/mL) 170 170
Gchem,a (MM) -620 -710
Ochem,B (MM) 400 350

Fig. 4.7 shows the absorption efficiency as function of cell voltage. The model
correctly predicts the increase of the adsorption efficiency with increasing voltage but
overestimates the value of A,. Fig. 4.8a shows the relative effect of the adsorption of
HCOs’, the expulsion of H* and the adsorption of CO3% in/from the micropores of the anode
on A,. A non-ideal absorption efficiency (A,<1) can be caused by both (i) the adsorption
of COs* and (ii) the expulsion of H*, which are, in this particular case, underestimated by
the amph-D model. Adsorption of COs? is hardly predicted by the amph-D model as the
predicted pH in the micropores by the model (maximum of pH=8) is lower than the pH
value where HCOs™ dissociate into COs? (pH higher than 9 see Fig. 1a). The amph-D model
does not describe the CO2 adsorption accurately with the parameter values reported in
Table 4.2, which were found by fitting the theory to experimental data of salt adsorption
in desalination experiments.
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This discrepancy between data and theory can be the result of several factors.
Firstly, the ionic strength of CO2-sparged solutions is lower than of the NaCl solutions used
in the CDI experiments. (< 1 mM NaCl). However, the amph-D model describes the data
fairly well at low ion concentration, also shown in SlI. Secondly, the concentration of the
neutral molecule H2CO3" is the highest in the electrolyte. As H.COs" is a weak acid, and
only the dissociated species HCOs and COs* can be electrosorbed, chemical equilibria
(Egs. 4.1-4.3) can have a strong effect on the absorption performance, and these equilibria
are dependent on the local pH in the micropores. Thirdly, chemisorption of H,COs" at the
carbon surface can affect the absorption performance.
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We investigate the chemisorption of CO: at the electrode material by CO:
absorption experiments with uncharged electrodes in the absence of an electric field. Refs.
75177study the effect of chemisorption of specific chemical species (mostly NOs) on ion
adsorption and include a new parameter in the amph-D model to describe this effect
(intrinsic selectivity coefficient'’* or affinity term®”’). Fig. 4.9 shows the experimental and
calculated amount of total carbon (Ciota=CO2(g)+H2COs"+HCO3+C0Os%) adsorbed by
uncharged electrodes as a function of the CO2 partial gas pressure. The amph-D model
predicts the COz adsorption in uncharged AC carbon material well, which suggests that no
significant CO2 chemisorption takes place in the AC electrodes. On the other hand, the
amph-D model underestimates the amount of CO; adsorbed by the CC electrode material.
This finding suggests that CO2 chemisorption seems to occur in the CC electrode material.
The CO2 chemisorption can occur through the chemical affinity between specific chemical

surface groups and CO>, such as amine groups®®.
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Multi-equilibria amphoteric-Donnan model

In the previous section, we discussed that the amph-D model does not perfectly
describe the CO:2 absorption performance of the CDI cell. We will now consider the
chemical surface charge at the carbon electrodes as weak acid-base groups, which
dissociate according to a dissociation equilibrium constant, especially when strong pH
changes occur during charging and discharge. Furthermore, we will run, on both electrode
materials, titration experiments in order to determine the amount of chemical surface
charge. To include the effect of pH changes in the conventional amph-D model, we
adopted the modeling approach from Hemmatifar et al., and we use a “multi-equilibria
amphoteric Donnan” (m-amph-D) model'*. The m-amph-D model requires at least two
additional fitting parameters, i.e., a minimum of one dissociation constant for the acidic
group (Ka) and one dissociation constant for the basic group (Ks). Moreover, the m-amph-
D requires the total amount of surface groups (Ochema tot and Ochems,tot), instead of only the
chemical surface charge of the amph-D model (Gchema and ochems). To find parameter values
for the m-amph-D model, including the dissociation constants and chemical surface charge
parameters, titration experiments were performed (see Supporting information for more
details on the fitting procedure) '*°. Fig. 4.10a-b shows the m-amph-D fit with the fitting
parameters shown in Table 4.3 to the chemical surface charge obtained from experimental
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electrode titrations. Fig. 4.10c-d show the chemical surface charge as function of pH in the
regions A and B of the electrodes. Values of the chemical surface charge used for the
amph-D (Table 4.2) and m-amph-D models (Table 4.3) are different but are not
comparable as the models are different due to the different theoretical models. A similar
difference between values of Gchem Obtained from electrode titration and the amph-D
model was reported by Gao et al. %>,

Table 4.3: parameters used in the titration model

AC electrode CC electrode
Ochema,tot,1 (MM) -1300 -800
Ochema,tot,2 (MM) -500
Ochemg tot (MM) 400 1300
pka,1 (mM) 2 2
pka,2 (MM) N/A 9
pky (MM) 12 8
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charge as a function of pH for the (a) AC electrodes and (b) the CC electrodes. The data points are
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(0chems) for the (c) AC electrodes and (d) the CC electrodes

Fig. 4.11a-b shows a comparison between the absorption efficiency as function of
the cell voltage obtained from both models (amph-D model and the m-amph-D model)
and the experimental data. In comparison with the amph-D model, the m-amph-D model
shows a better fit with the experimental data obtained from the AC electrodes. Regarding
the CC electrodes, the m-amph-D model shows a better fit but underestimates the
absorption efficiency at cell voltages below 1 V.
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Fig. 4.11: Comparison between the amph-D and m-amph-D models and the experimental data
obtained with (a) AC electrodes and (b) CC electrodes.

While the AC and CC electrode materials show similar material properties in terms
of pore-size distribution and Stern capacitance (see Table 4.1), the CC electrode differs
from the AC electrode in terms of surface chemistry. The AC and CC electrodes also differ
in terms of morphology (Fig. 4.3a-b). However, we believe that the electrode morphology
has no significant effect on the adsorption performance in equilibrium conditions: the
electrode morphology would mainly influence the dynamics of ion transport from the
macropores to the micropores of the electrode. Titration results suggest that, on the
surface of the CC electrode material, more types of chemical surface groups are present
than on the AC electrode material (three pK-values for the CC electrode against one pK
value for the AC electrode, see Table 4.3 and Fig. 4.10). Moreover, the results of passive
CO: absorption experiments suggest that CO2 chemisorption takes place in the CC
electrode micropores (Fig. 4.9), which indicates the presence of specific chemical surface
groups with an affinity for the carbon species. For instance, a chemical affinity of CO2 with
amine groups is reported in Refs. 19215° We believe that the presence of both types of
chemical surface groups can lead to more complex interactions with adsorbed carbonate
ions, which are not predicted by the m-amph-D model yet.

Other effects not considered in this study could also influence the absorption
efficiency, e.g., (i) the ion size-based selectivity!’* and (ii) the non-ideal dissociation degree
in the micropores of the EDL. Regarding size-based selectivity, monovalent ions with lower
hydrated radius (i.e., K* and Na*'’®) and a lower ion hydration ratio'® have shown to be
selectively adsorbed in the electrode EDLs from monovalent salt mixtures (e.g., with K*
and Na*). However, to the best of our knowledge, no study clearly defines the hydrated
radius of HCOs", and therefore, we cannot estimate the effect of size-based selectivity
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between HCOs and COs?. Besides the ion-size based selectivity effects, the dissociation
constant of carbonate species (H2CO3" and HCOs') in the micropores of the electrode and
chemical surface charge could be dependent on the electrical field. According to the
dissociation field-effect theory®:182 the dissociation of acid increases under the presence
of an electric field in EDLs, mainly due to a change of permittivity conditions. Thus, we can
hypothesize that the dissociation constants of bicarbonate ions (HCO37/C03?) can increase
with cell voltage, resulting in a higher amount of COs> adsorbed in the electrode EDLs at
a given pH, leading to lower absorption efficiencies. Moreover, the chemical surface
charge in the acidic region (region A) can vary similarly according to the same dissociation
field-effect theory. In a broader context, a better understanding of chemical interactions
in electrode micropores in the presence of an electrical field is of great interest to tune
the selectivity of carbon materials towards certain ions in CDI.

4.5. Conclusions

In this work, we investigated the role of the membranes and electrodes on the CO2-
MCDI performance by testing different CDI configurations, i.e., with and without
membranes. Moreover, we theoretically investigated ion adsorption in electrodes (CO»-
CDI) by comparing the amph-D model with experimental data. CO2-MCDI cells show the
highest absorption efficiencies and the lowest energy consumption among the
investigated CDI configurations. We demonstrated that the improved performance of CO2-
MCDI compared to CO2-CDI can be mostly attributed to the presence of the AEM in the
cell, whereas the CEM contributes to a lower extent. The AEM improves the absorption
efficiency by ensuring that only bicarbonate and carbonate ions are transported to the
anode during charging, and by hindering the transport of expulsed co-ions (H*) from the
anode to the spacer solution. Although the presence of the AEMs in the CO2-MCDI cell
improves the performance, the absorption efficiency decreases with increasing charging
time. At longer charging time, we observe that carbon is transported from the anode back
to the spacer channel, which can be explained by (i) co-ion leakage (H* and HCOs') due to
the high mobility of H* and by (ii) the diffusion of neutral molecules (H2COs"). Therefore,
to optimize the performance, shorter cycles are preferred in a CO2-MCDI configuration.
Beyond the role of the membranes, we show that the absorption efficiency in CO»-CDl is
lower than predicted by the amph-D model. To explain the discrepancy between theory
and data, three different effects were investigated, i.e., (i) chemisorption of CO., (ii) the
low ion concentrations, and (iii) the acid-base dissociation of the chemical surface groups.
A better fit was obtained between the experimental data and a new version of the amph-
D model, the so-called multi-equilibria Amphoteric Donnan model, which includes a
description of acid-base dissociation reactions of the chemical surface groups. We

112



Role of ion exchange membranes and capacitive electrodes in MCDI for COz capture

demonstrated that these processes affect the performance of the CO2-CDI system. Future
work should focus on investigating and differentiating physical (by employing porous
electrodes with no chemical surface charge) and chemical effects (by employing porous
electrodes with chemical surface charge) of weak electrolyte solutions in CDI, especially
by investigating the effect of the electrical field on the chemical dissociation constant of
weak acids, and on the chemical surface charge in the EDLs.
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4.6. Supporting information
4.6.1. Titration fitting procedure

The multi-equilibria amphoteric-Donnan (or m-amph-D) model requires the input
of several parameters related to the chemical surface charge, i.e., the chemical surface
groups of the acidic and basic regions (0sigma,a for the acidic region and ogigma, g for the
basic region) and their associated pK values (pK, for the acidic group and pKg for the
basic group). In the m-amph-D model, surface chemical charges are considered as a weak
electrolyte, and therefore an acidic group (i,e., AHé>A+H*) can dissociate according to a
dissociation constant (pKa), whereas a basic group (i.e., BH* ¢>B+H*) can dissociate
according to a dissociation constant (pKs). Both constants are shown in Egs. S4.1-54.2.
These parameters (Ogigmaa, Osigma,, PKa and pKs) can be estimated by fitting the m-
amph-D model to the experimental result obtained during electrode titration (shown in
Fig. S4.1).

Cae* Cor s
K, = Ca Cimia w1
CAH
Cg ' Cymi, B
Kg = — b = 54.2
CBH+

The m-amph-D model, as shown in section 4.2 of the manuscript article, was used
to calculate the pH of the solution during electrode titration. The m-amph-D was used to
estimate the pH of the solution with the electrode (sample titration) and without the
electrode (blank titration) during the titration experiment. Fig. S4.1a shows the pH
calculated by the m-amph-D model.
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Fig. S4.1: (a) pH of the solution calculated by the m-amph-D model during titration with the
electrode sample (electrode titration) and without electrode (blank titration). (b) Surface

chemical charge calculated from the simulated result of the m-amph-D model.

Based on the simulated pH, the surface chemical charge was calculated based on
the difference in acid volume between the electrode sample titration (Vsampie) and the

blank titration (Vpjank) to reach the same solution pH (Eq. S4.3). Simulated results are
shown in Fig. S4.1b.

(Vsample = Vblank) * Ctitrant

Ochem,pH = S$4.3

2+ Vi * Mejectrode

Note that the amount of chemical surface charge is divided by 2V ,;; in Eq. S4.3,
while the amount of chemical surface charge was divided by V,;; in section 4.2 of the main
article manuscript. According to Gao et al. %%, the amount of chemical surface charge
found from titration experiments should be divided by the total volume of micropores
(Vmi). However, the m-amph-D model (based on the amph-D model) assumes that the
acidic and basic chemical charges are separated into two different regions (regions A and
B), and not into one single region. Therefore the volume for each region is equal to V,,;/2.
Consequently, to obtain any concentration of chemical surface charges (G¢hem,as Ochem,bs
and Ochem,pn), the amount of chemical charge should be divided by Vy,;/2.
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The concentration of chemical surface charge and their respective pkvalues were
obtained by fitting the m-amph-D mode to the experimental data.

4.6.2. Supporting figures

14

——AC electrode

12 -
Blank
10 -
——CC electrode

Solution pH

O T T T T
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Volume acid added /mL

Fig. S4.2: Titration curve obtained without electrodes (blank), with activated electrodes (AC

electrodes) and the Carbon-Cloth electrodes (CC electrodes).
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Membrane electrode assembly cell design
improves the internal resistance of a CDI cell
for CO2 capture
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cell design improves internal resistance and CO: absorption performance in capacitive
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Abstract

This work demonstrates the use of a novel cell design to reduce the internal resistance of
a capacitive deionization cell for CO2 capture (CO2-CDI), by introducing a membrane
electrode assembly (MEA). In this new cell architecture, instead of using a spacer channel,
the COz-sparged solution is directly pumped through the electrodes. We compare the MEA
design with conventional MCDI design in terms of internal resistance, carbon adsorption
efficiency, and energy consumption. We show that the ohmic resistance of the MEA cell
design is 20 times smaller than the MCDI cell design, due to the higher electrical
conductivity of the CEM compared to the spacer channel. Furthermore, we reached a 10-
fold decrease in the non-ohmic resistance by coating both electrodes with a cationic
exchange ionomer (CEl). In terms of carbon adsorption efficiency (similar than charge
efficiency), the MEA cell design with uncoated electrodes shows the lowest performance
(A,~0.16-0.33), which is 2-3 times smaller compared to the MCDI cell design (A.~0.76).
However, the carbon adsorption efficiency of an MEA cell was improved by coating the
electrodes. Despite the decrease of internal resistance, the energy consumption vs. CO>
absorption rate did not change between an MCDI and MEA coated cell designs, limited by
the carbon adsorption efficiency. We believe that the energy consumption could be
further increased by improving the carbon adsorption efficiency of the MEA cell with CEI-
coated electrodes. Future studies should focus on tuning the ionomer coating in the
electrodes (e.g., in terms of ionomer content, loading and thickness) by investigating
different coating techniques, as well as on the effect of different ionomers on carbon
adsorption efficiency.
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5.1. Introduction

Climate change is one of the major challenges our society is facing nowadays. In
recent years, the Intergovernmental Panel on Climate Change (IPCC) stressed out the
importance of reducing CO, emissions to limit the effects of global warming!®. In its 2018
report, the IPCC recommended various technological solutions to tackle CO2 emissions,
including, e.g., carbon capture and storage (CCS), direct air capture and storage (DACCS),
and bioenergy with CCS (BECCS)*. Many technologies have been proposed to capture CO:
based on chemical absorption!®13418 physical adsorbents 36173184187 membrane
separation®®, cryogenic process!®, calcium looping*t %918 and more recently
electrochemically based technology*®:53°960,107,113,154,189,190  Chemjcal adsorption-based
technologies are the most widely used and studied. While the technical feasibility of these
processes for CO2 capture has been proven, the large input of thermal energy and amines
to capture CO: still impairs their application on a full industrial scale. In contrast,
electrochemical technologies use only electricity as energy input and do not require
chemicals (such as amines). Thus, they represent promising alternatives for the
development of environmental-friendly capture processes combined with renewable

energy sources.

A number of electrochemical CO2 capture technologies have been recently

proposed, such as: (i) pH swing in bicarbonate solutions (using bipolar membranes**°3, or

molten carbonate fuel cells°>>!); (ii) electrochemical generation of nucleophiles 1% (iii)
electrochemical regeneration of CO.-loaded amine solvents!®%19%; (iv) electrosorption of
CO: in carbon materials (supercapacitive swing adsorption®-%); (v) electrosorption of
HCOs ions in capacitive electrodes (CO»-CDI) *>*. In particular, the latter technology (CO»-

CDI) is the focus of this study.

CO2-CDI is based on capacitive deionization (CDI), i.e., a technology widely
developed in the last decade for water desalination'”7%737577.178  An MCDI cell is
composed of two capacitive electrodes, both covered by an ion exchange membrane, i.e.,
an anion exchange membrane (AEM) for the anode, and a cation exchange membrane
(CEM) for the cathode. During operation, an electrolyte solution is fed into a compartment
between the electrodes, where ions in solution can be transported and adsorbed into the
capacitive electrodes under the effect of an applied electric field. In CO2-MCDI, CO2 gas is
continuously absorbed in solution while the electrosorption of carbonate ions (i.e., HCOs
and COs3%) and protons takes place at the electrodes (Fig. 5.1a). In particular, the following
chemical reactions occur in solution?®:
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HCC
€O, (g) < H,CO3 >
Ky
H,CO% < HCO3 + H* >2
5.3

K;
HCO3 & CO%™ + H*

where H is the Henry’s constant, expressed in moly, co3 /molco, (g) (H*=0.83%*%°), and Ki
and Kz are the chemical dissociation constants (K1=10%33 and K»=107%33 26), The CO,-MCDI
system showed promising low values of energy consumption to capture CO: (as low as =50
k)] mol? when the system was fed with 15% CO: at a current density of 0.6 A m2)4,
However, in our previous work®*, the CO; absorption rate was limited by the low current
density used. Operating the cell at higher current density would lead to higher CO:
absorption rates, but also higher energy consumption due to the electrical resistance of
the MCDI cell. Therefore, decreasing the electrical resistance of the CO>-CDI is essential to
reduce the energy consumption of the CO2-CDI cell at higher current density.

In Ref.’>* we showed that the internal cell resistance was especially dominated by
the resistivity of the CO2-sparged solution in the spacer channel (see Fig. 5.1c). In a

previous study®®?

, we proposed a spacerless Membrane Electrode Assembly (MEA) cell
design to minimize the internal cell resistance for a related application (i.e., harvesting
energy from CO2 emissions). In the MEA cell design, the solution flow occurs through the
electrodes instead of a spacer, and both electrodes are separated by a CEM (see Fig. 5.1b).
Thanks to the higher conductivity of the CEM than the spacer, the cell internal resistance
could be substantially decreased with an MEA cell design for harvesting energy from CO.
emissions (from 60 kQ cm? to 1 kQ cm? using air-sparged deionized water!®?). Moreover,
for fuel cell applications, an ionomer is usually added to the electrodes in MEA to decrease
the internal cell resistance further (a process referred to as ionomer
impregnation4¢193194) This approach is of interest to reduce the ionic resistance in the

195 in CDI systems and is also expected to decrease resistances

electrode macropores
related to stagnant boundary layers between the electrode macropores and the CEM.
Overall, we expected that an MEA cell design with ionomer impregnated electrodes (Fig.
5.1b) would result in lower resistance due to less resistive elements in the cell (no spacer)

and a lower number of interfaces (see Fig. 5.1c-d).
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(a) Conventional MCDI design (b) Membrane Electrode Assembly

lonomer coating

);?'
%

o

R
{ od
&

Carbon-cloth

CO,-sparged solution

electrode
(c) (d)
Anode AEM Spacer Anode CEM
O H —HH o H—H HJ
Relectrode Rmicro Rmacro Ru:_M Rspacer Re'ec‘mde Rmicro Rionomer-macro RIEM

Fig. 5.1: Scheme of (a) a conventional (flow-by) MCDI cell and (b) an Membrane Electrode
Assembly (MEA) cell design. The contribution of different resistive elements is illustrated in the

form of an equivalent circuit for (c) half-cell MCDI cell design and (d) half-cell MEA cell design.

In this study, we first investigate the effect of (i) cell designs (MCDI and MEA) and
(ii) ionomer coating in MEA cells on the internal resistance. Then, we characterize the CO;
absorption performance of each cell configurations in terms of (i) carbon adsorption
efficiency, (ii) internal resistance, and (iii) energy consumption.

5.2. Material and methods
5.2.1. Electrode material and imaging

We first used commercially available carbon cloth as reference material for
“uncoated” capacitive electrodes (ACC-5092-15, Kynol, Germany). Next, we modified the
electrode by coating with an ion exchange ionomer, i.e., either an anion exchange ionomer
(AEI) (Fumion FAS-solution, Fumatech, Germany) or a cation exchange ionomer (CEl)
(Fumion FKS-solution, Fumatech, Germany). The electrode coating took place through a
two-step procedure. In the first step, the carbon-cloth substrate was dip-coated into a
mixture of ionomer and N-Methyl-2-pyrrolidone (NMP), the latter used as a solvent. In the
second step, the resulting coated electrodes were first dried at 100 °C for one hour on a
heating plate and then dried for twelve hours at room temperature (to evaporate the
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solvent). Both AEl-coated and CEl-coated electrodes were obtained in this way, using
different solvent:ionomer ratio (4:1 (w/w) for AEIl, and 6:1 (w/w) and 18:1 (w/w) for CEl).
The electrodes coated with a 6:1 ratio is referred to as “CEl-coated electrode,” whereas
the electrodes coated with an 18:1 ratio are referred to as “diluted CEl-coated electrode”
(Table 5.1). SEM images of the electrode are shown in Fig. 5.2.

Table 5.1: Thickness, ionomer:substrate ratio and ionomer content for each electrode coated

Electrodes Total thickness lonomer:substrate ratio lonomer content (%)
(mm)
Uncoated elec- 0.52 mm N/A N/A
trode
Diluted CEl-coated 0.57 mm 0.8:1 44%
CEl-coated 0.69 mm 2.2:1 68%
AEl-coated 0.73 mm 1.9:1 66%
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(a) CEl-coated electrode (b) CEl-coated electrode
e SN -

CEl coating

WETSUS

Fig. 5.2: SEM images of the hand-coated electrodes. (a) CEl-coated electrodes (top view); (b): CEI-
coated electrodes (cross section); (c) diluted CEl-coated electrodes (cross section); (d) diluted CEI-

coated electrodes (cross section).

5.2.2. Cell resistance and capacitance characterization

An electrochemical cell was built to characterize the internal resistance and the
capacitance of the MEA and MCDI cell design, see supporting information (SI). The MEA
characterization cell consisted of (i) two PMMA end-plates, (ii) graphite foil as current
collectors, (iii) two capacitive electrodes (30 x 30 x 0.5 mm, 9 cm?) enclosed in a silicon
gasket (300 um) and one cation exchange membrane. Instead, for the MCDI
characterization cell, two membranes, i.e., an anion exchange membrane (AMX, ASTOM
Corporation, Japan) and a cation exchange membrane (CMX, ASTOM Corporation, Japan),
and one spacer (PA 6.6 fabric, Nitex 03-300/51, 121 Sefar, Switzerland, 200 um thick) were
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also included. Table 5.2 shows all the electrode materials tested in the MEA configuration.
The internal cell resistance and capacitance were characterized with NaCl solutions at
different salt concentrations (0.1, 0.5, 1.0, and 5.0 mM NaCl), and with COz-sparged
solutions at different CO2 partial pressures (0.1, 0.15, 0.3, and 1.0 atm CO3). CO2-sparged
solutions were prepared by sparging a CO2:N2 mixture into deionized water, as described
in Refs.?>*192, The solution was pumped into the cell with a peristaltic pump (Cole-Parmer,
Masterflex L/S) at 20 mL min™.

Table 5.2: Configurations of the MEA cell design tested

Cell
Anode membrane Cathode
configuration
1 Uncoated electrode CEM Uncoated electrode
2 Uncoated electrode CEM CEl-coated electrode
3 Uncoated electrode CEM Uncoated electrode (0.1 M HCI)
4 AEl-coated electrode CEM CEl-coated electrode
5 CEl-coated electrode CEM CEl-coated electrode
Diluted CEl-coated elec-
6 CEM CEl-coated electrode
trode
7 AEl-coated electrode AEM AEl-coated electrode

We estimate the total internal resistance (Riota) by extending the method in
Ref.’®2, The total internal resistance was obtained during galvanostatic charge and
discharge from the voltage drop measured between an open cell and a charging step. The
total cell resistance was further separated into two contributions, i.e., the ohmic
resistance (Ropmic) @and the non-ohmic resistance (Ryon—ohmic), i-€-:

Rtotal = Rohmic + Rnon—ohmic 5.4

The ohmic resistance (Ryhmic) represents the internal resistance related to the
electrical resistivity of each material in the cell, e.g., electrodes, membranes, and spacer.
The ohmic resistance is time-independent and is typically measured by electrochemical
impedance spectroscopy (EIS) at high frequencies'®. Qu et al. refer to the ohmic

resistance as setup resistance!'®. We measure the ohmic resistance with EIS at 10 MHz
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and 0 V with an amplitude of 10 mV. All EIS scans can be found in SI. Unlike the ohmic
resistance, the non-ohmic resistance includes all time-dependent resistances inside the
cell. Non-ohmic resistance mostly includes concentration polarization effect on stagnant
boundary layers in interfaces (interfaces shown in Fig. 5.1c-d). More details about the
resistance measurement can be found in SI.

The specific electrode capacitance (Cg) was estimated from the galvanostatic
discharge as

_ |Idischarge| " Udischarge 55

Cs

Melectrode Avoltage

where Mejectrode IS the mass of each electrode, Aygage the voltage window,
Lgischarge the electrical current applied during the discharge step, tgischarge the time of the
discharging step. Note that the contribution of the ohmic drop is removed from Aygjeage-
Due to the low ionic conductivity of the solution electrolyte, the establishment of the
complete ohmic drop could take several seconds. The methodology to correct for the
ohmic drop is shown in supporting information.

5.2.3. COzabsorption experiments

The CO: absorption performance was investigated through the experimental
procedure previously reported in Ref.’>*. For the absorption experiments, a larger cell
(absorption cell) was needed to measure a significant and measurable variation of CO> gas
absorbed and desorbed. The absorption cell and the characterization cell differ in (i)
electrode size, (ii) current collector material, and (iii) thickness of gaskets on the
electrodes. The size of the electrode was 250x20x0.5 mm, with a surface area of 50 cm?.
The current collector was made of titanium coated with platinum. Finally, the thickness of
the gaskets was ~500 um. Such thicker gaskets were necessary to avoid any solution and
gas leakages during experiments.

A schematic representation of the research setup is shown in Fig. 5.3. During the
absorption experiment, a volume of CO2-sparged solution equilibrated with a CO2:N2
mixture (with a v/v ratio of 15:85) was recirculated between the cell and the gas-liquid
contactor (GLC) at 30 mL min! using a peristaltic pump (Cole-Parmer, Masterflex L/S). The
gas composition has been selected to mimic flue gas from thermal power plants. The
volume of water (V,,) was ~30 mL for MCDI and ~60 mL for MEA cell designs. The GLC
encloses a volume of CO2:N2 gas mixture (Vg=~120 mL) and ensure the CO2 exchange
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between the gas and liquid phases until reaching. The gas pressure was measured with a
manometer (Cerabar T PMP131, Endress+Hauser, Switzerland). The measured pressure
was directly correlated with the CO2 concentration using the ideal gas law (since N2
behaves as inert in the system). Experiments were carried out under constant current
mode using a galvanostat (lvium, the Netherlands) by performing charge and discharge
cycles. Current densities in the range of 0.6-3.0 A m2 were applied for both cells and using
different electrode materials. The charging and discharging times were controlled by two
operation conditions, i.e., (i) by storing an electrical charge of 20 C in the electrodes, and
(ii) by charging/discharging the cell in the range Ecei=0-1 V to avoid faradaic reactions.
Before performing each experiment, the system was first equilibrated through a two-step
procedure. Firstly, the cell was equilibrated by pumping the COz-sparged solution (through
valves V-1 and V-2 in Fig. 5.3) under short-circuit conditions (Ecei=0V). Next, the CO»-
sparged solution was recirculated between the cell and the GLC under open cell voltage
condition, while a CO2:N2 gas mixture was continuously fed through the GLC (valves V-3
and V-4 in Fig. 5.3) for at least 30 min. This step ensures that the gas and liquid phases in
the GLC are in equilibrium before starting the experiment.

co
(a) Z:.gas MANOMETER (b)

GALVANOSTAT

MCDI/ MEA
CELL &—T*

PERISTALTIC PUMP

Q

V-2

CO,-sparged solution

Fig. 5.3: (a) Schematic illustration and (b) picture of the experimental setup used for CO,

absorption tests.

The system performance was quantified in terms of carbon adsorption efficiency
(A.) and net energy consumption per mol of CO2 (W,.;). Carbon adsorption efficiency has
been defined in Ref.’®* and represents the amount of carbon adsorbed per electrical
charged defined as
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nHCO— d + nCOZ— d
A, = 3 (ad) 3 (ad) 5.6
ncharge

Note that A, is equal to the charge efficiency (A) if the electrical charge is
compensated by the adsorption of bicarbonate ions. Values of A. are derived from
experimental measurement of absorption efficiency (A, = nco,,g)/Ncharge) s

VW.HCC
Vg+Vy-HEC

__ M __ Mcop
¢ (1-fw) (1_fw)'ncharge

with f, = 5.7

where f,, is the water fraction, nco, g the amount of CO2 gas adsorbed, n¢parge is
the amount of electrical charge stored. The relationship between A, A, and A, are
extensively described in Ref.’>%. Values of nco,(g were calculated from the ideal gas law
and the pressure difference obtained between a charge and discharge steps (see pressure
data in Fig. 5.7).

The net energy consumption per mol of CO2 (Wye:) can be calculated from the
energy difference between the charging and discharging (W,¢)!*, as shown in Eq. 5.8.

Q Q
Whee  Jy EcendQ — Jg EcendQ

Nco,(g) Nco,(g)

W = 5.8

5.3. Results and discussion
5.3.1. Effect of cell design on the internal resistance

We first investigate the performance of the MEA cell by comparing the internal
resistance against the (conventional) MCDI cell. Fig. 5.4 shows the internal resistance
(divided into ohmic and non-ohmic contributions) for both cells, as a function of the CO»
partial pressure. Both cells were tested by using the same flow rate, and at constant
current density (1.6 A m2). A cell voltage comparison between both cell designs is shown
in SI.
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Fig. 5.4: Comparison of electrical resistance (Riotal, Rohmicr Rnon—ohmic) Petween (a) conventional
MCDI cell and (b) MEA cell at different CO, partial pressure and current density (1.6 A m2). Lines
are added to guide the eye.

Fig. 5.4 shows that the total internal resistance of the MEA cell is three times
smaller compared to the MCDI cell (Reotai~850 Q cm? for the MEA cell against Riotai~3000 Q
cm? for the MCDI cell at Pco,=0.15 atm). Such improved internal resistance mainly results
from a significant decrease of the ohmic resistance, which is almost 100 times lower for
the MEA cell (e.g., Rohmic~18 Q cm? for the MEA cell, compared to Ronmic~1410 Q cm? for
the MCDI cell at 0.15 atm). In the MCDI cell, the conductivity of the spacer channel is
limited by the low ionic conductivity of the CO>-sparged solution (in the range of 17-40 uS
cm for COz-sparged solution), which increase the ohmic resistance®®. Instead of a spacer,
the electrodes in the MEA cell are separated by a CEM, which is more conductive, thus
reducing the ohmic resistance. Moreover, in the MEA cell design, the ohmic resistance is
little dependent on the CO: partial pressure (Fig. 5.4b). The ohmic resistance of IEMs is
not or little dependent on the ion concentration due to its fixed charge density**¢1%7. This
is not the case in the MCDI design as the resistance of the spacer is directly dependent on
the ion concentration given by the CO2 partial pressure. Therefore, an MEA cell design is

thus favorable to limit Ronmic, especially with low ionic conductive solutions, such as CO2-
CDLI.

Furthermore, Fig. 5.4 shows that the non-ohmic resistance of the MEA design
decreases by almost two times compared to the conventional MCDI cell (e.g., 1535 Q cm?
in the MCDI cell, compared to 840.5 Q cm? in the MEA cell). Non-ohmic resistances are
related to time-dependent resistances in the cell}?127:196,198,199 ‘mqgst of which are related
to concentration polarization in diffusion boundary layers (DBLs) at different interfaces
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(e.g., membrane/electrode macropores, membrane/spacer, see Fig. 5.1). We believe that
non-ohmic resistance decrease in the MEA cell due to fewer interfaces compared to the
MCDI cell (see Fig. 5.1). The non-ohmic resistance increases with lower CO: partial
pressure as the non-ohmic resistance of IEMs tend to increase at lower molar
concentration?®,

Overall, the MEA cell is a suitable cell design to reduce the ohmic resistance, which
is the most significant resistance contribution in the conventional CO2-MCDI cell***, As a
result of reducing the ohmic resistance, the non-ohmic resistance becomes now the
dominant resistance in the MEA cell design. Therefore, new strategies should be
investigated to decrease the non-ohmic resistance.

5.3.2. Effect of electrode coating on MEA cell resistance

To reduce the non-ohmic resistance, we propose to coat the electrodes with ion
exchange ionomer. A similar strategy is used in Proton Exchange Membrane (PEM) fuel
cells?01-203 for optimizing the ionic conductivity of electrodes. In PEM fuel cells, both
electrodes are coated with a single ionomer (symmetric configuration) to optimize the ion
transport of cation (H*). This approach has not been investigated with MCDI as the
transport of both anions (anode adsorption), and cations (cathode adsorption) need to be
optimized in the cell. Instead, an asymmetric configuration has been investigated in
conventional CDI by using, i.e., AEl-coated anode and CEl-coated cathode. Fig. 5.5 shows
the total internal resistance (Riytq1) Obtained for asymmetric configuration (Fig. 5.5a) and
symmetric configuration (Fig. 5.5b) using a CO: partial pressure of P;o,=0.15. A
comparison of cell voltage obtained between the different electrode coating is available
in SI.

Fig. 5.5a shows that the combination of AEl-coated anode and CEl-coated cathode
separated by a CEM generates the highest internal resistance among the cell design
tested, two times higher than uncoated electrodes (1820 Q cm? against 909 Q cm? for
uncoated cathode at 3 A m2). We believe that the AEl-coating on the anode causes this
increase in resistance. Although the AEl-coating favors the transport and adsorption of
anions in the electrode pores, the AEl-coating also decreases the conductivity of cations
from the anode macropores to the CEM, hence a significant increase of resistance. In
contrast, the CEl-coated cathode does not impair the internal resistance as both the
transport and adsorption of H* is optimized with the CEI coating. For instance, tests with
only CEl-coated cathode show lower internal resistance than uncoated cathode (563 Q
cm? for CEl-coated cathode against 858 Q cm? for uncoated cathode at 3 A m?). A CEl-
coated cathode used with low H* concentrated solution (i.e., in the case of CO2-sparged
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solution) shows similar resistance than a cathode soaked in a high H* concentrated
solution (0.1 M HCI) (563 Q cm? for CEl-coated cathode against 558 Q cm? for the uncoated
cathode in 0.1M HCl at 1.6 A m?, see Fig. 5.5a).
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Fig. 5.5: Effect of electrode coating and type of membrane on the cell resistance in a membrane
electrode assembly (MEA) cell at 0.15 atm CO, partial pressure for (a) asymmetric configurations

and (b) symmetric configurations.

To improve the H* transport through the complete cell, we adapted the same
approach to fuel cell by coating both electrodes with a single ionomer. Fig. 5.5b shows
that coating both electrodes with a single ionomer decrease the internal resistance up to
10 times (giving a resistance of 909 Q cm? for uncoated electrodes and 90 Q cm? for CEl-
coated electrodes at 3 A m2). This decrease in resistance is due to a decrease in hon-ohmic
resistance (see Sl). This observation holds for both cationic and anionic charge. For
instance, an MEA configuration with anion exchange ionomer (AEl) coated electrodes
(with an AEM) shows similar performances than the CEl-coated electrodes (with a CEM)
configuration. Moreover, the internal resistance depends on the ionomer content on the
electrodes, which again demonstrates the beneficial effect of coating the electrodes with
a single ionomer (see Fig. 5.5b).

The beneficial effect of coating both electrodes with a single ionomer was not
expected. Instead, we expected that coating both electrodes with a single ionomer would
lead to ions shielding of the electrode pores in CDI application, preventing ion adsorption.
For instance, the CEl coating on the anode is expected to favor the expulsion of anions,
and therefore, prevent anion adsorption in the anode (i.e., anions are repelled as co-ions
17,70,84,8587,165) ' To jnvestigate this effect, we perform tests with a monovalent and non-
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amphoteric electrolyte, i.e., NaCl solutions (Fig. 5.6). Experiments with NaCl solutions
suggest that a shielding effect occurs when both electrodes are coated with a single
ionomer, demonstrated by an increase of internal resistance at low solution resistivities
(Fig. 5.6a) and a 2-fold decrease of electrode capacitance (Fig. 5.6b). In contrast, no sign
of shielding effect is observed with COz-sparged solutions as the electrode capacitance is
comparable with an without the presence of electrode coating (see. Fig. 5.6a). We
hypothesize that HCOs™ can still be transported in the form of H2COsz* into the anode
micropores, where H2COs* can dissociate into HCOs™ and H*. The diffusion of H2COs* is
possible as the CEl coating is not selective toward neutral molecules. After dissociation,
HCOs can be adsorbed in the anode, while H* can be transported to the cathode through
the CEl coating.
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] NaCl / uncoated elec { co,-sparged / CEl-coated elec
NE NaCl / CEl-coated elec -7 0 50 4
el -7 o ) ]
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) E o
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s E =
s ] b5 o o
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10 T T T T 0
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0 200 400 600 800 1000
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Fig. 5.6: (a) Total resistance and (b) specific capacitance measured in different NaCl (from 5 mM to
0.1 mM) and CO,-sparged solutions (10% to 100% partial CO, pressure). Data are plotted against

the solution resistivity.

Overall, coating the electrode with a single ionomer (symmetric configuration) is
more favorable to reduce the internal resistance of the MEA cell in CO2-CDI. As a next step,
we propose to compare the COz absorption performance between different cell designs
and electrode coatings.

5.3.3. Effect of cell design and electrode coating on CO; absorption
Fig. 5.7a shows an example of CO: absorption tests performed with CEl-coated

electrodes at 0.6 A m2. Charging and discharging the capacitive cell results into the
absorption (charging step) and desorption (discharging step) of CO2 gas, measured though
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pressure change. Fig. 5.7b shows the pressure measured for different cell designs (Fig.
5.7b). Pressure and cell voltage data for all cell designs are shown in SI. We compare the
performance between each cell design in terms of carbon adsorption efficiencies (Ac) (Fig.
5.8a), total internal resistance (Fig. 5.8b), and energy consumption (Fig. 5.9).
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Fig. 5.7: (a) CO; absorption cycle and cell voltage obtained with an MEA cell design with CEl-coated
electrodes at 0.6 A m, (b) CO; absorption cycles obtained for different cell designs at 0.6 A m-2.

Fig. 5.8a shows that the MCDI cell configuration shows the highest values of A, 2.5
times higher than the MEA cell with uncoated electrodes (A.=0.73-0.76 for the
conventional MCDI cell compared to A.=0.16-0.33 for the MEA cell design with uncoated

electrodes). This result is in line with our previous study?®*

, Where bare carbon electrodes
(flat CO2-CDI) showed lower carbon adsorption efficiencies than electrode covered by an
IEM (flat CO2-MCDI). Like a CO2-CDI cell design, the feed solution is in direct contact with
the electrodes in the MEA cell design, where co-ion expulsion occurs, thus resulting in a
decrease of A.. In contrast, covering the electrodes with IEM (CO2-MCDI design) improve
A by reducing the diffusion of H.CO3" and the effect of co-ion expulsion?2%, For the same
reasons, coating the electrodes increases A, as the ionomer coating act as a thin layered
IEM. Among the two types of investigated coatings, the AEl coating shows the highest
values of A, i.e., around two times higher than uncoated electrodes (A.=0.34-0.53 with
AEl-coated electrodes against A,.=0.16-0.33 with uncoated electrodes, see Fig. 5.8a).
204 where we demonstrated that the AEM
had a higher contribution than the CEM on A. in a MCDI cell designs. Future work should

focus on improving the ionomer coatin to further improve values of on A..

These results are in line with our previous study
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Fig. 5.8: (a) Carbon adsorption efficiencies and (b) internal resistance measured during CO,

absorption experiments.

In this study, we compare the energy consumption both as a function of current
densities (Fig. 5.9a) and CO: absorption rates (Fig. 5.9b). Fig. 5.9a shows that the energy
consumption of MEA coated designs is lower than MCDI design at comparable current
densities (34 kJ molCO2* and 65 k) molCO,*at 0.6 A m? for the MEA CEl-coated and MCDI
designs, respectively). In a previous study, we show and explain that the energy
consumption of a CO2-CDI cell decreases with lower values of Ry, @nd higher values of
A, % MEA CEl-coated cell design reach a compromise between those two governing
parameters. Thanks to an improved Ry, from MCDI to MEA coated cell designs, the
energy consumption decreases. Moreover, lower R, €nable the use of higher current
density, three times higher in MEA coated cell design (3 A m2 compared to 0.8 A m?in
MCDI). Nevertheless, the energy consumption improved is also impacted by the lower
values of A, in MEA cell designs (see Fig. 5.8b). The highest energy consumption was
obtained in an MEA design with uncoated electrodes where values of A, decrease by
more than five times compared to MCDI, while the internal resistance barely improves by
15% (see Fig. 5.8b). Note that the total resistances reported in Fig. 5.8b and Fig. 5.4 show
the same trend but differ in values. Both sets of data were obtained with different cells,
i.e., characterization cell in section 3.2 and the CO2 absorption cell in section 3. Such
differences could be explained by the different geometrical features of the testing cells
(i.e., electrode aspect ratio and gasket thickness), causing different fluid dynamic
conditions, and therefore, different non-ohmic resistances (see EIS with different gasket
thickness in supporting information).
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Fig. 5.9: Energy consumption for different cell designs plotted against (i) current densities and (b)

CO; adsorption rates

From a technology development point of view, we believe that comparing energy
consumptions at the same CO: absorption rates (CAR) is fairer rather than current
densities. Comparing with CO2absorption rates is more representative as the effect of A,
on both energy consumption and CAR is taken into account. Overall, Fig. 5.9b shows that
no major energy improvement is obtained between MEA coated and MCDI cell designs at
comparable CO; absorption rates (34-65 kJ molCO2? for CO2 absorption rates of 2.5-5
umolCO2 st kg?, see Fig. 5.9b). These results highlight the importance of improving A, of
MEA cell design for both improving the energy consumption and adsorption rate. Future
work should focus on testing more selective material (electrodes and ionomer) toward
bicarbonate ions and aqueous COx.

5.4. Perspective and outlook

Based on the results shown in this study, we believe that the MEA cell performance
can be further improved by optimizing the ionomer coating in terms of (i) ionomer
homogeneity, (ii) ionomer loading, (iii) ionomer content, and (iv) ionomer material. In this
study, we adopted a simple coating method, where the homogeneity and ionomer loading
of the coating could not be easily tuned. The thickness of the coating was not
homogeneous in the electrode, as more ionomer material tends to cover the carbon fiber
on the electrode surface (Fig. 5.2). In contrast, little ionomer material penetrates inside
the electrodes. As a result, the carbon fibers inside the electrode matrix were covered by
a thinner layer of ionomer (or even not covered). The non-homogenous ionomer coating
leads to a non-homogenous ion selectivity through the electrodes. Thinner ionomer layers
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205

(e.g., IEM) are prone to higher co-ion expulsion?’>, which reduces the ion selectivity of the

ionomer layer. In this regard, future studies should be focused on testing different coating

208

methods (e.g., slurry casting!®23, electrospinning?®®2%7, electrospraying?®, or spraying with

a spray gun?%2%0) to better tune the coating homogeneity, loading, and content.

Furthermore, identifying suitable ionomer material is essential to improve both the
internal cell resistance and the carbon adsorption efficiency. However, a trade-off seems
to exist between these two properties. On the one hand, a CEl coating with low selectivity
toward H2CO3* would lower the cell resistance. We explain in section 3.2 that HCO3  is
transported in the form of H2COs" into the micropores of the anode. On the other hand, a
CEl coating with high selectivity toward HCOs and H2COs" is essential to improve the
carbon adsorption efficiency (A.). We believe that developing ionomer material with low
selectivity is preferable to decrease further the cell resistance. The carbon adsorption
efficiency can be improved by other means, for instance, by using more suitable electrode
materials (such as chemically modified carbon'78).
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5.5. Supporting information
5.5.1. CALCULATION PROCEDURE
Total internal resistance calculations

In this study, we assume the MEA or MCDI cell designs like a simple RC circuit
consisting of one total resistance (Ryota1) and one capacitance (Cyorq1)- The total resistance
includes the contribution of many elements, such as the electrode micropores, the
electrode macropores, the ion exchange membrane (IEM), the spacer, and the electrode
matrix.

(a) Extended Equivalent circuit (RC) for MCDI

o HraxC 3y I+ I+ H}O

R

electrode electrode

Retectrode macro micro Riem spacer Riem Rinacro Ruicro Retectrode

(b) Simple RC for MCDI

RtDkaI
ctotal

Fig. S5.1: (a) an extended equivalent circuit for a complete MCDI cell and (a) its representation as a
simple RC circuit. The terms macro stands for macropores, micro for micropores, and IEM for ion

exchange membrane.

The total internal resistance (Riota) Can be estimated from the voltage drop
between an open-cell voltage step and a charging step using ohm’s law!®%19%200 The
voltage drop is usually measured in a 1 second time step 16192, However, in this study, the
establishment of the voltage drop can take up to 100s in the most resistive electrolyte
solution tested. The ionic conductivity of the electrolyte solutions used (~10-50 uS cm')
is lower than the usual solutions tested. Therefore, we measure the total internal
resistance from the voltage drop by adjusting the time step of the measurement to ensure
that the cell reaches a steady state. The contribution of the capacitance within the time
step was removed from the voltage drop measurement as:
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Ecell t Ecell 0 tstep
Rtotal = I - C S5.1

where E oy o is the cell voltage at the start of a charge step at t=0 and E¢; is the cell
voltage measured after the time step (tseep), Cis the electrode capacitance. As an example,
Fig. S5.2 shows the total resistance measured at different time steps with 5 mM NacCl
solution. The total resistance was found around 140 Qcm™ at 130s.

160 ;

o 120 - I Ryw= 140 Q cm?
£ o
© €
< 5
€
geo0] 5
i =
R} =
(%2} O
g =
40 - i

0 T : T T T
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Fig. S5.2: Total resistance calculated for different time steps (calculated from Eq. S5.1).

Ohmic resistance calculations

In this study, the total internal resistance of the capacitive cell (Riytq) is divided
into two categories, the ohmic resistance (Ropmic) and the non-ohmic resistance
(Rnon—ohmic)- The ohmic resistance is typically time-independent resistance, which
represents the electrical conductivity of the different material inside the cell (electrodes,
membranes, solution conductivity). The ohmic resistance can either be determined by
direct current (DC) method #9121 or by an Alternative current (AC) method 1161929 |n
the DC method, Rghmic is found from the voltage drop (Vgrop), measured at a small-time
step (1 ms to 1s), between an open-cell voltage step and a constant current (I) step by
using ohm’s law ( Rohmic=Varop/1)- The AC method consists of measuring the real part of
the impedance measured through Electrical Impedance Spectroscopy (EIS) at high
frequencies (>1000 Hz) when the imaginary part of the EIS measurement is minimum
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(close to zero). Fig. S5.3 shows that an EIS measurement at different frequencies in the
form of a Nyquist Plot. In Fig. S5.3, the ohmic resistance can be found at the highest
frequency tested (10 kHz), where the imaginary part (Zm) of the impedance is close to
zero. We believed that the AC method is more suitable than the DC method since the DC
method is limited in frequency (max 500 Hz), which is not the case with the AC method.
The ohmic resistance was estimated through EIS at 10 kHz, at a cell voltage of 0V, and an
amplitude of 10 mV.

100
80 -
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E 60 -
o
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~
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R ohmic 10 mHz
°
20 + 0o® °°
10 kHz Mwooo
0 T
0 20 40 60 80 100
Zreal/ Q Cm2

Fig. S5.3: Nyquist plot obtained with the MEA cell design at OV (amplitude 10 mV) from 10 kHz to
10 mHz for 5 mM NaCl.

Non-ohmic resistance calculations
Next to the ohmic resistance, we refer to all remaining resistances as non-ohmic

resistance (R,on—ohmic)- The non-ohmic resistance can simply be found by subtracting the
ohmic resistance to the total internal resistance of the cell as

Rpon-ohmic=Rtota"Rohmic- $5.2
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5.5.2. FIGURES

(a) Conventional MCDI cell design (b) MEA cell design

CEM J _ B CEM ’x
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Fig. S5.4: Scheme of the cell assembly for the resistance characterization of (a) conventional MCDI
and (b) MEA cell.
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Fig. S5.5: Electrical Impedance Spectroscopy scan performed with (a) conventional MCDI design
and (b) membrane electrode assembly (MEA) cell design with uncoated electrodes using CO,-
sparged electrolyte at different CO, partial pressure. The impedance spectroscopy scans were

performed at OV from 10 MHz to 0.01 Hz with an amplitude of 10 mV.
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Fig. S5.6: Galvanostatic charge and discharge (GCD) with different cell designs at 3 A m-2and 15%

CO,-sparged solution, i.e. (a) CO,-MCDI and MEA designs with uncoated electrodes and

asymmetric ionomer coating and (b) MEA cell designs with symmetric ionomer coating. The

electrode coating and the membrane used are shown on the graph.
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Fig. S5.7: Electrical Impedance Spectroscopy scan performed with an MEA cell with (a) different

cathode material and catholyte, (b) different CEl-coated concentration, and (c) different symmetric
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coating. The impedance spectroscopy scans were performed at OV from 10 MHz to 0.01 Hz with an

amplitude of 10 mV.
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Fig. S5.8: (a) Ohmic resistance (Rohmic) and (b) non-ohmic resistance (Rnon-ohmic) Obtained for the

MEA cell design with different electrode coating.
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Fig. S5.9: Galvanostatic charge and discharge (GCD) with (a) CEl-coated and (b) uncoated

electrodes with different NaCl salt concentration at 1.5 A m-2. Comparison of galvanostatic charge

and discharge between CEl-coated and uncoated electrodes for (c) 5 mM NaCl solution, (d) 1 mM

NaCl solution, (e) 0.5 mM NaCl solution and (f) 0.1 mM NaCl solution.
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Fig. S5.11: EIS scan performed with the cell used for CO, absorption tests with different gasket
thickness. The EIS scan was performed from 10 MHz to 10 mHz at 0 V with an amplitude of 10 mV.
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Effect of ionomer coating in capacitive mixing
cell (CAPMIX) for harvesting energy from
COz emissions.

Cation exchange ionomer (CEI) coating improves the power density generated of a CO,-CAPMIX cell
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Abstract

Harvesting electrical energy from CO2 emissions is an interesting concept to improve the
energy efficiency of thermal power plants, ultimately reducing CO2 emissions in the
atmosphere. Capacitive cells (CAPMIX cells) show promising results to harvest this source
of energy, but their performance is still too low and, therefore, uneconomical for
upscaling. The performances are mainly limited by the high energy losses related to the
high internal resistance of the cell. In this study, we propose to improve the performance
of a CAPMIX cell by coating the capacitive electrodes with ionomer materials. Our results
show that the power density generated improved by five times with coated electrodes
compared to uncoated electrodes (50 MW m compared to 6 mW m2). The power density
performance increases with the presence of ionomer coating thanks to a significant
decrease of the internal resistance (2245 Q cm? against 55 Q cm?) but is limited by a
decrease in membrane potential. We believe that both the membrane potential and
internal resistance can be further optimized by optimizing the ionomer loading and
structure.
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6.1. Introduction

Reducing COz emissions is the major concern of this century to limit the effect of

211 To achieve this objective, the IEA suggested in 2017 a panel of

global warming
strategies to efficiently reduce CO2 emissions, i.e., (i) developing renewable strategies, (ii)
increasing CO2 capture and storage facilities, and (iii) improving the efficiency of existing
thermal plant facilities'®. To improve the energy efficiency of power plants, a number of
strategies and new processes have been proposed in the past years. In this regard,
capacitive technologies were introduced to harvest electrical energy from CO2 emissions
in 2014%. The concept consists of harvesting the chemical mixing energy available (or
entropy of mixing) when two gas streams of different CO2 concentrations are mixed, e.g.,
flue gas (=5-15% COz) and air (0.04% COz). Potentially, harvesting such mixing energy can
result in an increase in the energy efficiency of power plants by 5-10%, depending on the
flue gas composition?3,

In general, mixing energy has been mostly harvested from natural saline streams
(i.e., river and seawater), a process that is referred to as “blue energy.” For this process,
several technologies have been developed based on, e.g., semi-permeable membrane in
pressure reverse osmosis (PRO)!?*712° jon-exchange membranes (RED)%121126-128 ¢

18-20,129-132 Except for the PRO technology, all these technologies are

capacitive electrodes
electrochemical technologies, which rely on the transport of ions (e.g., Na* and CI') inside

an electrochemical cell to generate electrical power.

Up to now, the recovery of chemical mixing from CO. gas streams has been
proposed using two different technologies, both based on capacitive electrodes, i.e., (i)
porous electrodes (CO2-CAPMIX)?1%2 and (ii) intercalation electrodes (or pH gradient flow
cell)?’. Since COz is a neutral molecule, these technologies do not harvest electric energy
directly from CO2 gas but rely on the formation of ion by sparging CO2 gas in water, where
COz reacts and is converted into bicarbonate and proton ions (see Egs. 6.1-6.3).

HCC
C0,(g) + H,0 < H,CO0} 6.1
K,
H,C0% & HCO3 + HY 6.2
K,
HCO3 & CO3™ + H™. 6.3

These two capacitive technologies show a similar cell architecture but differ in their
working principle. In CO-CAPMIX, a cell voltage is generated from the establishment of a
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membrane potential, while driven by the membrane potential, an electrical current is
generated by adsorbing ions in porous electrodes. Fig. 6.1 shows the principle of a CO2-
CAPMIX cell. The membrane potential results from the difference of the cation
concentration across the cation exchange membrane (CEM), which is obtained by sparging
flue gas and air gas streams across the membrane. In contrast, in the pH gradient flow cell,
both the cell voltage and the electrical current originate from the electrodes. The cell
voltage is generated from the difference between the pH of the solution in the anode and
the cathode compartment. The pH difference is obtained by sparging the flue gas and air
streams into a 1 M NaHCOs solution: driven by the cell voltage, the electrical current
occurs through the intercalation of Na* and H* into the electrodes 7.

CO,-CAPMIX cell

CO, equilibrium P
= ~ CEM

Carbon cloth
" ¢ (potential)

A membrane |
potential
A4

Air Flue gas

0.04% CO, 15% CO,

Fig. 6.1: Scheme of a CO,-CAPMIX, including an illustration of the CO, chemical equilibrium and the

membrane potential.

The major limitation of both technologies is the energy-intensive gas sparging step,
which represents the major source of energy losses in the process?®?’. To avoid this
energy-intensive step, we demonstrated in a previous work that the gas-sparging step
could be avoided by flushing the gas directly inside a CO2-CAPMIX cell**2. We referred to
this feeding operation as “gas feeding.” Fig. 6.1 shows the CO2-CAPMIX cell operated
under gas feeding conditions. Despite the improved process, the power density generated
by the CO2-CAPMIX cell is still too low to make the process upscaling economically feasible.
The CO2-CAPMIX cell performance is mainly limited by energy losses related to the high
internal resistance, which is caused by the low ion conductivity of the CO-sparged
deionized water (e.g., 45 uS cm™ at 1 atm CO;). Therefore, finding new strategies to
improve the electrical conductivity of a CO2-CAPMIX cell is a critical step to develop the
technology further.
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A possible solution to improve the electrical conductivity of the CO.-CAPMIX is to
add ionomer material in the electrode matrix. For instance, in fuel cell applications,
ionomer materials are usually added to the electrode composition to improve the ionic
conductivity 14619319 The jonomer material is ionically conductive, thus facilitating the
flux of protons through the entire fuel cell. In this study, we propose to adopt the same
approach toincrease the ionic conductivity of the CO2-CAPMIX cell. In particular, we tested
and compared the performance of a CO2-CAPMIX with ionomer coated and uncoated
electrodes. Finally, the performances between different electrode materials were
compared in terms of (i) membrane potential, (ii) generated electrical power, and (iii)
internal resistance.

6.2. Material and methods
6.2.1. Cell and material preparation

We use a commercially available carbon cloth material (ACC-5092-15, Kynol,
Germany) as a pristine reference electrode (“uncoated electrodes”). Next, the carbon
cloth material was coated with a cation exchange ionomer (Fumion FKS-solution,
Fumatech, Germany) through a 2-step procedure. In the first step, pristine carbon cloth
material was dip-coated into a mixture of ionomer and N-Methyl-2-pyrrolidone (NMP). In
the second step, the coated electrodes were dried at 373 K for one hour in a heating plate
and then dried for a minimum of 12 hours at room temperature. Two sets of coated
electrodes were prepared with solutions of different ionomer:NMP ratio (1:4 and 1:18
w/w). Coated electrodes prepared from 1:4 and 1:18 mixture solutions are referred to as
CEl-coated-50 and CEl-coated-15, respectively. Note that the code of the electrodes has
been given according to their ionomer content (see Table 6.1).

Table 6.1: Electrode thickness and ionomer content of uncoated and CEl-coated electrodes

Electrode material Thickness (um) lonomer content
Uncoated 624 N/A
CEl-coated-15 671 15%
CEl-coated-50 765 51%

The cell design tested in this study is a membrane electrode assembly (MEA),
shown in Fig. 6.1. The cell consisted of two electrodes separated by a cation exchange
membrane (CEM) (Ralex, CMH, Mega, Czech Republic). CO2 and air gas streams were fed
separately along each electrode.
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6.2.2. Experimental set-up

The experimental set-up has been described in Ref.1%2 and is shown in Fig. 6.2. Two
mass flow controllers (mass view, MV-104, Bronkhorst, The Netherlands) were used to
control the flow rates of both gas streams (pure CO; and air) at 0.5 L min. Before entering
the cell, the gas streams were separately humidified into humidifiers. The humidified gas
streams were then fed into each electrode compartment in the CO2-capmix cell. Two 3-
ways valves were added between the humidifier and CO2-CAPMIX cell to switch each gas
outlet from anode and cathode compartments and vice-versa. A galvanostat (lvium, the
Netherlands) was connected to the CO2-CAPMIX cell and used to control the current
during the tests.

— During charging step
----p During discharging step

CEM e |i i

Carbon electrode e——e

100% CO, —»{MFC

Air > -

0.04% CO,

3-ways valve

Humidifier

Fig. 6.2: Graphical representation of the research set-up. MFC stands for Mass Flow Controller and

CEM for cation exchange ionomer.
6.2.3. Electrochemical measurements
Open circuit voltage (OCV) measurements
The procedure for measuring the maximum open-circuit voltage (OCV) values is
reported in Refs. %192, The maximum open-circuit voltage (OCV) values are obtained by

measuring the biggest difference of cell voltage when switching the air and CO: gas
streams between compartments in the MEA cell under no current condition. During the

151



Chapter 6

OCV measurement tests, air and COz gas streams were alternatively switched between
the electrode compartments every 5 minutes at a flow rate of 0.5 L min'. Note that in Ref.
192 the maximum OCV values have been referred to as membrane potentials. It is possible
to refer to OCV values as membrane potentials when only an IEM separates the two
electrodes. Although this is the case in an MEA cell design with uncoated electrodes, it
was not the case in MEA cell design with CEl-coated electrodes.

4-step energy cycle procedure

Electrical power was generated through a 4 step energy procedure reported in
Refs. 1819192 Fijg 6.3 shows a Q-V plot of a 4-step energy cycle. Prior to the experiment,
the cell was short-circuited while the air gas stream was fed into the anode compartment,
and the CO: gas stream was fed into the cathode compartment. During the first step, the
membrane potential develops by switching the gas streams compartment in the cell under
open-cell voltage for 100s. During the second step, the CO2-CAPMIX cell is charged by
applying a positive current (I). During the third step, both gas streams are switched
compartments, which generate a membrane potential (reverse direction than the first
step). During the fourth and last step, the CO2-CAPMIX cell is discharged by applying a
negative current (-1). The cell was charged and discharged using the same time (t). 4-step
energy cycles were performed at different current densities (0.05-3.3 A m2) under the
same amount of electrical charge stored (30 mC for uncoated electrodes and 300 mC for
CEl-coated-15 and CEl-coater-50 electrodes) for each electrode material.

A Cellvoltage / V

air(anode)/coz(cathode)

A
teP —— ;
/f’/ Step 3| ! ocv
v |
/V Coz(ano(lei/alr(cathotle)
? S‘ep 2 Electrode charge / C
Step 1| i ocy
v

Fig. 6.3: Cell voltage vs. electrode charge plot of a 4-step energy cycle. Each step is shown in the

graph as well as the gas stream inflow in each cell compartment. OCV stands for the open-circuit
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voltage measurement in steps 1 and 3. Finally, the grey area is a measurement of the net energy

generated during the operation of a 4-step energy cycle.

The average power density (P) obtained during each 4-step energy cycle was
calculated as

pP= 1 i (J-QEcharging dQ _ fQEdischarging dQ> 6.4
2. (t + tOCV) 0 cell 0 cell
where, Ezzﬁrging is the cell voltage during the charge step, Egéflc}larging is the cell

voltage during the discharge step, tis the charging and discharging times, tocy is the time
during the open cell steps (1%t and 3 steps) during the discharge step, and Q is the amount
of electrical charge stored.

Internal resistance measurement

The total internal electrical resistance (Riota) Was measured by an extended
version of the method reported in Ref.?®2, The total internal resistance is derived from the
voltage drop (Egrop) between an open-cell voltage step and a charge/discharge step using
ohm’s law (Roa1=Edrop/I) When the cell reaches a steady-state (dg/d;=0) '*'. However,
the cell reaches a steady-state after several seconds in cell design with high internal
resistance. Therefore, for this case, we corrected the voltage drop by removing the
capacitive current as

_ Edrop tsteady—state 6.5
Rtotal - I - m-C
s

where tgieady—state IS the time when the cell reaches steady-state, m the electrode mass
and Cg the specific capacitance. The specific capacitance was measured from the slope of
Q-E plots during galvanostatic discharge. During charge, the equilibrium time was
estimated when the derivative of cell voltage wit time is a constant (dg/d=1/C).

Moreover, we analyze the resistance by distinguishing the ohmic resistance
(Ronmic) and the non-ohmic resistance (Rpon—onmic)- The ohmic resistance represents the
time-independent part of the total cell resistance, which is related to the electronic and
ionic conductivity of the different materials inside the cell (electrode, membrane). Rohmic
was determined during Electrical Impedance Spectroscopy (EIS) at a frequency of 10 kHz.
A similar method was used in Refs.11%1%4 E|S scans were performed from 10 kHz to 10 mHz
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at OV with an amplitude of 10 mV. The non-ohmic resistance represents the time-
dependent part of the total cell resistance related to ions transport in boundary layers,
usually refer to as concentration polarization'®®?®, The non-ohmic resistance was
determined by subtracting the ohmic resistance to the total internal resistance

(Rnon—ohmic=Rtotai"Rohmic)-

Power density model

Liu et al. proposed a simple power density model.’® for CAPMIX systems based on
a simple RC equivalent circuit. In this circuit, each electrode is model as a capacitor and a
resistor in series, while the CEM is modeled as a voltage generator and a resistor in series.
Finally, the spacer is modeled as a resistor. To simplify the system, all resistors are sum-
up into on resistors, which represent the total internal cell resistance. The cell voltage can
then be defined as:

Ecen = AEcem + E¢ — Ryt 6.6

E.=E2+

t 6.7
m - Cg

where E. is the cell voltage that relates to the amount of electrical charge stored, E? is
the initial cell voltage at the beginning of the charge and discharge step, Ry is the total
internal resistance, m the electrode mass, and Cg the electrode capacitance. The
membrane potential can be defined as:

oa-R-T l ay+co,

n (

n- F aH+‘air

AECEM = 6.8

where ay+ ¢, is the activity of the ion of protons in pure CO2 sparged-water, ag+ ;. the
ion activity of proton in air sparged-water, a the membrane apparent permselectivity; R,
T, n, F, are the ideal gas constant, the temperature, the ion valence, and the Faraday
constant (96485 C mol?), respectively. In this study, we prefer to refer to AEgy as Open
circuit voltage (OCV= AEcgy) as AEqgm takes into account the potential generated by the
CEM but not the potential generated by the ionomer coating.

By integrating Egs. 6.4-6.6, we can express the power density as:
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_(0CV =21 Rip) - Q

6.9
2 (tocv + 1)

6.3. Results and discussion
6.3.1. Electrode imaging

Fig. 6.4 shows top and cross-section SEM images of the electrodes without CEIl
coating (uncoated electrode) and with CEIl coating with different ionomer loadings (CEI-
coated-15 and CEl-coated-50 electrodes). The electrode coating structure is different
between CEl-coated-15 and CEl-coated-50. In CEl-coated-50, the CEl-coating takes the
shape of a layer on the surface of the carbon cloth. The difference is visible by comparing
uncoated electrodes (Fig. 6.4a-d) and CEl-coated-50 electrodes (Fig. 6.4c-f). In contrast,
the CEl coating is more dispersed in CEl-coated-15 electrodes. At first sight, the CEl-coating
is not particularly visible by comparing the top view images of uncoated (Fig. 6.4a) and
CEl-coated-15 electrodes (Fig. 6.4b). Paying closer attention, we can see ionomer clusters
dispersed between the carbon fiber (Fig. 6.4e), which are not visible in uncoated
electrodes (Fig. 6.4d).

Uncoated electrode CEl-coated-15 electrode CEl- coated-50 electrode

/' CEl'coatipg layer

/

i —

CEl coating

O (a

- CEl coating ™

X :&»W(,\

W o 4

Fig. 6.4: Top-view SEM imaging (x75) of (a) uncoated electrode, (b) CEl-coated-15 electrodes and
(c) CEl-coated-50 electrodes. Cross-section SEM imaging (x2000) of (d) uncoated electrode, (e) CEI-
coated-15 and (f) CEl-coated-50 electrodes.
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6.3.2. Open circuit voltage (OCV) measurement

Generating an open circuit voltage (OCV) by alternatively switching the CO2-
sparged and air-sparged solutions (OCV cycle) in the capacitive cell is essential to harvest
electrical energy. Fig. 6.5a shows the cell voltage measured during OCV cycles and Fig.
6.5b shows the resulting OCV values for different cell designs. The highest OCV value was
obtained with the uncoated electrodes (OCVuncoated=~225 mV), which is 3.5 times higher
than the membrane potential measured with CEl-coated-50 electrodes (OCVcei-coated-50 =
~65 mV). With uncoated electrode, OCV values are a direct measurement of the CEM
potential. Fig. 6.6a shows an illustration of the OCV measured with uncoated electrodes.
By switching gas stream across the CEM, the free water phase in the cell equilibrates with
the CO2 partial pressure in the gas inflow, leading to a change of ion concentration. The
change of ion concentration on both the side of the CEM leads to a change of ion
concentration ratio across the CEM, resulting in the establishment of a CEM potential.
Consequently, continuously switching gas streams in each electrode compartment results
in a change of OCV values due to the establishment of the CEM potential. In fact, the OCV
values obtained with uncoated electrodes (~225 mV) is similar to the estimated
theoretical CEM potential (~200-210 mV 32%). Note that the OCV values should not be
higher than the theoretical CEM potential as we assume that the electrodes do not
generate any potential under no current condition. Nevertheless, studies have shown that
charged chemical groups exist on the carbon surface 820 which may generate an
electrical potential.

(a) 200 (b) 250
uncoated
150 A CEl-coated-15
uncii 200 1 CEl-coated-15
> 100 A
£ >
g,n 50 - € 150 4
© ~
5 >
s 07 3 100 1
g ] CEl-coated-50
© 50 4 ]
50 4
-100 A ]
CEl-coated-50 1
-150 T T T T 0 T T T T
0 500 1000 1500 2000 0 0.2 0.4 0.6 0.8 1
Time /s lonomer loading

Fig. 6.5: (a) OCV cycles measured in a CO,-CAPMIX cell with different electrode materials, i.e.,
uncoated electrodes, CEl-coated-15 electrodes, and CEl-coated-50 electrodes. (b) maximum OCV

values measured as function of the ionomer loading of the electrode material tested
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In contrast, the OCV values in CEl-coated-50 is not only related to the CEM
potential, but also to the Donnan potential arising at the CEl-coating. As the CEl-coating
and CEM are both ionomer-based layer, they can both generate a cell potential during
OCV cycles. Similar ionomer coating has been used to generate membrane potential in
conventional CAPMIX systems®?2, We believe that the lower OCV values obtained in CEI-
coated-50 electrodes likely comes from the potential generated by the ionomer coating
itself. Fig. 6.6¢ shows an illustration of the OCV measured with CEl-coated-50 electrodes.
Unlike uncoated electrodes, the gas stream inflows are physically separated from the
electrode pores by the ionomer coating. Therefore, the water phase in the electrode pores
is not directly equilibrated by the inflow of CO: gas streams. Instead, CO2 must diffuse
through the ionomer coating in the form of CO2 gas or H.COs" (see Fig. 6.6c). As the
diffusion of chemical species is slower in ionomer materials compared to the free aqueous
solution, a higher amount of time is required for the electrode pores to reach equilibrium
with the CO2 partial pressure of the gas inflow. Thus, for a given time, a lower ion
concentration ratio is obtained between the electrode pores with CEl-coating, resulting in
lower membrane potential.

(a) Uncoated electrodes

’_Free water Carbon
o ey
® H' HCOy Tow A fiber
* 4 »______f__h y/
o 1 Do —
Coz(g) COZ(g)
(b) CEl-coated-15 electrodes CEl
) + . Y @ coating
@ H® HCO, ocV Ao
oy . { © .
heoy 1 1
e,
_______________________ E—L. - N
(c) CEl-coated-50 electrodes -
¢ L __'-_lt_}-_l(_:_cﬁ- ______ [ _J;‘;i}‘i‘j‘v A - @ coating
| 1 L
-0 | s
A
g CO,(e)

Fig. 6.6: lllustration of the membrane potential with (a) uncoated electrodes, (b) CEl-coated-15
electrodes and (c) CEl-coated-50 electrodes. Only one side of the CEM is illustrated. The same
principle applied to the other side of the CEM.
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Despite the effect of the electrode coating, the CEl-coated-15 electrodes show
similar values of membrane potential (OCVcel-coated-15= ~195 mV) comparable to uncoated
electrodes (OCVuncoated= ~225 mV), i.e., three times higher than CEl-coated-50 electrodes.
Rather than the ionomer content, we attribute the significant difference of membrane
potential between CEl-coated-15 and CEl-coated-50 to the ionomer coating morphology.
As discussed in section 3.1, instead of forming a layer, the ionomer coating is more
dispersed in CEl-coated-15 electrodes. As a result, the ionomer coating does not entirely
cover the electrode, thus allowing a flow of CO2and air gas streams in the electrode pores.
Therefore, CO: diffusion can still occur through the free water phase to the electrode
pores. Fig. 6.6b illustrates the OCV measured with CEl-coated-15 electrodes.

6.3.3. Power densities generated in 4 step energy cycles

The 4-step energy cycles were performed to compare the generated power density
with different electrode materials at different current densities (Fig. 6.7a-b). Besides, we
also compare the OCV values (measured in step 3) and the internal resistance for the
different electrode materials obtained during the 4-step energy cycles (Fig. 6.7c).

Compared to uncoated electrodes, Fig. 6.7a-b shows that the power density
generated increases by coating the electrodes. The highest power density was obtained
with CEl-coated-15 electrodes (~50 mW m™2 at 1 A m2), which is more than five times
higher than uncoated electrodes (~7 mW m at 0.15 A m’2). Nevertheless, Fig. 6.7b shows
that the higher ionomer loading does not yield the highest power density. The power
density obtained is twice higher with CEl-coated-15 electrodes than CEl-coated-50
electrodes (~50 mW m against ~21 mW m2at 1 A m?).

The effect of ionomer on power density can be explained by the compromise
achieved between internal resistance and membrane potential performance with
ionomer loading. As shown in Eq. 6.9, the power density in CAPMIX increases by both
increasing the power density and reducing the internal resistance. On the one hand, higher
ionomer loadings lead to lower membrane potential (Fig. 6.7c), hence an expected
decrease of power density. On the other hand, lower values of internal resistance were
obtained with higher ionomer loading (55 Q cm? for CEl-coated electrodes against 2240 Q
cm?for uncoated electrodes), hence an expected increase of power density.
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Fig. 6.7: Power density generated for different electrode materials as a function of (a) current
densities and (b) ionomer loading (average values). The lines in (a) show calculated values with the
power density model, while the symbols show the data values. (c) Measured internal resistance

and membrane potential during 4-step energy cycles.

We can conclude that the CEl coating is beneficial to increase the power densities
generated by a CO2-CAPMIX by decreasing the internal resistance. Nevertheless, power
densities achieved in a CO2-CAPMIX cell is still 30 times lower than the processes using
intercalation electrodes ?’. Further strategies should be implemented to (i) decrease the
internal resistance, and (ii) increase the OCV. Before implementing new strategies, we
propose to gain more insight into the cell internal resistance behavior by distinguishing
the relative contribution of the ohmic and non-ohmic resistances.

6.3.4. Internal resistance analysis

The ohmic resistance (Ronmic) was obtained for different electrode materials from
EIS scans (Fig. 6.8a), while the non-ohmic resistance (Rnon-ohmic) represents the remaining
part of the total internal resistance. All resistances (ohmic, non-ohmic, and total
resistances) are summarized in Fig. 6.8b.
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Fig. 6.8: (a) Electrical Impedance Scan obtained for different electrode materials. (b) total internal

resistance, ohmic and non-ohmic resistances measured for each material tested.

Values of Ronmic do not show a clear relationship with the amount of ionomer
coating. The ohmic resistance of the different electrode material varies between 10-100
Q cm? (92.61 Q cm? 10.62 Q cm?, 31.23 Q cm? for uncoated, CEl-coated-15 and CEI-
coated-50 electrodes, respectively). All electrodes materials have been tested in the same
cell architecture where both electrodes were separated by the same cation exchange
membrane, which should lead to similar ohmic resistance. The CEM resistance has been
characterized around ~11-20 Q cm? 2'%213 (in 3 0.5 M NaCl solution), which is in line with
the Ronmicobtained with CEl-coated-15 and CEl-coated-50 electrodes. The ohmic resistance
is somewhat bigger with uncoated electrodes. We believe that the difference can originate
from the difference of force applied to the electrodes by the current collector. All
electrodes were tested with the same cell and the same enclosing gasket. Nevertheless,
the thickness of the coated electrodes is thicker than the uncoated electrodes, which
could result in a higher pressure applied between the coated electrode and the current
collector. Therefore, Ronmic can be further improved by increasing the ionic conductivity of
the CEM (e.g., decreasing thickness 2°>?14) but also by adapting the force applied to the

electrodes (cell construction design).

Fig. 6.8b shows that Rnon-ohmic decreases with ionomer loadings. Values of Rnon-ohmic
are 80 times smaller in CEl-coated electrodes compared to uncoated electrodes (~25 Q
cm? for CEl-coated electrode against ~2146 Q c¢cm? for uncoated electrodes). Firstly, the
CEl-coating increases the overall ionic conductivity of the electrode macropores. Secondly,
the CEl-coating improves the contact area between the electrode and the CEM, resulting
in a more integrated interface between both materials. As a result, concentration
polarization in the electrodes and membrane interfaces is reduced, hence a decrease of
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non-ohmic resistance. A similar effect has been observed in fuel cells with electrodes

impregnated with ionomer materials'46:1931%4,

6.4. Conclusions

This work has aimed to investigate the effect of CEl coating on the CO-CAPMIX
performance. In particular, we observed that coating the ionomer with a cation exchange
ionomer (CEl) is beneficial to increase the power densities generated by a CO2-CAPMIX cell
due to a significant improvement of the internal resistance. However, the improvement
of the internal resistance was achieved at the cost of the OCV values, thus limiting the
generated power density generated. We discussed that the ionomer coating structure,
rather than the ionomer loading, likely lead to a decrease of OCV. In this study, a simple
coating procedure was used by simply deep coating the electrodes into the ionomer
solutions. Thus, for future work, we recommend investigating different coating

208 or spraying with a

procedures (slurry casting'®?3, electrospinning?°®2%, electrospraying
spray gun?0219) to better tune the ionomer loading and final content in the electrode.
Furthermore, identifying ionomer material with lower selectivity toward H2COs" is also of
interest to improve the OCV values. As explained in section 6.3.2, improved H,COs"
permeability through the ionomer layer could increase the OCV values. MEA cell designs
have been optimized for many years in fuel cells, for instance, by selecting suitable
ionomer material?*>216, optimizing the electrodes and membrane thickness?%>2'4, as well

as optimizing the loading and structure of the coating in the electrodes.
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General discussion and outlook
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7.1. Introduction

In this thesis, we explored the use of capacitive processes (CDI and CAPMIX) for
carbon capture (CO2-CDI) and energy recovery from CO2 emissions. Conventionally,
capacitive technologies have been developed for water technologies, i.e., water
desalination (CDI) and blue energy (CAPMIX). Therefore, the focus of the work presented
in this thesis was to adapt these water technologies into gas technologies.

Our research work investigated the use of capacitive cell for CO.-CDI and CO»-
CAPMIX through three different steps, i.e. (i) proof of concept (Chapters 2 and 3), (ii) in-
depth understanding (Chapter 4), and (iii) cell design exploration (Chapters 5 and 6). CO»-
CDI is investigated in Chapters 2,4,5 and CO2-CAPMIX in Chapters 3 and 6. In this thesis,
CO2-CDI and CO2-CAPMIX were investigated together, which is not usually the case of
conventional CDI and CAPMIX. Although both applications are based on the same
principles, the technologies have been studied separately, leading to different research
directions, as well as different figures of merit and indicators. Nevertheless, at this
development stage, CO2-CDI and CO2-CAPMIX should not be separated by application but
rather investigating together to give more insight into the capacitive cell behavior with
CO2-sparged electrolyte solutions.

Three aspects show to be important in our finding, i.e., (i) importance of water in
CO:zreactive electrosorption, (ii) the effect of CO2-sparged solution on ion selectivity, and
(iii) the effect of cell designs on cell resistance and ion selectivity. First, CO2 reactive
electrosorption is the key element on which CO2-CDI and CO.-CAPMIX are based. We
identified in Chapters 2 and 3 that the internal resistance and ion selectivity are two major
factors limiting the performance of the capacitive cell. lon selectivity was characterized
for both systems in terms of ion adsorption in electrodes in CO»-CDI (absorption efficiency,
As) and membrane apparent permselectivity (a) in CO-CAPMIX. At last, different cell
designs were tested to reduce the internal resistance.

In this final chapter, we connect our findings from different chapters and discuss
the three aspects we found the more important. After that, we discuss the potential of
capacitive technology with CO2 gas and give future research directions.
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7.2. Importance of water in CO: reactive electrosorption
performance

The novelty in this Ph.D. thesis is to investigate capacitive cells with CO2 gas and
not with conventional salt solutions. Salt solutions and CO: gas are radically different as
they do not share the same physical state. Unlike true electrolyte (e.g., NaCl), CO: reacts
with water to generate ions via a multi-step and pH-dependent mechanism, which
involves the generation of amphotericions. We refer to this complete mechanism as CO>
reactive electrosorption principle. Through this mechanism, CO2 gas can be adsorbed in
porous electrodes in the form of bicarbonate ions in CO»-CDI (see Fig. 7.1 and Chapter 2).
Moreover, a membrane potential can be obtained by alternatively feeding a capacitive cell
(CO2-CAPMIX) with two CO2-sparged solutions at different CO2 concentrations to produce
electrical power (Chapter 3).

Besides demonstrating the underlying mechanisms, we also demonstrated the
concept of direct gas feeding. Instead of pumping CO2-sparged solution in the cell (solution
feeding operation), the CO: gas is directly fed into the capacitive cell where the CO:
reaction and the electrosorption co-occur (Chapters 3 and 6). The reactive process occurs
then in the water fraction remaining in the capacitive cell. Fig. 7.1 illustrates a CO>-CDI
cell under gas-feeding operation.

Capactive cell Electrosorption mechanisms
Capacitive electrode

.
Carbon particle
KJ

H*

> H,CO5* «—CO,(g)

HCO, H*

* CEM “eWater

CO,(g)  CO,(g)

Fig. 7.1: lllustration of the CO; reactive electrosorption mechanisms in a capacitive cell in gas feed
operation. A, refers to absorption efficiency, which is defined as the amount of CO, gas absorbed
per electrical charge. A. refers to the carbon adsorption efficiency, which is defined as the amount

of carbon adsorbed in the electrodes (HCOs™ and COs%) per electrical charge.
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In direct gas feeding, the water fraction in the capacitive cell plays an essential role,
and therefore, its management is crucial. During short-time operation (up to 10 hours),
operating the capacitive cell is suitable as enough water volume remains in the cell to
generate ions (from COz) and transport them between electrodes. However, during longer
operation time ( >10 hours), our finding showed that the cell would slowly dry (i.e., the
water fraction inside the electrodes decrease), thus resulting in an increase of internal
resistance (shown in Chapter 3). The drying of the cell likely depends on the humidity of
the inflow gas streams. In thermal power plants, the humidity in flue gas is relatively high,
which is not expected to cause significant drying of the cell. On the other hand, in direct
air capture (DAC) application, the relative humidity in the air is lower than flue gas. Thus,
for each targeted application, strategies should be investigated to ensure a sufficient level
of humidity in the cell by, for instance, humidifying the gas *##1°° and controlling the gas
flow rates??,

The water fraction also influences the CO2 gas absorption efficiency (introduced in
Chapter 2), which is defined as the amount of CO2 gas absorbed per electrical charge
(Aa=nco,(g)/Ncharge)- We explained in Chapter 2 that at higher water fraction, the lower
is the absorption efficiency due to the CO: solubility in water. This means that for an equal
carbon adsorption efficiency, A = (nyco; + ncog—)/ncharge, a higher amount of CO2 gas
will be absorbed with lower water fractions. In this regard, operating the capacitive cell
under direct gas feeding is of interest to minimize the water fraction and maximize the
absorption efficiency. The concepts of A, and A, are both illustrated in Fig. 7.1.

7.3. From salt to CO:-sparged electrolyte solutions: what
effect on ion selectivity?

Understanding the ion electrosorption mechanisms in the electrodes and ion
transport through ion exchange membranes is essential to optimize both CO,-CDI and CO»-
CAPMIX. Such mechanisms have been extensively studied with salt solutions in the last
20 years!769152.2182220 Ay extensive range of theoretical models has been developed to
predict salt electrosorption in CDI cells’%8486152221 gyer the years. Besides, salt ion
transport through ion exchange membranes has been investigated not only for
Membrane-CDI (MCDI) but also for other technologies, e.g., capacitive mixing
(CAPMIX)?122132137 - alectrodialysis (ED) 202227224 gnd reverse electrodialysis (RED)%2%5,
However, understanding CO2-sparged solutions require the incorporation of additional
physical phenomena (e.g., gas absorption, dissociation of amphoteric ions), which is not
the case for salt solutions.
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7.3.1. Electrosorption in porous electrodes

In Chapter 4, we theoretically investigated the electrosorption in CO2-CDI by
including acid-base reactions in the amphoteric Donnan (amph-D) model. The amph-D
model is a theoretical model that has been successfully used for the prediction of ion
adsorption with salt solutions 7986165177226 Despite its proven accuracy with salt solutions,
the amph-D model showed poor prediction capability in the case of CO,-CDI experimental
results. In a second step, we improved the fit between CO2-CDI experimental results and
the model by integrating the effect of the surface group on the carbon electrode surface
(m-amph-D model in Chapter 4). To further improve the electrosorption prediction, we
strongly believe that other effects need to be further investigated, such as preferential
adsorption of divalent ion’%7>'20 (COs? in the case of COz-sparged solutions), and size-
based ion selectivity!’®18%227 (which could reduce the carbon adsorption efficiency).
Another intriguing possibility could be the dissociation of weak acids in the electrical
double layers. Some studies suggested that the dissociation constants of weak acids tend
to decrease inside electrical double layers (EDL) by charging the electrodes 8182
(dissociation field effect). In a broader context, the understanding gained in CO2-CDI can
also profit conventional CDI. For instance, considering the surface chemical groups as
reactive species is of great importance for reactive species (e.g., NHs, HsPO4). Moreover,
CDI systems relying on the surface chemical charge to adsorb ions must consider the
reactivity of surface chemical charges as a function of cell voltage.

7.3.2. Role and permselectivity of ion exchange membranes in CO»-
CDI

Through this Ph.D. thesis, we found that using ion exchange membranes (IEMs) is
a suitable strategy to increase the absorption efficiency using an MCDI cell design despite
the low electrode selectivity (Chapter 4). In fact, a CO2-MCDI cell reached similar charge
efficiency than conventional MCDI, clearly showing the beneficial effect of IEMs (Chapter
2). Among the CEM and AEM, we demonstrated in Chapter 4 that the AEM has a higher
contribution to the increased charge efficiency than the CEM. From this result, the ion-
selective property of AEM with CO2-sparged has been utilized to improve the absorption
efficiency of new cell designs. For instance, we coated the electrodes of a membrane
electrodes assembly (MEA) with anionic exchange ionomer (AEI) in Chapter 5 to improve
the absorption efficiency (*50% increase compared to uncoated electrodes). Thus, we
showed that using ionomers or ion exchange membranes is a suitable strategy to improve
the absorption efficiency (and charge efficiency) in CO2-CDI systems.
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However, the beneficial effect of IEMs in CO2-CDI is time-dependent, as the
absorption efficiency decreases with longer charging time (=hour) (chapter 4). In the
Chapters 2,4,5 and 6, we attributed the loss of membrane performance to the CO»-
sparged electrolyte solution. In CO2-CAPMIX, we showed that the apparent
permselectivity of IEMs is significantly lower in CO2-sparged solution compared to NaCl
solutions. For instance, we demonstrated in chapter 3 that a CO.-CAPMIX cell with flat-
MCDI design shows membrane apparent permselectivity around a=0.3, which is three
times lower than values expected from NaCl solutions (a>0.95)%%1%27228 Note that
membrane apparent permselectivity values were derived from membrane potential
experiments in open-cell voltage 8°%22° This lower membrane apparent permselectivity
was attributed to the diffusion of neutral carbonic acid through the IEMs (Chapters 3 and
4), a hypothesis that is supported by another theoretical study?. Therefore, selecting IEMs
and ionomer material less permeable to H.COs" could be a reasonable approach to
improve the membrane apparent permselectivity and the performance of CO2-CDI and
CO2-CAPMIX.

Against all expectations, we instead propose to develop IEMs and ionomer more
permeable to H.COs". Surprisingly, our work on cell designs (Chapters 5 and 6) showed
that the low membrane apparent permselectivity can be advantageous to decrease the
internal resistance of a CO2-CDI system. In our attempt to reduce the internal resistance
of a CO2-MCDI, we designed an MEA where both electrodes were coated with the same
ionomer (see MEA(coated) in Fig. 7.2). Selecting MEA(coated) cell designs is counter-
intuitive as coating the anode with cationic exchange ionomer (CEl) is expected to increase
the internal resistance due to the shielding effect. However, this was not the case with
CO2-sparged solution. We explained in chapter 5 that we believe that HCOs- is first
transported in the form of H2COs" through the CEl coating anode, before being adsorbed
in the anode micropores. Instead of focusing on increasing the ionomer selectivity, we
propose to focus on increasing the selectivity of the electrode and develop permeable
ionomer for CO2 to improve further the internal resistance. In this regard,
pseudocapacitive material selective to CO*” is an interesting alternative to investigate.

7.4. Exploring cell designs: a compromise between internal
resistance and ion selectivity

Reducing the internal resistance in CO2-CDI and CO2-CAPMIX have been the major
challenge of this Ph.D. project. The performance of the CO.-CDI and CO.-CAPMIX greatly
suffers from the high energy losses caused by the internal resistance of the capacitive cell.
High internal resistance was obtained in conventional MCDI cell designs due to the poor
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ionic conductivity of COz-sparged electrolyte solutions (e.g., 17 uS cm™? for 15% CO»-
sparged solution). Therefore, the work presented in this Ph.D. thesis mainly focused on
developing novel cell designs to reduce the internal cell resistance of capacitive cells with
poorly conductive solutions. All cell designs tested are shown in Fig. 7.2.
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Fig. 7.2: Cell designs tested through this Ph.D. thesis.

7.4.1. Lower internal resistance obtained with membrane electrode
assembly (MEA) cell design

In this thesis, the internal cell resistance has been investigated by separating two
contributions, i.e., the ohmic resistance and the non-ohmic resistance (Chapters 2, 5, and
6). As a reminder, the ohmic resistance is the time-independent part of the internal
resistance, mostly relating to the ionic conductivity of the cell. In contrast, the non-ohmic
resistance is the time-dependent part of the internal resistance, which is mostly attributed
to ion depletion in the diffusive boundary layers (concentration polarization)!?%127.200,230,
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Fig. 7.3 shows the ohmic and non-ohmic resistance measured for all cell designs tested for
both CO2-CAPMIX and CO»-CDI.
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Fig. 7.3: Ohmic, non-ohmic, and total internal resistance obtained with different cell designs for (a)
CO,-CDI and (b) CO,-CAPMIX.

Ohmic resistance

The ohmic resistance is the dominating resistance in the MCDI cell design for CO2-
CDI and CO2-CAPMIX (Chapter 2). This cell design is not suitable as the CO2-sparged
solution is fed in between the electrodes, decreasing the ionic conductivity between the
electrodes. Instead, we show that the membrane electrode assembly (MEA) design is
more suitable as the electrodes are separated by an IEM, which is more conductive than
the COz-sparged solution. To further reduce the ohmic resistance, we recommend future
studies to (i) select more ionic conductive membrane and (ii) reduce the membrane
thickness.

Non-ohmic resistance

As the ohmic resistance decreases from MCDI to MEA cell designs, the non-ohmic
resistance became the dominant resistance in the capacitive cell (see Fig. 7.3). For
instance, the non-ohmic resistance represents more than 90% of the resistance measured
in the MEA cell design with uncoated electrodes. In Chapters 5 and 6, we demonstrated
that the non-ohmic resistance could be reduced by coating both electrodes with the same
ionomer. A similar strategy has also been used in fuel cells 14>146:203.209 3nd electrochemical
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CO> reduction*1%2 technology to improve the ionic contact between membranes and
electrodes.

As explained in section 7.3, we did not expect such a significant decrease in internal
resistance by coating the electrodes with a single ionomer. Therefore, we believe that the
non-ohmic resistance of the MEA-coated cell design could decrease further by improving
our understanding of the ion transport mechanisms. MEA(coated) cell design has been
first used and optimized for PEM fuel cell applications for many years 14°146,194,203,209
where internal resistance as low as 0.032 Q cm? was achieved (3000 times lower than CO--
CAPMIX/CO2-MCDI). However, PEM fuel cells and CO2-CDI (capacitive systems) differ in
many aspects (reaction, transport mechanisms). It is interesting what we can learn from
PEM fuel cells to reduce the resistance, as the ohmic resistance and non-ohmic resistance
are related to the H+ transport in both cases.

7.4.2. Energy performance with different cell designs: a compromise
between ion selectivity and internal resistance

Internal resistance and ion selectivity together determine the energy consumption
in CDI and the power density in CAPMIX. Table 7.1 shows the relationship between those
two parameters and their respective energetic performance. In CO2-CDI, the ion selectivity
is expressed by the absorption efficiency (Aa) or carbon adsorption efficiency (Ac). In CO»-
CAPMIX, the ion selectivity is expressed by the apparent membrane selectivity (o).

Table 7.1: Figure of merit related to electrical energy for CO,-CDI and CO,-CAPMIX

Process Figure of merits Equations
Energy consumption, Whet 2:1Ryy - Fa
CO2-CDI et = ———————
/ kl molCO,? (1-fy)-Ac
Power density generated (P) 1
CO2-CAPMIX P=—(a-AEnm — 2 1 Ripe)

/Wm-Z 2

I: current density, F, : Faraday constant, f,, : water fraction in the cell, AE, y, :

theoretical membrane potential.

Overall, the energy consumption between a flat MCDI and an MEA(coated) cell
designs barely improved (Fig. 7.4b). The decrease of cell resistance by using an
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MEA(coated) cell design is obtained at the cost of a decrease in carbon adsorption
efficiency (Fig. 7.4a), resulting in lower energy consumption. The loss of carbon adsorption
efficiency is related to the absence of IEM or ionomer coating covering the electrodes
(explained in section 7.3). Related to our conclusion in section 7.3, we believe that
improving the ion selectivity of the electrodes is the future strategy to follow. While the
ionomer coating reduces the internal resistance, higher ion selectivity must be sort.
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Fig. 7.4: (a) Carbon adsorption efficiency (A.), total internal resistance and (b) energy
consumption for different cell designs in CO,-CDI. Experimental results from Chapters 4,5, except
for the data obtained with the CDI cell design. Data obtained with the flat CDI cell design were

obtained by charging the cell under constant current (0.6 A m2) between0and 1 V.

A compromise between membrane apparent permselectivity and internal
resistance on the generated power is also observed in CO2-CAPMIX (Fig. 7.5). However,
the trend of membrane apparent permselectivity as a function of cell designs is wholly
reversed to CO2-CDI. In CO2-CAPMIX, MEA cell design with uncoated electrodes results in
the highest membrane apparent permselectivity. In Chapter 3, we explained that higher
membrane apparent permselectivities are obtained when both gas streams are fed across
the membrane between the electrodes. Moreover, when covered by an ionomer coating
or an IEM, H2COs" diffusion occurs through the IEM/coating to the electrode pores, where
no mixing occurs, thus reducing the concentration ratio of ions and therefore the
membrane potential. Interestingly, we found that the MEA(dil-coated) cell design did not
suffer from a significant loss of membrane apparent permselectivity. With a dispersed
ionomer coating, sufficient gas mixing can occur in the pores of the electrodes, limiting
the effect of H.COs" diffusion. We propose to optimize the ionomer dispersion coating in

171



Chapter 7

future work to decrease the internal resistance further while keeping high membrane
potentials.
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Fig. 7.5: (a) membrane apparent permselectivity, internal resistance, and (b) power density for
different cell designs in CO,-CAPMIX under direct gas operation. Experimental results are obtained
from Chapters 3 and 6.

To conclude, the MEA(coated) design can improve the energy consumption in both
CO2-CDI and CO2-CAPMIX if the ion selectivity increases for both systems (in terms of Ac
or As and a). Future research should focus on optimizing electrode materials and ionomer
coating methods. Furthermore, efforts in understanding the ion electrosorption in the
electrodes, and ion transport through the cell is essential to improve the cell designs.

7.5. Perspective on technology development

In this section, CO2-CDI and CO2-CAPMIX are discussed separately as their
development depends on their application.

7.5.1. Development of CO,-CAPMIX

Throughout this Ph.D. thesis, we improved the CO2-CAPMIX cell performance from
0.2 MW m (%) until reaching 50 mW m by optimizing cell design and material. The power
generated could be increased by further improving the cell design. For instance, reverse
electrodialysis, i.e., another salinity gradient energy technology, has seen continuous
improvements in the generated power density by optimizing membrane and cell designs,
until reaching power densities up to 3 W m=2 (¥2%231), However, on a practical level,
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implementing CO2-CAPMIX as a technology for power plants does not seem feasible for
the coming years. On the one hand, the practical energy recovery in power plants is
limiting. At 100% thermodynamic efficiency, CO2-CAPMIX could improve the energy
efficiency of power plants up to 5%. However, reaching thermodynamic efficiency higher
than 10% is challenging. A recent study on capacitive technologies showed that the
thermodynamic efficiencies reported for such systems are far below 1% #2233, Moreover,
a trade-off exists between power generated and thermodynamic efficiency. For instance,
an optimal power density was obtained at thermodynamic efficiency of ~30% for blue
energy in reverse electrodialysis (RED)?%234 Therefore, assuming a thermodynamic
efficiency of 10%, the electrical efficiency of power plants gained would still be too small
for implementation.

On the other hand, governments aim at reducing the CO; emissions of power
plants to tackle global warming. Thus, political and technical efforts are mostly focused on
CO:2 capture for thermal power plants instead of promoting technologies based on CO:
emissions. In this regard, operating a capacitive cell as a CO2-CDI unit for CO2 capture is
more promising than as a CO2-CAPMIX device.

Nonetheless, we propose to look at alternative applications for CO2-CAPMIX, where
available energy exists from CO2concentration gradient. In any case, studying CO2-CAPMIX
is still worth investigating from a scientific point of view to gain knowledge on capacitive
systems with CO2 gas and saline solutions.

7.5.2. Development of CO,-CDI
Toward the development of a complete CO; capture cycle

A crucial development step in CO2-CDI is to operate the cell in a complete CO:
capture cycle, including the adsorption step (CO2 capture) and the CO2 concentration step
at high purity (see Table 7.2). While cleaning the flue gas from CO, generating a high purity
of CO2 gas is crucial to process CO2 in further utilization routes, e.g., CO2 gas storage
15,235,236 or CO2 chemical conversion4%142237_|n this Ph.D. thesis, we separately focused on
the performance of the adsorption step and the CO2 concentration step (Chapter 2). In
this chapter, we proposed a simple calculation framework to estimate the effect of
combining both the adsorption and concentration steps in CO2-CDI (see Appendix). Fig.
7.6 shows the cell voltage and CO: partial pressure measured during a 4-step CO2 capture
cycle. Fig. 7.7a shows an example of a CO2 pressure cycle obtained at different electrode
charge during a complete CO: capture cycle.
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Table 7.2: Step description of a 4-step cycle for CO, capture cycle in CO,-CDI

Step Description Current Gas

1 Switching from concentrated to di- Open-cell voltage 15% CO; gas
lute gas in the channel

2 Charging step Positive current 15% CO; gas

3 Switching from diluted to concen- Open-cell voltage 100% CO, gas

trated gas in the channel

4 Discharging step Negative current 100% CO; gas
A A
Step 1 Step 2 Step 3 Step 4
ocv Charging ocv Discharging
)
NO
> ®
~ =
9 o
2 3
S 2
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]
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Time /s

Fig. 7.6: The cell voltage and the CO, partial pressure described by the 4-step CO, capture model.

In this chapter, we propose to estimate the effect of water fraction (fw), the CO2
purity, the electrode capacitance, and the internal resistance. Fig. 7.7a-b shows that the
water fraction (fw) in the system has a significant impact on energy consumption when
increasing the CO: purities. When desorbing CO2 from the electrodes, part of the CO:
remains is dissolved in the water phase (due to the solubility of CO2 in water). This effect
can even result in negative COz absorption and desorption. For instance, in the case of
fw=11% (i.e., water fraction tested in Chapter 2), more CO: gas is absorbed in the water
fraction during the desorption than desorbed into the CO2 gas, resulting into no net CO2
gas desorption at CO2 purities above 30%. Our calculation shows that water fraction values
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below 1.2% are necessary to operate the CO2-CDI cell (see Fig. 7.7c). In this regard, a direct
gas approach is more suitable to minimize the water fraction. Other strategies to reduce

the effect of water fraction could include the optimization of gas flow rates (both diluted
and concentrated gas).
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Fig. 7.7: (a) CO, pressure modeled during a 4-step cycle for different water fraction. (b) Energy
consumption calculated at different water fractions as a function of CO, concentration purities. (c)

Energy consumption as a function of water fraction at 100% CO; outlet stream.

Comparison with conventional technology

Different output parameters should be considered to assess the potential of CO»-
CDI as a technology for CO2 capture i.e., (i) energy consumption, (ii) CO2 absorption rate
(CAR), and (iii) CO2 adsorption capacity (CAC). Table 7.3 shows a comparison between
conventional thermal adsorption (using zeolites), and CO»-CDI with two different cell
designs.

175



Chapter 7

Table 7.3: Performance comparison between different technologies

System Energy con- CO; absorption CO; absorption Source
sumption / rate (CAR) / Capacity (CAC) /
kJ molCO,? pumol st kgaq? mmol kgaq?!
Conventional ad- 88-200 250 700 38,238,
sorption (zeo- 239
lites)
CO,-CDI / MDI 65 5.09 67 Chapter
2
CO,-CDI/ 34 2.47 34 Chapter
MEA(coated) 5

Table 7.3 shows that CO2-CDI has lower CO2 adsorption rates (CAR) and capacities
(CAC) than conventional adsorption processes. Compared to conventional adsorption, the
CACis ten times lower in CO2-CDI. Nevertheless, CAC in CO,-CDI could increase by selecting
electrode materials with higher capacitance while keeping the water fraction as low as
possible. Fig. 7.8 shows that similar CAC than zeolites can be potentially obtained with
electrode capacitance as high as 80 F g for low water fraction values. This value is not
unrealistic since capacitive materials with capacitance in the range of 100 F.g! has been
reported with activated carbon material®*® and up to 1000 F.g for intercalation
material'®’. Intercalation materials are of interest to investigate, thanks to their high
charge efficiency and capacitance values in conventional CDI*®"?%l, Moreover, this
capacitance value can also be lowered by increasing the charge efficiency.
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Fig. 7.8: Calculated CO; adsorption capacity (CAC) as a function of electrode capacitance for

different water fractions in a CO,-CDI cell.

In terms of energy consumption, CO2-CDI shows values two times lower than
conventional adsorption zeolites (50 kJ mol™. Nevertheless, the low energy consumption
in CO2-CDI is obtained at the cost of CAR, which is significantly higher in conventional
adsorption systems (50 times higher). Values of CAR from conventional adsorption
processes can currently not be achieved in CO2-CDI due to the high internal cell resistance
(see Fig. 7.9). Decreasing the internal resistance is essential to increase the current density
and the CAR. Fig. 7.9 shows that achieving cell resistance values below 50 Q cm while
keeping high charge efficiency value is essential to match values of CAR similar to
conventional adsorption systems. Our work on cell designs shows that reaching internal
resistance of 50 Q cm?is possible as we demonstrate that an MEA cell design could reach
resistance value in the range of 100-200 Q cm? (Chapter 5). Nevertheless, implementing
an MEA cell design also leads to a loss of absorption efficiency. A combination of an MEA
cell design with more selective electrode material is of great interest to improve both the
energy consumption and CAR. In a broader context, future strategies could be
implemented from different fields, i.e., fuel cell (cell designs and material), CDI (capacitive
materials), and other electrochemical CO: capture systems (CO: selective electroactive
material).
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Fig. 7.9: CO; adsorption rate obtained as a function of energy for CO,-CDI at different average
internal resistance under constant current operation. Theoretical data were obtained at different

current densities in a cell voltage range between 0 and 1V.

Compared to conventional adsorption systems, reaching low energy consumption
is the main advantage of CO2-CDI. Unlike conventional adsorption systems, reaching low
energy consumption is possible as (i) the energy invested during the CO2 absorption can
be partially recovered during desorption, as suggested for CDI7#24%243 and (ii) the electrical
current can be controlled to optimize the energy consumption. Nevertheless, low energy
consumptions in CO2-CDI are obtained to the cost of CAR. Therefore, either CO2-CDI should
be applied to CO:z capture application with low CAR unless future research steps focus on

improving the internal resistance and absorption efficiency.
Exploring specific applications for CO,-CDI

We believe that identifying specific applications for CO2-CDI is essential, as the
technical requirement differs according to the chosen application. For instance, gas
mixtures from power plants are humidified, which is favorable to operate a CO>-CDI cell.
This is not the case in direct air capture (DAC), which can lead to the drying of the cell. On
the other hand, the volumetric flow and gas mixture is strongly dependent on the
application. For instance, a large volume of flue gas needs to be treated in power plants,
which can be less the case in DAC. Moreover, the destination of the captured CO: is also
important to consider as high CO: purity are essential in CO2 capture and storage (CCS),
which is not always necessary for certain carbon and capture and utilization (CCU)
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application. As a reminder, CCU is the process where CO: is first captured and then used
for further application, e.g., CO2 conversion into chemicals.

Upon the urgency of implementing CCS for tackling global warming!®, CO2-CDI does
not appear as a suitable technology for short-term applications (10 years) in thermal
power plants. The IEA and IPPC recommend implementing large CCS plants as soon as
possible, which requires mature technology (amine, conventional adsorption). A similar
observation seems to apply for other electrochemical systems. Although these systems
were first tested with artificial flue gas from thermal plants (15% CO.), their application is
now developing toward direct air capture (DAC) (bipolar membrane®, faradaic-electro
swing®’). Nevertheless, we believe that electrochemical CO2 capture technology can play
a future role in CCS in combination with other technologies. As renewable energies
developed, electrification of various industries and energy sectors developed
simultaneously, which is expected to increase in the coming years. Since electrochemical
technologies are powered by only electrical energy, they represent a great opportunity to
develop future CO2 capture technology in 15-20 years.

In terms of integration, It would be of interest to invest CO,-CDI for DAC and
investigate its possible integration with electrochemical CO2 conversion technologies. This
development routes could be investigated by adding electroactive materials (catalysts) in
the CO2-CDI cell. We believe that electrochemical systems for CO2 capture are foreseen to
play a major role in our future chemical industry. On the one hand, the continued
electrification of the energy sector favors the development of technology powered by
electrical power alone. On the other hand, captured CO: (from DAC ?*or flue gas) is
expected to be utilized by the chemical industry as a carbon source to produce fuel and
chemicals.

Last but not least, CO2-CDI could be developed to store energy and capture COz gas
simultaneously. This dual functionality could be an interesting asset for designing future
integrated technology for the energy and chemical industries. In principle, CO2-CDI cells
function as supercapacitors, which can store electrical energy. Within a society relying on
a large amount of renewable energy, energy storage devices become essential to balance
the electrical power through the electrical grid?44-26,

7.6. Future research direction and recommendation
Overall, CO2-CDI can be defined as a hybrid technology between fuel cell and CDI

cell. While fuel cell is a mature technology, which has been actively developed for many
years, CDI is still a young technology with untapped potential. CDI technology is
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developing fast and is finding continually more applications along with its development
(e.g., in water desalination, selective ions removal’'77, sterilization!'’, ammonia
recovery?”’). C0.-CDI is now a new member of the CDI technology family, which
contributes to the scientific understanding of CDI cells. CO»-CDl is still a proof-of-principle
concept and requires many steps before being implementing on a larger scale. We
propose to focus on the following steps:

1. Develop a continuous CO2-CDI process

In this thesis, we perform batch experiments in which only the COzadsorption takes
place, but not the CO2 concentration step. Therefore, a continuous CO2 capture process
must be demonstrated to develop the CO:-CDI technology further. Box 2 shows an
example of a cell design in which the CO2 adsorption and desorption steps co-occur.
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Box 2: Example of a continuous process for CO-CDI

Fig. 7.10 shows a concept idea of a cell configuration (based on Refs. 2%%) where
only one single cell composed of an MEA is needed to adsorb and desorb CO:
simultaneously. In this approach, a chemically modified anode adsorbs anions in the
anolyte compartment, while a chemically modified cathode desorbs an anion in the
catholyte compartment. This results then into the accumulation of a concentrated CO2 gas
in the cathode compartment and a dilute CO: gas in the anode compartment.

CO, free gas (>1% CO,) 100% CO, gas

Modified electrode lonomer coating

-

T—
N\ / .
4 e . I\ ¢
d ! co \ :
i i cole) \!. 3 448) : A coz(f) l} cg;(g)
Hgoa-;«_,- ? s R ‘ L _/‘ i
H,CO," 4 ,
,CO; k L \\\ /

Flue gas (15% CO,)

100% CO, gas

Fig. 7.10: Scheme of a continuous process for CO, capture.

2. Improve the MEA cell design

In order to improve the cell resistance and ion selectivity, | recommend optimizing the
MEA cell design with coated electrodes by improving the ionomer coating method,
introducing highly selective and conductive ionomer materials, and by decreasing the
thickness of the electrodes and membranes.

3. Physicochemical investigation of electrosorption mechanisms coupled with
material development

Activated carbon electrode showed low ion selectivity toward CO»-sparged solution
(Chapter 4). We investigate to some extent, the possible mechanisms leading to such low
selectivity. The electrosorption mechanisms can be better understood by investigating the
physicochemical interaction of the electrode material with CO>, and thereafter, leading to
the identification of material properties more selective toward COz. Theoretical modeling
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can also be a useful tool to gain more scientific insight into the system on a micro- and
nanoscale.

4. Explore other alternatives in terms of cell design and electrosorption
mechanisms

Exploring other cell architectures and concepts is an alternative approach for CO2-CDI.

For instance, flow-through CDI’%2%, flow-electrode CDI””78, desalination battery!33

or
intercalation electrodes!¢”.24%2%0 could be tested. The latter shows great promises in terms
of capacity and energy efficiency, and therefore we recommend investigating first the use
of intercalation electrodes for CO2-CDI. As a matter of fact, novel concepts start to emerge
on such systems, e.g., the proton-driven concentration process with intercalation
electrodes®, the faradaic electro-swing adsorption process®’, and supercapacitive swing
adsorption®1%7, Overall, these different technologies share similar principles (all using
capacitive or pseudocapacitive electrodes) and show promises for the future of CO:

capture.

To conclude, our finding shows the proof of principle and first optimization study
of CO2-CDlI as a first milestone for the technology. Future developments should focus on
interdisciplinary research by combining knowledge in the field of PEM fuel cell, CDI, and
electrochemical COz capture (see Fig. 7.11).

Cell design

Electrode material Cell design

CDI

Gas diffusion electrode

Electrosorption mechanisms

PEM fuel cell

Water management in the cell

lonomer impregnation method

Fig. 7.11: lllustration of interdisciplinary research needed to develop the CO,-CDI further
technology.
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Appendix: 4-step CO; capture cycle model

In CO2-CDI, a complete CO2capture cycle is composed of 4 different steps (see Table
7.2) in which CO2 gas is absorbed from flue gas and desorbed in a concentrated gas stream.
In practice, a CO2-CDI cell should be operated in a continuous process. For simplicity
reason, we propose to model the CO:-CDI performance cell in a semi-continuous
operation (see Fig. A7.1).

(a) (b)
€0, (0.15 atm) €0,(<0.15 atm) €0, (1 atm) €0,(>1 atm)
; A ! A
D> @ N P >
v i v i
POTENTIOSTAT Coz(g)‘\' POTENTIOSTAT Coel e
v
[ A\ :]
GAS-LIQUID CONTACTOR GAS-LIQUID CONTACTOR
q D q P
MCDI CELL o—1-o MCDI CELL —-®
PERISTALTIC PUMP PERISTALTIC PUMP

Q <

Fig. A7.1: (a) Scheme of the set-up during the charging step and (b) during the discharging step. (a)
steps 1 and 2; (b) steps 3 and 4.

The CO2-CDI cell was modeled as a simple RC circuit in which the cell voltage is
calculated as

1
Ecen = Q- (ﬁ +1- Rint) A7.1

where C is the capacitance, I the current density and R;,; the average internal
resistance (normalized per electrode area), Q the amount of electrical charge stored, and
m the mass of electrodes. In this model, we used experimental data obtained in Chapter
2 as input parameters for capacitance, the amount of electrical charge stored, and internal
resistance. We assumed the same values of electrode capacitance for the charging and
discharging steps. Moreover, the internal resistance is defined as a function of the Pco,
according to the following empirical correlation:
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Rint = —1128.4 + Pgo,+1682 A7.2

where Rint is the internal resistance (Q cm?) and Pco, the CO: partial pressure (in atm).
This empirical correlation was obtained by fitting experimental data of internal resistance
under different CO2 partial pressure in CO2-MCDI (Chapter 2).

The chemical dissociation constant must be included to calculate the
concentration of each carbon species in the water and gas phases (see Table A7.1).

Table A7.1: Dissociation constants of chemical equilibria between CO; and water

Equation Equilibrium Constant Reference
Pco
Ky = —C02(8) Ky=29 25
Ch,co;
, = oneos Cu K, 21063 2
Ch,co;
Ceoz--C
K, = % K,=101033 2
HCO3
Ky = Con- - Cy+ K, =10

The electroneutrality condition holds in the bulk solution (3}; z; - C; = 0). Since
CO2-sparged solution is acidic, HCOs” and H* are the two dominant ions in solution.
Therefore, we can relate the amount of electrode charge stored to the amount of carbon
adsorbed as

F
Q= 2’ Ac (anog,ad + nH"’,ad) =F-A. (nH2C03,ad) A7.3

where F is the Faraday constant (96485 C mol?), Nyco;,ad the amount of bicarbonate
adsorbed, ny+ .4 the amount of protons adsorbed, A, the carbon adsorption efficiency
(defined in chapter 2). Overall, a mass carbon balance can be set during charging and
discharging steps as
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_ Feo, " Ve Q

np = RT + Vw - (CHZCO§ + CHCO; + Ccog—) - m A7.4

where nry is the total amount of carbon in the bulk solution and gas phase, V; is the gas
volume, V,, is the bulk volume, R is the ideal gas constant and T the temperature.

A number of figures of merit are introduced to describe the CO,-CDI cell
performance, i.e., (i) the energy consumption (W), (ii) the CO2 capture rate (CAR), and
(i) the CO2 capture capacity (CAC).

« (Rint,charge + Rint,discharge) ‘1-Q
net — A7.5

nCOZ,recovered

_ Nco,(ad) _ Nco, recovered I

CAR t tocv
cycle 2 (Q + T)

A7.6

rlCOz,recovered

CAC = A7.7

where N¢o, recovered i the amount of CO2 gas recovered during the discharging step, tcyce
the total cycle time, tgocy the time of each open cell voltage step (steps 1-3). Finally,
Nco, recovered CaN be calculated as

_ (PCOZ,discharge - PCOZ,purity) ' Vg
Nco,, recovered = R+T A7.8

where P, gischarge iS the CO2 partial pressure obtained at the end of the discharging step,
Pco, purity is the COzpartial pressure of the concentrated gas fed in the cell in step 3, and
Vg the gas volume. The change of CO: partial pressure was estimated through chemical
equilibrium calculations (as shown in Chapters 2 and 4). Several cycles were modeled until
reaching an equilibrium cycle. Cycles are shown in Fig. 7.7. Note that
if Pco,,discharge <Pco, purity, N0 net CO2 gas desorption occurs during the discharge step,
and therefore no performance calculations are possible. The input values for each
parameter are taken from Chapter 2 and are summarized in Table A7.2.
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Table A7.2: Input parameters used in the 4-cycles model (obtained from Chapter 2)

Parameter Value Units

Specific capacitance 10.5 Fg-1
Electrical charge stored 14.5 C

Current density 0.6 A m-2
Water fraction 0.11 -

Electrode mass 1 g. electrode?

Gas Volume 0.23 L
Liquid Volume 0.03 L

The water fraction was defined in Chapter 2 as

Vi HEC

=—— 0. A7.8
W Vg+Vy,-HEC

where His the CO: solubility constant in water. Note that the CO2 solubility
constant and the Henry’s constant (Ku) are related as H=R-T/Kx.
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Introduction: CO2-CDI and CO,-CAPMIX

This Ph.D. thesis explores the use of capacitive processes for two novel
applications, i.e., CO2 capture (CO2-CDI) and energy recovery from CO2 emissions (CO2-
CAPMIX). Conventionally, capacitive processes have been applied for water technologies,
either to desalinate water streams (Capacitive deionization, CDI) or to harvest electrical
energy from salinity gradients (capacitive mixing, CAPMIX). Both CDI and CAPMIX are
electrochemical technologies, which operated based on the presence of ions in water. CDI
cells adsorb ions from an aqueous solution by alternatively charging and discharging two
porous electrodes (electrosorption). CAPMIX cells harvest electrical energy based on the
establishment of a membrane potential due to ion electrosorption in porous electrodes.

The major goal of this Ph.D. thesis is to shape CDI and CAPMIX processes from
water-based toward CO: gas-based technologies. Previous works lead the way toward this
transition by demonstrating a proof of concept of CO2-CAPMIX, and the possibility to form
ions from CO: gas through reaction with deionized water. Nevertheless, the electrical
power generated was strongly limited by the high internal resistance of the CO2-CAPMIX
cell, caused by the low ionic conductivity of CO2-sparged deionized water. From that
starting point, this Ph.D. thesis aims at developing CO2-CAPMIX further and demonstrating
the concept of CO2-CDI through three different steps, i.e., (i) proof of CO2 reactive
electrosorption and direct gas feeding concepts, (ii) in-depth understanding and (iii)
exploration of cell designs to reduce the internal resistance.

Proof-of-principles of CO; reactive electrosorption and direct gas feeding
(Chapter 2 and 3)

In Chapter 2, we demonstrate for the first time that CO. gas can be adsorbed in a
membrane capacitive deionization (MCDI) cell through CO: reactive electrosorption. The
term “reactive” refers to the hydration reaction of CO2 gas necessary to form bicarbonate
ions, and the term “electrosorption” refers to the adsorption of HCOs ions in the porous
electrodes. Besides, we characterize the different mechanisms of CO: reactive
electrosorption through a calculation framework in which we relate the charge efficiency
(A), conventionally used in CDI, to a new figure of merit, the absorption efficiency (Aa).
While the charge efficiency is the amount of ions adsorbed to the electrical charge, the
absorption efficiency is the amount of CO2 gas absorbed per electrical charge. Our results
show a promising value of A,~ 0.7 (corresponding to A= 0.8), which is close to values
expected from conventional MCDI. Furthermore, we report energy consumption values as
low as 40-50 k] /mol¢o, (at 0.2-0.6 A m™), which is comparable to other electrochemical
CO: capture systems. Nevertheless, the CO2 absorption rate was rather low due to the low
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current density applied, which was limited by the internal resistance. Two limiting factors
on the energy consumption were then identified, i.e., (i) the high ohmic internal resistance
caused by the low ionic conductivity of the COz-sparged solution and (ii) the loss of
absorption efficiency observed at long charging times.

In Chapter 3, we demonstrate that the CO2 gas can be directly fed into a capacitive
cell operated as CO2-CAPMIX. We refer to this feeding mode as “direct gas feeding” as
opposed to “solution feeding,” where CO2gas is first sparged into deionized water outside
the capacitive cell. By feeding the gas directly into the cell, the reactive and
electrosorption process directly co-occurs in the capacitive cell, thus avoiding the energy-
intensive CO2-sparging step. The direct gas feeding mode was tested with three different
cell designs, i.e., flat MCDI, wire-shaped MCDI, and a membrane electrode assembly (MEA)
cell designs. Among the cell design tested, the MEA design, inspired from PEM fuel cells,
shows the lowest internal resistance and the higher apparent membrane permselectivity
(=0.9), resulting in power output 100 times higher than conventional MCDI cells (0.05
against 4 mW m2). Overall, we conclude that an MEA is an interesting alternative to MCDI
cell design for capacitive cell design operated for the energy recovery from CO2 emissions.
Moreover, to further improve the power density, other strategies to decrease the internal
resistance should still be investigated.

Understanding the role of membranes and electrodes during CO; reactive
electrosorption (Chapter 4)

To understand the loss of absorption efficiency (A,) with time, we investigate in
Chapter 4 the individual role of the electrodes and ion exchange membranes in CO»-
(M)CDI. The role of membranes was characterized by testing different CDI configurations
with and without membranes. Moreover, the role of the electrodes was theoretically
investigated by adopting the amphoteric Donnan (amph-D) model for CO2-CDI. Our result
shows that the presence of membranes is essential to keep high values of A,, which has
been found two times higher in flat CO2-MCDI compared to flat CO2-CDI cell. Besides,
between both membranes, we show that the presence of the anion exchange membrane
largely contributes to a larger extent to increase A, compared to the cation exchange
membrane.

Concerning the behavior of the electrodes, a discrepancy between data and
theoretical results was observed, suggesting that other physicochemical mechanisms not
included in the amph-D could influence the CO: reactive electrosorption process. By
including the effect of ionization of surface chemical charge, a better fit was obtained
between the model and the data, thus showing the importance of the surface chemical
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charge on the CO2-CDI performance. We suggest investigating other properties, such as
ion-size selectivity, ion-valence selectivity, as well as the field dissociation effect.
Investigating such properties is also of interest for conventional CDI in mixture solutions
or acidic solutions.

Cell designs exploration to reduce the internal resistance (Chapter 3 5 and
6)

Reducing the internal resistance is a crucial challenge to tackle for developing CO»-
CDI and CO2-CAPMIX. Therefore, Chapters 3,5 and 6 focus on exploring different cell
designs to reduce the internal resistance. In this regard, the internal resistance was
separated into two contributions, i.e., ohmic (time-independent) and non-ohmic (time-
dependent) resistances.

In Chapter 3 (CO2-CAPMIX) and Chapter 5 (CO2-CDlI), the internal resistance of a flat
MCDI and MEA cell designs are compared. Our main results show that the MEA cell design
improves the internal resistance, to a certain extent. In Chapter 5, we demonstrate that
the MEA cell design significantly reduces the ohmic contribution of the internal resistance
(more than 100 times). Moreover, in chapters 5 and 6, we show that the internal
resistance of an MEA cell further decreases (more than five times) by coating the anode
and cathode with the same ionomer (more than five times). The reduced internal
resistance by coating the electrodes was attributed to a decrease of non-ohmic resistance.
Compared to a flat MCDI cell design, power densities 100 times higher were obtained with
an MEA cell with coated electrodes, and energy consumption decreased by more than 2.5
times in CO2-CDI. Nevertheless, the energy performance was lower than expected as the
reduced resistance occurs at the cost of lower ion selectivities in the MEA cell design. We
recommend investigating the ion selectivity mechanisms in MEA cell design to find
suitable strategies to improve the ion selectivity.

Discussion on CO2-CDI and CO.-CAPMIX (Chapter 7)

In Chapter 7, all the main results from previous chapters are summarized and
further discussed. The discussion is mostly focused on internal resistance and ion
selectivity (i.e., absorption efficiency in CO2-CDI and membrane potential in CO2-CAPMIX),
and possible strategies to improve them. Furthermore, we share and discuss our long-
term perspective for both technologies.
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