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CO, conversion is an important part of the transition towards clean fuels and chemicals. However, low
solubility of CO, in water and in agueous
electrochemical CO, reduction. This significantly limits the partial current densities towards any desired
CO,-reduction product. We propose using flowable suspension electrodes to spread the current over a
larger volume and alleviate mass transfer limitations, which could allow high partial current densities for
CO, conversion even in aqueous environments. To identify the requirements for a well-performing

its slow diffusion cause mass transfer limitations

suspension electrode, we use a transmission line model to simulate the local electric and ionic current
distributions throughout a channel and show that the electrocatalysis is best distributed over the
catholyte volume when the electric, ionic and charge transfer resistances are balanced. In addition, we
used electrochemical impedance spectroscopy to measure the different resistance contributions and
correlated the results with rheology measurements to show that particle size and shape impact the
ever-present trade-off between conductivity and flowability. We combine the modelling and
experimental results to evaluate which carbon type is most suitable for use in a suspension electrode for
CO; reduction, and predict a good reaction distribution throughout activated carbon and carbon black
suspensions. Finally, we tested several suspension electrodes in a CO, electrolyzer. Even though mass
transport limitations should be reduced, the CO partial current densities are capped at 2.8 mA cm™2,
which may be due to engineering limitations. We conclude that using suspension electrodes is
challenging for sensitive reactions like CO, reduction, and may be more suitable for use in other
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electrochemical conversion reactions suffering from mass transfer limitations that are less affected by

rsc.li/energy-advances competing reactions and contaminations.

Introduction

The high level of carbon dioxide (CO,) in our atmosphere is
causing notable climate change all over the world, and levels
are still rising. We need to significantly lower fossil fuel
emissions by transitioning towards clean energy, in order to
mitigate climate change." The most familiar and popular
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choice of renewable energy is green electricity, but this cannot
power all processes. For some applications this is due to
intermittency of wind and sunlight, while other sectors cannot
run on electricity and are likely to remain dependent on hydro-
carbons (e.g. cargo ships, planes, plastics and pharmaceuticals).”

We can introduce CO, circularity by using renewable,
synthetically produced hydrocarbons to replace fossil fuels.>™
Modern technologies can extract CO, from the air® or ocean,®
after which the CO, can be converted into fuels or chemicals.
Electrochemical CO, reduction is widely studied as a conver-
sion method because it requires only CO,, water and electricity
as input. Nevertheless, CO, electrolysis is only commercially
viable when operating at high current densities of at least
200 mA cm 2>’

The current density at which CO, can be converted is limited
by the availability of CO, at the catalyst surface.®*'® Because
CO, has a low solubility in water (34 mM, at ambient tempera-
ture and pressure'’), even low current densities cause CO,
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depletion at the electrode surface in aqueous reactors,'™'
while the remaining current drives the hydrogen evolution
reaction (HER).>®®'* This limits the maximum CO partial
current density to about 2 mA cm ™2 in aqueous systems that
rely on forced convection and diffusion.'* Bubble-induced
mixing'® and leveraging buffering reactions with bicarbonate®"”
can raise this up to tens of mA cm™?, which is still well below the
required 200 mA cm 2. Therefore, our challenge is to accelerate
CO, mass transport towards the electrode.

Several strategies to enhance mass transport have been
investigated, each with their own advantages and challenges.
The most widely applied strategy is to supply CO, in gas phase
instead of dissolved in an electrolyte. Examples of such electro-
lyzers are flow cells with a gas diffusion electrode (GDE),"®"°
membrane electrode assemblies (MEAs)**>> and solid oxide
electrolysis cells (SOECs).>*"*®> Using a gaseous CO, supply
significantly raises the CO, flux towards the electrode surface
and boosts the limiting current density. Although this concept
is promising, vapour-fed electrolyzers are delicate and compli-
cated systems. Challenges in scaling up include water manage-
ment at the porous electrode®®”” and drying out of ionic
separators.”®*® Additionally, stability issues occur due to differ-
ential pressure and electrowetting,®>”*° salt formation® and
degradation of carbon in the porous electrode.*® These com-
plications in GDE-based CO, electrolyzers raise the question
whether there are still unexplored strategies to circumvent the
mass transfer limitations in aqueous CO, reduction.

We propose to use suspension electrodes to alleviate mass
transfer limitations in CO, electrolyzers and boost the achiev-
able CO, reduction current density. In suspension electrodes,
electric charges are transported into the bulk of the electrolyte
by conductive networks of microparticles, or their capacitive
functionality.®" Using a suspension electrode brings several
potential advantages over using a conventional configuration,
including (1) the use of dissolved CO, in the full volume instead
of a thin layer at the cathode, (2) a lower local current density
inside the suspension because of the large surface area, and
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(3) flowing microparticles may induce additional mixing of
the electrolyte. While suspension electrodes have been studied
for various applications, including flow capacitors,®*** flow
batteries,** ¢ deionization technology®”*® and microbial fuel
cells,***° they have not been applied in electrochemical CO,
reduction. The conductivity and capacitance can be tuned
through material choice, particle loading, or addition of con-
ductive additives. High surface area carbon materials have high
capacitance, but are usually less conductive than graphitic
carbons with lower surface area.*’ The effects of suspension
material and loading, and the associated conductive networks,
capacitance and viscosity are yet unknown in CO, electrolyzers.

In this work, we identify the requirements for a well-performing
suspension electrode for electrochemical CO, reduction. We do
this by measuring important suspension properties, including
electric conductivity and viscosity. We use the results to model
local current densities inside the electrolyzer channel and find the
key parameters that determine when a suspension is used to its
full advantage. Finally, we test several suspension electrodes in a
CO, electrolyzer. Our findings can help in adapting the composi-
tion of suspension electrodes for use in mass transfer limited
electrochemical processes.

Concept

We propose to combine a CO, reduction flow cell with an
electrocatalytic suspension electrode. In such a configuration,
the flow cell consists of two flow channels through which
electrolyte is pumped continuously. The compartments are
separated by an ion exchange membrane. Our concept makes
use of a relatively inert current collector (such as glassy carbon
or graphite), while the CO, reduction reaction takes place at the
surface of suspended microparticles. A schematic representa-
tion of such a system is shown in Fig. 1.

The suspension electrode should consist of electrically con-
ductive and capacitive microparticles (typically between 5 and
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Fig. 1 Suspension based electrochemical flow system (left) and charge transfer mechanisms inside the flowing suspension electrode (right). Charge
transfer takes place through electric double layer charging (capacitive charge storage), electric conductivity via particle networks, and faradaic charge

transfer, in this example CO, reduction to CO.
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20 wt%*?) that are suspended in an electrolyte. A current is
applied to the suspension via a current collector and conducted
into the bulk via particle networks.*! Electric double layer (EDL)
formation facilitates charge storage inside a particle when it
temporarily detaches from a network.>' This capacitive effect
enables the particle to transfer the charge further into the
suspension or continue the reaction. A schematic of the charge
transfer mechanisms is shown in Fig. 1.

Suspension electrodes can be designed for many applica-
tions because their properties and functionality rely on their
composition.*' For example, highly porous carbon particles are
well-suited for use in applications that rely on high capacitance,
such as electrochemical flow capacitors (EFCs) and flow electrode
capacitive deionization (FCDI), while redox active materials can be
added to make a redox flow battery (RFB).>>*” Suspension electro-
des have been shown to work well in microbial fuel cells (MFCs) as
well. MFCs benefit significantly from the large surface area
provided by the microparticles.*>*® The increased surface area
allows for lower local current densities and higher capacitance.
The EDL acts as electron supply for the microbes while they are not
in contact with the current collector, and thus allows for longer
reaction time. We expect to see the same advantage in mass
transfer limited reactions, like aqueous CO, reduction.

Having high electric and ionic conductivity, and low viscos-
ity are important for minimizing Ohmic and pumping losses.*!
Although raising the particle loading significantly enhances
both electrical conductivity and capacitance, it also consider-
ably increases viscosity and thus decreases the flowability of the
system.*>** Alternatively, conductive additives can be added in
low amounts (up to 5 wt%) to boost conductivity. Depending on
material, size and shape, some microparticles and additives
have a lower impact on viscosity.*> However, achieving both
good electrical and good rheological properties in one suspen-
sion remains challenging.

As mentioned in the introduction, we expect higher limiting
current densities in suspension electrodes because of three
principles. First, using a suspension electrode allows for the
current to percolate through the whole flow channel, making
CO, in the whole channel volume available for reduction.
We can estimate how much additional CO, is made available
for reaction in our suspension cell compared to a plate electrode.
For our channel thickness of 3 mm, and CO, concentration of
34 mM, the compartment contains 10 pmol of CO, per (geo-
metric) cm”. Assuming that the electric current in a suspension
can reach the full compartment thickness and that he inter-
particle distance is smaller than the boundary layer thickness
(typically 100 pm), the complete 10 pmol of CO, per cm” is
available for reaction. In contrast, a plate electrode has charge
transfer only at the boundary of the channel and CO, molecules
need to travel towards it before they can be converted. In this
case, we need to consider the slow transport across the diffusion
boundary layer. We estimate the amount of CO, transported to

D
the electrode per second (1) from k= — with a mass

o
5 AcA’
transfer coefficient (k) in the order of 107> m s™* for a diffusion
coefficient (D) of 10~° m® s and a diffusion layer thickness (5) of
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100 pm,***” and a concentration difference between the surface
and bulk (c) of 34 mM, on an area (4) of 1 cm®. This results in only
0.2 pmol cm™ 2 being able to reach the flat electrode during a
residence time of 5 s. This is 50 times less than the 10 pmol of
CO, that can be reached by the suspension electrode. Hence,
suspension electrodes could increase the limiting current density
by a factor 50. In addition to having more CO, available due to the
larger reaction volume, the applied current density is spread over a
significantly larger surface area and the local current density can
be lowered by an order of magnitude compared to the geometrical
current density. This lowers the required charge transfer over-
potential and promotes selectivity towards the desired reaction.*®
Finally, solid phase particles have been shown to induce mixing in
the liquid phase in two-phase flows.*® This can further accelerate
CO, mass transfer towards the catalytic surface.

Methods
Modelling

We model the solid and liquid phase currents throughout
the channel to evaluate where the reaction is taking place
in suspensions of different particle types and loadings, and
electrolyte concentrations. We consider the suspension as a
porous electrode and use the transmission line model (TLM)
by Alfisi et al with the corresponding equivalent circuit
shown in Fig. 2b.>° The model considers two charge transfer
pathways, through the solid and liquid phases with resistances
(per unit length, Q cm ') Rg and R;, respectively as shown in
Fig. 2a. We use the solid resistance extracted from electro-
chemical impedance spectroscopy (EIS) measurements in the
next section (Experiments) to account for the temporality and
changeability of the porous network in the suspension. The
interfacial impedance between solid and liquid phase consists
of a volumetric charge transfer resistance R, (2 cm?), which
results in the faradaic current, and a volumetric double layer
capacitance Cy, (F cm™?) in parallel.*

The following governing eqn (1) and (2) are found by
defining the potential drops over infinitesimal elements in
the liquid and solid phase, respectively, and linking them
through the interfacial impedance:*®

!

dzﬁ”s R
2 _ACZ_g((pL — ¢s), (1)
Lor_ 4By~ ) @
dxz - ng L, Ps
in which
, 1 o\
s (Rct a4 ]) ( )

Here Ac is the cross-sectional area of the channel (cm?) and
the x-direction is taken to be across the flow channel, ranging
from x = 0 at the current collector to x = [. at the membrane.
We set the potential at x = 0 to be the applied potential (Vapp),
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(a) Schematics of the charge transfer pathways through the liquid, solid and interface of a suspension electrode, and (b) the corresponding

equivalent circuit used in the TLM model. The ionic and electric conductances are described using their resistances Ré and R,/_, respectively, while the

interfacial charge transfer consists of a capacitive EDL (C;]) and faradaic charge transfer (R’C’[).

and assume a completely ionic current at the membrane,
resulting in boundary conditions®®

0
@s(0,1) = Vapp»% =0. (4)

x=l

Additionally, we set the liquid potential at the membrane to
0, and assume a completely electric current at the electrode
interface, yielding®°

oL

(PL(lev Z) =0, Ox

= 0. )

x=0

With these boundary conditions, we solved the governing
eqn (1) and (2) numerically for low frequency o to approximate
DC voltages.

Experiments

The slurries were prepared by adding carbon material to 0.5 M
KHCO; (>99%, ThermoFisher Scientific) as a typical electrolyte
for CO, reduction,”>' under stirring. The suspensions were
sonicated (ultrasonic cleaner USC 500 TH, 45 kHz, VWR) for
30 minutes. The slurries consisted of 0-20 wt% activated
carbon (AC, 20 pum median particle size, 1000 m”> g *,
Norit SX Plus CAT, Sigma Aldrich), carbon black (CB, average
particle size of 50 nm, 250 m” g~ !, Vulcan XC-72, fuel cell store),
or 0-40 wt% glassy carbon spheres (gC, 10-20 pm glassy carbon
spherical powder, Alfa Aesar). In the suspensions used for
electrolysis, 25 wt% of the solid content was replaced by Ag
nanopowder (20-40 nm, 99.9%, Alfa Aesar) to function as
catalyst.

Rheology measurements were performed on carbon suspen-
sions without Ag nanopowder using a stress controlled
dynamic hybrid rheometer (TA Instruments, DHR-3). The rhe-
ometer was equipped with a Couette geometry consisting of a
stainless steel cup (diameter of 30 mm) with Peltier heating
element and stainless teel DIN rotor (28 mm diameter,
42.07 mm length). All measurements were performed while
maintaining a gap of 5917.1 um between the rotor and the
bottom of the cup, and a temperature of 25 °C. The shear rates

844 | Energy Adv., 2024, 3, 841-853

of interest ranged between 2 and 1000 s~ and were applied for
3-4 minutes. The suspension was pre-sheared at 2000 s *
before each measurement to erase memory and sedimentation
effects.””

The suspension impedance was measured under flow con-
ditions in a custom-made flow cell (Fig. S9, ESIT), incorporating
only one flow channel (3 mm thick PMMA) and no ion-
exchange membrane. The slurries were pumped (peristaltic
L/S precision bump system, Masterflex) upwards through the
channel between two graphite (99.95% rigid graphite, Good-
fellow) current collectors with four electrical connections. EIS
was performed with an Autolab potentiostat (PGSTAT302N,
Metrohm). A sinusoidal perturbation with a frequency range
from 0.1 to 10° Hz was applied with an amplitude of 5 mV
around the open circuit voltage (OCV).

EIS provides insight into properties, such as conductivity and
capacitance, of different processes in electrochemical systems.
These can be extracted by fitting the EIS data to an equivalent
circuit of the system. Because we run the EIS in a potential
window with only non-faradaic reactions, the equivalent circuit
deviates from that in Fig. 2b. A schematic of important processes
in suspension electrodes is shown in Fig. 3a, and can be used to
deduce a sensible equivalent circuit. The current applied to the
current collector can take various paths, namely it can charge the
EDL, with a capacitance Cgicc, and proceed as ionic current
through the electrolyte with a resistance R;. Alternatively, the
current can be electrically conducted into the suspension via a
contact resistance between the current collector and a particle
(Rcc-p), after which the current travels through the suspension via
particle networks and collisions. These consist of the carbon
material resistance (R,) and contact resistance between particles
(Rp-p)- Instead of transferring to another particle, electrons can be
stored in the EDL at a particle surface, which can be described as
an imperfect capacitance (Cq,p) in a constant phase element
(CPE). We combined the electrical elements corresponding to
these processes into the equivalent circuit shown in Fig. 3b and
used this to fit the EIS data.

Electrolysis was performed via chronopotentiometry in the
same suspension flow cell equipped with two flow channels

© 2024 The Author(s). Published by the Royal Society of Chemistry
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Fig. 3 Schematics of the (a) non-faradaic charge transfer pathways in a suspension electrode taking place near the open circuit voltage (OCV) and (b)
the equivalent circuit containing the corresponding electrical elements that was used for fitting the EIS data. The current is transferred between the
current collector to particles via a resistance Rcc_p. The particles have a material resistance Ry, an interparticle resistance R,_, and an imperfect
capacitance Cq, that can be fitted with a constant phase element (CPE). The current collector capacitance and electrolyte resistance are fitted as Cqi.cc

and R, respectively.

(as shown in Fig. S9, ESIt) separated by a Selemion anion
exchange membrane (100 um, AGC engineering) that was pre-
soaked in electrolyte. A graphite current collector, an Ir-/Ru-
oxide coated Ti-sheet (Permascand) anode, and a leak-free
Ag/AgCl reference electrode (LF-1-45, Alvatek) were used for
electrolysis. Both the catholyte (suspension) and anolyte (0.5 M
KHCO;) were saturated by sparging 50 mL min~" CO, for at
least 30 minutes before, and continuously purged and recircu-
lated (peristaltic L/S precision pump system, Masterflex) during
each experiment. A constant current density was applied with a an
IviumStat.h (+£5 A/£10 V, Ivium) for 45 minutes, during which
samples of the product gases were taken every 3-4 minutes from
the headspace of the catholyte reservoir and analyzed with an
inline gas chromatograph (CompactGC4.0, Interscience).

Results and discussion

Ratio of reaction and conduction resistances is key in electrode
utilization

We modelled the local current densities for different ratios of

R, with Rg and R; to evaluate the influence on electrode
utilization and reaction distribution. The current densities in
the solid and liquid phases are calculated with eqn (6) and (7)

respectively.*>?
. 1 o
s = A(;R/S ox (6)
. 1 dpp
= —— 7
= ek o 0

Fig. 4a-c show the relative contributions to the current that

are conducted through the solid (js/jiota) and liquid (ji/jiota1)
1/ . ! ! ] .

phase, at different ratios of R, with Ry and R; . A factor of Vs
€

included to match the units and allow for comparison of the

values, where V and . are the electrode volume and thickness,

respectively. The derivation of this factor is included in the

© 2024 The Author(s). Published by the Royal Society of Chemistry

ESL{ This factor depends on the geometry of the cell, and is
close to unity for our case (V = 2.5 cm®, I, = 0.3 cm). Fig. 4d-f
indicate the local charge transfer from the solid to the liquid
phase over the thickness of the channel.

When the normalized charge transfer resistance (R.,) is
much higher than the resistance of the solid and liquid phases
(Fig. 4a and d), the reaction distributes evenly over the full
channel. Consequently, the current through the solid phase
decreases linearly with increasing distance from the current
collector, while the current through the liquid accumulates
linearly (Fig. 4a). Hence, the faradaic current is constant
throughout the channel (Fig. 4d). Such a case resembles a
suspension electrode with the reaction occurring over the full
channel thickness. 1

The situation changes slightly when WR”

. is in the same
order of magnitude as the solid (Ry) and liquid (R;) phase
resistances, as shown in Fig. 4b and e. In this case, the faradaic
current can still be relatively equally distributed, but the ratio
between Ré and R; gains importance and determines at which
side of the channel the reaction is favoured. The system
minimizes the total resistance, causing the current to be carried
longer in the phase with the lowest resistance. For example,
when the solid resistance is low, the current tends to transfer
from the solid to the liquid phase later in the channel, pushing
the main reaction location towards the membrane (x = 3 mm).
Oppositely, the faradaic charge transfer occurs dominantly near
the current collector (x = 0 mm) in case of a higher solid phase
resistance. |

This effect is especially visible when WRIC/t is significantly
lower than either phase resistance (Fig. 4c and f), in which case
the reaction only occurs at the sides of the channel. For small
R.,, the interfacial current is divided over the current collector
and membrane region only when Rg and R; are equal, but is
otherwise localized at one side. Either situation gives a rela-
tively high local interfacial current, which does not optimally
leverage the suspension electrode concept and thus will not
help to alleviate mass transfer limitations.

Energy Adv., 2024, 3, 841-853 | 845
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Fig. 4 Modelled local currents throughout the electrolyzer channel for different ratios of solid and liquid conductivities and charge transfer resistance.
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A schematic representation of the TLM circuit is displayed at the bottom with the arrows indicating the intensity of the interfacial current and reaction in

1 u
that region. We show the results for different ratios of solid (o5) and liquid (o,) phase conductivities. (a) and (d) =R, is a factor 100 higher than, (b) and (e)

the same magnitude as, (c) and (f) and a factor 100 lower than R; and R;.

. . I p .
This means that the ratio between WRC‘ and Ry is crucial
€

for spreading the reaction over the whole channel and utilizing
the suspension electrode to its full advantage. The suspension
electrode would work well in case of a sluggish reaction, or in
case of highly conductive solid and liquid phases that ensure
that the faradaic charge transfer is the dominant resistance.
Alternatively, the solid and liquid phase resistances should
be well-matched whenever they near the charge transfer
resistance.

Particle size and shape impact conductivity and flowability
trade-off

As seen from the model, achieving electric and ionic conductivity
that are sufficiently high to compete with the faradaic charge
transfer is essential for optimizing suspension electrodes.

846 | Energy Adv, 2024, 3, 841-853

Vi,

However, producing a high electric conductivity of the suspen-
sion with good flowability is a well-known challenge.*>**
Raising the carbon loading is the most effective method for
improving conductivity, but it also significantly lowers the
flowability. However, we hypothesize that even though both
conductivity and viscosity have a relation to enhanced particle-
particle interaction, the relation is not necessarily linear and
may differ for different materials.”* Because both properties
are highly particle-dependent, we measured the viscosity and
conductivity of the three particle types used in this study.
We combine the data to determine which particle type has
the most favourable flowability-conductivity relation.

The rheology results for activated carbon (AC, 2-20 wt%),
carbon black (CB, 2-15 wt%) and glassy carbon spheres (GyC,
2-40 wt%) suspensions are shown in Fig. 5. Whereas the
slurries of all particle types show shear thinning behaviour,

© 2024 The Author(s). Published by the Royal Society of Chemistry
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we see a large difference in viscosity of several orders of
magnitude. The irregularly shaped particles (AC and CB) cause
significantly higher viscosity than the spherical particles (GyC)
at the same loading. The CB suspension, which contains the
smaller of the two irregularly shaped particle types, is the least
flowable; this material displays such a high viscosity and paste-
like consistency at 20 wt% that the sample could not be tested.
The glassy carbon spheres show a considerably lower viscosity,
with the most viscous GyC suspension of 40 wt% approximately
matching the 15 wt% AC slurry. In addition to being of
approximately the same size as the AC particles, the glassy
carbon particles have a spherical shape with a smooth surface.
This makes the contact areas between the particles smaller and
the smoothness of the surface imposes less friction during a
collision.>® OQur observations that smaller size and a more
irregular shape cause higher viscosity in the carbon suspen-
sions is in good agreement with existing literature.>
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Fig. 6 Measured conductivities and their dependence on (a) carbon loading

error bars give the error in the EIS fit) and on (b) stress as a result of varying viscosity and shear rates (shear rates between 15 and 75 s

Next, we consider the experimentally obtained electric con-
ductivities in Fig. 6a for all different concentrations of the
various particles. As could be expected from the viscosity
results, the glassy carbon spheres show the lowest conductivity
due to lack of inter-particle contact. Following the same train of
thought and considering the large difference that was observed
in viscosity between AC and CB, it is surprising that both
suspension types show similar conductivity up to a concen-
tration of 10 wt%, while CB surpasses AC only at a loading of
15 wt%. The sharp increase in conductivity between 10 and
15 wt% of CB suggests that the critical concentration for
forming extensive percolation networks lies in this region.*®
From this graph, one could select CB as the most conductive
particle type. However, we should keep in mind that this carbon
type also shows the highest viscosity by several orders of
magnitude in comparison to the AC and, even more so, in
comparison to the GyC suspensions.

b) 10 : : : :
8 15.wt% CB
L}
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w
o} ..
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o ...l by -
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for AC, CB, and GyC suspensions (darker colours indicate higher flow rates,
1, as relevant for

electrolysis experiments). The results show an increase in conductivity with loading for all carbon types. The relation between conductivity and stress is

highly dependent on particle type and most favourable for AC suspensions.
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We combined the data on rheology and conductivity to
address this issue and explore which particle type has the most
favourable conductivity-flowability relation. To incorporate the
results of our measurements at different pump rates, we plotted
the conductivities versus the imposed stress. The stress was
estimated by calculating the shear rate in the flow channel at
the employed flow speed and extracting the corresponding
viscosity from the rheological data. We estimated the shear
rate in the rectangular channel using eqn (S3) and (S4) in the
ESL1%

The combined conductivity and rheology data are shown in
Fig. 6b. For the AC and CB suspensions, conductivity indeed
increases with stress, but not at the same rate. The onset for
increasing conductivity in the AC graph is at a considerably
lower stress than in the CB graph, showing that the relation
between stress and conductivity is indeed dependent on parti-
cle type. Although AC does not give the most conductive slurry,
it does show a higher increase in conductivity with lower
increase in viscosity, and thus a more favourable trade-off
between conductivity and flowability. In contrast to Fig. 6a,
here AC appears to be the most suitable particle for a suspen-
sion electrode. A measurement with Ag NPs added to a 10 wt%
suspension (with a ratio 3:1 AC: Ag) suggests that the Ag NPs
can act as a conductive additive and increases the conduc-
tivity slightly without significantly influencing the flowability
(see Fig. S4, ESIY).

Furthermore, Fig. 6b shows the conductivity at three differ-
ent pump rates for each particle type and loading, with the data
points at higher stress corresponding to those at higher pump
rates. Although all suspensions are shear thinning in the region
of shear rates (15-75 s~ ') in which we conducted the conduc-
tivity measurements, faster pumping of AC suspensions
increases the conductivity while decreasing the viscosity. This
increased conductivity at faster pumping may be caused by
more frequent collisions between particles or more collisions
with the current collector at higher flow rates. The trend is
different for the CB electrodes. These show an optimum in
conductivity at the middle flow rate for most CB loadings, and
the highest concentration CB (15 wt%) even causes the con-
ductivity to drop for increased flow rate. We expect that this
effect is caused by the interplay between more frequent colli-
sions due to increased flow rate, the breaking of conductive
networks when exceeding their yield stress,”> and a higher
conductivity dependence on conductive networks due to lower
surface area and capacitance compared to AC.

Finally, the GyC suspensions are a special case, showing a
similar viscosity at 40 wt% as AC at 15 wt% and almost no
conductivity in the tested loading range. Although much higher
concentrations can be used at high flowability, the conductivity
is inferior to AC even for similar stress.

AC and CB give good modelled reaction distributions

We implement the measured conductivities for all carbon types
and loadings in the TLM, to determine the expected local
current density and how well each suspension would be suited
for use in a CO, electrolyzer. We used the particle-particle
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resistances (R,—p) found with EIS and the ion conductivity of the
electrolyte, adjusted with the Bruggeman equation (see ESIT), to
define Rg and R; in the TLM. We calculated R., with®**®

L ajonF
® = RT (8)

ct

in which a is the ratio of surface area per volume, j, the
exchange current density (estimated as shown in ESIf), n is
the number of electrons transferred in the reaction, and F, R,
and T are the Faraday constant, universal gas constant and the
temperature. For clarity, Fig. 7a-c show the local current
density in the solid phase only. The intersection with the y-
axis gives the total current density, which yields the liquid
current density via ji = jiotal — js-

The total current shifts to larger values with higher carbon
loadings due to lowered total resistance, showing that the loss
of electrolyte volume and thus electrolyte conductivity is lower
than the gain in solid conductivity upon raising the particle
concentration. This is a direct consequence of a relatively low
electric conductivity of suspensions (<8 mS cm™', Fig. 6)
compared to the ionic conductivity that can be reached at high
electrolyte concentrations (44 mS cm™ ' at 0.5 M KHCO3).

We saw that an even reaction distribution can be achieved if
all three resistances are in the same order of magnitude, or R,
is the limiting resistance. Fig. 7 shows the modelled local
current densities (Fig. 7a—c) and the corresponding slopes
(Fig. 7d-f) of AC, CB, and GyC suspensions at different carbon

1

! ! . .
. Rg and R; used in these simula-

loadings. The values for R
. . . 1 1/ !

tions are listed in Table S3 (ESIY). WRcl and R; are of the same

€

order of magnitude in all situations, causing R'S to be the
determining factor in how well the faradaic current is distrib-
uted over the channel. In case of AC and CB suspensions, the
particle loading can be increased sufficiently to lower Ré into

the same order of magnitude as R., and Ry, resulting in a more
linear decrease in current density through the channel (Fig. 7a
and b) and a relatively constant slope (Fig. 7d and e). This
indicates that even reaction distributions and a significant
faradaic current throughout the whole channel can be achieved
in suspensions of 15 and 20 wt% of AC, and 15 wt% of CB.

The resistances are even better matched at a lower electro-
Iyte concentration (0.1 M, see Fig. S6 in ESIt). This presents a
trade-off: when lowering the electrolyte concentration, the total
current is lower, but the current is more evenly distributed over
the thickness of the cell, which could allow a higher faradaic
efficiency for CO, conversion products. We can extrapolate the
TLM results to higher current densities by applying a higher
voltage (Fig. S7 and S8 for 0.5 and 0.1 M KHCO3, respectively,
ESIT). This results in a similar shape for all carbon types and
concentrations as for the original simulation at —1.5 V. This
shows that the reaction distribution is mostly dependent on the
ratio of R and R;, and is not negatively influenced at higher
voltages.

The less conductive GyC suspensions results in a much
more localized current near the current collector and a lower

© 2024 The Author(s). Published by the Royal Society of Chemistry
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Fig. 7 Modelled local current densities (top figures show js, ji can be found via ji = js|x = o — jslx) and interfacial currents (bottom figures) throughout the
electrolyzer channel for (a) and (d) AC, (b) and (e) CB and (c) and (f) GyC slurries. The highest currents and best interfacial current distribution can be
achieved in 20 wt% AC and 15 wt% CB suspensions, of which the AC suspension is the most applicable due to higher flowability. The CO, reduction
reaction is localized near the current collector in all GyC suspensions. All simulations have been run at an RZI of 10 Q cm?® and an applied potential of

—1.5 V versus the membrane (see ESI, for remaining input values).

total current density. The GyC conductivity is too low to drive
the reaction deeper into the channel, even at very high loadings
of 30 and 40 wt%. Therefore, we expect that CO, reduction can
benefit from a suspension electrode consisting of AC or CB
particles, of which AC is the most applicable due to its higher
flowability.

Suspension electrodes show low selectivity for CO, reduction

We experimentally assessed several suspension compositions
in our CO, electrolyzer setup. We show the achieved partial CO
current densities in Fig. 8. Although all suspensions show some
activity for CO, reduction, they produce considerably larger
amounts of H, (see Table S4 and Fig. S10, ESIt). We reached the
highest partial CO current density of 2.8 mA cm > in one
experiment with 5 wt% CB, but in general the 15 wt% GyC
suspension gave the most consistent trend in performance with
the highest partial CO current density at 1.6 mA cm 2. This is

© 2024 The Author(s). Published by the Royal Society of Chemistry

surprising, as we expected the GyC suspensions to have the
lowest performance due to the significantly lower conductivity.
Additionally, we expected to see a clear trend in performance
with increased AC loading, based on our TLM results. Instead,
all suspensions give a similar partial CO current density, with
no differences in low and high conductivity, as can be seen
clearly from the AC graph (Fig. 8a) in which the 2 and 20 wt%
AC suspensions reach roughly the same CO current density.
Due to this lack of trend in CO production with increased
conductivity, we suspect that a different issue is outweighing
the importance of suspension conductivity. This can be a
number of engineering issues. For example, the average CO-
selectivity is in the order of AC < CB < GyC, which follows the
same trend as (1) the specific surface area of the powders, and
(2) the concentrations of several metal contaminations in the
powders (see Fig. S11, ESIT). This makes us suspect that the
large amount of active sites provided by the carbon particles

Energy Adv, 2024, 3, 841-853 | 849
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NPs. The cell setup contained 3 mm thick flow channels, separated by a Selemion anion exchange membrane. In each experiment, a graphite or glassy

carbon plate current collector was used, and the liquid flow rate was varied between 9 and 18 mm s

conditions, ESIT).

and metal contaminations catalyze the HER at the expense of
CO, reduction. Although high-surface area carbons are often
used for adsorption of CO and other compounds, the high FE
for H, included in Table S4 (ESIT) shows that adsorption of CO
(and other CO, reduction products) is not significantly lowering
the jco that we observe. Additionally, we suspect that our
system suffers from a poor CO, supply into the flow channel
because of two likely causes. (1) Sparging CO, into the reservoir
may be too slow a saturation method to keep up with the CO,
consumption rate, causing the bulk CO, concentration to drop
over time.®® And (2) vortices indicating backflow were visible
near the outlet inside the flow channel during experiments with
the slightly more transparent suspensions. Therefore, we sus-
pect that the viscous suspensions prevent efficient flushing
with fresh (CO,-rich) electrolyte in our flow channel design.
This hypothesis is supported by an increase in partial current
density up to 2.7-3.3 mA cm > when using a 5 wt% AC
suspension in combination with a smaller current collector
area (Table S5, ESIt). Using a smaller electrode area at the same
current density lowers the CO, consumption and diminishes
issues like slow CO,-resaturation in the reservoir and ineffec-
tive flushing of the flow channel with fresh electrolyte.
Although the TLM predicts two out of three suspension
types to have sufficient conductivity for good performance,
the practical issues described above are the likely cause for
the inconsistency between the TLM predictions and the experi-
mental CO, electrolysis results and complicate the engineering
of good suspension electrodes. As a result, the suspensions
could not match the performance of state of the art GDEs,
which can reach current densities of —200 mA cm ™. Compar-
ing GDE-based and suspension-based CO, electrolyzers, both
technologies possess advantages and drawbacks in their opera-
tion. The silver loading per geometrical area of our system
(7.5 mg em™?) is slightly higher than in typical carbon-based

850 | Energy Adv, 2024, 3, 841-853

~1 (see Table S4 for additional experimental

GDEs (1 mg cm™?) before optimization. A lower Ag content
(AC:Ag = 10:1) at 20 wt% solids produced similar low CO
production (Table S6, ESIT) which suggest that the amount of
Ag is not critical. Hence, the total amount of silver in suspen-
sion electrode may be optimized to similar quantities to those
in GDEs and significantly lower than in alternative technologies
like silver-based GDEs that consist almost completely (97%) of
silver.®’ Additionally, GDEs are complex structures to construct
and they suffer from stability issues like carbon-degradation
and electrowetting.?*° Suspension electrodes can be produced
from cheap carbon powders and the Ag catalyst can be incor-
porated by simple mixing, but these capacitive materials often
contain contaminations that catalyze the HER to compete with
CO, reduction, and their flowability and stability during long-
term operation are still under investigation.®>®* Flowable elec-
trodes with a solid content of 5-20 wt%, depending on the
particle type, are used throughout literature without significant
clogging issues.*>**

Conclusions

We modelled the local current densities in suspension electro-
des with a transmission line model (TLM), and experimentally
determined the electrode performances for CO, reduction.
Ideally, the faradaic reaction is distributed evenly over the
whole depth of the flowable electrode. We used the model
to study the required conditions to achieve this situation.
We varied the ratio of solid and liquid phase resistances, in
combination with high and low charge transfer resistance. The
reaction is most evenly distributed when either charge transfer
is the dominant resistance, or all three resistances are of a
similar magnitude. When the charge transfer resistance is
significantly lower than the solid and liquid phase resistivities,

© 2024 The Author(s). Published by the Royal Society of Chemistry
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the reaction is always localized at the edges, losing the benefits
of using a suspension electrode.

Choosing a highly conductive suspension is therefore cru-
cial for the electrolyzer performance. Although the conductivity
is most easily improved by increasing the carbon loading,
this also significantly affects the viscosity. Unfortunately, the
maximum carbon loading that maintains flowability limits the
conductivity to 8 mS cm™*. Measuring the conductivity and
rheology of small (CB) and larger irregularly shaped (AC)
particles, and spherical (GyC) particles showed that the most
viscous slurries do not necessarily yield the most conductive
suspension. The relation between stress and conductivity is not
linear and demonstrates that activated carbon has the highest
conductivity when compared at equal stress, closely followed by
carbon black.

When using experimentally obtained conductivities in the
TLM, a good reaction distribution for the more conductive
carbon materials is predicted. Instead, suspensions with car-
bon materials that feature lower conductivity should induce
reactions only close to the current collector. Consequently, our
modelling results predict the best catalytic performance in
20 wt% AC suspensions or 15 wt% CB.

However, our experiments showed no trends in achieved
partial CO current density with carbon loading or conductivity,
while we reached the best catalytic performance with joo of
2.8 and 1.6 mA cm™* with the least conductive suspensions
(5 wt% CB and 15 wt% GyC). These contradicting results may
have been caused by several engineering limitations, such as
flow cell design, metal contaminations in the carbon powders,
or poor CO,-saturation of the electrolyte. We suspect that the
CO, reduction is too sensitive to contaminations, competing
hydrogen evolution at the large surface area of the carbon, and
CO, dissolution limitations.

Although we achieved poor performance for CO, electrolysis,
our modelling results suggest that suspension electrodes can
be applied in other mass transfer limited reactions. This could
be a step towards intensifying electrochemical conversion
processes that currently suffer from low limiting currents and
are not sensitive to competing reaction and contaminations.

Author contributions

All authors have given approval to the final version of the
manuscript.

Conflicts of interest

The authors declare no competing financial interests.

Acknowledgements

This project has received funding from the European Research
Council (ERC) under the European Union’s Horizon 2020
research and innovation programme (Grant agreement No
852115). This work reflects the authors’ view and the ERC

© 2024 The Author(s). Published by the Royal Society of Chemistry

View Article Online

Paper

Executive Agency is not responsible for any use resulting from
the information it contains.

References

1 H. Geoffrey and N. Marcus, Glasgow climate pact: a step on
the way towards a lower carbon dioxide world, Proc. Inst. Civ.
Eng.: Energy, 2022, 175(1), 8.

2 M. Jouny, W. Luc and F. Jiao, General Techno-Economic
Analysis of CO, Electrolysis Systems, Ind. Eng. Chem. Res.,
2018, 57(6), 2165-2177.

3 P. De Luna, C. Hahn, D. Higgins, S. A. Jaffer, T. F. Jaramillo
and E. H. Sargent, What would it take for renewably
powered electrosynthesis to displace petrochemical pro-
cesses?, Science, 2019, 364(6438), eaav3506.

4 A. Otto, T. Grube, S. Schiebahn and D. Stolten, Closing the
loop: captured CO, as a feedstock in the chemical industry,
Energy Environ. Sci., 2015, 8(11), 3283-3297.

5 D. W. Keith, G. Holmes, D. St. Angelo and K. Heidel,
A Process for Capturing CO, from the Atmosphere, Joule,
2018, 2(8), 1573-1594.

6 R. Sharifian, R. M. Wagterveld, I. A. Digdaya, C. Xiang and
D. A. Vermaas, Electrochemical carbon dioxide capture to
close the carbon cycle, Energy Environ. Sci., 2021, 14(2),
781-814.

7 S. Verma, B. Kim, H.-R. M. Jhong, S. Ma and P. J. A. Kenis,
A Gross-Margin Model for Defining Technoeconomic
Benchmarks in the Electroreduction of CO,, ChemSusChem,
2016, 9(15), 1972-1979.

8 E. W. Lees, B. A. W. Mowbray, F. G. L. Parlane and C. P.
Berlinguette, Gas diffusion electrodes and membranes for
CO, reduction electrolysers. Nature Reviews, Materials,
2022, 7(1), 55-64.

9 S. Garg, M. Li, A. Z. Weber, L. Ge, L. Li and V. Rudolph,
et al., Advances and challenges in electrochemical CO,
reduction processes: an engineering and design perspective
looking beyond new catalyst materials, J. Mater. Chem. A,
2020, 8(4), 1511-1544.

10 D. M. Weekes, D. A. Salvatore, A. Reyes, A. Huang and
C. P. Berlinguette, Electrolytic CO, Reduction in a Flow
Cell, Acc. Chem. Res., 2018, 51(4), 910-918.

11 N. Gupta, M. Gattrell and B. MacDougall, Calculation for the
cathode surface concentrations in the electrochemical
reduction of CO, in KHCO; solutions, J. Appl. Electrochem.,
2006, 36(2), 161-172.

12 M. Liu, Y. Pang, B. Zhang, P. De Luna, O. Voznyy and J. Xu,
et al., Enhanced electrocatalytic CO, reduction via field-
induced reagent concentration, Nature, 2016, 537(7620),
382-386.

13 T. Burdyny and W. A. Smith, CO, reduction on gas-diffusion
electrodes and why catalytic performance must be assessed
at commercially-relevant conditions, Energy Environ. Sci.,
2019, 12(5), 1442-1453.

14 L. M. Baumgartner, A. Kahn, M. Hoogland, J. Bleeker,
W. F. Jager and D. A. Vermaas, Direct Imaging of Local

Energy Adv., 2024, 3, 841-853 | 851


http://creativecommons.org/licenses/by/3.0/
http://creativecommons.org/licenses/by/3.0/
https://doi.org/10.1039/d3ya00611e

Open Access Article. Published on 15 March 2024. Downloaded on 1/10/2026 10:47:43 PM.

Thisarticleislicensed under a Creative Commons Attribution 3.0 Unported Licence.

(cc)

Paper

15

16

17

18

19

20

21

22

23

24

25

26

27

28

29

pH Reveals Bubble-Induced Mixing in a CO, Electrolyzer,
ACS Sustainable Chem. Eng., 2023, 11(28), 10430-10440.

T. Burdyny, P. J. Graham, Y. Pang, C.-T. Dinh, M. Liu and E. H.
Sargent, et al, Nanomorphology-Enhanced Gas-Evolution
Intensifies CO, Reduction Electrochemistry, ACS Sustainable
Chem. Eng., 2017, 5(5), 4031-4040.

T. Li, E. W. Lees, M. Goldman, D. A. Salvatore, D. M. Weekes
and C. P. Berlinguette, Electrolytic Conversion of Bicarbo-
nate into CO in a Flow Cell, joule, 2019, 3(6), 1487-1497.
Y. C. Li, G. Lee, T. Yuan, Y. Wang, D.-H. Nam and Z. Wang,
et al., CO, Electroreduction from Carbonate Electrolyte, ACS
Energy Lett., 2019, 4(6), 1427-1431.

D. Higgins, C. Hahn, C. Xiang, T. F. Jaramillo and
A. Z. Weber, Gas-Diffusion Electrodes for Carbon Dioxide
Reduction: A New Paradigm, ACS Energy Lett., 2019, 4(1),
317-324.

B. Kim, F. Hillman, M. Ariyoshi, S. Fujikawa and P. J. A.
Kenis, Effects of composition of the micro porous layer and
the substrate on performance in the electrochemical
reduction of CO, to CO, J. Power Sources, 2016, 312, 192-198.
L. Ge, H. Rabiee, M. Li, S. Subramanian, Y. Zheng and J. H.
Lee, et al., Electrochemical CO, reduction in membrane-
electrode assemblies, Chem, 2022, 8(3), 663-692.

L.-C. Weng, A. T. Bell and A. Z. Weber, Towards membrane-
electrode assembly systems for CO, reduction: a modeling
study, Energy Environ. Sci., 2019, 12(6), 1950-1968.

S. Matsuda, S. Yamanaka and M. Umeda, Influence of Water
Molecules on CO, Reduction at the Pt Electrocatalyst in the
Membrane Electrode Assembly System, ACS Appl. Mater.
Interfaces, 2023, 15(36), 42676-42684.

E. Tezel, A. Whitten, G. Yarema, R. Denecke, J.-S. McEwen
and E. Nikolla, Electrochemical Reduction of CO, using
Solid Oxide Electrolysis Cells: Insights into Catalysis by
Nonstoichiometric Mixed Metal Oxides, ACS Catal., 2022,
12(18), 11456-11471.

Y. Song, X. Zhang, K. Xie, G. Wang and X. Bao, High-
Temperature CO, Electrolysis in Solid Oxide Electrolysis Cells:
Developments, Challenges, and Prospects, Adv. Mater., 2019,
31(50), 1902033.

L. Zhang, S. Hu, X. Zhu and W. Yang, Electrochemical
reduction of CO, in solid oxide electrolysis cells, J. Energy
Chem., 2017, 26(4), 593-601.

B. De Mot, J. Hereijgers, M. Duarte and T. Breugelmans,
Influence of flow and pressure distribution inside a gas
diffusion electrode on the performance of a flow-by CO,
electrolyzer, Chem. Eng. J., 2019, 378, 122224.

L. M. Baumgartner, C. I. Koopman, A. Forner-Cuenca and
D. A. Vermaas, Narrow Pressure Stability Window of Gas
Diffusion Electrodes Limits the Scale-Up of CO, Electroly-
zers, ACS Sustainable Chem. Eng., 2022, 10(14), 4683-4693.
K. V. Petrov, J. C. Bui, L. Baumgartner, L.-C. Weng, S. M.
Dischinger and D. M. Larson, et al., Anion-exchange mem-
branes with internal microchannels for water control in CO,
electrolysis, Sustainable Energy Fuels, 2022, 6(22), 5077-5088.
B. De Mot, M. Ramdin, ]J. Hereijgers, T. J. H. Vlugt and
T. Breugelmans, Direct Water Injection in Catholyte-Free

852 | Energy Adv, 2024, 3, 841-853

30

31

32

33

34

35

36

37

38

39

40

41

42

43

View Article Online

Energy Advances

Zero-Gap Carbon Dioxide Electrolyzers, ChemElectroChem,
2020, 7(18), 3839-3843.

K. Yang, R. Kas, W. A. Smith and T. Burdyny, Role of the
Carbon-Based Gas Diffusion Layer on Flooding in a Gas
Diffusion Electrode Cell for Electrochemical CO, Reduction,
ACS Energy Lett., 2021, 6(1), 33-40.

A. Rommerskirchen, A. Kalde, C. J. Linnartz, L. Bongers,
G. Linz and M. Wessling, Unraveling charge transport in
carbon flow-electrodes: Performance prediction for desali-
nation applications, Carbon, 2019, 145, 507-520.

F. Summer, V. Zadin, S. S. Nakshatharan, A. Aabloo and
J. Torop, Optimization of Electrochemical Flow Capacitor
(EFC) design via finite element modeling, J. Energy Storage,
2020, 29, 101304.

V. Presser, C. R. Dennison, J. Campos, K. W. Knehr,
E. C. Kumbur and Y. Gogotsi, The Electrochemical Flow
Capacitor: A New Concept for Rapid Energy Storage and
Recovery. Advanced Energy, Materials, 2012, 2(7), 895-902.
F. Soavi, A. Brilloni, F. De Giorgio and F. Poli, Semi-solid
lithium/oxygen flow battery: an emerging, high-energy tech-
nology, Curr. Opin. Chem. Eng., 2022, 37, 100835.

H. Chen, Y. Liu, X. Zhang, Q. Lan, Y. Chu and Y. Lij, et al.,
Single-component slurry based lithium-ion flow battery
with 3D current collectors, J. Power Sources, 2021, 485,
229319.

A. Brilloni, F. Poli, G. E. Spina, D. Genovese, G. Pagnotta and
F. Soavi, Improving the Electrical Percolating Network of
Carbonaceous Slurries by Superconcentrated Electrolytes:
An Electrochemical Impedance Spectroscopy Study, ACS
Appl. Mater. Interfaces, 2021, 13(11), 13872-13882.

W. Zhang, W. Xue, K. Xiao, C. Visvanathan, J. Tang and
L. Li, Selection and optimization of carbon-based electrode
materials for flow-electrode capacitive deionization, Sep.
Purif. Technol., 2023, 315, 123649.

J. Ma, C. Zhai and F. Yu, Review of flow electrode capacitive
deionization technology: Research progress and future chal-
lenges, Desalination, 2023, 564, 116701.

C. Borsje, T. Sleutels, W. Zhang, W. Feng and C. J. N.
Buisman, Heijne At. Making the best use of capacitive
current: Comparison between fixed and moving granular
bioanodes, J. Power Sources, 2021, 489, 229453.

A. Deeke, T. H. J. A. Sleutels, T. F. W. Donkers, H. V. M.
Hamelers, C. J. N. Buisman and A. Ter Heijne, Fluidized
Capacitive Bioanode As a Novel Reactor Concept for the
Microbial Fuel Cell, Environ. Sci. Technol., 2015, 49(3),
1929-1935.

M. Mourshed, S. M. R. Niya, R. Ojha, G. Rosengarten,
J. Andrews and B. Shabani, Carbon-based slurry electrodes
for energy storage and power supply systems. Energy
Storage, Materials, 2021, 40, 461-489.

C. Zhang, J. Ma, L. Wu, J. Sun, L. Wang and T. Li, et al., Flow
Electrode Capacitive Deionization (FCDI): Recent Develop-
ments, Environmental Applications, and Future Perspec-
tives, Environ. Sci. Technol., 2021, 55(8), 4243-4267.

K. Y. Choo, C. Y. Yoo, M. H. Han and D. K. Kim, Electro-
chemical analysis of slurry electrodes for flow-electrode

© 2024 The Author(s). Published by the Royal Society of Chemistry


http://creativecommons.org/licenses/by/3.0/
http://creativecommons.org/licenses/by/3.0/
https://doi.org/10.1039/d3ya00611e

Open Access Article. Published on 15 March 2024. Downloaded on 1/10/2026 10:47:43 PM.

Thisarticleislicensed under a Creative Commons Attribution 3.0 Unported Licence.

(cc)

Energy Advances

44

45

46

47

48

49

50

51

52

53

54

capacitive deionization, J. Electroanal. Chem., 2017, 806,
50-60.

K. B. Hatzell, M. Boota and Y. Gogotsi, Materials for
suspension (semi-solid) electrodes for energy and water
technologies, Chem. Soc. Rev., 2015, 44(23), 8664-8687.

B. Akuzum, P. Singh, D. A. Eichfeld, L. Agartan, S. Uzun and
Y. Gogotsi, et al., Percolation Characteristics of Conductive
Additives for Capacitive Flowable (Semi-Solid) Electrodes,
ACS Appl. Mater. Interfaces, 2020, 12(5), 5866-5875.

M. J. W. Frank, J. A. M. Kuipers and W. P. M. van Swaaij,
Diffusion Coefficients and Viscosities of CO, + H,0, CO, +
CH;0H, NH; + H,0, and NH; + CH3;OH Liquid Mixtures,
J. Chem. Eng. Data, 1996, 41(2), 297-302.

S. Chinnathambi, M. Ramdin and T. J. H. Vlugt, Mass
Transport Limitations in Electrochemical Conversion of
CO, to Formic Acid at High Pressure, Electrochem, 2022,
3(3), 549-560.

J. W. Haverkort, A theoretical analysis of the optimal elec-
trode thickness and porosity, Electrochim. Acta, 2019, 295,
846-860.

M. Souzy, H. Lhuissier, E. Villermaux and B. Metzger,
Stretching and mixing in sheared particulate suspensions,
J. Fluid Mech., 2017, 812, 611-635.

D. Alfisi, A. N. Shocron, R. Gloukhovski, D. A. Vermaas and
M. E. Suss, Resistance Breakdown of a Membraneless
Hydrogen-Bromine Redox Flow Battery, ACS Sustainable
Chem. Eng., 2022, 10(39), 12985-12992.

G. Marcandalli, A. Goyal and M. T. M. Koper, Electrolyte
Effects on the faradaic Efficiency of CO, Reduction to CO on
a Gold Electrode, ACS Catal., 2021, 11(9), 4936-4945.

J. B. Hipp, Structure, Rheology, and Electrical Conductivity of
High-Structured Carbon Black Suspensions, University of
Delaware, 2020.

J. Huang and J. Zhang, Theory of Impedance Response of
Porous Electrodes: Simplifications, Inhomogeneities, Non-
Stationarities and Applications, J. Electrochem. Soc., 2016,
163(9), A1983-A2000.

M. S. Alfonso, H. Parant, J. Yuan, W. Neri, E. Laurichesse
and K. Kampioti, et al., Highly conductive colloidal carbon

© 2024 The Author(s). Published by the Royal Society of Chemistry

55

56

57

58

59

60

61

62

63

64

View Article Online

Paper

based suspension for flow-assisted electrochemical systems,
iScience, 2021, 24(5), 102456.

J. W. Campos, M. Beidaghi, K. B. Hatzell, C. R. Dennison,
B. Musci and V. Presser, et al, Investigation of carbon
materials for use as a flowable electrode in electrochemical
flow capacitors, Electrochim. Acta, 2013, 98, 123-130.

J. Lohaus, D. Rall, M. Kruse, V. Steinberger and M. Wessling,
On charge percolation in slurry electrodes used in vanadium
redox flow batteries, Electrochem. Commun., 2019, 101, 104-108.
C. Miller, Predicting Non-Newtonian Flow Behavior in Ducts
of Unusual Cross Section, Ind. Eng. Chem. Fundam., 1972,
11(4), 524-528.

J. S. Newman and C. W. Tobias, Theoretical Analysis of
Current Distribution in Porous Electrodes, J. Electrochem.
Soc., 1962, 109(12), 1183.

Q. Chen, M. R. Gerhardt and M. ]. Aziz, Dissection of the
Voltage Losses of an Acidic Quinone Redox Flow Battery,
J. Electrochem. Soc., 2017, 164(6), A1126-A1132.

J. F. Pérez, ]J. Llanos, C. Saez, C. Lopez, P. Cafizares and
M. A. Rodrigo, Towards the scale up of a pressurized-jet
microfluidic flow-through reactor for cost-effective electro-
generation of H,0,, J. Cleaner Prod., 2019, 211, 1259-1267.
L. M. Baumgartner, A. Goryachev, C. I. Koopman, D. Franzen,
B. Ellendorft and T. Turek, et al, Electrowetting limits electro-
chemical CO, reduction in carbon-free gas diffusion electrodes,
Energy Adv., 2023, 2(11), 1893-1904.

W. Zhang, W. Xue, C. Zhang and K. Xiao, Towards long-term
operation of flow-electrode capacitive deionization (FCDI):
Optimization of operating parameters and regeneration of
flow-electrode, Heliyon., 2024, 10(2), e24940.

C. Zhang, L. Wu, J. Ma, M. Wang, J. Sun and T. D. Waite,
Evaluation of long-term performance of a continuously
operated flow-electrode CDI system for salt removal from
brackish waters, Water Res., 2020, 173, 115580.

S. Porada, D. Weingarth, H. V. M. Hamelers, M. Bryjak,
V. Presser and P. M. Biesheuvel, Carbon flow electrodes
for continuous operation of capacitive deionization and
capacitive mixing energy generation, J. Mater. Chem. A,
2014, 2(24), 9313-9321.

Energy Adv., 2024, 3, 841-853 | 853


http://creativecommons.org/licenses/by/3.0/
http://creativecommons.org/licenses/by/3.0/
https://doi.org/10.1039/d3ya00611e



