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1
GENERAL INTRODUCTION

1.1. THE NEED FOR ELECTRIFYING OUR SOCIETY
The negative impact of our large-scale use of fossil fuels and chemicals on the environ-
ment is driving our need to decarbonize society and accelerate the energy transition.
Although sustainable alternatives are emerging for many applications, such as electric
cars and heat pumps to reduce the use of petrol and natural gas, many energy-intensive
and environmentally unfriendly industrial processes and essential hydrocarbons cannot
be discarded, nor are they easy to replace. Here, one could think of fuel for cargo ships
or planes, precursors for carbon-based products (e.g. paints, pharmaceuticals, plastics),
or synthesis processes of vital chemicals like fertilizers or disinfectants. Replacing such
processes and chemicals by green alternatives is an ongoing challenge and will be crucial
for mitigating the climate crisis.

Electrochemistry can provide a direct bridge between renewable electricity and ma-
terial synthesis, and it can aid in the transition from our carbon-based industry to an
electrified green industry. Electrochemistry uses electrons, which can be generated from
renewable sources, to drive reactions or other processes to provide a sustainable alter-
native to established industrial processes. A well-known example is water electrolysis
to produce hydrogen as a green fuel, but electrochemical systems can be used for many
more applications such as ammonia production[1, 2], energy storage[3, 4], water desali-
nation[5], and (microbial) fuel cells[6, 7].[8]

Two specific processes are studied in this thesis.

1. Electrochemical carbon dioxide (CO2) reduction, used to produce carbon-based
chemical compounds (CO, CH4, CH3OH etc.) that are otherwise obtained from
fossil fuels. Converting and utilizing CO2 that has been captured from the atmo-
sphere through direct air-[9] or oceanic[10] capture closes the carbon cycle and
lowers CO2 emissions while it enables us to continue using conventional fuels and
materials.[11]

1
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2. The oxygen reduction reaction (ORR), which is a sustainable method for hydro-
gen peroxide (H2O2) production. H2O2 is a green oxidant in high and increas-
ing demand for use in a wide variety of applications, including chemical synthe-
sis[12], advanced water treatment methods[13], and fuel cells[14].[15] The cur-
rently used production process for H2O2 is highly energy-intensive, environmen-
tally unfriendly, and in great need of replacement by a green alternative such as
the electrochemical ORR.[16]

1.2. CHALLENGES IN APPLYING ELECTROCHEMICAL SYSTEMS
Although they are promising, electrochemical processes are challenging to industrialize
due to the high benchmarks posed to achieve economic viability and to become cost
competitive with current established processes. Keeping with the example of CO2 elec-
trolysis, a CO2 electrolyzer should have a Faradaic efficiency (FE) of at least 95% at high
current densities of at least 200 mA/cm2 while operating at a low cell potential of max-
imum 3 V[17], and being able to operate at these standards for several years to be con-
sidered economically viable.[18–20] Some of these requirements can be fulfilled at lab
scale, but they are hard to maintain in larger systems.

Water-based electrochemical systems offer the advantages of easily achieved ionic
conductivity, separation of gaseous products, and heat management, but they suffer
from low solubility and slow diffusion of reagents. The reagents used in these tech-
nologies, including CO2 and O2 electrolyzers, are often gases and are poorly soluble in
aqueous electrolytes, which results in very low reagent concentrations in the bulk. The
consumption rate at the electrode increases with the applied current density, and the
reagent concentration at the catalyst surface decreases accordingly when diffusion to-
wards the electrode is slower, as shown in Figure 1.1. This intensifies competition with
undesired parasitic reactions, such as the hydrogen evolution reaction (HER) in the case
of aqueous CO2 reduction, at higher current densities.

The highest current that can be achieved, the limiting current density, is thus often
dependent on how fast the reagent can be resupplied to the surface. This depends on its
mass transfer rate from the bulk (where the concentration is at its maximum) to the sur-
face (where the concentration is low). How fast this transport is, depends on the distance
that needs to be travelled (the diffusion boundary layer thickness) and the concentration
difference that drives diffusion across this distance.

The limiting current density is therefore highly dependent on reagent solubility and
mass transport. In aqueous CO2 reduction, the typical diffusion boundary layer thick-
ness is in the order of 100-1000 µm and the maximum concentration of CO2 at atmo-
spheric pressure is 34 mM. This combination of a thick diffusion boundary layer with
such low solubility leads to a limiting current density of only 2 mA/cm2 in systems that
rely on forced convection and diffusion.[21] This is considerably lower than the required
200 mA/cm2. Significant improvements are needed to realize economically viable sys-
tems.
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Figure 1.1: Schematic of an aqueous CO2 electrolyzer and a zoom-in, showing the influence of increasing the
applied current density ( j ) on the concentration gradient inside the diffusion boundary layer (DBL) and on the
resulting surface concentration (cs ) of the reagent. The limiting current density ( jl i m ) is reached when cs = 0
M.

1.3. EXISTING TECHNOLOGIES ARE COMPLICATED TO SCALE UP
Some systems that overcome mass transfer limitations are currently under development.
These systems usually employ a Gas Diffusion Electrode (GDE), in which the low solubil-
ity and slow mass transport are resolved by feeding the reagent in the gas phase instead
of dissolved in an electrolyte.[22, 23] The gas is flowed past a hydrophobic porous elec-
trode that prevents flooding and allows gas to pass through to reach catalytically active
particles that are deposited on the other side. This significantly increases the reagent flux
towards the active surface and boosts the achievable current density and FE as a result.

Although the results are promising, these systems are delicate and difficult to scale
to industrially relevant proportions due to multiple issues. Especially water manage-
ment[24, 25] and stability issues pose challenges. These include flooding due to the dif-
ference in hydrostatic pressure over the porous GDE and electrowetting[24–26], salt for-
mation[27], electrode degradation[26], and drying out of ionic separators[28, 29]. These
challenges in gas-fed systems, and the intrinsic advantage of stable water management
and salt control in aqueous-based systems, inspired us to search for an alternative route
for mitigating mass transfer limitations, while providing a more robust and scalable sys-
tem.

1.4. OUR CONCEPT: VOLUME-BASED ELECTRODES
In this thesis, we study a new strategy to boost the limiting current: by bringing the cat-
alyst towards the reagent instead of depending on slow mass transfer towards the elec-
trode. We achieve this by extending the electrode deeper into the channel, which brings
both the current and the catalyst deeper into the channel. This effectively increases the
amount of available reagent, not by raising its concentration, but by involving a larger
electrolyte volume in the reaction compared to when a planar electrode is used. Ideally,
the electrolyte over the full thickness of the channel is close enough to the electrode to al-
low reaction in the entire channel volume, indicated by the red shaded area in Figure 1.2
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(right). For comparison, conventional electrochemical flow cells have a planar electrode
incorporated at the edge of the channel, along which the electrolyte is flowing. Only the
reagent molecules in a thin layer of electrolyte are close enough to reach the electrode
and react during their passing, see Figure 1.2 (left).

Figure 1.2: A planar electrode (left) results in a significantly smaller reaction volume (red shaded area) than a
volume-based electrode (right) that spans over the entire channel depth.

To achieve a larger reaction volume, the electrically conductive material must be
extended into the channel while the ionic conductivity is maintained as well. We can
realize such a volume-based electrode in various ways: with 1) a flow-through (foam-
based, Figure 1.3a), or 2) a flow-with (suspension-based, Figure 1.3b) electrode concept.
Both concepts consist of a solid electrically conductive phase that is surrounded by an
ionically conductive electrolyte, but differ in the nature of the solid phase. In the flow-
through concept, the solid phase is composed of a continuous porous foam through
which an electrolyte is flowed. In the flow-with concept, the solid phase consists of dis-
crete electrically conductive microparticles that are suspended in the flowing electrolyte.
The entire suspension is pumped through the system and the suspended microparticles
temporarily form conductive networks as they pass a current collector.

Flow-through electrodes are used in several existing technologies, such as redox flow
batteries[3, 30, 31], water treatment[32], and water electrolysis[33], and offer multiple
advantages. Flow-through electrodes have excellent electric conductivity and their large
surface to volume ratio offers much larger catalytic surface area than planar electrodes.
This improves electrode-electrolyte contact, and lowers local current densities.[34, 35]
Additionally, the porous nature of the foam shortens the mass transfer distances[36] and
it disrupts the development of a diffusion boundary layer (DBL), which can both lead
to improved mass transfer.[37] On the other hand, the porous structure can be a disad-
vantage for gas-evolving reactions, as bubbles can get trapped in the pores and form gas
pockets in which the active surface area is blocked and the ionic conductivity is signifi-
cantly diminished.

As an alternative to flow-through electrodes, suspension electrodes possess an even
larger electrochemical surface area in relation to their volume, as they typically consist
of suspended microparticles with a surface area of 200-2000 m2/g, which also lends the
suspension considerable capacitance.[38] This has led to successful application of sus-
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pension electrodes in multiple capacitance-based applications such as Electrochemical
Flow Capacitors (EFCs)[39], Flow Electrode Capacitive Deionization (FCDI)[5, 40], Redox
Flow Batteries (RFBs)[41] and Microbial Fuel Cells (MFCs)[6, 42]. Although the dynamic
nature of the conductive networks in suspension electrodes offers less electric conduc-
tivity than the static network in foam electrodes, it greatly improves bubble removal and
offers an advantage for use in gas-evolving systems.

The combination of ionic- and electric conductivity, improved electrode-electrolyte
contact, large surface area, and the opportunity for electrolyte flow lends both systems
great potential for use as volume-based electrodes for mass transfer-limited reactions
such as CO2 and O2 reduction.

Figure 1.3: Schematic illustration of electrochemical flow cells with a) a flow-through electrode, and b) a sus-
pension electrode incorporated.

1.5. THESIS OUTLINE AND RESEARCH QUESTIONS
The aim of this thesis is to explore to what extent volume-based electrodes, either as
flow-through or as flow-with electrodes, can alleviate mass transfer limitations and boost
limiting currents in electrochemical conversion reactions. The novelty of this work is
twofold as it 1) addresses the issue of mass transfer limitations in electrochemical con-
version systems through a new strategy, and 2) applies suspension electrodes in a new
field of research. We explore the opportunities of volume-based electrodes and investi-
gate the requirements to realize their full potential, as well as their influence on the mass
transfer limitation, and the limits to their applicability through the following research
questions:

1. What are the most relevant criteria to achieve a homogeneous reaction distribu-
tion in a flow-with electrode? (Ch. 2)

2. Can replacing the carbon suspension by an inert static conductive network boost
the FE and CO2 reduction current density? (Ch. 3)

3. How do surfactants affect the stability and performance of catalytically active sus-
pensions? (Ch. 3)

4. How does the porous structure of the flow-through electrode influence mass trans-
fer and the limiting current during the ORR? (Ch. 4)
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5. What is the impact of improved mass transfer on scaled-up aqueous systems with
low reagent concentrations? (Ch. 4)

6. How do the applied current density and electrolyte flow velocity influence the DBL
thickness and local concentration profiles? (Ch. 5)

Chapter 2 explores the influence of suspension electrode properties (electric, mor-
phological, and rheological) on the expected performance for CO2 reduction (RQ1). We
investigate the key requirements for the reaction to be properly distributed over the bulk
of the suspension and make optimal use of the potential advantages of suspension elec-
trodes. Additionally, we combine electrochemical impedance spectroscopy (EIS) results
with rheology measurements to examine the relation between rheological and electrical
properties of suspensions with different particle morphology. Finally, we tested several
suspension electrodes in a CO2 electrolyzer. Although the chapter is oriented towards
suspension electrodes for CO2 reduction, our findings are applicable to flow-through
electrodes and other conversion reactions as well.

As Chapter 2 is inconclusive about the full potential of suspension electrodes, Chap-
ter 3 investigates the importance of stabilizing agents and the benefit of replacing the
carbon suspension by a flow-through electrode that provides a permanent conductive
network spanning across the entire channel depth. The catalytic material is kept in sus-
pension, stabilized by surfactants, and flowed through the 3D current collector.

In Chapter 4, we examine the effect of the electrode configurations on mass transfer
in more detail. We perform the ORR in flow cells with all three electrode configurations:
the conventional flow-by (planar) configuration, and the volume-based flow-through
(foam) and flow-with (suspension) electrodes. We compare the electrochemical perfor-
mance (limiting current density and FE), investigate the influence of flow configuration
on mass transfer through Sherwood correlations, and investigate the limitations of the
enhanced aqueous system during scale up.

Chapter 5 studies mass transfer around a single carbon particle representing an el-
ement of a 3D electrode. We visualize the diffusion boundary layer with Fluorescence
Lifetime Imaging (FLIM) and study the effect of applied current density and electrolyte
flow velocity on the pH profile around the particle electrode. Our results offer insights
into the local reaction environment around an element of a 3D electrode, including
reagent depletion, product buildup, and local pH, and into important design parame-
ters for 3D electrodes such as flow-through and suspension electrodes. Additionally, we
look into the ability of the electric double layer (EDL) capacitance to maintain an ongo-
ing Faradaic reaction.
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ABSTRACT

CO2 conversion is an important part of the transition towards clean fuels and chemicals.
However, low solubility of CO2 in water and its slow diffusion cause mass transfer lim-
itations in aqueous electrochemical CO2 reduction. This significantly limits the partial
current densities towards any desired CO2-reduction product. We propose using flowable
suspension electrodes to spread the current over a larger volume and alleviate mass trans-
fer limitations, which could allow high partial current densities for CO2 conversion even
in aqueous environments. To identify the requirements for a well-performing 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 bal-
anced. In addition, we used electrochemical impedance spectroscopy to measure the dif-
ferent 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 CO2 reduction, and pre-
dict a good reaction distribution throughout activated carbon and carbon black suspen-
sions. Finally, we tested several suspension electrodes in a CO2 electrolyzer. Even though
mass transport limitations should be reduced, the CO partial current densities are capped
at 2.8 mA/cm2, which may be due to engineering limitations. We conclude that using sus-
pension electrodes is challenging for sensitive reactions like CO2 reduction, and may be
more suitable for use in other electrochemical conversion reactions suffering from mass
transfer limitations that are less affected by competing reactions and contaminations.
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2.1. INTRODUCTION
The high level of carbon dioxide (CO2) in our atmosphere is causing notable climate
change all over the world, and levels are still rising. We need to significantly lower fos-
sil fuel emissions by transitioning towards clean energy, in order to mitigate climate
change.[1] The most familiar and popular 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 hydrocarbons (e.g. cargo ships, planes, plastics and pharmaceuticals).[2]

We can introduce CO2 circularity by using renewable, synthetically produced hydro-
carbons to replace fossil fuels.[2–4] Modern technologies can extract CO2 from the air[5]
or ocean[6], after which the CO2 can be converted into fuels or chemicals. Electrochem-
ical CO2 reduction is widely studied as a conversion method because it requires only
CO2, water and electricity as input. Nevertheless, CO2 electrolysis is only commercially
viable when operating at high current densities of at least 200 mA/cm2.[2, 7]

The current density at which CO2 can be converted is limited by the availability of
CO2 at the catalyst surface.[8–10] Because CO2 has a low solubility in water (34 mM, at
ambient temperature and pressure[11]), even low current densities cause CO2 depletion
at the electrode surface in aqueous reactors[11, 12], while the remaining current drives
the Hydrogen Evolution Reaction (HER).[3, 8, 9, 13] This limits the maximum CO partial
current density to about 2 mA/cm2 in aqueous systems that rely on forced convection
and diffusion.[14] Bubble-induced mixing[15] and leveraging buffering reactions with
bicarbonate[16, 17] can raise this up to tens of mA/cm2, which is still well below the
required 200 mA/cm2. Therefore, our challenge is to accelerate CO2 mass transport to-
wards 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 CO2

in gas phase instead of dissolved in an electrolyte. Examples of such electrolyzers are
flow cells with a Gas Diffusion Electrode (GDE)[18, 19], Membrane Electrode Assemblies
(MEAs)[20–22] and Solid Oxide Electrolysis Cells (SOECs)[23–25]. Using a gaseous CO2

supply significantly raises the CO2 flux towards the electrode surface and boosts the lim-
iting current density. Although this concept is promising, vapour-fed electrolyzers are
delicate and complicated systems. Challenges in scaling up include water management
at the porous electrode[26, 27] and drying out of ionic separators[28, 29]. Additionally,
stability issues occur due to differential pressure and electrowetting[26, 27, 30], salt for-
mation[9] and degradation of carbon in the porous electrode[30]. These complications
in GDE-based CO2 electrolyzers raise the question whether there are still unexplored
strategies to circumvent the mass transfer limitations in aqueous CO2 reduction.

We propose to use suspension electrodes to alleviate mass transfer limitations in CO2

electrolyzers and boost the achievable CO2 reduction current density. In suspension
electrodes, electric charges are transported into the bulk of the electrolyte by conduc-
tive networks of microparticles, or their capacitive functionality.[31] Using a suspension
electrode brings several potential advantages over using a conventional configuration,
including 1) the use of dissolved CO2 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 sur-
face area, and 3) flowing microparticles may induce additional mixing of the electrolyte.
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While suspension electrodes have been studied for various applications, including flow
capacitors[32, 33], flow batteries[34–36], deionization technology[37, 38] and microbial
fuel cells[39, 40], they have not been applied in electrochemical CO2 reduction. The
conductivity and capacitance can be tuned through material choice, particle loading, or
addition of conductive additives. High surface area carbon materials have high capaci-
tance, but are usually less conductive than graphitic carbons with lower surface area.[41]
The effects of suspension material and loading, and the associated conductive networks,
capacitance and viscosity are yet unknown in CO2 electrolyzers.

In this work, we identify the requirements for a well-performing suspension elec-
trode for electrochemical CO2 reduction. We do this by measuring important suspension
properties, including electric conductivity and viscosity. We use the results to model lo-
cal current densities inside the electrolyzer channel and find the key parameters that de-
termine when a suspension is used to its full advantage. Finally, we test several suspen-
sion electrodes in a CO2 electrolyzer. Our findings can help in adapting the composition
of suspension electrodes for use in mass transfer limited electrochemical processes.

2.2. CONCEPT
We propose to combine a CO2 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 CO2 reduction reaction takes place at the surface
of suspended microparticles. A schematic representation of such a system is shown in
Figure 2.1.

Figure 2.1: 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 (ca-
pacitive charge storage), electric conductivity via particle networks, and Faradaic charge transfer, in this exam-
ple CO2 reduction to CO.

The suspension electrode should consist of electrically conductive and capacitive
microparticles (typically between 5 and 20 wt%[42]) 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.[31] Electric Double Layer (EDL) formation facilitates charge stor-
age inside a particle when it temporarily detaches from a network.[31] This capacitive
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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 Figure 2.1.

Suspension electrodes can be designed for many applications because their prop-
erties and functionality rely on their composition.[41] For example, highly porous car-
bon 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).[35,
38] Suspension electrodes have been shown to work well in Microbial Fuel Cells (MFCs)
as well. MFCs benefit significantly from the large surface area provided by the micropar-
ticles.[39, 40] 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 CO2

reduction.

Having high electric and ionic conductivity, and low viscosity are important for min-
imizing Ohmic and pumping losses.[41] Although raising the particle loading signifi-
cantly enhances both electrical conductivity and capacitance, it also considerably in-
creases viscosity and thus decreases the flowability of the system.[43, 44] 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.[45] However, achieving both good electrical and good rheological
properties in one suspension remains challenging.

As mentioned in the introduction, we expect higher limiting current densities in sus-
pension electrodes because of three principles. First, using a suspension electrode al-
lows for the current to percolate through the whole flow channel, making CO2 in the
whole channel volume available for reduction. We can estimate how much additional
CO2 is made available for reaction in our suspension cell compared to a plate electrode.
For our channel thickness of 3 mm, and CO2 concentration of 34 mM, the compartment
contains 10 µmol of CO2 per (geometric) cm2. Assuming that the electric current in a
suspension can reach the full compartment thickness and that the interparticle distance
is smaller than the boundary layer thickness (typically 100 µm), the complete 10 µmol
of CO2 per cm2 is available for reaction. In contrast, a plate electrode has charge transfer
only at the boundary of the channel and CO2 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 CO2 transported to the electrode
per second (ṅ) from k = D/δ= (ṅ/∆c A), with a mass transfer coefficient (k) in the order
of 10-5 m/s for a diffusion coefficient (D) of 10-9 m2/s and a diffusion layer thickness (δ)
of 100 µm[46, 47], and a concentration difference between the surface and bulk (∆c) of
34 mM , on an area (A) of 1 cm2. This results in only 0.2 µmol/cm2 being able to reach
the flat electrode during a residence time of 5 s. This is 50 times less than the 10 µmol
of CO2 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 CO2

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 or-
der of magnitude compared to the geometrical current density. This lowers the required
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charge transfer overpotential and promotes selectivity towards the desired reaction.[48]
Finally, solid phase particles have been shown to induce mixing in the liquid phase in
two-phase flows.[49] This can further accelerate CO2 mass transfer towards the catalytic
surface.

2.3. METHODS

2.3.1. 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 cir-
cuit shown in 2.2b.[50] The model considers two charge transfer pathways, through the
solid and liquid phases with resistances (per unit length, Ω/cm) R ′

S and R ′
L , respectively

as shown in 2.2a. We use the solid resistance extracted from Electrochemical Impedance
Spectroscopy (EIS) measurements in the next section (2.3.2 Experiments) to account for
the temporality and changeability of the porous network in the suspension. The interfa-
cial impedance between solid and liquid phase consists of a volumetric charge transfer
resistance R ′′

ct (Ω·cm3), which results in the Faradaic current, and a volumetric double
layer capacitance C ′

dl (F/cm3) in parallel.[50]

Figure 2.2: 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 con-
ductances are described using their resistances R ′

S and R ′
L , respectively, while the interfacial charge transfer

consists of a capacitive EDL (C ′
dl ) and Faradaic charge transfer (R ′′

ct ).

The following governing equations 2.1 and 2.2 are found by defining the potential
drops over infinitesimal elements in the liquid and solid phase, respectively, and linking
them through the interfacial impedance[50]:

d 2φS

d x2 =−AC
R ′

S

Z ′′
S

(φL −φS ), (2.1)

d 2φL

d x2 =−AC
R ′

L

Z ′′
S

(φL −φS ) (2.2)

in which
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Z ′′
S =

(
1

R ′′
ct

+C ′
dlω j

)−1

(2.3)

Here AC is the cross-sectional area of the channel (cm2) and the x direction is taken to
be across the flow channel, ranging from x = 0 at the current collector to x = le at the
membrane. We set the potential at x = 0 to be the applied potential (Vapp ), and assume
a completely ionic current at the membrane, resulting in boundary conditions[50]

φS (0, t ) =Vapp ,
∂φS

∂x

∣∣∣∣
x=le

= 0. (2.4)

Additionally, we set the liquid potential at the membrane to 0, and assume a completely
electric current at the electrode interface, yielding[50]

φL(le , t ) = 0,
∂φL

∂x

∣∣∣∣
x=0

= 0. (2.5)

With these boundary conditions, we solved the governing equations 2.1 and 2.2 numer-
ically for low frequency ω to approximate DC voltages.

2.3.2. EXPERIMENTS
The slurries were prepared by adding carbon material to 0.5 M KHCO3 (≤99%, Ther-
moFisher Scientific) as a typical electrolyte for CO2 reduction[8, 51], under stirring. The
suspensions were sonicated (ultrasonic cleaner USC 500 TH, 45 kHz, VWR) for 30 min-
utes. The slurries consisted of 0-20 wt% Activated Carbon (AC, 20 µm median particle
size, 1000 m2/g, Norit SX Plus CAT, Sigma Aldrich), Carbon Black (CB, average parti-
cle size of 50 nm, 250 m2/g, Vulcan XC-72, Fuel Cell Store), or 0-40 wt% glassy carbon
spheres (gC, 10-20 µm 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 suspensions without Ag nano-
powder using a stress controlled Dynamic Hybrid Rheometer (TA Instruments, DHR-3).
The rheometer 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 µm between the rotor and the bottom of the cup, and a temperature of 25
oC. The shear rates of interest ranged between 2 and 1000 s-1 and were applied for 3-4
minutes. The suspension was pre-sheared at 2000 s-1 before each measurement to erase
memory and sedimentation effects.[52]

The suspension impedance was measured under flow conditions in a custom-made
flow cell (Figure S9), incorporating only one flow channel (3 mm thick PMMA) and no
ion-exchange membrane. The slurries were pumped (peristaltic L/S Precision Pump
System, Masterflex) upwards through the channel between two graphite (99.95% rigid
graphite, Goodfellow) current collectors with four electrical connections. EIS was per-
formed with an Autolab potentiostat (PGSTAT302N, Metrohm). A sinusoidal perturba-
tion with a frequency range from 0.1 to 105 Hz was applied with an amplitude of 5 mV
around the Open Circuit Voltage (OCV).
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EIS provides insight into properties, such as conductivity and capacitance, of differ-
ent 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 2.2b. A
schematic of important processes in suspension electrodes is shown in 2.3a, 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 Cdl ,CC , and pro-
ceed as ionic current through the electrolyte with a resistance RL . Alternatively, the cur-
rent 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 (Rp ) 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 (Cdl ,p ) in a constant phase element (CPE). We
combined the electrical elements corresponding to these processes into the equivalent
circuit shown in 2.3b and used this to fit the EIS data.

Figure 2.3: 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 ele-
ments 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 Rp , an interparticle resistance Rp−p , and an
imperfect capacitance Cdl ,p that can be fitted with a Constant Phase Element (CPE). The current collector ca-
pacitance and electrolyte resistance are fitted as Cdl ,CC and RL , respectively.

Electrolysis was performed via chronopotentiometry in the same suspension flow
cell equipped with two flow channels (as shown in Figure S2.9) separated by a Selemion
anion exchange membrane (100 µm, AGC Engineering) that was pre-soaked in elec-
trolyte. A graphite current collector, an Ir-/Ru-oxide coated Ti-sheet (Permascand) an-
ode, and a leak-free Ag/AgCl reference electrode (LF-1-45, Alvatek) were used for elec-
trolysis. Both the catholyte (suspension) and anolyte (0.5 M KHCO3) were saturated by
sparging 50 mL/min CO2 for at least 30 minutes before, and continuously purged and re-
circulated (peristaltic L/S Precision Pump System, Masterflex) during each experiment.
A constant current density was applied with a an IviumStat.h (±5A/±10V, 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).



2.4. RESULTS AND DISCUSSION

2

19

2.4. RESULTS AND DISCUSSION

2.4.1. RATIO OF REACTION AND CONDUCTION RESISTANCES IS KEY IN ELEC-
TRODE UTILIZATION

We modelled the local current densities for different ratios of R ′′
ct with R ′

S and R ′
L to evalu-

ate the influence on electrode utilization and reaction distribution. The current densities
in the solid and liquid phases are calculated with equations 2.6 and 2.7 respectively.[50,
53]

jS =− 1

AC R ′
S

∂φS

∂x
(2.6)

jL = 1

AC R ′
L

∂φL

∂x
(2.7)

Figures 2.4a-c show the relative contributions to the current that are conducted
through the solid ( jS / jtot al ) and liquid ( jL/ jtot al ) phase, at different ratios of R ′′

ct with
R ′

S and R ′
L . A factor of 1/(V le ) is included to match the units and to allow for compari-

son of the values, where V and le are the electrode volume and thickness, respectively.
The derivation of this factor is included in the SI. This factor depends on the geometry
of the cell, and is close to unity for our case (V = 2.5 cm3, le = 0.3 cm). Figures 2.4d-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 ′′
ct ) is much higher than the resis-

tance of the solid and liquid phases (Figures 4a and 4d), the reaction distributes evenly
over the full channel. Consequently, the current through the solid phase decreases lin-
early with increasing distance from the current collector, while the current through the
liquid accumulates linearly (Figure 4a). Hence, the Faradaic current is constant through-
out the channel (Figure 4d). Such a case resembles a suspension electrode with the re-
action occurring over the full channel thickness.

The situation changes slightly when 1/(V le )R ′′
ct is in the same order of magnitude as

the solid (R ′
S ) and liquid (R ′

L) phase resistances, as shown in Figures 2.4b and 2.4e. In this
case, the Faradaic current can still be relatively equally distributed, but the ratio between
R ′

S and R ′
L 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 1/(V le )R ′′
ct is significantly lower than either phase

resistance (Figures 4c and f), in which case the reaction only occurs at the sides of the
channel. For small R ′′

ct , the interfacial current is divided over the current collector and
membrane region only when R ′

S and R ′
L are equal, but is otherwise localized at one side.

Either situation gives a relatively high local interfacial current, which does not optimally
leverage the suspension electrode concept and thus will not help to alleviate mass trans-
fer limitations.
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This means that the ratio between 1/(V le )R ′′
ct and R ′

S,L is crucial for spreading the
reaction over the whole channel and utilizing the suspension electrode to its full advan-
tage. 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.

Figure 2.4: Modelled local currents throughout the electrolyzer channel for different ratios of solid and liquid
conductivities and charge transfer resistance. Normalized solid and liquid currents (top figures), and the slope
(bottom figures) of the solid current fraction that indicates the interfacial current. 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 that region. We show the results for different ratios of solid (σ′

S ) and liquid (σ′
L ) phase conduc-

tivities. a)/d) 1/(V le )R ′′
ct is a factor 100 higher than, b)/e) the same magnitude as, c)/f) and a factor 100 lower

than R ′
S and R ′

L .

2.4.2. PARTICLE SIZE AND SHAPE IMPACT CONDUCTIVITY AND FLOWABIL-
ITY 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 suspen-
sion electrodes. However, producing a high electric conductivity of the suspension with
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good flowability is a well-known challenge.[43, 44] 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 necessar-
ily linear and may differ for different materials.[54] 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 Figure 2.5.
Whereas the slurries of all particle types show shear thinning behaviour, 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 car-
bon 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 ap-
proximately the same size as the AC particles, the glassy carbon particles have a spher-
ical 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.[55]
Our observations that smaller size and a more irregular shape cause higher viscosity in
the carbon suspensions is in good agreement with existing literature.[55]

Figure 2.5: Measured viscosity for different shear rates and carbon loadings of a) activated carbon (AC), b)
carbon black (CB), and c) glassy carbon spherical (GyC) suspensions. The inserts show an impression of the
differences in size and shape between the particle types. We see significantly higher viscosities in smaller and
irregularly shaped carbons.

Next, we consider the experimentally obtained electric conductivities in Figure 2.6a
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
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difference that was observed in viscosity between AC and CB, it is surprising that both
suspension types show similar conductivity up to a concentration 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 per-
colation networks lies in this region.[31, 56] 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.

We combined the data on rheology and conductivity to address this issue and ex-
plore which particle type has the most favourable conductivity-flowability relation. To
incorporate the results of our measurements at different pump rates, we plotted the con-
ductivities 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 chan-
nel using equations (S3) and (S4) in the SI.[57]

The combined conductivity and rheology data are shown in Figure 2.6b. 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 in-
deed dependent on particle 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 Figure
2.6a, here AC appears to be the most suitable particle for a suspension electrode. A mea-
surement 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 conductivity slightly
without significantly influencing the flowability (see Figure S2.4).

Furthermore, Figure 2.6b shows the conductivity at three different 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-1) in which we conducted the conductivity 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 colli-
sions 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 conductivity to drop for increased flow rate. We expect that this effect
is caused by the interplay between more frequent collisions due to increased flow rate,
the breaking of conductive networks when exceeding their yield stress[45], and a higher
conductivity dependence on conductive networks due to lower surface area and capaci-
tance 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 con-
ductivity is inferior to AC even for similar stress.



2.4. RESULTS AND DISCUSSION

2

23

Figure 2.6: Measured conductivities and their dependence on a) carbon loading for AC, CB, and GyC suspen-
sions (darker colours indicate higher flow rates, 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-1, as relevant for electrolysis exper-
iments). 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.

2.4.3. 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 CO2 electrolyzer. We used the particle-particle resistances (Rp−p )
found with EIS and the ion conductivity of the electrolyte, adjusted with the Bruggeman
equation (see SI), to define R ′

S and R ′
L in the TLM. We calculated R ′′

ct with[50, 58]

1

R ′′
ct

= a j0nF

RT
(2.8)

in which a is the ratio of surface area per volume, j0 the exchange current density (esti-
mated as shown in SI), 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,
Figures 2.7a-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
jL = jtot al − jS .[59]

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 conduc-
tivity 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, Figure 2.6) compared to the ionic conductivity that can be reached at high elec-
trolyte 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 ′′

ct is the limiting resistance. Figure 2.7 shows the
modelled local current densities (Figures 2.7a-c) and the corresponding slopes (Figures
2.7d-f) of AC, CB, and GyC suspensions at different carbon loadings. The values for R ′′

ct ,
R ′

S and R ′
L used in these simulations are listed in table S2.3. 1/(V le )R ′′

ct and R ′
L 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 distributed over the channel. In case of AC and CB
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suspensions, the particle loading can be increased sufficiently to lower R ′
S into the same

order of magnitude as R ′′
ct and R ′

L , resulting in a more linear decrease in current den-
sity through the channel (Figures 7a and b) and a relatively constant slope (Figures 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 electrolyte concentration (0.1 M,
see Figure S2.6 in SI). This presents a trade-off: when lowering the electrolyte concen-
tration, 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 CO2 conversion
products. We can extrapolate the TLM results to higher current densities by applying a
higher voltage (Figures S7 and S8 for 0.5 and 0.1 M KHCO3, respectively). 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 ′

S
and R ′

L , 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 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 CO2 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.

2.4.4. SUSPENSION ELECTRODES SHOW LOW SELECTIVITY FOR CO2 REDUC-
TION

We experimentally assessed several suspension compositions in our CO2 electrolyzer
setup. We show the achieved partial CO current densities in Figure 2.8. Although all
suspensions show some activity for CO2 reduction, they produce considerably larger
amounts of H2 (See Table S2.4 and Figure S2.10). We reached the highest partial CO
current density of 2.8 mA/cm2 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/cm2. This is 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 den-
sity, with no differences in low and high conductivity, as can be seen clearly from the AC
graph (Figure 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 Figure S2.11). This makes us suspect that the large amount of active sites provided
by the carbon particles and metal contaminations catalyze the HER at the expense of
CO2 reduction. Although high-surface area carbons are often used for adsorption of CO
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Figure 2.7: Modelled local current densities (top figures show jS , jL can be found via jL = jS |x=0 − jS |x ) and
interfacial currents (bottom figures) throughout the electrolyzer channel for a)/d) AC, b)/e) CB and c)/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 CO2
reduction reaction is localized near the current collector in all GyC suspensions. All simulations have been
run at an R ′′

ct of 10 Ω·cm3 and an applied potential of -1.5 V versus the membrane (see SI for remaining input
values).

and other compounds, the high FE for H2 included in Table S2.4 shows that adsorption
of CO (and other CO2 reduction products) is not significantly lowering the jCO that we
observe. Additionally, we suspect that our system suffers from a poor CO2 supply into
the flow channel because of two likely causes. 1) Sparging CO2 into the reservoir may
be too slow a saturation method to keep up with the CO2 consumption rate, causing
the bulk CO2 concentration to drop over time.[60] And 2) vortices indicating backflow
were visible near the outlet inside the flow channel during experiments with the slightly
more transparent suspensions., Therefore, we suspect that the viscous suspensions pre-
vent efficient flushing with fresh (CO2-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/cm2

when using a 5 wt% AC suspension in combination with a smaller current collector area
(Table S5). Using a smaller electrode area at the same current density lowers the CO2

consumption and diminishes issues like slow CO2-resaturation in the reservoir and in-
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effective flushing of the flow channel with fresh electrolyte.
Although the TLM predicts two out of three suspension types to have sufficient con-

ductivity for good performance, the practical issues described above are the likely cause
for the inconsistency between the TLM predictions and the experimental CO2 electrol-
ysis 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/cm2. Comparing GDE-based and suspension-based
CO2 electrolyzers, both technologies possess advantages and drawbacks in their opera-
tion. The silver loading per geometrical area of our system (7.5 mg/cm2) is slightly higher
than in typical carbon-based GDEs (1 mg/cm2) before optimization. A lower Ag content
(AC:Ag = 10:1) at 20 wt% solids produced similar low CO production (Table S6) 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 com-
pletely (97%) of silver.[61] Additionally, GDEs are complex structures to construct and
they suffer from stability issues like carbon-degradation and electrowetting.[26–30] Sus-
pension electrodes can be produced from cheap carbon powders and the Ag catalyst
can be incorporated by simple mixing, but these capacitive materials often contain con-
taminations that catalyze the HER to compete with CO2 reduction, and their flowability
and stability during long-term operation are still under investigation.[62, 63] Flowable
electrodes with a solid content of 5-20 wt%, depending on the particle type, are used
throughout literature without significant clogging issues.[62, 64]

Figure 2.8: Resulting partial CO current densities (jCO) in a) AC, b) CB, and c) GyC suspensions in 0.5 M KHCO3,
in which 1/4 of the solid content consisted of Ag 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 (see Table S2.4 for
additional experimental conditions).

2.5. CONCLUSIONS
We modelled the local current densities in suspension electrodes with a Transmission
Line Model (TLM), and experimentally determined the electrode performances for CO2
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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, the reaction is always localized at the edges, losing the benefits
of using a suspension electrode.

Choosing a highly conductive suspension is therefore crucial for the electrolyzer per-
formance. Although the conductivity is most easily improved by increasing the carbon
loading, this also significantly affects the viscosity. Unfortunately, the maximum car-
bon 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 dis-
tribution for the more conductive carbon materials is predicted. Instead, suspensions
with carbon 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 jCO of 2.8 and 1.6 mA/cm2 with the least conductive suspensions (5 wt% CB and 15
wt% GyC). These contradicting results may have been caused by several engineering lim-
itations, such as flow cell design, metal contaminations in the carbon powders, or poor
CO2-saturation of the electrolyte. We suspect that the CO2 reduction is too sensitive to
contaminations, competing hydrogen evolution at the large surface area of the carbon,
and CO2 dissolution limitations.

Although we achieved poor performance for CO2 electrolysis, our modelling results
suggest that suspension electrodes can be applied in other mass transfer limited reac-
tions. This could be a step towards intensifying electrochemical conversion processes
that currently suffer from low limiting currents and are not sensitive to competing reac-
tion and contaminations.
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2.6. SUPPORTING INFORMATION
The relevant data is available in the Zenodo repository under DOI 10.1039/D3YA00611E.

2.6.1 MODELLING
The parameters that were kept constant and used in all TLM simulations are shown in Table S2.1.

Table S2.1: Parameters that were kept constant in all TLM situations.

Parameter value unit

le 3 mm
AC 8.16 cm2

C ′
dl 50 F/cm3

f (with ω= 1 rad· f ) 45545 s-1

Vapp 1.5 V

2.6.1.1 INVESTIGATING INFLUENCE OF REACTION AND CONDUCTION RESISTANCES

The parameters that were varied to evaluate the influence of the ratio of volumetric charge transfer
resistance R ′′

ct to the solid and liquid phase resistances R ′
S and R ′

L on electrode utilization are sum-

marized in Table S2.2. The unit of R ′′
ct is Ω·cm3, (as it represents the charge transfer resistance per

surface area) while the unit of R ′
S and R ′

L is Ω/cm (as it depends on the thickness of the channel).
To make the units match, we need to normalize R ′′

ct . The values of R ′′
ct and R ′

S,L can be compared
by adding a factor of

R ′
S,L

R ′′
ct

=
1

jS,L AC d x

1
jS,L a

= a

AC d x
=

AC
AC le

AC le
= 1

AC l 2
e
= 1

V le
(S2.1)

where a = AC
AC le

, d x = le is the thickness of the flow channel, and V is the volume of the flow

channel. In our system the factor 1
V le

is close to unity at 1.36 cm-4.

2.6.1.2 MEASURING SUSPENSION CONDUCTIVITY AND FLOWABILITY

Each suspension was mixed at a shear rate of 2000 s-1 before each measurement and between
different shear rates. Pre-mixing was performed for 2 minutes, each shear rate of interest was
applied for 3 minutes, and the suspension were again mixed at 2000 s-1 for 1 minute between
each shear rate, in case of AC and GyC suspensions. This was changed to 3, 4 and 2 minutes,
respectively, in case of CB suspensions. The results of such a measurement is shown in Figure S2.1
for 10 wt% AC, CB, and GyC suspensions in 0.5 M KHCO3. The highest stress plateaus correspond
to the high-shear mixing modes at 2000 s-1. The average values of the flat regions in the lower
stress measurements, and the corresponding standard deviations, were used to produce Figure
2.5 in the manuscript.

The solid phase conductivity was calculated from the particle resistance (Rp−p ), that were
obtained by fitting the EIS data to the equivalent circuit described in Figure 2.3 of the manuscript,
and cell dimensions via

σ=
(
Rp−p

AC

le

)−1
(S2.2)
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Table S2.2: Suspension parameters used to find the influence of the ratio between reaction and conduction
resistance on electrode utilization.

Ratios R ′′
c t R ′

S R ′
L

Ω·cm3 Ω/cm Ω/cm

1
V le

R ′′
c t ≈ 100R ′

S,L

R ′
S = 99% of R ′

S +R ′
L 1000 19.8 0.2

R ′
S = 50% of R ′

S +R ′
L 1000 10 10

R ′
S = 1% of R ′

S +R ′
L 1000 0.2 19.8

1
V le

R ′′
c t ≈ R ′

S,L

R ′
S = 99% of R ′

S +R ′
L 10 19.8 0.2

R ′
S = 50% of R ′

S +R ′
L 10 10 10

R ′
S = 1% of R ′

S +R ′
L 10 0.2 19.8

1
V le

R ′′
c t ≈ 0.01R ′

S,L

R ′
S = 99% of R ′

S +R ′
L 0.1 19.8 0.2

R ′
S = 50% of R ′

S +R ′
L 0.1 10 10

R ′
S = 1% of R ′

S +R ′
L 0.1 0.2 19.8

Some EIS results and fits for 10 wt% AC, CB, and GyC suspensions in 0.5 M KHCO3 are shown
in Figure S2.2.

These results were combined with rheology data to produce Figure 2.6. The rheology mea-
surements were not performed at the exact wall shear rates exerted by the suspensions inside the
flow cell. We estimated the average wall shear rate γ̇ in the rectangular channel with equations
S2.3 and S2.4.[57]

γ̇= QPλ

8A2
(S2.3)

λ= 24((
1−0.351 b

a

)(
1+ b

a

))2
(S2.4)

which is valid when b
a < 1.0, where a and b are the lengths of the long and short sides, respectively.

Q is the volumetric flow rate, P is the wetted perimeter, and A the cross-sectional area of the flow
channel.

In order to plot the measured conductivity against the stress under flow conditions, we plotted
all measured viscosities at shear rates between 2 and 100 s-1 and fitted a power function through
these datapoints, as shown in Figure S2.3. We estimated the viscosity during pumping by inserting
the relevant wall shear rate (resulting from equations S2.2 and S2.3) into this function. Finally, the
wall shear stress was calculated by multiplying the viscosity with the shear rate. These results were
used in Figure 2.6b.

2.6.1.3 MODELLING REACTION DISTRIBUTION IN REAL SUSPENSIONS

The solid (R ′
S ) and liquid (R ′

L) resistances per unit length used in the simulations for the real car-
bon suspensions can be calculated with[50]
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Figure S2.1: Measured stress over time at applied shear rates between 1000 and 2 s-1 for 10 wt% a) AC, b) CB,
and c) GyC suspensions in 0.5 M KHCO3. The suspensions were pre-sheared at 2000 s-1 before each new shear
rate to prevent memory and sedi-mentation effects. The values of the applied shear rates can be found in
Figure 2.5 in the main paper.

R ′
S = R

le
= 1

ACσ
(S2.5)

in which R is the solid resistance, le the thickness of the channel, AC is the cross-sectional area of
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Figure S2.2: Typical EIS measurements and fitting, represented in Nyquist (left) and Bode (right). Results are
shown for 10 wt% AC (a/b), CB (c/d), and GyC (e/f) suspensions in 0.5 M KHCO3.

the electrode and σ is the conductivity of the solid phase. We inserted Rp−p for R to account for
the voids and changeability of the electrically conductive carbon networks. All calculated values
for R ′

S can be found in Table S2.3.
The values for R ′

L were calculated in a similar manner with

R ′
L = R

le
= τ

p ACσL
(S2.6)

τ= p− 1
2 (S2.7)



2

32 2. PRACTICAL POTENTIAL OF SUSPENSION ELECTRODES

Figure S2.3: Measured viscosities of a 10 wt% AC suspension in 0.5 M KHCO3 in the stress regime relevant for
flow inside the CO2 electrolysis cell. These datapoints and fit were used to calculate the stress at the flow rates
used during the EIS experiments to produce Figure 2.6 in our paper.

Figure S2.4: Influence of adding Ag NPs to a 10 wt% solids (3:1 AC:Ag) suspension in 0.5 M KHCO3 on a)
the suspension conductivity, and b) the relation between stress and conductivity. Note that adding Ag NPs
increases conductivity while the stress remains approximately constant.

in which σL is the electrolyte conductivity, p is the porosity and τ is the tortuosity given by the
Bruggeman relation, which are included to account for the solid fraction in the electrolyte, which
is not ionically conductive.[65] We used conductivities of 0.044 and 0.010 S/cm for the 0.5 and
0.1 M KHCO3 electrolytes, respectively[66] (calculated at 0.5 and 0.1 M KHCO3 with 30 mM CO2).
We calculated the porosity with the volume fraction of carbon in water, for which we weighed a
known volume of 10 wt% AC, and CB suspensions, assuming a water density of 0.997 g/cm3. This
resulted in densities of 1.9 g/cm3 for AC and 1.8 g/cm3 for CB. We used a density of 1.5 g/cm3 for
the GyC particles.[67] After which the porosity can be calculated as p = 1−φcar bon , with φcar bon
the volume fraction of carbon in the suspension. The resulting values for R ′

L are shown in Table
S2.3.

We calculated R ′′
ct with equation 2.8 and estimated the exchange current from the Tafel plots

shown in Figure S2.5. We used the overpotential range in which we observed CO formation to
make a linear fit and extract the exchange current, given by the intercept with the y-axis. This re-
sulted in two R ′′

ct values of 4.6 and 13.3 Ω·cm3. We used 10 Ω·cm3 in our suspension simulations.

The simulation results for the suspensions in 0.1 M KHCO3 are shown in Figure S2.5. The
interfacial current graphs are slightly flatter than the results in 0.5 M KHCO3, indicating a better
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Table S2.3: Suspension parameters used to find the influence of the ratio between reaction and conduction
resistance on electrode utilization.

Carbon loading R ′′
c t R ′

S R ′
L

wt% Ω·cm3 Ω/cm Ω/cm

AC 0.1 M KHCO3 0.5 M KHCO3

5 10 317.1 12.6 2.9
10 10 125.4 13.2 3
15 10 47.1 13.8 3.2
20 10 29.6 14.5 3.3

CB

5 10 205.7 12.7 2.9
10 10 103.5 13.3 3
15 10 19.4 13.9 3.2

GyC

5 10 3754.7 12.8 2.9
10 10 2119.2 13.5 3.1
15 10 1959.8 14.3 3.3
20 10 557.7 15.3 3.5
30 10 824.4 17.7 4
40 10 288.9 21 4.8

Figure S2.5: Tafel plots and linear fits for two CO2 reduction experiments. The y-intercept gives the exchange
current i0 that was used for calculating R ′′

ct .

reaction distribution through the channel. However, the top figures show that the achievable total
current is lower than in the higher concentration electrolyte, which is due to the higher total re-
sistance. Although the interfacial current is spread out more evenly in all suspensions compared
to the case with a higher electrolyte concentration, this does not significantly drive the reaction
in GyC suspensions to the middle of the channel. The reaction in GyC suspensions is still highly
localized near the current collector.

In addition, Figures S2.6 and S2.7 show that the simulated currents inside carbon suspensions
in 0.5 and 0.1 M KHCO3 can be increased by applying a higher potential. Running the TLM at
-10 V increases the current density, while the shapes of the graphs are very similar to the 0.5 and



2

34 2. PRACTICAL POTENTIAL OF SUSPENSION ELECTRODES

0.1 M KHCO3 cases at -1.5 V applied potential. This shows that the current distribution is mainly
determined by the ratio of the solid and liquid phase resistances (R ′

S and R ′
L) instead of by the

applied potential.

Figure S2.6: Modelled local current densities (top figures show jS , jL can be found via jL = jS |x=0 − jS |x ) and
interfacial currents (bottom figures) throughout the electrolyzer channel for a)/d) AC, b)/e) CB and c)/f) GyC
slurries in 0.1 M KHCO3. Although the total current are lower than in 0.5 M KHCO3 electrolyte due to higher
total resistance, the reaction distribution through the channel is slightly more uniform.

2.6.2 CO2 REDUCTION EXPERIMENTS
All CO2 reduction experiments were performed with the setup shown in Figure S2.9a. The system
is airtight to allow for inline measurements of gas compositions. Figure S2.9b shows the cell con-
figuration and dimensions. Table S2.4 shows all experimental conditions and results. The partial
current densities towards H2 are shown in Figure S2.10.
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Figure S2.7: Modelled local current densities (top row shows jS , jL = jS |x=0 − jS |x ) and interfacial currents
(bottom) in the electrolyzer channel for a)/d) AC, b)/e) CB and c)/f) GyC slurries in 0.5 M KHCO3 at an applied
current of -10 V to increase the current density.
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Figure S2.8: Modelled local current densities (top panels shows jS , jL = jS |x=0 − jS |x ) and interfacial currents
(bottom panels) in the electrolyzer channel for a)/d) AC, b)/e) CB and c)/f) GyC slurries in 0.1 M KHCO3 at an
applied current of -10 V to increase the current density.

Figure S2.9: Illustration of the a) flow cell and b) setup used for CO2 electrolysis.
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Table S2.4: Experimental conditions and results for the performed CO2 reduction experiments.

Carbon loading Run nr. Current collector Flow rate japplied FE CO FE H2 E vs. RHE
wt% material mm/s mA/cm2 (%) % V

AC

2 1 Graphite 9 -25 2.7 80.8 -1.1
2 2 Graphite 9 -50 0.5 98.2 -1.1
2 3 Graphite 9 -50 0.2 99.6 -1
2 4 Graphite 9 -25 0 95.8 -0.9
10 1 Glassy carbon 18 -50 0.8 89.2 -1.6
10 2 Glassy carbon 18 -2.5 0.2 39.6 -1
10 3 Glassy carbon 18 -25 0.1 87.5 -1.7
20 1 Graphite 9 -25 3 84.1 -1.3
20 2 Graphite 9 -25 0.9 76.6 -1.3
20 3 Graphite 9 -50 0.1 89.8 -1.4
20 4 Graphite 9 -50 0.1 87.6 -1.4

CB

5 1 Graphite 18 -50 0.4 95.4 -1.3
5 2 Graphite 9 -50 5.7 89.5 -1.3
5 3 Graphite 9 -25 2 92.2 -1
5 4 Graphite 9 -100 0.7 100.8 -1.2
5 1 Glassy carbon 18 -50 1.7 93.6 -1.8
5 2 Glassy carbon 18 -10 0.2 94.1 -1.1
5 3 Glassy carbon 18 -100 1.3 99.3 -1.4
5 4 Glassy carbon 18 -50 0 95.8 -1.3
5 1 Glassy carbon 18 -50 0.8 81.4 -2.4
5 2 Glassy carbon 18 -25 0.5 85.5 -1.6
5 3 Glassy carbon 18 -100 0.5 100.1 -2.4
5 4 Glassy carbon 18 -50 0.6 89.6 -2.2

GyC

15 1 Glassy carbon 18 -50 2.1 87.2 -2.1
15 2 Glassy carbon 18 -100 0.7 85.2 -2.6
15 3 Glassy carbon 18 -25 5.8 66.1 -1.8
15 4 Glassy carbon 9 -25 4.9 68.7 -1.7
15 5 Glassy carbon 36 -25 6.5 65.3 -1.6

Table S2.5: Experimental conditions and results of CO2R on an AC suspension using current collector with a
10 times smaller area.

Carbon loading Run nr. Current collector Flow rate japplied FE CO FE H2 E vs. RHE
wt% material mm/s mA/cm2 % % V

5 1 Graphite 9 -22 13.8 47.4 -1.2
5 2 Graphite 9 -44 6.1 74.7 -1.5
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Figure S2.10: Resulting partial H2 current densities in a) AC, b) CB, and c) GyC suspensions, under the reaction
conditions listed in Table S2.4.

Table S2.6: Comparison of achieved partial CO current density for different amounts of Ag nanopowder per
electrolyte weight.

Solids loading AC:Ag Ag concentration japplied jCO

wt% wt ratio g/g electrolyte mA/cm2 mA/cm2

20 10:1 0.023 -25, -25, -50, -50 -0.8, -0.2, -0.1, -0.1
2 3:1 0.005 -25, -50, -50, -25 -0.7, -0.2, -0.1, -0.0

Figure S2.11: Metal contaminations on AC, CB, and GyC powders as measured with ICP-MS.
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46 3. COMBINING FLOW-THROUGH, SUSPENSIONS, AND SURFACTANTS

ABSTRACT

Electrochemical conversion of CO2 to hydrocarbons in aqueous systems is severely limited
by the low solubility and slow transport of CO2 in aqueous systems. We demonstrate that
we can reach partial current densities for CO2-to-CO over 50 mA/cm2 in fully aqueous sys-
tems. We alleviate the mass transfer limitation by combining a suspension of catalytically
active silver nanoparticles (Ag NPs) with a flow-through current collector. This extends the
reactive area into the electrolyzer channel and improves the accessibility of dissolved CO2

in a larger volume of electrolyte. The flow-through electrode system also outperforms a
fully suspended electrode (based on carbon black particles), due to enhanced electric con-
ductivity and smaller carbon area to minimize parasitic side-reactions. Additionally, we
observe a strong increase in performance upon adding SDS or PVP as surfactant to mod-
erate particle aggregation. The highest CO current density (56 mA/cm2) was achieved in a
flow-through electrode with a suspension of 0.1 wt% Ag NPs and 0.1 wt% SDS, and could
be sustained for more than 45 minutes. This shows that the CO current density in aqueous
systems can be enhanced considerably by exploiting larger electrolyte volumes via smart
electrode designs, such as a flow-through principle.
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3.1. INTRODUCTION
The excessive CO2 levels in our atmosphere are driving a global need to transition to
fossil-free renewable energy, fuels, and materials.[1, 2] Electrochemical CO2 reduction is
gaining attention as a clean route to convert CO2 to basic carbon compounds (e.g. CO,
ethylene, formic acid), and ultimately to synthetic hydrocarbons such as fuels, plastics,
and green chemicals without consuming fossil fuels and releasing new CO2.[3],[4]

Despite the significant interest in electrochemical CO2 reduction, the technology is
challenging to commercialize. Due to low CO2 solubility and slow mass transport, the
achievable current densities in fully aqueous systems are typically limited to 2 mA/cm2,[5]
while reaching current densities of at least 200 mA/cm2 at high (≥95%) Faradaic effi-
ciency (FE) and low cell voltage (≤3 V)[6] in scalable systems will be required to achieve
economic viability.[7–9] Higher current densities are obtained in gas-fed CO2 electrol-
ysis configurations that leverage improved mass transfer to achieve these targets at lab
scales, but are suffering from complex water management[10–12] and stability issues[13–
15] in stacked and larger electrolyzers.

To address these limitations, we studied volume-based aqueous systems, that can al-
leviate mass transfer limitations through accessing a larger electrolyte volume and mak-
ing more reactant available, potentially leading to more robust and scalable systems.[16–
18] Suspension electrodes, also known as semi-solid or flowable electrodes, enable the
electric current to percolate deep into the electrolyzer channel and to reach otherwise
inaccessible CO2 molecules.[19] Although suspension electrodes have proven very effec-
tive in various electrochemical applications (e.g. semi-solid redox flow batteries[20, 21],
flow-electrode capacitive deionization[22, 23], microbial fuel cells[24, 25]), their applica-
tion in CO2 electrolysis introduces several challenges. A trade-off between conductivity
and flowability results in a poor reaction distribution over the channel depth and creates
dead zones where no reaction takes place. Additionally, the relatively large conductive
area compared to the catalyst area can lead to increased competition with parasitic re-
actions, such as HER.[26]

Further expanding the concept of volume-based electrodes, we introduce a flow-
through current collector that effectively replaces the flowable conductive network with
a static network. Incorporating a solid and continuous structure leads to higher elec-
tric conductivity than relying on intermittent particle-particle interactions[27, 28]. Ad-
ditionally, this strategy decreases the carbon surface area relative to the area active for
CO2 reduction, and thereby minimizes side reactions.[16] Flow-through electrodes have
already been applied successfully in other electrochemical applications such as redox
flow batteries[29, 30] and water electrolysis[31, 32]. We expect that replacing the car-
bon particle network in a suspension by a static conductive network can lead to higher
geometric current density and selectivity in aqueous CO2 reduction as well.

Here, we demonstrate volume-based CO2 reduction with suspensions of silver nano-
particles (Ag NPs) flowing through a 3D (foam) current collector. We compare the flow-
through system with a conventional flow-by system and a fully suspension-based sys-
tem. We reach geometric current densities for CO2-to-CO conversion that are an order
of magnitude higher than for flat electrodes, and show that adding stabilizing agents
improves the system further, demonstrating a viable pathway towards intensifying CO2

reduction in aqueous flow systems.
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3.2. METHODS

We performed CO2 electrolysis in a custom-made flow cell equipped with 6 mm thick
flow channels, a Selemion AMV anion exchange membrane, and an Ir-/Ru-oxide coated
Ti-sheet (Permascand) as anode (Fig. S3.2). As cathode, we tested a suspension of Ag
NPs flowing through a carbon foam (Fig. 3.1b), a suspension of carbon black (CB) and
Ag NPs flowing past a glassy carbon plate (Fig. 3.1c), and a silver plate (Fig. 3.1d). A
CO2-saturated 0.5 M KHCO3 solution was used as catholyte and anolyte and circulated
through the setup at 80 mL/min. All suspensions were prepared by mixing and sonicat-
ing the electrolyte, particles, and optional surfactants. A constant current was applied
(AutoLab and Ivium), and the product gases were analyzed in-line with a CompactGC4.0

(Interscience). Details on the experimental methods are supplied in the SI.

3.3. RESULTS AND DISCUSSION

Employing a flow-through current collector with a flowing suspension of catalyst parti-
cles yields substantially higher CO current densities compared to the carbon-based sus-
pension and a conventional silver plate electrode (Fig. 3.1). The CO current density
of 27 mA/cm2 reached in the flow-through system is more than 5 times higher than in
the full suspension system (max. 5 mA/cm2), and more than 10 times higher than on
the Ag plate (max. 2 mA/cm2, equivalent to comparable flow systems in literature).[5]
Although both the flow-through and the full-suspension systems benefit from a larger
volume with accessible CO2, shorter distances between the electrode and bulk elec-
trolyte, and interrupted electrode surfaces that disrupt diffusion boundary layers, the
flow-through electrode holds additional advantages over the full-suspension system.[16,
26] Firstly, the flow-through electrode provides a permanent conductive network that
continuously spans the entire channel depth. This offers higher electrical conductivity
than the dynamic networks in a suspension electrode, which leads to improved volume
utilization.[16, 27, 28] Secondly, flowing the suspension particles in the full-suspension
system lowers the relative velocity between the electrode and electrolyte, which likely
diminishes the positive effect of electrolyte flow. As a result, the flow-through configura-
tion makes the best use of the available CO2 and the electrolyte flow.

Despite the stable performance during catalysis shown in Fig. 3.1, we observe that
the Ag NP suspension is not stable. Upon flowing the suspension through the flow-
through current collector, the foam acts as a filter and captures most of the suspended
Ag NPs within 1 minute of recirculation. This is evident from the fast loss of grey color
in the fresh suspension during pumping (Fig. 3.2a-b), and from the large amount of Ag
NPs that are visibly stuck to the foam section facing the channel inlet (Fig. 3.3c) and on
struts inside the foam (Fig. S3.3 in SI). We hypothesize that severe agglomeration in the
first cm of the current collector is preventing the flow-through from performing at its
full potential. Based on the color of the electrolyte, the aggregation process happens at
a timescale of <1 minute, and therefore occurs before the product gas reaches a stable
composition. Hence, the steady state (Ag NPs after 20 minutes in Fig. 2.1a) is reached
with a significantly smaller catalytic surface area compared to the initially available area
of the suspended Ag NPs. We expect that the performance can be enhanced further by
preventing particle aggregation caused by strong Van der Waals forces and weakened
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Figure 3.1: The achieved partial CO current density ( jCO ) over time per flow system. The jCO equilibrates dur-
ing the first 10 minutes of reaction due to flushing of the headspace in the electrolyte container. The catalytic
suspension combined with an inert flow-through electrode (Ag NPs flow-through) reaches higher jCO with
greater stability than the flowed suspension of carbon black (CB) microparticles and silver nanoparticles (Ag
NP), and the conventional flow-by system with a silver plate (Ag plate) electrode.

electrostatic repulsion in the electrolyte. We can use methods from colloid science, such
as adding stabilizing agents, to achieve this.

Figure 3.2: Pictures of a) the fresh Ag NP suspension inside the flow channel right after starting the pump, and
b) the same suspension that clears within one minute of pumping. c) Picture of a used carbon foam with a
large quantity of Ag NPs captured and stuck to the side of the foam facing the channel inlet.

Incorporating surfactants into the reactive suspensions, either by adding sodium do-
decyl sulfate (SDS) or using pre-coated polyvinylpyrrolidone (PVP)-capped NPs, indeed
raises the CO current density. The SDS- and PVP-stabilized suspensions produce higher
CO current densities of 42, and 33 mA/cm2, respectively, compared to the bare Ag NP
suspension (27 mA/cm2) when applying a total current density of 50 mA/cm2 (Fig. 3.3a).
Although the initial motive for adding surfactants was to repress particle aggregation,
surfactants also aid CO2 reduction by lowering the surface tension and thereby facilitat-
ing bubble removal at smaller bubble sizes.[33] This can enhance bubble-induced mass
transfer[34], preventing blocking of pores and active sites by large bubbles.

In addition, surfactants can lend improved CO selectivity by protecting the NP sur-
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face from undergoing degradation and morphological changes at highly negative poten-
tials.[35] The bare Ag suspension shows a decline in performance during the run at 100
mA/cm2, which occurs even faster and more drastically when PVP-capped Ag NPs are
used. The peak observed when applying 100 mA/cm2 to the PVP-capped suspension is
likely related to the large potential stripping PVP off the NP surfaces, initially increas-
ing the availability of active sites and performance, and subsequently degrading the NP
surfaces, decreasing the performance.[35] In contrast, the SDS-stabilized suspensions
produce a stable CO current density of 56 mA/cm2 when 100 mA/cm2 are applied, and
even withstand 150 mA/cm2 of applied current density (Fig. S3.4 in SI), although the
achieved CO current density is decreased compared to Fig. 3.3b. Experiment repetitions
revealed some decline for repeated experiments with the same SDS-based solution (Fig.
S3.5 in SI).

In more detail, SDS is especially interesting as its addition does not prevent the stick-
ing behavior completely, but rather causes a cloud of Ag NPs to release upon applying a
negative potential (Fig. S3.6 in SI). As an anionic surfactant, SDS evidently has a higher
repulsion to the negative electrode than the neutral PVP molecules and possibly leads
to poor charge transfer between the electrode and Ag NPs at higher negative potentials,
causing a decline in CO current density at an applied current density of >100 mA/cm2.

Figure 3.3: The achieved CO current densities ( jCO ) on Ag NP suspensions without surfactant, PVP-coated Ag
NPs, and suspensions of Ag NPs with 0.1 wt.% of SDS added to the electrolyte, when applying a) 50 mA/cm2

and b) 100 mA/cm2.

Work by Liu et al.[35] indicates that steric hindrance by surfactants can improve par-
ticle stability but also hinder CO2 transfer to the catalytic surface and block active sites.
Therefore, we anticipate an optimum in the surfactant-to-particle ratio that lends suf-
ficient stability while preventing the Ag NP surfaces to become too crowded for CO2

molecules to reach it. Varying the Ag:SDS ratio between 0.1:0 and 0.1:1 (wt%) reveals
that the best performance is obtained when both loadings are equal at 0.1 wt% (Fig.
3.4a). This results in a concentration of 3.5 mM SDS, which is well above the critical
micelle concentration (CMC) of SDS in 0.5 M KHCO3.[36] Varying the absolute Ag/SDS
concentrations while keeping this ratio fixed at 1 shows that the CO current density is
not increased further when raising both concentrations above 0.1 wt% (Fig. 3.4b). The
CO current density even decreases when using a higher concentration of 0.5 wt% and
applying 50 or 100 mA/cm2, while it increases when applying 200 mA/cm2. We could
speculate that higher potentials provide more repulsion and stability when the particle
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suspension is more crowded. However, this effect could also be due to the order in which
the current densities were applied; more experiments at varying (and higher) concentra-
tions should be performed to optimize the Ag NP and SDS concentrations further.

Figure 3.4: Resulting CO current density a) at various Ag:SDS ratio’s where the Ag concentration is kept constant
at 0.1 wt%, and b) at various Ag and SDS concentrations where the Ag:SDS ratio is fixed at 1. The cases with
Ag/SDS equal to 0.1/0, 0.1/1, and 0.01/0.01 were not performed at every current density.

In addition, we tested a silver-coated CB suspension with a flow-through electrode,
an Ag NP suspension containing both PVP and SDS, and an Ag NPs +SDS suspension
with a flow-through electrode with larger pores (8 pores/cm). None of these performed
better than the SDS-stabilized Ag suspensions in combination with the flow-through
electrode with standard pore size (24 pores/cm); see Fig. 3.5. The drastically lower CO
current density in the flow-through electrode with larger pores emphasizes the need for
microporous electrodes to ensure sufficient Ag particle-electrode interactions.

Interestingly, we observed better performance when circulating the suspension for a
while before applying the potential, compared to applying a current immediately upon
filling the flow cell (Fig. S3.7 in SI). This suggests that having some Ag particles attached
to the flow-through electrode promotes CO2 reduction. In this case, the surfactants can
improve the spatial distribution and size of Ag deposits.

3.4. IMPLICATIONS AND CONCLUSIONS
Our results show that a flow-through electrode in combination with surfactants, espe-
cially SDS, can significantly improve the CO current density. The highest CO current
density of 56 mA/cm2 in this study was achieved with an SDS-stabilized Ag NP suspen-
sion. We suspect that the surfactants allow 1) a more even coating of Ag NPs to form
with fewer aggregates and thus more catalytically active surface area, and 2) improve re-
moval of smaller bubbles which enhances bubble-induced mass transfer and prevents
large bubbles from blocking pores and active sites.

With the calculated residence time, this CO current density consumed only 0.6% of
the available CO2 in the channel. Therefore, either the channel can be made longer to
raise the portion of utilized CO2, or the CO current density can be boosted even further
(almost 170x, in theory) by bringing the electrode even closer to the dissolved CO2. This
would require a structure with smaller pores, which should ideally be smaller than the
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Figure 3.5: Overview of the performance of evaluated systems. The systems containing 2D current collectors
(CCs) and/or carbon black (CB) particles perform significantly worse than those employing 3D electrodes and
Ag suspensions, e.g. Ag SDS, Ag-PVP, and Ag NPs. The Ag-PVP suspension performs similarly as the Ag suspen-
sion with SDS, but lacks in stability at higher current densities.

diffusion boundary layer (DBL, estimated to be approximately 10µm for this foam struc-
ture[16]) that forms around the struts where the reaction is taking place. With such in-
tensification, the use of a bipolar membrane could be useful to mitigate OH – accumula-
tion, which would merge the concept of surfactant-assisted suspensions in flow-through
electrodes with the route of bipolar membrane-based bicarbonate conversion.[37–40]

Ultimately, we have shown that a smart electrode design can enhance the CO current
density in aqueous electrolyzers considerably, offering an alternative to gas-fed systems
as a pathway towards intensifying CO2 electrolysis.
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3.5. SUPPORTING INFORMATION
The relevant data is available in the Zenodo repository at 10.5281/zenodo.12750737.

3.5.1 EXPERIMENTAL
All experiments were performed in a custom-made PMMA flow cell with 6 mm thick flow chan-
nels. One half of the flow cell consists of a flow channel stacked onto an endplate and is shown in
Fig. S3.1. A glassy carbon plate (Goodfellow) is embedded in the cathode endplate in the flow-by
configuration (Fig. S3.1a). The flow-through configuration has a glassy carbon foam (RVC foam,
24 pores/cm, approx. 430 µm pore size, Goodfellow) inserted in the flow channel on top of the
glassy carbon plate (Fig. S3.1b). A foam that was slightly thicker than the flow channel (6.35 mm
versus 6 mm channel thickness) was chosen to ensure a good electrical connection between the
glassy carbon foam and the plate. An RVC foam with fewer, larger pores was used in one exper-
iment (8 pores/cm, 1000 µm pore size, 5 mm thick, Nano Chemazone) with three 0.5 mm thick
gaskets stacked on top of it (on the side of the membrane) to press the foam tightly against the
glassy carbon plate. The glassy carbon plate was cleaned before each experiment by polishing and
subsequent sonication in deionized (DI) water. A new piece of RVC foam was used for most ex-
periments and cleaned by sonicating and rinsing in DI water, after which the foam was dried in an
oven at 150 oC.

The cell was assembled as shown schematically in Fig. S3.2a with a Selemion AMV (100 µm,
AGC Engineering) membrane separating the catholyte and anolyte compartments. The mem-
brane was soaked and stored in electrolyte before use. A Ti sheet with Ir-/Ru-oxide coating (Per-
mascand) was used as anode, and a leak-free Ag/AgCl reference electrode (LF-1-45, Alvatek) was
inserted into the anode compartment as reference in most experiments, and into a small hole in
the RVC in later experiments. The flow cell was connected to the electrolysis setup as shown in Fig.
S3.2b.

An electrolyte of 0.5 M KHCO3 (99%, ThermoFisher Scientific) in deionized water was used for
the catholyte and anolyte (both with a volume of 40 mL) in most experiment, one experiment was
performed with 0.1 M KHCO3. The catholyte suspensions were prepared by adding the desired
type and amount of particles to the electrolyte and stirring for 10 minutes, followed by 15 minutes
of sonication. When SDS was used, the particles were added to the electrolyte, the suspension
was stirred for 5 minutes and sonicated for 10 minutes before adding the required amount of SDS,
followed by stirring and sonication for an additional 5 and 15 minutes, respectively. A variety of
particle types were used as suspensions, these included silver nanoparticles (Ag NPs, 99.9%, Ther-
moFisher), carbon black (CB, Vulcan XC-72, Fuel Cell Store), Ag-coated CB (Ag-CB, 20 wt% silver
on Vulcan XC-72, Fuel Cell Store), and Ag NPs capped by polyvinylpyrrolidone (Ag-PVP, 99.5%,
Merck). The types of particles, current collectors, and electrode configuration used in the different
experiment types are listed in Table S3.1.

The anolyte and catholyte were saturated with CO2 by sparging 50 mL/min of CO2, controlled
by mass flow controllers (MFCs, Bronkhorst), for at least 30 minutes before each measurement.
This was continued during the experiment to keep the electrolytes saturated and to flush the
product gases to an inline gas chromatograph (CompactGC4.0, Interscience) for analysis. The
electrolytes were circulated at a flow rate of 80 mL/min (L/S Precision Pump System, Masterflex)
and a needle valve in the anolyte tubing was used to minimize the pressure difference between
the two compartments and prevent membrane rupture. All electrochemical measurements were
performed with an IviumStat.h (±5A/±10V, Ivium), a XP20 (±20A/±20V, Ivium), or a PGSTAT302N
(±2A/±30V, Autolab) potentiostat. Chronopotentiometry (CP) was performed at various geomet-
rical current densities for 45 minutes each, during which the product gases were analyzed at time
intervals of approximately 4 minutes. A CP at 50 mA/cm2 was always performed first, followed by
CPs at 25-200 mA/cm2 in a randomized order, and a second 50 mA/cm2 at the end of the day for
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comparison. The electrolytes were resaturated with CO2 for 30 minutes between each CP.

Figure S3.1: Endplates of the flow cell in the a) flow-by and b) flow-through configurations with one flow chan-
nel on top. Both configurations have a glassy carbon plate current collector. An RVC foam is inserted into the
channel to create the flow-through configuration.

Figure S3.2: a) Schematic of the assembled flow cell (side view) in flow-through configuration with 0.5 M
KHCO3 anolyte flowing on the left side of the anion exchange membrane (AEM), and the silver nanoparti-
cle (Ag NP) suspension in 0.5 M KHCO3 as catholyte on the right side of the membrane. b) Setup diagram
showing all equipment, and liquid and gas flows.

Table S3.1: Used flow configuration, current collectors, particles, surfactant, and electrolyte concentration per
experiment type.

Experiment type Configuration Plate CC Foam CC Particles Surfactant KHCO3 (M)

Ag plate flow-by silver - - - 0.5
Ag CB flow-by glassy carbon - Ag and CB - 0.5
Ag-CB flow-through glassy carbon RVC, 24 ppcm Ag-coated CB - 0.5
Ag NP flow-through glassy carbon RVC, 24 ppcm Ag - 0.5
Ag SDS flow-through glassy carbon RVC, 24 ppcm Ag SDS 0.5
Ag-PVP flow-through glassy carbon RVC, 24 ppcm PVP-capped Ag PVP 0.5
Ag-PVP SDS flow-through glassy carbon RVC, 24 ppcm PVP-capped Ag PVP, SDS 0.5
8 ppcm SDS flow-through glassy carbon RVC, 8 ppcm Ag SDS 0.5
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3.6. PARTICLE AGGREGATION IN FOAM
Significant aggregation and sticking of particles in the RVC foam was observed in all experiments.
The Ag NPs filling and blocking pores can be observed by eye in Fig. S3.3a. An aggregate on a strut
inside the foam is shown in the scanning electron microscopy (SEM, JSM-6010LA, JEOL) image in
Fig. S3.3b.

Figure S3.3: a) Photo of a used RVC foam with clearly visible Ag NP aggregates trapped in the pores. b) SEM
image of Ag NP aggregates stuck on struts inside the RVC foam.

3.7. SYSTEM COMPARISON
The partial CO current densities achieved over time in various tested systems are shown below (Fig.
S3.4). The flow-through systems with silver suspensions reach the highest CO current densities
an with the highest stability. This is improved further by including surfactants, PVP or SDS, to
the system. The suspensions with SDS as surfactant yield stable performance at higher applied
current densities than the PVP-capped suspension particles.

Figure S3.4: CO current density ( jCO ) over time in the various tested systems at a) 50, b) 100, and c) 150 and
200 mA/cm2 applied current density.

3.8. SAMPLE-TO-SAMPLE VARIATION
Although the CO current density was stable during the experiments, it varied between repetitions
with identical suspension compositions. Fig. S3.5 shows the jCO over time during the first CP at
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50 mA/cm2 applied current densities of five experiments performed with 0.1 wt% Ag NPs and 0.1
wt% SDS in 0.5 M KHCO3, in the order EX013, EX021, EX022, EX027, EX030. This results in a range
of achieved jCO values. It is notable that a new AEM was used during EX030 compared to EX027
and is paired with a significant improvement in jCO .

Figure S3.5: CO current density ( jCO ) over time during multiple experiments with 0.1 wt% Ag NPs and SDS,
performed in the order EX013, EX021, EX022, EX027, EX030. The jCO is stable during the individual experi-
ments, but varies per day. A newer membrane was used in EX030 compared to EX027.

3.9. ELECTROSTATIC REPULSION BETWEEN SDS AND CATH-
ODE
SDS was observed not to prevent the suspension particles from sticking inside the flow-through
electrode completely, but rather to cause (many of) the captured Ag NPs to be released from the
foam electrode upon starting the experiment and applying a negative potential (Fig. S3.6).

Figure S3.6: Observed Ag NP release in SDS-stabilized suspensions upon applying a negative potential. a) The
suspension clears during pumping due to Ag NP capture by the flow-through electrode, and b) a cloud of Ag
NPs releases once the CP is started.

3.10. CONTRIBUTIONS OF CAPTURED AND FLOWING AG NPS
Two types of experiments in presence of SDS were performed to assess whether the CO2 reduc-
tion is mostly performed by Ag NPs in suspension or stuck to the foam. During the flow saturation
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experiments, the catholyte was sparged with CO2 for 30 minutes while pumping the catholyte
through the setup without applying a potential. This way, the suspension particles were given the
opportunity to get stuck inside the flow-through electrode before the repulsion between the cath-
ode and SDS molecules was initiated. During the container saturation experiments, the catholyte
was kept in the catholyte container during the 30 minutes of sparging and the catholyte was only
pumped into the setup once the potential was applied. Therefore, the suspension was only circu-
lated through the flow cell while the repulsion between the SDS molecules and cathode was active
to prevent the Ag NPs from getting stuck in the first place.

Although a visible amount of Ag NPs release and escape from the flow-through electrode upon
starting the potential after flow saturation, the achieved CO current density is always higher after
flow saturation than after saturating within the container (Fig. S3.7). This shows that particle
sticking inside the foam electrode is beneficial for the catalytic performance, and suggests that
the captured Ag NPs are more active for CO2 reduction than the particles that stay in suspension
because they are in permanent contact with the current source.

Figure S3.7: Stable jCO during CO2 reduction at applied current densities of a) 50 mA/cm2 and b) 100 mA/cm2

after flow- and container saturation.
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ABSTRACT

Electrochemical oxygen reduction is a promising, sustainable alternative to the current
industrial production method for hydrogen peroxide (H2O2), which is a green oxidant in
many (emerging) applications in the chemical industry, water treatment, and fuel cells.
Low solubility of O2 in water causes severe mass transfer limitations and loss of H2O2 selec-
tivity at industrially-relevant current densities, complicating the development of practical
scale electrochemical H2O2 synthesis systems. We tested a flow-by and flow-through con-
figuration, and suspension electrodes in an electrochemical flow cell to investigate the in-
fluence of electrode configuration and flow conditions on mass transfer and H2O2 produc-
tion. We monitored the H2O2 production using Cu-tmpa (tmpa = tris(2-pyridylmethyl)amine)
as a homogeneous copper-based catalyst in a pH-neutral phosphate buffer during 1 hour
of catalysis and estimated the limiting current density from CV scans. We achieve the
highest H2O2 production and a 15-20 times higher geometrical limiting current density
in the flow-through compared to the flow-by configuration, due to the increased surface
area and foam structure that improved mass transfer. The activated carbon (AC) material
in suspension electrodes, that have an even larger surface area, decompose all produced
H2O2 and prove unsuitable for H2O2 synthesis. Although the mass transfer limitations
seem to be alleviated on the microscale in the flow-through system, the high O2 consump-
tion and H2O2 production cause challenges in maintaining the initially reached current
density and Faradaic efficiency (FE). The decreasing ratio between the O2 and H2O2 con-
centrations in the bulk electrolyte will likely pose a challenge when proceeding to larger
systems with longer electrodes. Tuning the reactor design and operating conditions will be
essential in maximizing the FE and current density.
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4.1. INTRODUCTION
Hydrogen peroxide (H2O2) is an important chemical that is widely used in established
methods for chemical synthesis[1], disinfection[2], and bleaching[3], as well as appli-
cations such as advanced oxidation processes in water treatment[4], and fuel cells[5].
Contrary to the use of H2O2 as a green oxidant, its anthraquinone production process is
energy-intensive and environmentally unfriendly.[6] The continued and increasing de-
mand[7] for H2O2 as a green oxidant has provoked the development of alternative pro-
duction methods, such as electrochemical 2e- oxygen (O2) reduction.

The oxygen reduction reaction (ORR) can run on renewable energy, water, and oxy-
gen as inputs and provides a sustainable route for H2O2 synthesis[8], but suffers from
challenges imposed by the low solubility of O2 in water (1.1 mM when in contact with
pure O2 gas at standard conditions). The small amount of O2 available near the elec-
trode depletes rapidly when working at higher current densities. This causes severe mass
transfer limitations and lowers catalyst selectivity considerably at economically viable
current densities.[9, 10] Electrochemical H2O2 synthesis has been commercialized in the
Dow-Huron process[11] that produces highly alkaline H2O2 solutions, of which the pH
is lowered after production to prevent H2O2 decomposition and to fit the requirement
for acidic or neutral H2O2 solutions of many applications. Commercially applicable pro-
cesses for producing neutral and acidic H2O2 solutions directly are still lacking.[12] Im-
proved reactor designs are necessary to alleviate mass transfer limitations and advance
towards widely applicable practical-scale electrochemical H2O2 synthesis devices.[5]

Here, we perform ORR in an electrochemical flow cell with three different electrode
configurations and Cu-tmpa (tmpa = tris(2-pyridylmethyl)amine) as catalyst. This cata-
lyst was selected because it is the fastest copper-based molecular ORR catalyst reported
to date, catalyzing the reduction of oxygen with more than 2 million turnovers per sec-
ond.[13] Furthermore, electrochemical experiments have shown that this Cu-based molec-
ular catalyst converts O2 in neutral pH in two consecutive steps, starting with fast 2-
electron reduction of O2 to H2O2, followed by a slower second 2-electron reduction of
H2O2 to H2O, therefore generating H2O2 as a stable intermediate.[13, 14] It has been
shown that in a rotating disk electrode (RDE) setup, the ORR selectivity is determined by
the local O2 and H2O2 concentrations at the electrode surface, and thus highly depen-
dent on transport of O2 towards- and H2O2 away from the electrode.[15] Cu-tmpa was
shown to generate H2O2 solutions with high Faradaic efficiency for up to 8 hours. How-
ever, an RDE setup is a highly controlled and idealized system. Therefore, in this work
we extend Cu-tmpa studies that have been limited to fundamental studies on RDEs to
more applicable flow systems with a larger electrode area, to obtain insight into the effect
of cell configuration on the activity and selectivity of H2O2-generating molecular cata-
lysts. Additionally, we study the influence of the different electrode configurations and
electrolyte flow velocities on mass transfer limited electro-conversion, and we relate our
findings to the implications for larger electrodes to provide insights helpful for scaling
up electrochemical H2O2-generating systems.

Replacing 2D electrodes by 3D structures can alleviate mass transfer limitations by
providing a larger contact area with the electrolyte and shorter mass transport distances.
[10, 16] We perform the ORR in a conventional flow-by configuration (2D), as well as in a
flow-through configuration and on a flowing suspension electrode (both 3D). The flow-
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by configuration consists of a flat electrode with the electrolyte flowing along its surface
(Figure 4.1a), and is likely to develop a thick diffusion boundary layer and severe mass
transfer limitations. The flow-through configuration has an electrically conductive foam
inserted into the electrolyte flow path (Figure 4.2b), enlarging the contact area, allowing
the electric current to percolate through the entire channel, and hindering the develop-
ment of a thick boundary layer. The suspension electrode is composed of conductive
porous microparticles suspended in an electrolyte and is flowed along a 2D current col-
lector (Figure 4.1c). The porous particles provide an even larger surface area than the
foam, while conductive networks and particle collisions also allow for electron percola-
tion into the channel.[17–19]

Evaluating the influence of reactor design on mass transfer is essential for achieving
the high product selectivity and current densities needed for advancing electrochemical
H2O2 synthesis to an industrially relevant technology.

Figure 4.1: Studied current collector configurations a) flow-by, b) flow-through and c) suspension electrodes,
for homogeneous catalysis of oxygen reduction by Cu-tmpa.

4.2. METHODS
Cu-tmpa was synthesized as described by Langerman et al.[14] All experiments were per-
formed in the electrochemical flow cell and setup shown in Figure S4.1. The cathodic
and anodic compartments (3 mm thick) were separated by a Nafion 117 cation exchange
membrane (CEM) that was soaked and stored in electrolyte. We used a three-electrode
setup, with a glassy carbon plate (Goodfellow) used as cathodic current collector in all
experiments, of which an area of 2.4 by 3.4 cm was exposed to the electrolyte. This was
combined with a vitreous carbon foam (3.2 mm thickness, 24 pores/cm, 96.5% porosity,
surface area 3937 m2/m3, Goodfellow) cut into the same dimension and inserted into
the flow channel to create the flow-through configuration. An Ir-/Ru-oxide coated Ti-
sheet (Permascand) was used as anode. A leak-free Ag/AgCl electrode (LF-1-45, Alvatek)
was used as reference electrode (RE). It was inserted through the side of the flow channel
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with its tip in front of the glassy carbon plate as illustrated in Figure S4.1. A small hole (Ø
3 mm) was made in the carbon foam at this spot to accommodate for the RE insertion.

A phosphate buffer of 0.5 M Na2HPO4/NaH2PO4 (≥99.999%, Honeywell Fluka Trace-
SELECT) at pH 7 was used as catholyte and anolyte to allow for comparison with previ-
ous studies[13–15], and to provide good Cu-tmpa and H2O2 stability and sufficient con-
ductivity to achieve acceptable cell potentials. The catholyte was saturated with oxygen
by sparging O2 gas at 50 mL/min (controlled with mass flow controllers by Bronckhorst)
during and for at least 30 minutes before the experiment. 80 mL of catholyte and anolyte
were used in case of the flow-by and flow-through configurations, and 40 g of carbon
suspension in 0.5 M phosphate buffer replaced the catholyte, and 40 mL of phosphate
buffer was used as anolyte in the suspension electrode experiments. The suspension
was prepared by adding 10 or 20 wt% of activated carbon (AC, 20 µm median particle
size, 1000 m2/g, Norit SX Plus CAT, Sigma Aldrich) to the phosphate buffer under thor-
ough stirring, followed by 30 minutes of sonication.

Cyclic voltammetry scans (CVs) were performed at a scan rate of 100 mV/s using
an IviumStat (±5A/±10V, Ivium) potentiostat (see the SI for more details). The scans
were performed at various flow speeds (peristaltic pump, L/S Precision Pump System,
Masterflex) before and in between two additions of 5 µM of Cu-tmpa to investigate the
effect of flow and catalyst concentration on the limiting current.

The ORR performance was evaluated during chronoamperometry at a cathode po-
tential close to the half-wave potential (Ecat/2) of 0.3 vs RHE found in previous studies[13,
14] that results in roughly 75% of the peak current. This allowed us to push the current
densities towards their maximum without entering the mass transfer limited regime in
the CVs. As the catalytic peaks were not visible in the CV scans of the suspension elec-
trodes, the suspension CAs were run at the potentials selected for the flow-by and flow-
through configurations. Each CA was run for 1 hour at a flow velocity inside the catholyte
channel of 19 mm/s when using the flow-by and flow-through configurations, and at a
lower flow velocity of 9 mm/s when using a suspension electrode to prevent operational
complications such as clogging over the course of the experiment. The H2O2 concen-
tration was measured periodically with a reflectometer (RQflex® 20, Merck) and corre-
sponding peroxide test strips (0.2-20.0 mg/L H2O2). The accuracy of the test strips for
measuring peroxide in phosphate buffer has been verified in ref. [15]. The samples were
diluted with buffer to fit the detection window of the test strips whenever necessary. The
precise reaction conditions of each experiment are listed in Table S4.1.

The stability of H2O2 in the different experimental conditions was tested by adding
a known amount of H2O2 and measuring the concentration in the liquid at time inter-
vals. In case of the flow-by and flow-through configurations, the flow cell was assembled
as described above. The anolyte compartment was filled with electrolyte and closed off
while 72 g of buffer was cycled through the catholyte compartment at 40 mL/min (9
mm/s inside the channel). In case of the suspension electrode, the H2O2 concentration
was monitored after addition to 80 g of the 10 wt% AC suspension under continuous stir-
ring inside a glass bottle. The first sample was taken 30 s after each addition and passed
through a filter (Whatman Puradisc H-PTFE syringe filters, 0.2 µm, hydrophilic) to re-
move the AC before measuring the H2O2 concentration with the reflectometer. Taking
the sample and filtering took about 10 minutes.
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A similar experiment was performed to investigate whether the H2O2 was decom-
posed or adsorbed by the AC particles. Known amounts of H2O2 were injected into the
10 wt% AC suspension inside a gas-tight bottle and gas samples were taken and analyzed
with a gas chromatograph (GC, CompactGC4.0, Interscience) to track O2 evolution.

4.3. RESULTS AND DISCUSSION

4.3.1. FLOW-THROUGH CONFIGURATION IMPROVES THE H2O2 PRODUC-
TION

We measured the current density of the ORR and concentration of produced H2O2 in the
electrolyte during 1 hour of chronoamperometry for comparison of the electrochem-
ical performance in each configuration. Figure 4.2a shows a significant difference in
the achieved current densities among the different configurations, with the 20 wt% AC
suspension reaching the highest current density of -7.7±0.9 mA/cm2, about twice the
current density reached in the 10 wt% AC suspension (-3.0±0.3 mA/cm2) and the flow-
through electrode (-3.8±0.4 mA/cm2), and almost 26 times higher than the flow-by con-
figuration, which reaches only -0.3±0.0 mA/cm2.

In addition, we observe a steady decrease in current density in all systems during
chronoamperometry, especially those operating at higher current densities. The Faradaic
efficiency (FE) decreases over time as well, in the flow-by and flow-through configura-
tions (Figure 4.2b). Both effects decrease the H2O2 formation rate over time. We suspect
that this is due to two complications. First, the decrease in selectivity over time can be
caused by the increasing concentration of H2O2, both in the reservoir and through the
height of the cell, leading to increased Faradaic over-reduction of the produced H2O2 to
form H2O and resulting in a lower measured FE towards H2O2. This is especially an is-
sue in the flow-through configuration, in which the H2O2 concentration increases most
severely and even exceeds the O2 concentration after about 36 minutes of operation,
as shown in Figure 4.2d. While such concentrations generally do not lead to a loss in
FE when using an RDE[15], H2O2 accumulation has been shown to decrease selectivity
in flow cells.[20] The produced H2O2 spends a significantly longer time near the elec-
trode before getting diluted inside the reservoir, compared to a setup using an RDE. This
essentially increases the risk of H2O2 reduction. Secondly, the overall decrease in cur-
rent density over time can be caused by slow dissolution of O2 in the reservoir. To illus-
trate, all dissolved O2 will be consumed within 9 minutes at the ORR rate reached in the
flow-through configuration if no fresh O2 is supplied (see SI for calculation). Reaching
a sufficiently high dissolution rate to keep up with the O2 consumption and maintain
the maximum O2 concentration is challenging and unlikely when using a simple sparger
for saturation.[10] Both the O2 depletion and H2O2 accumulation contribute to altering
the O2/H2O2 ratio near the electrode and affect the ORR and the hydrogen peroxide re-
duction reaction (HPRR) rates according to ORR rate = kORR[Cu-tmpa][O2] and HPRR
rate=kHPRR[Cu-tmpa][H2O2], increasing the HPRR rate during the chronoamperome-
try. In turn, this also lowers the overall current density because kHPRR is an order of
magnitude lower than kORR.[13] The combination of these two effects ultimately leads
to a more severe loss in partial H2O2 current density in the flow-through than in the
flow-by case (Figure 4.2c).
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Despite the lower selectivity, the flow-through configuration displays the highest par-
tial H2O2 current density at all times (Figure 4.2c). The higher H2O2 production rate re-
sults in almost 10 times more H2O2 being produced in the flow-through than in the flow-
by configuration within one hour of operation (Figure 4.2d). The flow-through setup
produces concentrations in the mM range, which is already sufficiently high for applica-
tions like H2O2/UV disinfection.[21]

Although the total current densities achieved in the suspension electrodes almost
match (for 10 wt% AC) or even surpass (for 20 wt% AC) the total current density reached
in the flow-through configuration, no H2O2 was detected in the suspensions. We sus-
pect that the suspensions are interfering negatively with the reaction because the glassy
carbon plate used in the flow-by system is also present here and was expected to allow
for at least some H2O2 production. We address this issue later.

Figure 4.2: Overall performance of O2 reduction by 10 µM Cu-tmpa in 0.5 M phosphate buffer (pH 7) on flow-
through, flow-by and suspension (10 and 20 wt% AC) electrodes. a) Chronoamperometry showing the dif-
ferences in achieved current densities through time, performed at 0.31 V vs RHE for the flow-by and 10 wt%
suspension, and 0.21 V vs RHE for the flow-through and 20 wt% suspension. The 20 wt% AC graph has been
smoothed through a running average over 30 s to remove excessive noise. b) Measured FE towards H2O2 pro-
duction, and c) achieved partial current density to H2O2 (jH2O2 ) through time. d) Resulting cumulative H2O2
production over time in mg and mM. The H2O2 concentration exceeds the maximum O2 concentration after
36 minutes of operation in the flow-through configuration.
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4.3.2. ELECTRODE CONFIGURATION AND FLOW CONDITIONS ENHANCE MASS

TRANSFER

We performed CV scans to further study what current densities can be reached in our
H2O2 synthesis systems and how this relates to the applied potential and electrolyte flow
velocity. The CV scans for the different electrodes and different flow velocities are shown
in Figure 4.3. The current increases most sharply between roughly 0.4 and 0.2 V vs RHE,
depending on the configuration. This is in line with previous studies, wherein the half-
wave potential (Ecat/2) was found at 0.3 V vs RHE.[13, 14]

First we consider the CVs of the flow-by (Figure 4.3a) and the flow-through (Figure
4.3b) cases. The flow-by configuration leads to a typical peak-shaped CV with a peak
current in the forward scan caused by the transition from saturated O2 conditions at the
electrode surface to the formation of a depleted diffusion boundary layer. The peak is
followed by a plateau towards the cathodic vertex, where the O2 at the surface has al-
ready been depleted and the current is limited by O2 transport from the freshly delivered
bulk electrolyte. Increasing the flow velocity increases the peak current and the plateau
current to a certain extent by lowering the residence time and reducing the boundary
layer thickness, respectively.

The flow-through configuration (Figure 4.3b) reaches a significantly higher geomet-
rical current density of 5-15 times, depending on the flow rate, compared to the highest
peak current in the flow-by configuration (Figure 4.3a). The active surface area per flow
cell area is increased 13.5 times by the porosity of the flow-through electrode compared
to the flow-by plate electrode (see SI for calculation). This suggests that most of the in-
crease in geometric current density is due to the larger active surface area. However,
the difference in CV shape reveals that also the mass transfer conditions depend on the
electrode systems. The lowest flow velocity (5 mm/s) for flow-through results in a simi-
lar shape as we have seen in the flow-by configuration, but with a less pronounced peak
at 0.25 V. The peak shape transforms to resemble an S-shape voltammogram with in-
creasing flow velocity and is completely invisible when applying higher flow velocities
(28 and 37 mm/s). The plateau shape in the CV indicates that a constant O2 supply is
available, which corresponds with O2 transport from the bulk instead of O2 from a tran-
sient boundary layer build-up. The transition towards a steady-state diffusion (S-shape)
at relatively low flow velocities suggests that the boundary layer in the flow-through is
much thinner than in the flow-by case. This makes sense as the 3D character of the
foam forces a frequent restart of the boundary layer development along the length of
the channel. Therefore, the foam reduces the boundary layer thickness compared to the
flow-by system, in which the diffusion boundary layer continues to develop along the
entire channel length, resulting in an ever-increasing boundary layer thickness along
the current collector surface. We estimate the average boundary layer thickness (δ) in
the flow-by configuration at 180 µm, versus 11 µm in the flow-through configuration,
using δ = D/k, with D the diffusion coefficient of O2 in water, and k the mass transfer
coefficient.[22, 23] We obtain the mass transfer coefficients of a plate and foam, kpl ate

and k f oam , respectively, later with equations 4.3-4.5.

Although suspension electrodes give even higher current densities compared to the
flow-by and flow-through configurations (Figures 4.3c and d), the ORR performance
cannot be compared from these scans. The steep slope of the ORR that is expected be-
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low 0.6 V vs. RHE is clearly present in the other flow configurations, but is not visible
when using the suspension electrodes and we do not see a difference between the ex-
periments in presence or absence of catalyst. The high currents seem to be due to the
high capacitance of the suspensions, caused by the large surface area of the porous car-
bon particles. This agrees with the increase in hysteresis when comparing the 10 wt%
(Figure 4.3c) with the 20 wt% (Figure 4.3d) AC suspension, as the increase in carbon
loading raises the capacitance for two reasons: 1) a higher carbon loading results in a
larger surface area, and 2) a higher carbon loading also gives higher conductivity and
more percolation into the bulk of the electrode, making more surface area accessible for
capacitive charging.[24] The large capacitance of the suspensions makes it impossible to
observe an onset potential for the ORR in CVs and shows that at least part of the current
during chronoamperometry can be attributed to electric double layer (EDL) charging.

Figure 4.3: CV scans of 5 /upmuM Cu-tmpa in O2-saturated 0.5 M phosphate buffer of pH 7 under various flow
velocities with a) glassy carbon plate (flow-by), b) glassy carbon foam (flow-through), c) 10 wt% AC suspension,
and d) 20 wt% AC suspension electrodes, at a scan rate of 100 mV/s. The black dashed lines correspond to
blank measurements without any Cu-tmpa present. The blank measurement in the flow-by shows an extra
reduction peak at an earlier onset potential or ORR on glassy carbon than in the flow-through configuration
due to a contaminant. Nevertheless, addition of Cu-tmpa clearly increases the current and decreases the onset
potential in the flow-by and flow-through systems, but not in the suspensions. Current fluctuations are visible
in some scans, we suspect these are caused by the pulsed flow from the peristaltic pump.
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4.3.3. CATALYST CONCENTRATION AND STABILITY
We performed CVs with Cu-tmpa concentrations of 5 and 10 µM to check whether the
current is limited by catalyst availability in addition to O2 availability. Doubling the Cu-
tmpa concentration had no significant effect on the reached currents in any of the con-
figurations, shown in Figures 4.4a and 4.4b for the flow-by and the flow-through configu-
rations, respectively (see SI for the suspensions). This is in line with observations inside
this concentration range in RDE systems.[15] The altered shape of the scans performed
on the flow-through with 5 versus 10 µM Cu-tmpa was caused by a short contact loss
of the RE while scanning the positive potentials, etching the foam surface and causing a
larger EDL to become visible in the CVs. The potential range of interest remained unaf-
fected and we conclude that neither system is limited by the low Cu-tmpa concentration.

In addition, we performed CVs after 1 hour of catalysis ("after CA" curves in Figure
4.4) at the indicated chronoamperometry (CA) potentials to check the catalyst stabil-
ity. The shape and reached currents are very similar to those before the CA, suggesting
that loss of catalytic activity or Cu-tmpa degradation are no likely causes for the FE loss
through time observed in Figure 4.2. Cu-tmpa reached a turnover number (TON) of 130
during the experiments, which is likely considerably lower than the maximum TON Cu-
tmpa can reach in catalysis of the ORR. Previous studies have shown that a TON of at
least 250 is achievable.[15] However, very subtle differences can be observed in the CVs.
The slight increase in slope in the flow-by configuration is caused by an increase in avail-
able reactant in the form of H2O2, and the slight broadening of the flow-through CV can
indicate further etching of the foam surface during additional CVs before catalysis. The
suspension CVs (Figure S4.2) show a decrease in current after catalysis, which is in line
with the capacitive nature of the suspensions and our observations from Figures 4.3c
and 4.3d.

Figure 4.4: Influence of Cu-tmpa concentration and 1 hour of chronoamperometry (CA) on CV scans at a
scan rate of 100 mV/s and an electrolyte flow velocity of 19 mm/s with a a) glassy carbon plate (flow-by), and
b) glassy carbon foam (flow-through) as current collectors. The vertical line indicates the potential applied
during CA.

4.3.4. AC SUSPENSIONS BREAK DOWN H2O2
Even though the activated carbon suspensions show a non-Faradaic response due to
their large capacitance, the applied potential was equal to the flow-by and flow-through
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cases, and sufficient for catalysis of the ORR. However, we did not detect any H2O2 pro-
duction when applying a potential for a long period of time (Figure 4.2). To investigate
this further, we studied the stability of H2O2 in a stirred suspension of 10 wt% AC with-
out a potential applied. We added known concentrations of H2O2 to the suspension and
measured the concentration in the electrolyte within 10 minutes after each addition (Fig-
ure 4.5a). No H2O2 was detectable in any of these measurements, showing that it van-
ishes rapidly after addition to an AC suspension via a non-Faradaic process. In contrast,
no H2O2 loss was observed while pumping electrolyte with known H2O2 concentrations
through the flow-by and flow-through configurations.

We performed the same experiment in a gas-tight bottle and analyzed the evolving
gases to determine whether the suspension decomposes or adsorbs the added H2O2 on
its large surface area. Gas-phase analysis showed formation of significant amounts of
O2 upon addition of H2O2 to the suspensions (Figure 4.5b). This shows that the H2O2

disproportionates on the AC particles via 2H2O2 −−→ 2H2O + O2. Figure 4.5c shows how
much of the added H2O2 has decomposed over time and that the AC particles can break
down all added H2O2 within 2 hours. Note that the concentration added in this experi-
ment is 6 times higher than the eventual concentration formed in 1 hour of catalysis in
the flow-through configuration, according to Figure 4.2. In addition, we also detected
smaller amounts of CO2 forming, which can indicate the oxidation of the carbon parti-
cles by H2O2.

Hence, we have shown that the AC suspensions would decompose any H2O2 pro-
duced by the ORR through non-Faradaic disproportionation, in addition to the already
competing Faradaic HPRR. The fast H2O2 decay prevents us from monitoring how much
is produced in the suspension electrodes during chronoamperometry (Figure 4.2a). Al-
though the suspension electrodes rival (10 wt% AC) and even surpass (20 wt% AC) the
flow-through configuration in terms of achieved current density, we conclude that ei-
ther no H2O2 was produced on the suspension electrodes, or any produced H2O2 was
rapidly decomposed on the suspension particles’ large surface area. Therefore, the AC
particles used in this study are not suitable for use in H2O2 production systems. As a re-
sult, the envisaged advantages of using the suspension electrode configuration depicted
in Figure 4.1c could not be realized in this work.

Nevertheless, carbon-based ORR catalysts have been studied extensively in litera-
ture and are considered to have great prospect.[8, 25] Suspensions of carefully selected
carbon materials may not exhibit the issues we encounter here. Materials such as car-
bon black (CB), carbon nanotubes (CNTs), and graphene-based materials are commonly
used in suspension electrodes[18, 26, 27], and can be modified to act as ORR catalyst[8,
9] as well. Such modified CB, CNT, and graphene-based materials would be promising
to test as a suspension electrode for H2O2 production. Alternatively, a small amount of
flowing carbon-based catalyst can be used in combination with a conductive foam to
replicate the flow-through configuration with a heterogeneous catalyst instead of Cu-
tmpa.
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Figure 4.5: Results showing the 10 wt% activated carbon (AC) suspension breaking down H2O2 in solution. a)
Measured H2O2 concentrations through time after one addition of 10 mg/L H2O2 in case of the flow-by, flow-
through case, and after additions of 18, 37 and 55 mg/L H2O2 to the 10 wt% AC suspension case, spaced 25 mins
apart. H2O2 disappears before the concentration in the liquid phase of the suspension can be measured. b)
O2 evolution through time after adding H2O2 to the 10 wt% AC suspension. Smaller amounts of CO2 evolve as
well. c) Percentage of the H2O2 added that has been decomposed by the 10 wt% AC suspension, as calculated
from the O2 evolution through time.

4.3.5. COMPARING LIMITING CURRENT DENSITIES TO SHERWOOD CORRE-
LATIONS

Having established that a flow-through electrode offers a major advantage in mass trans-
port compared to flow-by electrodes, we can further study the physical cause of the
higher limiting current densities. The electrolyte flow velocity and the channel prop-
erties influence the limiting current density ( jl i m) of a mass transfer limited reaction
through the Sherwood number (Sh). A higher Sherwood number represents an increased
mass transfer coefficient (k) and a decreased diffusion boundary layer thickness (δ),
leading to a higher limiting current density through equations 4.1-4.3,[22, 23]

jl i m = DnF cbulk

δ
(4.1)

δ= D

k
(4.2)

k = ShD

dc
(4.3)

in which D is the diffusion coefficient, n the number of electrons involved in the re-
action, F the Faraday constant, cbulk the reactant concentration outside the diffusion
boundary layer, and dc the characteristic length.

The Sherwood number along a planar electrode in laminar flow with a fully devel-
oped hydrodynamic boundary layer is given by[23]
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Sh = 1.467

(
2

1+γ
)0.33 (

ReSc
dh

L

)0.33

; γ= B

L
; dh = 2BW (B +W ) (4.4)

in which γ is the aspect ratio of the electrode, and dh is the hydrodynamic diameter of
the channel. These are determined by the electrode length (L), electrode and channel
breadth (B), and channel depth (W ). The Sherwood number of flow through a porous
electrode can be estimated with[28]

Sh = (
7−10ϵ+5ϵ2)(1+0.7Re0.2Sc0.33)+ (

1.33−2.4ϵ+1.2ϵ2)Re0.7Sc0.33 (4.5)

where ϵ is the porosity. Both expressions make use of the Reynolds (Re) and Schmidt
(Sc) numbers, given by equations 4.6 and 4.7, respectively.

Re = udc

ν
(4.6)

Sc = ν

D
(4.7)

which include the superficial flow velocity (u), the kinematic viscosity (ν) of the elec-
trolyte, and a characteristic length scale dc . The value of dc is defined as dh (hydro-
dynamic diameter) for the flow-by configuration and as ds (typical strut size) for the
flow-through electrode. We use equations 4.4 and 4.5 to obtain the Sherwood numbers
at relevant flow velocities in the flow-by and flow-through configurations, respectively.
The only flow velocity-dependent term in both equations is the Reynolds number, so we
expect that Sh ∝ Re0.33 in the flow-by and approximately Sh ∝ αRe0.2 +βRe0.7 in the
flow-through electrode. Figure 4.6 shows the limiting current density at various flow ve-
locities as estimated from CV scans (see SI for method). We compare the experimental
results with the limiting current densities expected from the obtained Sherwood num-
bers via

Sh = dc

D
k = dc

D

jl i m

nF cbulk
= a · jl i m (4.8)

by fitting them to the limiting current density in the 5 µM Cu-tmpa solution at the lowest
flow velocity (5 mm/s) via the factor a. The shaded areas in Figure 4.6 indicate the ex-
pected limiting current densities. Both configurations follow the predicted trends with
Sh ∝ Re0.33 and Sh ∝ αRe0.2 +βRe0.7 quite well. For the flow-through case, the domi-
nance of the first term (α ≈ 15.3β) gives a weaker flow velocity-dependence of approx-
imately Sh ∝ αRe0.2 in the low Re laminar flow regime compared to the flow-by elec-
trode. The flow-by electrode benefits more from increased flow because of the severe
diffusion boundary layer development over the electrode length, while the flow-through
electrode keeps a thinner boundary layer already at low flow velocities because of the
shorter developing lengths along the individual struts.

The second term of equation 4.5, for the flow-through electrode, will get larger than
the first term when the Reynolds number exceeds 234, which mitigates the flattening
of the curve. This situation is unlikely to occur in channels with dimension that are
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typically used in electrolyzers. To illustrate, flow velocities of 5-40 mm/s give Reynolds
numbers of only 1-8 in our flow cell. The threshold for Re can be lowered by using a
flow-through electrode with lower porosity, but that will add to the pressure drop and
pumping costs, as will increasing the flow rate.

Overall, we have shown that the type of current collector configuration (flow-by ver-
sus flow-through) can be used to boost the limiting current 15-25 times (see Figure S4.5).
The current density can be raised further by increasing the flow velocity and the achieved
improvement fits well with our expectations from Sherwood correlations. However, flow-
ing faster boosts the limiting current to a much smaller extent than the electrode shape.
Therefore, changing the electrode design is more effective than changing the flow rate.

Figure 4.6: Estimated current densities in the a) flow-by and b) flow-through configurations at various flow
velocities and catalyst concentrations obtained from CV measurements recorded before and after 1 hour of
chronoamperometry. Our method for estimating the limiting current densities and the errors is included in
the SI. The shaded areas indicate the expected increase in jl i m of the 5 µM line with flow velocity based on
Sh ∝ Re0.33 and Sh ∝αRe0.2 +βRe0.7 as indicated.

4.3.6. IMPLICATIONS FOR SCALE UP
Although the flow-through configuration alleviates mass transfer limitations on the mi-
croscale, the low amount of O2 available in the bulk of the electrolyte can pose an issue
through O2 depletion along the height of the cell, especially when extrapolating to larger
electrolyzers. The local current density is dependent on the local O2 concentration and
will thus decrease along the height of the channel as O2 is consumed and the bulk con-
centration decreases. We derive the O2 concentration profile from the microscopic mass
balance (derivation available in the SI, section 4.5), which results in

c(x) = c0e−
k AV

u x (4.9)

in which c0 is the inlet concentration, and AV is the specific surface area of the foam.
The local geometric current density is given by

jloc (x) = nF k AV c(x)W = nF k AV W c0e−
k AV

u x (4.10)

and can be integrated along the electrode length to yield the average geometric current
density ( jav g )
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jav g = nFW c0u

L

(
1−e−

k AV L
u

)
. (4.11)

We use equation 4.11 to extract an experimental mass transfer coefficient (−kexp
u=0.019) at a

flow velocity of 19 mm/s by inserting the average achieved current density over the first
5 minutes of chronoamperometry. We estimate the mass transfer coefficient for various
flow velocities by multiplying the theoretical mass transfer coefficient (k th), obtained
from equations 4.3 and 4.5, with a factor kexp

u=0.019/−k th
u=0.019 to correct for the discrepancy

between theory and our experimental setup.
We evaluate a system with an FE for ORR of 100%, and we study the influence of

flow velocity on the local O2 concentration and the resulting average geometric current
density. We calculate the concentration profile with equation 4.9 (Figure 4.7a) along the
3.4 cm long flow-through electrode (solid orange line) used in our experiments and use
this to extrapolate the O2 concentration expected for much longer electrodes (dashed
orange line). The O2 concentration decreases significantly along a 50 cm long electrode
and results in an outlet concentration of only 0.1 mM, versus an inlet concentration of
1.1 mM. The ORR current density is highly dependent on the local O2 concentration and
will thus decrease accordingly higher up in the channel. In turn, O2 depletion along the
electrolyzer channel lowers the average geometric current density (Figure 4.7b). There-
fore, even a system with perfect selectivity will be limited by the amount of O2 as it is
scaled up.

Increasing the flow velocity improves the situation considerably in terms of prevent-
ing O2 depletion along the channel (Figure 4.7a) and results in a higher average geomet-
ric current density (Figure 4.7b). The higher flow velocity increases the limiting current
density in two ways; first, the higher flow rate supplies more fresh electrolyte, which
keeps the O2 concentration high. Second, the higher flow velocity increases the mass
transfer coefficient. Despite this double effect, the gain in local O2 concentration and in
average current density is the largest at relatively low flow velocities. This follows from
the exponential term in equation 4.11, representing the limit of fresh electrolyte (i.e. the
limited inflow concentration). As an example, increasing the flow velocity from 19 to 100
mm/s raises the minimum O2 concentration 5 times and doubles the average current
density, while increasing the flow velocity to 600 mm/s (a factor 30 higher than 19 mm/s)
increases the current density only 4 times and induces a significant pressure drop.

The balance between increased performance and increased pumping costs with in-
creased flow velocity should be optimized in any electrochemical flow system. As a re-
sult, typical flow velocities in comparable applications with single phase flow, such as
electrodialysis, are in the order or 10-150 mm/s.[29] The jav g -curve in Figure 4.7b is also
steepest in this region and we expect similar flow velocities to be relevant in our flow-
through system, with the most favorable trade-off between increased geometric current
density and pumping costs in this regime. We estimated that the theoretical pumping
power is already 34% of the electrochemical power at a flow velocity of 600 mm/s in a
single-pass (calculation in SI), which makes it unpractical to flow at such high velocities.

In addition, the electrolyte flow velocity and current density control the H2O2 con-
centration in the product stream and will influence the choice between designing an
electrolyte recycling- or a single-pass system. High flow velocities would require a recy-
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cling system in order to achieve a sufficiently high H2O2 concentration, but will allow
for O2-resaturation and maintain higher O2 concentrations along with the increasing
H2O2 concentration. Lower flow velocities will be necessary in a single-pass system, but
such a system will have to cope with decreasing O2 concentration during the same H2O2

concentration increase needed to satisfy application requirements. Therefore, the elec-
trode height and flow velocity should be optimized to fit the current density and system
requirements as well.[20, 30] Alternatively, the inlet O2 concentration can be increased
by pressurizing the system, or options for in-channel saturation, such as bubbling O2

directly into the reaction channel, could be investigated.
Although the low O2 solubility remains a challenge in any aqueous system, the flow-

through configuration allows for higher current densities and thicker channels with larger
total amounts of available O2 compared to a flow-by configuration, while avoiding sta-
bility issues in GDEs due to salt formation[31], flooding[32], and water management in
general.[33, 34] Even so, flow-through and GDE configurations are promising concepts
to solve the O2 mass transfer limitation, each with their own advantages and drawbacks.
Although the stability issues in GDEs need to be considered, GDEs provide better O2

availability in the entire channel compared to a flow-through system, whereas the flow-
through system might offer easier scalability and higher stability due to the more simple
and robust system design.

Figure 4.7: a) Estimated O2 concentration alongthe height of the flow cell at various flow velocities (see legend
in b). b) Average current density over a 50 cm long electrode at various flow velocities. Both estimates are based
on Sherwood numbers and the average geometric current density of 5.7 mA/cm2 during the first 5 minutes of
catalysis on a 3.4 cm long electrode.

4.4. CONCLUSIONS
We electrochemically produced H2O2 via the two-electron ORR with Cu-tmpa as homo-
geneous catalyst at neutral pH in an electrochemical flow cell with different electrode
configurations. We achieved similar Faradaic efficiencies for H2O2 to previously studied
RDE systems with Cu-tmpa catalyst, while the electrode area can be extended in flow
cells. This indicates that this is a promising way of scaling up this reaction. We achieved
the highest current density and H2O2 concentrations in a flow-through configuration.
The limiting current density was improved 10-25 times in the flow-through compared to
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the flow-by configuration due to the larger electrode area and due to higher mass transfer
coefficients in flow-through electrodes. The electrode configuration had a significantly
larger effect on the limiting current than the electrolyte flow rate; the flow velocity has
only a minor effect when using a small (3.4 cm long) flow-through electrode.

The high current density in flow-through electrodes was paired with increased dif-
ficulties in maintaining the initial current density and FE during chronoamperometry.
The higher O2 consumption- and H2O2 production rates shifted the [O2]/[H2O2] ratio
in favor of H2O2 reduction and increased the competition between O2 and H2O2 reduc-
tion over time. Although this resulted in the most severe performance drop in the flow-
through configuration, the H2O2 production rate remains the highest in this configu-
ration and the H2O2 concentration entered the mM range. In contrast, the suspension
electrodes, that have an even higher contact area with the liquid phase, did not yield any
detectable H2O2. We showed that any H2O2 that may be produced will be immediately
decomposed by the AC material, rendering this particular carbon material unsuitable for
ORR to H2O2.

We have demonstrated that implementing a flow-through principle in an ORR flow
system can greatly reduce mass transfer limitations already at low electrolyte flow and
boost H2O2 production rates, enabling us to produce meaningful H2O2 concentrations
in a neutral solution with Cu-tmpa as ORR catalyst. Although the availability of O2 is
greatly improved on the microscale, it will decrease through the height of the channel
and cause difficulties when scaling to larger flow cells. Here, increasing the flow rate will
have a larger positive effect than in the small flow cell used in the experiments. Future
studies should apply a fast O2 saturation method to ensure the maximum O2 concen-
tration at the channel inlet and carefully design the electrode height, flow velocity, and
recirculation ratio to suit the current density in the electrochemical H2O2 synthesis sys-
tems.
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4.5. SUPPORTING INFORMATION
The relevant data is available in the Zenodo repository at 10.5281/zenodo.12622234.

4.5.1 EXPERIMENTAL

4.5.1.1 ORR FLOW CELL AND SETUP

We used the custom-made PMMA electrochemical flow cell shown in Figure S4.1a to perform all
ORR experiments. The flow cell consists of two backplates and two 3 mm thick flow channels,
separated by a membrane. Both backplates have an inlay for the current collector or anode with
leak-tight connections for two electrical connections from the back. The flow channels have an
inlet designed to fit a micro reference electrode. We make use of two electrolyte reservoirs, which
are connected to the electrochemical cell and peristaltic pumps as shown in Figure S4.1b. The
catholyte reservoir is sparged with pure O2 before and during the experiment, and is open to the
air to allow for easy liquid sampling.

The glassy carbon foam is slightly thicker than the flow channel (3.2 versus 3.0 mm) to ensure
good electrical contact with the current collector plate by pressing the membrane on top of the
foam in between the channels. The glassy carbon plate was cleaned by polishing with 1 and 0.5
µm alumina slurries, rinsed and finally sonicated in deionized (DI) water for 16 minutes. A new
piece of foam (24 by 34 mm) was cut before each experiment. A small hole (Ø3 mm) was punched
in the foam at the RE inlet to accommodate RE insertion. The foam was cleaned by rinsing with
DI water, sonicating in DI water for 16 minutes, and blow-drying with a nitrogen stream until no
more water emerged.

The used foam had dimensions of 24 by 34 by 3.2 mm and a specific surface area of 3937
m2/m3 (specification provided by Goodfellow), resulting in surface area of 102 cm2, and a total
surface area (plate + foam) of 110 cm2 in contact with the electrolyte. This is a factor of 13.5 times
larger than the contact area of only the plate (8.16 cm2) used in the flow-by configuration.

Figure S4.1: Illustration of the a) flow cell and b) setup used for the ORR experiments. Figure S1a is reproduced
from the Supplementary Information of Ref. [17] with permission from the Royal Society of Chemistry.

4.5.1.2 ELECTROCHEMICAL ANALYSIS

Cyclic voltammetry scans (CVs) were performed before each chronoamperometry (CA) scan to
investigate the activity of the current collectors, the influence of Cu-tmpa concentration, and flow
speed. In addition, CVs were measured after each CA to check the stability of the system. We
scanned between -0.4 and 1.1 V vs. RHE, at a step size of 10 mV and scan rate of 100 mV/s, for at
least 3 cycles. We used a slightly larger voltage window in some cases, mostly in the suspension
electrodes, to make sure that the reaction was not occurring at a higher potential.
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We performed 1 hour of CA to evaluate the oxygen to H2O2 reaction performance in each
electrode configuration. We ran each CA at the working electrode potential resulting in roughly
75% of the peak current, as determined from the CVs. No catalytic current was visible in the CV
measurements with the suspension electrodes because they were dominated by the capacitive
current. We therefore ran the suspension CAs at similar potentials as we did for the flow-by and
flow-through configurations. The precise conditions of each experiment are listed in Table S4.1.

Table S4.1: Reaction conditions of the ORR experiments.

Cell configuration Applied E vs. RHE (V) Flow velocity (mm/s)

Flow-by 0.31 19
Flow-through 0.21 19
Suspension – 10 wt% AC 0.31 9
Suspension – 20 wt% AC 0.21 9

4.5.2 CATALYST CONCENTRATION AND STABILITY
CV scans of 10 (Figure S4.2a) and 20 wt% (Figure S4.2b) AC suspension electrodes with various
concentrations of Cu-tmpa and O2-saturated electrolyte have been recorded. Scans were again
performed before and after CA to check the influence of Cu-tmpa concentration and the stability
during catalysis. No influence of Cu-tmpa concentration is visible in either of these scans. The
post catalysis scans are notably less steep than the scans taken before catalysis. This can indicate
a loss of capacitive current due to partial charging of the Electric Double Layer Capacitance (EDLC)
during the CA, or a loss in conductivity due to suspension sedimentation.

Figure S4.2: Influence of Cu-tmpa concentration and 1 hour of reaction conditions on CV scans of Cu-tmpa
with a a) 10 wt% AC suspension, and b) 20 wt% AC suspension as current collectors. The potential at which
chronoamperometry (CA) was performed is indicated in the panels, and all scans were performed under a flow
velocity of 19 mm/s, unless indicated otherwise.

4.5.3 CALCULATION OF OVERALL O2 DEPLETION
Taking a catholyte volume of 80 mL and assuming maximum O2 saturation of 1.1 mM at the start
of the experiment, we have 0.09 mmol of O2 available when starting the reaction. Taking the av-
erage currents during the flow-by (-0.3 mA/cm2, -2 mA) and flow-through (-3.8 mA/cm2, -31 mA)
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operations, and assuming that all current consumes O2, we can estimate the O2 consumption.
The O2 concentration through time, when no fresh O2 is supplied, is shown in Figure S4.3 for both
configurations. It is clear that the flow-through configuration will consume all O2 within about
9 mins and needs a fast resaturation technology to keep up with the O2 consumption, while this
is significantly less critical in the flow-by configuration. The latter can run for 60 mins without
consuming even half of the O2 starting concentration.

Figure S4.3: Estimated decreasing O2 concentration in the bulk electrolyte in case of the flow-by and flow-
through configurations.

4.5.4 COMPARING LIMITING CURRENTS TO SHERWOOD CORRELATIONS

4.5.4.1 ESTIMATING LIMITING CURRENTS

We estimated the limiting current in each CV scan by performing two linear fits and calculating the
current at the intercept. The first line was fitted in the mass-transfer limited region (between -0.39
and -0.09 V vs RHE), the second line was fitted in the steep region close to the reaction potential of
0.3 V vs RHE (between 0.26-0.36 V vs RHE in case of the flow-through, and between 0.11 and 0.31
V vs RHE in case of the flow-by case). An example is shown for both a peak-shaped CV and for an
S-like CV in Figure S4.4. The current density is then calculated from the measured current and the
geometrical area of the current collector.

The error bars in Figure 4.3 are an indication of the maximum error caused by our choice of
potential window. We estimated the errors at 10 and 14% of the calculated current density for
the flow-by and the flow-through cases, respectively. We obtained these values for the errors by
performing the fits over large and small potential windows and calculating the standard deviation
of in current density from the intersects of all combinations of fits for one CV scan per experiment.

4.5.4.2 PREDICTING LIMITING CURRENTS FROM SHERWOOD CORRELATIONS

Here, we give the complete derivation of the local O2 concentration inside the flow-through (foam)
electrode, all input parameters are given in Table S4.2. We start with the microscopic mass balance

d

d t
(c(x)BW d x) = BW uc|x − BW uc|x+d x −k AV c(x)BW d x (S4.1)

and assume steady state to arrive at

0 = uc(x)−uc(x +d x)−k AV c(x)d x (S4.2)

u(c(x +d x)− c(x)) =−k AV c(x)d x (S4.3)
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Figure S4.4: Typical CV scans in the a) flow-by and b) flow-through configurations. We estimated the limiting
current densities by calculating the intercept between linear fits in the mass transfer-limited region and the
region around 0.3 V vs RHE.

udc =−k AV c(x) (S4.4)

u
dc

d x
=−k AV c(x) (S4.5)

dc

d x
=−k AV

u
c(x) (S4.6)

We impose the boundary condition c(0) = c0(= cbulk ) to get the concentration profile, which is
dependent on the inlet concentration (c0), the mass transfer coefficient (k), the specific area of
the foam (AV ), the flow velocity (u), and the location (x).

c(x) = c0e−
k AV

u x (S4.7)

The local geometric current density is then given by

jloc (x)A = nF k AV c(x)V (S4.8)

jloc Bd x = nF k AV c(x)BW d x (S4.9)

jl oc = nF k AV c(x)W = nF k AV W c0e−
k AV

u x (S4.10)

Which can be integrated to find the average geometric current density

j
f oam
av g = 1

L

∫ L

0
jloc (x)d x = nF k AV W c0

L

∫ L

0
e−

k AV
u x d x = nFW c0u

L

(
1−e−

k AV L
u

)
(S4.11)

We used equations S4.7 and S4.11 to create Figure 4.7 in the manuscript.
The situation in the flow-by configuration is simpler because the O2 consumption is signifi-

cantly lower and we can assume that the bulk concentration is constant along the complete height
of the channel (c(x) = c0). This gives us an average geometric current density over the plate elec-
trode of
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j
pl ate
av g = nF kpl ate c0 (S4.12)

This is equal to the limiting current on the flow-by electrode ( j
pl ate
l i m ).

The expected limiting current on the flow-through electrode can be calculated in a similar
manner, i.e. by assuming that the bulk stays O2-saturated (c0 =1.1 mM) everywhere in the foam,
and results in

j
f oam
li m = nF k f oam c0 (S4.13)

Comparing the limiting current on the flow-by and flow-through electrodes gives an improve-

ment factor of j
f oam
li m / j

pl ate
l i m .The predicted improvement factor and the experimental results are

shown together in Figure S4.5. They are in good agreement at a factor of 19.5-16 for the theoret-
ical values, and 25-15 for the experimental values. The decrease in improvement with increasing
flow velocity follows from the weaker flow velocity-dependence of the Sherwood number in the
flow-through versus the flow-by configuration.

Figure S4.5: The factor ( j
f oam
l i m

/ j
pl ate
l i m

) by which the limiting current density is increased in the flow-through
compared to the flow-by configuration per flow velocity during our experiments (solid purple lines) and what
we predict from Sherwood correlations (green dashed line).

Figure S4.6: SEM image of the 60 ppi glassy carbon foam and length measurements used to estimate a typical
strut size.
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Table S4.2: Input parameters for Sherwood correlations and mass transfer coefficient extraction.

Shared - independent of configuration

L 34 ·10−3 m electrode length
B 24 ·10−3 m electrode width
W 3 ·10−3 m electrode-membrane spacing, channel depth
u Experiment: 18.6 ·10−3 m/s (superficial) flow velocity
ν 10−6 m2/s kinematic viscosity
D 2 ·10−9 m2/s diffusion coefficient O2 in water
n 2 electrons transferred in reaction
F 96485 C/mol Faraday constant
cbulk 1.1 mol/m3 maximum O2 concentration

Configuration-specific
Flow-by Flow-through

γ= B
L 0.71 ϵ 0.965, porosity

dc = dh = 2BW (B +W ) 5.33 ·10−3 m, hydrodynamic diameter dc = ds 200 ·10−6 m, typical strut size
A 8.16 ·10−4 m2, electrode area AV 4219 m2/m3, specific electrode area

4.5.5 PRESSURE DROP IN THE FLOW-THROUGH SYSTEM
The pressure drop in an ideal case of an infinitely wide channel with fully developed laminar flow
can be estimated from the Darcy-Weisbach equation[35] (eqs. S4.14)

∆p = 12µLu

h2
= 12µL2

tr es
1
4 d2

h

(S4.14)

in which µ is the viscosity of water (Pa·s), L is the cell length (m), u is the flow velocity (m/s), h is
the channel thickness (m), tr es is the residence time (s), and the hydraulic diameter (dh ) can be
calculated from[36, 37]

dh = 4ϵ
2
h + (1−ϵ)SCC

VCC

(S4.15)

to account for the presence of spacers or, as in our case, the presence of a foam. Here, ϵ is the foam
porosity, SCC is the surface (m2) of the porous current collector, and VCC is the solid volume (m3)
of the foam. Figure S4.7 shows the theoretical pressure drop over a 50 cm long foam at various flow
rates.

Assuming a current density of 20 mA/cm2 and a cell voltage of 1.5 V, an electrolyzer of 50 cm
long, with a 0.3 cm thick channel, and 1 cm wide electrode, would use 1.5 W of power to perform
the electrochemical reaction, the required pumping power (Ppump ) can be calculated with

Ppump = ∆Q

η
(S4.16)

where a flow velocity of 600 mm/s gives a theoretical pressure drop of 0.2 bar and a flow rate (Q) of
18 mL/s. Assuming a pump efficiency (η) of 70% gives a pumping power of 0.51 W, which is already
34% of the utilized electrochemical power.
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Figure S4.7: Calculated pressure drop in a flow-through cell for the ideal case of an infinitely wide channel with
fully developed laminar flow.
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ABSTRACT

Electrochemical conversion reactors, such as water electrolyzers, CO2 electrolyzers, fuel
cells, and flow batteries, will be essential in electrifying industry in the ongoing energy
transition. These technologies require intensification to become economically viable. Hy-
drodynamics and mass transfer at electrode-electrolyte interfaces significantly affect elec-
trochemical conversion reactions by influencing the reactant availability and pH in the
local reaction environment. 3D electrodes, such as flow-through foams and suspension
electrodes, hold a great advantage over 2D electrodes as they moderate pH changes and
reactant depletion by spreading the current over a larger electrode area and electrolyte
volume. We study the diffusion boundary layer in operando around a single mm-sized
particle, representing an element of a 3D electrode. We visualize the local pH with Flu-
orescence Lifetime Imaging Microscopy (FLIM) during H2O reduction at various current
densities and electrolyte flow velocities. FLIM enables us to map the transient pH at a
resolution down to 9 µm and 2 Hz. In addition, we apply an intermittent current to in-
vestigate how long the capacitive electric double layer of a suspension electrode particle
can maintain an ongoing electrochemical reaction during their time of non-contact with
a current collector in applications that require Faradaic charge transfer (i.e. flow batter-
ies, microbial fuel cells, CO2 electrolyzers). We demonstrate that the diffusion boundary
layer and pH gradients are not symmetrical, but depend on the direction of the electric
field and that of the flow, and are strongly influenced by the current density and flow con-
ditions. The substantial pH gradients and boundary layer formation at the scale of hun-
dreds of micrometers underline the importance of controlling flow in or around electrodes,
making 3D electrodes an important asset for creating suitable reaction conditions in mass
transport-limited electrochemical conversions.
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5.1. INTRODUCTION
Developing technologies for sustainable production methods in the chemical industry
is essential in the energy transition and decarbonization of industry.[1, 2] Electrochemi-
cal processes are gaining interest as alternatives to thermochemical routes, for example
to synthesize high-value chemicals and fuels from renewable energy sources and cap-
tured CO2.[3] Base materials such as syngas, formic acid, and ethylene are produced
in CO2 electrolyzers as intermediates and are processed further to obtain the essential
hydrocarbons without using fossil fuels as carbon source.[4, 5] Additional electrochem-
ical reactor applications include technologies for hydrogen[6, 7], salinity gradient en-
ergy[8], energy storage[9, 10], carbon capture[11, 12], and wastewater treatment[13–16].
Although these electrochemical technologies are promising, high costs, low efficiency,
and poor stability pose considerable challenges for large-scale application of electro-
chemical reactors.[4, 17]

Working at high current density while maintaining high product selectivity and long-
term stability is challenging but essential for realizing economic viability of many of
these new technologies. High current densities can cause severe local concentration
gradients (or depletion) of redox active species with low solubility and can negatively af-
fect product selectivity and catalyst stability.[18, 19] In case of proton-coupled electron
transfer reactions, this causes local pH gradients, which can hamper the reaction effi-
ciency. Therefore, fast mass transport is extremely important to counter depletion and
loss of selectivity. In particular, regarding the example of electrochemical CO2 reduc-
tion, the selectivity towards carbonaceous products critically depends on maintaining
a narrow pH window of 7-8 near the electrode[20], to suppress the Hydrogen Evolution
Reaction (HER).[19, 21] Just like other proton-coupled electron transfer reactions, CO2

reduction suffers from considerable energy and selectivity losses when the pH at the sur-
face is higher, because the high pH raises the Nernst potential and shifts the equilibrium
of dissolved CO2 towards (bi)carbonate.[21–23] Hence, understanding mass transport
and pH profiles is essential to limit performance loss during operation at high current
densities.

The electrode geometry is pivotal for the development of diffusion boundary layer
and the pH profile near the electrode. 3D electrodes, which can be flow-through elec-
trodes such as foams or suspension electrodes, hold a clear advantage over flat elec-
trodes in this regard, because 1) they spread the current over a larger electrode area
and electrode volume, moderating the local current density and surface pH,[24, 25] and
2) they disrupt the flow to prevent diffusion boundary layers from developing over the
length of the electrode. A continuously undeveloped diffusion boundary layer improves
mass transport, which is reflected in higher Sherwood numbers.[26] Flow-through elec-
trodes are a popular choice for a variety of applications[24, 27], and flowable suspension
electrodes have been found especially effective in Flow electrode Capacitive Deioniza-
tion (FCDI)[28, 29], Electrochemical Flow Capacitors (EFCs)[30, 31], Redox Flow Batter-
ies (RFBs)[10, 32], and microbial fuel cells (MFCs)[33, 34]. However, these previous works
on 3D electrodes have focused on studying the performance parameters (such as power
density and removal efficiency), without detailed insight in the local reaction conditions.
At the same time, 3D electrodes feature strongly heterogeneous flow and concentration
fields, where the diffusion boundary layer develops under flow around an electrode seg-
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ment (filaments in case of flow through, particles in case of a suspension). Hence, we
need to further understand the local reaction conditions in 3D electrodes and the ex-
tent to which the capacitance contributes to electrochemical conversion in suspension
electrodes.

Therefore, we investigate the local pH at the electrode-electrolyte interface of a re-
active particle representing an element in a 3D electrode, and we evaluate the Faradaic
contribution during the discharge of a capacitive particle. We inserted a single Activated
Carbon (AC) particle electrode in an electrolytic flow cell and imaged the local pH with
Fluorescent Lifetime Imaging Microscopy (FLIM)[21, 35] under various current densities
and flow conditions relevant for a particle in a flowing suspension. We determine the
pH around the particle electrode and use the resulting OH – concentration to extract the
diffusion boundary layer thickness in all directions around the single-particle electrode
during H2O reduction as a model reaction.

In contrast to elements in a flow-through electrode, particles in a flowing suspen-
sion are not continuously in contact with a current source, but rather pick up electrons
during collisions with dynamic networks and experience an intermittent current sup-
ply. We investigate whether the particle’s electric double layer capacitance can maintain
the ongoing Faradaic reaction long enough to mitigate the non-contact time by com-
bining the FLIM and potentiostat data and fitting the discharge curve to a self-discharge
model of Electric Double Layer Capacitors (EDLCs).[36] This allows to elucidate how of-
ten suspension particles should reestablish electrical contact to overcome the challenges
of their low conductivity.[28, 30, 37]

Our findings can be extended towards other pH-sensitive reactions and different 3D
electrode geometries, and are equally applicable to other mass transfer-limited reac-
tions. We consider the OH – produced during H2O reduction as a proxy for local gen-
eration of electrolysis products and depletion of reactants. Furthermore, our findings
on particle capacitance as electron supply during Faradaic reactions are applicable to
suspension electrode applications and aid in the design of current collectors and non-
contact time of the particles.

5.2. METHODS
A large AC particle (455±23 µm radius, Norit 18x40 AG 1, Cabot) was attached to the tip
of a metal needle with an electrically conductive epoxy adhesive (Eccobond 56 C). The
needle and epoxy were coated with an insulating acrylic layer (nail polish) to prevent
contact with the electrolyte. The AC particle electrode was placed as cathode in a two-
compartment electrochemical flow cell as shown in Figure 5.1. The cell was equipped
with an Ag/AgCl reference electrode (LF-1-45, Alvatek) and nickel plate (Ni-plate) an-
ode. The channels were separated by a Cation Exchange Membrane (CEM, Selemion
CMV). The anolyte consisted of 0.1 M KOH in deionized water. The catholyte consisted
of 0.1 M K2SO4 and 0.1 mM of fluorescent quinolinium-based dye (see Figure S5.3a).[21,
35] The pH-sensitive fluorescence lifetime of this dye allows for pH measurements be-
tween pH 7 to 13 (see Figure S5.3b. The electrolytes were pumped through the cell at
flow velocities ranging from 0.1 to 2.1 mm/s by two syringe pumps and collected in waste
containers to create a single-pass system. All experiments were performed at constant
currents between 0 and -143 mA/g carbon (corresponding to 0 to -106 mA/cm2, based



5.3. RESULTS AND DISCUSSION

5

95

on the geometric surface area of the particle) applied by a Vertex.100mA potentiostat
(±100mA/±10V, Ivium). See section 5.5 of the SI for more information on the setup and
dye.

FLIM was performed with a light microscope equipped with a 2.5x objective, 405
nm diode laser (20 MHz, 300 mW), a spinning disc confocal imager (X-Light V2, Crest
Optics) and a FLIM Toggel camera (512x470 pixels, Lambert Instruments) resulting in a
pixel size of 9 µm. The images were recorded in LIFA 1.4 software (Lambert Instruments)
and processed further with an in-house developed Python script, as described in section
5.5 of the SI.

The formation and growth of the boundary layer in no-flow conditions were recorded
at -43 mA/g (-32 mA/cm2) for 150 s, with one FLIM image recorded every 0.5 s (2 Hz). To
reduce noise, a running average over 3 images was used during data processing. We
characterize each experiment using the Fourier number (Fo), given by[38]

Fo = t

tD
= tDOH−

L2 (5.1)

in which t is the measurement time, tD and DOH− are the diffusion timescale and the
diffusion coefficient of OH – , respectively, and we consider half the channel depth (ap-
prox. 1.8 mm) as the characteristic length scale (L). Fo gives the relative significance
of the diffusion length of OH – (numerator) versus the distance to a wall (denominator)
during the transient measurement.

The influence of current and flow velocity were both studied in steady state condi-
tions. The conditions of interest were applied for 60 s and the local pH was recorded with
FLIM at a lower frequency of 1 Hz. The first 40 s were used to reach steady state, and the
last 20 s were averaged to yield the results. The current density was varied between 0
and -143 mA/g (-106 mA/cm2) at a constant flow velocity of 0.3 mm/s. Influence of flow
velocity was investigated between 0.1 and 2.1 mm/s, at a constant current density of -15
mA/g (-11 mA/cm2). We define the Reynolds (Re) number as

Re = uL

ν
(5.2)

with u being the channel-averaged flow velocity, ν the kinematic viscosity of the liquid
phase, and L the characteristic length, for which the particle diameter (dp ) is inserted to
arrive at the particle Reynolds number (Rep ).

OH- concentration gradients were modelled around a spherical particle inside a 2D
flow channel in COMSOL Multiphysics 6.1 for comparison with our experimental results.
The geometry was designed to resemble the experimental setup, with a ratio between
the particle diameter and channel width similar to the experiments, and an imposed
electrical field perpendicular to the electrolyte flow direction. See section 5.5 of the SI
for further details.

5.3. RESULTS AND DISCUSSION
We used FLIM to record how the concentration boundary layer develops over time, and
how it depends on current density and electrolyte flow velocity. Our results confirm es-
tablished theories, but also show unexpected behavior. Please note that, unlike previous
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Figure 5.1: Schematic of the single AC particle electrode inside the electrochemical flow cell and the mi-
croscope imaging window. The local fluorescence intensity and lifetime of the added pH-sensitive dye are
recorded. The fluorescence lifetime image is converted to a pH map, using the calibration curve shown in the
SI (section 5.5).

pH mapping with FLIM[21], the current setup with a reactive particle in the middle of
the flow channel has no interference from gaskets or walls, which allows us to measure
the local pH very close to the reaction site.

5.3.1. BOUNDARY LAYER AND PLUME FORMATION

In the simplest case, we apply a low constant current (-43 mA/g, -32 mA/cm2) without
convection by applied flow or detaching hydrogen bubbles. As expected, a region with
increased pH, that corresponds to the diffusion boundary layer, forms after starting the
current and grows significantly over time (see Figures 5.2a-e) as OH – is produced and
transported away from the electrode surface by migration and diffusion. The placement
of the anode on the right side of the particle causes a stronger electric field and increased
local ionic current density ( jL), with a higher ion flux, on the right side of the particle
(see Figure 5.2f for a modeled spherical particle electrode). The asymmetrical system, in
combination with migration in the direction of the membrane and the irregular shape
of the electrode, causes the boundary layer to grow asymmetrically, with a thicker layer
on the side of the particle that is facing the anode (see Figures 5.2c-e). The buildup of
OH – ions is analogous to consumption of reactants, and should be considered when
performing pH-sensitive reactions or when working with poorly soluble reagents.

We processed the measured pH maps to obtain a more quantitative analysis of the
boundary layer thickness (δ) by casting rays from the exterior of the particle into the
electrolyte and extracting the boundary layer thickness along each ray. The rays were
cast at a slightly modified angle from the exterior normal, as described in section 5.5 of
the SI, to prevent excessive crossing of the rays. Figure 5.3a shows the particle electrode
with several rays (A, B, C, and D) and their mirror images (A’, B’, C’, and D’). We fit a
linear graph to the difference between the bulk- and local OH – concentration (∆COH− )
in the region close to the particle and define the x-intercept as the diffusion boundary
layer thickness. This is shown for ray C at three different times (t1, t2, and t3) in Figure
5.3b. For the rays A, B, C, D (and their mirror images), the estimated boundary layer
thickness is indicated by a colored dot in Figure 5.3a. The white dots indicate the end
of the boundary layer on all rays in between those shown in this figure. The analysis is
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Figure 5.2: Development of the pH around an AC particle electrode through time at a current of -43 mA/g
(-32 mA/cm2) in the absence of flow and rising bubbles, as recorded with our FLIM setup. The region with
increased pH marks the diffusion boundary layer. f) Modeled electric field lines and resulting local current
density in the electrolyte ( jL ) around a spherical particle electrode in a similar flow channel. The asymmetry
of the system results in a stronger electric field at the right side of the particle electrode, with a higher ion flux
in that region. Fo is the dimensionless Fourier number defined by eq. 5.1.

performed over 360 rays in total. A more thorough explanation on the ray casting and
data processing is provided in section 5.5 of the SI.

As a result, we can monitor the diffusion boundary layer thickness along any ray over
time. The results are shown in Figure 5.3c for rays B, C, and D (solid lines), and the mir-
rored counterparts B’, and D’ (dashed lines). C’ is not included because of interference
by the needle placement. The larger diffusion boundary layer thickness along rays B, C,
and D compared to the mirrored counterparts B’ and D’ confirms that the development
of the diffusion boundary layer around the particle is asymmetrical and depends on the
location relative to the anode. During this experiment without electrolyte flow, the diffu-
sion boundary layer thickness is eventually limited by the size of the channel. It reaches
as far as the membrane along rays C and D after approximately 90 s, as can be seen in
Figure S5.8 in the SI, and cannot grow further as a result.

The boundary layer grows roughly sublinear for the first 50 seconds, when the chan-
nel walls are not limiting yet and Fo < 0.08. Although the boundary layer growth in this
case is subject to mixed migration and diffusion transport in the asymmetric system,
this duration is close to the timescale that would be expected from penetration theory
(Fo = 0.1 at t = 60 s).

The situation changes drastically when introducing flow. Introducing a mild upward
flow (0.3 mm/s, Rep = 0.27) significantly diminishes the diffusion boundary layer along
the sides of the particle (Figure 5.4b) versus the previous case without convection (Fig-
ures 5.2 and 5.3). Instead of forming a thick pH gradient in the x-direction, most pro-
duced OH – gets flushed upward to form a plume above the particle electrode (indicated
with arrow 3 in Figure 5.4c). In addition, FLIM reveals OH – accumulation near the mem-
brane due to concentration polarization (arrow 1, Figure 5.4a), and H2 bubble formation



5

98 5. IMAGING CONCENTRATION BOUNDARY LAYERS AT 3D ELECTRODES

Figure 5.3: a) Colour map of the measured pH after 40 s of applying -43 mA/g (-32 mA/cm2) without flowing
the electrolyte. Rays are casted from the particle surface and the boundary layer thickness is estimated along
each ray. Several rays (A, B, C, D) and their respective mirror images (A’, B’, C’, and D’) are shown with the edge
of the diffusion boundary layer indicated with a coloured dot. The white dots indicate the estimated boundary
layer thickness along all rays in between. b) Visualization of the boundary layer thickness (δ) along ray C (at
t1 = 9 s, t2 = 50 s, and t3 = 68 s), by finding the x-intercept of the linearized ∆COH− (r ) =Cbulk −C (r ) gradient
near the particle. c) Development of the boundary layer thickness through time on rays B, C, and D, and the
mirrored counterparts B’ and D’.

is visible as well (arrow 2, Figure 5.4c).

In our system (HER), the plume signifies a region with increased pH, but more gen-
erally it indicates a region with altered reaction conditions. This can constitute anything
from altered pH for proton-coupled electron transfer reactions, to reactant depletion for
other reaction types. Ideally, the plume should be dissipated before the next active elec-
trode section is reached, such as a strut in a porous (foam) electrode or a particle in a sus-
pension electrode, to maintain a suitable reaction environment on the microscale. This
is also important to prevent accumulation of changing conditions through the height of
the electrode channel. For a porous electrode, this can result in a larger optimal pore size
in the y-direction, and for suspension electrodes this can result in larger optimal spacing
between the suspended particles.

To allow a 3D electrode with a large surface area (thus relatively small distance be-
tween the struts or particles) while minimizing plume effects, both the applied current
density and flow velocity can be varied to reduce the size of the resulting plume. While
higher current densities promote the plume formation and cause a steep pH gradient
in the diffusion boundary layer (Figures 5.4a-c), higher flowrates help repress these ef-
fects (Figures 5.4d-f). Increasing the flow velocity diminishes the boundary layer and
dissipates the plume at a shorter length scale, which in turn allows for smaller pores or
loading more active particles in the same geometrical area and using them effectively.
Because electrochemical conversions demand high current densities to improve their
economic viability, enhancing mass transfer by raising the flow velocity is a more attrac-
tive strategy.

We analyze the effects of current density and flow velocity on the diffusion bound-
ary layer thickness along several rays in Figures 5.5a and b, respectively. Although the
diffusion boundary layer in Figures 5.4a-c becomes more visible with increasing current
density, the diffusion boundary layer thickness is independent of the current density for
relatively horizontal rays (ray C, Figure 5.5a). The higher visibility in Figure 5.4c is merely
caused by a steeper pH gradient within the boundary layer, while the thickness is actu-
ally the same as in Figures 5.4a and b. This is in accordance with theory, which indicates
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Figure 5.4: pH maps averaged over 20 images (20 s, 1 Hz) taken at steady state after 40 s of applying the relevant
current density and flow velocity. The images show the influence of a-c) current density between -14 and -114
mA/g (-11 t0 -85 mA/cm2) at a constant flow velocity (0.3 mm/s) with Rep = 0.27, and the influence of d-f) flow
velocity (Rep ) at a constant applied current density of -15 mA/g on the boundary layer thickness and plume
formation. The arrows indicate 1. OH – accumulation near the membrane, 2. bubble formation, and 3. plume
formation away from the membrane.

that the boundary layer thickness is determined by the Sherwood number (Sh), which is
related to Rep and independent of the current density.

The situation is different for ray A (Figure 5.5a), which points in the same direction
as the flow. Here, the boundary layer thickness does show an increase with increasing
current density. This is due to the larger amount of produced OH – with increasing cur-
rent density, which requires more mixing with bulk electrolyte to neutralize. This causes
plume formation and a larger observed boundary layer.

As mentioned, we expect a decrease in boundary layer thickness with increasing Rep

in Figure 5.5b. This effect is slightly visible in two out of three analyzed regions (regions
A and B), while the most horizontal region (region C) shows the opposite trend. This dis-
crepancy is likely caused by the thin boundary layer with a relatively small OH – concen-
tration gradient inside it, or by the shape of the particle inducing a sideways electrolyte
flow that carries OH – ions in this direction. This combination makes our analysis less
accurate, while the analysis in regions A and B is aided by the larger change in OH – con-
centration. This effect should be more clearly present when operating at a higher current
density.

We plot the pH close to the particle surface (average of the 5 first pixels on a ray)
against the diffusion layer thickness in Figure 5.5c to illustrate the different local reaction
conditions that can be obtained for the conversion reaction by adjusting the applied
current density and electrolyte flow velocity. Increasing the current clearly raises the
surface pH, while increasing the flow decreases the diffusion boundary layer thickness
and accelerates mass transfer from the bulk. We can use these observations to steer the
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local reaction conditions with current density and flow velocity.
Most electrochemical reactions benefit from fast mass transfer and an unaltered sur-

face pH compared to the bulk, which corresponds to the region at the left bottom of
Figure 5.5c. However, other reactions may benefit from a slightly elevated pH or concen-
tration of product close to the catalyst surface (left upper region in Figure 5.5c), such as
CO2 reduction to higher carbon products (i.e., in which the produced CO is converted
to form C2+ products in a second step).[39, 40] In contrast, other reactions require a sta-
ble pH throughout the electrolyte to favor the desired reaction or to prevent detrimental
effects on the catalyst (lower region of Figure 5.5c).[41] The current density and flow
velocity, in combination with buffering electrolytes, can be used to steer the local envi-
ronment towards the lower/upper region, or to the left/right side of the plot to achieve
the optimum local reaction conditions.

Figure 5.5: Influence of a) current density ( j ) at a constant flow velocity of 0.3 mm/s (Rep = 0.27), and b)

the influence of flow velocity (Rep ) at a constant current density of -15 mA/g (-11 mA/cm2) on the diffusion
boundary layer thickness (δ) along various radial directions around a particle electrode. c) Shifts in δ and
surface pH as a result of changing j and Rep . For horizontal rays, raising the current density increases the
surface pH with only a small effect on δ, while increasing the flow velocity decreases the δ at a mainly constant
surface pH. For vertical rays, the δ and surface pH are also affected when increasing the current density and
flow velocity, respectively.

5.3.2. CONCENTRATION PROFILE NEAR THE PARTICLE

In more detail, we observe that the highest OH – concentration is often not located at
the electrode surface, but is located 100-200 µm away from the electrode surface in-
stead (Figure 5.3b). We constructed a simple model with a spherical particle electrode
in COMSOL (Figures 5.6d-f, see section 5.5 in the SI for model details) to verify that our
observations are not caused by artefacts of the experimental method.

The 3D character of the cathode and the asymmetry imposed by the system geometry
(i.e. anode on only one side) alter the concentration profile inside the diffusion bound-
ary layer in two ways. First, the OH – concentration on the left is considerably higher than
on the side of the particle that is facing the anode, because of the electric field pulling
the OH – ions to the anode side of the channel. This compresses and concentrates the
boundary layer on the left side, while it stretches and dilutes the diffusion layer on the
anode side of the particle. This matches our previous observations of asymmetry. Sec-
ondly, the observed OH – concentration profile on the anode-facing side of the particle
deviates from the linear profile that would be expected at a planar electrode from Fick’s
law. Instead, the OH – concentration peaks further inside the diffusion boundary layer,
as shown in Figure 5.6b. This peak was observed in every experiment, as well as in the
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model (bottom row, Figure 5.6) and is thus not caused by FLIM artefacts or the particle
shape.

Increasing the current density raises the peak height in both the experiments and the
model, and shifts its location slightly away from the particle in the experimental results
(Figure 5.6b), which is also subtly observed in the simulations (Figure 5.6e). We suspect
that this is caused by the increase in electric field strength, which accelerates migration.
Furthermore, the peak shifts towards the particle and decreases slightly in height when
increasing the flow velocity (Figures 5.6c and f). In summary, the peak height is deter-
mined mainly by the current density through the OH – production rate, while the peak
location depends on the electric field strength through the migration velocity and on the
flow velocity.

From these observations, we conclude that the peak is caused by OH – that is pro-
duced at the bottom of the particle and flushed upwards along the curve of the particle
electrode. More generally, the flow along a particle or an element of a 3D electrode will
cause a convolution of concentration profiles produced upstream. The concentration
profile observed at any location in the channel higher than the bottom of the particle
will be an overlay of a series of gradients between the gradient caused by production at
the observation height (which will have a high surface concentration and linear decrease
to the bulk concentration) and the concentration gradient of all OH – that is produced
lower on the particle and flushed upwards. The current density controls how much OH –

is produced, but also determines the field strength, i.e. how fast the produced OH – mi-
grates to the right, and the flow velocity regulates how fast the OH – is flushed upward
and how much time it gets to migrate sideways before reaching the horizontal plane
along which the profiles are recorded.

Hence, we conclude that this type of concentration profile is intrinsic for any non-
planar electrode in flow, such as a flow-through (foam) and even in suspension elec-
trodes, as the suspension particles also have a non-zero velocity relative to the electrolyte
because of their difference in density with the electrolyte.

5.3.3. CAPACITANCE-DRIVEN FARADAIC REACTIONS

In this section, we investigate how long the capacitance of the particle’s large micro-
scopic surface area can maintain an ongoing Faradaic reaction after contact with the
current source is broken, which is of interest for suspension electrodes. We apply a con-
stant potential to drive the HER and charge the electric double layer (EDL) during an
“on” phase, and switch to the Open Circuit Potential (OCP) during an “off” phase after 3
minutes. We continue measuring the particle potential (Figure 5.7a) and the surface pH
(Figure 5.7b) while the particle electrode discharges. Because the HER can be sustained
as long as the particle potential is more negative than E eq

HER , we derived the HER equi-

librium potential (E eq
HER ) in real-time from the surface pH obtained with FLIM. Although

the surface pH differs significantly during the “on”- and “off” phases, the E eq
HER increases

by less than 0.1 V (comparing the highest surface pH of 9 to the starting pH of 7.3). The
complete range of calculated E eq

HER values are indicated as a grey band in Figure 5.7a.
The HER can continue as long as the particle potential is more negative than this limit.
In addition, the particle can perform the ORR as long as dissolved oxygen is present in
the electrolyte because the E eq

ORR lies 1.23 V above the E eq
HER .[33, 42] We performed the
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Figure 5.6: Visualization of the OH – concentration profiles in the experiments (top row) and model (bottom
row) with markers indication the locations of the peak OH – concentrations. Panels a) and d) show the shape
of the particle used in each experiment (pink for the current density series, green for the flow velocity series,
spherical in all simulations), and the horizontal plane next to the particle electrode along which the OH –

concentration profiles are plotted. Panels b) and e) show the influence of current density, and panels c) and f)
show the influence of flow velocity.

experiment at various charging potentials between -0.7 and -2.0 V vs SHE and we assess
the influence of the charging potential on the surface pH and potential change over time
in Figure 5.7.

The surface pH (Figure 5.7b) during charging increases with the charging potential
because of the higher production rate of OH – , and decays to the initial pH during the
“off” phase as the produced OH – ions are flushed away. However, the pH decay does not
start immediately after switching to OCP and is always delayed by 5-10 s. It is hard to
say whether this is caused by continued HER and ORR driven by the EDL capacitance,
or by slow OH – -removal along the particle exterior. The cases that were charged at -1.7
and -2.0 V vs SHE show a significant peak in pH 10 s after switching to OCP. This peak is
caused by the removal of bubbles, which interfere with the FLIM signal.

The negative potential on the particle decays in two stages during the “off” stage in all
cases (Figure 5.7a). The first jump occurs almost instantly after switching to OCP, while
the 2nd stage is significantly slower. The initial and fast potential change is caused by the
sudden removal of Ohmic resistances when switching to OCP, whereas the subsequent
gradual potential change is related to discharging the capacitive EDL. Changing the pre-
ceding charging potential alters the shape of the discharge curve in two ways: 1) The
capacitive discharge after switching to OCP (between 0-120 s) is faster for small negative
charging potentials than for large charging potentials. This may be because the EDL is
not an ideal capacitor and the Q(V ) relation is not linear, resulting in a lower capacitance
and steeper potential change with the dissipation of charges.[43] And 2) the graphs show
discharge towards different values in two clusters, with those charged at -1.7 and -2.0 V
vs SHE approaching a more negative potential than those charged at -0.7, -1.0, and -1.4
V vs SHE, which quickly cross the equilibrium potential for HER. We suspect that this is
determined by which reaction is performed on the particle. The potential in the three
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upper graphs (charged at -0.7, -1.0, and -1.4 V vs SHE) is likely too small for the HER.
In that case, ORR is the only Faradaic reaction that can occur. The potential on the two
lower graphs (charged at -1.7 and -2.0 V vs SHE) is considerably larger and allows for
both ORR and HER to occur simultaneously. Because the maximum O2 concentration in
water is only 1.1 mM, all available oxygen is instantly depleted at the electrode surface
and hence, the discharge potential cannot surpass the HER limit for at least 120 s.

Regardless of which Faradaic reaction is occurring, we observe a continued discharge
of the capacitive EDL after switching to OCP, during which sufficiently negative poten-
tials to drive either the HER or the ORR are maintained for at least 2 minutes. This sug-
gests that the particle capacitance can indeed sustain a Faradaic reaction for a while after
contact with a current source is broken, albeit at a lower current density than when a po-
tential is applied (deduced from the decreasing surface pH in Figure 5.7b). We will now
assess the contributions of the different mechanisms and the timescales at which they
occur in more detail.

Figure 5.7: a) Particle potential during the charging (“on” phase) at various potentials and after switching to
Open Circuit Potential (OCP) (“off” phase), and the range of HER equilibrium potentials (E

eq
HER ) calculated

from the particle surface pH. b) Particle surface pH during the experiment, as obtained with FLIM.

We study the potential curves further because the pH profiles (Figure 5.7b) do not
distinguish between slow OH – removal by flushing or continued OH – production through
HER driven by the EDL capacitance as the possible causes for the delayed pH decay in
the FLIM results after ending the “on” phase.

Self-discharge of EDL capacitors (EDLCs) is known to occur through Faradaic reac-
tions, charge redistribution, and current leakage. First of all, Faradaic reactions can take
place whenever the potential on the electrode is sufficient to cause electron transfer for
a redox reaction. The electron transfer from the electrode is accompanied by the re-
lease of ions from the EDL and a loss of cell voltage.[44] Secondly, charge redistribution
is caused by a difference in charging speed between different parts of the electrode due
to differences in resistance. For example, the outer surface area is easier to access for
ions in solution than internal structures such as pores, which leads to faster charging of
the EDL on the outer surface area. Ultimately, this results in an uneven distribution of
charges throughout the material and a larger potential at the outer surface, where the
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potential is measured.[44, 45] Upon switching to the “off” phase, the measured potential
becomes smaller as the charges slowly redistribute to achieve an even charge distribu-
tion throughout the material. Finally, current leakage is a common problem when the
capacitor electrodes are separated by a membrane or porous separator. Such separa-
tors allow for ion transfer between the compartments, effectively creating yet another
discharge pathway.[31, 44]

Combining these three mechanisms, the self-discharge of an EDLC through these
processes can be described by[36]

∆E = a
(
1−e−

t
τ

)
+b l n (t )+ c

p
t (5.3)

in which ∆E is the change in potential compared to the “on” phase, t is the time after
switching off the potential control, τ is a characteristic time constant, and a, b, and c
are constants. The first term describes the potential loss due to electrolytic current leak-
age and ohmic resistances, the second term corresponds to the Faradaic contribution,
and the third term is related to diffusion-controlled processes, which includes diffusion-
limited Faradaic reactions and charge redistribution.[36] We obtained the total discharge
contributions of these three terms over time by fitting the discharge curves to the equa-
tion.

The first term, related to current leakage and ohmic resistances, causes the potential
jump upon switching off the potential control (at t = 0), due to nullifying the current (i )
in Ohm’s law (E = i R). The data fitting shows that the current leakage is significantly
smaller than the ohmic drop, causing the grey area in Figure 5.8 a-c to remain constant
over time. The contributions of other self-discharge mechanisms are highly dependent
on the charging potential. The purely Faradaic contribution decreases visibly with in-
creasingly negative charging potentials of -1.4, -1.7, and -2.0 V vs SHE (Figure 5.8 a-c).
Charge redistribution and mass transfer limitations in the Faradaic charge transfer gain
importance at these larger applied potentials and currents, causing the discharging be-
havior to become more diffusion-controlled. For less negative charging potentials (-0.7
and -1.0 V vs SHE), the Faradaic contribution is smaller than that for -1.4 V vs SHE.

To understand why the Faradaic contribution peaks at -1.4 V vs SHE, and is smaller
for both larger and smaller charging potentials, we translate the contributions to∆E into
a current density. Assuming ideal capacity behavior (i.e. constant capacitance), the slope
d∆E

d t is proportional to the current density for each mechanism. Hence, the slopes of
the Faradaic charge transfer and diffusion-controlled discharge curves (Figure 5.8 d-e)
give an indication of the intensity and timescale at which each mechanism occurs. The
purely Faradaic potential change is the fastest and it is maintained longest (>20 s) af-
ter charging at -1.4 V vs SHE. The estimated discharge current that is entirely Faradaic
is smaller and ceases within a few seconds when charging at a larger (-1.7 and -2.0 V vs
SHE) or smaller (-0.7 and -1.0 V vs SHE) potentials (Figure 5.8d). This difference may be
caused by either 1) a smaller overpotential (in the case of charging at -0.7 and -1.0 V vs
SHE), or 2) depletion of oxygen (at -1.7 and -2.0 V vs SHE). For the large charging poten-
tials (at -1.7 and -2.0 V vs SHE), oxygen may be depleted before and after switching off
the potential control, which results in a high contribution for diffusion-controlled dis-
charge instead. Alternatively, charge redistribution may play a substantial role at larger
charging potentials. We cannot discriminate between these two effects, as both invoke a
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shift towards diffusion-controlled discharge at the increasingly large charging potentials
in Figure 5.8e.

Therefore, the charging potential should be optimized when using a suspension elec-
trode for a Faradaic reaction. In this case, it is important for the capacitance of the
porous particles to drive the reaction long enough to bridge their non-contact time with
a current source. The applied potential should be large enough to provide sufficient
overpotential and make the reaction last longer, but small enough to avoid significant
diffusion limitations and charge redistribution. Ideally, charge redistribution can be
suppressed by charging for a long time, and the current collector and suspension can
be designed to shorten the non-contact time.

Figure 5.8: Panels a-c) show the contributions of the different discharge mechanisms on the potential change
(∆E) over time after charging at a) -1.4, b) -1.7, and c) -2.0 V vs SHE. The charging potential influences which
discharge behavior is more dominant. Faradaic charge transfer dominates at small charging potential (-1.4 V vs
SHE), and diffusion limitations that can also increase charge redistribution gain importance at larger charging

potential (-2.0 V vs SHE). Panels d) and e) show the discharging rates d∆E
d t attributed to purely Faradaic charge

transfer (d) and diffusion-controlled processes (e).

5.4. CONCLUSIONS
Poor mass transfer at high operating current densities can cause an unfavorable local
reaction environment near electrodes and affect selectivity and stability negatively in
many electrochemical technologies. We studied the pH profiles around an activated
carbon (AC) particle electrode, representing an element of a 3D electrode, during wa-
ter electrolysis with FLIM. The obtained pH gradients give an estimate of the diffusion
boundary layer thickness and the severity of plume formation, and indicate the extent
of reactant depletion or product accumulation near the electrode.

The 3D character of the electrode and the asymmetry of the system lead to the for-
mation of an asymmetrical diffusion boundary layer with an OH – concentration profile
that deviates from the linear profile known from planar electrodes. The OH – gradient
spanned over a thickness of 100–600 µm to the side, and a larger distance in the direc-
tion of applied electrolyte flow to create an OH – -rich plume. We show that the bound-
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ary layer thickness and plume size are most effectively decreased by an increase in flow
velocity, while the surface pH is increased at higher current density. This implies that
the 3D electrode design (e.g. pore size and shape) and flow velocity can be adapted to
improve the reaction environment on the microscale, as well as on the macroscale by
ensuring sufficient plume dissipation and preventing increased reagent depletion and
product accumulation at the electrode surface or higher up in the electrode at required
current densities.

Additionally, we investigated how long the capacitance of an AC particle can drive a
Faradaic reaction after interrupting the potential control, by fitting the discharge curve
to a self-discharge model for EDLCs. We conclude that our capacitive particle, repre-
senting a suspension electrode particle, can drive Faradaic reactions after interrupting
the potential control, but probably drives ORR instead of HER in our case. We demon-
strate that an optimum charging potential exists (in our case -1.4 V vs SHE) to provide
sufficient overpotential, while avoiding the diffusion-limited regime and charge redistri-
bution.

Overall, we conclude that FLIM is an excellent tool for studying hydrodynamics and
local concentrations around 3D electrodes at high spatial and time resolution. Observa-
tions from FLIM can be used to design more effective electrodes adapting the morphol-
ogy (pore size and shape, coverage by active particles) and flow conditions to mitigate
negative effects caused by high current densities and plume formation to improve local
reaction environments in a wide variety of applications.
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5.5. SUPPORTING INFORMATION
The relevant data is available in the Zenodo repository at 10.5281/zenodo.12683345.

5.5.1 METHODS

5.5.1.1 EXPERIMENTAL

All experiments were performed in a transparent two-compartment PMMA electrochemical flow
cell of which the design is shown in Figure S5.1a. An AC particle electrode (500-1000 µm, Norit
18x40 AG 1, average 200 µm diameter, Cabot) and Ni-foil are used as cathode and anode, respec-
tively, with an Ag/AgCl reference electrode (LF-1-45, Alvatek). The AC particle electrode was made
of an AC particle and sewing needle. The particle was attached to the tip of the needle with elec-
trically conductive glue (Eccobond 56 C). The needle was coated with an acrylic layer to prevent
contact with the electrolyte. A fluorescent dye (0.1 mM) is added to the catholyte (0.1 M K2SO4)
as FLIM probe. The catholyte is separated from the anolyte (0.2 M KOH) by an Cation Exchange
Membrane (CEM, Selemion CMV). The electrolytes are pumped through the cell at 0.1-2.1 mm/s
in a single-pass mode by two syringe pumps as shown in Figure S5.1b. All electrochemical mea-
surements are performed with a Vertex.100mA (±100 mA/±10 V, Ivium) potentiostat.

Figure S5.1: Illustrations of the a) FLIM flow cell and b) the setup used in the experiments. The needle with the
AC particle attached is inserted through the WE/WS inlet in the backplate on the cathode side and replaces the
cathode plate.

The flow cell was positioned in front of a light microscope (2.5x objective) equipped with a
FLIM system (Figure S5.2). The FLIM system used a diode laser (405 nm, 20 MHz, 300 mW) as
excitation source. The laser light is passed through an initial clean-up filter and spinning disc
confocal imager (X-Light V2, Crest Optics) before illuminating the sample. The emitted light is
directed by a dichroic mirror through an additional emission filter (cutoff at 420 nm) and onto a
FLIM Toggel camera (512x470 pixels, Lambert Instruments).

The images are acquired with LIFA 1.4 software (Lambert Instruments) and are recorded at an
exposure time of 34 ms and fitted to 6 phases. This results in a maximum FLIM image frequency of
2 Hz. The initial phase shift is set to 150o and the multiplication gain to 8, resulting in 1000-6000
counts s-1. All data is processed and analyzed further with a Python script that was developed
in-house.

In FLIM, the fluorescence lifetime of a probe is used to study the local environment. The flu-
orescence lifetime of a probe can be dependent on various properties, such as pH or tempera-
ture. We use a quinolium-based dye with a fluorescence lifetime that is governed by the local pH
through the protonation degree of the dye (double protonated H2Q2+, single protonated HQ+, and
deprotonated Q).[21, 35] The molecular structures and the used calibration curve, based on data
from ref. [35], measured in cuvettes, are shown in Figure S5.3. An additional calibration measure-
ment inside the flow channel is performed at the start of each experiment by filling the cell with
a solution of pH 7-8 and setting the fluorescence lifetime to 12.6 ns. The fluorescence lifetime in
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Figure S5.2: a) Diagram of the internal components, and excitation and emission light paths in the FLIM setup.
b) Picture of the FLIM setup consisting of a (2) microscope, (3) sample holder, (4) confocal imager with spin-
ning disc, (5) FLIM toggle camera, objects (1) and (6) are not used in FLIM mode.

each pixel is directly exported from LIFA and can be combined with the calibration curve in Figure
S5.3 to calculate the local pH.

Figure S5.3: a) Molecular structure of the quinolium-based fluorescent dye in the double protonated (H2Q2+),
single protonated (HQ+), and deprotonated (Q) forms. b) Calibration curve showing the pKA1 and pKA2, where
the H2Q2+/HQ+ and HQ+/Q equilibria shift, determined from the sudden decrease in fluorescence lifetime (τ)
with changing pH. Panel b is plotted with data from ref. [35].

5.5.1.2 IMAGE ANALYSIS

To perform radial analysis, the shape of the particle is extracted from the images with scikit-image,
opencv, and shapely (all Python packages), and 360 rays are cast from the particle exterior, starting
from these evenly spaced points on the shape edge. To prevent the rays of crossing and crowding
in certain areas, the rays are not placed perfectly along the normal vector of the starting point, but
the angle is modified with
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Θr ay = Θnor mal + fp ·Θt ar g et

1+ fp
(S5.1)

in whichΘnor mal is the normal angle,Θt ar g et is the target angle that is the ideal angle to achieve
even spacing of the rays, fp is a pulling factor, and Θr ay is the resulting ray angle. A pulling factor
of fp = 5 was found to give a reasonably evenly spaced collection of rays. The placement of the
starting points and effect of ray pulling are demonstrated in Figure S5.4.

Figure S5.4: Demonstration of ray casting and pulling to achieve a decently even distribution of radial lines.
a) Starting points placed on the particle edge and the projected normal vector (Θnor mal , dashed line) and the
final ray (Θr ay , solid line) obtained from pulling towards the target ray. Panels b) and c) show the collection of
casted rays before and after pulling, respectively.

This allows us to study the pH along all rays. The recorded pH along a single ray in a single
image is shown in Figure S5.5a. The data is averaged spatially with a moving average along 11
pixels and temporally over 20 images (20 s) to remove excessive noise in the experiments where
the system is studied in steady state (i.e. the current and flow series). The temporal averaging is
reduced to only 3 images (1.5 s) in the experiments where we are studying transient changes (i.e.
the time series).Figure S5.5b shows the result of smoothing the data in panel a, the shaded areas
indicate the standard deviations. The recorded local pH is used to calculate the difference between
the local and the bulk hydroxide (OH-) concentration (Figure S5.5c). Next, the boundary layer
thickness can be estimated by converting the OH – concentration and radius to dimensionless
concentration (C∗) and dimensionless radius (r∗) by scaling with the maximum concentration
and the particle radius, respectively (Figure S5.5d), and finally fitting a straight line from the peak
to where ∆C∗ drops below 40% of the peak concentration, and extrapolating it to the x-intercept
(Figure S5.5e). This is in line with the common consensus that the diffusion boundary layer ends
where the concentration approaches that of the bulk.

5.5.1.3 MODELLING

A simple model of OH – concentration gradients around a spherical particle inside a 2D flow chan-
nel was created in COMSOL Multiphysics 6.1 for comparison with our experimental results. A
schematic explaining the model and boundary conditions is shown in Figure S5.6. The modelled
channel has a height Hmodel , and a width W . The spherical particle has a radius Rp and is placed
with its center at a height of 5Rp in the middle of the channel. The following simplifications are
applied:

• The Faradaic reaction is derived from the electric current

• Electrolyte electroneutrality is conserved by a mock counter-ion

• The electric current is decoupled from the electric potential
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Figure S5.5: Steps in data processing for radial analysis. Starting from a) the pH along one ray in a single image,
and b) smoothing data by spatial and temporal averaging. The shaded regions represent the standard devia-
tion. c) Same result converted from local pH to OH – concentration. The diffusion boundary layer thickness
is then estimated by d) scaling the local OH – concentration and radial distance to obtain the dimensionless
concentration (C∗) and radius (r∗), e) fitting and extrapolating the linear region to find the diffusion boundary
layer thickness (δ) at the x-intercept.

• No bubble formation

The fluid flow field is obtained by solving the Navier-Stokes equation for an incompressible
fluid, with the following momentum boundary conditions:

• No slip condition on channel walls and particle

• Entering fluid has a fully developed laminar flow

• P = 0 at the outlet

The electric field is modelled with the 2D secondary current distribution interface. The Nernst-
Planck equation is solved under electroneutrality and conservation of current conditions.

The mass balance of the dissolved ions is solved by inserting the Nernst-Planck equation with
the previously obtained flow field and electrical field. A no-flux condition is imposed on the sides
of the channel, the outlet is defined as region with only convection (no diffusion), the OH – con-
centration at the inlet is defined by a pH of 7, and the OH – production at the particle surface is
obtained from the Faradaic reaction.

5.5.2 RESULTS

5.5.2.1 INFLUENCES ON DIFFUSION BOUNDARY LAYER

We monitored the pH gradient around the particle electrode under influence of three variables:
time, current density, and electrolyte flow. The timeseries (Figure S5.7) was recorded without
flowing the electrolyte, and at a low current density (-43 mA/g, corresponding to -32 mA/cm2) to
prevent bubble-induced convection. We investigated the influence of current density at constant
flow velocity of 0.3 mm/s with Rep = 0.27, at current densities between 0 and -143 mA/g (-106

mA/cm2) (Figure S5.8). The influence of flow velocity is shown in Figure S5.9, and was studied at
a constant current density of -15 mA/g (-11 mA/cm2). The particle’s Péclet number is indicated
for each flow velocity in Figures S5.11 and S5.12, and is defined here as Pep = vdp /DOH− .[38] The
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Figure S5.6: Diagram of the parameters and boundary conditions of the COMSOL model, showing a) the phys-
ical dimensions and momentum boundary conditions, b) charge boundary conditions, and c) species bound-
ary conditions.

Figure S5.7: Applied current (orange) and resulting voltage (green) during transient recording of boundary
layer formation and growth without flowing electrolyte. FLIM images were recorded with a frequency of 2 Hz
and a moving average over 3 images was used to minimize noise. The orange shaded areas indicate the images
that were averaged to obtain the time series in Figure S5.8 at the indicated Fourier (Fo) numbers.

images shown in the latter two series are recorded after the pH profile had developed completely
and steady state had been reached.

A peak in OH – concentration was observed away from the particle surface in all experiments.
Figure S5.13 (top row) shows the difference with the bulk concentration on the right side of the
particle along a horizontal plane in the middle of the particle for the experimental current (left),
transient (middle), and flow series (right). These variables influence the peak height and location
quite clearly (Figure S5.13, bottom row). The peak increases in height and shifts away from the
particle with increasing current density and through time, while the peak decreases in height and
shifts closer to the particle with increasing flow.
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Figure S5.8: FLIM images of the pH profile through time and at the indicated Fo numbers, at a current of -
43 mA/g (-32 mA/cm2), without flow. Each result is obtained by averaging three FLIM images as previously
indicated in Figure S5.7.

Figure S5.9: Applied current (orange) and resulting voltage (green) during FLIM of the single particle electrode
at various current densities up to -143 mA/g (-106 mA/cm2) at a constant flow velocity of 0.3 mm/s. FLIM im-
ages were recorded with a frequency of 1 Hz. Each current density was applied for 60 s and the FLIM recordings
over the final 20 s (orange shaded areas) were averaged to obtain the images in Figure S5.10.

5.5.2.2 MECHANISM CONTRIBUTIONS DURING SELF-DISCHARGE

We mimicked the disconnection of a suspension particle from its current source by charging the
EDL at a constant potential (“on” phase) and allowing the particle to discharge under Open Cir-
cuit Potential (OCP) (“off” phase). Figure S5.14 shows the contributions of the discharge mecha-
nisms on the transient potential change for the tested charging potentials. Repeating the charge-
discharge cycle influences the discharge contributions. In addition to the charging potential, as
demonstrated in the manuscript, the mechanism contributions are also affected by changes in
charging duration and cycling.[46] This is also observed in our system in Figure S5.15, which shows
the discharge mechanism contributions after a second charging run of 30 s at the same charging
potentials. At high charging potentials (-1.7 and -2.0 V vs SHE), the Faradaic contribution is in-
creased in the second compared to the first charge-discharge cycle at the expense of charge redis-
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Figure S5.10: pH profiles around the single particle electrode after a steady state has been reached at various
current densities, at a constant flow velocity of 0.3 mm/s with Rep = 0.27. The indicated current densities were
applied for 60 s, of which the FLIM recordings over the final 20 s were averaged, as indicated in Figure S5.9.

Figure S5.11: Applied current (orange, top panel) and resulting voltage (green, top panel) during FLIM of the
single particle electrode at various flow velocitys (bottom panel), at a constant current densities of -15 mA/g
(-11 mA/cm2). FLIM images were recorded with a frequency of 1 Hz. Each flow velocity was applied for 60 s
and the FLIM recordings over the final 20 s (orange shaded areas) were averaged to obtain the images in Figure
S5.12 at the indicated Péclet (Pep ) numbers.

tribution. The same effect can be seen in Figure S5.16, which shows the fractional contributions
of the Faradaic reaction and charge redistribution during the first 30 s of the “off” phase in the first
(solid lines) and second (dashed lines) cycles.
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Figure S5.12: pH profiles around the single particle electrode after a steady state has been reached at various
flow velocities (0.1-2.1 mm/s) and corresponding Reynolds numbers (Rep 0.1-1.9), at a constant current den-

sity of -15 mA/g (-11 mA/cm2). Each flow velocity was applied for 60 s and the FLIM recordings over the final
20 s were averaged, as indicated in Figure S5.11.

Figure S5.13: Influence of the current (left), time (middle), and flow (right) on the OH – concentration peak
location in the experimental results. The peak increases in height and shifts to the right (away from the particle
surface) with increasing current and with time. The peak decreases in height and shifts to the left (towards the
particle surface) with increased flow.
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Figure S5.14: Contributions of the different discharge mechanisms to the potential change over time after
charging at various potentials.

Figure S5.15: Contributions of the different discharge mechanisms during a second discharge run. The con-
tribution of charge redistribution is clearly diminished and Faradaic charge transfer is more dominant than
during the first discharge run.

Figure S5.16: Visualization of the potential change fractions that can be attributed to Faradaic charge transfer
and charge redistribution after charging at various charging potentials during the first (solid lines) and second
(dashed lines) discharge runs. The Faradaic contribution is visibly enhanced, while the redistribution contri-
bution is diminished accordingly.
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6
CONCLUSIONS

Intensification of electrochemical processes will be crucial in the transition towards a green and
electrified industry, but is hampered by mass transfer limitations in aqueous electrochemical sys-
tems. In this thesis, we let go of the conventional methods for enhancing mass transfer, and in-
stead we employ 3D volume-based electrodes to bring the catalyst to the reagent rather than rely-
ing on slow mass transport towards a planar electrode. We assess which strategies are suitable to
expand the accessible electrolyte volume and increase the amount of available reagent.

We explored the possibilities and applicability of volume-based electrodes as an alternative
approach for alleviating mass transfer limitations in robust and scalable systems. We studied
two types of volume-based electrodes: a flow-through (foam-based) and a flow-with (suspension-
based) configuration. While the flow-through configuration offers larger relative velocity between
the electrode and electrolyte, as well as greater electrical conductivity, suspension electrodes of-
fer easier bubble removal for gas-evolving conversions, and considerable capacitive features. We
investigated which electrode properties should lead to an even reaction distribution across the
entire electrolyte channel to give the best results in either 3D configuration (Ch. 2), considering
the effective conductivity of the network and the stability of suspended catalytic material (Ch. 3).
We studied the influence of electrode configuration on mass transfer on the microscale and as-
sessed the limitations of volume-based electrodes in scaling aqueous systems (Ch. 4). Finally, we
analyzed the development of the DBL and local concentration profiles around a single electrode
element under different applied current densities and electrolyte flow velocities (Ch. 5). We used
CO2 and O2 electrolyzers as representative diffusion-limited systems, and our finding can be ex-
tended to other mass transfer-limited processes.

We employed a large range of research methods, including a TLM and EIS to investigate the
necessary electrical properties, and combined the data with rheology measurements to investigate
the influence of particle properties in case of suspension electrodes. In addition, a large number
of electrochemical experiments were performed as practical tests, and Sherwood correlations and
microscopic imaging (FLIM) were used to study mass transfer and the influence on the local reac-
tion environment. The latter was performed with HER as a proxy for any electrochemical reaction
to produce a visible pH gradient.

The used TLM (Chapter 2) showed that the electrical properties are of great importance to con-
trol the distribution of the electrochemical reaction. We considered the various situations listed
below with their corresponding results:
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1. The charge transfer resistance (R ′′
ct ) is dominant: this will give an even reaction distribution

across the channel depth, regardless of the ratio between the solid (R ′
S ) and liquid (R ′

L)
phase resistances.

2. All three resistances are of similar magnitude: the R ′
S /R ′

L ratio gains importance and re-
sults in a higher current density closer to the current collector (R ′

S > R ′
L), or closer to the

membrane (R ′
S < R ′

L).

3. The R ′′
ct is significantly lower than R ′

S and R ′
L : this will always result in a localized reaction

and eliminates the benefits of using a volume-based electrode.

Our measurements showed that the right conditions (situations 1 and 2) can be achieved with the
dynamic conductive networks occurring in suspension electrodes, if a suitable particle type and
volume fraction are selected. The solid phase conductivity should match the ionic conductivity,
but is more challenging to enhance. The ionic conductivity can be increased to >100 mS/cm by
raising the electrolyte concentration, while the solid phase conductivity is typically limited to 0.1-1
mS/cm because of the decreasing flowability with increasing particle loading.[1] Developing sus-
pensions with better particle-particle contact and higher solid phase conductivity is therefore of
great interest.

Although the TLM results show that several of the used suspensions possess sufficient solid
phase conductivity and the correct properties to expect a homogeneous reaction distribution and
good catalytic performance, the FE towards CO was unexpectedly low. The high activity towards
HER shows that the large amount of suspended material needed to provide sufficient electrical
conductivity and the enormous surface area the material carries lend the choice of microparticle
material considerable importance. A wrong choice of suspended material has been shown to in-
terfere negatively with the desired process in both the CO2 reduction and the oxygen reduction
experiments. The presence of metal contaminations and the immense amount of non-silver sur-
face area seem to catalyze the HER during the CO2 reduction experiments (Ch. 2), and the carbon
material causes disproportionation of produced H2O2 during the ORR (Ch. 4). Therefore, great
care should be taken to select particles with suitable chemical properties, in addition to favorable
electrical properties, for each process. Ideally, the suspension would consist completely of mate-
rial that catalyzes the intended reaction with good selectivity, offers high solid phase conductivity,
and has a large specific surface area to provide large amount of catalytic sites and considerable
capacitance.

As a foam can be interpreted as a network of solid elements that are permanently connected,
incorporating a foam may be a pragmatic alternative that eliminates the contact resistance be-
tween the suspension particles. The static networks in foam-based electrodes result in a higher
solid phase conductivity (approx. 3 S/cm) at very low solid volume fractions (typically <4%).[2, 3]
Although a foam electrode lacks the movement of the electrode itself, the conditions in terms of
resistance and resistance ratio should be feasible, and hence allow to realize high partial current
densities in a flow-through configuration.

Replacing the carbon microparticles with a flow-through electrode indeed improved the CO
current density significantly to >50 mA/cm2 (Ch. 3) by providing a superior electrically conductive
network, as well as removing the excessive carbon surface area and possible metal contaminations.
These improved chemical properties eliminate the negative interferences observed in Chapters 2
and 4.

In addition, Chapter 3 reveals the importance of stabilizing agents when utilizing a suspension
of catalytic material in electrolyte. Adding SDS significantly improved the CO current density by
hindering particle aggregation and loss of catalytic surface area, and possibly improving bubble re-
moval and protecting the Ag NP surfaces from degradation. Although the highest achieved current
density of 56 mA/cm2 is not yet close to the required 200 mA/cm2, the initial results and insights
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in this chapter are promising for optimization studies and should encourage further research into
surfactant-assisted CO2 reduction in aqueous flow-through electrolyzers. Especially the reaction
location (i.e. deposited versus flowing Ag NPs) and the role of the surfactant (i.e. stabilization
versus mass transfer enhancement) would be of interest.

Like CO2 reduction, the ORR did not suffer from carbon-induced issues when the flow-through
configuration was used, while it could still leverage the advantage of a large and easily accessi-
ble surface area with shortened mass transfer distances due to its porous nature. The electrode
structure prevents the development of thick diffusion boundary layers and thereby raises the mass
transfer coefficient and alleviates mass transfer limitations considerably, even at low flow veloc-
ities. The limiting current density showed a weaker dependence on flow velocity in the flow-
through configuration than in the flow-by configuration, increases only slightly with increasing
flow in the regime of low Reynolds numbers (Re < 234), and follows the expectations from Sher-
wood correlations nicely. As a result, employing a smart electrode configuration is more effective
for alleviating mass transfer limitations than optimizing the flow velocity, at least in the range of
flow rates relevant for electrochemical flow systems.

Although we have shown that mass transfer limitations on the microscale are alleviated in
flow-through electrodes, the limitations on the macroscale are not and further system engineer-
ing will be necessary. Boosting the local current density results in significantly faster reagent con-
sumption, which in turn leads to reagent depletion and a decreasing local current density (or
product selectivity) along the length of the electrolyzer channel. This is especially severe for ex-
tremely poorly soluble reagents such as O2 with a maximum concentration of 1.1 mM, versus CO2
with a maximum concentration of 34 mM, under standard conditions. Therefore, the flow velocity
should be adjusted to achieve a residence time that is suitable for the applied geometric current
density and the consumption rate along the channel. So even though increasing the flow in the
low Reynolds regime does not improve the mass transfer coefficient considerably, increasing the
flow rate is necessary to improve the performance on the macroscale. Alternatively, one could in-
vestigate in-channel saturation methods similar to a gas-fed system, such as a bubble column or
GDE, high-pressure electrolyzers[4], or shortening the path through the flow-through electrode by
forcing the flow parallel to the current[5].

A more detailed study of the local pH around a single particle electrode using FLIM revealed
the influence of the 3D character of an electrode on the shape of the DBL and the pH gradient in-
side it. The 3-dimensional shape of the particle electrode resulted in an asymmetrical DBL in both
the horizontal and the vertical (plume formation) direction, with a pH gradient that differed from
the linear gradient commonly known to form at planar electrodes. The regions with observed al-
tered pH compared to the bulk indicate regions with reagent depletion and product accumulation.
The extent of these regions and their influence on the local reaction environment (reagent avail-
ability and surface pH) should be considered during process design. The applied current density,
flow velocity, and pore size and shape (in case of a flow-through electrode) or particle proximity
and volume fraction (in case of a suspension electrode) can be adjusted to ensure the most favor-
able reaction conditions throughout the electrode.

Overall, we have shown that implementing volume-based electrodes can alleviate mass trans-
fer limitations in various all-aqueous electrochemical conversion systems already at low elec-
trolyte flow velocities. This thesis offers insight into the requirements and important design pa-
rameters for a volume-based strategy to achieve its full potential, as well as encountered chal-
lenges.

Despite the improvements, this strategy on its own cannot solve all limitations imposed by
poor solubility in aqueous electrolytes and such systems will continue to suffer from low reagent
availability at high current densities in larger electrolyzers. This can be mitigated by increasing
the channel thickness to reach an even larger electrolyte volume, operating at higher pressures
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when working with dissolved gases, or employing in-channel saturation methods and altered cell
designs.

All in all, the principle of volume-based electrodes can be employed to boost the achievable
current density to a limited but promising extent in a wide variety of mass transfer limited systems,
such as CO2 reduction and oxygen reduction as demonstrated in this thesis. This strategy can be
applied in a similar manner in other applications such as fuel cells[6], or in nitrogen[7] and NOx[8]
reduction to ammonia, by adapting the electrode material. This provides an alternate and innova-
tive route towards intensifying electrochemical processes in relatively simple and robust scalable
systems that provide green alternatives to environmentally unfriendly industrial processes.
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SUMMARY

The negative environmental effects of large-scale use of fossil fuels, chemicals, and energy-
intensive processes are forcing us to develop green alternatives to mitigate the climate crisis. Elec-
trochemistry, powered by renewable energy, provides us with a direct way to produce precursors
or materials from green electricity and benign reagents such as water, carbon dioxide (CO2), or
oxygen. A widely known example is water electrolysis to produce hydrogen as a green fuel and
chemical building blocks for other chemicals. Alternatively, CO2 can be fed to an electrolyzer to
produce sustainable carbon-based materials - such as pharmaceuticals, paints, and synthetic fu-
els - that are otherwise obtained from fossil fuels. Electrochemistry is therefore a versatile and
promising technology that could provide a strong foundation for sustainable alternatives to vari-
ous environmentally unfriendly processes.

Because electrochemical systems are often studied as replacements for well-established and
optimized industrial processes, the benchmarks to achieve an economically viable and competi-
tive status are high. Most importantly, the processes must be efficient with materials and energy,
resulting in requirements such as high current density, energy efficiency and product selectivity.
These are hampered in many systems by poor solubility of reagents in water, such as the afore-
mentioned CO2 and oxygen. The low reagent concentration results in reagent depletion, intensi-
fied competition with parasitic side reactions, and low selectivity at industrially relevant current
densities. Such systems are severely limited by the slow mass transport and availability of reagents
towards and at the electrode surface.

In this thesis, we study the potential and limitations of volume-based electrodes to allevi-
ate mass transfer limitations and boost limiting currents in aqueous systems with poorly soluble
reagents. Extending the electrode into the electrolyzer channel improves the contact with the elec-
trolyte and dissolved reagent, and expands the reaction volume to raise the amount of available
reagent. The use of volume-based electrodes, with a large surface area, leads to lower local cur-
rent densities, lower reagent depletion, and allows for higher total geometric current densities. We
used two types of volume-based electrodes: 1) a flow-through (foam-based), and 2) a flow-with
(suspension-based) electrode, which each offer their own advantages and challenges.

Chapter 2 studies the influence of electrical, morphological, and rheological properties on the
applicability of a flow-with configuration in CO2 electrolyzers. Theoretical modelling showed that
the reaction is most evenly spread over the channel volume when the charge transfer resistance is
significantly larger than the solid and liquid phase resistances, or of a similar magnitude. In con-
trast, the reaction will be localized and the advantage of the volume-based electrode will be lost if
the charge transfer resistance is smaller than the solid and liquid phase resistances. Although this
chapter considers suspension electrodes, these results are also relevant for flow-through configu-
rations. We experimentally obtained resistance values, using electrical impedance spectroscopy,
in suspensions electrodes with carbon loadings that are realistic for use in flow-with electrolyzers.
Entering this data into the model showed that the criteria regarding the charge transfer, solid and
liquid phase resistances to realize a homogeneous reaction distribution can be met in suspensions
of activated carbon (AC) and carbon black (CB), but not in suspensions of spherical glassy carbon
(GC) particles. Finally, assessing the relation between the electrical and rheological properties of
suspensions of the differently shaped particles showed that the AC particles are the most promis-
ing for use in suspension electrodes.
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Despite these positive results, the suspension electrode materials were found to interfere neg-
atively with the desired process in the CO2 electrolyzer, as well as in an oxygen reduction system.
The large surface area and metal contaminations on the highly porous carbon microparticles ap-
pear to catalyze the hydrogen evolution reaction to such an extent that mostly hydrogen is formed
and only low partial current densities for CO (2-3 mA/cm2) could be reached in the CO2 elec-
trolyzer. Similarly, the AC material causes disproportionation of all H2O2 produced during the
oxygen reduction experiments on suspension electrodes. The chemical properties and purity of
the suspension material prove to be critical for maintaining good catalytic selectivity and the pos-
itive impact of using a volume-based electrode.

Chapter 3 shows that replacing the carbon suspension material with a lower surface area and
more conductive flow-through current collector significantly decreases the intensity of the hydro-
gen evolution reaction. The CO current density was increased even further to >50 mA/cm2 by
adding surfactants to moderate particle aggregation. The surfactants are suspected to also protect
the catalyst surfaces from degradation and to promote bubble removal, preventing blockage of
pores and enhancing bubble-induced mass transfer.

Chapter 4 compares both the flow-through and flow-with configurations with a flow-by system
during electrochemical oxygen reduction and studies how the configurations affect mass transfer.
The flow-through electrode boosted the limiting current density by a factor of 10-25 compared
to the flow-by configuration. In addition to having a large and easily accessible surface area, the
porous structure of the flow-through electrode alleviates mass transfer limitations by disrupting
the development of a thick diffusion boundary layer and improves mass transfer already at low
flow velocities. As expected from Sherwood correlations, increasing the flow velocity further does
not increase the limiting current density much further inside the laminar flow regime typical for
electrochemical systems. The effect of increased flow velocity is stronger in flow-by systems, but
significantly less than changing the electrode configuration to a flow-through system. Therefore,
more can be gained from optimizing the electrode design than from increasing the flow velocity.

Despite the ability of flow-through electrodes to alleviate mass transfer limitations on the mi-
croscale, aqueous systems will still be limited on the macroscale by poor solubility when scaling
up to larger electrolyzers with longer electrodes. Logically, boosting the current density is paired
with increased reagent consumption and eventual depletion further on in the channel, even in
the bulk. Additional strategies should be applied to keep the bulk concentration sufficiently high
through the entire length of the channel, for example by increasing the flow rate, increasing the
pressure, or combining with an in-channel gas feed.

Chapter 5 examines the diffusion boundary layer around a particle electrode with fluorescence
lifetime imaging microscopy (FLIM) and studies the influence of current density and flow velocity
on the local reaction environment. We perform water electrolysis as a proxy for other electro-
chemical conversion reactions and consider the regions with high pH as regions that are prone
to reagent depletion and product buildup. Increasing the current density at low flow velocities
causes significant plume formation and an unfavorable reaction environment for any electrode
element placed inside the plume region. Increasing the flow rate along with the current density is
a good strategy to dissipate the plume over a shorter length scale and prevent affecting the perfor-
mance of other electrode elements that are placed in close proximity. Alternatively the electrode
design should incorporate large enough pores or suspension particle spacing to mitigate this ef-
fect. Overall, this chapter demonstrates how the current density, flow rate, and electrode design
can be adjusted to improve the local reaction conditions.

Fitting a self-discharge model for electric double layer capacitors (EDLCs) to the discharge
curve of a single capacitive particle, representing a suspension electrode particle, showed that the
capacitance can drive a Faradaic reaction after contact with a current source is broken. The charg-
ing potential can be optimized to maximize the Faradaic contribution and to avoid the diffusion-
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limited regime and other voltage dissipation processes such as charge redistribution.
In conclusion, this thesis shows the potential and limitations of volume-based electrodes in

mass transfer-limited electrochemical system. A homogeneous reaction distribution can be
achieved for both flow-through and flow-with configurations. The volume-based electrodes can
be adjusted for different applications by selecting a suitable electrode material. The suspension
electrodes have proven more challenging on this account than the flow-through configuration, at
least for the conversion of CO2 and O2, due to promotion of competing reactions. Any type of
foam-based electrode can be incorporated into a flow channel to provide a suitable flow-through
electrode for a wide variety of applications. Despite the ability of volume-based electrodes to al-
leviate mass transfer limitations on the microscale, reagent depletion remains a challenge on the
macroscale in aqueous-based systems. In such cases, volume-based electrodes can still provide an
improvement in terms of boosting the geometrical current density, but should likely be combined
with other strategies to prevent reagent depletion higher up in the channel.





SAMENVATTING

Omwille van de klimaatcrisis zullen we het we het gebruik van fossiele brandstoffen, chemica-
liën, en energie-intensieve processen fors moeten terugdringen en milieuvriendelijke alternatie-
ven moeten ontwikkelen. Elektrochemie stelt ons in staat om synthetische materialen te produ-
ceren vanuit groene energie en onschadelijke stoffen, zoals water, kooldioxide (CO2), en zuurstof.
Een bekend voorbeeld hiervan is de productie van waterstof door middel van waterelektrolyse. De
geproduceerde waterstof kan vervolgens gebruikt worden als duurzame brandstof, of als bouw-
steen voor andere chemicaliën. Op dezelfde manier kan ook CO2 door elektrolyse omgezet worden
om precursors voor duurzame koolstof houdende materialen – zoals medicijnen, verf, en syntheti-
sche brandstoffen – te produceren die momenteel uit fossiele brandstoffen gewonnen worden. De
veelzijdigheid van elektrochemie maakt het een veelbelovende basis voor duurzame alternatieven
voor een groot scala aan vervuilende processen.

Omdat elektrochemische systemen meestal ontwikkeld worden als vervanging voor reeds ge-
optimaliseerde industriële processen, zijn de vereisten om een proces economisch rendabel en
competitief te maken behoorlijk hoog. Efficiënt gebruik van materialen en energie zijn hierin van
groot belang, wat resulteert in een noodzaak voor goed functioneren op hoge stroomdichtheden,
hoge efficiëntie in energieverbruik, en hoge selectiviteit naar het gewenste product. Dit is echter
problematisch in vele systemen waarin reactanten gebruikt worden die zeer beperkt oplosbaar
zijn in water, zoals CO2 en zuurstof. De lage concentraties leiden tot snelle reactant depletie,
versterkte competitie met nevenreacties, en verlaagde selectiviteit op de stroomdichtheden die
relevant zijn voor industriële toepassing. Zulke systemen worden ernstig gelimiteerd door traag
massatransport en de beperkte beschikbaarheid van reactanten aan het elektrode-oppervlak.

In dit proefschrift onderzoeken we de potentie en de limitaties van volume-elektroden in het
verminderen van de limitaties door traag massatransport en het verhogen van de maximaal haal-
bare stroomdichtheid in elektrochemische systemen met elektrolyten op waterbasis en slecht op-
losbare reactanten. Het uitbreiden van de elektrode naar het volledige vloeistof kanaal bevordert
het contact met het elektrolyt en de opgeloste reactant, en vergroot zo het volume waar de reactie
plaats kan vinden en de hoeveelheid beschikbaar reactant. Het gebruik van volume-elektroden
met een groot contactoppervlak verlaagt de lokale stroomdichtheid, vermindert reactant deple-
tie, en maakt zo het gebruik van hogere totale stroomdichtheden mogelijk. We maken gebruik
van twee typen volume-elektroden: 1) flow-through (poreuze matrix), en 2) flow-with (suspensie)
elektroden, die beiden hun eigen voordelen en uitdagingen meebrengen.

In hoofdstuk 2 wordt het belang van elektrische, morfologische, en rheologische eigenschap-
pen voor de toepasbaarheid van de flow-with configuratie in CO2 elektrolyse onderzocht. Uit mo-
dellering blijkt dat de reactie het meest gelijkmatig wordt uitgespreid over het volledige volume
van het kanaal wanneer de weerstand tegen ladingsoverdracht significant hoger is dan de elek-
trische weerstanden van de vaste en vloeibare fasen, of van vergelijkbare grootte. In tegenstel-
ling zal de reactie gelokaliseerd blijven als de ladingsoverdrachtsweerstand lager is dan de weer-
standen van de vaste en vloeibare fasen. In deze situatie worden de beoogde voordelen van de
volume-elektrode niet benut. Hoewel dit hoofdstuk toegespitst is op suspensie elektroden zijn
deze inzichten ook relevant voor flow-through configuraties. We hebben weerstandswaarden in
suspensie elektrodes met voor CO2 elektrolyse relevante koolstofgehaltes experimenteel verkre-
gen door middel van elektrochemische impedantie spectroscopie. Het gebruik van deze waardes
in het model heeft uitgewezen dan de criteria rondom de weerstand tegen ladingsoverdracht, en
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de weerstand in de vaste en vloeibare fasen behaald kunnen worden in suspensies van activated
carbon (AC) en carbon black (CB), maar niet in suspensies van glassy carbon (GC) deeltjes. Ten-
slotte bleek uit evaluatie van de relatie tussen de elektrische en rheologische eigenschappen van
alle suspensies dat de AC deeltjes de meest gunstige eigenschappen hebben voor het gebruik in
suspensie elektrodes.

Toch bleken de materialen in de suspensie elektroden CO2 en zuurstof elektrolyse negatief te
beïnvloeden. Het grote oppervlak van de poreuze koolstofdeeltjes en aanwezige metallische ver-
ontreinigingen blijken de waterstofevolutie reactie dermate te katalyseren dat er voornamelijk wa-
terstof werd geproduceerd, waardoor slechts een lage gedeeltelijke stroomdichtheid naar de pro-
ductie van CO (2-3 mA/cm2) kon worden gerealiseerd tijdens CO2 reductie. Daarbij veroorzaakte
het AC materiaal de disproportionering van geproduceerde waterstof peroxide (H2O2) tijdens de
zuurstofreductie experimenten met suspensie elektroden. De chemische eigenschappen en zui-
verheid van het suspensiemateriaal zijn dus essentieel foor het behouden van hoge katalytische
selectiviteit en de positieve impact van het gebruik van volume-elektroden.

Hoofstuk 3 laat zien dat het vervangen van de koolstofmateriaal in suspensie door een be-
ter geleidende flow-through elektrode met een kleiner oppervlak de intensiteit van de waterstof
evolutie reactie significant verlaagt. De partiële CO stroomdichtheid kon vervolgens nog verder
verhoogd worden naar >50 mA/cm2 door oppervlakte-actieve stoffen toe te voegen die aggre-
gatie van katalytische suspensiedeeltjes tegengaan. Vermoedelijk beschermen deze oppervlakte-
actieve stoffen het katalysatoroppervlak ook tegen degradatie, en versnellen ze de verwijdering van
bubbels waardoor poriën minder vaak geblokkeerd worden en extra massatransport door bubbel-
stromen wordt bevorderd.

In hoofdstuk 4 vergelijken we de flow-through en flow-with configuraties met een flow-by
systeem voor elektrochemische zuurstofreductie en bestuderen we hoe de elektrodeconfiguratie
massatransport beïnvloedt. De flow-through configuratie verhoogde de maximale stroomdicht-
heid met een factor 10-25 ten opzichte van de flow-by configuratie. Naast dat de flow-through
elektrode een groter en makkelijk te bereiken elektrode-oppervlak heeft, vermindert de poreuze
structuur van de flow-through elektrode de massatransportlimitatie ook door de ontwikkeling van
een dikke diffusiegrenslaag te verstoren. Dit effect is al te zien op lage stroomsnelheden. Zoals
verwacht van Sherwood-relaties neemt de maximale stroomdichtheid niet veel verder toe met een
verhoging van de stroomsnelheid binnen het laminaire stromingsregime wat relevant is voor elek-
trochemische systemen. Het verhogen van de stroomsnelheid heeft echter meer invloed in de
flow-by systeem, maar aanzienlijk minder dan het wijzigen van elektrode-configuratie naar een
flow-though systeem. Daarom is er meer winst te behalen door het elektrodeontwerp te optimali-
seren dan door de stroomsnelheid te verhogen.

Alhoewel flow-through elektroden de massatransportlimitatie op microschaal kunnen ver-
minderen, zullen watergebaseerde systemen op de macroschaal alsnog gelimiteerd worden door
lage oplosbaarheid als er gebruik gemaakt wordt van grotere elektrolytische cellen met langere
elektrodes. Dit komt doordat het verhogen van de stroomdichtheid gepaard gaat met een ver-
hoogde consumptiesnelheid van reactanten, die uiteindelijk verder in het kanaal en zelfs in de
bulk van het elektrolyt uitgeput zullen worden. Aanvullende strategieën zullen dan toegepast
moeten worden om de bulk-concentratie voldoende hoog te houden over de gehele lengte van
het kanaal. Dit kan bijvoorbeeld door de stroomsnelheid of druk te verhogen, of door de volume-
elektrode te combineren met een extra gastoevoer binnenin het kanaal.

In hoofdstuk 5 bekijken we de diffusiegrenslaag rond een deeltjes-elektrode door middel van
fluorescence lifetime imaging microscopy (FLIM), en onderzoeken we het effect van de stroom-
dichtheid en stroomsnelheid op de lokale reactiecondities. We gebruiken waterelektrolyse als een
proxy voor andere elektrochemische conversiereacties en beschouwen de gebieden waar zich een
hoge pH ontwikkelt als gebieden die gevoelig zijn voor reactant depletie en productophoping. Het
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verhogen van de stroomdichtheid op lage stroomsnelheden leidt tot de formatie van een aan-
zienlijke pluim van elektrolyt met een verhoogde pH en dus een ongunstige reactieomgeving voor
eventuele andere elektrode-elementen die in dit gebied geplaatst worden. Het mee-verhogen van
de stroomsnelheid is een goede methode om de pluim over een kleinere lengteschaal te doen ver-
dwijnen en te voorkomen dat andere elektrode-elementen die zich dichtbij bevinden hier negatief
door beïnvloed worden. Als alternatief kunnen er grotere poriën, of grotere afstanden tussen de
suspensiedeeltjes, in de elektrode geïntegreerd worden. Over het geheel genomen toont dit hoofd-
stuk hoe de stroomdichtheid, stroomsnelheid, en het elektrode-ontwerp gebruikt kunnen worden
om lokale reactiecondities te verbeteren.

Het fitten van een zelf-ontladingsmodel voor elektrische dubbellaagscondensatoren (EDLCs)
aan een ontladings-curve van het enkele capacitieve deeltje, wat een deeltje in een suspensie-
elektrode vertegenwoordigt, toonde aan dat de capaciteit een Faradaische reacties enige tijd kan
aandrijven nadat het contact met een stroombron is verbroken. Het oplaadpotentiaal kan geopti-
maliseerd worden om de Faradaische bijdrage te maximaliseren, en daarbij het diffusie-
gelimiteerde regime te vermijden en andere ontladingsprocessen zoals ladingsredistributie te voor-
komen.

Ter conclusie behandelt dit proefschrift de potentie en de limitaties van volume-elektroden in
massatransport-gelimiteerde elektrochemische systemen. Flow-through en flow-with elektroden
kunnen beiden een homogene reactiedistributie opleveren, en kunnen afgestemd worden op ver-
schillende toepassing door een passend elektrodemateriaal te selecteren. Suspensie-elektroden
blijken hierin meer uitdagingen mee te brengen voor toepassing in elektrochemische conversie
CO2 en zuurstof dan flow-through elektroden vanwege concurrerende nevenreacties. Vele soor-
ten poreuze elektroden kunnen gemakkelijk geïntegreerd worden in stromingskanalen om een
geschikte flow-through elektrode te creëren voor een breed scala aan toepassingen. Ondanks het
vermogen van volume-elektrodes om de beperkingen door massatransport op de microschaal te
verlichten, zal depletie van reactanten op de macroschaal een uitdaging blijven en zal dit nog
steeds overwogen moeten worden in watergebaseerde elektrochemische cellen. In deze gevallen
kunnen volume-elektrodes alsnog verbetering opleveren met betrekking tot het verhogen van de
geometrische stroomdichtheid, maar zullen naar alle waarschijnlijkheid gecombineerd moeten
worden met andere methoden om uitputting van reactanten hoger in het kanaal te voorkomen.





ACKNOWLEDGEMENTS

Completing this thesis has been a great challenge and would not have been possible without the
help of many people. I want to thank you all for your valuable contributions!

First of all, I thank my promotors David and Johan for all of their time, feedback, and dis-
cussions. Thank you for standing by me during these four years of learning and research. David,
thank you for helping me explore the world of chemical engineering. Your insights and feedback
always helped me to push the research one step further. I always enjoyed your creativity, whether
it was related to any scientific topic we were discussing or a silly pun you came up with. Johan,
you started out as the most involved co-promotor I have ever heard of and you are now very well
deserved officially appointed as promotor. Thank you for always being kind and supportive with
your positive attitude, and for guiding me through all kinds of crazy estimations and calculations
with unequaled enthousiasm and interest.

I also want to thank the members of my PhD defence committee. Prof. dr. Valeria Garbin,
Prof. dr. ir. Ruud van Ommen, Dr. Ruud Kortlever, Prof. dr. Volker Presser, and Dr. Ben Erné
thank you for your interest in my thesis and for taking part in this committee.

A special thank you goes to the students who joined me on this carbon adventure. Thank
you Laura for being my very first student and starting Team Slurry together. I had just started
the project when you joined and we both had a lot to learn at that point, but we got through it
successfully and we had the best time. Xiao, thank you for your hard work in making so many
beautiful nanoparticles and microscopy images, and for doing so with such a positive attitude.
It was a joy to work with you. Thank you Martijn for being brave enough to work with carbon
suspensions during your first-ever laboratory project. I don’t think you ever managed to guess both
of my middle names, I’m sure you can find them somewhere in this thesis though. Mohammed,
Gerard, and Julius, you made a great team as the Particle Peeps. Thank you for your efforts during
your projects and for continuing to help me after you had already graduated. I learned a lot from
all of you and I greatly enjoyed working with you.

Thank you to the Electrochemical Flow Systems (EFS) group for all the ideas, discussions,
and relaxed working atmosphere: Ai-Yu, Rose, Minu, Aron, Matthäa, and Andrey. Kaustub, I
was so happy to make beautiful colours with you in the lab. Lorenz, thank you for making the
electrolyzer setup and for being an example of true productivity. Thank you Kosta, Vojtěch, Jan-
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