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Abstract

Electrochemical reactors are more and more equipped with 3D electrodes such as foams and
felts instead of flat electrodes, because of their large surface area and ability to reduce mass
transfer limitation. Being a surface process, mass transfer limitation in electrochemical
reactors limits productivity and can even result in unwanted side reactions. While 3D
electrodes such as foams and felts are a significant improvement, they come with a high
operating cost in terms of pumping power. Its irregular shape inflicts pressure drops three to
four orders of magnitude higher than an open conduit equipped with a flat electrode. In this
work we present structured 3D electrode designs derived from static mixers. Intended to
maximize mass transfer at a minimal pressure drop these static mixer-derived electrodes result
in similar mass transfer performance and hence electrochemical behavior as the commercial
felt electrodes, but at a pressure drop that is two orders of magnitude lower. Due to their
regularly structured design with a focus on minimal pressure drop these electrodes surpass the

current state-of-the-art felt electrodes.
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List of symbols and abbreviations

Km mass transfer coefficient (m s)

Ae volumetric active area of the electrode (m2/m3)
kmAe volumetric mass transfer coefficient (s)

lim limiting current (A)

n number of transferred electrons (-)

F Faraday constant (A s mol™?)

Ve electrode volume (md)

Chulk concentration of ferricyanide in the bulk phase (mol m)
Vv mean linear electrolyte velocity (m s™)

Q flow rate (m3s™?)

£ volumetric porosity (-)

dn hydraulic diameter (m)

Ax cross-sectional area of the channel (m?)

Al cross-sectional area of the electrolyte flow (m?)
P. wetted perimeter of the cross-section of the electrolyte flow (m)
7 dynamic viscosity of the electrolyte (Pa s)

y energy dissipation rate (W kg™)

AP pressure drop (Pa)

P density of the electrolyte (kg/m3)

Vi volume of the electrolyte (m3)

Dnm molecular diffusion coefficient (m2/s)

Re Reynolds number

Sc Schmidt number
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1. Introduction

With the growing awareness towards climate change, society is in search of green
technologies to replace current fossil fuel-based processes. The industrial electrification fits
seemingly in this quest. Using electrochemistry, industrial chemical processes can make the
shift from fossil energy sources to renewable ones. In electrochemistry electrons drive the
reaction rather than heat and pressure. Consequently, electrochemical reactors can operate at
ambient conditions. Being a surface process, the reagents in electrochemistry has to be
transported towards the electrode. The majority of the electrochemical reactors are of the
filter-press type and hence are equipped with planar electrodes, such as water electrolyzers,
chlor-alkali reactors and fuel cells [1-7]. In such filter-press type electrochemical reactors the
electrolyte flows alongside the electrode. This results in the formation of a concentration
depleted diffusion layer near the vicinity of the electrode surface, causing mass transport
limitation at high current densities, also known as the limiting current density. In this mass
transport limited regime an increased overpotential can lead to unwanted side reactions such
as hydrogen or oxygen evolution, typically observed when operating in galvanostatic mode
[8]. Depletion of the electroactive specie at the electrode surface, will then result in a higher
cell potential to uphold the requested current, causing unwanted side reactions to appear. To
reduce the diffusion layer at the electrode and increase productivity, the electrochemical
reactor is often fitted with turbulence promotors or equipped with flow distributing bipolar
plates [3,9-11]. These flow guiding structures increase the velocity, enhancing mass transfer
properties, but also reduce the channel dimensions, increasing pressure drop without

increasing the electrode surface.

Alternatively, 3D electrodes such as foams and felts are more and more used as electrodes in

electrochemical reactors for various purposes such as redox flow cells, corrosion and



electrodeposition, metal ion removal, organic oxidation of wastes and electrochemical
synthesis [12]. Because their surface area is one to several orders of magnitude larger than
that of a planar electrode, mass transfer limitation can largely be neglected and the limiting
current density increased. 3D electrodes such as foams and felts are irregularly shaped. This
irregular shape results in increased surface area, tortuosity and channeling effects, which is
known to adversely affect the pressure drop [13,14]. As a result felt electrodes report pressure
losses up to 1 bar depending on the flow path length [15]. Bryans et al. evaluated a 200 kW
redox flow battery stack equipped with felt electrodes and characterised its overall energy loss
[16]. For a charge/discharge power usage of 100 kW and 200 kW, roughly 8 kW of pumping

power was required, resulting in a 4-8 % overall power efficiency loss.

To diminish pressure losses, flow guiding structures have been combined with foams and felts
(e.g. interdigitated channels) [12]. Traditionally, tools like CNC machining and injection
molding has been used to fabricate these flow guiding structures. With the rise of 3D printing
the last decade, improved manufacturing tools have become available [17,18]. Using 3D
printing, reactor bodies with a higher degree of complexity can be fabricated, such as
labyrinthine pathway manifolds preventing shunt or by-pass currents between adjacent cells
[18]. Initially the printable materials were restricted to polymers. Nowadays also metals such
as nickel, copper, iron, stainless steel and titanium alloys can be printed by laser techniques,
although at a fairly high cost [19]. This allows to not only print complex reactor bodies, but
also regularly shaped 3D electrodes. Using selective laser melting we demonstrated in a
proof-of-concept the impact a structured 3D electrode can have on the mass transport
properties and electrode surface area. By printing a turbulence promotor in stainless steel and
by using it as electrode, the mass transfer coefficient was increased with 76 % compared to

the filter-press type reactor [20]. The combination of electrode and turbulence promotor



resulted in shear forces at the electrode-electrolyte interface, lowering the thickness of the
diffusion layer yielding the observed mass transfer improvement. Arenas et al. demonstrated
that porous electrodes develop higher current densities, discouraging the use of planar
electrodes [15,21]. The examined structured 3D electrodes, however, were restricted to
turbulence promotor-derived designs such as Pt/Ti meshes. Consequently, the pressure drop at
comparable mass transport coefficients was similar and in the same order of magnitude to that
of irregular shaped 3D electrodes such as felts. To have a substantial impact on the pressure
drop, while maintaining the same mass transport properties, alternative electrode designs than

turbulence promotor-derived ones are required.

An optimal electrode design has the characteristics of effective electrolyte transport, high
conductivity, stable three-dimensional network structure, large surface area and good
(electro)chemical stability [22]. In this regard, static mixers hold interesting properties. Trying
to mix fluids, likewise, requires high mass transport rates and similarly aims at minimizing
pressure drop. Hence, static mixer designs are highly interesting as geometry for structured
3D electrodes. Static mixers consist of repetitive stationary unit cells that induce motion in the
flowing fluid that is function of the unit cell design. Each unit cell divides the flowing fluid
into regions that are rotated and then recombined at the end of the unit cell, where the next
unit cell divides the flow again. Several unit cell designs exist, however, the three most
common mixer unit cells are, Kenics mixer, Ross Low-Pressure Drop mixer (RLPD) and

Sulzer mixer (SMX) [23,24].

In this work, we show that structured 3D electrodes derived from static mixer unit cell designs
outperform the frequently used commercial felt electrode with two orders of magnitude

regarding pressure drop while maintaining similar mass transfer properties. Through rapid-



prototyping and experimental characterization using the limiting current technique the

electrode design was optimized.

2. Material and methods
2.1 Chemicals

Potassium ferricyanide, potassium ferrocyanide, toluene, glycerol and potassium bicarbonate
were purchased at Chem-Lab Analytical (Belgium). Nickel powder (< 50 um, 99.7 %) was
obtained from Sigma- Aldrich (Belgium), limosolve from Formfutura (The Netherlands) and
epoxy (Specifix 40) from Struers (The Netherlands). All gases were delivered by Nippon
Gasses (Belgium). The ultrapure water (18.2 MQ.cm @25 °C) used throughout the
experiments was prepared in the laboratory (Synergy UV, Merck). The Sigracell graphite felt

(GFA 6 EA) was purchased at sgl carbon (Germany).

2.2 Electrode fabrication

The 3D electrodes were fabricated according to the indirect 3D printing method [19]. A
template of the electrode was printed in limosolve (Ultimaker 3) and subsequently filled with
a paste of nickel powder (61.2 wt%), epoxy (14.3 wt%) and glycerol (24.5 wt%). After a
curing period of 3 h at 40 °C the template was removed by dissolving the limosolve in
toluene. The obtained part, referred to as green part, was subsequently sintered in a two-step
process. In the first step the epoxy was removed by heating the green part under air
atmosphere (50 mL min*) according to the following temperature program: (i) temperature
was ramped to 300 °C at 5 °C min, (ii) once the temperature reached 300 °C it was raised
more slowly (1 °C mint) to 600 °C where it was maintained for 1 h to remove all organic
material, (iii) after this 1 h dwell time at 600 °C, the temperature was raised to 1000 °C (1 °C

min't) where it was again maintained for 1 h to sinter the metal particles, and (iv) finally the



temperature was cooled down to room temperature at 1 °C min™. As this first step proceeded
under an oxygen rich atmosphere the nickel was oxidized and hence it was necessary to
perform a second reducing step. To this end, the second step was conducted under a 5 %
hydrogen in argon atmosphere (150 ml min). The nickel oxide was chemically reduced by
heating the electrode to 800 °C (1 °C min™). Once the temperature reached 800 °C it was
maintained at 800 °C for 2 h. Next, the electrode was cooled down to room temperate with a
rate of 2 °C min’*. This step was repeated twice to ensure the removal of all nickel oxide,
which was guaranteed by visual inspection. A cyclic voltammogram test revealed that there
was no deactivation of the nickel electrode after this sintering treatment [19]. All electrodes

were only used once to determine the limiting current.

2.3 Flow cell configuration

To characterize the mass transfer properties, the 3D electrodes were housed in a custom-made
flow cell (Fig. 1). The electrode housing was made out of poly(methyl methacrylate) using a
CNC mill (Euromod MP45, Imes). The catholyte and anolyte were separated by a Nafion 117
membrane (Fuel cell store) and sealing was ensured by two viton gaskets. To prevent jet
streaming of the entering liquid, a distributor plate with 64 nozzles of 1 mm in diameter was
placed in front of the electrode, which was verified through computational simulations [20].
Cathode and anode were connected with a Versastat 3 potentiostat using a nickel wire inserted
from the side in a two-electrode configuration (Supporting information, Fig. S5). The flow

rate was controlled with a multichannel peristaltic pump (Ismatec, Reglo Digital MS-4/8).



3D electrode
D electrode Electrode housing

{Anode)

Membrane \ \ /
3D electrode

(Cathode) \

%

=N
\ Gasket

Electrode housing

Fig. 1: Scheme of the flow cell and zoom-in of the flow distributor.

2.4 Limiting current technique
Using the limiting current technique [25], the volumetric mass transfer coefficient (kmAe) was
determined under mass transfer controlling conditions for every electrode design at various
flow rates (i.e. 15, 22.5, 30, 37.5 and 45 ml min't). To this end, the reversible reaction of
potassium ferrocyanide and potassium ferricyanide was used (EqQ. 1).

[Fe(CN)¢]*™ = [Fe(CN)g]3~ + e (1)
By chronoamperometry the steady-state current response was measured at discrete cell
potential values (i.e. 0.2, 0.1, 0, -0.1, -0.2, -0.3, -0.4, -0.5, -0.6, -0.7 V), to ensure that time-
based variations in the concentration profile had no impact on the derived limiting current.
From the limiting current the product of the average mass transfer coefficient (k) and the
volumetric active area of the electrode (Ae) was calculated using Eq. 2 [15,25,26].

I lim (2)

kA, = ———
e nFV, Cpyx

Here A is the ratio of the electrode surface per electrode volume, lLim the limiting current

value, n the number of transferred electrons in the electrochemical reaction, which is one for
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the ferri/ferro reaction (Eq. 1), F the Faraday constant, Ve the electrode volume and Cpuik the
concentration of ferricyanide in the bulk phase. For the structured 3D electrodes Ve was
obtained from CAD models (Inventor) and if necessary corrected for any shrinkage caused by
the sintering process. For the graphite felt Ve was experimentally measured by determining the
volume difference of electrolyte between an empty flow cell and a flow cell equipped with a
felt electrode. Specifically for the flat electrode the volumetric active area of the electrode was
defined as the active area of the electrode per reactor volume instead of electrode volume as
was the case for all other electrodes [27]. This implied that in Eq. 2 Ve was for the flat
electrode not the electrode volume but the reactor volume. The limiting current was
determined at -0.3 V. The impact of this potential on the mass transfer coefficient was limited,
as the limiting current plateau only varied slightly. This effect has been studied in previous

work [19].

During measurements the cathode was connected as working electrode and the anode as
counter electrode in a two-electrode setup. The catholyte consisted of 25 mM potassium
ferricyanide and 0.5 M potassium bicarbonate as supporting electrolyte as it did not interacted
with the nickel electrode (see supporting information, Fig. S7). To prevent any limitation
effects occurring at the counter electrode the anolyte concentration of potassium ferrocyanide
was kept at 100 mM and catholyte and anolyte were pumped in single pass mode through the
reactor and discarded thereafter. The potassium bicarbonate concentration was identical to the

catholyte, i.e. 0.5 M.

2.5 Hydrodynamics
To gain insight into the hydrodynamic behavior of the structured 3D electrodes computational

fluid dynamics (CFD) modelling was performed (Comsol Multiphysics v5.4) using a
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computer equipped with an AMD Ryzen 7 2700x processor and 64 GB RAM (DDR4
SDRAM 2666 MHz, Corsair Vengeance LPX). In this case the Navier-Stokes equation for a
steady-state incompressible Newtonian flow was solved under laminar flow conditions [28].
As pressure drop values across the structured 3D electrodes were extremely low (< 10 Pa),
pressure drop values were taken from the CFD modelling results. To safeguard the accuracy
of these simulated pressure drop values, experimental validation was performed. The relative
error between the simulated and experimental pressure drop was limited to 6.5 % (see
supporting information). The pressure drop across the felt electrode was measured

experimentally using a digital pressure sensor (Gefran, TK-series).

The mean linear electrolyte velocity (v), hydraulic diameter (dn) and Reynolds number (Re)

were determined using Egs. 3-5.

_ ¢ 3)
YT e,

_4A, (4)
dp = P
d

Re = pvap (5)
U

Here Q is the flow rate, £ the volumetric porosity of the 3D electrode fitted channel, Ay the
cross-sectional area of the channel, A1 the cross-sectional area of the electrolyte flow, P. the
wetted perimeter of the cross-section of the electrolyte flow, p the density of the electrolyte
and u the dynamic viscosity of the electrolyte. For the felt electrode an average pore size of
50 pum [29] was taken as the hydraulic diameter. The hydraulic diameter for all other

electrodes was calculated using Eq. 4.
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3. Results and discussion
3.1 Electrode design

Three classes of structured 3D electrodes were derived from static mixer unit cell designs: (i)
Kenics electrodes, (ii) RLPD electrodes and (iii) SMX electrodes (Fig. 2).

C) -
P T
AORIRI
i
foau'
du
...\"I'

Fig. 2: Classes of the structured 3D electrodes: (A) Kenics electrode, (B) RLPD electrode and (C) SMX electrode.

With the used fused deposition modeling 3D printer, the printing resolution was 500 um. The
resolution of course depends on the type of printer and the technology it is based on.
Stereolithography 3D printers for instance can achieve resolutions up to 16 um (e.g.
StrataSY'S Objet 260). Resolution could be increased by utilizing the shrinkage effect during
sintering. Shrinkage was isotropic and was typically 10%. Taking this manufacturing
resolution into account [19], five Kenics derived electrodes (i.e. Kenics 1, Kenics
HCW/HCW, Kenics HCW/VCW, Kenics HCW/HCCW and Kenics HCW/VCCW), three
RLPD derived electrodes (i.e. RLPD 1, RLPD 2 and RLPD 4) and two SMX derived
electrodes (i.e. SMX 1 and SMX 2) were developed (see supporting information, Figs. S1-4).

The electrode volume and porosity of the structured 3D electrodes is given in Table 1.

13



Table 1: Geometrical characteristics of the 3D electrodes.

Ve (cm?3) £ (%)

Kenics 1 2.56 74.6
Kenics HCW/HCW 3.86 61.7
Kenics HCW/HCCW 3.86 61.7
Kenics HCW/VCW 3.86 61.7
Kenics HCW/VCCW 3.86 61.7
RLPD 1 3.02 70.1
RLPD 2 3.02 70.1
RLPD 4 3.02 70.1
SMX1 3.86 61.7

SMX 2 6.23 38.2

Felt 2.35 94.0

3.2 Volumetric mass transfer coefficient (KmAe)

To calculate the mass transfer coefficient with the conventional limiting current technique the
current density must be known [30]. However, determining the electrochemical active surface
area of porous electrodes like the felt electrode is near to impossible as it has been shown that
surface characterization techniques such as nitrogen sorption overestimates the effective
electrochemical active surface area with at least an order of magnitude [31]. Moreover, in
scrutinizing different electrode geometries, the size of the electrode surface area is equally
important as the mass transfer coefficient, even under mass transfer limiting conditions. A
highly efficient electrode geometry in terms of mass transfer properties, but small in electrode
surface, will result in a small limiting current and hence small productivity. To this end,

multiplying the mass transfer coefficient with the volumetric active area of the electrode
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allows to take both parameters (i.e. mass transfer properties and electrode area) into account
[15,21,26].

Every time the cell potential changed, the current response was at least ten seconds not
constant over time due to a varying concentration profile along the entire length of the 3D
electrode (Fig. 3A). Consequently, determining the limiting current by linear scan
voltammetry was not feasible. To resolve this problem the cell potential was stepwise varied
using chronoamperometric experiments and the current/potential response determined once
the current was constant over time. From the resulting polarization curve (Fig. 3B) the
limiting current plateau was determined and the mass transfer coefficient determined. An
example of such a measurement is given in Fig. 3 for the Kenics 1 electrode. From the
obtained polarization curves it can be observed that the limiting current plateau was slightly
tilted. This effect has been studied by Newman [32] and can be attributed to side reactions or
a non-uniform ohmic potential drop. Since no gas evolution was observed during
measurements the occurrence of side reactions was not likely. The electrodes however
showed a limited porosity as it exhibited type Il physisorption behavior [19]. From porous
electrodes it is known that they can exhibit an ohmic potential drop within the pores [33].
Consequently, some regions within the electrode can experience potentials that are less
negative and hence produce local currents less than the limiting current, explaining the
observed tilted limiting current plateau. When comparing different electrode geometries
against one another, this effect can be neglected [19]. These chronoamperometric
measurements were repeated at various electrolyte flow rates and for electrode geometries.
The reproducibility of these experiments was checked, resulting in a deviation on the limiting

current lower than 2.1 %.
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Fig. 3: A) Chronoamperometric measurements of the Kenics 1 electrode at 15 ml min* at various cell potentials. B)

Polarization curve of the Kenics 1 electrode.

From the limiting current the volumetric mass transfer coefficient (kmAe) was determined,
using Eq. 2. Plotted against the mean linear electrolyte velocity and Reynolds number, it can
be observed that for all electrodes the volumetric mass transfer coefficient increased with
increasing velocity and Reynolds number (Fig. 4). With increasing velocity the diffusion
boundary layer near the electrode surface is known to decrease, increasing mass transfer
towards the electrode surface. This behavior was also predicted by Arenas et al. [21] in the
form of an empirical power law (Eqg. 6).

kA, = a;vP1 = ayReP> (6)
Here a1, o, 1 and S, are empirical variables (supporting information, Table S1). Eq. 6 was
fitted onto the experimental results in Fig. 4, and is represented by the lines. As the Reynolds
numbers were in all measurements below 150, laminar flow conditions applied, as reported
critical Reynolds number values were all higher than the ones in this work [34-39]. From the
results in Fig. 4 it can be observed that in all circumstances the flat electrode performed
inferior compared to any 3D electrode, emphasizing once more the importance of 3D

electrodes for electrochemical reactors. However, when comparing the structured 3D
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electrodes against the commercial felt electrode it can be seen that only the Kenics
HCW/HCCW electrode and in lesser extent the Kenics HCW/VCCW electrode could match
the volumetric mass transfer coefficient of the felt electrode. This could be attributed to the
additional mixing these Kenics electrodes promotes on the electrode surface due to the
formation of periodic flow, which has also been observed in concentric cylinder geometries
[40], enhancing substantially the mass transport. This effect most likely is not obtained with
the RLPD and SMX electrodes. To achieve the same volumetric mass transfer coefficient than
the felt electrode, the mean linear electrolyte velocity with the Kenics HCW/HCCW electrode
had to be at least 2.2 times larger compared to the felt electrode. However, the pressure
required to attain these velocities can be significantly lower, resulting in a lower total power
consumption of the electrochemical reactor [16]. Hence, at equal pumping power cost the
electrolyte velocity and therefore also the volumetric mass transfer coefficient can be much
higher when using structured 3D electrodes. To this end, the pressure drop across the 3D
electrodes was determined as function of the Reynolds number (Fig. 5). From the obtained
results it can be seen that the felt electrode caused a pressure drop up to three orders of
magnitude larger than the structured 3D electrodes, despite its volumetric porosity being
minimum 23.9 % larger than the that of the structured 3D electrodes (Table 1). Consequently,
the structured 3D electrodes resulted in a Reynolds number that is several orders of magnitude
larger when using the same pumping power. Compared to the flat electrode, the structured 3D
electrodes resulted in only a moderate increase in pressure drop. Even dense structures like
the Kenics derived electrodes with two layers of helical elements resulted in only one order of
magnitude larger pressure drop than the flat electrode. Only the SMX 2 electrode caused a
pressure drop that was two orders of magnitude larger than the flat electrode. This was mainly
attributed to the much smaller volumetric porosity that was only 38.2 %. Sandoval et al. [41]

has shown that the pressure drop is a logarithmic function of the Reynolds number (Eq.)
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AP = a,Re’ )
Here a; and by are empirical variables. This empirical power law was fitted on the data in Fig.

5 (see supporting information, Table S1).
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18



A) 10000 4 B] 10000 4 C) 10000 4

-l -/ -l /

'_._ff 100 4 & £ 1m g
o o o
g | g 1 2
o X - | =
- 10 ! o 1 ! / by [}
5 1 5 1 5 i
) { / = y 3 #
o 1 W ‘l' - Fa
] 1 Flat w 1 & 1 i
o | o u
& { + Falt =N 1 fl &
1 = Kenics HEW/HOW | Flat ]
Kenics HOW HCCW ] o« Fait Ax
013« Renics HEWVEW 01 1 . apol 01§+ et
| = Kenlcs HOW/VDDW | & ALPD2 SMX 1
1 - Kenics 1 1 RALPD 4 | & ShAX 2
11 1) [ (11 [ S —— 11—
0.01 0.1 1 10 100 001 0.1 1 0 100 [ % 1 10 10 2000
Reynolds number Reynolds number Reynolds number

Fig. 5: The calculated pressure drop across the 3D electrode as function of the Reynolds number for various electrode
geometries: A) Kenics electrode, B) RLPD electrode and C) SMX electrode. The lines represent the fitted model (Eq.

7.

While the mass transport properties of the felt electrode were higher than that of the structured
3D electrodes at equal electrolyte velocity, this was no longer the case at equal pressure drop
(Fig. 6). Taking the pressure drop into account it can be observed that while the Kenics
HCW/HCCW and Kenics HCW/VCCW electrodes yielded similar volumetric mass transfer
coefficients than the felt electrode, the pressure drop was three orders of magnitude lower.
Hence, when applying the same pumping power these Kenics electrodes outperform the
commercial felt electrode. Comparing the Kenics electrodes (Fig. 6A) it can be observed that
the electrodes consisting of two layers of helical elements yielded the highest volumetric mass
transfer coefficient when the rotating direction of the two layers is opposite (i.e. clockwise
(CW) and counter-clockwise (CCW)). When the rotating direction is similar (i.e. CW), the
Kenics HCW/VCW electrode was able to match the Kenics 1 electrode regarding the
volumetric mass transfer coefficient, although at the expense of a higher pressure drop. This
can be explained by the fact that existence of preferential flow paths was somewhat
counteracted by the opposite orientation (i.e. horizontal and vertical) between the two layers

(see supporting information, Fig. S6). With the Kenics HCW/HCW electrode this was no
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longer the case. The presence of preferential flow paths caused the electrode surface to be
bypassed, resulting in the worst performance of all Kenics electrodes, even worse than the
Kenics 1 electrode despite its larger surface area. This demonstrates once more the impact that

the electrode geometry has on the electrochemical performance.

Comparing against the felt electrode, the RLPD electrodes all resulted in a lower volumetric
mass transfer coefficient (Fig. 6B), however the pressure drop was still two to three orders of
magnitude lower. Comparing the RLPD 4 electrode with the Kenics HCW/HCCW electrode
(Fig. 6D) showed that the electrode performed similar. Moreover, by increasing the number of
unit cells in the RLPD electrodes by decreasing the cross bar width, a positive impact on both
the volumetric mass transfer coefficient and the pressure drop was observed, shifting the
curves to the upper left corner. However, further decreasing the cross bar width resulted in a
too weak mechanical electrode that was too prone for breakage during the manufacturing and

reactor assembly process.

The SMX electrodes showed opposite behavior than the RLPD electrodes (Fig. 6C). By
increasing the number of crossing elements (Fig. S4) the volumetric mass transfer coefficient
decreased (SMX 2 < SMX 1) as the increase in electrode area could not compensate for the
decrease in volumetric porosity, which lowered from 61.7 % to 38.2 %. This decrease in
volumetric porosity increased the electrode volume (Ve) and as a result the product of the
mass transfer coefficient (km) and the volumetric active area of the electrode (Ae) was lowered
as the increase in km could not compensate for the decrease in Ae.

Like Eq. 6 Arenas et al. [21] also derived an empirical power law as function of the pressure
drop across the electrode (Eg. 8).

kn,A, = a,AP Pz (8)
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Here a> and b, are emperical variables that can be used to quantitatively characterize the
different electrodes (Table S1). Variable az is after the flat electrode the lowest for the felt
electrode which can be explained by the high pressure drop the felt caused. Being in the
laminar regime and to aid in comparing the flat and felt electrode against the structured 3D
electrodes, the fitted empirical power law (Eq. 8) was extrapolated to the same pressure drop
region as the structured 3D electrode results. For the felt electrode extrapolation was done
towards lower pressure drops and thus lower Reynolds numbers, ensuring extrapolation was
still in the laminar region. For the flat electrode extrapolation was done up to 10 Pa. At this
pressure drop, from Eq. 7 Re was calculated and was equal to 1865. As shown by Tosun et al.
[42] this is still lower than the critical Reynolds number, justifying the assumed laminar
conditions. Due to the high pressure drop the felt electrode causes, the velocity at equal
pressure drop will be much lower for the felt electrode than for all the other electrodes,
negatively impacting the diffusion boundary layer and hence the mass transfer properties.
Using structured 3D electrodes this pressure drop can be significantly reduced, without

affecting the performance of the electrode.
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Fig. 6: The volumetric mass transfer coefficient (kmAe) as function of the pressure drop across the electrode channel:
A) Kenics electrodes, B) RLPD electrodes, C) SMX electrodes and D) collection of the electrodes with the highest

volumetric mass transfer coefficient. The dotted lines are extrapolations using the empirical variables of Eq. 8.

The energy required to pump liquids is directly linked to the pressure drop and described by

the energy dissipation rate () per mass unit of fluid (W kg™) (Eq. 9) [43].
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power input Q AP 9)
7/ == =
pVr pVr

Here Vs is the volume of fluid between the two points of pressure drop measurement. To
achieve a volumetric mass transfer coefficient of 0.018 s an energy dissipation rate of 213
mW kg* was required for the felt electrode whereas for the Kenics HCW/HCCW only an
energy dissipation rate of 0.75 mW kg* was required. The corresponding power input for the
felt electrode was 1.65 mW and for the Kenics HCW/HCCW 3.26 uW. This amounted to 5.4
% of the power consumed by the electrochemical ferri/ferro reaction for the felt electrode,

whereas for the Kenics HCW/HCCW electrode this was only 0.01 %.

For the structured 3D electrodes and the flat electrode the volumetric active area of the
electrode (Ae) was calculated from the CAD models (Inventor). With Ae known, the Sherwood

number (Sh) was calculated from the limiting mass transfer coefficient (km) (Eq. 10).

k,,d

Sh = m“h (10)
Di,

H (12)
Sc = —
pDm

Here D is the molecular diffusion coefficient which for ferricyanide is equal to 8.07 x108 m2
st [44]. In Fig. 7 the Sherwood number for the flat and structured 3D electrodes is given as
function of the Reynolds number. Using Eq. 12 the Sherwood number could be expressed as
function of the Reynolds and Schmidt number (Sc).

Sh = azRe?sSc/3 (12)
Here az and bz are empirical variables (supporting information, Table S2). From Fig. 7 D it
can be observed that the best Kenics, RLPD and SMX electrode all show higher Sherwood
numbers than the flat electrode. Comparing the structured 3D electrodes in Fig. 7 D amongst
one another it can be observed that they all result in similar Sherwood numbers. However, as

stated by Walsh et al. [27] the electrode should not only result in a high mass transfer rate, but
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also in a high volumetric surface area. To this end, the Kenics HCW/HCCW and RLPD 4

electrode showed the most promising results.
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4. Conclusions

Structured 3D electrodes derived from static mixer designs were studied on their mass transfer
properties as function of the pressure drop and compared against a commercial felt electrode
and a common flat electrode. Being designed to minimize pressure drop all structured 3D
electrodes showed a pressure drop that was one to two orders of magnitude lower than the felt
electrode, significantly decreasing the pumping power. Despite this substantial lower pressure
drop, the Kenics HCW/HCCW and the RLPD 4 electrode yielded similar volumetric mass
transfer coefficients and hence similar electrochemical behavior as the felt electrode. Due to
the regularly structured design these electrodes surpass the current state-of-the-art felt
electrodes. The pressure drop at equal flow rates were much lower with the structured 3D
electrodes compared to the felt electrode. With the continuous resolution improvement of
additive manufacturing tools, this will allow in the future to increase the surface area of the

structured 3D electrodes much more, improving their performance even further.
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