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Mass transfer is frequently the rate-limiting step in electrochemical processes. In addition to increasing
electrolyte flow rate, transfer limitations in electrochemical flow cells can be mitigated by inducing
turbulence in the flow fields. This can be achieved by substituting the conventional rectangular channel cell
design for flow fields that promote chaotic movement in the electrolyte. In this work, a novel biomimetic
channel concept based on space-filling curves created by differential growth, such as those present in
rippled surfaces of plants and river meanders, is proposed. The overall performance was analyzed in an
undivided flow cell by the limiting current technique as a function of electrolyte flow rate. The performance
of the biomimetic flow field is enhanced on average by a factor of 1.9 and 1.1 with respect to the
rectangular and serpentine flow fields, respectively. The designed flow field increased pressure drop in
comparison to the other flow fields but at levels similar to the typical FMO1-LC flow reactor with porous
electrodes. Differential growth flow fields open a window to further application in inorganic and organic
flow electrosynthesis at various scales, as this parametric design allows for channel adaption to the reaction
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Introduction

Electrolysis is gaining popularity for carrying out a great
number of redox reactions. In contrast to traditional
processes, which frequently need high temperatures or
pressures, electrochemical reactions are typically carried out
under milder conditions and shorter reaction times."” In
addition, the reaction rate can be speeded up by increasing
the operating current.>* The filter-press electrochemical
reactor with parallel-plane electrodes is often used in the
laboratory and in the industry due to its versatility. An
example of this type of electrolyzer is the broadly studied
‘FMO1-LC’ filter-press flow cell.>”” Relevant applications of
these cells are found in the chlor-alkali industry, organic and
inorganic electrosynthesis, redox flow batteries, fuel cells,
electrowinning, and water treatment.® In many cases, the
reaction of interest is controlled by mass transfer, for
example, when concentrations of reactants are relatively low.’
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Because electron transfer can only occur within molecular
dimensions of the surface, chemical change cannot occur
faster than the reactant reaches the electrode surface.'®"
Moreover, the increase of electrode potentials or cell voltage
beyond the limiting current density region usually results in
parasitic reactions such as water electrolysis or electrode
corrosion."”

There are different alternatives to overcome mass transfer
limitations in electrochemical flow cells. One is based on the
insertion of obstacles in the interelectrode gap. Different
geometries of so-called turbulence promoters have been
proposed and they are known to produce higher averaged
mass transfer coefficients and a more uniform current
distribution.™®™® Another strategy is based on the increase of
the electrode surface area by introducing roughness or
porous electrodes. The latter leads to the highest mass
transfer coefficients but might increase pressure drop in the
flow channel.” The third option is to generate gas bubbles at
the electrode surface or to sparge the electrolyte with bubbles
in the interelectrode gap.'® The mass-transfer coefficient is
raised due to the disruption of the mass-transfer boundary
layer. However, an increase in ohmic drop and a modification
in the current distribution in the electrode surface can take
place.””

Finally, mass transfer limitations can be mitigated by
flow-guiding shapes in the flow channel. These flow fields

This journal is © The Royal Society of Chemistry 2023
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have different purposes: to distribute electrolyte on the
electrode surface, to structurally support the electrode
material, to increase local flow velocity and mixing, and to
allow heat management (in large cells or stacks of cells).
Each flow field design results in a specific pressure drop at a
given flow rate. Some of the channel designs proposed in the
literature include: parallel, spiral, serpentine, tubular,
interdigitated, fractal, or corrugated geometries."®"’
Conventional fabrication techniques, such as injection-
molding of graphite or carbon materials, computer
numerically controlled (CNC) machining of graphite plates or
stamping metals, can be time-consuming and ill-suited for
manufacturing more complex flow field designs.*

3D printing has been developed as a promising
manufacturing technology in chemical research,”® and
particularly, in electrochemistry.>>>* A wide range of cell
components can be 3D printed: flow channels and turbulence
promoters,”**® textured planar electrodes,”®***” mesh-like
electrodes,”®*® and other porous electrodes.’>*' 3D printing
is a helpful fast prototyping tool, reducing the costs and lead
time associated in making individual pieces, while keeping
adequate manufacture tolerances. Moreover, 3D printing
enables to investigate complex flow designs, those which
cannot be produced with conventional techniques. This is
useful in the development of benchtop flow cells, which are
increasingly common in organic electrosynthesis.** Plus, 3D
printing can enable the immediate production of cell
components in remote or isolated areas or for portable low-
cost applications, for example, electrochemical
treatment.®

To the best of our knowledge, differential growth shapes
based on space-filling curves have not yet been employed as
flow fields in electrochemical flow reactors. These shapes are
created in nature by stochastic processes that can be
simulated by algorithms.*® Folding geometries in many
natural systems follow these patterns, for example, organs
such as brains or intestines, rippled surfaces in plants, filling
behavior of worms and river meanders.*® Reactors for
heterogeneous reactions and heat exchangers can benefit
notably from these designs.*>*® In an electrochemical flow
cell, the tortuous shapes will cause flow disturbance and
promote the boundary layer disruption close to the
electrodes. Additionally, by properly adjusting the channel
curvatures, an extended-channel length may be set on a tiny
area while retaining a high electrode surface utilization. This
could be an innovative method for improving fractional
conversion in systems that demand long residence-times.

In this work, a novel geometry based on biomimetic
space-filling shapes is applied as a flow field in an undivided
electrochemical flow cell. Its mass transfer properties are
studied through the limiting current technique and
compared against a rectangular channel and a serpentine
channel; the latter being often wused in organic
electrosynthesis.®* The pressure drop experienced by the
electrolyte as a result of the flow field shapes is also
considered. The manufacture of the tortuous and intricate
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biomimetic flow field was enabled by fast prototyping using
resin stereolithography (SLA) 3D printer.

Experimental
Flow field design and 3D printing

The mass transfer performance of three different flow field
designs is compared: biomimetic differential growth,
serpentine and rectangular (Fig. 1a). The flow fields act both
as interelectrode separator and as flow channels in an
undivided cell. The three designs occupy a projected
rectangular surface area of 25 mm x 50 mm (12.5 cm?). The
channel height, which is the interelectrode gap, is the same
in the three cases (2 mm), with the electrode (active)
geometrical surface area varying in each case, as shown in
Table 1. These geometries were built with the software
Rhinoceros 6 (McNeel & Assoc.). For the differential growth
shape, the Grasshopper software extension and the Kangaroo
plug-in were used. An initial curve was divided into 200
nodes and the growing space was adapted to 25 mm x 50
mm. More details about the geometry parametric
construction can be found elsewhere.>*”*° The flow field
gaskets were produced in a commercial 3D printer (Anycubic
Photon Mono) optimized for 405 nm light. A
photopolymerizable liquid resin (Anycubic ABS+ resin) was
employed as the precursor material. The printing parameters
were previously studied and adjusted, achieving better results
with a layer height of 50 um, exposure of 2 s, off-time of 0.5
s, bottom layer exposure of 40 s on 6 layers, a Z-lift distance
of 10 mm, speed of 2 mm s~ and no anti-aliasing.

Once the flow fields were printed, the excess of resin was
removed with isopropyl alcohol, >99% wt (Hofer Chemie),
including the resin retained inside the channels. Next, the
flow fields were cured by being exposed for 120 s to a 405 nm
light source (Fig. 1b). The chemical stability of the 3D printed
material gasket was tested prior to the electrochemistry trials,

45 mm
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Fig. 1 The concept of a 3D printed biomimetic flow channel along
traditional flow configurations in electrochemical flow cells. (a) Flow
field designs. (b) Manufacture process by SLA 3D printing.
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Table 1 Dimensions of the flow field shapes presented in this work
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Symbol Property Rectangular Serpentine Differential growth
L Channel length (mm) 50 240 308
B Channel width (mm) 25 2 2
S Electrode spacing (mm) 2 2 2
A Geometrical electrode area (mm?) 1250 481 616
dp Hydraulic diameter dy, = 2BS/(B + S) (mm) 3.7 2 2
Across Cross sectional area Agross = BS (mm?) 50 4 4

according to the procedure described by Marquez-Montes.*’
None of the objects presented variations on mass or length
higher than 1% and no deformations of the polymer were
observed after the immersion period of 10 days into the
electrolyte used in this work. The 3D printed flow fields had
sufficient flexibility to be compressed into the electrodes
without any electrolyte leakage.

Limiting current technique

The limiting current is an important parameter for the
characterization of mass transfer in electrochemical flow
reactors. When an electrochemical system operates at its
limiting current, the reaction proceeds at the maximum rate.
Mass transfer coefficients (k;,) calculated from the limiting
current values (I;) for model redox reactions are frequently
used in order to characterize electrochemical cells and
reactors. The evaluation of the performance factor (k,A) can
be used to compare their behavior across scales and predict
their suitability for a particular electrochemical process. For
planar electrodes, the value of k,A is given by the
expression:

I

kmA = ————
" NnFCpylx

1)
where A is the geometrical surface area of the electrode,
Cpuik is the concentration of the electroactive species in the
bulk of the electrolyte, n is the number of electrons
exchanged in the reaction and F is the Faraday constant.

Mass transfer to an electrode in the side wall of a
rectangular characterized by four
dimensionless groups, namely the Sherwood (Sh), Reynolds
(Re), Schmidt (Sc) numbers along with the dimensionless
length (L.). These groups can be defined as:*'

channel can be

sh — fmdn (2)
.

Re = VdThp (3)

Sc = ;ﬁ (4)

L= (5)

where dj, is the hydraulic diameter of the channel, D, is the
molecular diffusion coefficient for electroactive species in
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solution, u is the electrolyte dynamic viscosity, p is the
electrolyte density, L is the channel length and v the mean
linear velocity of the electrolyte. v is calculated for the
rectangular sections of the channels using the expression:
V= & (6)

ACI‘OSS

where Q, is the volumetric flow rate and Ao iS the cross-
sectional area of the flow channel.

Experimental procedure

As shown in Fig. 2, an undivided flow cell with the filter-
press configuration was implemented, similar to the
approach used by other authors.*>** The cell consisted on a
3D printed flow field gasket of 2 mm thickness, compressed
between two graphite planar electrodes (Eisenhuth GmbH),
which served as working and counter electrodes. One of the
electrodes featured orifices as inlet and outlet for the
electrolyte. Two copper meshes with 24 mesh count and
mesh size 0.80 mm (GKD-Gebr. Kufferath AG) were used as
current collectors in contact with the graphite electrodes.
These components were assembled together between
methacrylate plates (96 x 76 x 11 mm) which worked as
casing for the electrochemical cell and provided connections
(EM-Technik) for the inlet and outlet. These elements were
compressed mechanically by stainless-steel tie-bolts set to a
torque of approximately 0.8 N m. This assembly corresponds
to the cell design presented by Martin et al.*’

The reduction of the ferricyanide complex in an aqueous
and alkaline media was employed as model reaction:*®

(Fe(CN)g)*™ + e — (Fe(CN)g)* (7)

The composition of the electrolyte, diluted into distilled
water, is detailed in Table 2. All the reagents were analytical
grade (Carl Roth). The ferrocyanide was present in excess
with respect to the ferricyanide species in order to ensure
that the limiting reaction would be the reduction process.

As shown in Fig. 2, the electrolyte was stored in a 500 mL
reservoir kept dark by aluminum foil to avoid its
decomposition and it was prepared fresh for each
A peristaltic pump (G928A, Grothen)
recirculated the electrolyte between the cell and the reservoir
through 1/4 inch polyethylene tubing at flow rates ranging
from 10 to 15 L h™". A pulsation dampener was used for

measurement.

This journal is © The Royal Society of Chemistry 2023
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(a) Electrolyte reservoir
(b) Peristaltic pump

(c) Pulse dampener
(d) Current collector
(e) Anode

(f) Flow field

(g) Cathode

(h) Power supply

(i) Multimeter + Data-Logger
() Laptop

(k) Rotameter

(I) Manometer

Fig. 2 Experimental arrangement and electrochemical flow cell for the measurement of limiting currents.

stabilizing the flow rate and the pressure in the flow
circuit. A rotameter was installed for measuring flow rate
and the pump speed control vs. desired flow rate was
calibrated prior to the experiments. The flow circuit was
hydraulically tested with water at the maximum flow rate to
ensure that there were no leakages. Pressure drop was
measured with a digital manometer connected to the flow
cell inlet.

Limiting current measurements were carried out by
chronoamperometry, imposing a cell voltage with a power
supply (6226, PeakTech), according to the procedure
described by Cafiizares et al.** The anode of the cell was
connected to the positive terminal of the power supply
and the cathode to the negative one. A digital multimeter
(OW15E, OWON) measured the cell current every 5 s and
sent the data to a PC application (Multimeter BLE4.0,
OWON). The current response over time displayed peaks
for a few seconds at the beginning of each applied voltage
step due to polarization and a change in the
concentration  profile along the electrode. Since
determining the limiting current at fast scan rates or
immediately after a potential change may induce to errors
in this method,”” sufficient time between voltage steps
was given in order to achieve a quasi-steady state (>300
s), calculating the average current for the last ten values
of current at a given cell voltage.

Table 2 Physical properties, chemical composition and operating

parameters of the electrolyte. Data retrieved from Recio et al.**

Symbol  Property Value

T Temperature (K) ~298

p Electrolyte density (kg m™) 1098.5

v Electrolyte kinematic viscosity (cm? s™") 9.56 x 107
D Diffusion coefficient of ferricyanide (m*s™) 6.4 x 107*°
Sc Schmidt number 1494

Qy Volumetric flow rate (L h™) 10-15
Chulk Concentration of KsFe(CN)g, Fe(m) (mol L") 1x107°
C. Concentration of K4;Fe(CN)s, Fe(n) (mol L) 1x1072
Cs Concentration of Na,CO; (mol L) 1.0

This journal is © The Royal Society of Chemistry 2023

Results and discussion

Fig. 3 shows the polarization curves and the mass transfer
limitation regions for the ferricyanide reduction at different
inlet flow rates for the three flow field geometries. The
limiting current is characterized by a plateau, observed at cell
voltages between 2.2 V and 2.4 V. There are different methods
to determine the limiting current values: direct measurement
from I vs. E curve, calculation from the current value at Ej;,, =
AE/2, (where AE is the length of the limiting current plateau),
and from the first derivative dI/dE in the I vs. E curve.”® In
this work, the limiting current was determined according to
the second procedure. The reproducibility of the experiments
was evaluated for the biomimetic differential growth shape at
all flow rates, obtaining differences in the measured limiting
currents lower than 1%. As expected, the limiting current is
higher with increasing flow rates. An increase in the fluid
velocity promotes mixing, diminishing the boundary layer
near the electrode surface, and hence favoring the exchange
between reactants and products near the electrodes.

Fig. 4a compares the limiting current as a function of
volumetric flow rate for the three flow field geometries. The
differential growth shape increased the limiting current value
in average by 91.2% and 75.8% compared to the rectangular
and serpentine geometries, respectively. It should be noted
that the differential growth shape achieves higher mass
transfer coefficients with 48.8% less electrode surface area in
comparison to the rectangular shape. This could be especially
beneficial for some applications in electrocatalysis that need
expensive electrode materials (e.g., gold sensor electrodes®®),
as the particles could only be deposited in the projected
channel surface into a support material, reducing the total
loading of catalyst required.

Fig. 4b and c show the k,,A values at different mean linear
velocity and Re for each geometry, calculated according to
eqn (1). Note that the mean linear velocity is lower in the case
of the rectangular channels, because the volumetric flow
rates in the experiments in the three geometries were
identical. Due to the cell channel configuration, where the

React. Chem. Eng., 2023, 8,1776-1784 | 1779
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Fig. 3 Polarization curves for different flow rates measured with different flow field designs.

(a) Rectangular, (b) serpentine and (c) biomimetic

differential growth. For clarity, data sets are connected by a spline interpolation.

entrance of fluid is carried out through electrode
perforations, eddies and higher local velocities occur near
the inlet and outlet, especially in the rectangular channel.
The biomimetic differential growth flow field exhibits the
highest performance, which can be attributed to the
increased turbulence in the channel due to the numerous
bends and turns. The formation of secondary vortices in
these types of channels promotes mixing and enhances mass
transfer from the electrodes to the bulk of the solution and
vice versa. The fluid near the center of the channel
experiences higher centripetal acceleration than the flow at
the channel wall, resulting in the superposition on the
primary axial flow of a transverse motion. Moreover, it is
known that the formation of secondary vortices is influenced
by Re and curvature radius.’®>> This could also happen,
although to a lesser extent, in the serpentine channel.
Another factor to consider is the roughness of the channel
induced by SLA 3D printing, which has already been

(b)

(a) 451
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measured for ABS-like materials.”® Surface roughness is
thought to disrupt the concentration boundary layer and
cause turbulence due to penetration into valleys between
roughness peaks.>* Both differential growth and serpentine
channels have longer wall contact and hence the fluid can be
more influenced by channel roughness than in the
rectangular one.

The improvement in mass transfer can be quantified by
an enhancement factor, y, which indicates the ratio of kA of
the differential growth and serpentine flow fields compared
to the rectangular channel:

KA’
= A (8)

Here knA refers to the performance of the rectangular
channel and kA’ to the differential growth or serpentine
flow fields. The enhancement factor is 1.9 for the differential

5.0E-7 q
. = Differential Growth
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E 4 Rectangular =
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%
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© 3.0E-74
8
8 25674
@©
E 20874 4
S 18874 /
1.0E-7 T T T T T
0 20 40 60 80 100
Velocity, v(cm s™)
24 = Differential Growth
~ 22 e Serpentine
5 ]
S 2.0
£ . "
£ 1.8
§
S 16
=
£
£ 1.4
w
1.2+
.ﬁn‘_._'g
1.0 T T T

10 11 12 13 14 15
Flow rate, Q (L h™")

Fig. 4 Comparison of performance values obtained for each geometry. (a) Limiting current at different flow rates, (b) performance depending on
mean linear velocity, (c) performance vs. Reynolds number (x-axis in logarithmic scale), (d) enhancement factor for differential growth and

serpentine with respect to the rectangular channel.
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drop across the cell vs. Reynolds number (x-axis and y-axis in logarithmic scale).

growth shape and 1.1 for the serpentine shape on an average
taken from all evaluated flow rates. The largest value of y for
the biomimetic flow field is 2.10 (Fig. 4d). Notably, the value
of y increases as a function of flow rate in the case of the
differential growth flow field whereas it remains
approximately constant, in fact slightly decreasing, in the
case of the serpentine flow field. This is likely the result of
the greater number of curves in the biomimetic shape, which
contribute to higher turbulence gain for a given flow rate
increment.

From the experimental values of k,, and the geometrical
electrode surface areas, the Sherwood number was calculated
according to eqn (2), and these values are represented in
Fig. 5a as a function of Re. The differential growth flow field
showed the highest Sh, followed by the serpentine and finally
the rectangular flow channel. As the Re number increases,
the differences between differential growth and serpentine
flow fields become larger due to the higher increase in
turbulence in the first geometry.

To facilitate comparison, there are correlations in the
literature that relate Sh with the other three dimensionless
numbers in electrochemical flow reactors:

Sh = aRe’sc°Ld (9)

where a is a constant associated to the geometry and
dimensions of the cell, » depends on the hydrodynamic
regime, ¢ and d vary with the electrolyte properties and the
aspect ratio of the electrolyte channel, respectively.** The
values for each channel were adjusted by the GRG nonlinear

geometries is collected in Table 3. The Reynolds power (b
coefficient) is for the three geometries higher than 0.66,
which is the value expected for hydrodynamically developed
turbulent flow." The classical theory predicts flow transition
at Re = 2300. However, in small channels, turbulent flow has
been detected at lower values.”® Even in the rectangular
shape, with the lowest Re, turbulence could have occurred
due to the induced turbulence by the positions of the inlet
and outlet.

Another important parameter in electrochemical flow cell
is the pressure drop, AP, as it is related to the energy required
for pumping the electrolyte. Pressure losses in a channel can
be attributed to local losses (such as expansion, narrowing or
bending) and frictional losses (for a certain channel length
and hydraulic diameter).>® The velocity of the fluid has the
greater impact on head loss, but the channel geometry has
also a contribution. AP as a function of Re is shown in
Fig. 5b for the three geometries.

This parameter increases with Re in all cases. The
smallest AP values were obtained for the rectangular
channel, as it showed the lowest velocity on the channel,
not suffering obstacles or redirections on the flow. In the
case of serpentine and differential growth flow fields, the
highest AP values corresponded to the Ilatter. The
differential growth channel has more bends and turns than
the rectangular channel, which increases the local pressure
losses for a given mean linear velocity. AP in the channel
as a function of Reynolds number can be described by a
power law:*’

solver in Excel, and its comparison with selected channel AP = pRef? (10)
Table 3 Coefficients of the Sherwood correlation for different cell types and geometries

Flow field a b c d Re Ref.
Rectangular 0.59 1.00 0.33 0.33 ~230-350 This work
Serpentine 0.42 0.89 0.37 0.31 ~1500-2400 This work
Differential growth 0.62 1.44 0.23 0.94 ~1500-2400 This work
Electrocell ESC 0.39 0.63 0.33 — ~700-800 55
Electrocell MFC with turbulence promoter 0.50 0.58 0.33 — ~200-1700 15
FMO01-LC 0.22 0.71 0.33 — ~200-1000 56
FMO01-LC 0.18 0.73 0.33 — ~500-2200 57

This journal is © The Royal Society of Chemistry 2023
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Table 4 Coefficients of the pressure drop correlation from eqn (10) for different flow channel shapes and other flow cells

Flow field p (Pa) q Ref.
Rectangular 0.617 1.40 This work
Serpentine 5.1 x107° 2.14 This work
Differential growth 3.7x107° 2.38 This work
FMO01-LC with empty channel 5.9%x107° 1.87 57
FMO01-LC with turbulence promoter 6.3x107° 1.89 57

Flow cell with flat electrode 9.25x 107 0.93 47

Flow cell with ‘Kenics” HCW/HCW electrode 0.097 1.13 47

where AP is the experimental pressure drop, and p and g are
coefficients related to the geometry and hydrodynamics of
the cell. The calculated values of these parameters for each
channel and examples of other flow cells with reported values
of p and q are shown in Table 4. The biomimetic differential
growth flow field shows a disadvantage with respect to the
rectangular channel in terms of AP. This is also true for the
length-normalized pressured drop (Fig. 5c), which considers
the difference in longitude between the biomimetic and the
serpentine flow fields. However, the greater pressure drop is
manageable, since these levels are similar to those in the
laboratory FMO01-LC cell using typical stacked-net porous
electrodes,”® or the C-Flow®Lab benchtop cell with
turbulence promoters.®* However, the trade-off between the
enhanced mass transfer and the higher energy cost for
pumping must be considered. For instance, in the single pass
approach in organic electrosynthesis, the concentration of
the product increases asymptotically along the channel,
implying that the total conversion of the system decreases for
shorter path lengths for a given flow rate.®

Moreover, the flow rates employed in many examples of
laboratory organic electrosynthesis are typically in a range of
milliliters per hour, so the pressure drop in these conditions
decreases significantly. In this kind of applications, mass
transfer and residence-time becomes more important than
pressure drop and a differential growth geometry can be
advantageous. In contrast, pumping costs and design
complications due to elevated pressure drop impose a penalty
on the operability of electrochemical systems requiring high
flow rates or large dimensions, where the biomimetic flow
field may not be the most suitable choice.

Conclusions

A novel biomimetic differential growth flow field geometry
is demonstrated as a mass transfer enhancing strategy in
undivided electrochemical flow cells. Its electrochemical
performance was compared to the classic rectangular and
serpentine channels. After fabricating these flow fields by
SLA 3D printing, mass transfer limitation studies were
carried out through the limiting current technique. From
their experimental values, the Sherwood number was
calculated and pressure drop was measured. The
biomimetic flow field enhanced the limiting current value
in average 91.2% and 75.8% compared to the conventional

1782 | React. Chem. Eng., 2023, 8,1776-1784

rectangular and serpentine geometries, respectively. The
differential growth shape exhibited a higher mass transfer
coefficient at equal flow rates, affording an enhancement
factor of up to 2.10 over the rectangular channel. Due to
the tortuous design of the biomimetic channel, an
increase in mixing and turbulence takes place, reducing
the concentration boundary layers thickness near the
electrode. There is a cost in terms of required pumping
energy for the differential growth geometry, but the
pressure drop values are still typical for laboratory flow
cells. Applications in electrosynthesis can benefit from the
implementation of this type of parametric flow field
designs as they favor long residence-time reactions in a
very compact volume.
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