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Abstract

Background: The development of new open-cell porous electrodes for electrochemical flow cells and
reactors is demonstrated through the application of 3D printing. The properties of diverse architectures
were investigated, including rectangular, circular, hexagonal and triangular cells with linear porosity
grades of 10, 20 and 30 pores per inch. Specimens were digitally designed, then 3D printed in stainless
steel via selective laser melting. After being examined using scanning electron microscopy, they were
characterised in terms of volumetric surface area and porosity with the aid of X-ray computed
tomography. Pressure drop measurements were performed over a range of mean linear velocity and
Reynolds number, allowing the estimation of Darcy’s friction factor and permeability.

Results: Volumetric surface area estimated from tomography scans was up to 36% higher than the
nominal values due to surface roughness and post-processing algorithms. In contrast, volumetric
porosity obtained by tomography agreed fully with measured values. Triangular architectures afforded
additional surface area both digitally and according to tomography. The largest pressure drop was
found in circular materials, the triangular ones showing the lowest. The 20 ppi triangular architecture
had a volumetric surface area of approximately 44.5 cm™ and a permeability of 2.31 x 10~ cm?.

Conclusion: Triangular architectures were preferred due to their favourable combination of high
surface area and high permeability with low mass and reduced digital complexity. This provides a
strategy to initiate the optimization of 3D printed porous electrodes for electrochemical flow cells and
reactors in novel and niche applications.
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Symbols

A Surface area

Ae Volumetric surface area

Asy Surface area per unit volume of solid material
D Diameter of porous electrode

d Hydraulic channel diameter

e Empirical coefficient in Eq. (5)

F Faraday constant

/o Darcy’s friction factor

H Height of porous electrode

h Empirical coefficient in Eq. (5)

Ir Limiting current

Kp Darcy’s permeability

ke Mass transfer coefficient

L Length of porous electrode in the direction of flow
m Mass

P Pressure

0 Volumetric flow rate

Re Reynolds number

Veue ~ Bulk volume of the electrode

Ve Overall volume of the porous electrode
Vsotia  Volume of solid metal in the electrode
v Mean linear velocity of fluid

w Width of porous electrode

Greek symbols

AP Pressure drop

€ Volumetric porosity
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u Dynamic viscosity of fluid gem! st

p Density gcm?

Abbreviations

3D Three dimensional

CAD Computer-aided design

CT  X-ray computed tomography

ppi  Pores per linear inch (porosity grade)
ROI  Region of interest

RTD Residence time distribution

RVC Reticulated vitreous carbon

SEM Scanning electron microscopy

SLM Selective laser melting

TP Turbulence promoter



Introduction

Interest in innovative 3D printed electrochemical devices continues to grow.!? One of the most
important and promising applications is the development of tailored electrochemical flow reactors
with enhanced efficiency for electrochemical processing and energy storage and conversion.*>* 3D
printing already offers the possibility of manufacturing fast prototypes® and working models of
electrochemical flow reactors® and electrolysers,” enabling their design through a recently
proposed cycle of conceptualization, simulation, rapid prototyping and experimental validation.”
However, it is also important to adequately assess the characteristics of electrodes produced by 3D
printing in order to predict their performance realistically and to enable the design of improved

electrochemical reactors.

A growing number of 3D printed architectures are based on periodic cellular materials for use as
porous electrodes in electrochemical technologies.!®!! Such electrodes increase the productivity
of electrochemical reactors by providing extended active surface area and enhancing mass transfer
of reactants compared to planar electrodes.!'? Ideally, porous electrode materials should have good
electrical conductivity, high volumetric surface area and high hydraulic permeability,'* leading to
more efficient, compact reactors. The electrode structure can then be modified using a wide
diversity of catalysts and hierarchical structures, adding functionality and selectivity.!*!> 3D
printing can provide control over pore size and shape, distance between pores, volumetric porosity
and surface area of the porous structures within the manufacturing resolution. Such advances could

find novel or niche applications for 3D printed electrodes in water treatment,'®!

18,19 environmental remediation,?*?! 2223

electrosynthesis, and energy storage.



In the case of 3D printed metallic electrodes,'® the technique chosen in this contribution creates
tailored architectures by layer-by-layer deposition of a precursor powder through selective laser
melting (SLM).2* Compared to other laser-based techniques, SLM results in better surface
morphology, homogeneity and mechanical properties. It permits the production of components not
only in ferrous alloys but also in titanium, aluminium and copper.?* The potential for this concept
in electrochemical flow cells has been demonstrated by 3D printed stainless steel electrodes coated
with nickel® and MoS>” and by 3D printed titanium electrodes coated with TiO,?* and platinum.®
SLM has also been applied to produce helical electrodes,?” moulds for sintered electrodes®® as well

as static cells for sensors*® and oxygen evolution.*°

The analysis of 3D printed porous electrodes can be carried out by X-ray computed tomography
(CT) in order to estimate or validate their volumetric porosity, solid volume, physical surface area
and derived parameters.’! These characteristics are essential to assess their performance and to the
calculation or simulation of their hydrodynamic, ohmic and kinetic behaviour.>?> The physical
surface area of these materials and its comparison to active electrochemical surface area is
particularly important in electrochemical studies.>3** Examples involving conventional porous
electrodes by CT include the tortuosity of carbon felt,®> the surface area of reticulated vitreous
carbon (RVC)*! and the distribution of metal deposits such as copper and cadmium’® or
platinum.®’3® Related examples of the analysis of inert porous materials by CT include the
determination of pore diameter distribution in SiC-Al,O3 foams* and the study of porosity and

tortuosity in SiC foams.*® Similar structural and parametrical analysis would certainly be of



interest in non-electrochemical 3D printed flow reactors, such as those recently proposed for the

enhancement of heterogeneous reactions and separation processes.*!

Following the characterization of the material, the performance of a porous electrode in an
electrochemical flow reactor can be quantified by the volumetric mass transfer coefficient, k4.,
and its relationship to the pressure drop, AP, which is caused by frictional losses as the electrolyte
flows through the porous structure.®#*43 The first is strongly related to the limiting current density
and the minimization of overpotentials.!? The latter depends on the permeability of the material
which affects pumping energy demand and energy efficiency.** A low pressure drop also facilitates
the assembly and operation of leak-free reactors. Electrodes having high volumetric surface area
and high permeability are required for an energy efficient electrochemical process. A comparative
study of porous electrode architectures can be initiated by seeking such characteristics, before

progressing to electrochemical aspects.

After introducing 3D printed porous electrodes for electrochemical flow reactors® and applying

I we now turn our attention to the

CT to the analysis of the surface area of porous electrodes,’
development of diverse 3D printed porous architectures for use in electrochemical flow reactors.
This approach is an example of a ‘virtuous cycle’ in which a rational development for porous
electrodes, based on the digital design of tailored structures, is followed by their manufacture,
subsequent imaging and analysis of their physical properties then the evaluation of their

performance.®” See Figure 1. Up to now, attention has been focused on the achievement of smaller

pore sizes or on the increase of mass transfer, neglecting the parameters of surface area (which is



directly linked to the electrochemical performance) and hydraulic permeability (which is of utmost
importance in a practical flow device.) The novelty of this work lies in the methodology for
selecting a 3D printed electrode architecture. We have aimed for maximum surface area and high
hydrodynamic permeably, an important step towards the development of advanced electrode
materials. Work in progress will utilise the results of this study in the assessment of the
electrochemical performance and application of the 3D printed electrodes under mass transfer-

controlled conditions.

Theoretical considerations

Surface area

The volumetric surface area, 4., is an important property of a porous electrode material and is the
ratio of its total surface area, 4, to its volume Vz (in a specimen or inside an electrochemical

reactor):

Ae =~ (M

Ae, can then be used to rationalize the performance factor k.A. via the estimation of a limiting
current, /7, or mass transfer coefficient, k,, during electrochemical characterization of the

material, 344346

The electrode area per unit solid volume, 4y, is related to 4. and the volumetric porosity of the

material, ¢ :%’



Ae
A =5 @)

Ajyy can also be determined using the Ergun equation in the case of materials with relatively small
pore sizes,*”*® facilitating comparison with other porous electrodes. The value of 4y, is particularly
useful as an indicator of how well a porous body can maximise its surface area. A similar parameter

is the specific surface area, which relates surface area and mass of material.

Pressure drop

Regarding pressure drop through the porous electrodes, a normalization is useful, in terms of the
fluid flow regime, to enable comparisons. A simple approach can consider the mean linear velocity

of the fluid, v as it passes through the porous material. It is given by the expression:*
V= 3)

where Q is volumetric flow rate and 4. is the cross-sectional area of the porous material.

Classically, a dimensionless Reynolds number, Re, considering the hydraulic diameter of the flow
channel/tube, d, as characteristic length can be used to define the fluid flow within the porous

material in terms of the properties of the fluid:

Re =222 (4)

where p is density and u is dynamic viscosity. The experimental value of AP can be conveniently

fitted to an empirical power law involving Re:>°



AP = eReh ()

where e and s are empirical constants; their values define this relationship, which is specific to

each porous material.

AP can be used to calculate Darcy’s friction factor, fp, as an indicator of the intensity of frictional
losses. This friction factor can be plotted as a function of v or Re allowing a comparison of different

porous media:

_2APd
T Lpv?

fo (6)

where L is the length of the porous material experiencing the flow. Darcy’s friction factor, fp has

52,53 42,54

been employed to characterize rough electrodes,”! mesh spacers and porous electrodes.

Similarly, Darcy’s permeability, Kp can be used to characterise the influence of electrode geometry
on the fluid flow.> From Darcy’s law, this property defines how fast fluid passes through a volume
of porous material per unit of differential pressure and is an indicator of how well the pores are

interconnected.*® It is calculated from the expression:

L
Ko =55 (7)

Kp has been used to describe the suitability of electrode materials in electrochemical reactors,>¢
for instance in redox flow batteries.’**” Kp is also important in the study of hydraulic properties

of 3D printed replicas of open cell foams.



Experimental

Design of the porous materials

Nine porous electrode architectures were designed using SolidWorks CAD suite (Dassault
Systémes SA, France). The open-cell pores were designed in four geometrical shapes: rectangular,
circular, hexagonal and triangular. Drawings for each architecture are found in the Supplementary
Material; Figures S1 to S4. The distances between the two closest edges of neighbouring pores
were selected so as to form 10 ppi (linear pores per inch), 20 ppi and 30 ppi structures, being
limited by computer processing power; the finer the structure, the longer time to manipulate a
model. Figure 2 presents CAD examples of each geometrical shape for the 10 ppi porosity grade
only, for clarity. Cross-sectional views are found in the Supplementary Material; Figures S5. All
the architectures were envisaged and printed as cylindrical specimens with a diameter of 30 mm
and a height of 20 mm. The nine different electrode architectures can be seen in Figure 3. The
arrangement of the pores was such that they formed rectilinear grids in the horizontal direction
which were staggered in the vertical direction. The characteristic lengths of the void,
interconnected cells ranged from 0.7 mm to 2.6 mm. Table 1 provides a list of their nominal
characteristic lengths, linear and volumetric porosity and surface areas according to the CAD

program.
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3D printing of porous materials

The complex porous geometries, which would have been very problematic to manufacture using
traditional machining methods, were printed layer-by-layer using a M2 Cusing (ConceptLaser
GmbH, Germany) SLM metal printer with a maximum resolution of 20 micrometres and a power
of 200 W under a N, gas environment. The precursor powder was a 316L (CL20 ES) austenitic
stainless-steel (Fe base containing 17.5% Cr, 11.5% Ni, 2.3% Mo) with particle sizes between 20
and 40 um in diameter. The 3D printed electrode materials are shown in the Supplementary
Material; Figure S6a). The mass, diameter and height of the specimens were measured in order to
determine their volumetric porosity, ¢, and compare it with CAD values. Assuming that the internal

microporosity of the material was negligible, ¢ was calculated from the expression:

Vbulk= Vsolid
— Ybulk~ Ysolid 8
Vbuik ®)

&

where Vpui is the bulk volume of the specimen and Vs 1s the volume of the metal. These values

were calculated using the following equations:

Vouie = %DZH 9)
Vsotia =" (10)

where D and H are the measured diameter and height of the specimen, respectively, m is the mass
of the material and p is the density of stainless steel (7.98 g cm™ for austenitic grade 316L
material).>® Mass was measured in an analytical balance (Mettler-Toledo Inc., USA) to an accuracy
of £1 mg. Dimensions of the 3D printed samples were taken with a digital calliper (Mitutoyo

Corp., Japan).
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SEM and CT imaging

SEM images of the 3D printed specimens were obtained at 15 kV using a JSM-6500F field
emission electron microscope (Jeol Inc, USA). X-ray CT scans were performed in a modified
Nikon/Xtek HMX equipment (Nikon Corp., Japan) under a peak voltage of 195 kV and a current
of 115 pA. A CT rendering was constructed from 3401 projections with 2 frames per projection,
each frame taking 708 ms. Shutting was enabled and a filtration of 1 mm of copper was used. The
resulting isotropic resolution was 0.0187 mm per voxel. The scan time for each specimen was
approximately 2.5 hours. Raw images were processed and analysed using VG Studio MAX v.2.1
(Volume Graphics GmbH, Germany). Volume and surface area were established using the

‘ISO50%’ threshold condition.

Pressure drop measurements

Pressure drop measurements were carried out with distilled water in a tubular, circular section flow
cell with internal and external diameters of 30 mm and 40 mm, respectively. The clear acrylic
polymer flow cell consisted of two threaded tube segments; see Figure S6b). The entry segment
had a length of 30.0 cm, which is ten times larger than the internal diameter, to achieve a fully
developed flow in the test section.®® The outlet segment had a length of 10.0 cm and part of it had
a wider internal diameter (3.02 cm) to hold the electrode samples. In order to prevent any bypassing
of flow, waterproof adhesive tape was placed between the samples and the tube by compression;
see Figure S6c). Pressure drop was measured with a HT-1890 digital manometer (Risepro, China)

at pressure taps drilled in the flow cell as close to the porous material as the arrangement allowed,
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using two polypropylene tubes (2 mm internal diameter) sealed with epoxy resin; see Figure S6d).
During the experiments, the flow cell was mounted horizontally, having first removed air bubbles
from it in the vertical position. Three sets of measurements at different volumetric flow rates were
taken for each material and an average value was reported. A fluid (water) density of 1 g cm™ and
a dynamic viscosity of 8.9 x 10 Pa s at 25 °C were used in Reynolds number calculations. The
flow cell was connected to a NEMP50/7 magnetically coupled centrifugal pump (Totton Pumps,
UK) through polypropylene tubing, providing volumetric flow rates up to 440 litres per hour. The

temperature was maintained at 25+1 °C by a thermostatic water bath (Grant Instruments Ltd, UK).

Results and Discussion

SEM and CT characterisation

SEM images of the top faces of the 3D printed porous architectures are shown in Figure 3. Layers
of stainless steel powder melted by laser and fused during SLM are clearly visible. As expected,
some distortion and surface roughness are found in the structure due to the manufacture method,
especially with decreasing pore size. Nodules < 0.1 mm in size protrude from the sides and small
pores can be observed at the junction of struts. Such deviations result in slightly different volume
and surface area from the designed geometrical shapes. A larger surface area can be expected to
increase the electrochemical performance while surface roughness can enhance mixing and mass

transfer, albeit by promoting frictional losses in the fluid.
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CT scans of selected porous structures were also obtained. As an example, Figures 4a), c¢), ¢) and
g) depict the volume occupied by 3D printed specimens (20 ppi grade) according to the ‘ISO50%’
thresholding standard within cylindrical regions of interest (ROI) of 10 mm diameter and 5 mm
height. Several properties were determined from post-processing these scans, vide infra. CT also
provided cross-sectional cuts of the specimens, allowing to observe the quality of the internal
scaffold of the specimens. As shown in Figures 4b), d), f) and h), cross-sectional CT images
indicate that the manufacture technique can produce some distortions in the regularity of the
structure. This is attributable to the tolerances in the laser movement relative to the position of the
specimen, temperature changes and interruptions during the process. Figure 4f) also shows in
particular that horizontal components of the pores bent downwards as layers of molten metal
powder were applied. This effect is less evident in the samples with smaller sizes of pores. Because
uniform pore distribution was proved to increase efficiency in porous electrodes under possible
mass transfer limitations,®' further control of the porous structure may be achieved by using a

higher resolution, slower speed or more rigid support during printing.

Table 2 shows the measured mass, diameter and height of the 3D printed porous materials. The
diameter and height of the specimens deviated by no more than 2.3% from the designed values.
The actual volumetric porosity of the specimens, given reliably by their mass and density, was
lower than that of the digital designs. For 10 ppi grade materials, the difference was near 5%,
whereas for 20 ppi and 30 ppi grade materials it rose to 20% and 30%, respectively. This is the
result of the manufacturing tolerances imposed by the SLM technique. On the other hand, the
porosity values determined from CT scans, see Table 2, are close to the ones calculated from direct

mass measurements, with a maximum error of 3%. This implies that CT-determined porosity

14



values are reasonably accurate for these materials, as opposed to their nominal CAD dimensions.
Indeed, in previous work on the study of RVC by CT, it was found that this technique was useful
in determining properties derived from a 3D volume (such as porosity), whereas those derived
from 2D surfaces required ad hoc image post processing and calibration in order to achieve

sufficient accuracy.

The estimation of the surface area of 3D printed porous materials from CT scans was also explored.
As seen in Table 2, the CT values are higher than the nominal CAD values due to the roughness
of the manufactured samples. In the case of the rectangular pores, the difference in the surface area
increases along linear porosity grade but the opposite is true in the case of the samples with
triangular pores. Given the limited number of specimens, a clear trend cannot be established in
relation to surface area vs. porosity at this point. However, it can be safely assumed that the real
surface area of these porous geometries is larger than in the CAD drawings. As mentioned above,
surface area properties are less accurate than the CT-determined volumetric porosity.’! A
validation of the surface area of the 3D printed specimens as estimated by CT would require
demanding work and careful consideration of the resolution and thresholding algorithms used to
process the CT rendering of the specimens,® as it is known that the ISO50% algorithm is not
always accurate.®* These tasks are outside the scope of this work but such dependencies have been

discussed in the case of RVC.3!

The values of 4. and Ay, can be calculated from the surface area values for the 3D printed electrode

architectures using Eqs. (1) and (2), respectively. The results are shown in Table 3. As expected,
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the magnitude of both properties increases with the nominal linear porosity grade. However, when
comparing the structures with the same nominal ppi, the triangular pore architecture clearly affords
the largest values among the geometrical pore shapes studied. For the triangular pores at a 20 ppi
pore grade 4. =44.49 cm™ and 4, =211.86 cm™ from CAD values. Such values can be contrasted
to those of random, open-cell electrode materials. For nickel foam, 4. ranges between 35.0 and
92.5 cm™ and A4, between 1400 and 3700 cm™! as the porosity grade increases from 45 to 100 ppi.*’
In the case of RVC, 4, ranges between 13.5 and 67.55 cm™! as the porosity grade increases from

10 to 100 ppi.?

Asv defines how effective is a given structure to produce a surface out of solid material. An
expression of this value as a function of 4. produces a characteristic relationship for a given porous
material. An ideal plot of Ay, vs. 4e from CAD surface area values is found on Figure 5a) as a
benchmark for all the architectures. There are apparent linear relationships for all the cases
between 10 and 20 ppi, notably passing through the origin, as in the case of RVC between 10 and
100 ppi, which has a dimensionless slope value of approximately 25.7, as calculated from the 4.

1. and the ¢ values from Arenas et al.’! See Figure S7 in the

values from Friedrich et a
Supplementary Material. However, two slopes are found in the porous electrode architectures, one
for the triangular geometry (4.76) and one for the other geometries (4.01). Such a high slope in the
case of RVC reflects its much higher porosity, typically 0.97. The rectangular pore geometry in a
30 ppi porosity grade material did not lie on the straight line relationship, this being the only sample
having that linear porosity grade. Similarly, 100 ppi RVC, the highest porosity grade, appears to
deviate from linearity. Further studies could focus on the physical origin of variation the

characteristics of 3D printed porous electrodes over a wide range of ppi.*%-6¢
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A plot of Ay, vs. Ae constructed from real surface area values established by CT (rather than CAD
ideal values) would be useful in practice and would reveal manufacturing tolerances. However, as
shown above, the surface area values established by CT are not entirely accurate in this work due
to the further need for validated CT metrology of porous structures. However, a plot of Ay vs. 4.
can still be presented cautiously for comparison purposes. Indeed, as shown in Table 3, 4. values
are up to 35% larger while 4 is underestimated with a large dispersion between 3 and 38%. The
fact that CT surface area properties are not accurate for the 3D printed specimens in this work is
reinforced by the fact that the linear relationship of Ay, vs. 4. intersects the y axis at a positive
value. See Figure 5b). |Similar behaviour was observed when surface areas were calculated for
RVC from CT scans with insufficient resolution in disagreement with direct methods.?! Clearly,
there are research opportunities in studying the metrology of open-cell 3D printed porous materials

and improving software approaches to the computation of surface area-related characteristics.

Pressure drop

The pressure drop taking place across the 20 mm-long 3D printed porous samples is shown in
Figure 6a) as a function of mean linear velocity and in Figure 6b) as a function of the channel
Reynolds number (where tube diameter is the characteristic length). Following the typical
behaviour, the pressure drop increased along the flow rate for all the specimens, spanning about
two orders of magnitude. As expected due to their larger pore sizes, 10 ppi triangular, rectangular
and hexagonal structures exhibited a relatively low pressure drop throughout the whole range of

flow rate and Reynolds numbers. For the maximum common mean linear flow velocity of
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approximately 14 cm s’!, their values were 463.7 Pa, 670.4 Pa and 744.6 Pa, respectively. In
contrast, the 10 ppi and 20 ppi circular pore geometry specimens showed the highest values due to
their small pores between cells. Their corresponding values near 14 ¢cm s were 5.4 kPa and 8.7
kPa, respectively. The 30 ppi rectangular sample, which had the smallest pore size (0.7 mm),
displayed a pressure drop of 5.88 kPa at the common linear flow velocity. Its behaviour is
comparable to the circular 10 ppi structure. The observed trends dot not change in any substantial
way when the Reynolds number is considered instead. As anticipated, the pressure drop was lowest

55,67,68 ;

for the samples having the lowest porosity grade, in accordance with other studies, including

experiments with 3D printed open-cell metal foams of 3.5 ppi, 4.5 ppi and 6 ppi.*’

Although normalized parameters are studied in the next sections, it is worth contrasting these
results to the pressure drop obtained at other porous materials. For instance, the pressure drop of
water at a 38 mm-long, uncompressed 10 ppi aluminium foam was 200 Pa at 10 cm s1,% a
reasonably lower value in view of its 0.92 volumetric porosity. Carbon felt, a common electrode
material,”® produced a pressure drop of 60 kPa at 4 cm s in a 12 cm long flow channel when
having a with a compression ratio of 80% in 0.5 mol dm™ Na>SO4.”! To put this in perspective,
the combined AP in the ElectroSynCell® pilot-scale electrochemical reactor with 60 ppi grade
nickel foams at an electrolyte (0.5 mol dm™ aqueous NaOH) volumetric flow rate of 132 cm?® s°!

was measured at 14.4 kPa.”?

The relationship between pressure drop and Reynolds can be described in a practical manner by a

log-log plot, as shown in Figure 7. Here, the pressure drop over the 3D printed porous materials
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follows a linear power law (see Eq. 5). Thus, a set of two empirical coefficients can characterize
their behaviour. These values are given in Table 4, along values found in the literature for Pt/Ti
felt (¢ = 0.80), mesh (e = 0.71), micromesh (¢ = 0.53) and a polypropylene turbulence promoter
(TP) mesh (¢ = 0.78) in a rectangular flow channel,”® the FM01-LC electrochemical reactor,* and
a rectangular channel reactor with a small interelectrode gap.” It can be seen that, for these 3D
printed materials, the values for the exponent 4, fall between 1.16 and 1.57, the higher values
corresponding to smaller pores. Consistently, a coarse mesh has a value of only 0.61. Meanwhile,
a 95 mm-long Ni plate having a turbulence promoter mesh shows a similar behaviour to the
stainless steel specimens. As a note, the values for e of the 3D printed porous materials are lower

than unity because their AP vs. Re double logarithmic lines have negative y-values at the intercept.

Although beyond the scope of this work, it is worth mentioning that the hydrodynamic properties
of porous electrodes can be implemented in the design of 3D printed structures and integrated with
advanced image analysis. Examples of such an approach can be found in the field of pressure drop
modelling at porous solids. For instance, periodic open-cell metallic foams were 3D printed using
selective electron beam melting in order to estimate their surface area from pressure drop
measurements® and the pressure drop at Al,O3; foams was modelled from structural parameters
determined from magnetic resonance imaging and later determined from pressure drop studies.>
More recently, porosity and tortuosity of SiC foams obtained from CT scans were used to predict
the pressure drop across these materials.*® The application of these strategies to the architectures

here presented for electrochemical flow reactors can be expected.
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Friction factor, fp

The normalized frictional losses across the porous materials were determined using Darcy’s
friction factor. Figure 8 shows fp vs. mean linear velocity and channel Reynolds number. The usual
trend of frictional losses decreasing with rising flow rate is observed. The highest friction factors
were 2,113 and 2,436 at 3.1 cm s™! and 4 cm s7!, respectively, for the circular 10 ppi and 20 ppi
materials. Their values of fp dropped down to 897 and 1,413, respectively, at 13.6 cm s™!. The 20
ppi rectangular and 20 ppi hexagonal specimens displayed approximately the same values over the
whole range of mean linear flow velocity. Meanwhile, the lowest values were produced by the
triangular pore shape, reaching a minimum 854.6 at 22 cm s™! for the 10 ppi porosity grade. These
values are similar to those reported for Pt/Ti mesh and micromesh, 375 to 12.6 and 3,399 to 173,
respectively in a rectangular channel flow cell.”® Still, they were considerably lower than values
achieved with a Pt/Ti felt, which reached a maximum value of 78,157, having pore sizes in the
order of micrometers.”> When compared to porous electrodes in the FMO1-L reactor, the 3D

printed materials are intermediate between the values for stacked nets and metal foams.>°

Darcy’s permeability, Kp

Darcy’s permeability was also calculated based on the pressure drop readings. This coefficient is
independent of the viscosity of the fluid and density, therefore, Kp of porous electrodes determined
in different liquids (or electrolytes) can be compared. Figure 9 shows the permeability of the 3D
printed materials against the mean linear flow rate and Reynolds number. The permeability values
displayed slight deviations as the flow rate velocity increased, a behaviour also noted in

compressed aluminium foam.®® This could be explained by the anisotropy found in the 3D printed
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structures and the compressed foams, see top and side views of Figure 2. In contrast, for uniform
porous electrodes in a rectangular channel flow cell, permeability values were constant over the

evaluated range of mean linear flow velocity.”?

The average values of Darcy’s permeability for each porous architecture are listed in Table 5 in
increasing order. The 3D printed structure with circular pores, grade 20 ppi is the least permeable,
and therefore not the best option in terms of increasing the efficiency of an electrochemical reactor.
It is followed by the 30 ppi rectangular electrode. Interestingly, the 10 ppi rectangular and 10 ppi
rectangular (2 mm pore size) specimens as well as the 20 ppi rectangular and 20 ppi rectangular
(1 mm pore size) specimens show very close values for all the evaluated mean linear flow
velocities. One could argue that, in these cases, the size of the pores affects the permeability
coefficient to a greater extent than their shape. Therefore, it could be stated that the electrodes with
rectangular and hexagonal pores could be used interchangeably. However, when considering its
greater volumetric surface area, see Table 3, the rectangular 20 ppi material should be chosen for

an electrochemical application over the hexagonal equivalent.

Triangular porous structures are the most permeable, having higher Kp values than those of the
other geometrical shapes for both 10 ppi and 20 ppi materials; see Table 5. Moreover, the 10 ppi
triangular 3D printed material also produced the lowest pressure gradient and frictional losses.
This means that, as a flow-through or flow-across porous electrode, it would require the least
electrolyte pumping power among the specimens evaluated in this study (as long as the same flow

direction relative to the structure is kept). This is seen more clearly in a plot of Kp vs. 4. (as given
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by CAD). Such relationships, shown in Figure 10a) for all the evaluated porous architectures,
indicate the ideal trade-off between electrode surface area and hydraulic permeability, i.e.
resistance to the fluid flow of an electrolyte. (The same plot taking the 4. values estimated from
uncalibrated CT can be seen in Figure S8 in the Supplementary Material. In it, the triangular

architectures also perform better the other pore geometries.)

Continuing with Figure 10, the 4. of the CAD 10 ppi triangular specimen was between
approximately 1.2 and 1.7 times larger than the surface areas of the electrodes of the same grade
but different geometries; see Table 3. It also has close to 25% less mass; see Table 2. This could
be a beneficial factor in terms of minimizing the net size, mass and cost of the electrochemical
reactor. Furthermore, the 20 ppi triangular specimen has about twice the 4. of its 10 ppi grade
equivalent, being also approximately 30% superior to the rectangular and hexagonal geometries.
This, suggests that the 20 ppi triangular structure could be advantageous as a porous electrode in
an electrochemical flow reactor, having the best combination of high permeability and high surface
area among the materials designed in this work. A plot of Kp vs. 4, seen in Figure 10b), shows

essentially the same trends.

These Kp values of the 3D printed porous materials can be put in perspective when compared to
those reported in the literature; see Table 6. Kp decreases with decreasing pore diameter of open-
cell foams.” The reason for this is that for decreasing pore diameter there are more struts in the
same volume which obstructs fluid flow.?® Materials with similar volumetric porosity display close

values. Among those previously reported, porous SiC-Al,O3 (¢ = 0.85)* and alumina foams (& =
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0.80)% have permeability values of 5.1 x 10 cm? and 6.2 x 10~ cm?, respectively, being close to
the triangular 10 ppi design. Meanwhile, 0.70 porous aluminium foam has a permeability of 1.2 x
10° c¢m?’% being quite close to the 20 ppi hexagonal and rectangular pore architectures.
Additionally, the latter is just under the 1.7 x 10 c¢cm? values reported for Pt/Ti micromesh
electrodes.”® As expected, the permeabilities of materials having significantly larger volumetric
porosity or much larger pore sizes are at least one order of magnitude higher than the values
presented in the current work. This is the case of aluminium foams with a porosity of 0.92 (108.9
x 10 ¢m?),® and expanded metal mesh (71.0 x 10-> cm?).”® The opposite is true for materials with
very small pores, such as carbon felt (0.2 x 10> cm?), or titanium felt (0.1 x 10~ ¢cm?), which are
less permeable than the circular 20 ppi geometry. In summary, the 3D printed porous architectures
display a wide range of hydrodynamic permeability and can be made analogous to conventional

porous materials.

Conclusions

e Structures with triangular pores were found to be superior to other architectures considered
in this work in terms of suitability for specialized electrochemical cells and reactors as
flow-through or flow-across electrodes. The triangular architectures displayed higher
permeability, lower mass and increased surface area. These characteristics will diminish
electrolyte pumping power, increase the limiting current and mass transfer of the
electrochemical reaction and reduce cost and time of manufacture. Improvements of open-
cell materials for electrodes can be expected by further topology optimization, tailoring

anisotropy and by control of current and potential distribution.
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e CT revealed irregularities in the 3D printed materials due to laser movement tolerances,
although this could be avoided with the optimization of printing parameters. Volumetric
porosity values obtained from CT corresponded to the ones calculated from the measured
mass and volume of the specimens. On the other hand, CT surface area estimations turned
out to be between 10% and 36% higher than the CAD surface areas. However, our results
indicate the importance of surface area metrology in 3D printed porous materials for better

accuracy in these estimations.
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Tables

Table 1. Nominal dimensions, volumetric porosity, surface area and linear porosity grade of the porous architectures, according to the CAD

suite. Digital objects are cylinders of 30 mm diameter, 20 mm in height.

Primary Distance between poresin |  Solid Void Surface Porosity
Secondary Volumetric
Electrode material | pore size / 3 dimensions / mm volume/  volume / area, A/ grade /
pore size / mm porosity, £
mm X y z cm’ cm’ cm? ppi
Rectangular 10 ppi 2.00 2.00 0.62 0.62 0.62 3.58 10.56 201.59 0.75 10.00
Rectangular 20 ppi 1.00 1.00 0.31 0.31 0.31 3.58 10.56 403.11 0.75 19.99
Rectangular 30 ppi 0.70 0.70 0.17 0.17  0.17 2.51 11.63 541.98 0.82 30.08
Circular 10 ppi 2.00 2.60 0.62 0.62 0.62 3.62 10.52 261.09 0.74 10.00
Circular 20 ppi 1.00 1.30 0.31 0.31 0.31 3.59 10.55 512.03 0.75 19.99
Hexagonal 10 ppi 2.00 2.00 0.62 0.62 0.62 3.58 10.56 200.53 0.75 10.00
Hexagonal 20 ppi 1.00 1.00 0.31 0.31 0.31 3.61 10.53 403.04 0.74 19.99
Triangular 10 ppi 2.00 2.00 0.62 0.62 0.62 2.92 11.22 313.98 0.79 10.00
Triangular 20 ppi 1.00 1.00 0.31 0.31 0.31 2.97 11.17 628.96 0.79 19.99
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Table 2. Measured dimensions and mass of 3D printed specimens of the porous architectures along a comparison of the calculated and

CT-determined porosity and surface area vs. nominal CAD values.

Volumetric porosity, ¢

Surface area, A / cm®

Mass / Diameter / Height/ CT vs.
Electrode material CT vs. CAD  Mass vs. CAD
g mm mm CAD CT Mass CAD CT CAD %
% difference % difference
difference
Rectangular 10 ppi | 33.75 29.97 20.00 0.75 - 0.70 - -6.7 201.59 - -
Rectangular 20 ppi | 37.46 30.24 19.61 0.75 0.64 0.67 -14.7 -10.7 403.11 541.31 +34.3
Rectangular 30 ppi | 49.06 30.16 19.95 0.82 0.55 0.57 -32.9 -30.5 54198 851.87 +57.2

Circular 10 ppi 34.27 30.06 19.62 0.74 - 0.69 - -6.8 261.09 -

Circular 20 ppi 47.80 30.04 19.83 0.75 0.57 0.57 -24.0 -24.0 512.03 566.49 +10.6
Hexagonal 10 ppi | 34.15 30.10 20.14 0.75 - 0.70 - -6.7 200.53 - -
Hexagonal 20 ppi | 39.54 30.41 19.96 0.74 0.65 0.66 -12.2 -10.8 403.04 539.65 +33.9
Triangular 10 ppi | 26.82 30.09 19.54 0.79 0.74 0.76 -6.3 -3.8 313.98 366.82 +16.8
Triangular 20 ppi | 38.61 30.03 19.69 0.79 0.64 0.65 -19.0 -17.7 628.96 727.92  +15.7
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Table 3. Calculated volumetric surface area and surface are per unit solid volume of 3D printed specimens of the porous electrode

architectures from CT scans vs. nominal CAD values.

Volumetric surface area, 4. / cm! Surface area per unit solid volume, A, / cm™!
Electrode material
CAD CT CT f}s. CAD % CAD CT CT 1.)s. CAD %
difference difference
Rectangular10 ppi 14.26 - - 57.04 - -
Rectangular 20 ppi 28.51 38.43 +34.7 114.06 106.67 -6.5
Rectangular 30 ppi 38.34 59.77 +56.0 212.98 132.89 -37.6
Circular 10 ppi 18.47 - - 71.03 - -
Circular 20 ppi 36.22 40.31 +11.3 144.87 93.72 -35.3
Hexagonal 10 ppi 14.18 - - 56.74 - -
Hexagonal 20 ppi 28.51 37.22 +30.5 109.65 106.29 -3.1
Triangular 10 ppi 22.21 26.40 +18.9 105.76 101.54 -4.0
Triangular 20 ppi 44.49 52.20 +17.3 211.86 145.00 -31.6
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Table 4. Empirical coefficients e and 4 for the relationship between AP and Reynolds number
(AP = e Re™) for the 3D printed porous electrode materials along comparative data for some
conventional flow-through electrodes for electrochemical reactors including examples of planar
electrodes plus a turbulence promoter (polymer mesh).

Electrode material e/Pa h Source

Rectangular 10 ppi 1.53 x 102 1.28 This work
Rectangular 20 ppi 4.72 x 102 1.27 This work
Rectangular 30 ppi 3.04 x 10 1.47 This work
Circular 10 ppi 3.52 x 107 1.41 This work
Circular 20 ppi 1.57 x 102 1.57 This work
Hexagonal 10 ppi 0.94 x 107 1.33 This work
Hexagonal 20 ppi 0.61 x 107 1.51 This work
Triangular 10 ppi 2.66 x 102 1.16 This work
Triangular 20 ppi 3.12x 10 1.24 This work

Ni plate (unrestricted channel) 2.0 x 102 1.29 4

Ni plate (promoter EPM2) 4.1 x 10 1.61 74

Pt/Ti micromesh 114.6 1.07 73

Pt/Ti plate (promoter mesh) 10.1 0.82 73

Pt/Ti mesh 9.2 0.61 73

FMO1-LC Cu plate (promoter E) 0.31 1.42 >0

FMO1-LC Cu plate (promoter F) 0.30 1.33 50
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Table 5. Calculated Darcy's permeability of the evaluated porous electrodes, listed in increasing
order. The porosity of 3D printed specimens is based on their mass.

Electrode material | Volumetric porosity | Kp /107
(from mass), ¢ cm’
Circular 20 ppi 0.57 0.35
Rectangular 30 ppi 0.57 0.53
Circular 10 ppi 0.69 0.61
Rectangular 20 ppi 0.67 1.15
Hexagonal 20 ppi 0.66 1.28
Triangular 20 ppi 0.65 2.31
Rectangular 10 ppi 0.70 3.42
Hexagonal 10 ppi 0.70 3.83
Triangular 10 ppi 0.76 5.37
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Table 6. Permeability coefficients of various porous materials and porous electrodes.

Porosity
Material grade / Volumetric Ko Source
) porosity, ¢ 10~ ¢cm?
Pp1
SiC-AlLO3 foam 45 0.88 25.6 39
60 0.85 5.1 39
AlO3 foam 45 0.80 6.23 33
45 0.85 9.95 33
Al foam N/A 0.30 0.1 77
N/A 0.70 1.2 77
10 0.92 352.9 68
20 0.92 108.9 68
40 0.93 70.2 68
Ni foam 45 0.97 214 S
60 0.97 8.23 S
60 0.90 21.2 76
100 0.97 3.15 S
Carbon felt N/A 0.96 0.24 36
Pt/Ti felt N/A 0.80 0.13 73
Pt/Ti mesh N/A 0.71 71.0 73
Pt/Ti micromesh N/A 0.53 1.67 73
Pt/Ti plate + TP N/A 0.78 44.5 73
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Figure 1. ‘Virtuous cycle’ for an iterative process involving digital design, manufacture and
imaging during the development and production of 3D printed porous electrode architectures for
electrochemical flow reactors and other electrochemical devices.®’
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a) Rectangular 10 ppi  b) Circular 10 ppi  c) Hexagonal 10 ppi  d) Triangular 10 ppi

Projection view
Total vol. 14.137 cm3

Top view
30 mm

20 mm

Side view

Figure 2. Isometric, top and side views of CAD-designed porous electrode architectures. For
clarity, only the 10 ppi porosity grade of each pore shape is shown here.
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1 mm 1 mm

a) Rectangular 10 ppi b) Rectangular 20 ppi c) Rectangular 30 ppi

d) Circular 10 ppi e) Circular 20 ppi

f) Hexagonal 10 ppi g) Hexagonal 20 ppi

h) Triangular 10 ppi i) Triangular 20 ppi

Figure 3. SEM images of 3D printed specimens of the different porous electrode architectures.
Magnification 25x.
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Figure 4. CT images of 3D printed specimens of the porous electrode architectures. For clarity,
only the 20 ppi porosity grade of each pore shape is shown here. a), ¢), €) and g) Three-dimensional
regions of interest (ROI) with a diameter of 10 mm and a height of 5 mm within the full specimens.

b), d), f) and h) Cross-sectional views of the full specimens (30 mm diameter and 20 mm height).
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Figure 5. Plot of volumetric surface area vs. surface area per unit solid volume for different porous
electrode architectures. a) From nominal CAD dimensions. b) From CT scans with a resolution of
0.0187 mm per voxel and ISO50% thresholding.
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Figure 6. Pressure drop vs. mean linear flow velocity and Reynolds number measured across
different porous electrode architectures. Flow path length: 20 mm.
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Figure 7. Pressure drop (logarithmic scale) vs. Reynolds number (logarithmic scale) measured
across different porous electrode architectures. Flow path length: 20 mm.
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Figure 8. Darcy's friction factor vs. mean linear flow velocity and Reynolds number for different
porous electrode architectures.
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Figure 9. Darcy's permeability vs. mean linear flow velocity and Reynolds number for different
porous electrode architectures.
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Figure 10. Relationship between hydraulic and surface area properties for different porous
electrode architectures. Surface area taken from CAD dimensions. a) Darcy's permeability vs.
volumetric surface area. b) Darcy's permeability vs. surface area per unit solid volume.
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