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An undivided flow cell was designed and constructed using additive manufacturing technology and its
mass transport characteristics were evaluated using the reduction of ferricyanide, hexacyanoferrate (lll)
ions at a nickel surface. The dimensionless mass transfer correlation Sh = aRe"Sc°Le® was obtained using
the convective-diffusion limiting current observed in linear sweep voltammetry; this correlation compared
closely with that reported in the literature from traditionally machined plane parallel rectangular flow
channel reactors. The ability of 3D printer technology, aided by computational graphics, to rapidly and
conveniently design, manufacture and re-design the geometrical characteristics of the flow cell is
highlighted.

1. Introduction

Rapid prototype shaping of solid materials has classically been limited to heavy duty CNC (computer
numerical control) machinery, typically mills and lathes. The gradual introduction of affordable 3D printers
over the last decade, however, has revolutionized this process. Additive manufacturing or 3D printing
technology allows the production of intricate designs that would otherwise require longer and complex
manufacturing processes while reducing manufacturing cost and material waste (Czyzewski et al., 2009),
e.g. single blocks containing internal channels and manifolds.

Typical 3D printers operate by selective deposition of material as filaments on a base, or by selectively
binding the material together with a laser, layer by layer (Critchley et al., 2013, Lipson et al., 2013 and
Pham and Gault, 1998). Complex designs such as auxetic foams can be easily generated and altered
whenever necessary. The advantages are fast, automated manufacturing, low cost, recyclability of
material, a low number of manufacturing processes and tools, readily available raw materials, higher
portability and easy implementation of design alterations. Some limitations include the potential loss in
accuracy, and the presence of residual stresses that might deform and change mechanical properties of
the final component. While simple 3D printers have become available at moderate cost, high capital
investment is required for sophisticated, high precision, multi-material, multiple printing head devices
(Vaezi et al., 2013a, Rankin et al., 2014 and Lemu 2012).

Fuel cells and redox flow batteries are currently manufactured on a one-by-one basis due to the large
number of parts involved in their production, and are integrated in a single module which needs to have
careful alignment of parts. The process is labour intensive and requires skilled workshop techniques such
as cutting, milling and drilling. Redesigns (which often occur following early evaluation) are tedious and
costly in terms of labour, materials and time. The flexibility offered by 3D printing could be used to produce
complex flow cell designs which are sized and profiled and potentially realised in a single, facile process,
reducing the amount of material, labour and cost. This technology has already been used in several
applications such as the manufacture of a 10-cell air-breathing miniature PEMFC stack that operated with
99.999 % hydrogen at maximum power of 99 mW cm™? at 0.425 V connected in series at 70 °C (Chen et

Please cite this article as: Ponce De Leon C., Hussey W. , Frazao F., Jones D., Ruggeri E., Tzortzatos S., Mckerracher R., Wills R.G.A.,
Yangb S., Walsh F., 2014, The 3d printing of a polymeric electrochemical cell body and its characterisation, Chemical Engineering
Transactions, 41, 1-6 DOI: 10.3303/CET1441001



2

al., 2008). Chen et al., (2010) used additive manufacturing to manufacture a honeycomb shaped reservoir
and a flow distributor for a direct methanol, fuel cell that would have been very difficult to produce via
traditional manufacturing technology. Additive manufacturing has also been used in combination with
thermal spray to produce the bipolar plates (Lyons et al., 2005). The authors report that the metallic part
meets the requirements of a PEMFC using minimum materials and processing cost. Porous carbons (Lu et
al., 2012) and body implants (Moroni et al., 2008), together with a number of other applications, have been
reported (Vaezi et al., 2013b).

Most of the applications of rapid prototyping in electrochemistry to date have been limited to small scale
fuel cell prototypes. In this paper we report the manufacture and mass transport characterisation of a
larger undivided flow cell (49 cm? electrode area) that can be used for a variety of laboratory and pilot-
scale electrochemical experiments such as redox flow cells, corrosion and electrodeposition, metal ion
removal, organic oxidation of wastes and electrochemical synthesis. The mass transport characteristics of
the 3D printed cell were characterised by the conventional KsFe(CN)s/KsFe(CN)s redox couple and
compared with existing flow cells manufactured via traditional machining..

2. Experimental details

The cell was first conceived in the SolidWorks CAD software and converted into a .stl digital format
suitable for input to the 3D printer. The electrolyte channel was manufactured using a selective deposition
printer UP! 2 Plus (by PP3DP) while, for the endplates, an Ultra® 3SP (by Envision TEC) allowing more
accurate manufacture, a higher quality surface finish and better mechanical properties, was preferred
(Lipson et al., 2013, Vaezi et al., 2013a, Rankin et al., 2014, Lemu et al., 2012).
The material used to manufacture the undivided electrochemical flow cell was ABS (acrylonitrile butadiene
styrene) polymer and comprised a central flow compartment of 10 length x 8.5 cm width and 1.4 cm
thickness held together with two 1.4 cm thick endplates of 16.5 cm length x 12.5 cm width, the assembly
being compressed with 10 M6 stainless steel tie-bolts. The middle compartment had a square, 7 x 7 cm
void space in the centre that formed the electrolyte channel, providing an exposed electrode area of 49
cm?. Nickel foil of 0.1 mm thickness and 99.9% wt. purity was used as the anode and cathode; silicone
rubber gaskets were used between the compartments and the electrodes to seal the cell. Figures 1a) and
1b) show an expanded view of the flow cell and the electrolyte flow circuit, respectively. A Luggin capillary
tube of was inserted at the exit manifold in order to measure the electrode potentials against an Ag/AgCl
reference electrode. The composition of the electrolyte was 1 mmol dm™ KsFe(CN)s and 10 mmol dm™
K4Fe(CN)g in 1 mol dm™ NazCOs. The selection of Na,CO3 was based on previous works that suggest that
this electrolyte provides a more reliable limiting current (Taama et al., 1996, Szanto et al., 2008). The flow
circuit included a Totton EMP40/4 centrifuge pump and a calibrated flowmeter with a PVDF float with a
range between 0 — 100 dm® h' and a by-pass to control the flow rate. The solutions were used
immediately after preparation to minimise the effects of the degradation of the electrolyte in the measured
current. Table 1 shows the characteristics of the flow cell and the electrolyte.
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Figure 1 a) Expanded view of the 3D printed cell. Not to scale. b) electrolyte flow circuit.
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Figure 1c) SolidWorks digital image of the Figure 2a) Reduction of ferricyanide ions in a solution
3D cell. containing 1 mmol dm™ KsFe(CN)s + 10 mmol dm?

K4Fe(CN)s in 1 mol dm™ Na,COs at Ni electrodes of 49 cm?
geometrical area at a potential sweep rate of 5 mV s’

3. Results and Discussion

Figure 2a shows linear sweep voltammetry curves for reduction of ferricyanide ions on a flat plate nickel
electrode at a potential sweep rate of 5 mV s™ at different flow rates. The cyclic voltammetry curves show
the characteristic shape with kinetic, mixed and mass transport controlled regions together with the
secondary reaction of hydrogen evolution. The mass transport controlled region between 0 V and -0.6 V
vs. Ag/AgCl was used to calculate the limiting current values. Figure 2b shows the current vs. time curves
when a potential of -0.4 V vs. Ag/AgCl in the limiting current region was applied and the flow rate of the
electrolyte was changed. One of the curves in the Figure 2b shows the value of the current when a
turbulence promoter of a 30 pores per linear inch (ppi) polyester foam (cell diameter 1.6-1.9 mm from
Sydney Heath & Son Ltd) fitted inside the electrolyte compartment. The graph shows that the turbulence
promoter helps to increase the limiting current from 15 % at the lowest flow rate up to 31% at the highest
flow rate. The limiting current values obtained from the linear sweep voltammetry and chronopotentiometry
can be used to calculate the steady state mass transfer coefficient associated to the electrode area kA
from the equation:
Ir

kpA= 1
L nFAc (1

where n, F and c¢ are the number of electrons interchanged, the Faraday constant and the bulk
concentration of ferricyanide ion. The k. A values, together with the parameters of Table 1, were used to
calculate the dimensionless numbers Sh, Re, Sc and Le in order to establish the mass transport
relationship (Pickett, 1979):

Sh = aRe"Sc"Le® (2)

Figure 3 shows the Sherwood number vs. Reynolds number correlations for a number of parallel plate
configuration cells taken from the literature such as the FM01-LC laboratory electrolyser (Brown et al.,
1993, Griffiths et al., 2005) and the ElectroSynCell (Carlsson et al., 1983) compared with the data obtained
with the 3D printed cell. The literature indicates that the data presented in the plots was obtained using
nickel electrodes or electrodeposited nanostructured nickel surfaces of high surface area (Recio et al.,
2013) in order to evaluate the mass transport relationships. The figure also shows the curves for fully
developed laminar flow with a relationship: Sh = 1.85y (Re Sc Le) 0.33 (y is a geometrical correction
factor) and for fully developed turbulent flow, Sh = 0.45Re®%°Sc**Le®® (Pickett, 1979) in an empty
rectangular channel. The data obtained using the 3D printed cell compare favourably to the other
electrochemical reactors in the 150 < Re < 800 range studied. At these Reynolds numbers, the laminar
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flow is expected with a Re exponent of 0.33, but the data for the 3D printer shows a Sh vs. Re relationship
Sh = 1.22Re%*°Sc**1e%% which indicates turbulent flow as the Reynolds number exponent is 0.65. This is
attributable to the absence of a calming zone that allows the flow fluid to develop into laminar flow when
the electrolyte enters the compartment the 3D printed cell.
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Figure 2b) current vs. time curves for the reduction of
ferricyanide ions in a solution containing 1 mmol dm’*
KsFe(CN)s + 10 mmol dm™ K4Fe(CN)s in 1 mol dm™®
Na,COs at nickel electrodes of 49 cm’ geometrical
area at -0.4 V vs. Ag/AgCl. Flow rates: a) 20, b) 40, c)
60 d) 80 and d) 100 dm® h™".
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Figure 3) log-log plot of Sh vs. Re for various
rectangular flow channel cells containing nickel
electrodes. The solid lines show fully developed
laminar and turbulent flow relationships in an
empty rectangular channel (Pickett, 1979). O) Ni
in a 3D printed flow cell, <>) and A) Ni in the
FMO1-LC electrolyser (Brown et al., 1993, Griffiths
et al., 2005),+) Ni in the ElectroSynCell (Carlsson
et al., 1983), @) solid Ni and M) nanostructured Ni
electrodeposit (Recio et al., 2013).

Table 1: Dimensions of the flow cell and characteristics of the electrolyte

Characteristic Values
Electrode width, B 7 cm
Electrode spacing, S 1.4 cm
Electrode geometric area, A = BL 49 cm?
Equivalent diameter of flow channel, 2.33cm
de = 2BS/(B+S)

Length of the electrolyte compartment, L 7 cm

Kinematic viscosity of electrolyte, v
Diffusion coefficient of Fe(CN)6'3, D
Density of the electrolyte, p

Sh

Re

Schmidt number, Sc
Dimensionless length, Le = de/L
Electrolyte composition

Mean linear electrolyte flow velocity, u
Temperature

9.56 x 10° cm*s™
6.4x10°% cm?s™
1.0985 g cm™
k.de/D

ude/v

1494

0.125

1 x 10™ mol dm™ KsFe(CN)s
+10 x 10™° mol dm™ K4Fe(CN)g
+ 1 mol dm™ NazCOs
0.5t03.0cms™

302 K
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Additive manufacturing can be used to modify and manufacture an improved 3D printed flow cell, to
include a calm zone and better flow distributors. Although this can be done very quickly, other factors
should be taken into account such as: 1) heat deformation of the components due to residual stress
caused by the high temperature of the newly deposited layers and 2) the resolution of the 3D printer
machine, which will have a direct impact on the porosity of the components and can cause leakage of the
electrolyte. These aspects can be resolved by careful choice of additive manufacturing technology and the
materials for printing. Despite these disadvantages, additive manufacturing technology is evolving very fast
and offers great opportunity to manufacture complex more efficient and high space time yield
electrochemical reactors. The process to achieve an ideal flow cell might typically involve several
iterations, following feedback from experimental results.

4. Conclusions

The 3D printed cell showed turbulent flow at low Reynolds numbers due to the geometry of the electrolyte
channel. Additional cells can be readily manufactured using 3D printing technologies informed by process
experience from previous results. 3D printing technology is still evolving rapidly and electrochemical cells
design can benefit from this technology: flow cells can be designed and constructed in a single day, a
complete electrolyte compartment with a built in turbulence promoter can be manufactured. The 3D printed
flow cell operates well and its global mass transport behaviour is comparable to traditional flow cells.
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