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Mass transport plays a crucial role in the performance of redox flow batteries (RFBs). Generally, the electrodes
used in RFBs are assemblies of randomly oriented carbon fibers (e.g. graphite felts, carbon papers). It has been
shown that ordered arrangements exhibit enhanced mass transport performance (e.g. carbon cloths). Our in-
vestigations are focused on evaluating the role of the electrode orientation alone, on the mass transport with
electrodes oriented parallel and perpendicular to the electrolyte flow direction. The electrodes employed were
prepared with embroidery, and composed of Cu wires 80 pum in diameter. The space between wires was
maintained at 1.1 mm during construction to enable complete electrolyte accessibility through the electrode, and
the cell structure was designed to ensure uniform electrolyte velocity across the whole electrode surface area.
The limiting currents were measured for both electrode orientations with linear sweep voltammetry. The results
showed 18% greater mass transport coefficient for the perpendicular orientation as a consequence of greater
accessibility of the reactants to the electrode surface. The findings provide insights for the optimization of

electrode designs in mass-transport-limited reactors, such as RFBs.

1. Introduction

Electrolyte velocity plays a crucial role when redox reactions occur
at an electrode-electrolyte interface and are mass-transfer controlled.
This is the case for redox flow batteries (RFBs), where reactants and
products are in a solution state (electrolytes) and circulate through a
cell where redox reactions occur at the interface with electrodes.
Therefore, the maximum power density attained in RFBs, once the
ohmic and charge-transfer resistances are minimized, is limited by the
mass transport of the electrolytes within the cell [1].

Carbon paper and graphite felts are the most common electrode
materials used in RFBs, because of their corrosion resistance, high
permeability, and high specific surface areas [2]. These electrodes are
composed of a random assembly of carbon fibers, which impedes mass
transport of electrolyte within the electrodes. A method of improving
this aspect is to insert flow frames next to the electrodes, thus forcing
the electrolyte to penetrate through the porous electrodes [3]. Different
flow patterns can be achieved, and the most common flow channel
architectures are serpentine, interdigitated, parallel and spiral. All
other factors being the same, the battery performance changes with the
architecture [4,5]. The electrode thickness also has an impact on the
electrolyte velocity, and thus on the mass transport in porous elec-
trodes. Numerical simulations revealed that increasing Reynolds
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number and decreasing electrode thickness have a positive effect on
mass transport in porous electrodes in a flow-by configuration [6]. The
flow channel architecture and electrode thickness influence the mag-
nitude and uniformity of the electrolyte velocity and the accessibility of
electrolyte within the electrodes. The greater these values are, the
better the performance. A correlation between the mass transfer coef-
ficient and electrolyte velocity for carbon-felt electrodes in a flow-
through configuration was proposed by Qiang Ye and co-authors [7,8].
Mass transfer rates for different flow fields using carbon paper elec-
trodes were also quantified by Brushett et al. [9]. However, there are
few studies concerning oriented-fiber electrodes. Numerical simulations
of mass transfer in commercially available electrode materials with an
anisotropic microstructure revealed that an increase in the electrode
permeability caused a decrease in the mass transfer coefficient [10].

Recently, some research has been focused on electrodes with or-
iented assemblies of carbon fibers, such as carbon cloths. Zhou et al.
observed a superior performance with these woven structures, and at-
tributed it to a greater hydraulic permeability, larger pore sizes and
lower tortuosity [11,12]. Forner-Cuenca et al. also found higher current
densities and lower pressure drops with cloth electrodes, and attributed
that to their “periodic, well-defined microstructure” [13]. A common
observation is that ordered fiber arrangements exert a positive influ-
ence on battery performance.
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Even carbon cloths exhibit complexities of fiber orientations as they
are twisted into yarns and of electrolyte velocity distributions within
the twisted yarns and thus it is difficult to predict the individual in-
fluence of each electrode parameter, such as the fiber orientation,
porosity, tortuosity, and electroactive surface area.

The motivation of our work was to investigate what influence the
fiber orientation alone, isolated from all other possible electrode
parameters, exerts on mass transfer coefficients in flow cells. For this
purpose, well-defined electrodes were prepared from copper wires with
embroidery, and two different electrode orientations were evaluated in
a flow-by, half-cell configuration,

(i) an embroidered Cu electrode with wires parallel to the flow di-
rection, and

(ii) an embroidered Cu electrode with wires perpendicular to the flow
direction.

3D-printing was employed to create a flow distributor frame to
provide a uniform flow across the electrode surface. The electrolyte
used in these experiments was iron(II)-triethanolamine (Fe(III)-TEA) in
alkaline medium. Linear sweep voltammetry curves were evaluated at
different electrolyte velocities. Limiting current densities at multiple
electrolyte volumetric flow rates were measured, and the dependence of
the mass transfer coefficient with electrolyte velocity was calculated.
The findings provide some insights for the optimization of electrodes in
redox flow batteries.

2. Materials and methods

Fig. la shows the constructed cell. An acrylonitrile butadiene
styrene (ABS) 3D-printed frame was used as a flow-distributor, and
placed between two extruded polycarbonate endplates and silicone
gaskets. A platinum foil (30 mm length, 30 mm width, and 0.22 mm
thickness) was used as the counter electrode (CE) and affixed on a
polycarbonate endplate. The working electrode (WE), positioned in
front of the CE, was fixed to the ABS frame (inside the electrode com-
partment). The reference electrode, Ag/AgCl (3 M KCl) was inserted
into the ABS frame, and positioned to one side towards the top margin
of the WE. The blue arrow indicates the electrolyte flow direction. The
electrolyte was circulated with a peristaltic pump through the cell
(Fig. 1b).

The embroidery WE design (Fig. 2a) consisted of a 24-loop ser-
pentine pattern of about 30 mm length and width. The WEs were or-
iented with the Cu wires parallel (Fig. 2b), and perpendicular to the
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electrolyte flow (Fig. 2¢). The distance between the Cu lines (about
1.1 mm) was designed to ensure the accessibility of the electrolyte. The
Cu wires (80 um diameter) were embroidered with a 350 dtex poly-
amide 6.6 (PA6.6) yarn on a nonwoven polypropylene (PP) fabric
(Fig. 2d). All constructed electrodes had the same total electrode sur-
face area (1.96 cm?), which agreed with the electrochemically active
surface area as shown in Fig. S1 Supplementary Information. The ex-
periments were conducted in a flow-by configuration (where the elec-
tric field is perpendicular to the electrolyte flow and natural convection
is neglected), and the area of the CE (9 cm?) was greater than that of the
WE to ensure that the kinetics of the reaction was not limited by the CE.

The 3D-printed ABS flow-distributor frame consists of a matrix of
2 mm cubes separated by a 2 mm distance, to ensure a uniform dis-
tribution of the electrolyte flow across the electrode surface (Fig. 3a).
MATLAB FEATool Multiphysics was used to solve the incompressible
Navier-Stokes 2D equation to estimate the electrolyte velocity dis-
tribution for a similar geometry. The boundary conditions used were a
no-slip stationary wall, atmospheric outlet pressure, and an arbitrary
initial velocity of 10 m s~ *. From the resulting 2D electrolyte velocity
distribution (Fig. 3b), a laminar flow is expected, and therefore a con-
stant velocity across the electrode compartment. The electrolyte velo-
city across the cell thickness of 6 mm was considered constant (2D flow
field solution in Fig. S2 Supplementary Information).

The composition of the Fe(Il[)-TEA electrolyte (pH 12.88) was:
0.02 M iron(IIl) chloride hexahydrate (FeCly:-6H>O, analytical grade,
=98% p.a., Sigma-Aldrich, Steinheim, Germany), 0.3 M triethanola-
mine (TEA, technical grade, 85 wt% content in water, Deuring,
Horbranz, Austria), 0.9 M sodium hydroxide (NaOH, analytical grade,
>99% p.a., Roth, Karlsruhe, Germany). The electrolyte conductivity
was about 80 mS cm ™! at 26.0 °C (no temperature compensation).

Linear sweep voltammetry curves for the reduction of Fe(II)-TEA
were measured from —0.7 V to —1.25 V at a potential sweep rate of
1 mV s~ ! and at flow rates from 0 to 28.6 mL min~'. The experiments
were performed on a VSP Bio-Logics Instruments employing a three-
electrode configuration. Negative currents correspond to cathodic re-
actions (reduction). The electrolyte velocity at each flow rate was cal-
culated by dividing the length distance of the electrode compartment
(30 mm) by the time required for the electrolyte to travel this distance.
The electrolyte volume in the reservoir was 80 mL, and the volume of
the WE compartment was 5.4 mL (30 mm X 30 mm X 6 mm), both
considerably larger than the volume of the oxidized electrolyte (Fe(I)-
TEA). The redox potential of the reservoir solution was monitored with
a RE following the procedure described previously [14], to ensure that
the state-of-charge (SOC) remained unchanged through the

Potentiostat v
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Fig. 1. (a) Constructed flow half-cell consisted of an embroidered Cu electrode as WE, a Pt foil as CE, and a Ag/AgCl (3 M KCl) as RE. A 3D-printed flow-distributor
frame (120 mm length, 60 mm width, and 6 mm thickness) was mounted between two polycarbonate endplates. Electrode compartment dimensions of 30 mm length,
30 mm width, and 6 mm thickness (5.4 mL). The blue arrow indicates the electrolyte flow direction. (b) Schematic drawing of the electrolyte flow circuit and
electrical connections. (For interpretation of the references to colour in this figure legend, the reader is referred to the web version of this article.)
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Fig. 2. (a) Embroidered design of the WE. Pictures of the WEs with the two orientations under investigation: (b) parallel, and (c) perpendicular to the electrolyte

flow. (d) Photomicrograph of the WE.

120 mm

60 mm

Fig. 3. (a) Front-view picture (half-cut) of the 3D-printed ABS flow-distributor
frame. (b) 2D flow field solution of the incompressible Navier-Stokes equation
for a similar geometry.

experiments. The oxidation reactions occurring at the CE can be ig-
nored, since the amount of reactant is much larger than the product.
The reservoir solution was initially purged with argon, and a blanket of
argon was kept over the solution.

3. Results and discussion

The linear sweep voltammetry curves are shown in Fig. 4a. A pla-
teau is observed at greater potentials, which is indicative of the limiting
current when the reduction reaction is mass transport controlled. A shift
towards negative potentials was observed between the results from
perpendicular and parallel Cu wire orientations. That is attributed to
potential variations due to drifts in the RE position with respect to the
WE that may cause some interferences with the electric field. Evidence
for this is observed in the voltammetry curves shown in Fig. S3
(Supplementary Information). Replicate measurements show small de-
viations in the redox potential, but exhibit the same limiting currents,
which is an indicator of potential variations due to the RE position and
not other reasons, such as faradaic responses from supporting electro-
lyte impurities. Such potential differences do not invalidate the results.

The data in Fig. 4a shows that under no flow, where the mass
transport is diffusion controlled, both electrode orientations yielded the
same limiting currents, which is indicative of no differences in the

diffusion layer thickness. That is to be expected since all electrodes had
the same Cu wire diameter and the same electroactive surface area. But
under flow, the perpendicular orientation yielded higher limiting cur-
rents (I;) than the parallel orientation.

The mass transfer coefficient from each electrode orientation was
calculated from the I; values with Eq. (1):

_ L
nFCyA

€8]

where n = 1 is the number of electrons involved, F the Faraday con-
stant, A the electrode area, and Cg the bulk Fe(III)-TEA concentration.

The log-log correlation between the calculated mass transfer coef-
ficient and the electrolyte velocity is shown in Fig. 4b. The electrolyte
velocity was assumed to be constant across the electrode area. The
values followed the well-known empirical equation k,, = au’, with a
coefficient of determination, R = 0.997 and R? = 0.98 for the per-
pendicular and parallel orientations, respectively. The value of ex-
ponent b for both orientations was 0.39, which is in agreement with
values found in the literature for heat transfer on single wires (0.385)
and mass transport on carbon single fibers (0.4) [15]. The coefficient a,
and thereby the mass transfer coefficient k,,,, was 18% larger with the
perpendicular as compared to the parallel orientation. The same trend
has been observed in heat transfer coefficients of parallel and perpen-
dicular flow directions in heat exchangers [16,17], and also for a cy-
lindrical electrolysis cell, where meshes (cathode) were placed in the
annular region between a cylindrical anode and the outer wall per-
pendicular and horizontal to the flow direction [18].

The empirical equation relating the mass transfer coefficients to
mean electrolyte velocities was transformed into the dimensionless
entities: Sherwood (Sh) and Reynolds (Re) numbers. The relationships
obtained were Sh = 13.9Re®® and Sh = 11.8Re®> for the perpendi-
cular and parallel orientations, respectively. The Sherwood
(Sh = kpdyD™ 1) and Reynolds (Re = udhpn_l) numbers were calcu-
lated by considering as characteristic length (dy) the distance between
wires (1.1 mm) in analogy with the pore diameter in conventional
electrodes, the diffusion coefficient as D = 4.8:10° cm?s~! (obtained
from Fig. S4 Supplementary Information), a density p of about
1.05 g mL™!, and the viscosity 7 was assumed to be that of water at
room temperature, 0.89-10~* Pas, because of the low concentrations.
The calculated Schmidt number (Sc = 5~ 'D~!) was about 200, which
indicates diluted solutions. The Reynolds numbers for our experiments
were between 30 < Re < 350 with an exponent of 0.39, indicating a
laminar flow [19]. The electrolyte velocities were close to the range of
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Fig. 4. (a) Linear sweep voltammetry curves at 1 mV s~ ! and at different volumetric flow rates for Cu wires electrodes oriented perpendicular and parallel to the
electrolyte flow. (b) Mass transfer coefficients (k,,) for both electrode orientations with respect to the mean electrolyte velocity.

operational velocities 0.25-1.5 cm s~ ! in RFBs [8].

The results demonstrated that wires oriented perpendicular to the
flow resulted in greater mass transfer coefficients than when wires were
oriented parallel to the flow. The results are explained by the greater
supply of reactants at the electrode surface for the perpendicular or-
ientation than the horizontal orientation, under our experimental
conditions. To provide some insights into the experimental results, we
considered the underlying Nernst-Planck theory. Under steady-state
conditions (at the limiting current region, where concentration does not
change with time) and negligible migration, the general mass-transfer
equation can be written as:

aG; S
2 2
NECIEE I
0z ox 9z 3
2 2
Da_f_l_a_(; +26_C_ a_Czo
0z or r or oz 4

where j represents each specie, D is the diffusion coefficient, and u is the
electrolyte velocity. Eq. (3) corresponds to the perpendicular orienta-
tion in Cartesian coordinates, and Eq. (4) to the parallel orientation in
cylindrical coordinates. Different coordinates were used for symmetry
considerations and to maintain the electrolyte velocity always in the z-
direction.

The MATLAB FEATool Multiphysics was used to solve the above
equations and estimate the 2D concentration profiles of the reduced
species for each orientation, when the electrolyte velocity is 0.25 cm s ™!
(Fig. 5). The boundary conditions used were the following: a complete
reduction of the oxidized species at the electrode surface, null con-
centration of reduced species at the entrance of the electrolyte flow, and
outflow condition for the rest of the walls. The condition of artificial
isotropic stabilization was used for the perpendicular orientation.

From the concentration profiles, we can observe that the reduced
species in the perpendicular orientation are built up on the rearside of
the electrode allowing for the reactants free access to the front surface
of the electrode. In the parallel orientation, the products accumulate all
along the electrode surface, blocking the access to the reactants to the
whole electrode surface. This would explain the experimental findings
of greater mass transport coefficients for the perpendicular orientation.

It should be noted that our experiments were performed with low
specific surface areas and were comprised of a single layer of parallel wires
to avoid a non-uniform current distribution across the electrode thickness.
We do not expect different findings in conventional RFBs electrodes
caused by the difference in the wire and fiber diameters (Cu wires had a

diameter of 80 um, while carbon fibers show 10 um in diameter).
However, the distance between the wires/fibers may have some impact on
the observations. In our experiments the space between wires was main-
tained at 1.1 mm on purpose to enable complete electrolyte accessibility
through the electrode and to avoid changes in the state-of-charge. A
transfer of the findings obtained with our single-layer wire electrodes to
oriented-fiber 3D electrodes indicates that orientation perpendicular to the
electrolyte flow promotes mass transfer to the electrodes.

It will also be interesting to perform similar experiments with three-
dimensional electrodes of high-packing density constituted of aligned
wires/fiber, to measure their impact on electrolyte permeability, and
thereby on mass transport. Investigations will be performed in that di-
rection in future work. Some studies have been conducted on that topic,
but a clear correlation is not yet defined. As illustration, simulation
studies [20] on graphite felts with fibers oriented perpendicular to the
flow, showed that it negatively affected the electrolyte permeability and
thereby exerted a negative impact on mass transport. With other sub-
strates as carbon cloths, which have about half of the conductive ele-
ments oriented perpendicular to the electrolyte flow, a greater mass
transport, lower permeability and pressure drop, were observed [11,13].

Another interesting aspect to be considered in fiber orientation is
electrolyte infiltration and filling within the electrode. As Tariq and
coworkers observed in their studies [21], the electrolyte filling in
carbon fiber electrodes is governed by a node-to-node permeation
process driven by capillarity. It will be interesting to investigate if this
fact may provide a higher permeation in fiber-aligned electrodes, as
well as its influence on fiber orientation.

Our findings are limited to the case of a flow-by configuration
(electric field perpendicular to the electrolyte flow), and it is not clear
that flow-through systems (electric field parallel to the electrolyte flow)
will provide the same responses. Previous investigations [22,23]
showed that mass transfer coefficients in a flow-by configuration using
metal grids and foams electrodes were greater than in a flow-through
configuration. To our knowledge, there are no studies comparing both
electrode orientations in a flow-through configuration. It will be
worthwhile to also to investigate the influence of fiber orientation in
this configuration.

4. Conclusions

We investigated the influence of the electrode orientation to the
flow direction on the mass transport in a flow-by cell. The flow cell was
especially designed via 3D printing to exhibit uniform electrolyte ve-
locity within the electrode. The values obtained for the Reynolds
number were in agreement with a laminar flow, for electrolyte velo-
cities close to the values used in redox flow batteries. Greater limiting
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Fig. 5. Steady state concentration profiles of the reduced species (Crq) for a single wire in the (a) perpendicular and (b) parallel orientations obtained from the
Nernst-Planck equation. The u vector represents the electrolyte velocity. The top images provide a schematic drawing of the electrode compartment.

currents and thus, therefore mass transfer coefficients, were obtained
for the electrodes oriented perpendicular to the flow direction. The
experiments were performed with wires for a better control of the
electrode surface area, but we expect same responses on electrodes
composed by carbon fibers. The findings contribute to a greater un-
derstanding of the causes of the superior electrochemical performance
of fiber-oriented electrodes, such as carbon cloths, in RFBs. The results
provide some insights for the optimization of electrodes in mass-
transport-limited reactors.
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