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Abstract: Alkaline direct ethanol fuel cells (DEFCs) represent an efficient energy conversion device
for sustainable ethanol fuel. In this study, a design with new structural parameters for the anodic
flow field of the alkaline DEFC was modeled with the aid of computational fluid dynamics and was
then actually constructed. Single-cell tests were performed to evaluate the impact of the developed
design on fuel cell performance. The results show that fuel cell performance significantly increased
when using the improved design in the low-temperature range. The higher the temperature in the
cell, the lower the influence of the flow field structure on performance. In addition, the influence of
external factors, such as the orientation of the cell, the preheating of the fuel, and the direction of the
two fuel flows relative to each other (co-current and counter-current), are shown.
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1. Introduction

Research and development work on alkaline fuel cells (AFCs) with KOH as an elec-
trolyte began in the early 20th century and has been pursued continuously with varying
intensity ever since. The reason for this is to be found in the many advantages of the alkaline
environment, such as the possible utilization of non-noble metals as co-catalysts, the im-
provement of the reaction kinetics, and the use of cost-efficient anion exchange membranes
(AEM) [1–7]. In addition to hydrogen, as a well-established fuel, many other fuels are
considered in alkaline fuel cells, for instance, alcohols (like methanol or ethanol) [1,2,4,5,8].
This subcategory of AFCs is termed an alkaline direct alcohol fuel cell because the alcohol
is directly oxidized at the anode. In comparison to hydrogen, alcohols have a higher
energy density and allow for simpler storage and transport due to their liquid state at
room temperature [1,2,6,8–10]. The most intensively studied direct alcohol fuel cell is the
direct methanol fuel cell (DMFC) [1,2,8,10–13]. However, a serious disadvantage, the high
toxicity of methanol compared to ethanol, led to research on the direct ethanol fuel cell
(DEFC) [1,2,4–6,9,10,14,15]. The additional advantages of ethanol over methanol are the
higher energy density (8 kWh kg−1 vs. 6 kWh kg−1), the increased boiling point, and the
lower susceptibility to crossover due to the larger molecule size. Furthermore, ethanol
is considered a CO2-neutral fuel, as it is produced from renewable resources through
fermentation [1,2,4–6,9,10,14]. In the alkaline DEFC, ethanol is oxidized (1) in presence
of OH− ions at the anode to CO2, H2O, and e− (in case of complete oxidation). At the
cathode (2), the electrons (migrated from the anode via an external circuit) and H2O are
used to reduce O2 to the desired OH− ions. These generated ions migrate cross the mem-
brane to the anode and the electro-osmotic drag is counter to the crossover of ethanol and,
as a result, the crossover is thereby reduced. The total theoretical reaction results in the
production of CO2 and water with a theoretical voltage of 1.14 V (3) [1,6].

CH3CH2OH + 12 OH− → 2 CO2 + 9 H2O + 12 e− , E0
a = −0.74 V (1)

Energies 2022, 15, 7234. https://doi.org/10.3390/en15197234 https://www.mdpi.com/journal/energies

https://doi.org/10.3390/en15197234
https://creativecommons.org/
https://creativecommons.org/licenses/by/4.0/
https://creativecommons.org/licenses/by/4.0/
https://www.mdpi.com/journal/energies
https://www.mdpi.com
https://orcid.org/0000-0002-6638-7987
https://orcid.org/0000-0002-6571-5512
https://orcid.org/0000-0003-2017-8183
https://orcid.org/0000-0001-5956-7579
https://doi.org/10.3390/en15197234
https://www.mdpi.com/journal/energies
https://www.mdpi.com/article/10.3390/en15197234?type=check_update&version=1


Energies 2022, 15, 7234 2 of 16

3 O2 + 6 H2O + 12 e− → 12 OH− , E0
c = 0.40 V (2)

CH3CH2OH + 3 O2 → 2 CO2 + 3 H2O, E0 = 1.14 V (3)

The sluggish anode ethanol electro-oxidation kinetics (C-C bond breaking problems) at
temperatures below 120 ◦C lead to undesirable intermediate products (acetic acid/acetate
and acetaldehyde), for which no further oxidation is possible in the potential range used in
the cell [6,9,10]. The percentage of completed oxidation reactions is thus lower than 100%
and full performance cannot be achieved [1,6,16]. Apart from the still outstanding problem
of producing a catalyst that contributes to complete oxidation, other challenges include
the improvement of the membrane, the ionomer, the water transport management, the
electrolyte (carbonation issues), and especially the ethanol transport management [6]. In the
transport management of ethanol, transport phenomena occur through the individual lay-
ers of the anode (diffusion and catalyst layer) and also through the membrane [7,14,17–19];
this is affected by the flow rates since if the available ethanol quantity is too low for the
reaction, the result is reduced performance and furthermore a power loss also occurs when
there is an excessive ethanol quantity due to a reduction in the reaction sides that are
occupied and an increase in the ethanol crossover can be noticed [7,14,15,17,20]; the most
important factor is the major role played by the flow fields [6,8,21–23]. Flow fields are,
therefore, one of the major components of a fuel cell. They serve as current collectors,
reactant distributors, and product transporters simultaneously. The important characteris-
tics of flow fields are (i) the provision of a uniform distribution of reactants, (ii) effective
removal of products, (iii) structural support for the membrane electrode assembly (MEA),
(iv) contribution to heat and water management, (v) electronic conduction and (vi) a non-
permeability to reactants, and products for safe operation [8,10,24–27]. There are already
many studies on the optimal design of flow fields for the well-established polymer elec-
trolyte fuel cell (PEMFC), for the (mostly acidic) DMFC, and some modeling studies for
the acidic DEFC, but nearly no studies on the anode flow field for the alkaline DEFC. All
of these studies focus on the development of different flow field structures and shapes
(serpentine, parallel, grid, pattern, interdigitated, and bio-inspired) with modifications in
channel length, width, and height (open ratio) to reach an even flow distribution, with an
increased under rib-transport and a minimal pressure drop (function of channel length,
hydraulic diameter, and flow rate) [4,8,10–12,21–23,25–62]. Table 1 shows an overview of
experimental and model studies on the different design parameters in anode flow field
designs for DMFCs [11,46–48,51,53,55–58].

Table 1. Studies on the different design parameters of the anode flow field in DMFCs.

Flow Field
Structures

Flow Field Parameters
(Width and Depth of Channel) Results Ref.

Different Geometries

trapezoidal,
parallel, perforated

• area: 5 cm2

• width: 1 or 0.8–1 mm

• direct path between anode and
cathode has significant effect
on crossover

• contact of walls: improved
pressure distribution of
clamping force and resistance

Gholami et al. [51]

serpentine, bio-inspired
interdigitated and
non-interdigitated

• area: 8 × 8 mm
• width: 1.24–2.62 mm
• depth: 1 mm

• best performance: serpentine
(anode) and the bio-inspired
interdigitated (cathode), because
of enhanced
under-rib convection

Ouellette et al. [53]
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Table 1. Cont.

Flow Field
Structures

Flow Field Parameters
(Width and Depth of Channel) Results Ref.

grid, parallel, double
serpentine, single serpentine

• area: 8 × 8 mm
• width: 0.3, 0.5, 0.65, 0.8 mm
• depth: 0.24 mm
• open ratio: 29.1, 47.3, 60.6, 73.0

• single-serpentine: better mass
transfer efficiency of methanol
and emission efficiency of
carbon dioxide

• channel length and opening
ratio have important effects on
the cell performance

Deng
et al. [11]

Different serpentine

single serpentine,
multi-serpentine, mixed
parallel and serpentine

• area: 25 cm2

• width: 2 mm
• depth: 2 mm

• at a low methanol flow rate and
concentration and temperature:
mixed parallel and serpentine
flow field had a positive impact

Oliveira et al. [57]

single and double channel
serpentine, mixed
multichannel serpentine
with wide and
narrow channels

• area: 2.25 cm2

• width: 375 or 750 µm
• depth: 300 µm

• double-channel serpentine flow
field showed the
best performance

• mixed multichannel serpentine
having narrow channels showed
the worst performance

Lu et al. [56]

serpentine with varying
number of paths, different
patterning, and rib lengths

• area: 31 × 31 mm
• width: 1 mm
• depth: 0.8 mm
• open ratio: 53.17

• pressure difference across the rib
(drives the under-rib mass
transport) is dependent on the
flow-path patterning in
channels, rib length, the amount
of paths

• flow field featuring four
paths + longest rib: largest
under-rib mass transport and
small total pressure drop

El-Zoheiry
et al. [55]

unique serpentine, four
parallel serpentine, four
inlet serpentine

• area: 2.3 × 2.3 cm
• width: 1 mm
• depth: 1 mm
• open ratio: 26.3, 52.8, 79.3

• unique and four inlet serpentine
show a homogeneous reacting
methanol mass fraction and a
homogeneous distributed
current density at the interface

Vasile
et al. [58]

Channel depth, width and rib width

single serpentine, parallel

• area: 4 × 4 cm
• width: 1, 2, 3 mm
• depth: 1, 2, 3 mm
• open ratio: 26.3, 52.8, 79.3

• single serpentine better than
parallel

• open ratio and channel length
effect pressure drop

• low methanol flow rate + large
open ratio: high power density
at high current densities

Yang
et al. [46]

serpentine, parallel

• area: 1 × 1 cm
• width: 500 or 580 µm
• depth: 100, 200, 300, 500,

1000 µm
• open ratio: 43 or 49

• an ideal channel depth exists for
the channel width and
open ratio

• deeper or shallower channels
will lead to a reduction in
cell performance

• µDMFC is insensitive to
cell orientations

Wong
et al. [48]
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Table 1. Cont.

Flow Field
Structures

Flow Field Parameters
(Width and Depth of Channel) Results Ref.

serpentine
• area: 9 cm2

• width: 0.7, 1, 1.5 mm
• depth: 1 mm

• channel/rib width optimal
with 2:1

Park
et al. [47]

Research on a flow field design for alkaline DEFCs is needed since the properties of an
alkaline DEFC differ in important aspects from a PEMFC, with this involving a gaseous
fuel, or DMFC, which mainly generates gaseous reaction products in the form of CO2
(two phase flow) [8,11–13,24,26,27,30–37,40–62]. Besides improving the flow field, external
components (e.g., pump, tank, and heating systems) are important factors for an increase
in performance, which should not be neglected [6,8,16,20].

The aim of this work was to design and evaluate a flow field with new and im-
proved structural parameters for the anode side of an alkaline DEFC. Data (experimental
and modeling/ simulation) from the literature for other fuel cell types (PEMFC [24,32],
DMFC [31,53,58], and acidic DEFC [23]) were used to develop the design, and simulations
of the new design were created. An evaluation of the improvement was made by comparing
it with the flow field already used in previous works [63–65]. The impact of the two different
flow field structures on the fluid distribution and the pressure drop was shown. In addition,
the orientation effect of the cell, the influence of preheating the fuel, and the influence
of the direction of the fuel flows to each other on cell performance was determined. The
optimization achieved great success since the developed flow field design for the alkaline
DEFCs clearly outperformed the previously used one in the low-temperature range.

2. Materials and Methods
2.1. Chemicals and Materials

The following materials and chemicals were utilized for the MEA production and the
single-cell tests: ethanol (EtOH, 99.9% p.a., Carl Roth (Karlsruhe, Germany)), 2-propanol
(Isopropanol, 99.9% p.a., Carl Roth (Karlsruhe, Germany)), potassium hydroxide (≥85%,
p.a., pellets, Carl Roth (Karlsruhe, Germany)), fumasep® FAA-3-50 (anion-exchange mem-
brane, non-reinforced, fuel cell store (USA)), fumion® FAA-3 solution (10 wt.% in NMP,
fuel cell store (USA)), commercial PtRu/C (HiSPEC 10000, Platinum, nominally 40%,
Ruthenium, nominally 20% on carbon black, Johnson Matthey (London, UK)), PdNiBi/C
catalyst [66], carbon cloth (ELAT—Hydrophilic Plain Cloth, 0.406 mm thick, fuel cell store,
(USA)), carbon paper (Sigracet 29 BC, 0.235 mm thick, fuel cell store (USA)).

2.2. Testrig and Fuel Cell

For the evaluation of the influence of the flow field on performance, an alkaline DEFC
test rig (Figure 1) was utilized. It comprises an oxygen gas handling system, an ethanol
solution heating system, and electronic devices. This experimental test station, therefore,
provides control over the cell operating temperature (+ for anode and cathode individually),
the ethanol fuel solution temperature, the flow rates for the anodic and cathodic side, and
the option to humidify the oxygen gas to the desired value. The feed line of the anodic fuel
flow consists of a unit for the inertisation of the ethanol solution with nitrogen (to avoid
the introduction of oxygen at the anode), a peristaltic pump that can deliver at flow rates
of between 0.03 and 45 mL min−1, and a heating unit consisting of a spiraled pipe coiled
with a heating cable (600 W) and insulation to reach temperatures up to more than 80 ◦C.
For temperature monitoring, thermocouples are installed at the inlet, outlet, and in the
center of the spiral. The KOH and ethanol mixture is pumped through this heating unit
and is thus heated to the desired temperature. The cathode mass flow can be regulated to a
maximum of 200 mL min−1 and monitored by a mass flow controller (MFC). The oxygen
can be used dry or humidified; for this purpose, a humidifier and a heating hose with
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temperature control and insulation (120 W, max. 200 ◦C) were installed in the setup. The
insulation prevents the cooling or condensation in both the anodic and cathodic mass flow
in the pipes.
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Figure 1. Schematic representation of the test rig.

The fuel cell consists of two stainless-steel endplates with channels for water heating,
two copper current collector plates (with a Teflon isolation layer between the endplate and
current collector plate), two graphite flow field plates, and the sealing and the membrane
electrode assembly. Different orientations of the fuel cell, shown in Figure 2 (vertical,
horizontal (anode up), horizontal (cathode up)), were tested.
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Figure 2. Schematic illustrations of the different orientations and directions of the two reactant flows
to each other: (a) vertical, (b) horizontal (cathode up), (c) horizontal (anode up) and counter-current,
and (d) co-current.

2.3. Flow Field

The flow fields are fabricated by milling the desired geometric structure in the bipolar
graphite plates. A thermocouple (1 mm below the flow field) was also incorporated into the
flow field plate to measure the temperature as accurately as possible. The flow field plates
used in this work for the anode and the cathode are shown in Figure 3, and the dimensions
are listed in Table 2.
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Table 2. Geometry of the flow fields.

Flow Field P
(Anode)

3 MP
(Anode)

4 MP
(Cathode)

dimensions [cm × cm] 2 × 2 2 × 2 2 × 2
channel width [mm] - 1.5 0.8
channel depth [mm] 2.4 2.4 0.8

rib width [mm] Ø: 3 0.8 0.95
open area [mm2] 350.9 283.3 210.6
rib area [mm2] 141.4 109.0 190.5
open ratio [%] 87.7 70.8 52.7

The flow field, which was already used in previous studies [64,65] and first described
by Grimmer et al. [63] for the anode of direct borohydride fuel cells, shows a pin (P)
structure. In this flow field (2 cm × 2 cm), five contact points (diameter: 3 mm) towards
the MEA are present. The channel depth is 2.4 mm, and the calculated open area is
350.9 mm2. The developed flow field with new and improved structural parameters (which
was designed on the basis of the literature data from PEMFCs [24,32], DMFCs [31,53,58],
and acidic DEFCs [23]) with the same overall size, as shown in Figure 3, has a three meander
parallel (3 MP) flow channel structure. The channel depth is the same, while the channel
width is 1.5 mm. The open area is 283.3 mm2 and is, therefore, smaller in comparison to the
pin structure. Additionally, the open ratio (ratio of the portion of MEA which is exposed to
fuel to total MEA size) was decreased from 87.7% to 70.8%. At the same time, the contact
points to the anode gas diffusion layer (GDL) are better connected and distributed over the
whole MEA area.

The structure of the cathode flow field (four meander parallel structure (4 MP)) shows
similarities to the new anodic flow field and has not been changed or varied since the
focus in this work is on the anode flow field and the homogeneous distribution of the
ethanol fuel.

2.4. Computational Fluid Dynamics Simulation

Computational fluid dynamics (CFD) simulation was applied to investigate both the
anodic flow fields and the flow behavior of the ethanol fuel and electrolyte mixture within
them. Both the P-type and the 3 MP-type anode flow field were modeled by means of
computer-aided design (CAD) and simulated using the same boundary conditions. The
following parameters and boundary conditions were set: the simulated flowing fuel and
electrolyte mixture consisted of 1 M KOH and 1 M EtOH, as in the experiments; thus,
5.4 wt.% KOH, 4.4 wt.% EtOH, and 90.2 wt.% H2O. The fuel rate was set to 5 mL min−1.
Due to the low fuel rate, a laminar flow behavior within the cell is assumed. The simulations
were performed at ambient pressure, temperature, and gravitational force. The obtained
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images are presented in this manuscript in the results section. All simulations were carried
out with the software tool ANSYS Fluent (Ansys, Inc., Canonsburg, PA, USA).

2.5. Single Cell Tests
2.5.1. Membrane Electrode Assembly Production

Membrane electrode assemblies (MEAs) were made from the fumasep® membrane,
the commercial PtRu/C catalyst (cathode), and the PdNiBi/C catalyst [66] (anode). The
membrane was first activated by placing it in 1 M KOH for 24 h and then rinsing it with
ultrapure water. The electrodes were fabricated as follows: the catalyst powder was
processed into an ink by dispersion in isopropanol and water (7:3), and the addition of
the ion-exchange ionomer, and sprayed onto the gas diffusion layers (carbon paper for the
cathode and carbon cloth for the anode) by means of an ultrasonic spraycoater (Sonotech
ExactaCoat OP3 from SonoTek Corporation, Milton, NY, USA). The production of the
electrodes with the spraycoater was selected, as the use of this device can ensure even
distribution and thus that all the electrodes produced are comparable. The electrodes
and the pre-treated membrane were assembled together and installed in the previously
described cell.

2.5.2. Polarization Measurements

All tests described were conducted with both flow fields by using an anode fuel
mixture of 1 M KOH and 1 M EtOH solution (5 mL min−1) and dry or humidified oxygen
gas (25 mL min−1) for the cathode mass flow. The different orientations (Figure 2) on
the fuel cell measurement were tested at RT (condition I). The effect of fuel preheating
was verified at 60 ◦C (condition II a and b). Additionally, the influence of the direction of
the two reactant flows on each other was tested at 80 ◦C (condition III). A Zahner IM6ex
potentiostat (Zahner-elektrik GmbH & Co., KG, Kronach-Gundelsdorf, Germany) was
used for the control of the potential (V) and the current (I) to record the I–V curves and to
calculate the power (P) for the P-I curves. The current was increased stepwise (starting
with small steps in the high potential region and getting larger for the ohmic region of the
polarization curve), and was held for 30 s to measure the corresponding cell voltage.

2.5.3. Electrochemical Impedance Spectra

The operating conditions for recording the electrochemical impedance spectra (EIS)
measurements were the same as described for conditions II a and b. To ensure a steady
state during each measurement, it was allowed to stabilize for 5 min. The recording was
performed between 50 kHz and 0.1 Hz at 118 mA with a 10% amplitude for the operating
point. ZView® software (Scribner Associates Inc., Southern Pines, NC, USA) was used for
evaluation and fitting. The equivalent circuit model used for the evaluation is shown in
Figure 4 (CPE = constant phase element).
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3. Results and Discussion
3.1. Computational Fluid Dynamics Simulation

The main task of the flow field in the fuel cell is to ensure a uniform fuel supply.
The nature of this structure also has an influence on the pressure drop and the under-
rib transport [11,12,25,26,30,41,43,45,53,60]. In order to develop a flow field design with
new structural parameters for the alkaline DEFC, simulation models and data from the
literature were used to obtain the most suitable structure. This was designed based on the
findings from these studies: [23,24,31,32,53,58]. The mixture of a parallel and serpentine
configuration to obtain the 3 MP-structure was chosen to combine the contrary benefits of
the two different types, which, for the serpentine, are, for example, a high rate of under-rib
convection due to the large pressure drop, and for the parallel form, a low-pressure drop.
By combining the two types, disadvantages, such as the misdistribution of reactants in the
central channels in the parallel or the reduction of reactant depletion along the channel in
the serpentine flow field, can be reduced [53].

The channel width and channel depth used in this study for the 3 MP-type were both
selected in a comparable range, according to Oliveira et al. [57], who also determined that
the mixed parallel and serpentine flow fields had a positive impact at a low methanol flow
rate, concentration, and temperature. In addition, the ratio between channel length and
the open ratio plays an important role, as determined by Deng et al. [11]. In the 3 MP-type,
the rib width in relation to the channel width was chosen to be a ratio of 2:1, which was
shown to be optimal by Park et al. [47]. Moreover, the performance (by using too narrow
channels) was also lower, as characterized by Lu et al. [56]. The mentioned features led
to the development of the 3 MP-type flow field shown in this study. As can be seen in
Figure 5b, a homogeneous flow distribution can clearly be achieved. However, the fastest
velocities occur in the channel bends because the channel width or volume has been kept
the same as in the individual channels. These areas cause products to be easily removed.
The velocity (in the parallel channels) of a set with respect to each other is not equal but is
highest in the last of the three, which can lead to an uneven distribution of the reactants. A
major advantage of this flow field type is that there are few stagnant areas in the corners of
the curves.

In comparison, the P-structure (Figure 5a) shows the clear disadvantage of very poor
reactant distribution since the flow is mainly from the inlet to the outlet, and therefore
the corners of the MEA perform poorly [53]. In addition, the pins, which are located in
the direct line between the inlet and outlet, cause zones where the flow nearly stagnates.
Considered in its entirety, the flow velocity in the flow field is also lower. These facts
lead to poorer transport of the educts, as well as the products. In the areas where there is
almost no flow velocity, the products and reactants can accumulate and contribute to poorer
cell performance.

This is also reflected in the pressure drop (Figure 5c,d), which is larger for the
3 MP-type, with 6.86 Pa, in comparison to the P-type, with 0.94 Pa. The channels and
bends in the 3 MP-type flow field increase the pressure drop [43]. Ouellette et al. [53]
determined that similar pressures prevail in the three parallel channels of a group, and,
as a result, there is minimal under-rib convection occurring among them. However, the
pressure difference between the adjacent channel bends increases convection under the rib,
and, therefore, this enables the reactants to cross more easily through the backing layer [53].

These findings are evident from the literature data. Ouellette et al. [53] achieved the
best performance by using a mixed serpentine flow field for the anode side of a DMFC
in comparison with bio-inspired flow fields. Vasile et al. [58] determined that this type
of flow field shows a homogeneous reacting methanol mass fraction and a homogeneous
distributed current density at the interface of the anode of a DMFC. El-Zoheiry et al. [55]
identified that the pressure difference along the rib, which drives the under-rib mass
transport, is dependent on the flow-path patterning in the channels, rib length, and the
number of paths for the anodic flow fields. Another important aspect of flow field design is
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the choice of channel width, channel depth, and open ratio. Wong et al. [48] presented the
case for an ideal channel depth that exists according to the channel width and open ratio.
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In addition, when optimizing the flow field on one side, the flow field on the other
should always be considered as well since both structures of the flow fields have an
influence on the contact and pressure on the MEA located in the middle [51–53,57,62].
For example, Gholami et al. [51] showed in their work (for the DMFC) that the direct
path between the anode and cathode (i.e., the zones where, on both sides, there are no
ribs present) has a remarkable influence on the crossover, and moreover, the uniform
distribution is important for adequate contact pressure. The distribution of the zones of
the direct path has an influence on the reactant’s accessibility to the reaction sites and also
on the surface contact of the reactants to the active sites. In addition, the allocation of the
contact surfaces of the ribs to the anode and cathode should be uniform to ensure better
pressure uniformity for the clamping force and lower contact resistance. Thus, a good
balance of the layout between direct paths and contact areas should be aimed for [51]. In
Figure 6a,b, the contact areas (yellow) and the paths (no color) between the anode (red) and
cathode (green) are shown for the P + 4 MP and the 3 MP + 4 MP combination.
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The P-type flow field on the anode, in combination with the 4 MP-type flow field on
the cathode, shows a relatively small contact area of 17.4 mm2. Moreover, the contact points
are not that evenly distributed and offer large areas for the possibility of ethanol crossover.
In contrast, the 3 MP-type flow field, in combination with the 4 MP-type flow field, has
a more uniform contact and pressure on the MEA, with a contact area of 57.7 mm2. This
improves the current conduction and minimizes the ethanol crossover [51].

3.2. Single Cell Tests
3.2.1. Influence of Orientation on Alkaline DEFC Performance

The influence of orientation was determined via single-cell measurements since dif-
ferent cases were found in the literature for the DMFC [34–36,44,46,59]. The results are
discussed in this section. For both flow fields, the power density (Figure 7) increased in
the following order: vertical < horizontal (cathode up) < horizontal (anode up). For the
P-type flow field and the 3 MP-type flow field, the following power density values could
be achieved: 3.78 < 4.94 < 6.14 W m−2 and 14.0 < 16.6 < 18.3 W m−2, respectively. Based
on these values, the 3 MP-type showed a power output threefold greater than that of the
P-type structure.
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The effect of orientation on performance is independent of the anodic flow field since
the same trend applies to them both. Thus, it can be concluded that it is not mainly the
flow field structure that is the influencing factor but the external forces. A force that should
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certainly not be disregarded is the gravitational force. Therefore, the following justifications
only apply to the here shown case of ambient pressure. However, the application of
pressure on the system would have involved more complexity and higher costs, which is
unattractive for a potentially portable technology; it was thus decided not to implement
this possibility.

The horizontal orientation with the anode facing upward showed the best performance
since gravity pushes the ethanol evenly down onto the carbon cloth and, thus, to the active
sites. This also has a further advantage for water transport through the membrane due
to the pressure from the gravitational force. This orientation also has a positive effect on
the flooding of the cathode because, when there is too much water, this water remains on
the bottom of the flow channel and the oxygen can flow over it to the active sites of the
cathode. In the arrangement where the anode is oriented downwards, the conditions are
exactly the opposite: if the cathode is flooded, the water would block the accessibility of the
oxygen. In addition, the pressure of the ethanol on the MEA and, thus, on the catalyst is not
comparable and inferior performance is the result. In the vertical arrangement tested here,
the liquid is introduced from the bottom and the gas from the top; Kim et al. [13] reported
that water cannot be removed adequately if the gas is introduced from the bottom because
it accumulates and causes local flooding. The disadvantage of the vertical arrangement is,
again, just as for the horizontal form with the anode facing downwards, the supply of the
ethanol to the catalytic active sites of the catalyst. Since the ethanol oxidation reaction is
the more inhibited reaction in this cell, the performance depends on the anode side and,
thus, on optimal feeding. This is provided in the horizontal arrangement, with the anode
facing up due to gravitational force as demonstrated.

The behavior is different from the literature data for the DMFC, where the vertical
orientation was preferred [33,59]. This is due to the fact that, in the DMFC, CO2 is formed
as the main product, which is formed only to a minor extent, depending on the activity
and C-C bond cleavage possibility of the catalyst in the DEFC. Yang et al. [59] and also
Yuan et al. [33] showed that the produced CO2 within the flow field affects performance
due to buoyancy forces when using different orientations. In contrast, Wong et al. [48]
demonstrated that, for very narrow channels, like in the µDMFC, the orientation has
no effect on performance because the capillary force becomes more influential than the
buoyancy force. All of these observations (narrow channels, gas behavior) are, as mentioned
before, not consistent with the factors in the DEFC at the moment because the formation of
CO2 is inhibited [1,6,16]. However, the pattern of measured data and obtained values for
the alkaline DEFC fit within a reasonable range compared to the literature values for the
DMFC. Yang et al. [59] showed that the different orientations affect cell performance by
approximately 2–5 mW cm−2 using 1 M methanol solution (1 mL min−1) at 60 ◦C.

3.2.2. Effect of the Fuel Temperature on Performance

Performance generally improves with increasing temperature, mainly due to the
electrode kinetics, mass transfer properties, and the membrane conductivity being thermally
activated [15]. In this section, the effect of fuel preheating on performance is investigated
since both cases were found in the literature for the DMFC [4,36,44–46,50,58,59]. This
influence should not be disregarded since preheating the fuel is associated with higher
costs (equipment and energy) and also greater system space consumption. Therefore,
polarization curves were performed without using preheated fuel (RT) and with preheated
fuel (60 ◦C), which can be seen in Figure 8. In our case, the preheating of the fuel cell
mixture has nearly no effect on the power output of the cell. This can be explained by
the fact that the cell itself was heated; thus, there was only a minimal difference in the
measured temperature directly below the flow field (independent of the type of flow field).
In the non-preheated fuel test, 60 ◦C was measured on the cathode side and 57 ◦C on the
anode side; in the preheated fuel test, 60 ◦C was measured for both sides. This results
in a minimal difference of 3 ◦C. Due to the low pump speed of the ethanol mixture (of
5 mL min−1), it has enough time to warm up within the flow field, and, therefore, no
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performance difference is noticeable. Furthermore, the polarization curve itself shows no
difference in any region whatsoever.
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Figure 8. Effect of fuel preheating (a) on cell performance (polarization (hollow symbols) and
power density (filled symbols) curves) for measurement condition II for the 3 MP (blue and cyan) in
comparison with the P (black) flow field structure, and (b) a comparison of the resistances (Rion,a and
Rel are multiplied by a factor of 10 for better visibility) determined by electrochemical impedance
spectra measurements for the 3 MP-type flow field, (c) fitted spectrum (red line) of the data (cyan
circles) for the 60 ◦C 3 MP-type measurement (Nyquist Plot), (d) fitted spectrum (orange line) of the
data (blue circles) for the 60 ◦C + fuel preheating 3 MP-type measurement (ZHIT Algorithm is used).

However, preheating the fuel results in a positive effect on cell resistance, as shown
in Figure 8b–d, with EIS measurements. Comparing the two EIS measurements of the
3 MP-type flow field, with and without preheating, it can be determined that the electrolyte
resistance, Rel, decreased with the preheating of the anodic fuel as it consists of both KOH
and EtOH. The charge transfer resistance at the anode side, Rct,a, is nearly the same for
both measurements as there is no major influence on the reaction kinetics due to the small
temperature change, as shown before. The ionomer resistance in the anodic catalyst layer,
Rion,a, gets lower with the preheated fuel. The overall resistance, Rges, of the cell at 60 ◦C
with and without preheating the ethanol and electrolyte solution is slightly lower with
preheating due to lower electrolyte resistance, Rel, and the lower resistance of the ionomer
in the anodic catalyst layer, Rion,a. Therefore, the influence of preheating should definitely
not be ignored for larger applications. In the low-frequency region of both impedance
spectra, a little kink can be observed. Studies on the impedance spectroscopy of direct
ethanol fuel cells [67] show that one reason for these beginning inductive loops in the
low-frequency region is the formation and adsorption of intermediate products on the
catalyst surface.

When comparing the power density yields of the two flow fields with each other
(Figure 8a), it is, again, clearly evident that higher power density values (52.1 W m−2 vs.
29.6 W m−2, i.e., almost twice as large) could be achieved with the 3 MP-type flow field in
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comparison to the P-type structure. As already explained in the previous section, this is
due to the design of the flow field.

3.2.3. Influence of Co-Current vs. Counter-Current

The polarization curves for the evaluation of the influence of the direction of the two
reactant flows (to each other) for both flow fields are shown in Figure 9. Two different
configurations (Figure 2c,d) were tested: co-current (anode and cathode flow are in the
same direction) and counter-current (both flows enter from opposite sides of the fuel cell).
The counter-current has a positive effect on the performance of both of the anodic flow
fields tested. For the P-structure type, 48.9 W m−2 was measured by using the counter-
current condition and 33.1 W m−2 in the co-current form (Figure 9a), whereas, for the
3 MP-type, 52.8 W m−2 and 24.9 W m−2 were determined (Figure 9b), respectively. This
increase in performance can be explained by the counter-current flow principle (gradient
between the flows), the prevention of the accumulation of products in the flow channels,
and the simultaneous modification of the concentrations of the two fuels [13,44]. Similar
to the measurements at a lower temperature, the 3 MP-type flow field achieved larger
maximum power density values than the P-type flow field when comparing the counter-
current measurements. However, the difference between the two flow fields is not as
significant since, at higher temperatures, the reaction kinetics and the conductivity of the
cell improved, and therefore the limiting factors of the flow field are diminished. In contrast
to the counter-current measurement, by using the co-current direction for both flow fields,
the P-type reached higher maximum power density values than the 3 MP-type. This is
due to the fact that the possible accumulation of the products in the channels through the
co-current [44] is less pronounced in the P-type than in the 3 MP-type since there are no real
channels in this flow field. Another important aspect is that the concentration of ethanol
and oxygen on both sides simultaneously decreased along the flow path, and with this,
therefore, so did the electrochemical reactions. This led to insufficient use of the MEA [13].
This phenomenon is again more pronounced with the 3 MP-type due to the channels. In
the P-type, intermixing can occur due to the wide area, resulting in a less pronounced
gradient. By comparing the different flow configurations for both flow field types, it can be
observed that in the low current density region (>50 A m−2) there is no difference between
the counter and co-current. In the ohmic region of the polarization curve, the negative
effect of the co-current configuration can be seen.
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Figure 9. Polarization (hollow symbols) and power density (filled symbols) curves for measurement
condition III; the evaluation of the influence of the direction the two reactant flows with respect to
each other for (a) the P-type (black) and (b) the 3 MP (blue) flow field structure.

4. Conclusions

In this study, a flow field with new and improved structural parameters for the anode
side of an alkaline DEFC was designed and evaluated. The modeling and simulation
data, as well as the polarization measurements, showed that the new design combines
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the important parameters for the even flow distribution and an optimized supply of the
reactants. This shows better performance than that of the previously used model, with
a maximum power density of 18.3 W m−2 at RT. The investigation into the influence
of temperature on performance showed that the higher the temperature in the cell, the
lower the influence of the flow field structure on performance. Furthermore, it could be
determined that the horizontal orientation (with anode up) of the cell exerts a positive
effect on performance, in contrast to the DMFC, where vertical orientation is preferred.
Preheating the fuel mixture has almost no effect on performance since the mixture is already
heated by the temperature control in the cell and the low flow rate, but it does have a
positive effect on cell resistance. If the two reactants are fed from the opposite sides of the
flow fields, the power generated (counter-current flow principle) doubles compared to the
co-current flow (52.8 W m−2 vs. 24.9 W m−2).
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