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HIGHLIGHTS

o Study of a fuel cell using different pin-type flow field plate designs is carried out.

e Pin-type flow field experiences lower pressure drops than serpentine flow field.

o Current and temperature distribution maps are recorded under several operating conditions.

e Increasing coverage factor and decreasing channel width lead to more homogeneous current distribution.

ARTICLE INFO ABSTRACT

Keywords: The flow field plate (FFP) design is a key factor for enhancing the electrochemical performance of Polymer
Polymer electrolyte fuel cell Electrolyte Fuel Cells (PEFCs) through optimal reactants’ distribution, low-pressure drops, and efficient water
Hydrogen

removal. The effect of geometrical features of the pin-type FFP design on the electrochemical performance of a
48 cm? Hy-fed Fuel Cell (FC) was assessed through polarization curves recording and current and temperature
distribution maps along the electrode active area. The study was performed by changing excess air stoichiometry
and cathode relative humidity (RH). Low-pressure drops were measured using pin-type FFPs; regardless of
geometrical features, they were one order of magnitude lower than those of a single-channel serpentine FFP.
Channel width and number of pins greatly influenced the current distribution along the active area and,
consequently, the electrochemical performance of FCs. In particular, the best electrochemical performance was
reached at air stoichiometry 4 and cathode RH = 100 % by using FFP with the highest coverage factor (65 %) and
the lowest channel width (1 mm). Current distribution maps demonstrated that this FFP geometry led to an
almost homogeneous current distribution and efficient water removal also at high current density values. On the
contrary, low coverage factor (45 %) and high channel width led to worse electrochemical performances due to
an uneven reactants distribution and an inefficient water removal, causing cell flooding.

Pin-type flow field
Current distribution
Flow field plate design

1. Introduction low temperatures, i.e. 70-80 °C, exploiting hydrogen oxidation and ox-
ygen reduction at the anode and the cathode, respectively, using a

Hydrogen-based technologies will be crucial to achieving decar- polymeric membrane as a solid electrolyte to allow the movement of

bonization goals worldwide since they play an important role in
decarbonizing hard-to-abate sectors such as heavy-duty transport and
industries (e.g. aviation and maritime) [1-3].

In this context, hydrogen-fed fuel cells (FCs) are among the clean
energy technologies used to reach a sustainable energy future. FCs are
electrochemical devices that convert reactants’ chemical energy into
electrical energy with high efficiency and with only one by-product, i.e.
water. In particular, Polymer Electrolyte Fuel Cells (PEFCs) operate at
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protons, H, inside the cell [4,5]. A single module FC is composed of
different parts: Flow Field Plate (FFP), Gas Diffusion Layer (GDL),
Catalyst Layer (CL), and Proton Exchange Membrane (PEM). GDLs, CLs,
and the PEM compose the Membrane Electrode Assembly (MEA), the
core of an FC, where the reactions and ionic movement occur. Anyway,
among the critical components determining the performance of an
Hy-fed FC, the FFP design plays a key role. Several aspects of a proper
working operation of FCs are related to the FFP design: i) uniform
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distribution of hydrogen and oxidant along all the active area through
the GDL, possibly with small pressure drop, ii) removal of produced
water to prevent cell flooding, iii) providing electronic conductivity to
conduct electrons toward the external circuit [6,7]. FFPs are typically
made in graphite even if in the last decade metal-based FFPs (e.g.
stainless steel, titanium) are going to be used due to several properties,
such as high thermal and electrical conductivity, high mechanical
strength, low gas permeability, and the possibility of making them
through additive manufacturing processes, especially for FC-based,
electrical, vehicle applications [7-9].

FFP geometrical design is even more crucial in improving the elec-
trochemical performance of an FC. This is particularly true since the
main goal of a FFP design is an optimal and homogeneous internal
distribution of current and temperature. It has been proved that het-
erogeneity in current and temperature distribution leads to lower fuel
cell durability, due to non-uniform materials degradation, considering
both catalyst degradation and carbon corrosion processes [10-12].
Heterogeneous current distribution along the active area can lead to
uneven water production with consequent possible temperature hot-
spots (leading to membrane drying) or coldspots (leading to local
condensation phenomena) reducing electrochemical performance and
shortening the lifetime of the PEFC. These possible degradation phe-
nomena are more severe in larger cells, since larger gradients in working
conditions can be developed, hindering the scaling-up process.

Typical FFP designs used in PEFC include parallel channels,
serpentine, interdigitated and pin-type designs. In a parallel channels
FFP, reactants entering the cell through the inlet gas manifold can flow
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along multiple parallel paths, exiting through the outlet gas manifold.
This design is useful to decrease the hydraulic resistance, reducing
pressure drops that are needed to maintain a constant gaseous flow rate
[13,14]. Although compression costs are reduced, low-pressure drops
can also cause a not proper removal of produced water, especially close
to the outlet region, blocking channels and causing a heterogeneous
distribution of reactants along the active area [9]. The most used FFP
design is the serpentine one, which can be single or multiple depending
on the number of channels connecting the inlet and outlet sections.
Single serpentine design is more appropriate for small active areas,
while multiple one is more effective in distributing reactants along
larger active areas with a reduction of pressure drops [8]. Although
higher pressure drops, i.e. high compression costs, and possible bypass
or short circuit of reactants, water removal operation is easier con-
cerning other FFP designs [7]. The interdigitated FFP design is based on
a discontinuous path from the inlet to the outlet section with dead-end
channels [15]. This design should force gas reactants through the GDL
coupled with efficient water removal. It is generally accepted that
electrochemical performances with interdigitated FFP designs are better
than those wusing parallel channels but worse than using a
serpentine-based FFP [16]. Therefore, polarization curves study
approach is not sufficient for designing FFPs for superior performance
requiring a comprehensive evaluation that takes into account also how
pressure drop and mass transfer are coupled with electrochemical per-
formance. It is noteworthy to mention that applying the principle of field
synergy based on improved mass transfer theory can be useful for
designing superior performance FFPs [17,18].
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Fig. 1. a) Diagram of the pin-type FFP with an indication of the parameters used for the analytical definition of the geometry and exploded view of a single cell
employing pin-type FFPs. Pin-type FFPs with b) 65 % (FF01), ¢) 55 % (FF09), and d) 45 % (FF15) coverage factor (). CI: cathode inlet, Al: anode inlet, CO: cathode
outlet, AO: anode outlet.
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Among alternative FFP designs, e.g. fractal [19], multi-parallel,
bio-inspired [20], radial, tubular [8], pin-type geometry is one of the
most studied and used in PEFC applications. This geometry is made by
two orthogonal sets of parallel channels created by a domain of square
pillars (see below Fig. 1), that allow two-directional reactant flows [9].
The main advantage of this geometry is related to the low-pressure
drops, which can be crucial for high-power applications, such as
heavy-duty transport. However, gases follow the lowest hydraulic
resistance path, usually along the diagonal of the electrode [21], leading
to uneven distribution of reactants with stagnant areas and possible
water accumulation [9], since many different routes can be followed by
the gaseous streams from the inlet to the outlet. Indeed, these issues can
lead to low cell efficiency, with lower power density values with respect
to those recorded for typical serpentine-based FFP design considering
the same flow regimes [22]. Recently, Dang and Zhou studied different
types of pin shapes, assessing through Computational Fluid Dynamics
(CFD) simulations that diamond-like pins are effective in removing
water with low-pressure drops, square-like pins experiment with highest
pressure drops removing water very quickly and circle-like pins suffer
water accumulation [23]. Other authors designed modified pin-type
FFPs to solve the possible flooding issues [24], as using channels with
a continuous varying width [21,25]. Despite there are not many
experimental studies in literature using pin-type FFP in Hy-fed FCs, it is
evident that optimizing FFP geometry can increase electrochemical
performances, keeping in mind that, for high-power applications,
maintaining low-pressure drops is crucial to lower compression costs.

Here, for the first time, we studied the influence of pin-type
geometrical features of an FFP on the electrochemical performance of
an Hj-fed PEFC as a function of several operating parameters, such as
cathode relative humidity and air stoichiometry. 9 different pin-type
FFP designs were tested. Conventional electrochemical characteriza-
tion through polarization curve recording was then rationalized by
current distribution maps, showing how FFP geometry, coupled with the
operating conditions, can lead to homogeneous or heterogeneous re-
actants’ distribution and easy/difficult water removal, influencing FC
performance. This study provides new insights about pin-type FFP
usage, allowing a proper validation of CFD models guiding fuel cell
system scale-up for high-power applications.

2. Experimental
2.1. Pin-type bipolar plate design

A pin-type FFP is made by a series of cubical (or cylindrical) pins;
ordered in a regular pattern, as shown in Fig. 1a). Therefore, reactants
flow through a series and parallel network experiencing a low-pressure
drop path. This can lead to an inhomogeneous distribution of reactants
and inefficient produced water removal, especially close to the air outlet
section.

Geometry is based on a square-shaped active area centered in a
square plate of dimensions Lyjate X Hplate- The offset between the active
area and plate dimensions forms a flat surface used for the gasket. The
chosen shape of the plate is needed to fit the geometrical requirements of
the segmented cell device which has Ayga of 48 cm? with Lypa = Hvra
= 69 mm and Lpjae = Hplate = 90 mm.

The pin is a square pillar providing mechanical support for the MEA,
heat, and electrical current conduction. A certain number of pins, Npi,,
define the geometry of the FFP, i.e. the channels through reactants and
products flow during FC operation. As Fig. 1a) shows, a pin is charac-
terized by the length Ly;p.

The selection of geometries to be adopted and studied was based on
the coverage factor, y, defined as the ratio between the “open” area
occupied by the channels, Ag.e, and the total active area referred to the
MEA, Apga. As reported in the literature [7,26], an optimal value for
Afree parameter is around 50 % of Ayga, corresponding to a good balance
between the area directly exposed to the gas and the area available for
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the electrical conduction of the bipolar plate. Therefore, in this study, x
=45 %, 55 %, and 65 % (which are directly related to Agee) have been
examined.

Once Ly and Hypa have been fixed, they are related as follows:

Lyga = Hyga @

Apa = Lyea X Hyea 2)

In addition, the geometrical characteristics of the pin-type FFP can
be completely defined by using the two more independent parameters
Lch, the channel width, and Ny, which is imposed as the same in vertical
and horizontal directions.

By combining Ly and Npin with Lyea and Hyga, it is possible to
define the dependent geometric parameters, in particular: the size of the
pin (Lyin), as stated assumed as a square, the open area (Agre), and the
coverage factor (¥ = Afree/Amea). Then,

Lpin = (LMEA - (Npin + 1) X Lch) /Npin (3)
Agree = (Luza X Hyza) = (Lpin % Npin)® )
Afree

= = [(LMEA X Hyza)
- (Lpin X Npin)z} /(LMEA X HMEA) =1- ((Lpin X Npin)2 /AMEA) 5)

At this stage the problem is analytically defined; indeed, Apga, Leh,
and N, are arbitrarily chosen, and Lyea, Huea, Lpin, Afree, and  are
calculated by equations (1)-(5). In summary, there are 8 parameters, 3
are independent, and 5 are calculated from 5 equations.

An Excel spreadsheet has been used to obtain different FFP geome-
tries, by changing channel width, L¢; from 1 to 3 mm with a step of 0.1
mm, Npi, from 1 to 31 with a step of 1, and maintaining constant Lyga =
Hpea = 69 mm. The procedure generated a table, containing all the
values of the found coverage factors, which correspond to a complete set
of geometrical parameters of an FFP. In other words, a set of FFPs has
been obtained. From the FFP designs’ set (see Fig. S1), 18 FFP geome-
tries have been selected, 6 for each coverage factor. (45 %, 55 %, 65 %).

Subsequently, the executive design and manufacturing by graphite
milling machining were carried out. It was preferred to accept a small
variation in the coverage ratio and impose finite channel widths,
following the dimensions of the tool cutters available on the market, to
avoid production difficulties.

The tool with a diameter equal to that of the channel passes in the x
and y direction generating the pins as a consequence of the machining
and the channels of the desired width. This study referred to a geometry
that is as simple and easy to implement as possible.

In addition, numerous geometries were obtained that are very
similar to each other in terms of coverage factor (y) but different from
the point of view of the fluid dynamic behavior. but different from the
point of view of the fluid dynamic behavior.

The selected FFPs are expected to produce important changes in fluid
dynamics (pressure drop, velocity) and electrochemical behavior (cur-
rent distribution, temperature). All the characteristics of the FFPs are
reported in Table 1.

3 FFP schemes, with three different y values, are shown in Fig. 1b),
c), and 1d) whilst all the investigated FFP schemes are reported in
Fig. S2.

Fig. S3 shows, as an example, one of the 18 graphite plates with
defined FFP geometry. They were manufactured by CNC milling and
made of composite graphite. The plates were 2 mm thick.

2.2. Pressure drop measurements

Pressure drop measurements were carried out using a gas flow meter,
two pressure transmitters, and a cell assembled ad hoc for this purpose.
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Table 1
Characteristics of all the investigated pin-type FFPs.

X X Npin ~ Len Lpin Lpin/ Len/

(target) (calculated) [mm] [mm] Lvea Lpin

[-1 [-]
FFO1 65 64.69 27 1 1.52 0.022 0.658
FF02 65 64.69 19 1.4 2.16 0.031 0.648
FF03 65 66.06 15 1.8 2.68 0.039 0.672
FF04 65 65.72 12 2.2 3.37 0.049 0.653
FFO5 65 65.72 10 2.6 4.04 0.059 0.644
FF06 65 62.95 8 3 5.25 0.076 0.571
FF07 55 55.56 22 1 2.09 0.030 0.478
FF08 55 54.39 15 1.4 3.11 0.045 0.450
FF09 55 56.33 12 1.8 3.8 0.055 0.474
FF10 55 53.60 9 2.2 5.22 0.076 0.421
FF11 55 56.33 8 2.6 5.7 0.083 0.456
FF12 55 57.47 7 3 6.43 0.093 0.467
FF13 45 45.37 17 1 3 0.043 0.333
FF14 45 45.80 12 1.4 4.23 0.061 0.331
FF15 45 45.37 9 1.8 5.67 0.082 0.317
FF16 45 44.51 7 2.2 7.34 0.106 0.300
FF17 45 45.80 6 2.6 8.47 0.123 0.307
FF18 45 45.37 5 3 10.2 0.148 0.294

No current collectors and electric insulators have been used since no
electric current flows in the cell during these tests. The cell has a layered
assembly, consisting of two clamping plates, a graphite plate with a
defined FFP geometry, a silicone sheet to close the cell, and PTFE gas-
kets. A pressure transmitter was placed at the beginning and the end of
the hydraulic line, to measure the inlet and outlet gas pressure. The two
transmitters are part of the Wika© CPH6300 portable pressure tester
pack, which includes a control unit, wiring, and pressure transmitters
with different sensitivity; in this case, a 600 mbar transmitter was used.
These transmitters have a measurement accuracy of 0.1-0.2 % full-scale.

Tests have been carried out by feeding N2 to the cell through a
Bronckhorst© gas flow meter and controller. The same FFP type has
been used at the anode and cathode. The gas flow rate varied between
0 and 2.5 normal liters per minute (NLPM), with a 0.1 NLPM step, and
kept at the same value for an average of 20 s to give the system enough
time to settle at a constant pressure drop value. By combining the in-
formation logged in the control unit and the gas flow meter, pressure
drops vs gas flow curves have been obtained (see below). These tests
were also carried out using a single serpentine FFP (see Fig. S4) to have a
comparison with a typically used FFP geometry.

2.3. Experimental setup and electrochemical tests

A single cell with an active area of 48 cm? was used for this study. A
commercial MEA was used, provided by IRDO© with the following
characteristics: PFSA — 850 EW 20 pm thick membrane, 60 wt% Pt/C
and 50 wt% Pt/C respectively at cathode and anode. The Pt loading was
0.1 mg/cm? and 0.4 mg/cm? at the anode and cathode, respectively.
GDLs were 235 pm thick. The same graphite plates with pin-type FFPs
were used for both anodic and cathodic compartments. The cell was then
composed of PTFE gaskets, current collectors, and clamping plates.

Greenlight© G60 test station was used for all the electrochemical
tests; enabling flow rates and all the operating conditions control. For
each measurable quantity in the process (except for the mass flows
whose control is integrated into the mass flow meter) it is possible to
perform a control via software. The Emerald© software in dotation to
the test station has a section that allows the user to define controllers for
the desired variable.

Polarization curves were collected at 70 °C feeding H as fuel and air
as oxidant with no backpressure. Anode stoichiometry was set at 1.5 and
RH was set at 50 % for all the electrochemical measurements. 4 different
cathode operating conditions were chosen, resulting in 4 polarization
curves for each of the tested FFPs: stoichiometry: 2 and 4, RH: 50 % and
100 %.
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Before collecting polarization curves, MEA activation was carried
out. The activation procedure consisted of a series of consecutive voltage
steps, at 0.8 V and 0.3 V, 10 s and 60 s long, respectively. Once the
current reached a constant value (a variation of about 0.1 A s’l) acti-
vation was completed. Polarization curves were recorded in galvano-
static mode, starting with the Open Circuit Voltage (OCV) condition and
with a current step of 5 A (10 s long) until the cell voltage reaches 0.3 V
or a lower cell’s voltage value. Every point of the polarization curve was
the result of three measurements; so that a more accurate polarization
curve can be obtained as an average of three consecutive polarization
curves.

2.4. Current and temperature mapping collection

Fig. S5 shows the mapping device, a segmented cell “Current Scan
50” fabricated by S++ (S++ Simulation Service, Germany). It was used
to collect the cell’s electrical and thermal distribution maps under
different operating conditions. The segmented cell is divided into 256
squares of 18.6 mm? with dots in their center; these dots are the current
and temperature sensors. In particular, the cell has 256 (16x16) current
sensors and 16 (8x8) temperature sensors with a 48 cm? active area. This
sensor plate was placed between the graphite plate and the current
collector at the cathode, where the oxygen reduction reaction (ORR)
occurs. Current and temperature data were collected through Current-
VIEW V5.6.0 software by S++ Simulation Services. This software allows
the user to continuously measure current density and temperature dis-
tributions, with the selected measurement period of the scan, and to plot
them in 3D plots (X, Y, Current/Temperature). The segmented cell is
connected through USB ports to the computer where the associated
software is installed. The cell was kept at a constant temperature using
flat resistors glued to the surface of the clamping plates and two cooling
fans (one for each clamping plate), controlled by two thermocouples
inserted into anodic and cathodic clamping plates (see Fig. S5 where the
complete experimental setup is shown).

3. Results and discussion
3.1. Pressure drop measurements

Results of pressure drop measurements, as a function of gas flow
rates and coverage factor, are shown in Fig. 2, for all the investigated
pin-type FFPs.

The highest measured AP value is about 30 mbar for 2500 mL min—
as flow rate; regardless of coverage factor, i.e. channel’s width and
number and dimensions of pins. It can be noticed that in each case the
highest AP value was measured, in every case, with the FFP with the
lowest channel width (i.e. FFO1, FF07, and FF13 flow fields). Increasing
channel width led to lower measured pressure drops that were very close
to each other by changing channel width between 1.4 and 3 mm. In
particular, for a y = 65 %, changing channel width did not have a visible
effect on the measured pressure drops (see Fig. 2a) while for a y = 45 %
increasing channel width led to slightly lower pressure drops (see
Fig. 2¢). Anyway, it can be assessed that pin-type FFPs almost offer the
same hydraulic resistance to the gas flows when the coverage factor, and
thus the number of pins, increases. Pressure drops were measured in the
same operating conditions, also for a single serpentine FFP (see Fig. 2d).
As expected, also based on the existing literature [24,27], we measured
higher pressure drops in the case of the serpentine FFP with respect to
pin-type one. Considering FF01 as a representative geometry of pin-type
FFPs, at the highest gas flow rate fed into the cell, there is a difference of
about one order of magnitude in the pressure drops, resulting in a much
higher hydraulic resistance for the single serpentine. In fact, in a
serpentine FFP, the feed (and eventually also products) is forced to go
along the entire channel length, whilst in pin-type FFPs the gas flows
through the flow channels sequence with the lowest hydraulic resistance
[25]. Moreover, if the number of pins increases and, consequently,

1
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Fig. 2. Pressure drops vs. gas flow rate curves for pin-type FFPs with a) 65 %, b) 55 %, and c) 45 % coverage factor and L, ranging between 1 mm and 3 mm (see
Table 1). d) Comparison of pressure drop vs. gas flow rate curves, measured for FFO1 pin-type FFP, and single serpentine FFP.

channel width and pins dimension decrease, the sequence of consecutive
pins approach a “wall”-like behavior, thus guiding the reactants through
only one direction, reducing the possible flow pathways. This behavior
is less accentuated at lower coverage factors since the flow channels are
wider and the pins are bigger so that the gas flow has more options in
terms of hydraulic pathways.

Once the entire sets of geometries had been hydraulically tested, the
most representative pin-type FFPs were electrochemically tested in a
single-module fuel cell. Since most of the geometries showed very
similar hydraulic performance, it was decided to test three FFPs for each
coverage factor value. Particularly, we chose the ones with the highest,
intermediate, and lowest channel width value, respectively, for each
coverage factor value: FF01, FF03, and FF06 with y = 65 %, FF07, FF09,
FF12 with y = 55 %, FF13, FF15, FF18 with y = 45 % (see Fig. S2).

3.2. Electrochemical performances

The effect of pin-type FFPs, and their geometries, on the electro-
chemical performance of hydrogen-fed FCs was evaluated by recording
polarization curves at 70 °C in different operating conditions, i.e. by
varying excess air stoichiometry (2 and 4) and cathode RH (50 % and
100 %) and keeping constant anode operating conditions (stoichiom-
etry: 1.5 and RH: 50 %). Interestingly, the results of polarization curves
were then rationalized by having a look at the current and temperature
distribution along the cathode FFP, which was recorded simultaneously
with the recording of polarization curves (see Section 3.3).

Before describing the effect of single geometry of pin-type FFP on the

electrochemical performance, we report in Fig. 3 the polarization curves
related to FFO3 (y = 65 % and L, = 1.8 mm) and to FF15 (y = 45 % and
Lch = 1.8 mm) FFPs, therefore highlighting the effect of ¥ on electro-
chemical performances keeping constant L., value. Results shown for
FF03 FFP allows us to discuss the general trend in electrochemical
performance as a function of the operating conditions previously
described.

In the low current density range, the operating conditions have not
influenced the activation region; i.e. on the ORR kinetics. This is anyway
due to the lack of a proper and precise mass flow rate control of the
experimental equipment in this current range, therefore the air excess
concerning the stoichiometric amount is higher in this current region
with respect to the other ones, leading to a constant activation voltage
loss. The highest effect of operating conditions on the electrochemical
performance can be observed by looking at the ohmic region of polari-
zation curves, starting at ~ 0.2 A cm™2. As it is possible to note, the
slope of the ohmic region increases by decreasing air stoichiometry and
RH, leading to higher ohmic losses. Although, the influence of air stoi-
chiometry seems to be higher than that related to RH value. Ohmic
losses are related to electronic and ionic resistance, being the latter the
higher contribution of overall ohmic losses due to the membrane re-
sistivity that can highly vary with FC operating conditions [28]. In
particular, membrane hydration is crucial to have high ionic conduc-
tivity, thus a proper water amount inside the cell is required to maintain
the PEM hydrated enhancing cell performance. A higher air stoichiom-
etry leads to a higher water generation due to enhanced ORR kinetics,
therefore membrane will be more hydrated. The same effect is caused by



A. Zaffora et al.

a)
1 [ 0.4
o3 4035
08 |
103 —
o
07 F E
z 1025
< 06 | z
<
=05 f 402 ‘?
> g
=] L =
2 04 1015 =
Qo 9]
03 1 -2 stoich. 100% RH \ 2
2 stoich. (] 101 -
02 + -4 stoich. 100% RH
» 2 stoich. 50% RH 10,05
’ 4 stoich. 50% RH
0 1 1 1 1 i 0
0 0.2 0.4 0.6 0.8 1 12

Current density [A cm?]

Journal of Power Sources 616 (2024) 235129

b)
1 ’ 025
09
08 | “a /\-\ > o
07 | \ \ i
_ ~ g
2 06 | \- 10158
@ -
g 05t / 8
= — £
D
Z 04 | / 101 ®
] : b
©ost : A \ 3
-#2 stoich. 100% RH -
02 f 44 stoich. 100% RH 1{ 00s
i 2 stoich. 50% RH
’ 4 stoich. 50% RH
0 1 1 1 1 1 1 O
0 01 02 03 04 05 06 07

Current density [A em?)

Fig. 3. Voltage vs current density curves recorded at 70 °C in different operating conditions: excess air stoichiometry: 2 and 4 and cathode RH: 50 % and 100 %.

Anode stoichiometry: 1.5, RH: 50 %, related to a) FFO3 and b) FF15 FFs.

a higher RH since a higher water content in the gas streams ensures good
humidification, keeping a higher membrane hydration degree [29,30].
At high current density values, the heat generated because of the re-
actions inside the cell can lead to membrane drying, decreasing the
overall cell performance. A higher RH value can compensate for the
tendency of the water evaporation due to the temperature increase,
keeping an optimal membrane humidification. Moreover, higher air
stoichiometry leads to higher limiting current density values, increasing
overall cell performance at high current density. This is why the best
performances were reached with the highest tested air stoichiometry (i.
e. 4) and the highest tested RH value (100 %) whilst the worst perfor-
mances were assessed with air stoichiometry 2 and RH = 50 %. The
highest power density was recorded with the cell using FFO1 (y = 65 %
and Lo, = 1 mm), i.e. 520 mW cm~2 (see Fig. 4), reaching 1.4 A em 2 at
0.48 V. This behavior was assessed almost for all the tested FFPs, except
for those FFPs with bad water management that is directly related to the
geometrical features of FFP itself. For instance, in Fig. 3b) we reported
polarization curves recorded using FF15 (y = 45 % and L, = 1.8 mm)

1 0.6
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=
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Fig. 4. Voltage vs current density curves recorded at 70 °C with air stoichi-
ometry: 4 and cathode RH: 100 %. Anode stoichiometry: 1.5, RH: 50 %, related
to FF01, FF03 and FF06 FFs (y = 65 %).

with the same operating conditions. Worse cell performances are
assessed with respect to the cell with FF03, i.e. FFP with the same L.y
and higher coverage factor, determined by a worse reactants’ distribu-
tion and worse water management, as will be better demonstrated in
Section 3.3 by looking at the current distribution maps. Anyway, it is
worth noting that the polarization curves are the results of points ob-
tained by time and numerical averages, so the points obtained at high
current density can give only a qualitative description of the cell
behavior since, at those operating conditions, the cell voltage is often
not constant over time but fluctuates with no negligible oscillation
amplitudes.

We now compare electrochemical performances of cells operating at
the same cathode stoichiometry (i.e. 4) and RH (100 %) varying L.,
value (meaning also the number of pins) keeping constant the coverage
factor of the FFP. In this regard, polarization curves of cells using FF01,
FF03, and FF06 FFs are reported in Fig. 4.

Keeping constant the coverage factor, the higher the number of pins
the better the cell performance with the best performance reached by
using FFO1 whilst the worst performance was assessed by using FF06,
reaching 250 mW cm ™2 as power density peak and only 0.7 A cm ™2 at
0.26 V. This result, that can be related to higher ionic conductivity of the
membrane, is the consequence of a more uniform distribution of the
reactants over the entire active area of the electrodes, as assessed by
current distribution maps (see below).

Keeping constant channel width L., and varying the coverage factor
leads to similar effects on the electrochemical performance of the FCs, as
shown in Fig. 5 where polarization curves recorded using FF01, FF07,
and FF13 FFPs are reported in the same operating conditions.

The results showed that when the pins have small dimensions (i.e. for
FFPs with 65 % and 55 % coverage factor, FFO1 and FFO7 in Fig. 5,
respectively) geometries with the same channels’ width have similar
performance; this trend is not confirmed for low coverage factor, i.e. 45
% (FF13 in Fig. 5). Therefore, when the pins have small enough di-
mensions, polarization curves have similar trends for constant spacing of
the pins (channels’ width) at high and medium coverage factors; using
FFPs with low coverage factor, i.e. bigger pin dimensions, the depen-
dence on the pin geometry is more marked and the performance is
worse.

3.3. Current and temperature distribution along the FFPs

More insight to better understand electrochemical performance
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Fig. 5. Voltage vs current density curves recorded at 70 °C with air stoichi-
ometry: 4 and cathode RH: 100 %. Anode stoichiometry: 1.5, RH: 50 %, related
to FFO1 (y = 65 %), FFO7 (x = 55 %), and FF13 (y = 45 %) FFPs.

using the pin-type FFP can be obtained by knowing the current and
temperature distribution, along the entire active area. This can be done
by reconstructing current and temperature maps of the cathode during
cell operation (see Section 2.4), particularly during polarization curves
recording. Maps will be shown related to the behavior of the cell in the
ohmic region (at 500-600 mA cm’z), at high current density (at 1.3 A
em™~2) and, whenever it is possible, in limiting current density region to
stress the FFP and assess how the generated water is well or badly
managed.

As reported in Section 3.3, best electrochemical performances are
reached with air stoichiometry = 4 and RH¢ = 100 % by using FFO01, (y
=65 % and L¢, = 1 mm). This result can be rationalized by looking at the
current distribution maps reported in Fig. 6 recorded at two different
operating current densities.

To read and understand the current distribution, it is useful to recall
that the cathode inlet and anode inlet are positioned at the top left and
top right of the maps, respectively, whilst the cathode outlet and anode
outlet are placed at the bottom right and bottom left of the maps,
respectively. Generally speaking, uniformly colored maps indicate an
even current density distribution. Firstly, it is worth noting that the
highest current density area is located near the cathode inlet, regardless
of cathode stoichiometry and RH value, whilst the lowest current density
area is located at the cathode outlet. This result is not surprising since
oxygen partial pressure is crucial to reach high current density condi-
tions, therefore where oxygen partial pressure is still high (near the
cathode inlet), the current density will be higher with respect to the area
where oxygen partial pressure is lower (near cathode outlet) [31,32]. A
higher cathode stoichiometry leads to a more uniform current density
distribution for a cell operating at 600 mA cm ™2, as it can be possible to
notice from the map reported in Fig. 6b) (stoichiometry = 4) concerning
that reported in Fig. 6a) (stoichiometry = 2). Then, a lower current
density value can be assessed at the cathode outlet for stoichiometry = 2
than that recorded for stoichiometry = 4, indicating a mild initial oxy-
gen starvation condition. Doubling operating overall current density, i.e.
1300 mA cm ™2, leads to even more extreme working conditions, shifting
the area of high current density closer to the cathode inlet both for air
stoichiometry = 2 (see Fig. 6¢)) and 4 (see Fig. 6d)), therefore the most
active area is located where oxygen partial pressure is still high. As a
consequence, the “blue” area is wider, mostly in the stoichiometry = 2
condition (see Fig. 6¢)) where the electrode is only partly fully exploited
to carry out the reaction leading to a bad usage of the electrode. This
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behavior is directly related to the pin-type geometry of the FFP, needing
higher stoichiometry to work properly when the high current density is
drained from the cell. This bad working condition is attenuated by
increasing air stoichiometry to 4, as it is possible to note in Fig. 6d), with
the cell still operating in the ohmic region, without any oxygen mass
transport issue. We can get less information from temperature distri-
bution maps (see Fig. S6) since fewer sensors are present over the
electrode active area. Therefore, it is not possible to have a local tem-
perature distribution, but it is still possible to assess the absence of clod
and/or hot spots, with an almost uniform temperature distribution,
helped by the active cooling system we used to keep the temperature as
constant as possible during FC operation.

The effect of FFP geometry keeping a constant coverage factor (y =
65 %) can be better appreciated in Fig. 7a) and 7b) where current
density maps, recorded using FF06 (L, = 3 mm) at 600 mA cm 2 with
cathode stoichiometry = 2 and 4 and RH¢ = 100 %, are reported.

As already discussed (see Fig. 4), keeping constant the coverage
factor and increasing L., leads to worse electrochemical performances,
with a higher slope of the ohmic region of the polarization curve and a
lower limiting current density, indicating a not good reactants distri-
bution and water management. This can be explained by looking at the
current density maps related to FFO1 (Fig. 6a) and b)) compared to those
related to FF06 (Fig. 7a) and b)). Despite the local highest current
density value being close for the cell operating with different geometry,
i.e. 650 mA cm~2 and 700 mA cm ™2 for FFO1 and FF06, respectively,
current density distribution is completely different. In the case of using
the FF06, the high current density area is shifted toward the center of the
electrode and the low current density area extends to the top and the
right side (toward the anode inlet) of the active area. Therefore, it is
possible to assess that increasing L., leads to a more heterogeneous
current density distribution probably due to an uneven reactant distri-
bution. Keeping a constant coverage factor and increasing L¢}, probably
leads to a distribution of reactants along the diagonal of the electrode
whilst decreasing L., leads to a more uniform reactants distribution,
extended also to the other parts of the electrode. This result is, anyway,
attenuated by the increase in air stoichiometry, as it is possible to notice
by the comparison of Fig. 7a) (stoichiometry = 2) and Fig. 7b) (stoi-
chiometry = 4).

Decreasing coverage factor with an intermediate Ly, (¥ = 55 % and
Lcn = 1.8 mm) leads to similar results, as it is possible to see from the
current density maps related to a cell using FFO9 operating at 600 mA
cm 2, i.e. high current density area shifted to the center of the electrode
and improved reactants distribution by increasing air stoichiometry (see
Fig. 7c¢) and d)). Current density maps can also show the incipient
flooding condition, as happens for the cell using FF15 (y = 45 % and L.
= 1.8 mm) operating at 600 mA cm 2 (see Fig. 7e) and f)). The low
current density area is quite wide compared to those reported for cells
using FFPs with a higher coverage factor, extending from the cathode
outlet to the center of the electrode.

One of the main goals of designing a FFP for FCs is its capability in
draining reaction products, in our case liquid water from ORR reaction
at the cathode. Accumulation of water, or in the worst case, cell flood-
ing, results in a more difficult oxygen supply at the reaction sites in the
catalyst layer leading to a lower current density in the electrode areas
where produced water accumulates. This phenomenon is of particular
importance when the cell operates at high current density, i.e. in oper-
ating conditions where a high amount of water is produced. Therefore,
we can also use current density maps to assess water management of the
different FFPs, with different geometrical features; to understand if the
water is or is not correctly drained. Operating conditions that emphasize
FFP capability of draining water are air stoichiometry = 4 and RH = 100
% since more oxygen is available for the ORR, also in the cathode outlet
region, and because a lower RH leads to possible water evaporation
phenomena reducing ionic conductivity and water presence in the GDL.
To investigate water management, we report in Videos S1 and S2 related
to the temporal evolution of current density distribution along the active
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Fig. 6. Current density maps using FFO1, at a), b) 600 mA cm 2 and ¢), d) at 1300 mA cm ™2 with cathode RH = 100 %. a), c): Cathode stoichiometry = 2. b), d):

Cathode stoichiometry = 4. Anode stoichiometry: 1.5, RH: 50 %.

area using the FFO1 FFP (Video S1), i.e. that one with the best electro-
chemical performance, and using the FF15 FFP (Video S2), representa-
tive of those geometries with intermediate coverage factor (y = 55 %)
but with the highest L¢, (3 mm), that produce bad electrochemical
performance. In the case of FFO1, current density was set to 1400 mA
cm 2 whilst in the case of FF15 current density was set to 500 mA cm 2.
For the sake of convenience, we report in Fig. 8a) and 8b) two current
density maps recorded in two moments using the FFO1 FFP, doing the
same in Fig. 8c) and d) for the cell using the FF15 FFP.

As it is possible to notice in Fig. 8a) and b), the FFO1 FFP keeps a
good current density distribution over time, with a high current density
region near the cathode inlet, with scarce signs of water accumulation,
present probably just near cathode outlet region. An opposite behavior
can be associated with the cell using the FF15 FFP (see Fig. 8c) and d)),
with a higher degree of current density heterogeneity along the entire
electrode, with “blue” areas extended almost in all the electrode, a sign
of very bad water management with possible water accumulation in the
center of the electrode and at the bottom of the electrode, where water
can be drained by gravity (see Video S2). This result agrees with the
theory, and computational simulations reported in the literature, that

FFP geometry influences reactants’ distribution, water management,
and, therefore, overall electrochemical performance of the entire fuel
cell (stack).

4. Conclusions

The influence of geometrical features of a pin-type FFP on the
pressure drops and the electrochemical performance of an Hy-fed FC was
studied. In particular, 9 different FFPs were studied changing coverage
factor and channel width, working under several cathode operating
conditions.

The highest pressure drops (i.e. almost 30 mbar at 2.5 L min™! as
flow rate) were measured by using the pin-type FFP with the lowest
investigated channel width (1 mm), i.e. the highest number of pins,
regardless of the coverage factor. These pressure drops value was one
order of magnitude lower than that measured using a single-channel
serpentine FFP, confirming that pin-type FFP usage leads to low-
pressure drops, i.e. lower compression costs.

The best electrochemical performance was reached at air stoichi-
ometry 4 and cathode RH = 100 % by using FF01, i.e. FFP with a
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Fig. 8. Current density maps using a), b) FF01 and c), d) FF15 FFPs at 1400 and 500 mA cm ™2, respectively, with cathode RH = 100 %, Cathode stoichiometry = 4.
Anode stoichiometry: 1.5, RH: 50 %. CI: cathode inlet, Al: anode inlet, CO: cathode outlet, AO: anode outlet.

coverage factor of 65 % and L, = 1 mm. Considering FFPs with the same
coverage factor, a lower channel width caused a higher ionic conduc-
tivity of the membrane; a consequence of a more uniform distribution of
the reactants over the entire active area of the electrodes, as shown by
the recorded current distribution maps. Considering FFPs with different
coverage factors and the same channel width, when the pins have small
enough dimensions, polarization curves have similar trends at high and
medium coverage factors whilst with low coverage factor, i.e. bigger pin
dimensions, the dependence on the pin geometry is more marked and
the performance is worse.

These results can be rationalized by taking into account the current
distribution maps along the entire active area of the electrodes. The high
coverage factor and low channel width led to an almost homogeneous
current distribution, supposed to be due to an almost uniform reactants
distribution related to the peculiar FFP geometry. High air stoichiometry
(4) and high RH (100 %) improved the uniformity in operating condi-
tions leading to the best electrochemical performance. On the other
hand, increasing L., leads to a more heterogeneous current density
distribution probably due to an uneven reactants’ distribution that is

10

collected more along the diagonal of the electrode whilst decreasing L,
leads to a more uniform reactants distribution, extended also to the
other parts of the electrode. These geometrical features also helped in
draining produced water during working operation at high current
density whilst low coverage factor (45 %) and high channel width led to
worse reactants distribution and inefficient water removal, also causing
cell flooding.

Based on the results of this study, at constant coverage factor,
designing a FFP with the highest number of pins leads to more uniformly
reactants distribution since gases can follow many hydraulic pathways
along the entire active area, although pressure drop can increase.
Generally speaking, using pin-type FFP, increasing coverage factor is
beneficial for reaching higher electrochemical performance due to a
more uniform reactants distribution, proved by more uniform current
distribution maps.

Therefore, results proved the potentiality of pin-type FFP design in
enhancing electrochemical performance and maintaining low pressure
drops, i.e. decreasing compression costs that can be an issue in high-
power applications. Moreover, current distribution maps can represent
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a suitable and reliable way to validate CFD models.
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