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ARTICLE INFO ABSTRACT

Techniques for evaluating water management are critical to diagnose the performance of polymer electrolyte
membrane fuel cells (PEMFCs). Acoustic emission as a function of polarisation (AEfP) has been recently intro-
duced as a non-invasive, non-destructive method to analyse the water generation and removal inside a PEMFC
during polarisation. AEfP was shown to provide unique insight into water management within a conventional
PEMFC and correlating it to cell performance. Here, AEfP is used to characterise the performance of fractal PEM-
FCs by evaluating the hydration conditions inside them. This is achieved by probing the water dynamics inside
two different fractal flow-field based PEMFCs, namely 1-way and 2-way fractal PEMFCs, and measuring the cor-
responding acoustic activity generated from them. AEfP is performed on the fractal PEMFCs under relatively
humid (70% RH) and fully humidified (100% RH) reactant relative humidity (RH) conditions. Flooding in the
2-way fractal PEMFC, as opposed to the 1-way fractal PEMFC, is demonstrated under different operating condi-
tions by the relatively higher acoustic activity it generates. Corroborating evidence of flooding in the 2-way frac-
tal flow-field under different conditions is provided by its polarisation curves, impedance tests and galvanostatic
(current hold) measurements.
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1. Introduction

Understanding water management is critical in evaluating the perfor-
mance and durability of polymer electrolyte membrane fuel cells (PEM-
FCs) [1]. Water inside a PEMFC arises from electrochemical reaction at
the cathode and humidification of the reactant streams. Sufficient hydra-
tion is essential to maintain optimal membrane conductivity. Improper
hydration can result in membrane degradation, thus impacting PEMFC
longevity [2,3]. However, too much water in the system can lead to
flooding, resulting in reactant starvation and severe performance losses,
particularly at higher current density [3,4].

Flooding in a PEMFC can be identified by reduced polarisation per-
formance [4,5], increased mass and charge transport resistance [6],
fluctuations or spikes in voltage and current density distribution [7],
and material degradation or corrosion of cell components [8]. How-
ever, these are indirect symptoms, limited in terms of their ability to
evaluate and quantify the water distribution inside a PEMFC. Direct
water evaluation can be achieved using X-ray radiography, to help de-
termine the influence of liquid water on PEMFC performance [9] and
the time-dependent droplet behaviour in a flow-field channel [10].
In addition, X-ray computed tomography can be used to understand

the relationship between the structure of the gas diffusion medium and
water distribution [11], or the geometrical land and channel effects on
spatial liquid water distribution in gas-diffusion layers of PEMFCs [12].
Another common technique is neutron radiography, which can be em-
ployed to validate cell voltage and water content in PEMFC [13], vi-
sualise liquid water in flow-fields [14], and investigate the effect of
flow-field design on the performance of PEMFCs [15]. Finally, optical
photography can be used to picture water build-up in the cathode region
of a transparent PEMFC [16] and visualise two-phase flow in a PEMFC
flow-field [17]. Still, these techniques suffer from certain limitations in
terms of their application to PEMFCs, like complexity in operation, radi-
ation exposure, accessibility, cost, and restrictions in the materials that
can be used.

Acoustic emission (AE) involves the generation of spontaneous elas-
tic waves, due to release of energy from a material or system under-
going mechanical perturbation [18]. The elastic waves then propa-
gate through the material to be generated into detectable AE signals.
AE-based monitoring and analysis is a non-invasive and non-destruc-
tive testing (NDT) process that has been instrumental in the study and
characterisation of a wide range of applications, from small to indus-
trial scales, such as medical diagnostics and therapeutics [19], and fa-
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tigue of metal plates [20]. AE-based analysis of electrochemical
processes has been applied in studying corrosion, like cracking of stain-
less steel [21] and the structure of steel-reinforced concrete beams
[22], in battery technology for the study of electrodes [23,24], lifetime
evaluation of Li-ion batteries [25] and safety assessment tests [26], and
in electrolysers for performance analysis and as in situ diagnostic tool
[27]. However, discrepancies in AE analysis can occur from the inter-
ference of elastic waves generated from the surrounding material and
ambient conditions. Hence, to avoid such external disturbances, careful
isolation of the target measurement is necessary, especially with a set of
threshold acoustic conditions that will subtract the AE generated from
the surrounding conditions [28]. In the field of fuel cells, AE has been
utilised in understanding the thermo-physical characteristics of a solid
oxide fuel cell [29], the water uptake of Nafion membrane and the im-
pact of water content on the dimensional changes occurring in a mem-
brane [30,31] and the performance diagnosis of a PEMFC under differ-
ent operating conditions [28]. Legros et al. [28] performed AE-based
characterisation of a PEMFC under different cell configurations and op-
erating conditions. They identified that AE from a PEMFC is sensitive
to the hydrodynamics of gas flow in the flow-field channels. Building
on this preliminary analysis, Bethapudi et al. [32] developed a new
method, called acoustic emission as a function of polarisation (AEfP) and
explored fuel cell operation over a range of current density, reactant rel-
ative humidity (RH) and cell operating temperature. AEfP represents the
acoustic activity from a PEMFC, generated through mechanical events
associated with liquid water droplets emerging from the gas diffusion
layer (GDL) and being transported along flow-fields, where they impinge
on channel walls. Acoustic events are measured in terms of cumulative
absolute acoustic emission energy (CAEE) of the acoustic hits generated
at discrete points of fuel cell polarisation. The method was instrumen-
tal in identifying the discrete and cumulative effects of reactant RH and
operating conditions on the AE activity generated from a PEMFC. AEfP
could relate cell performance with acoustic activity. Stable and degraded
performance was correlated with low and high levels of acoustic activ-
ity, respectively.

Previously, PEMFCs using a fractal flow-field at the cathode, which
was inspired by the air flow distribution mechanism inside lungs, were
shown to deliver better performance, as a result of homogenous, scal-
able and uniform reactant distribution, compared to the PEMFCs based
on conventional, single-serpentine flow-fields [33-36]. Details on the
theoretical foundations and methodology behind the lung-inspired, frac-
tal flow-fields can be found in previous works by the Coppens group
[37,38]. The performance enhancement in fractal PEMFCs was re-
alised over a range of operating conditions, especially when there are
mass transport limitations in conventional fuel cell designs. This im-
provement can be attributed to the fractal branching air supply,
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which allows for more uniform distribution of reactants and water re-
moval from the fuel cell [39].

Here, a new fractal flow-field, which has an increased contact area
compared to the previous one [39] is designed, constructed and tested.
This flow-field contains an embedded, fractal branched water egress
mechanism, while the previous one with less contact area includes a
more direct means of water egress from the system. Impacts of contact
area and water removal mechanism, together and individually, on the
performance of fractal PEMFCS are evaluated through polarisation mea-
surements and other conventional characterisation techniques. Further-
more, the AEfP method is utilised to characterise the performance of
fractal PEMFCs, under different operating conditions, by diagnosing the
hydration conditions inside the cells. The acoustic activity from the frac-
tal PEMFCs during consecutive polarisation cycles, and the quantifica-
tion of the corresponding hydration levels developed inside the cell us-
ing amplitude analysis, allow the relative water management character-
istics of the two fractal flow-fields to be compared. Generic PEMFC per-
formance characterisation, including electrochemical impedance mea-
surements and galvanostatic tests, is performed to further establish the
correlations between cell design, performance and AE activity.

2. Experimental
2.1. Design of fractal PEMFC flow-fields

PEMFCs used in this study have a single-serpentine based flow-field
at the anode, and a hierarchically structured fractal flow-field at the
cathode. Two different configurations of cathode fractal flow-field,
namely “l1-way” (less contact area with direct means of water egress
through surface air outlets) and “2-way” (increased contact area with
convoluted, fractal means of water egress) were developed, as shown in
Fig. 1.

Previously, layer-wise, planar printed circuit board (PCB) based as-
sembly was identified to be an easy and cost-effective manufacturing ap-
proach to produce lightweight, durable fractal flow-fields [39]. In this
study, both 1-way and 2-way fractal flow-fields were fabricated from
PCB plates using a similar approach. In this layer-wise approach, several
layers of planar PCB plates, each plate comprising of a specific fractal
generation, are assembled to produce a fractal flow-field for the cathode
[39]. Also the single-serpentine flow-field for the anode was constructed
using planar PCB plates [39].

Fig. 1(a) presents the design schematic of a 1-way fractal flow-field,
where the cathode air enters the membrane electrode assembly (MEA)
through a fractal flow path (green) that has, in this case, four gener-
ations. A four-generation fractal flow path was used because of its su-
perior performance compared to a conventional serpentine flow-field,
as demonstrated previously [33,39]. The flow path for the cathode
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Fig. 1. Design schematic of (a) 1-way fractal flow-field representing air flow inlet path (green) and (b) 2-way fractal flow-field representing air flow inlet path (green) and air flow outlet
path (blue) at the cathode. (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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air to the MEA branches from a single inlet to 4* = 256 outlets at the
end of the 4th generation, as shown in Fig. 1(a). Each outlet has di-
mensions of 400 um X 800 pum, with 1.18 mm spacing between adja-
cent outlets. Furthermore, the air outlet from the MEA is an open-ended
flow occurring via surface air outlet flow paths (blue arrows) of 0.5 mm
width and 1 mm depth located within the spacing between the 4th gen-
eration outlets [39].

Fig. 1(b) presents the design schematic of the 2-way fractal
flow-field, where the air distribution to the MEA (green) occurs via a
four-generation fractal flow path, similar to that in the 1-way fractal
flow-field (Fig. 1(a)). However, the air removal from the MEA (blue) oc-
curs via a three-generation fractal flow path, as shown in Fig. 1(b). Here
a fractal flow path to collect air from the MEA was used to increase the
overall conductive flow-field area in contact with the MEA, compared
to the 1-way fractal system (Supplementary Material Fig. S1). This was
achieved by utilising the void spaces created by the air inlet flow path
to the MEA (green), as shown in Fig. 1(a). For every-four outlets at the
end of the 4th generation of air inlet points (green), it was possible to
accommodate one entry point for the air outlet flow path (blue), viz. a
total of 43 = 64 inlets for the air outlet flow path (blue) from the MEA
(Supplementary Material Fig. S1). From 64 inlets to a single outlet, the
air outlet flow path merges through three fractal generations, as shown
in Fig. 1(b). Furthermore, developing the air outlet flow path (blue) for
the 2-way fractal within the hierarchical structure of the air inlet flow
path (green) made it possible to maintain the same number of PCB plates
to include both fractal flow-field concepts within a single design.

The anode flow-field, used with both tested fractal flow-fields for the
cathode, had a 1 mm? area square channel single-serpentine flow path
with a depth of 1 mm.

2.2. PCB flow-field development

The fabrication of flow-field features on the PCB plates was carried
out using a Computer Numerical Control (CNC) machine (Roland-40,
ROLAND, USA). For the cathode fractal flow-fields, seven individual
PCB plates were machined that, together, produced the branching flow
paths when assembled. Four plates were utilised to realise the four indi-
vidual fractal generation features of the air inlet to the MEA flow path
(green in Fig. 1(a) and (b)) and three plates were utilised to create the
interconnecting pathways between those four fractal generations. Fur-
thermore, the fractal generations for the removal of air from the MEA
in the 2-way fractal (blue in Fig. 1(b)) were created in those plates that
also include the three interconnecting pathways to introduce air to the
cathode.

For the anode flow-field, only two PCB plates were used, one plate
having the single-serpentine flow path features and the other plate as a
backing support.

The PCB plates adjoining the MEA, for both the cathode and the an-
ode region, have a 35 um thick Cu-coated layer (all other seven PCB
plates have no Cu coating) that was electroplated first with Ni and, sub-
sequently, with Au. 0.13 M Ni(SO3NH,), as the Ni-plating solution and
0.02 M KAu(CN), as the Au-plating solution were used for the electro-
plating processes. Ni electroplating was performed at a current density
of 4.3 mA cm™2 and a voltage range of 3.0 V-3.5 V for 3 min, while the
Au electroplating was performed at a current density of 2.4 mA cm™2
and a voltage range of 3.5 V-3.7 V for 60 min [39]. After electroplat-
ing, these Au coated PCB plates acted as the current collectors for the
respective electrodes of the fractal PEMFCs.

The PCB plates, with pre-impregnated composite thermosetting poly-
mer sheets between them providing the necessary adhesion, were as-
sembled into their respective flow-fields using a hot press. The PCB
plates were compressed under a pressure of 400 psig at 150 °C for
60 min. After hot pressing, the overall dimensions of each fractal cath-
ode flow-field plate were 80 mm X 80 mm X 9.6 mm and the dimen-
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sions of the anode single-serpentine flow-field plate were
80 mm x 80 mm X 3.5mm [39]. The final, assembled 1-way and
2-way fractal cathode flow-fields are shown in the Supplementary Mate-
rial Fig. S1.

2.3. Membrane electrode assembly (MEA)

The MEA components used in this study were Nafion®212 mem-
brane, HyPlat Pt catalyst (HyPlat, South Africa) coated gas diffusion
electrodes, with a catalyst loading of 0.4 mgp. cm~2 and Freudenberg
H23C9 GDLs (carbon fibre paper with PTFE-treated microporous layer)
of 210 pm thickness. The MEA components were hot pressed under an
applied pressure of 400 psig at 150 °C for 3 min.

2.4. X-ray computed tomography scans

X-ray computed tomography (X-ray CT) scans were performed on
the fractal flow-fields using a Nikon XT H 225 instrument (Nikon Metrol-
ogy, UK). The corresponding details on the experimental setup, scan op-
erating conditions, acquisition conditions, and software used for image
reconstruction are provided in a previous article [39].

2.5. Testing of fractal PEMFCs

A Scribner 850e fuel cell test station (Scribner Associates NC, USA)
was used for the experimental studies. The test station had the capacity
to provide 99.995% pure hydrogen under ambient conditions. In addi-
tion, it could supply reactants at desired conditions using temperature,
humidity and mass flow controllers. In this study, the hydrogen flow rate
was maintained at 100 mL min~! and the air flow rate was maintained
constant at 500 mL min~!. A constant air flow rate was maintained to
avoid the generation of unwanted acoustic emissions occurring from the
variations in velocity in stoichiometric based air flow. Polarisation mea-
surements on the fractal flow-fields were carried out between open cir-
cuit voltage (OCV) and 0.3 V at intervals of 0.05 V and 30 s hold at each
voltage interval point [40]. Before each polarisation, cell conditioning
(stabilisation) was performed, where the PEMFC was supplied with reac-
tants under OCV conditions for 2 min to allow the gas flow and humid-
ity in the channels to stabilise. The fractal PEMFCs were initially heated
to a start-up temperature of 45 °C using cylindrical heaters, as discussed
in [39]. The fuel cell components, assembly technique, reactant supply,
cell heating and temperature measurement methodology were adapted
from Bethapudi et al. [39].

2.6. Electrochemical impedance spectroscopy

Electrochemical impedance spectroscopy (EIS) measurements were
performed using a Gamry Reference 3000 and Gamry Reference 30 k
Booster (Gamry Instruments, USA). The frequency range for analysis was
100 kHz to 0.1 Hz, with 10 points per decade, and an AC modulation
amplitude of 5% of the DC input signal.

2.7. Acoustic emission testing

Acoustic activity from the fuel cell was measured using a piezoelec-
tric acoustic sensor (transducer S9208; Mistras NDT, UK) attached to
the cathode flow-field plate, as shown in Fig. 2. The sensor was con-
nected to an in-line, low-power preamplifier, which filtered and pre-am-
plified the acoustic signal by 26 dB, followed by a single-channel AE
digital signal processor. The signal processor was connected through a
USB to a PC running AEwin™ (Physical Acoustics Corporation, USA)
software, which performed data collection, processing and analysis. Fur-
thermore, the software used for processing the acoustic signals mea-
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Fig. 2. Schematic representation of AE testing with the parametric representation of an acoustic event (adapted from [32]).

sured an average of the acoustic hits generated over time and filtered
out the hits below a certain threshold limit.

The sensor had a resonant frequency of 500 kHz and an operating
frequency range of 200 kHz — 1000 kHz. The acoustic sensor was fas-
tened against the cathode fractal flow-field, using silicone grease for
coupling.

The single-channel AE acquisition system had lower and upper ana-
logue filters of 20 kHz and 1 MHz, respectively, and a fixed threshold
value of 29 dB. This threshold was set, taking into account the back-
ground ‘noise’ signal during testing, and any signal beyond this thresh-
old value was recorded as an ‘AE hit’ in terms of a voltage profile,
as shown in Fig. 2. The AE hit dataset primarily consisted of ampli-
tude (dB), counts, duration (us), rise time (us), and absolute energy (aJ)
[28,32]. In this study, the acoustic activity was presented as CAEE [32]
and peak amplitude (PA) measured from individual acoustic hits, mea-
sured over a specified time interval.

3. Results and discussion
3.1. X-ray CT scan

In order to inspect the alignment of the hierarchical fractal flow-field
designs and the integrity of each flow channel, X-ray CT was performed.
Virtual slices from each dataset in the xy-plane for scans of the 1-way
and 2-way fractal flow-fields are shown in Fig. 3(a) and (b), respec-
tively.

The X-ray attenuation in the flow channels (inlet and outlet) was
lower, because they are empty, hence, these were observed as dark re-
gions, while zones containing PCB material provided higher attenuation
and were observed as bright regions.

Each H-shaped, dark region in Fig. 3(a) is a segment of the flow inlet
path on a PCB plate, corresponding to a specific generation in the 1-way
fractal flow-field (schematically shown in Fig. 1(a)) and the holes cor-
respond to the interconnecting pathways on a PCB plate, between gen-
erations. Fig. 3(a) also illustrates the order in which the individual PCB
plates appear in the final assembly. It can be observed from the scans
that all flow inlet path segments and holes, across four generations of the
1-way fractal flow-field, are clear of any distortion and misalignment.

The scan for the 2-way fractal flow-field, shown in Fig. 3(b), rep-
resents H-shaped fractal inlet (green box) and fractal outlet (blue box)
flow path segments (schematically shown in Fig. 1(b)). The inlet flow
paths for the 2-way fractal were similar to those in the 1-way frac-
tal flow-field (Fig. 3(a)). Furthermore, the fractal outlet flow paths

were developed within the plates used for developing interconnecting
flow paths for the 1-way fractal. This method of fabrication allowed the
utilisation of the same flow-field plate thickness for both 1-way fractal
and 2-way fractal flow-fields (differences in flow-field thickness can al-
ter the AE measured). Hence, the flow-fields presented similar attenua-
tion to the acoustic emission signals generated.

Also, Fig. 3(b) illustrates the order in which the inlet and the outlet
flow paths of the 2-way fractal flow-field appear in the final assembly.
The four generations of the fractal inlet (green) and three generations
of the fractal outlet (blue box) can be clearly identified and are well
aligned and unobstructed.

3.2. AEfP measurements

Polarisation and AEfP curves for the fractal flow-field PEMFCs tested
are presented in Fig. 4. At 70% RH conditions (Fig. 4a), the polar-
isation performance of the 2-way fractal PEMFC was slightly better
than that of the 1-way fractal PEMFC in the region between OCV and
~700 mA cm™2. This can be attributed to the greater conductive con-
tact area available between the MEA and the flow-field for the 2-way
fractal flow-field (Supplementary Material Fig. S1). At current densities
>700 mA cm~2, the performance of the 2-way fractal PEMFC decreased
considerably with respect to the 1-way fractal PEMFC, reaching a limit-
ing current density of ~1200 mA cm~2. In contrast, the performance of
the 1-way fractal PEMFC remained stable throughout its operation and
attained a higher limiting current density of ~1500 mA cm~2. The per-
formance reduction for the 2-way fractal PEMFC at higher current densi-
ties can be attributed to flooding within the cell due to inefficient water
removal, impeding effective reactant (oxygen) transport to the electrode
[41-43].

Observing the acoustic activity for the 70% RH case, as shown in
Fig. 4(c), between OCV and ~0.65V (~700 mA cm™2) the increase
in CAEE for both fractal PEMFCs is similar, implying similar amounts
of liquid water in the flow-fields [32]. Similar liquid water levels are
maintained in the flow-field for each system; the superior performance
of the 2-way fractal PEMFC at lower current density is attributed to
the greater land-electrode surface area, which reduces the Ohmic resis-
tance of the system (Fig. 4(a)). However, above 800 mA cm 2 (~0.6 V),
the increase in CAEE for the 2-way fractal PEMFC is much larger than
that for the 1-way fractal PEMFC, implying greater liquid water ac-
tivity with the 2-way design. This results in electrode flooding and
degradation of cell performance, as seen in Fig. 4(a). The lower CAEE
observed for the 1-way fractal PEMFC, as seen in Fig. 4(c), implies
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Fig. 3. Virtual slices from the X-ray CT datasets in the xy-plane, showing (a) 1-way fractal and (b) 2-way fractal flow-fields. In the 2-way fractal flow-field the green box represents
H-shaped fractal flow inlet paths and the blue box represents H-shaped fractal flow outlet paths.3D track through of 1-way fractal is given in [44] and of 2-Way fractal is given in supple-
mentary video. (For interpretation of the references to colour in this figure legend, the reader is referred to the web version of this article.)

less extensive flooding and results in more sustained polarisation perfor-
mance to higher current density.

Note that the point in the AEfP profile at which the CAEE increases
sharply is ~0.6 V for the 1-way design and ~0.5 V for the 2-way design,
which corresponds to the ‘roll-off’ in polarisation for each. This confirms
that the mass transport limitation effect is predominantly a liquid water
based phenomenon for this system.

By controlling the air supply’s RH, it is possible to control the
amount of water within the system, for any given current density.
For the 100% RH case, the corresponding polarisation performance
and AEfP for the fractal PEMFCs are shown in Fig. 4(b) and (d). As
for the 70% RH case, the 2-way design performs slightly better at
low current density, due to greater contact surface area with the elec-
trode. With increasing current density, a more significant decrease in
cell performance is observed for the 2-way fractal PEMFC, compared
to the 1-way fractal PEMFC, than for the 70% RH case. In addition,
the limiting current density attained with the 2-way fractal design is
~1000 mA cm~2, ~200 mA cm~2 less than that achieved for the 70%
RH case. The marked decrease in the overall performance of the 2-way
fractal PEMFC using highly humidified reactants (100% RH) can be at-
tributed to exacerbated flooding in the cell. This is consistent with a
higher rate of water condensation from the highly humid reactants, in
addition to the water generated from the electrochemical reaction with
increasing current density [44,45].

Corroborating evidence for exacerbated flooding inside the 2-way
fractal flow-field was provided by the AEfP measurements: Fig. 4(d)
indicates that at 100% RH the abrupt increase in CAEE for the 2-way
fractal PEMFC occurs at a much lower current density (~400 mA cm™2)
compared to the 70% RH case (~800 mA cm~2). Furthermore, the mag-
nitude of the CAEE observed with the 2-way fractal PEMFC during po-
larisation increased significantly with RH, from ~750 aJ at 70% RH to
~2250 aJ at 100% RH at the limiting current density. These observa-
tions are consistent with the increase in performance drop and the de-
crease in limiting current density indicated by the electrochemical mea-
surements.

In contrast, the performance of the 1-way fractal PEMFC increased
with reactant RH [46]. The increase in CAEE (from ~600 aJ at 70%
RH to ~1000 aJ at 100% RH) with humidity may reflect an optimal
rise in the membrane hydration and its associated conductivity oc-
curring due to improved generation and distribution of water at the
electrodes, which increased the limiting current density attained from
~1400 mA cm~2 (70% RH) to ~1600 mA cm~2 (100% RH) [47].

Overall, the polarisation and AEfP measurements confirm that the
2-way fractal PEMFC was significantly limited by flooding, whilst the
1-way fractal PEMFC was closer to optimal with respect to hydration.
The surface flow channels (blue arrows in Fig. 1(a)) of the cathode
air outlet in the 1-way fractal flow-field allow effective water removal
via a straight path, compared with the more tortuous cathode air out-
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Fig. 4. Polarisation curves at (a) 70% reactant RH and (b) 100% reactant RH; AEfP curves at (c) 70% reactant RH and (d) 100% reactant RH.

let flow channels (blue arrows in Fig. 1(b)) in the 2-way fractal
flow-field, which are not effectively flushed and result in more liquid
water stagnation and electrode flooding.

3.3. Electrochemical impedance spectroscopy

High frequency resistance (HFR) values, presented in Fig. 5, were
measured from the high-frequency, real-axis intercept of the Nyquist
plot of the EIS measurements. The HFR represents the overall Ohmic
resistance developed in a PEMFC [48,49]. An increase in HFR is ob-
served when the membrane becomes dehydrated, which results in re-
duced membrane conductivity, and vice versa [50]. However, for
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Fig. 5. High frequency resistance (HFR) for the fractal PEMFCs tested at different reactant
RH and current density conditions, all at T = 45 °C.

the fractal PEMFCs, the HFR was identified to be uniform, within 5-10%
variation, between 200 mA cm~2 and 1000 mA cm~2, as shown in Fig.
5. The relatively small difference in HFR for the fractal PEMFCs, over
this current density range, indicates that the membrane was sufficiently
hydrated throughout its operation, especially in the high current den-
sity region, where higher cell temperatures tend to dehydrate the mem-
brane.

Furthermore, at a given experimental condition (reactant RH), the
Ohmic resistance for the 2-way fractal PEMFC is observed to be lower
than that of the 1-way fractal PEMFC. This may be attributed to the in-
creased contact area between the flow-field and MEA in the 2-way frac-
tal (Supplementary Material Fig. S1), especially when all the other fac-
tors affecting the bulk resistance, like cell temperature, assembly torque,
current density, reactant RH, etc., were constant [49]. Furthermore, the
impact of reduced Ohmic resistance in the 2-way fractal PEMFC can be
observed from its better performance at low current density (Fig. 4(a)
and (b)). Thus, the deterioration in cell performance observed for the
2-way fractal PEMFC can be ascribed to the reduced oxygen concentra-
tions at the membrane caused by the excessive hydration or flooding in
the electrode region [51].

The Nyquist curves for EIS measurements of 1-way and 2-way frac-
tal PEMFCs at 70% and 100% reactant RH are presented in Fig. 6(a)
and (b), respectively. The corresponding charge transfer (R.) and mass
transfer (R, resistances are given in Table 2 (the equivalent circuit
used for modelling is given in Supplementary Material Fig. S2).

At 70% RH, the corresponding R for the 1-way and 2-way frac-
tal PEMFCs are very similar at~0.03 Q cm?, within a range of 10%,
at 800 mA cm~2 and 1000 mA cm™2 current density conditions, as ob-
served from Table 2. However, the mass transport resistances devel-
oped in the 2-way fractal PEMFC are much larger than those devel-



V.S. Bethapudi et al.

Energy Conversion and Management xxx (XxxX) XXX-XXX

1-Way Fractal

a)
0.15 © 70% RH /800 mA cm™
r‘E © 70% RH/ 1000 mA cm*
S 0104 ® 100% RH /800 mA cm™
G - ® 100% RH /1000 mA cm™
o0 ® e
oo ey
£ 0054 % e's
N $.- %
0.00 ; - ; . : .
0.00 005 010 015 020 025 030 035 040 045 050
Z Real (© cm?)
b) 2-Way Fractal
0.50 2
o T70% RH /800 mA em
0404 o 70% RH /1000 mA em™
- = 100% RH /800 mA em™
g 0301 g " = _ = 100% RH/1000 mA em?
&0 Roo, " "u
2 0.20 a¥00gp g0, - .
= %, & % efe
A
0.00 n

0.00 020  0.40 0.60

0.80 1.00 1.20 1.40

Z Real (€ ecm?)

Fig. 6. Nyquist curves for electrochemical impedance spectroscopy (EIS) measurements for 1-way and 2-way fractal PEMFCs at 800 mA cm~2 and 1000 mA cm~2 and at (a) 70% reactant

RH and (b) 100% reactant RH, respectively.

Table 1
Operating conditions for PEMFC testing.

Parameter Value
PEMEFC testing station Scribner 850e
PEMFC initial set temperature 45 °C
Cathode RH 70% & 100%
Anode RH 70% & 100%

100 mL min ~! constant
500 mL min ~! constant

Hydrogen flowrate
Air flowrate

Active area 6.25 cm ?
Membrane Nafion® 212
Electrode Freudenberg H23C9

EIS frequency range 0.1 Hz — 100 kHz

oped in the 1-way fractal PEMFC, which can be attributed to mass trans-
fer related issues in the 2-way fractal flow-field [45,49,52].

Furthermore, at higher reactant humidity (100% RH), R for the
1-way fractal PEMFC, at 800 mA cm~2 and 1000 mA cm™2, was simi-
lar to that at 70% RH, while a slight increase in the R, was observed.
However, in the 2-way fractal PEMFC, R, increased by 29% and 36% at
800 mA cm~2 and 1000 mA cm ™2, respectively. Such an increase in R
with reactant RH can be attributed to the presence of some unresolved
mass transport component contained in the charge transfer resistance
[49,52]. In addition, the corresponding R, for the 2-way fractal PEMFC
at 800 mA cm~2 and 1000 mA cm~2 was 0.89 Q cm? and 1.07 Q cm?,
respectively. Such large R, values were developed at 100% RH due to
the excessive water flooding of the cell, which was already evident at
70% RH at higher current densities [50,53]. This reflects the inability
of the 2-way fractal flow field design to regulate excess water away from
the flow-field region. However, throughout its operation, the 1-way frac-
tal PEMFC maintained uniform water distribution in the cell, which is
reflected in lower resistance values (Table 2).

Table 2
Charge transfer (R and mass transfer (Ry,) resistances for 1-way and 2-way fractal PEM-
FCs at 70% and 100% reactant RH and at 800 mA cm ~2 and 1000 mA cm ~2.

Current

density Ret Rt

(mA (Q (@
Experimental condition cm ~2) cm ?) cm 2)
70% RH 800 0.03 0.15
1-way

1000 0.03 0.16
100% RH 800 0.033 0.18
1-way

1000 0.035 0.19
70% RH 800 0.031 0.55
2-way

1000 0.033 0.62
100% RH 800 0.040 0.89
2-way

1000 0.045 1.07

Overall, the observations from the EIS measurements provide further
support for the deductions made from the CAEE measurements on the
state of water distribution in the fractal flow-fields (Fig. 4).

3.4. Cell temperature

Cell temperatures measured simultaneously during polarisation for
the fractal PEMFCs are presented in Fig. 7. It can be observed that,
at 70% RH (Fig. 7(a)) and 100% RH (Fig. 7(b)), the cell tempera-
ture profile for the 2-way fractal PEMFC is much less pronounced than
that for the 1-way fractal PEMFC. Lower cell temperatures in the 2-way
fractal PEMFC are a result of the cell flooding occurring during opera-
tion (confirmed by CAEE in Fig. 4(c-d)), where higher amounts of wa-
ter retained by the flow-field reduce the cell temperature and lead to
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a corresponding decrease in current density, and vice versa [54]. For in-
stance, the maximum temperature attained by the 2-way fractal PEMFC
reduced from ~51.5 °C at 70% RH to ~50.3 °C at 100% RH; this drop in
maximum cell temperature parallels a reduction in limiting current den-
sity attained from ~1200 mA cm™2 (70% RH case) to ~1000 mA cm™2
(100% RH case).

However, for the 1-way fractal PEMFC, the maximum cell temper-
atures attained at 70% RH and 100% RH were ~54 °C and ~55.5 °C,
respectively. These temperatures were higher than those developed in
the 2-way fractal PEMFC by ~2.5 °C at 70% RH and ~5.2 °C at 100%
RH; an influence of the higher cell operating temperatures developed in
the 1-way fractal PEMFC was reflected in the limiting current densities
attained, which were 1400 mA cm~2 at 70% RH and ~1600 mA cm ™2
at 100% RH, respectively. Overall, higher operating temperatures, sup-
ported by an increase in hydration levels (Fig. 4(b) and (d)), enhanced
the membrane conductivity of the 1-way fractal PEMFC and resulted in
superior performance and vice versa, compared to the flooded lower-tem-
perature operation of the 2-way fractal PEMFC [43,55].

3.5. Current density cycling

The influence of reactant RH and current density (electrochemical
reaction) on the increase of CAEE over time for the fractal PEMFCs was
evaluated under current density cycling (successive polarisation) and is
presented in Fig. 8. Each cycle in Fig. 8 is a representation of the cur-
rent density generated over time, which was 420 s per cycle, as mea-
sured during a single polarisation. The current density was measured for
the polarisation conditions outlined in Section 2.5. In addition, a 30 s
rest time was employed between consecutive cycles.

At 70% RH, a stepwise increase in CAEE was observed in the frac-
tal PEMFCs for each current density cycle, as shown in Fig. 8(a). The
CAEE increase in the 1-way fractal PEMFC happens in discrete steps,
with no observed activity between cycles. The inter-cycle region is es-
sentially an “OCV - low current” region between two consecutive cy-
cles, with minimal electrochemical activity and its associated water gen-
eration, resulting in zero or insignificant acoustic activity. The pres-
ence of such discrete CAEE steps during operation of the 1-way frac-
tal PEMFC suggests the following: (i) water generation in the 1-way
fractal flow-field is consistent with the electrochemical activity occur-
ring inside the cell and (ii) the 1-way fractal flow-field is very efficient
at flushing water out of the cell, as noted in Section 3.2. However,
the CAEE increase in the 2-way fractal PEMFC occurred continuously,
even between cycles, which can be attributed to the constant genera-
tion of acoustic activity resulting from liquid water stagnation and flood-
ing in the flow-field, even when no electrochemical reaction is occur-
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Fig. 8. Successive cycling (five consecutive polarisations) of 1-way and 2-way fractal
PEMFCs between OCV and limiting current density with simultaneous acoustic emission
(CAEE) measurements at (a) 70% reactant RH and (b) 100% reactant RH.

ring. Overall, at the end of five consecutive current cycles, the 2-way
fractal PEMFC delivered lower performance with a relatively higher
CAEE generated (~4400 alJ), as a result of flooding, compared to the
1-way fractal PEMFC, which delivered consistently better performance
with lower CAEE generated (~3300 aJ).

With an increase in reactant humidity to 100% RH, the CAEE for
both fractal PEMFCs, as shown in Fig. 8(b), grew continuously in rel-
atively smaller and larger steps for the 1-way and 2-way fractal PEM-
FCs, respectively. This continuous increase in CAEE, including between
cycles, can be attributed to the constant accumulation of water in the
flow-fields due to condensation of water in the high-humidity cathode
environment (100% RH), in addition to the water generated from elec-
trochemical reaction. Condensation in a high-humidity environment at
the cathode can be confirmed from the presence of CAEE in the inter-cy-
cle region (Fig. 8(b)) for the 1-way fractal PEMFC, which was absent at
70% RH (Fig. 8(a)).
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The total CAEE generated after 5 cycles for the 1-way fractal and
2-way fractal PEMFCs at 100% RH was ~7000 aJ and ~16500 aJ, re-
spectively. Thus, the total CAEE increased by 2.3 times and 4 times for
1-way and 2-way fractal PEMFCs, respectively, when the reactant RH
increased from 70% RH to 100% RH. This further supports excessive
flooding at 100% RH, consistent with a lower cell performance (Fig. 4)
and temperature (Fig. 7).

A detailed analysis of the peak amplitudes of the acoustic hits gen-
erated during current density cycling studies and quantification of the
water generation in the cells is presented in the Supplementary Mater-
ial.

3.6. Cell voltage fluctuation

Galvanostatic testing was performed on the fractal PEMFCs by oper-
ating them at a constant current density of 1000 mA cm~2 and 70% re-
actant RH for a little over three hours (~2000 s). The corresponding cell
voltage fluctuation and CAEE measured over time are presented in Fig.
9. Up until 2500 s, there is a continuous increase in CAEE for both frac-
tal PEMFCs and the corresponding cell voltage remains almost constant
in this region. This can be identified as the stabilisation phase in frac-
tal PEMFC operation, where reactants, humidification and liquid water
within the cell are developing into a steady state condition [28,32].

In the ~2500 s to ~4000 s region, the CAEE increase for the
2-way fractal PEMFC is greater than that observed for the 1-way fractal
PEMFC. Increased acoustic activity in the 2-way fractal PEMFC can be
attributed to increased flooding events occurring inside the cell, which
leads to intermittent fluctuations in the cell voltage, as shown in Fig. 9
[7]. The number and magnitude of fluctuations and spikes in the cell
voltage is a measure of the non-uniformity of water distribution inside
the cell [56,57]. Furthermore, the CAEE for the 2-way fractal PEMFC
continues to steadily increase between ~4000 s and ~9000 s, with a
corresponding increase in both the number and magnitude of the cell
voltage fluctuations and spikes. After ~9000 s, the cell voltage starts to
drop continuously, instead of fluctuating, in the 2-way fractal PEMFC,
and the corresponding CAEE increases in larger steps. Such large-step in-
crease in CAEE occurs due to the more significant water retention in the
2-way fractal PEMFC, which continuously floods the cell and reduces its
voltage [16].

In contrast, the cell voltage for the 1-way fractal PEMFC remains al-
most constant, with minor increases in CAEE beyond 3000 s, compared
to the fluctuating cell voltage observed for the 2-way fractal PEMFC.
This is due to more effective water removal from the cell, resulting in
less water retention at the flow-fields and associated generated acoustic
activity [32].
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Fig. 9. Cell voltage fluctuations at current hold (1000 mA cm~2) for fractal PEMFCs with
simultaneous CAEE measurements at 70% reactant RH.
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4, Conclusions

This study presented the design and development of a new 2-way
fractal flow-field that has an increased contact area, but a more convo-
luted water removal path compared to the previously reported 1-way
fractal flow-field, which has less contact area but a direct water egress
path from the cell surface. The influence of contact area and water re-
moval mechanism on the performance delivered by the fractal PEM-
FCs was investigated. Furthermore, this study is the first to utilise an
acoustic emission technique as a hydration diagnostic tool to understand
and diagnose water management inside both these fractal PEMFCs.

Features that are indicative of the quality of fabrication of the
flow-fields were demonstrated via X-ray CT scan imaging, which showed
proper alignment between individual plates in the overall assembly. The
2-way fractal PEMFC delivered better performance in the Ohmic region
of operation: 0-700 mA cm~2 at 70% RH and 0-400 mA cm~2 at 100%
RH. Beyond this, its performance degraded drastically compared to the
1-way fractal PEMFC, as a result of severe cell flooding. Good correla-
tion was observed between complementary measurements of cell polari-
sation curves, acoustic activity, temperature and cell voltage fluctuation
during galvanostatic testing.

Further efforts are ongoing to address the design of the reactant flow
outlet path in the 2-way fractal system by making it less convoluted,
which should result in better overall performance, particularly in the
mass transport limited region.
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