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A B S T R A C T

Understanding water management is a crucial aspect in the development of improved polymer electrolyte fuel
cells (PEFCs). Separating the performance degradation due to dehydration, water flooding and reactant star-
vation in PEFCs is a major challenge. In this study, acoustic emission (AE) analysis, a non-invasive and non-
destructive diagnostic tool, is utilised to probe water formation and removal inside an operating fuel cell. In the
acoustic emission as a function of polarisation (AEfP) method, AE activity from the PEFC is measured in terms of
cumulative absolute AE energy (CAEE) hits during operation at discrete points on the polarisation curve. AEfP
can identify the presence of liquid water in flow channels and correlate its formation and removal with the level
of cell polarisation, and consequent internal temperature. Correlation between acoustic activity and water
generation, supply and removal is achieved by varying current (polarisation), cathode air feed relative humidity
(RH) and cell temperature, respectively. Features such as initial membrane hydration, liquid water formation,
‘flushing’ and the transition from ‘wet-channel’ to ‘dry-channel’ operation are identified using AE analysis,
thereby providing a powerful and easy to implement diagnostic for PEFCs.

1. Introduction

Acoustic methods are emerging as powerful probes of the internal
workings of electrochemical power systems and have the advantage of
relatively low cost and non-invasive operation. These can be split into
active measurements, where the relationship between a stimulus and
the emerging sound wave are correlated to generate an image of the
internal structure (e.g. ultrasound), and passive measurements [1],
where probes ‘listen’ for events generated within the device (e.g.
acoustic emission – AE).

Maier et al. used AE as a tool in characterising the flow conditions
inside a polymer electrolyte membrane water electrolyser (PEMWE)
[2]. The study observed correlations between the flow rates, current
density and the corresponding acoustic parameters measured. Mal-
zbender and Steinbrech measured the AE activity to characterise the
thermo-mechanical aspects of solid oxide fuel cells [3]. As liquid water
is produced and transported around a PEFC, it may be possible to
identify its formation by measuring the generation of AE. To our
knowledge, Legros et al. [4,5] were the first to utilise AE analysis as a
water diagnostic tool for PEFC. Their initial reports indicated AE

activity resulting from dehydration of the Nafion membrane and at-
tributed it to structural changes occurring in the membrane during
drying. A relationship between the ionic conductivity of the membrane
and the AE activity of the PEFC was observed. Furthermore, AE from a
PEFC was measured under different conditions, including without
membrane electrode assembly (MEA), with MEA at open circuit voltage
(OCV) and with MEA under load, respectively. These identified that
hydrodynamics in the gas flow channels, water uptake and release by
the MEA and electrochemical reactions can all contribute to the AE
signal [5]. However, the benefits of the analysis are yet to be fully
realised and greater understanding of how it can be applied to a PEFC
under different operating conditions is required.

In this study, characterisation of a single-serpentine PEFC was
performed under different operating conditions using AE measure-
ments. The AE activity as a function of polarisation was determined
across a range of humidity, temperature and current density. The
electrochemical response was correlated with the acoustic response to
deliver new insights into the water dynamics in an operational PEFC
and, importantly, provide a means of separating performance de-
gradation due to dehydration from that of reactant starvation.
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2. Experimental

2.1. PEFC design

The PEFC studied had 1mm2 square channel single-serpentine
anode and cathode flow-fields developed on Au-coated printed circuit
board (PCB) plates. PCB-based fuel cells have been extensively re-
ported, the benefits of which are leading to commercialisation of the
technology [6]. Although applied here to a PCB fuel cell, the AE tech-
nique is applicable to any fuel cell technology or method of construc-
tion.

The MEA active area for the PEFCs tested was 6.25 cm2 with Nafion
212 (DuPont, USA) as membrane and Pt catalyst coated gas diffusion
electrodes with a catalyst loading of 0.4mgPtcm−2 HyPlat (HyPlat,
South Africa) as electrodes. The overall PEFC assembly is shown in
Fig. 1.

2.2. Testing of PEFC

A Scribner 850e fuel cell test station was used for the experimental
studies, with hydrogen and air flow were maintained at constant flow
rate of 100mLmin−1 and 500mLmin−1, respectively. Cell heater, as in
Fig. 1, was used to set the PEFC temperature. Polarisation measure-
ments were carried out between open circuit voltage (OCV) and 0.3 V at
intervals of 0.05 V, and 30 s hold at each voltage point. Before any
polarisation, cell conditioning was performed, where the PEFC was
supplied with reactants for 2min for the stabilisation of gas flow and
humidity in the channels.

Electrochemical impedance spectroscopy (EIS) measurements were
performed using a Gamry Reference 3000 and Gamry Reference 30 k
Booster (Gamry Instruments) in galvanostatic mode. 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 (direct current) input
signal.

2.3. Acoustic emission testing

Acoustic activity from the PEFC was measured using a piezoelectric
acoustic sensor (S9208; Mistras NDT, UK) secured to the surface of the
cathode flow-field plate, as shown in Fig. 1. The acoustic signal was
collected, processed and analysed using the AEWin software (Physical
Acoustics Corporation, USA). The sensor had a resonant frequency of
500 kHz and an operating frequency range of 200 kHz to 1000 kHz. The
single channel AE acquisition system had lower and upper analogue
filters of 20 kHz and 1MHz, respectively, and a fixed threshold value of
27 dB, considering the background noise during testing; a signal beyond
this threshold was recorded as an AE hit.

Any material undergoing a mechanical perturbation releases energy
that results in the generation of elastic waves, which produce sound
(AE) at a frequency and intensity commensurate with the energy re-
leased [7]. Fig. 2 illustrates a typical AE hit, consisting of established
features like: amplitude (dB), counts, duration (µs), rise time (µs) and
energy (aJ) [8].

In this study, the acoustic activity from the PEFC is computed based
on three parameters: amplitude (dB), which is the peak AE signal ex-
cursion obtained in a hit; energy (aJ), which is the area under an AE hit
generated; and counts, which is the number of excursions exceeding the
AE threshold.

3. Results and discussion

3.1. Acoustic emission as a function polarisation (AEfP)

Polarisation curves, Fig. 3(a) and (c), and the corresponding
acoustic emission as a function of polarisation (AEfP) curves, Fig. 3(b)
and (d), were measured at reactant relative humidity (RH) levels of
40% RH, 70% RH and 100% RH, and at cell temperatures of 45 °C and
60 °C.

Considering points on the polarisation curves of equal current
density as having the same rate of water generated (from the electro-
chemical reaction), RH as a measure of the water introduced to the cell
from reactant flow, and temperature as a driving force for water to be
removed from the cell, it is possible to analyse the AE results based on
different cell hydration conditions.

At 45 °C cell temperature, a reduced cell performance was observed

Fig. 1. Schematic diagram of PCB-based PEFC used in this work, with acoustic
sensor (transducer) located on the cathode side of the fuel cell.

Fig. 2. Parametric representation of a typical AE hit, showing key parameters measured during a single event (adapted from [8]).

V.S. Bethapudi, et al. Electrochemistry Communications 109 (2019) 106582

2



at 40% RH (Fig. 3(a)), which can be attributed to the decreased
membrane conductivity arising from insufficient hydration [9]. In-
creasing the reactant humidity to 70% RH, and then 100% RH, resulted
in continually improved cell performance, predominantly observed in
the Ohmic region and attributed to the improved membrane hydration
[10].

Over the conventional activation region of the polarisation curve
(low current density), the cumulative absolute AE energy (CAEE) for
each RH was similar. However, at higher current densities, increased
RH led to increased AE activity. At 40% RH the CAEE increase was
gradual and steady over the entire current density range, whereas at the
higher RH levels a significant increase in CAEE was observed in the
Ohmic region, with the 100% case, which attained the highest current
density, showing curtailment of AE activity above ~850mA cm−2.

Such incremental development in CAEE with current density is
primarily attributed to increased water generation from the electro-
chemical reaction (reactant’s RH and velocity remained constant
throughout the test in each case). It is well known, from the likes of
neutron imaging studies [11,12], that, as current density increases,
water initially builds up within the gas diffusion layer (GDL), primarily
under the land regions, and then inhabits the flow channel itself. Re-
lease of liquid water into the channels, and particularly its impingement
on channel walls at corners and switchbacks, is a source of AE. Higher
RH tends to promote liquid water accumulation in the channels, which
is consistent with the increasing CAEE observed in the Ohmic region
with increasing RH (Fig. 3(b)).

Although the cell was externally heated to 45 °C, the local tem-
perature of the cathode will increase based on reaction conditions. As
current density increases, cell heating occurs and acts to drive off water,
removing liquid water from channels and the GDL and potentially de-
hydrating the membrane [13,14]. The curtailment of CAEE (~0.45 V)
and the corresponding current density of ~850mA cm−2 at ~0.45 V for
the 100% RH condition is consistent with removal of liquid water from
channels due to the dehydrating action of a higher cell temperature
(current).

At a higher externally set temperature, 60 °C, the cell will be more
prone to dehydration. The cell performance (Fig. 3(c)) and acoustic
polarisation (CAEE) (Fig. 3(d)) of the PEFC at all operating conditions
decreased substantially (compared to 45 °C). At 40% RH, a very low
level of CAEE was measured as a result of the higher set temperature
that dehydrated the cell considerably. This excessive dehydration

reduced membrane conductivity to a greater extent, such that the
limiting current density delivered by the PEFC dropped to
350mA cm−2 at 60 °C (from 743mA cm−2 at 45 °C). Increasing the
reactant RH to 70%, the cell performance improved, with an increase in
CAEE observed over the entire polarisation range.

At 60 °C, the curtailment of CAEE is clearly observed for the 100%
RH case during the transition from a ‘wet channel’ to ‘dry channel’
condition above ~400mA cm−2, as the local cathode temperature in-
creases with current density. This transition is also evident for the 70%
RH case from ~300mA cm−2.

To express the relative changes in membrane hydration under dif-
ferent conditions, measurements of high frequency resistance (HFR), as
given in Fig. 4(a) and (b), and EIS, as given in Fig. 4(c), were carried out
[15].

At 45 °C, there is a systematic difference in membrane resistance
over the current range, with greater RH leading to lower membrane
resistance, as expected. With increasing current density, there is a de-
crease in membrane resistance, as the membrane becomes increasingly
hydrated due to the generation of product water. However, for the
poorly humidified 40% RH condition, the increase in cell temperature
associated with higher current density leads to membrane dehydration.
This results in a steep increase in resistance beyond 600mA cm−2. At
this cell temperature, the 70% and 100% RH flow conditions are suf-
ficient to adequately hydrate the membrane. However, with an increase
in set cell temperature to 60 °C, there is a rise in the HFR under all
conditions, indicating a significant drop in membrane hydration. In
addition, a significant increase in charge transport resistance (Rct) is
observed, as shown in Fig. 4(c) (EIS performed at 400mA cm−2 current
density). The corresponding Rct measured indicated almost a 50%
higher value at 60 °C compared to that measured at 45 °C, as presented
in Table 1, indicating considerable membrane dehydration [16].

Overall, membrane resistance rapidly increases with current density
(and local temperature) and limits the ability of the cell to deliver
higher currents. These results, from the membrane hydration perspec-
tive, are consistent with reduction in the liquid water volume, derived
from acoustic measurements, and collectively describe the cell hydra-
tion over the polarisation range.

3.2. Cell start-up and current hold

A galvanostatic test was performed on the PEFC at a current density

Fig. 3. (a) Polarisation curve of PEFC at 40%, 70% and 100% reactant RH – 45 °C cell temperature, (b) AEfP curve showing CAEE during polarisation – 45 °C cell
temperature, (c) Polarisation curve of PEFC at 40%, 70% and 100% reactant RH – 60 °C cell temperature and (d) AEfP curve showing CAEE during polarisation –
60 °C cell temperature.
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of 600mA cm−2 and a cell temperature of 45 °C to examine initial start-
up of the cell and dynamic performance over time. The corresponding
CAEE is given in Fig. 5. Over the initial 0–25 s, the rate of CAEE

increase for each of the RH conditions is similar and can be attributed to
an equilibration phase, where flow, temperature and humidification
factors stabilise, and the membrane hydrates (expands), as reported by
Legros et al. [5].

Following the initial stabilisation period, the CAEE for the 40% RH
case reaches a plateau, indicating dry-channel operation. On the other
hand, the profiles for 70% and 100% RH exhibit an extended initial
stabilisation phase of ~50 s, corresponding to more extensive hydration
of the gases compared to the 40% RH case. Then follows periods of
relative inactivity (plateaus), which can last upwards of 100 s, with
relatively short intermittent periods of significant acoustic activity. This
observation is consistent with the ‘flushing’ events commonly seen in
PEFC operation [17,18].

As observed by the likes of dimensional change and neutron ima-
ging measurements [12,17], as well as those generally experienced in
fuel cell testing, water is typically expelled from a fuel cell sporadically
during ‘flushing’ events. As water builds in the channels of a fuel cell, it
will typically initially exist as sessile droplets [11,14]. Periodically,
droplets detach as they grow and eventually become entrained in the
reactant gas flow. These droplets can then act to dislodge other dro-
plets, resulting in an ‘avalanche’ effect with resulting emission of
sudden spurts of water from the cell. Neutron imaging has also iden-
tified the ‘snaking’ effect of water that becomes dislodged and coalesces
into a ‘long train’ water droplet that makes its way through a cell with a
similar sudden ejection of water [11].

4. Conclusions

The performance diagnosis of a PEFC under different experimental
conditions, utilising the AE analysis, identified a strong correlation
between PEFC performance and simultaneous acoustic activity

Fig. 4. High frequency resistance, HFR (an average of 3 measurements and reproducible within 0.006Ω.cm2) of the PEFC tested at 40%, 70% and 100% RH at (a)
45 °C cell temperature and (b) 60 °C cell temperature, and (c) EIS measurements at 400mA cm−2 at 45 °C and 60 °C cell temperatures.

Table 1
Charge transfer (Rct) resistances determined for PEFC at 45 °C and 60 °C cell
temperature and 400mA cm−2 current density.

Reactants RH 45 °C cell set temperature 60 °C cell set temperature

40% 70% 100% 70% 100%

Rct (Ω.cm2) 0.39 0.35 0.34 0.53 0.5

Fig. 5. CAEE response during galvanostatic test at 600mA cm−2, at 45 °C.
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generated. The measured AE activity was able to indicate the cumula-
tive and discrete effects of reactant humidity and operating conditions
on the performance of the PEFC. Membrane dehydration was identified
for PEFC operation at 40% reactant RH by polarisation and electro-
chemical characterisations. Corroboratively, lower AE activity was
measured during these operational conditions, indicating membrane
dehydration under low reactant humidity conditions. However, under
higher reactant humidity conditions the PEFC performance improved
with a simultaneous increase in the AE activity measured, confirming
the influence of PEFC operation on AE activity. Increasing the cell
temperature by 15 °C exacerbated the membrane dehydration, which
was reflected in a severe drop in cell performance and acoustic signal.
Furthermore, the dependency of AE activity on PEFC operating per-
formance was also confirmed by the high-frequency and charge transfer
resistances determined from EIS.
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