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ABSTRACT

Intermittent switching between wet and dry reactant gases during operation in a polymer electrolyte fuel cell
(PEFC) can improve performance stability, alleviating the effects of flooding by controlling the water content
within the system. However, lifetime durability may be affected due to membrane electrode assembly (MEA)
boundary delamination and membrane damage. Two relative humidity (RH) control strategies were investigated,
using electrochemical performance and MEA degradation as critical indicators. It was found that intermittent
switching between wet and dry gases does not accelerate fuel cell degradation if the duration of the dry gas
period is set reasonably (dry gases stops before the voltage reaches the apex of the hump). Additionally, current
and temperature distribution mapping was utilised to capture the dynamic response between these transitional
stages. The switching of dry gases first makes the current density distribution homogeneous, and the maximum
current density is reduced subsequently. Then, the current density near the inlet keeps decreasing. Intermittent
switching between wet and dry reactant gases is easy to implement and overcomes limitations in mass transfer at
medium and high current densities.

1. Introduction

been widely investigated [5], including the effect of the number of
channels [6], flow field structure [7,8], gas diffusion layer (GDL)

PEFCs have long been considered a next-generation power source for
automotive and stationary applications. However, the intrinsic problem
of water management remains a critical technical challenge, as a
maintained water balance is required to ensure proton transfer through
the membrane electrolyte and avoid excess liquid water impeding
reactant gases flowing to the catalytic sites [1,2]. Reactant starvation at
the active sites leads to power loss and carbon corrosion [3]. Thus, water
management strategies are critical for performance reliability. They can
be achieved by optimising fuel cell design and humidification control
[4]. The effect of different flow field designs on water management has
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properties [9-12], and MEA compression [13]. Collectively, these
studies show that optimising fuel cell design can help transport and
distribute liquid water and reactants.

In most cases, internal (shorting, wicking material) and external
humidification (bubbling, columns, porous membranes) are adopted to
humidify the membrane [14]. Internal humidification can reduce the
weight and volume of the fuel cell system, but the stack temperature
needs to be accurately controlled. External humidification, such as
membrane-based humidification, allows for better control of the water
levels and is effective under most operating conditions [15]. Raman
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et al. [16] demonstrated rapid and accurate humidity regulation by
mixing dry and humidified gas streams, which involves complex algo-
rithms and hardware. However, the fuel cell inlet manifold RH is sus-
ceptible to multiple factors, such as changes in environmental
temperature and load demand, which may also cause RH fluctuations,
making it challenging to control accurately [17-19]. For example, the
reactant gases may cool after the humidifier device. Removing water
inside the catalyst layer (CL) is challenging due to its porous structure
[20], with a hydrogen purge being the usual method to prevent flooding
and recover the output voltage. However, it has been shown that the fuel
cell stack voltage only increases slightly around 10 s after purging [21],
indicating that the purge is a temporary method to remove liquid water,
and it has proven difficult and ineffective. The possibility of a recurrence
of flooding is also not uncommon after a short period, while prolonging
the purge time will decrease system efficiency. A cathode surge is
another approach to water removal, which involves a momentary in-
crease in the air/oxygen flow rate supplied to the cathode, which leads
to a higher stoichiometry than normal. Typical cathode stoichiometry
ranges from 1.5 to 3 and can be increased to 10 in 1-2 s under cathode
surge [22].

Because water management issues are related to the fuel
cell system’s efficiency, performance and complexity, it would be ideal
to actively control the amount of external water being introduced into
the system by switching between dry and wet reactant gases and
manipulating the time intervals. Liquid water in the flow field and GDL
can be removed without affecting the water content in the membrane
and then keep the output voltage fluctuating within a narrow range
compared with constant humidity control [23]. However, Kang et al.
[24] reported that wet/dry reactant gases repetition cycling leads to
MEA boundary delamination and membrane damage. In-plane
swelling leads to membrane failures during wet/dry conditions
mentioned by Wycisk et al. [25]. Our study presented here focuses
on the long-term effects of intermittent humidification on the perfor-
mance and degradation of fuel cells, in which two cells with different
RH control strategies are tested. Transmission electron microscopy
(TEM) and X-ray photoelectron spectroscopy (XPS) are adopted to
characterise the degradation quantitatively. The effectiveness of the
wet/dry gas switching strategy for long-term applications is verified.
The dynamic response of switching between dry and wet gases is
studied by current density and temperature distribution mapping,
revealing the leading causes of voltage fluctuations.

2. Experimental setup and procedure

For long-term testing, the single-cell PEFC has an active area of 25
cm? and operates on a commercial test station (850e Advanced Fuel Cell
Test System, Scribner Associates). The in-house fabricated MEA consists
of commercial gas diffusion electrodes (HyPLAT, South Africa) with a Pt
loading of 0.4 mg cm ™2 and the Nafion™ HP (DuPont) with a thickness
of 20.3 pm, and the electrodes employ a Freudenberg H23C9 carbon
paper with MPL (Freudenberg, Germany) and a hydrophobic treatment
[26]. The MEAs were hot-pressed between two heated platens in a
hot-press (Carver Inc., USA) at 150 °C for 3 min. An S++ PCB board
(S++ Simulation Services) is placed between the cathode flow field and
the current collector of another bespoke 100 cm? single cell to under-
stand the dynamic change in the activated region when wet gases are
switched to dry gases. The S++ device can map current density and
temperature distributions in a 14 x 14 and 7 x 7 array, respectively.
Each current contact segment has an area of 50.5 mm?. The test bench
used is the Greenlight G60 (Greenlight Innovation), with operating
conditions identical to those in the Scriber setup. The cooling system is
customer-built. Deionised water serves as the coolant, maintained at
60 °C and circulated through the back of the cathode flow field plate by
Huber CC-1.

The RH of the reactants under wet conditions is 100%, whilst dry
gases bypass the bubble humidifier and enter the fuel cell directly.
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Measurements are made at two constant current densities of 800 mA
cm ™2 (Ohmic region) and 1200 mA cm~2 (near mass transport limited
region). The cells are operated at a temperature of 60 °C. Stoichiome-
tries for hydrogen and air were 1.5 and 3, respectively. A Reference
3000 (Gamry Instruments) is used for impedance measurements with a
frequency range of 0.1 Hz to 10 kHz.

When the reactants (hydrogen and air) switch from wet to dry, the
dry gases absorb moisture in the flow channel and GDL [23]. A
continued supply of dry gases will eventually result in the membrane
drying out, and subsequently, the electrolyte impedance increases until
the reaction cannot proceed. The duration of the wet and dry gases must
be determined before the durability test. As illustrated in Fig. 1A, the cell
voltage did not drop significantly within 20 min (from 800 s to 2000 s) at
800 mA cm 2, suggesting a suitable time frame for the duration of
introducing wet gases. On switching to dry gas and the current density
reaching back to 800 mA cm 2, there is a sharp rise in voltage and then a
slow, near plateau-like increase, showing a typical hump shape (Fig. 1A
inset). The time before the voltage peak was about 130 s. To avoid po-
tential MEA dehydration [27], the dry gas duration was set to 40 s. At
1200 mA cm ™2, the duration of the period with dry gases was set to 15,
considering the higher flow rate of reactants at higher current density is
conducive to water removal. It is important to note that, due to the
limitations of the test station, switching between dry and wet gases re-
quires a period of zero current or at least a low electrical load, switching
under high load will result in untimely supply of reactants which is come
from the hysteresis of the 3-way solenoid vales. Therefore, the current
density is required to decrease before switching gases, and set back after
switching gases.

As illustrated in Fig. 1B, one set of experiments was conducted with
wet/dry gases cycles at two different current densities (800 and 1200
mA cm 2, RH-switching), as opposed to the other set of experiments
with wet/wet gases cycles (RH-constant). The reason for not considering
the activation region (low current densities region) is that fuel cells are
mainly operated in the medium-to-high current densities region, and
water management is more of a problem at higher operating current
densities [28]. The 800 mA cm 2 testing duration is around 200 h
(consisting of 520 cycles), and the 1200 mA e¢m~2 is around 50 h
(consisting of 128 cycles). Electrochemical impedance spectroscopy
(EIS) measurements were performed at the beginning and end of each
current density test. To condition the MEA, 10 voltage sweeps were
performed between open circuit voltage (OCV) and 0.3 V at 0.05 V in-
crements for 10 s each. For the polarisation curve, voltage sweeps were
performed between OCV and 0.4 V at 0.025 V increments for 30 s each.

For the post-mortem analysis, the cell fixture was opened post-
operation, and the gaskets/GDLs were slowly removed from the MEAs
to ensure that there were no cracks on the surface of CLs. TEM is con-
ducted on a JEOL JEM-2100F electron microscope operated at 200 kV to
characterise the size and morphology of the Pt/C catalysts from the
unused and used 25 ¢cm? MEAs (RH-switching and RH-constant). Pt/C
catalysts are obtained from MEAs after the GDL is peeled off, and TEM is
performed for all samples immediately after dispersing the Pt particles in
methanol. The Pt/C catalyst powders were dispersed on the copper grid
after being immersed in the methanol solution for less than 2 min. For
the microscopic analyses, a drop of the particle solution is dispensed
onto a 3 mm carbon-coated copper grid placed on an absorbent paper,
and the grids, loaded with particles, are dried under ambient conditions.
The TEM images are used to distinguish between individual and
agglomerated particles, followed by segmentation and quantifying the
particle size distribution of Pt using ImageJ software. XPS measurements
are conducted to provide detailed information on the composition and
chemical state of each element present on the surface of the CL. A survey
scan between 0 and 1200 eV is performed for each sample (2 x 2 cmz).
Then, high-resolution scans for carbon, fluorine, oxygen, platinum, and
sulphur are conducted with 20 eV pass energy. CasaXPS software is used
for data processing. The peak area ratio of the Pt 4f doublet (fs/2: f7,2) is
fixed to 3: 4, and for the S 2p doublet (py/2: ps/2) is fixed to 1 : 2.
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Fig. 1. (A) Evolution of cell voltage (red) when wet gases are switched to dry gases at 800 mA cm 2 for the 25 cm? cell. (B) Experimental protocol in Scribner 850e:
comparing different RH control strategies at two constant current densities. (For interpretation of the references to colour in this figure legend, the reader is referred

to the Web version of this article.)

3. Results and discussion
3.1. Voltage evolution and impedance analysis

Fig. 2A and B shows the voltage evolution at 800 mA cm ™2, where
the voltage oscillation indicates the period of EIS measurement. Since
the transient voltage fluctuation is caused by the load change to achieve
gas switching, we mainly focus on the long-term voltage change under
different gas cycles. When wet gases were supplied after the activation
process, the initial voltage of the RH-constant cell was ~0.633V, which
is higher than the ~0.622V of the RH-switching cell. The slight differ-
ence in the initial voltage could be due to inconsistencies in the MEA
manufacturing process or cell assembly. After about 200 h of long-term
testing, the voltage of the RH-switching cell increased to ~0.647 V. This
is a 4% improvement in performance at 800 mA cm 2 compared to the
initial point. This voltage increase is primarily due to an intermittent dry

gases supply that provides the cell with optimal water balance, allowing
reactants to reach the CL with less obstruction throughout the long-term
test. Also, as will be shown further on in Fig. 7A, the pressure drop is
reduced at both the anode and cathode when switching to the dry gases,
indicating that the liquid water in the flow field and GDL is effectively
removed. For RH-constant cell (wet/wet gases cycled), the voltage
continually decreases to ~0.595V because of continuous water accu-
mulation. Fig. 3A and B shows the corresponding voltage evolution at
1200 mA cm 2. The voltages of both cells decreased from ~0.564 V and
~0.559 V to ~0.551 V and ~0.537 V, respectively. These drops corre-
spond to 2% and 4%, respectively. No voltage increase was observed
compared with the performance at 800 mA cm™2. However, the voltage
decline of the RH-switching cell is lower. This indicates that the inter-
mittent switching between wet and dry gases can reduce the rate of cell
voltage degradation, but the duration of flowing wet and dry gases needs
to be optimised for the higher current density to improve cell
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Fig. 2. Voltage evolution (A, B) and EIS measurement (C, D) at the beginning and end of the 800 mA cm 2 long-term test. 'S’ represents RH-switching with wet/dry
gases cycles (blue), and *C’ is RH-constant with wet/wet gases cycles (yellow). (For interpretation of the references to colour in this figure legend, the reader is

referred to the Web version of this article.)
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Fig. 3. Voltage evolution (A, B) and EIS measurements (C, D) at the beginning and end of the 1200 mA cm~2 durability test. (red), S’ represents RH-switching and *C’
is RH-constant (black). (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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performance. The load reduction of switching gas impacts fuel cell
performance, so the load reduction is also retained in wet/wet gases

cycles.

When the wet gases are switched to dry for the first time at each
current density, the cell impedance decreases (#S1 to #S2 in Fig. 2C),
especially in the low-frequency area; the impedance of the second
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Fig. 5. TEM images and corresponding Pt particle size distributions for (A) fresh catalyst, (B, C) cathode and anode catalyst after testing with RH-constant cycles, (D,

E) cathode and anode catalyst after testing with RH-switching cycles.

intersection with the real axis (R;) decreases from 0.0187Q to 0.0180%.
Mass transport limitations are observed at lower frequencies because it
takes time for the reactants to reach the catalyst sites. This indicates that
the dry gases facilitate excess water removal and improve the mass
transfer process. As shown in Fig. 2D, the impedance at the end of the
800 mA cm 2 durability test decreases (R; falls to 0.0150Q2), meaning
that the dry gases duration of 40 s is sufficient to achieve a good water
balance. The impedance increases at the end of the 1200 mA cm ™2
durability test (Fig. 3D); therefore, 15 s is insufficient to remove excess
water, considering the significant amount of water production at this
current density. The impedance increases at any current density for the
RH-constant cell without effective water removal. Besides, the imped-
ance for the RH-constant cell is always higher than the RH-switching
one. The high-frequency intercept with the real axis represents the
total Ohmic losses. It can be observed that the intermittent wet/dry
gases switching can keep the membrane in proper hydration conditions
(the total Ohmic losses is maintained at 0.002 ), and there is little
difference compared to the supply of wet/wet gases. Therefore, any
change in cell voltage can be attributed to water management in the flow
fields, GDL and CL.

The Randles equivalent circuit model [29] shown in Fig. 4A is used to
interpret the impedance results labelled by #S1-#S7 and #C1-#C7.
Total Ohmic losses Rq represents the sum of contact and membrane
resistance. R, models the charge transfer resistance that accounts for the
cathode activation loss. Cy represents the double-layer capacitance. The
finite Warburg element Zy models the mass transfer/diffusion process at
low frequencies. As illustrated in Fig. 4B, the Warburg resistance of the
RH-switching cell decreases at 800 mA cm 2, while that of the
RH-constant cell increases. This difference could be the result of

accumulated liquid water, which affects the transport of reactants by
blocking the pores in the GDE and CL, while the dry gases decrease the
diffusion resistance by the periodic removal of this water. For 1200 mA
cm~?, the mass transfer resistance of both cells increases, which is
consistent with the trend of the voltage evolution.

The cell’s overall performance before and after the durability test are
shown in Fig. 4C and D. For the RH-switching cell, the limiting current
density and the maximum power do not significantly decline (Fig. 4D);
however, for the RH-constant cell, the output voltage declined at all
polarisation regions after the long-term test (Fig. 4C). The liquid water is
removed with intermittent wet and dry gases switching, and a higher
limiting current density can be reached due to a reduction in mass
transport limitations. Based on the results of around 250 h of long-term
testing, it can be concluded that wet/dry gas cycles do not accelerate
MEA degradation for the set dry gases durations.

3.2. Post-mortem analysis

The MEA samples analysed prior to fuel cell operation are referred to
as "fresh MEA", whereas samples tested post-fuel cell operation with or
without gas switching are referred to as "used MEA_RH-s adjacent
orientation witching" and "used MEA_RH-constant", respectively. Fig. 5
shows the TEM images of the fresh and used Pt/C catalysts, which
present the morphological changes and particle size distribution of Pt/C
catalysts in the cathode and anode. On the right side of each micrograph
are the histograms showing the average size and distributions of the Pt
particles within randomly chosen areas in the TEM image containing
100 nanoparticles each. As exhibited in Fig. 5A, the morphology of the
catalysts from hot-pressed but fresh MEA is well-dispersed with
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Fig. 6. (A) XPS survey spectra of the cathode side of fresh and used MEAs. (B)
XPS Pt4f spectra of the cathode of fresh and used MEAs.

nanosized Pt nanoparticles (ca. 2.98 nm) onto the carbonaceous sup-
port. After long-term PEFC operation with and without gas switching,
individual Pt particles grow larger, with spherical particles being
observed to have a certain degree of agglomeration, resulting in broader
size distribution. The increased size of the Pt particles after PEFC
operation was caused by Ostwald ripening to reach a more thermody-
namically stable state, wherein the surface-area-to-volume ratio is
minimised. This process has been shown to be unavoidable due to the
observance of the local dissolution of small Pt° particles and precipita-
tion of the dissolved Pt>" species [30]. Besides, the carbon corrosion
around the Pt causes its eventual detachment from the support and
consequent migration and merging to form a bigger particle. It is
interesting to note that the growth of Pt particles in the anode shows a
similar growth level as in the cathode (similar to the TEM results of Kim
et al. [3]), as carbon corrosion can happen both in the cathode and
anode. The Pt particles were measured to have average diameters of ca.
5.42 nm and ca. 5.38 nm for the cathode and anode of the used MEA
with RH-constant cycles (Fig. 5B and C). The size of the Pt particles after
the fuel cell was tested with intermittent wet/dry gas switching was
much smaller in comparison, with average diameters of ca. 3.77 nm and
ca. 4.48 nm for the cathode and anode (Fig. 5D and E). This happened
due to the faster Pt particle growth with increasing RH, especially during
potential cycling [31]. For RH-constant cycled cell, because water is
generated on the cathode side, the Pt particles of the cathode side are
slightly larger than at the anode. However, the wet/dry gas cycled cell
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shows the opposite, possibly due to the high stoichiometry at the cath-
ode, accompanied by strong water removability. For the RH-switching
cycled cell, there is a balance between reduced utilisation and reduced
mass transfer resistance due to the increase in Pt particle size [32]. The
cell performance does not degrade significantly, though one could as-
sume that these early indicators of degradation could cause more critical
performance loss as they proceed to a point where the loss in ECSA
becomes critical and that the discrepancy in degradation between the
two humidification strategies here will cause divergent and significant
performance loss with longer duration testing.

XPS measurements of samples from the anode and cathode were
conducted to quantify the chemical changes of elements on the CL. XPS
survey scans (Fig. 6A and S1) demonstrate the presence of carbon (C),
oxygen (0), fluorine (F), sulphur (S), and platinum (Pt) on the surface of
all CL samples before and after fuel cell operation.

The carbon spectrum of fresh MEA (Fig. S2) shows two dominant
peaks at ~284.9 and ~292 eV, assigned to graphitic carbon and fluo-
rinated carbon (CFy, x = 1,2,3) in the ionomer, respectively. An addi-
tional minor peak at ~285 eV represents an oxidised form of carbon
(C-0). After fuel cell operation, the intensity of the fluorinated carbon
peak is significantly decreased for both samples (Figs. S3 and S4),
implying a decrease in the surface concentration of the ionomeric forms
of carbon relative to the graphitic forms of carbon. This observation is
confirmed by the calculated ratio of fluorinated/graphitic carbon
(> fluorinated C/ >, graphitic C) in each sample, demonstrating that the
decrease in fluorinated carbon is due to ionomer degradation and
dissolution during long-term operation (Table 1); the concentration of
CF, species in the "used MEA" samples is increased due to the dissolution
of CFj3 species [33].

Ionomer degradation is also confirmed by the F, S, and O spectra of
the MEA samples before and after fuel cell operation. F spectra
(Figs. S5-7) are associated with Nafion® polymer; the two peaks at
~689 eV and ~691 eV correspond to the hydrophobic CFyx groups in the
Nafion® backbone and the other fluorine-containing groups (-OCF) in
the pendant side chain of Nafion®, respectively [33,34]. The total sur-
face concentration of fluorine decreases by ~9% and 5% post fuel cell
operation without and with gases switching (Table 2); hence, the CL
becomes less hydrophobic due to the decomposition of CFyx groups.

Furthermore, the O spectra (Figs. S8-10) confirm the significant loss
of sulphonic acid groups (-S=O0) from the ionomer during fuel cell
operation since there is a ~98% and ~95% loss after fuel cell operation
without and with gases switching, respectively (Table 3). The S 2p
spectra confirm this of fresh and used MEA samples related to the
sulphur species in the ionomer (Figs. S11-13); their surface concentra-
tion is diminished after fuel cell operation. On the contrary, the per-
centage of oxidised elements (C, Pt) on the surface of the CL is increased
by 50% due to the oxidation of carbonaceous support and Pt (Table 3).

Thus, the partial loss of ionomer from the surface of the CL affects its
hydrophobicity and proton conductivity, as the non-uniform ionomer
film thickness was created across the CL regions. Thicker ionomer layers
generate higher oxygen transport, and thinner ionomer layers exhibit
higher proton conduction resistances, which results in an inevitable loss
in PEFC performance (Fig. 4C) [35,36]. Additionally, the presence of
excess ionomer in some regions of the CL can block the nanopores of the
support and decrease the interparticle distance between the Pt particles
located within, reducing the electrochemically active surface area and
enhancing Ostwald ripening, respectively [37]. Finally, the higher acid
(H3S04) concentration in the thicker ionomer regions can be associated
with higher Pt solubility, leading to increased Pt agglomeration [38]. Pt
spectra (Fig. 6A and S1, Fig. 6B and S14) show that metallic and oxidised
species are present on the surface of the CL. The presence of Pt 4ds,» at
~315 eV (Fig. 6A and S1) and its doublet Pt 4d3,, at ~333 eV corre-
spond to metallic Pt (1) [39,40], whereas Pt 4f doublet peaks at ~ 72.1
(4f;,2) and ~75.4 (4f5,5) eV are assigned to oxidised platinum [34].
Even though there are no changes in the binding energy for the fresh and
used MEA samples, a significant decrease in the signal intensity of the
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Fig. 7. (A) Evolution of cell voltage and pressure drop when wet gases are switched to dry gases, data collected from Greenlight G60. (B-D) Current density (x and y
axes represent measurement array 1-14) and (E-G) temperature distribution mapping (x and y axes represent measurement array 1-7) at #1, #2 and #3.

used MEA samples is revealed (Table 3). It is consistent with previous
reports in the literature [41] and indicates the accelerated degradation
of Pt and its migration at the interface between the CL and the polymer
electrolyte membrane [30].

These XPS results demonstrate that fuel cell operation with wet/wet
gases switching causes more significant degradation of the CL than fuel
cell operation with wet/dry gases switching. Under all experimental
conditions tested, the degradation of the cathode CL is more severe than
its counterpart at the anode due to the generated and accumulated water
at the cathode. This excess quantity of water causes local oxidant star-
vation and, hence, high local potential, resulting in carbon corrosion and
dissolution of Pt, as also evidenced by the TEM results [41,42].
Figs. S15-5S17 show scanning electron microscope (SEM) images of the
fresh and used MEA in cross-section. We do not see evidence of
delamination in any of the SEM cross-sections, which proved that the

intermittent gas swathing protocol does not result in MEA boundary
delamination and membrane damage compared to constant RH. More-
over, the fact that neither of the two procedures that we compare here
cause delamination at this point in the testing allows us to attribute the
performance degradation to the catalysts only at this stage in the aging.

3.3. Dynamic response

In order to assess the local dynamic response during gas switching, a
different test station was required that enabled switching of gases
without reducing the current. A 100 cm? segmented current and tem-
perature measurement device was used for these experiments, meaning
the results presented in this section are from larger MEAs than in the
durability testing. As shown in Fig. 7A, the cell voltage also shows a
characteristic hump shape after switching from wet gases to dry gases
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Table 1

XPS chemical state information obtained from the C spectrum of the MEAs
before (Fresh MEA) and after the long-term test (RH-constant and RH-
switching).

C chemical state C composition (atomic %)

Fresh MEA Used MEA RH-

constant

Used MEA RH-
switching

cathode anode cathode anode cathode anode

Graphitic C 29.9 32.1 39.0 41.1 40.6 43.2
CF 21.2 13.6 14.9 15 12.7 12.8
CFy 22.7 25.6 19.1 17.9 21.8 19.3
CF3 2.8 0.6 0.0 0.0 0.0 0.0
Cc-0 23.4 28.1 27 26 24.9 24.7
Total 100 100 100 100 100 100
The ratio of 1.56 1.24 0.87 0.80 0.85 0.74
fluorinated/
graphitic C
Table 2

Elemental composition of the MEAs before (Fresh MEA) and after the long-term
test (RH-constant and RH-switching).

Element  Elemental composition (atomic %)

Fresh MEA Used MEA RH- Used MEA RH-

constant switching

cathode anode cathode anode cathode  anode
C 15.4 15.3 35.4 33.5 321 30.5
F 61.7 61.8 56 57.7 58.9 60.8
(0] 7.8 7.8 1.1 1.4 1.3 1.4
Pt 14.2 14.2 7.5 7.4 7.7 7.3
S 0.9 0.9 0.0 0.0 0.0 0.0
Total 100 100 100 100 100 100

Table 3

XPS chemical state information obtained from the O and Pt spectrum of the
MEAs before (Fresh MEA) and after the long-term test (RH-constant and RH-
switching).

Element Species O and Pt composition (atomic %)

Fresh Used MEA RH- Used MEA RH-
MEA constant switching
-S—=0 50 0.7 1.6
Oxidised elements (C, 50 99.3 98.4
Pt)
Pt(cathode) 14.2 7.5 7.7
Pt(anode) 14.2 7.3 7.3

for the cell with a larger active area. The voltage at 800 mA cm 2 before
gas switching is 0.395 V (marked #1 in Fig. 7A) and continues to in-
crease up to 0.581V (#2) after the switch. During this process, the
pressure drop at the cathode presents a rapid decrease, and the pressure
drop at the anode side gradually decreases, which indicates that the flow
resistance decreases, with the cell voltage ultimately dropping to 0.475V
at #3. Analysing the current density distribution mapping can explain
the hump-shaped voltage variation.

It can be observed from Fig. 7B that the current density at the
cathode outlet is low at #1, because the water generated by the oxygen
reduction reaction (ORR) will accumulate at the outlet as it moves along
the flow channel. The membrane at the cathode inlet has optimal water
content, and the area is least affected by water accumulation, which
results in a relatively higher current density.

The supply of dry gases results in water and effective heat removal in
the cell, allowing a relatively uniform distribution of the reactants over
the active area (Fig. 7C and F). It indicates that the homogeneous re-
action is advantageous for the even distribution of temperature. How-
ever, overly long exposures to dry gases will eventually cause the
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membrane at the air inlet to dehydrate, and the protons produced at the
anode cannot be transported through the membrane. Because of this, the
ORR will occur mainly at the cathode outlet (Fig. 7D). It can also be seen
from the temperature distribution (Fig. 7G) that the temperature at the
outlet is higher than at the inlet because of the higher reaction rate.

The analytics results from Fig. 7B-G are presented in Table 4 to
explain the higher voltage in #2. The distribution of the highest current
density at #1 and #3 is higher than at #2. According to the polarisation
curve, higher current density inevitably leads to lower voltage. More-
over, the uneven distribution of current density tends to lead to an
inhomogeneous temperature distribution, and the average temperature
at #1 and # 3 is higher than that at #2 (Fig. 7E-G). It should be noted
that the average temperature at #1 is higher than at #3, since the
cooling flow channel is on the back of the anode flow field plate, and the
coolant temperature is set to 60 °C. The water content in the cell is
relatively high at #1 compared to #3 because the decrease in pressure
drop indicates the removal of water, and water is also a more effective
conductor of heat than air. Therefore, the temperature at #1 is close to
60 °C. At the same time, the standard deviation of the current density at
#2 is only 48.7 mA cm 2, which is relatively homogenous, and the
degradation of the whole MEA will be consistent.

4. Conclusion

Intermittent wet and dry gases switching is beneficial to relieve
water flooding and maintain the water content in the membrane at an
appropriate level. Additionally, it does not cause a decrease in system
efficiency compared to a purge or surge. After about 250 h of long-term
testing, the RH-switching cell with wet and dry gases switching
remained stable, while the RH-constant cell without dry gases switching
showed a significant voltage decrease over the entire current density
range. This is backed by the post-mortem TEM analysis, showing a
similar trend. The diameters of Pt particles on the cathode and anode of
the RH-switching cell are ca. 3.77 nm and ca. 4.48 nm, respectively,
while the particle sizes of another cell are 5.42 nm and ca. 5.38 nm,
which shows more obvious aggregation. XPS results also indicate that
MEAs of RH-constant cell cause more significant degradation of the CL
than RH-switching cell. We acknowledge that different degradation
modes, such as delamination among the membrane, CLs and GDL, may
present themselves on longer-duration testing, suggesting follow-on
studies to look at long-term durability or ASTs and the effect on
delamination of humidity switching.

The switching of dry gases makes the distribution of current density
homogeneous and reduces the maximum current density. After
removing liquid water, the reactants can reach the entire active area and
the cell voltage increases. Nevertheless, the voltage drops when the dry
gases are continually supplied, and the proton transfer is mainly carried
out at the cathode outlet. The duration of the wet gases determines the
accumulation of water, while the duration of the dry gases determines
their expulsion. These two factors suggest a new way to achieve optimal
water management in a PEFC. In the future, the advanced instrumen-
tation of this cell could be used to build data-driven models that provide
adaptive RH switching based on simpler signals, such as an AC voltage
response [43] or current density distribution.

Table 4
Descriptive analytics of current density and temperature distribution mapping at
different times (#1, #2 and #3).

#1 #2 #3
Maximum current density, mA cm 2 1051.3 916.7 1040.4
Minimum current density, mA cm ™2 621.5 669.7  383.4
Current density distribution standard deviation, mA 99.4 48.7 211.1
em~?
Average temperature, °C 59.7 57.8 58.0

Temperature distribution standard deviation, °C 0.5 0.4 0.6
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