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The durability of Polymer Electrolyte Membrane Fuel Cells under dynamic operation still needs to be improved.
To understand the automotive voltage cycling-induced catalyst degradation, the loss of the electrochemically
active surface area (ECSA) is investigated through an experimental campaign on Membrane Electrode Assem-
blies. Ad-hoc hydrogen/air accelerated protocols were designed to evaluate the voltage profile impact in a range
relevant for both automotive and heavy duty transport application (<0.90 V). Besides the well-known aging
dependence on the upper potential limit, this work evidences the critical role of the short-stops, characterized by
low voltage transients. Effort was spent in studying this procedure parameters (voltage level, duration, scan rate,
humidification). The accelerated ECSA loss is due to Pt nanoparticles coarsening as proved by transmission

electron microscopy and is suspected dominated by Pt cathodic dissolution, incentivized during excursions to-
wards very low potentials (<0.4 V). These findings help the development of system mitigation strategies.

1. Introduction
1.1. State of the art

There is an urgent need for sustainable technological solutions to
face the environmental challenges. Fuel cell electric vehicles are a
promising technology for reducing the pollutants emissions of the
transportation field. Among the different fuel cell types, Proton Ex-
change Membrane Fuel Cells (PEMFC) are considered as the most
mature for being applied in both passenger and heavy-duty vehicles [1].
Nonetheless, fundamental and applicative research is still necessary to
overcome some technical barriers [2], which are the cost and
degradation.

One of the most relevant contributors to the loss of performance is
the degradation of the cathode catalyst layer [3]. This component con-
sists of catalyst nanoparticles (made by Pt or Pt-alloy) supported on
carbon and covered by ionomer. In particular, the electrochemically
active surface area (ECSA) of the catalyst is lost over time. This can be
the consequence of many mechanisms that alter the Pt nanoparticles
(NPs), like their coarsening, coalescence and detachment [4,5], and of
alterations of ionomer and support (e.g. due to its corrosion [6]). During

* Corresponding author.
E-mail address: elena.colombo@polimi.it (E. Colombo).

https://doi.org/10.1016/j.ijhydene.2024.03.373

fuel cell vehicles operation, characterized by thousands of operating
hours under a variable load, both high potentials and potential cycles
were identified at the origin of aging [7]. Indeed, they are responsible of
Pt dissolution under the acidic environment of the cathode catalyst
layer. The smaller Pt nanoparticles dissolve faster due to the negative
shift in the equilibrium potential of their dissolution reaction [8], in
analogy to the Gibbs-Tomson relation. The formed Pt ions then precip-
itate upon larger particles (electrochemical Ostwald ripening mecha-
nism) or into the electrolyte phase after diffusion towards the
membrane, where they are reduced by the crossover hydrogen to form
the Pt precipitate band [9]. In dynamic conditions, voltage fluctuations
cause repetitive surface oxidation and reduction of the Pt nanoparticles.
This mechanism is known to strictly interact with the dissolution process
[10-12]. However, there are different theories about the role of the Pt
oxides into dissolution. On one hand, it is recognized a passivating effect
of the Pt surface that acts therefore as a protective layer, inhibiting the
anodic dissolution (i.e. steady-state or transient dissolution from the Pt
surface, that dominates during anodic transients). On the other hand,
studies suggest a second, opposite role, considering some forms of oxides
as directly susceptible to Pt dissolution or indirectly responsible of it
when they are reduced. The former process is identified as chemical
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dissolution, enhanced at high potentials when the coverage is high,
while the latter is indicated as cathodic dissolution (i.e. transient
dissolution process from a “place-exchanged” platinum oxide subjected
to a cathodic treatment). Ahluwalia et al. [13] proved that the cathodic
dissolution greatly exceeds the anodic in cycling at an Upper Potential
Limit (UPL) above 0.90 V, by adopting a flow cell and an on-line
inductively coupled plasma mass spectrometer (ICP-MS). Even though
the valuable interpretation provided by this fundamental analysis, the
setup cannot fully agree with the complexity of the fuel cell device [14]
that requires dedicated studies closer to the real-world configuration.

Nanoparticles growth is dependent on a wide number of factors [15],
as Pt nanoparticle size and distribution [16]. In addition to material
properties, operating parameters are of a high relevance [17]. The
conditions that promote catalyst degradation were studied in acceler-
ated stress tests (ASTs). High relative humidity (RH) [18] and temper-
ature [19,20] dissolve more rapidly the nanoparticles, since they
incentivize the kinetics of Pt dissolution and oxide formation reactions;
furthermore, a higher water content makes more rapid the Pt ions
transport. One of the most important parameters is the UPL of the
voltage cycles: its increase incentivizes the ECSA loss rate [21,22]. The
shape of the cycling profile affects the Pt durability too. Uchimura and
Kocha [23] concluded that square waves are more damaging rather than
triangular. Concerning the impact of the lower potential limit (LPL),
only a few results have been instead reported [23,24], but the potenti-
ality of exploiting this parameter to reduce the degradation has recently
risen of high interest [25].

1.2. Aim of the work

For deepening the comprehension of the ECSA loss, this work pre-
sents the results of different voltage-cycling profiles in hydrogen/air
atmosphere applied on commercial Membrane Electrode Assemblies
(MEA’s). An automotive representative AST, presented in a previous
publication [26], was selected as the starting point of this work. After
the application of this aging protocol, the cathode catalyst layer was
observed as the mostly aged component, consistently to the degradation
induced by a long-term operation (1000 operating hours) discussed into
details in an earlier paper [27]. The electrochemical Ostwald ripening
mechanism was detected as the main origin for catalyst aging.

Here, this AST was modified to obtain ad-hoc experiments able to
clarify the main stressors accountable for the decay of the Pt active
surface area. The investigation focuses on operating conditions relevant
for real systems and was thus restricted to the voltage window accessible
by the fuel cell. In agreement with the applicative strategies that prevent
Open Circuit Voltage (OCV), the cell potential did not go beyond
0.85-0.90 V. Furthermore, the short-stop procedure [27-29] was
included, which makes the voltage drop to values lower than 0.1 V, since
the air flow is not supplied. In this way, the most frequent potential
transients that are likely occurring in systems are fully comprised. This is
a source of originality of this work, since the electrocatalyst ASTs usually
exploited are signed by potential profiles up to 0.95-1 V and limit the
minimum voltage to 0.6 V [30]. In addition, the catalyst degradation
was trigged in hydrogen/air or diluted air atmosphere to be as much
realistic as possible. The importance of shifting accelerated protocols
from an inert atmosphere [31] to the regular fuel cell operational
environment is currently reported in many researches [26,32]. Never-
theless, only a limited number of papers exploited air ASTs for a para-
metric stressors study [33-35] and the impact of gas composition is still
under debate. It is worth noting that the air adoption keeps track of the
operando MEA performance, providing insights into the aging interpre-
tation. The testing campaign was thought to assess the role of both the
voltage range and transitions, for a total of 30 tested samples.

Since the main objective of the work is to study the impact of short-
stops on catalyst degradation, their critical role is first presented in
Section 3.1. Then, with the purpose to clarify which is the voltage profile
characteristic responsible for the promotion of the aging, a parametric
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analysis was dedicated to investigate both the short-stop properties and
the operational history, as exemplified in Fig. 1A and Fig. 1B. Parame-
ters connected to the short-stop have been detailed, as the short-stop
potential (Section 3.2), its regulation, in terms of scan rates and dura-
tion (Section 3.3), and its humidification (Section 3.4). Among all, we
identified the short stop potential as a relevant parameter, thus a sup-
plementary analysis on the low voltage transitions was pursued, which
comprised more frequent transients (Section 3.2.1). Regarding the
operational history, the profile under the operative time was modified to
track the influence of the UPL (Section 3.5), the number of cycles
(Section 3.6) and the cathode gas feeding composition (Section 3.7).
Overall, the findings provide a broad picture of the short-stop influence
and they are of hint for the development of system mitigation strategies.

2. Experimental methodology

The details related to the experimental methodology can be found in
previous publications [26,27,36]. The most relevant information are
summarized in the following for readability purposes.

2.1. Materials and equipment

Two Catalyst Coated Membranes (CCM’s) were tested and indicated
as I and II. They consist in commercial Pt/C materials provided by two
manufactures: CCM I has 0.1/0.5 mg cm ™2 Pt loading, while CCM 1I is
signed by 0.1/0.4 mg cm™2 Pt loading, both based on 18 pm-thick PEM
(reinforced and chemically stabilized by radical scavenger) [26]. Cath-
ode electrode carbon support is graphitized and its thickness is 15 + 3
pm for CCM I and 10 + 2 pm for CCM II. The CCM I Pt/C loading is in the
range 40-60 wt %. The anode catalyst layer thickness is almost 5 pm for
CCM I and 3 pm for CCM II. The 2 cm? MEA’s combined these CCM’s
with gas diffusion layers supplied by Freudenberg (H14CX483). The
samples were mounted using quasi-incompressible gaskets (Mylar®) to
obtain a compressed thickness which was the 80% and 81% of the un-
compressed, for CCM I and CCM II respectively [26]. The MEA’s were
assembled in the hardware at a torque of 9 Nm.

All measurements were performed on a customized test station using
a zero-gradient cell hardware. The hardware, characterized by parallel
channels, was configurated to operate with high stoichiometry (8/20 at
anode/cathode) to keep uniform working conditions. Its open source
design is provided in the work by Colombo et al. [37] and used to the
simultaneous test of four CCM’s. A detailed description of the test station
equipment was reported in a previous paper [26], which the reader
could refer to. The adoption of a multichannel load granted to control
the accelerated protocol voltage profile for each single MEA. Protocols
were designed in LabView® environment.

2.2. AST procedures and MEA characterization measurements

The experimental procedure is depicted in Fig. 1C. All MEA’s were
conditioned prior to testing, switching the current every 2 min (0.2-0.8
A cm™2) for 17 h [26,27]. A Hy/N OCV period is introduced every 20
cycles of the break-in protocol, which is performed at 65 °C and at full
humidification.

Before each set of diagnostic measurements, an MEA recovery step
was implemented. It consists in two separated steps: (i) first, in only
supplying air at the cathode compartment to allow Oy to diffuse towards
the anode, where no gas is fed, for a total of 15 min. The procedure
mirrors a realistic system long stop and it is helpful for anode reac-
tivation [26]; (ii) second, in performing at 30 °C and for 10 times a 100
mV s~ cyclic voltammetry to high voltage (OCV-1.20 Vgyg); the pro-
tocol strips catalyst contaminants and ensures a better reproducibility of
the subsequent cyclic voltammograms used for determining the ECSA,
the main parameter under analysis. ECSA was evaluated from CV at
30 °C, 100 mV s~ ! and limiting the upper potential to 0.6 Vgpyg, by
averaging the H-desorption charge of five consecutive scans. A 210 pC
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Fig. 1. (A) Aim of the work and rationale: the short-stop role is pursued in dependence on both short-stop properties and operational history (i.e. characteristics of
the operative time). The presence/absence of short-stops is investigated, as well as the short-stop potential, its regulation and humidification. Among all, the
highlighted critical role of the short-stop potential required to further investigate the low voltage transitions. On the other hand, characteristics of the operative time
were changed, as the UPL, the number of cycles and the gas feeding composition to assess their interaction with the degradation induced by stopping. The number of
the section where the results are included is reported besides each stressor; (B) Accelerated Stress Test profile that mimics the low power operation in presence of
short-stops. The profile is adapted from the protocol proposed in a previous publication [26]. The influence of the highlighted parameters is quantified in this work. 1
AST cycle corresponds to 6 cycles in the operational window (4.7 min), followed by a short-stop (110 s). The “AST time” corresponds to the time of the whole
protocol; (C) Scheme of the experimental procedure for studying MEA degradation under AST.

cm; specific charge is assumed. Anode and cathode electrodes were fed
by fully humidified 100 NmL min~! hydrogen and nitrogen streams
respectively. Alongside ASTs application, the features related to the
hydrogen adsorption/desorption (region below 0.4 V) decreased
because of the reduction of the catalyst roughness factor (rf) [cm%t
crngezo], from which the ECSA [mg; gﬁtl] is computed hypothesizing an
unchanged Pt loading.

As included in another authors’ work [26], the reference polarization
curve was registered in current-control mode at 80 °C and fully hu-
midified gas feedings. Each current density point of the polarization
curve lasted 180 s, of which the first 30 s were discarded to quantify the
average voltage. The protocol consisted in increasing the current density
from 0.005 A cm ™2 up to 4 A cm ™2, and then in reducing the values with
the opposite trend. As a standard for comparing the results and studying
the CCM degradation, the advancement from high to low currents was
selected [38]. Stoichiometry was set to 8/20 at anode/cathode, while
the minimum flow was the equivalent at 0.5 A cm™2. Inlet pressure was
250/230 kPayps at anode/cathode. Prior to recording a polarization
curve, the cell was held at 0.5 A cm~2 for 5 min. Electrochemical
Impedance Spectroscopy (EIS) measurement was implemented during
the polarization protocol, both at 1 A cm™2 and at 3 A cm ™2,

Aging of the cathode electrodes was obtained under various voltage
cycles. The potential profiles were designed starting from the Low Power
AST protocol previously proposed [26], which mimics an automotive
low load profile [27]. Here, we chose to apply a voltage-controlled logic
to make the analysis of the voltage profile easier. Fully humidified or
oversaturated conditions were selected to focus the study on the catalyst
degradation and avoid possible contributions due to ionomer
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deterioration. The cell temperature was 71 °C and the inlet pressure was
140/190 kPagps at cathode/anode. The reference profile (Fig. 1B) con-
sists in a period of 4.7 min (“operative time”) where the voltage was
cycled six times between 0.7 V and 0.85 V. The dwell time at 0.85 V was
30 s, while 12 s at 0.7 V. A short-stop followed, which lasted 110 s. The
combination between this operative period and the short-stop consists in
one AST cycle. The short-stop (identified as “no-air stop” in the
following) consisted in the air flux interruption under a resistive control
while hydrogen was supplied, as explained in other works [26,27]. In
the meanwhile, the cathode reached the ambient pressure and the anode
pressure was reduced to 150 kPa,ps. Furthermore, the quantities indi-
cated in Fig. 1A and Fig. 1B (UPL, LPL, the number of cycles in the
operative period, short-stops presence and its parameters) were varied
to measure the stressing role caused by the voltage window and by the
voltage transients. In all the cases, the temperatures of the cell hardware
and of the bubblers were regulated under hydrogen/nitrogen prior to
start the test. One hour was spent in these conditions to allow a sufficient
stabilization. Then, 3 min were spent at UPL and under the gas feedings
of the test (hydrogen/air or hydrogen/diluted air) to regulate the anode
and the cathode pressures.

For completeness, it is noteworthy to mention that the cell voltage
deviates from the cathode catalyst potential because of the actual drawn
current at each time. A very simplified estimation of the cathode elec-
trode voltage (E) was computed in this work by correcting the imposed
cell potential (E¢) for the ohmic overpotential. The computation con-
siders the average current drawn during the protocol i;, at the jth po-
tential level of the test:

E=Ec +ijagRa (@)
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EoT

ij() dt (2)

Liavg = B
BoT

Rg is estimated by the High Frequency Resistance from impedance
spectra at the protocol operating conditions and it was measured as
equivalent to 0.025 Q cm?.

For describing the trend of the ECSA decay and furnishing a guide-to-
eye for its evolution, the expression included in Equation (3) was
exploited [39,40], which agrees with the mechanism of nanoparticles
growth because of ripening:

dECSA
dN

— ¢* ECSA® exp(0"ECSA) 3)

N is the number of AST cycles, c* is the proportionality constant and
* is the exponential constant. The equation can be re-arranged for
expressing the normalized surface area S, defined as the ratio between
the ECSA and the ECSA at BoT (ECSAy):

ds

@
N ¢S exp (@ S)

@
Where c is equivalent to ¢*-ECSA( and w to w*-ECSAy. The expression
describes the logarithmic decay of ECSA with respect to time or with
respect to the protocol cycle number, a behaviour already reported in
literature [41] and verified to be in good agreement with our experi-
mental results. This equation was used for calculating a concise degra-
dation rate k, obtained as the product between ¢ and exp(w), where the
values c and w were least-squares regressed over the experimental data.
Such parameter corresponds to the rate of decay at the beginning of the
degradation protocol (i.e. for S equal to 1). This description physically
supports the progressive stabilization of the normalized ECSA, while
limiting to zero the minimum value that can be reached.

2.3. TEM and SEM analysis

Cross-sections of MEA’s both at the beginning of the test and after
AST cycles were prepared for transmission electron microscopy (TEM)
and scanning electron microscopy (SEM) characterization. Pieces of
samples were first embedded in a resin (EpoFix Struers®) then, for TEM
observations, thin MEA sections were sliced by an ultramicrotome
(LEICA). Images were taken using a FEI-Titan microscope which adopts
a Cs image corrector. The diameters of the spherical Pt NPs were
manually measured and the size distribution histograms finally recon-
structed [26,27]. Then, it was calculated: (i) the average volume/area
diameter av/a, obtained from Equation (5) [42], (ii) the Geometric Sur-
face Area (GSA), which is expressed by Equation (6), (iii) the catalyst
utilization factor (u.f.) from Equation (7), (iv) the mean diameter d,
equivalent to the simple arithmetic average of the measured diameters.

]
d,ja[nm] = ﬁ (5)
76 1
GSA {m—} -2 )
8 Ppr dv/u
GSA
" =pcsa @

The SEM analysis was instead performed with a Zeiss EVO 50 SEM,
equipped with energy-dispersive x-ray spectroscopy microprobe. Back-
scattered electrons were employed to evidence the cross-section fea-
tures, thanks to the compositional differences, after having
mechanically polished the sample to obtain a mirror-like surface.
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3. Results and discussion
3.1. The role of short-stop

The short-stop is a frequent stop procedure for an automotive fuel
cell electric vehicle, introduced one every half an hour according to the
ID-FAST project data [29] and similarly Takahashi et al. [43] reported
an incidence of five stops a day. To assess the impact of the short-stop on
catalyst aging, the protocol drawn in black in Fig. 2A was repeated on
both CCM I and CCM II and compared against when it is removed,
namely, substituted with an holding period at 0.7 V (yellow profile). The
protocols were carried out at 6.5% Xo2,dry, Whereas the no-air short-stop
is periodically performed. The results of the Pt active area evolution for
the two CCM’s during these ASTs are summarized in Fig. 2B and Fig. 2E
respectively, while cyclic voltammograms are in Figure SI1. Both the
ECSA measurements performed on the two CCM’s evidenced a clear
difference when the stop is executed with respect to the case it is elim-
inated. The profile obtained in presence of stops is analogous between
the two CCM’s after 1600 AST cycles: retained ECSA is equivalent to
66% for both CCM I and CCM II. The stops removal strongly diminishes
the rate of loss: for CCM I, normalized ECSA jumps up to 85%, while for
CCM 1II to 76%. It is worth noting that, even though the two CCM’s
confirm the stop effect, some discrepancies subsist. CCM II, indeed,
shows a lower difference between the two cases.

To understand the underlaying degradation phenomena, a post
mortem TEM analysis was carried out on both the samples aged under
1600 cycles of the accelerated protocol with short-stops. The TEM im-
ages of Fig. 2C and 2F clearly show the disappearance of the smaller
nanoparticles and the growth of larger. On the other hand, the carbon
support not evidently corroded, since it was observed no thinning of the
cathode catalyst layer and no porous structure collapse (Figure SI2A and
Figure SI2B). Furthermore, no signs of Pt band formation inside the
membrane and Pt depletion in the catalyst layer were found (Figures SI3
and SI4). The absence of precipitated Pt is consistent to our previous
works [26,27] that investigated aging under comparable operational
protocols, but not under fully humidified conditions as these cases.
Additional considerations on these points are reported in Section 3.5,
where the impact of the upper potential limit during the operation is
discussed. The cathode electrode degradation is hence considered
dominated by the electrochemical Ostwald ripening mechanism, as later
corroborated by the irreversible performance loss analysis of Section
3.8. This is reasonable since carbon corrosion is expected very limited in
case of graphitized support under the studied UPL (0.85 V) and at the
quite low temperature (71 °C) [41,44]. In addition, the combination of
the hydrogen/air environment [45] and of the voltage clipping strategy
inhibits the flux of catalyst ions towards the membrane [46,47].

The particle size distribution histograms of Fig. 2D and 2G were built
from TEM images. The values extracted from these histograms and the
ECSA are summarized in Table 1. For CCM I, av/a grew from 4.8 nm to
7.2 nm and the utilization factor minorly varied, progressing from 70%
to 71%. At the opposite, the initial d,/, of CCM II is significantly lower
and equal to 3.2 nm and increased to 5.5 nm. The smaller particles size
of this second CCM could be at the origin of the larger rate of decay for
the no-stop case, since they would dissolve more rapidly. In presence of
no-air stops, the analysis of the post mortem images put into evidence the
larger GSA drop for the smaller Pt NPs: 41% for CCM II versus 33% for
CCM L. The change of the Pt utilization factor of CCM II, which increased
from 57% to 64% (Fig. 2G), makes the ECSA decay less prominent. This
observation is consistent to other literature measurements that reported
that the Pt u.f. improves as the nanoparticles age and grow, most of all
for the smallest (<4 nm): the trend could be ascribed to more efficient
interfaces between Pt, carbon and ionomer phases consequence of the
increase in size [48]. Finally, the unlike final average diameter d of the
two CCM’s (6.3 nm for CCM I, 4.8 nm for CCM II) may be attributed
either to a different “quasi-stable” Pt NP distribution or to a different
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Fig. 2. (A) Voltage profile of the tested Accelerated Stress Test protocols with (black) and without (yellow) the no-air short-stops, which involve a transition to
almost 0 V. When the short-stop is removed, it is substituted by an holding period at 0.7 V; (B) Normalized ECSA decay with respect to the AST cycle number and time
for CCM I; (C) TEM images of CCM I cathode catalyst layer at BoT (after break-in procedure) and after 1600 cycles of AST with short-stops; (D) Pt NPs size distribution
histograms of CCM I and evolution of its catalyst utilization factor (Pt u.f.) (E) Normalized ECSA decay with respect to the AST cycle number and time for CCM II; (F)
TEM images of CCM II cathode catalyst layer at BoT (after break-in procedure) and after 1600 cycles of AST with short-stops; (G) Pt NP size distribution histograms of

CCM II and evolution of its catalyst utilization factor (Pt u.f).

rate under which such a condition is finally got, that may be the result of
multiple factors related to the physicochemical properties of the catalyst
layer other than the initial nanoparticles size (e.g. support characteris-
tics, interparticle distance and ionomer content).

As a conclusion, we proved that short-stops have a critical role in the
real-world aging on two different commercial CCM’s. The significant
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higher loss in presence of frequent short-stops, with respect to the
conditions where the potential is kept >0.70 V, emphasizes that Pt
degradation is mainly a transient process and that the sweep of the
electrode potential towards the zero cell voltage is detrimental for the
catalyst. This outcome prioritized the necessity to detail the parameters
concerning the short-stop transition.
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Table 1
Analysis of TEM images for CCM I and CCM II. Analysed samples are after break-in and after 1600 AST cycles with no-air short-stops.
Counted particles GSA Average diameter (d) Volume/area diameter (d,,,) ECSA Utilization factor GSA loss ECSA loss
[-] [m%/g]  [nm] [nm] m?g]  [-] [%] [%]
CCM I
After break-in Ref. [26] 347 58.5 4.4 4.8 41.5 0.70 - -
AST w/ no-air short-stops 590 39 6.3 7.2 27.5 0.71 33 34
CCM II
After break-in 629 86 2.9 3.2 49 0.57 - -
AST w/ no-air short-stops 538 50.5 4.8 5.5 325 0.64 41 34
3.2. The impact of short-stop potential and the performance evolution ble 2
Table

Attention was paid in detailing the impact of some specific param-
eters of the short-stop. First of all, different stop potentials were tested,
as shown in Fig. 3A. The evaluated values were 0.70 V, 0.60 V, 0.40 V
and 0.20 V while the high potential cycling was kept unvaried, con-
sisting in the six cycles between 0.85 V and 0.70 V. Differently from the
no-air stop, diluted air was here supplied alongside the entire protocol to
keep the control of the cell voltage. Note that this period of 110 s is
fictitiously called stop in the following even though the cathode gas
supply is not interrupted and the current is drawn. The oxygen dry mole
fraction was set to 6.5% in nitrogen to avoid to reach extremely high
currents (Table 2). Every 200 AST cycles, a long stop and the MEA
characterization were performed. As discussed in Section 3.1 for CCM I,
values of normalized ECSA equal to 66% and 85%, were established
after 1600 AST cycles, in presence and in absence of short-stops
respectively. Fig. 3B includes in-between values for the intermediate
stop potentials: 70%, 77% and 79% for 0.2 V, 0.4 V and 0.6 V respec-
tively. Fig. 3C shows instead the CCM II outcomes.

As already mentioned, CCM II has a higher rate of loss while cycling
at high potentials. At 1600 cycles, retained ECSA is 76% at 0.7 V stop,
70% at 0.4 V stop and decreased to 66% at 0.2 V, which is minorly

Fig. 3. (A) Voltage profile of the tested Accelerated Stress Test protocols with
stops at different potentials. What included in the picture is defined as 1 AST
cycle. Normalized ECSA decay with respect to the AST cycle number and
operative time at different stop potentials for (B) CCM I and (C) CCM II.
Different colours correspond to the profiles included in figure A.
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Table that summarizes the average current density over the whole AST protocol
for dfferent fictitious short-stops potentials (carried out at 6.5% xo> and at the
controlled values of cell voltage E.), the estimated cathode potential E and the
rate of decay k. Results for CCM I are reported.

E. Average current Estimated E  Concise rate of decay
/v density /v k
/A cm® ya
Protocol with fictitious short-stop at 0.7 V
0.85V 0.009 A cm ™2 0.85V 1.3-107*
0.7V 0.31 Acm™2 0.71V
Short-stop at 0.7 0.30 A cm ™2 0.71V
\%
Protocol with fictitious short-stop at 0.6 V
0.85V 0.010 A cm ™2 0.85V 2.3-107*
0.7V 0.41 A cm™2 0.71V
Short-stop at 0.6 0.83 A cm ™2 0.62V
\Y%
Protocol with fictitious short-stop at 0.4 V
0.85V 0.018 A cm 2 0.85V 46-107*
0.7V 0.46 A cm™2 071V
Short-stop at 0.4  1.23 A cm™2 0.43V
\Y%
Protocol with fictitious short-stop at 0.2 V
0.85V 0.023 A cm ™2 0.85V 16.6 - 107
0.7V 0.52 A cm™?2 0.71V
Short-stop at 0.2 1.32 A cm™2 0.23V
\Y%
Protocol with no-air short-stop (~0 V)
0.85V 0.010 A cm™2 0.85V 92.5.107*
0.7V 0.49 A cm ™2 0.71V
Short-stopat ~0 0 A cm 2 ~0V
\%

different from the case of no-air stop (Section 3.1). In both the cases, we
concluded that the progressive reduction of the short-stop voltage in-
tensifies the ECSA decay. For a deeper analysis, the performance in
operando is also considered. Fig. 4A includes the CCM I current density
profile over one AST cycle at BoT (specifically, at the cycle number 20™)
during the operation between 0.85 V and 0.70 V. It is interestingly
noting that, for the same controlled potential in the operational cycling:
(i) the performance is boosted as the stop potential is reduced between
0.7 V and the no-air case, (ii) the performance variation over one AST
cycle is higher as the stop potential is decreased. Indeed, the difference
between the 1% and the 6™ current points at 0.7 V (which are high-
lighted in Fig. 3A), monotonically raises for a lower stop voltage.

Fig. 4Cand Fig. 4D depict again the information regarding the 1% and
6™ point at 0.7 V, in this case over 1000 cycles of the AST protocol.
Average data for the whole AST duration are summarized in Tables 2
and in Fig. 4B. It must be kept in mind that these profiles are the result of
both reversible [49] and irreversible degradation mechanisms, mostly
since both Pt oxides and ECSA are differently evolving. In addition, note
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Fig. 4. (A) CCM I current density profile over 1 AST cycle at BoT (specifically, for the 20™ cycle, evidenced by a black box in figure C, for different stop voltages. The
six cycles between 0.85 V and 0.70 V are here shown; (B) Average value of the current density over the whole AST protocol for different stop potentials. Results are
for the voltage level 0.70 V (left) and 0.85 V (right); (C-D) Current density profile over 1000 AST cycles at different stop voltages, for the first and the sixth setpoint at
0.7 V, as indicated in Fig. 3A. Every 200 cycles a long stop and the MEA characterization are performed. Results are referred to CCM I in figure C and to CCM 1I in
figure D. Different colours correspond to different stop voltage cases, as in the legend of figure A.

that the estimated cathode potential E in Table 2 takes into account the
only correction due to the HFR, while the contribution of ohmic losses in
the catalyst layers is not included. The real cathode potentials are thus
expected even higher than what estimated, in particular at the very low
fictitious short-stop voltages of these tests. It is relevant that when the
no-air stop was performed (black case), the performance of Fig. 4C and
Fig. 4D continuously decreased over the time and no recovery was
shown every 200™ AST cycles, when the long stop and the cell
state-of-health characterization were carried out. This is an indication
that reversible effects are continuously cleaned under this protocol
contrary to the other tests. When the stop is performed at 0.6 V or 0.7 V,
a reversible degradation effect appeared and the current density un-
dergoes a substantial improvement every 200" AST cycles. This trend is
mainly ascribed to some Pt oxides that kept growing during the opera-
tion, temporarily decreasing the activity of the catalyst. Data interpre-
tation for stops at 0.4 V and 0.2 V is complicated by more unstable
profiles, probably consequence of water and thermal management, more
critical at the combined high current densities and low cell voltages
reached under these protocols. It is however important to emphasize
that the relative difference between the 1% and 6™ measured current is
greater as the stop voltage is decreased in the range 0.4-0 V. It is sus-
pected a more complete oxides removal in such a range, advantageous
for the performance; on the other hand, Pt also appeared more
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destabilized consistently with the promoted rate of ECSA loss already
presented in Fig. 3.

3.2.1. Supplementary investigation on low voltage transitions

The following experiments examine the influence of more frequent
cycling conditions in comparison to the steady-state operation, both
through the variation of the upper potential limit and of the lower po-
tential limit. Indeed, the role of the minimum potential reached,
revealed as critical in the previously reported fictitious stop transients,
required to be further explored. The protocols were executed under
hydrogen/diluted air (xo2,4ry = 6.5%). Values were selected to span in a
range relevant for both automotive and heavy-duty application: the
reference potential window of this work, consisting in 0.85-0.70 V
cycling, was modified by introducing variations that can be of hint in the
design of the system operational constraints. First of all, we evaluated
the range between 0.90 V and 0.70 V, as illustrated in Fig. 5A. Note that
the stop was not included. An estimation of the electrode potential in
each protocol, in dependence of the average drawn current
(Figure SI5A), is in Table 3. The selection of the diluted conditions
maintained the current densities sufficiently low such that the deviation
between E and E. is almost negligible.

As expected, the higher UPL is more detrimental in Fig. 5B. In a
second comparison (Fig. 5C), the upper potential limit was kept at 0.85
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Fig. 5. (A) Applied square wave voltage profile for the accelerated protocol at different UPL; (B) Normalized ECSA decay with respect to the protocol cycles. Cycles
between 0.70 V - 0.85 V and 0.70 V — 0.90 V are included, according to what reported in Fig. 5A; (C) Applied square wave voltage profile for the accelerated protocol
at different LPL; (D) Normalized ECSA decay with respect to the protocol cycles. Cycling between 0.70 V and 0.85 V, 0.60 — 0.85 V and 0.20 V - 0.85 V are included,
according to what reported in Fig. 5C; (E) Applied voltage holding profile at different voltages; (F) Normalized ECSA decay with respect to the time spent at the upper
potential limit. Steady-state protocols at 0.70 V (purple) and at 0.85 V (green), as well as cycling between 0.70 V and 0.85 V (orange), 0.60 V - 0.85 V (red) and 0.20

V - 0.85 V (grey) are included.

Table 3

Table that summarizes the average current density over the whole AST protocol
for different UPL and LPL values (carried out at 6.5% X5 and at the controlled
values of cell voltage E.) and the cathode potential E estimated by correcting for
the HFR.

2

E./V Average current density/A cm Estimated E/V
Steady state at 0.70 V 0.33 0.71

Steady state at 0.85 V 0.004 0.85

Cycling 0.70 V-0.85 V 0.31-0.009 0.71-0.85
Cycling 0.70 V-0.90 V 0.31-0.001 0.71-0.90
Cycling 0.60 V-0.85 V 0.82-0.018 0.62-0.85
Cycling 0.20 V-0.85 V 1.36-0.041 0.23-0.85

V, while the lower potential was changed. The decrease of the LPL from
0.7 to 0.6 V was found deleterious too. After 12k cycles, the normalized
ECSA is 84% and 76%, at LPL equal to 0.7 V and 0.6 V respectively
(Fig. 5D). Quantitatively, the loss of these tests reasonably agree with
Zihrul et al. [44]. As a term of comparison, the authors performed
hydrogen/air square wave cycles of 30 s-30 s dwell time in the ranges
0.60-0.80 V and 0.60-0.90 V, identifying a retained ECSA around 80%
and 57% after 12k cycles.

It is worth noting that in our experiments the ECSA profile is anal-
ogous between the cycling 0.70-0.90 V (Fig. 5B) and 0.60-0.85 V
(Fig. 5D). From the point of view of the application, an increase of the
maximum potential can be explored, which boosts the system efficiency,
while the catalyst aging can be limited by avoiding too low cell poten-
tials at the power peak. Most of all, this testing campaign evidenced an
unexpected largely promoted degradation when the LPL is further
reduced to 0.2 V. A sharp drop of the catalyst surface area appeared in
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this case, that made the normalized ECSA be 66% at 7.8k cycles.
Coherently to the idea of a progressively enhanced surface cleaning from
oxides, the average current drawn at 0.85 V got higher as long as the
minimum voltage was reduced (Table 3 and Figure SI5.B).

To evidence the role of potential cycling, two different steady-state
potentials (0.70 V and 0.85 V, Fig. 5E) were tested and compared
against the previous results. Again, the decay in the electrochemically
active surface area increased with the potential level. Restricting the
potential to 0.70 V dramatically slows down the rate of loss, leading to
an ECSA reduction of only 3% after 84 h, while the holding at 0.85 V
lowers the ECSA of 15% after the same time (Fig. 5F). The faster decay of
catalyst at increasing UPL is physically consistent to the incentivized Pt
nanoparticles dissolution [50]. It is particularly noteworthy that,
comparing the degradation induced by the steady-state 0.85 V and the
voltage cycling between 0.85 V and 0.70 V, the loss is comparable with
respect to the time spent at UPL, meaning that the holding at the
maximum potential, and not the cycling, is the main stressor for the
catalyst degradation. On the other hand, once the LPL is decreased from
0.70 V to 0.60 V, and even more to 0.20 V, we observed an incentivized
aging. This loss, connected to the widest span of potentials, is attributed
to the change of the surface coverage of Pt [23]: we can conclude that
probably the extent of degradation is proportional to the degree of
catalyst oxides reduction within a cycle, greater at 0.60 V and, more
surprisingly, at 0.20 V.

3.3. Short-stop regulation: the impact of the scan rate and of the time
spent at low potential

Once established the short-stop role, the parameters correlated to its
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regulation were changed to assess the effect on the ECSA decay. The scan
rate is studied in this section; we exploited the AST profile with a ficti-
tious short-stop at 0.2 V. The hydrogen/diluted air operation (Xo2,dry =
6.5%) allowed to control the transitions: a voltage change comparable to
5 mV s~ was reproduced by a stair-case profile, which consisted in
requiring to the load steps of 5 mV every second. Both the anodic and the
cathodic transitions of the short-stop were investigated, according to the
design of Fig. 6A and Fig. 6C.

In Fig. 6B, the decrease of the anodic scan has no impact on the ECSA
decay, here directly compared to the step profile (already shown in
Fig. 3B), indicated as “fast anodic scan”. The scan rate effect on Pt
dissolution is controversial in the literature. More fundamental studies
on dissolution of Pt(111) showed a very small effect of the anodic scan
rate [51], while Pavlisi¢ et al. [52] proved that on a Pt-3 nm electro-
catalyst the dissolution rate increased with the scan, consistently with
the idea that the direct dissolution of Pt is more promoted if the surface
is less oxidized in a fast process. However, the lower time spent in the
transition decreased the total amount of dissolved Pt. In ASTs, Kneer
et al. [33] saw that the impact of both the anodic and cathodic scan was
minor. What we can conclude from our observations is that mitigation
strategies that actively control the switch-on after stop would not be
beneficial and that this transient has no influence on the aging observed
for the potential profile here tested. Fig. 6C and Fig. 6D highlight the
impact of different cathodic scans alongside the short-stop. Proceeding
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with a slow cathodic scan rate over the range 0.70-0.20 V seems slightly
beneficial (compared to the “fast cathodic scan”, the profile of Fig. 3).
The span was then separated into the component between 0.70 V and
0.50 V and between 0.50 V and 0.20 V. While the former minorly varied
compared to the previous case, the latter appeared a bit more detri-
mental, resulting in an additional 5% of ECSA loss at 1600 AST cycles. As
a result, the overall slow cathodic scan (green profile of Fig. 6D) is
showing a beneficial effect compared to the fast change between 0.70 V
and 0.50 V (yellow profile), suggesting that proceeding slowly, mostly at
E. > 0.5V, can be an valuable mitigation strategy.

To understand if these resulting profiles are also affected by the time
spent in the low voltage range, we carried on tests with different stop
durations. The profiles under analysis are depicted in Fig. 6E: they
consist in the “standard” voltage cycling followed by a fictitious short-
stop at the potentials of 0.4 V and 0.2 V. The short-stop duration was
increased from 110 s to 220 s. The outputs are collected in Fig. 6F. Even
though the main effect is attributed to the stop potential value, this
analysis shows that the stop lasting can have a role: at 0.4 V, the longer is
the time spent at the lowest voltage, the more promoted is the ECSA
decay. At 0.4 V, the discrepancy between the holding times is more
evident rather than at 0.2 V. This suggests that the time spent at the
lowest potential has a greater influence as the voltage level gets higher.

Fig. 6. (A) Voltage profile of the Accelerated Stress Test protocols at the slow anodic scan rate of 5 mV s forthe 0.2V short-stop; (B) Normalized ECSA as a function
of the protocol cycle for the voltage profile of figure A (slow anodic scan), with respect to the fast scan (square-wave, depicted in Fig. 3A); (C) Different voltage
profiles of the Accelerated Stress Test protocols that exploit the slow cathodic scan rate of 5 mV s~ ! for the short-stop; (D) Normalized ECSA as a function of the
protocol cycle for the voltage profile of figure C (slow cathodic scans), with respect to the fast scan (square-wave, depicted in Fig. 3A); (E) Voltage profile of the
Accelerated Stress Test protocols with different stop duration of 110 s and 220 's, at 0.4 V and at 0.2 V; (F) Normalized ECSA decay resulting from the voltage profiles

of figure E with different stop durations.
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3.4. Cathode gas humidification during stop

The effect of the humidification state of the short-stop transient is
reported in Fig. 7. Nitrogen at 0% RH (not humidified, obtained by-
passing the bubbler) was introduced at the beginning of the stop tran-
sient, while all the other AST parameters were kept unchanged. The
objective was to test if a drying-out period during the stop was an
advantage for mitigating catalyst aging, since the decrease of liquid
water content can poor the Pt ions mobility. A resistive load was applied
while a nitrogen flow rate equivalent to 0.6 NL min~! was introduced at
the end of the seventh period at 0.85 V of the cycle (Fig. 7A). As in the
reference no-air stop profile (Fig. 2A), the potential is reduced with
minor changes in dynamics. The short-stop duration was kept un-
changed (110 s) but, at the half of this period, the nitrogen supply was
interrupted to allow the cell potential reduction from ~0.15 V towards
0.06 V, as in the standard case. Following this procedure, possible dif-
ferences in the results caused by unmatching minimum stop potentials
were avoided.

Fig. 7B and Fig. 7C include the normalized ECSA for the dry stop
protocol with respect to the standard case. The rate of decay of CCM I is
almost unchanged, while for CCM II is reduced, leading to an
improvement of 5% normalized ECSA at 1000 AST cycles.

3.5. Influence of the operational history: the upper potential limit

The following experiments examine the influence of the upper po-
tential limit on the degradation of the catalyst layer in presence of no-air
short-stops. Protocol voltage profiles are represented in Fig. 8A, 8C and
8E. They were performed in hydrogen/air and the results compared
against the voltage cycling without short-stops, already presented in
Section 3.2.1.

Starting from the reference AST, the Upper Potential Limit was
changed in the range 0.70-0.90 V. For the case at 0.70 V, UPL and LPL
coincided, implying a unique dwell time of 4.7 min at such a potential
(additional information are in Table 4). The resulting ECSA decays are

Fig. 7. (A) AST profile which includes the introduction of dry nitrogen for
performing the short-stop; Normalized ECSA as a function of the AST cycles for
the standard no-air short-stop protocol and for the dry nitrogen short-stop
protocol: results are for (B) CCM I and (C) CCM II.
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included in Fig. 8B, 8D and 8F as a function of the time spent at UPL. The
normalized loss per cycle increased while increasing UPL both in pres-
ence and absence of short-stops. The decay was more rapid in the initial
part of the protocol when the short-stop was frequently included; then,
as a peculiar behaviour, the trend levelled off. The impact of low voltage
transitions is clearly highlighted by this comparison. After 60 h at 0.85
V, the ECSA is lowered to 86% when stops are not introduced, while it
drops to 65% in case they are inserted. After the same 60 h at 0.90 V,
ECSA decreases to 82% in absence of stops, while to 56% if they are
present. More surprisingly, the drop of ECSA significantly differs even at
0.70 V, being 98% and 79% without and with the short-stops respec-
tively. Please, note that the decay in presence of stops (Fig. 8D) is even
enhanced compared to all the outcomes of Fig. 5F, meaning that the no-
air stops are responsible for an additional portion of aging.
Cross-sections of samples aged under UPL equal to 0.85 V and 0.90 V
were also studied by SEM in comparison to the conditioned CCM I
(Fig. 8G). Fig. 8H evidences that, once again, Pt band is not formed if the
UPL is limited to 0.85 V. Here the protocol was carried out under
hydrogen/air but the outcomes are consistent to Section 3.1, where the
analogous voltage profile was performed under diluted air. Only when
we increased the cell voltage towards 0.90 V, Pt precipitated in the
membrane at a distance of approximately 1.2 mm from the cathode
catalyst layer (Fig. 8I). In addition, it should be noted that even for this
higher UPL no reduction of the electrode thickness was observed
(Figure SI2C), suggesting that any possible carbon corrosion contribu-
tion is still minimal. Pt nanoparticles coarsening is therefore considered
as the critical underlying process for the electrocatalyst degradation.

3.6. Influence of the operational history: the number of cycles

The voltage-controlled AST was modified in its high voltage cycling
period to understand the specific role of the high voltage cycling with
respect to the no-air short-stops. The profiles tested under hydrogen/air
are illustrated in Fig. 9A. Specifically, the standard profile consisting in
six cycles was varied to test one single transition while keeping unvaried
the total time spent at 0.85 V. An additional test comprised only a fixed
time at 0.85 V for 4.7 min, avoiding cycles in the operating window at
all. Note that, in all these ASTs, the short-stops where equally “spaced”
in time. The ECSA loss driven by these profiles (Fig. 9B) indicates that
cycling at high potentials has a minor impact on catalyst surface aging as
the no-air short-stop is recurring with the same time frequency. Only a
minor dependence upon the cycles number can be observed (e.g. six
cycles loss is minorly larger than one or zero cycles loss). This finding is
consistent with Section 3.2.1, where we observed for this CCM that at E¢
> 0.70 the catalyst loss is driven more by the UPL than by cycling. In
brief, the graphic suggests that when the short-stop is frequently intro-
duced, aging is controlled by this procedure rather than by the cycles of
potential in the typical automotive operational range.

3.7. Influence of the operational history: the cathode gas feeding
composition

The AST was tested under different cathode gas flow compositions:
air, diluted air (6.5% O3) and nitrogen. The profile consists in the
voltage cycling between 0.7 and 0.85 V and the no-air short-stop
(Fig. 10A). As clear, the dry oxygen mole fraction has a negligible impact
since the decay trend in Fig. 10B is analogous between the pure and the
diluted air case. Fig. 10C and Fig. 10D include the outcome of the pro-
files at 0.70 V, which confirm this observation. However, the electrode
potential under hydrogen/air is larger than 0.70 V (see Table 5). Hence,
to limit E to 0.70 V, E. was controlled at 0.68 V while supplying diluted
air. The resulting degradation is again relevant with respect to the 0.70
V holding, which confirms the importance of stopping. A case under
inert environment is finally shown in Fig. 10E. When nitrogen is sup-
plied, an Autolab® potentiostat is used to impose a ramp of 0.1 Vs ! in
the cathodic transient to 0.06 V, while a ramp of 0.7 V s~* for the faster
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Fig. 8. Voltage profile and resulting normalized ECSA as a function of time spent at Upper Potential Limit for (A-B) Steady-state conditions at 0.70 V and case in
which no-air short-stop is introduced every 4.7 min; (C-D) Square-wave cycling between 0.70 V and 0.85 V and case in which no-air short-stop is introduced every 6
cycles. (E-F) Square-wave cycling between 0.70 V and 0.90 V and case in which no-air short-stop is introduced every 6 cycles.

(G) SEM image of CCM I after the conditioning; (H) SEM image of CCM I aged under the accelerated protocol with no-air short stops, with an UPL of 0.85 V and (I)
with an UPL of 0.90 V. Note that Pt/C is present in the pristine membrane. When the UPL is limited to 0.85 V, no clear Pt band is formed in the ionomer membrane.
This is consistent to the findings of previous publications [26,27]. When the UPL is increased to 0.90 V, a slight Pt band is formed in the PEM close to the cathode
catalyst layer: Pt precipitated at the distance of 1-1.5 pm from the interface with the cathode electrode.

Table 4

Table that summarizes the average current density over the whole AST protocol
with different UPLs in presence of no-air short stops (carried out under
hydrogen/air and at the controlled values of cell voltage E.) and the cathode
potential E, estimated by correcting for the HFR.

E. Average current density Estimated E
N /A cm™? IV
0.70-0.90 0.80-0.006 0.72-0.90
0.70 1.15 0.73

anodic transient between 0.06 V and 0.85 V, in order to be representa-
tive of the dynamics observed in the no-air procedure. The same value of
0.7 V s~ is selected for performing the square wave profile in the high
voltage region. The output of the Hy/Njy protocol is included in Fig. 10F.
It is relevant that the large ECSA loss due to the transients to the almost
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null cell voltage is present even under the inert atmosphere. A few dis-
crepancies of the outputs between the nitrogen case and the Oy-rich
cases could be attributed to the different cathode potential levels or to its
uniformity across the electrode because of the drawn currents (e.g. the
lower LPL seen by the catalyst layer under nitrogen could make the
degradation over the voltage cycling between 0.85 V and 0.70 V slightly
more impacting rather than under air, even though the aging experi-
mental variation is extremely limited). These results suggest that (i) the
high impact of short-stops subsists in tests carried out under an inert
atmosphere, (ii) the degradation is reasonably consistent for different air
dilutions.

3.8. Irreversible performance degradation analysis

Under ASTs, the cell performance is expected to deteriorate. The
operando current density analysis presented in Section 3.2 is the
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Fig. 9. (A) Voltage profile of the tested Accelerated Stress Test protocols with a
different number of high voltage transitions (six, one or none) and in presence
of no-air short-stops; (B) Normalized ECSA as a function of the protocol cycle
and time under the ASTs depicted in figure A.

combination of two effects, namely the reversible and the irreversible
loss. The first was mainly attributed to Pt oxides formation/reduction,
since the protocols were specifically carried out at fully humidified or
slightly oversaturated conditions for inhibiting ionomer degradation-
related contributions (e.g. adsorption of sulfur or sulfonate groups on
Pt [53] due to membrane chemical aging), which are enhanced at low
relative humidity [54]. It should be however noted that the adsorption
of the catalyst layer ionomer on the Pt surface can also have an impact
on the operando ORR kinetics [55]. To focus on the irreversible loss only,
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polarization curves where periodically recorded. The voltage corre-
spondent to some selected current densities was plotted versus the Pt
roughness factor, which changes alongside aging because of the ECSA
decay. The results of all the ASTs for CCM I are collected in Fig. 11A. Ata
given current density, the measured cell voltage well matches and fol-
lows the same path of variation, thus appearing as a prevalent function
of catalyst r.f. It can be concluded that the Pt roughness factor, and
hence the ECSA, is the critical responsible both for the kinetic loss,
which dominates at low currents, and for the mass transport limitations
[56], which rise up progressing towards high current densities. This
analysis, as suggested by other authors [41], hints at the Pt dis-
solution/redeposition as the dominant underlying mechanism,

Table 5

Table that summarizes the average current density over the whole AST protocol
for the controlled E. values with different cathode gas feeding composition and
in presence of no-air short-stops. Tests are under hydrogen/air, hydrogen/air
diluted in nitrogen (6.5% Xoz2,dry) and hydrogen/nitrogen. The estimated cath-
ode potential E is also included.

E. Average current density Estimated E
/v /A cm™2 /v

0.68 V (diluted air) 0.61 0.70

0.70 V (air) 1.15 0.73
0.85-0.70 V (N3) 0 0.85-0.70
0.85-0.70 (diluted air) 0.010-0.49 0.85-0.71
0.85-0.70 (air) 0.049-0.64 0.85-0.72

Fig. 10. Voltage profile of the Accelerated Stress Test protocols with a different cathode gas feeding composition (air, diluted air and nitrogen) in presence of short-
stops. (A) Profile in case of maximum potential of 0.85 V; (B) Normalized ECSA as a function of the protocol AST in figure A and with different air dilutions; (C)
Profile in case of maximum potential around 0.70 V; (D) Normalized ECSA as a function of the protocol AST in figure C and with different air dilutions; (E) AST
profile under hydrogen/nitrogen; (F) Normalized ECSA as a function of the protocol under hydrogen/nitrogen of figure E. Constant voltage cases are included in the

figures as a reference: they are compared on time basis.
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Fig. 11. (A) Cell voltage in Hy/air polarization curves for selected geometric current densities (0.4, 1.5, 2.5, 3.5 A cm?) as a function of the Pt catalyst roughness
factor over aging under the various ASTs presented in this work. The measurements were performed under the operating conditions of the reference polarization
curve. U.S. Department of Energy Electrocatalyst AST results are also included. The catalyst decay due to this protocol, consisting in 3s-3s cycles between 0.60-0.95
V, has been already presented in a previous publication [26]; (B) Nyquist plot recorded under at the current density of 1 A cm? (top) and 3 A cm 2 (bottom) under
H,/air reference polarization. Curves are for different cycles of the AST protocol with no-air short-stops, the outcomes of which were presented in Section 3.1.

consistently with the discussion of this work. In addition, Fig. 11B shows
no relevant impact on the EIS Nyquist plots. Considering the constant
HFR, membrane degradation was excluded. No significant deviations
were recorded both in the high and in the low frequency range at the
studied current densities (1 and 3 A cm™2). Only a slight promotion of
the low frequency resistance is observed. These results well agree with
Pt nanoparticles coarsening as the critical degradation mechanism [57].
Hy/05 polarization curves are instead depicted in Figure SI6: in these
conditions, the kinetic overpotentials are expected to dominate. The
Tafel plot collects the HFR-corrected potential as a function of the spe-
cific current density of Pt surface. The current includes the contribution
due to the hydrogen crossover and the short circuit, determined from the
Linear Sweep Voltammetry [26]. In this measurement, the current
density extrapolated at null voltage represents the contribution due to
the hydrogen crossover, while the chart slope provides an estimation of
the electric resistance, from which the shorting current is computed.
Two independent CCM I samples were studied under the reference AST
profile when no-air short-stops are included, both at BoT and after the
application of 1600 cycles. At the Beginning, a Tafel slope of 74 + 2 mV
dec ! was identified, which increased up to 84 + 2 mV dec! at the end
of the test. The observed Tafel slope at BoT exceeds the commonly
assumed value of 70 mV dec !, which corresponds to a cathodic transfer
coefficient of a. = 1 for the Oxygen Reduction Reaction, but it is still in
agreement with literature findings [58]; after cycling it increased, as
reported by other researchers in case of catalyst accelerated protocols
[22]. In addition to the slope rotation, a shift towards higher specific
current densities was observed. The result suggests that the specific Pt
activity increases while decreasing the roughness factor. This output can
be correlated to the growth of Pt NPs size and pairs to the slightly pro-
moted Pt utilization factor (Section 3.1).

3.9. Discussion about the Pt degradation mechanism to explain the
experimental results

The results of this study offer the chance to discuss the mechanism of
catalyst degradation. Anyway, what included in this section has not to
be considered exhaustive. Additional analyses are necessary, and some
already planned, to elucidate the aging mechanism from a more
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fundamental point of view. The following considerations are based on
the in situ and the operando electrochemical measurements of this work,
combined with post mortem electron microscopy characterization. They
are examined in relation to other recent literature findings: combined
together, they can provide a broader picture of the electrocatalyst
degradation issues.

This work established the impact of urban switch-offs in driving the
irreversible Pt active surface area decay. In particular, we suspect a
periodic reduction of platinum oxides in the low potential transients that
enhances catalyst degradation, as exemplified in Fig. 12A. This is more
stressed as the lower potential is progressively decreased from 0.7 V to 0
V: it can consistently explain the ECSA decay, signed by a larger rate of
loss as the short-stop voltage gets lower (Fig. 3) and quantitatively
indicated by the k parameter included in Fig. 12B (bottom). The removal
of the oxidative layer in such a potential range agrees with the operando
performance presented in Fig. 4. In more details, sufficiently long
holding times at potentials >0.70 V can cause the formation of stable
oxides, the removal of which could be responsible for the concomitant Pt
dissolution in the cathodic scan. Note that an impact on the dissolution
of the subsequent anodic transient may be present as well. The cathodic
dissolution process can occur even at low potentials, which drive a fast
Pt ions redeposition, at the basis of the relevant particle size increase
shown by the TEM images (Fig. 2). Some literature works include
findings that agree with this interpretation. Rice et al. [59] found
different ECSA decays for the same AST protocol at a varying number of
times the CV measurement was performed: larger particles were ob-
tained as the frequency of the ECSA measurement increased. The au-
thors suspected a promoted Pt dissolution/redeposition due to the
reduction of stable place-exchanged oxides. Our outcomes interestingly
suggest that stable oxides are formed even in the standard PEMFC
operational range, when voltage clipping mitigation strategies are
exploited, and that they require potentials lower than the most
commonly accepted 0.6 V to be fully reduced. Such an outcome is in
agreement with the recent works of Chattot et al. [60], who claimed that
the place-exchange mechanism is initiated at potentials as low as 0.80
Vrug, and of Ronovsky et al. [25], who showed that between 0.6 and
0.05 V a small number of catalytic sites, presumably highly oxophilic
defects, are hardly reduced. Our suspect is that stable oxides might be
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Fig. 12. (A) Schematic illustration of the proposed mechanism of degradation under the Accelerated Stress Tests studied in this work; (B) Top: trend of the k
parameter with respect to the Upper Potential Limit in absence of short-stops, for three different LPL values. In order to obtain comparable parameters with respect to
the bottom chart, which includes the outcomes of ASTs with short-stops, one cycle N in the fitting equation was selected equivalent to 6 cycles between UPL and LPL.
This makes the cycling basis equivalent to 1 AST cycle in presence of short-stops. Bottom: trend of the k parameter with respect to the stop voltage, in presence of
short-stops, and for different UPLs and stop durations. An uncertainty of £10 mV on the x-axis must be considered.

even formed around 0.70 V, as Fig. 8 hints. In addition, a few recent
literature works suggest the existence of a cathodic dissolution mecha-
nism occurring during voltage transients at potentials lower than 0.6 V.
Ahluwalia et al. [13] found a promoted Pt cathodic dissolution rate
while reducing LPL from 0.4 V to 0.1 V, that may be attributed to a
progressively oxide-free surface, even though the authors did not spe-
cifically comment the result. Sandbeck et al. [61,62] proved that, after
having cycled the sample between 0.6 V and 1.5V, the potential sweep
towards 0.05 V caused an additional cathodic dissolution peak. They
stated that the AST lower potential limit was too positive to remove all
the oxides. Furthermore, they also evidenced the interesting
size-dependence of the low voltage-cathodic dissolution, attributed to
an increase of oxophilicity for the particles of small dimension [63],
which can promote the formation of more stable oxides. Finally, Chattot
et al. [64] synchronized the on-line Pt ions ICP-MS data with wide-angle
X-ray scattering information, revealing a second cathodic dissolution
peak (named C2) occurring just before and during the adsorption of
hydrogen on Pt.

The effect of the UPL in absence of stops is summarized in Fig. 12B
(top): the larger is the UPL, the more enhanced is the loss. When the LPL
is reduced from 0.7 V to 0.6 V, and even more to 0.2 V, the rate of initial
decay k jumps up. Similarly, the decrease of the short-stop potential to
very low voltage values rises k. As explained, we suspect that the
cathodic transients are the major contributors when the no-air stops are
inserted. We expect the formation of stable oxides in the 4.7 min of the
typical operational voltage window (0.70-0.85 V). Results of Fig. 9
indicate that minor difference subsists between 6 cycles, 1 cycle and no
operational cycles, which suggest comparable stable oxide formation,
hence cause of an analogous increase of Pt NP size. The outcomes are
relevant for practical applications of the investigated CCM: less effort
should be spent in terms of technological mitigation strategies on the
frequency of the operational voltage transitions, while greater must be
spent on the short-stop procedure. Consistently to our interpretation, the
higher UPL in our protocols with short-stops (Fig. 8) is source for a
higher oxidative layer formation and nanoparticles growth because of a
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possible cathodic dissolution. The interpretation agrees with the
observed dominant Ostwald ripening mechanism rather than Pt ions
precipitation into the membrane because of the gradient in the catalyst
layer ionic potential due to hydrogen/air operation, which keeps the Pt
ions on the cathode side [45]. Furthermore, in the cathodic ramp we
expect an incentivized redeposition because of the very low voltage
reached [65,66].

This work opens to the possibility of tuning the scan rate of cathodic
transients for limiting aging (Fig. 6), mostly in the region between 0.5 V
and 0.70 V. This may result from different combinations of oxides
removal and/or Pt redeposition mechanisms. About the time spent at the
minimum potential, catalyst surface degradation is more promoted as
the time is higher since it can offer more room to the nanoparticles
growth. About the role of an oxygen rich atmosphere, we concluded that
dilution has no relevant impact on the mechanisms here studied
(Fig. 10), but additional analyses will be carry out on this topic.

4. Conclusions

In this work, a wide dataset regarding hydrogen/air voltage cycling
ASTs was presented. The degradation caused by voltage profiles in a
range typical for the automotive PEM fuel cells (<0.90 V) was studied,
under operating conditions representative for the low power operation
on two Pt/C CCM’s. The effect of the voltage window and transients was
assessed on the decay of the cathode catalyst active surface area. The
ECSA loss during steady-state operation was significantly lower rather
than under transient operation. As expected, the increase of the upper
potential limit promoted the aging. However, when the maximum
voltage was fixed at 0.85 V (a conventional voltage clipping in real
systems), the lower potential limit was highlighted as critical.

When the voltage cycling was kept at potentials >0.7 V, the degra-
dation was dominated by the time spent at the upper potential. The
degradation was instead enhanced as the lower potential was reduced
from 0.7 V to 0.6 V, consistently to literature interpretations about the
progressive cleaning of a partially oxide-covered Pt surface.
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Unexpectedly, transients to the cell voltage of 0-0.2 V caused a more
promoted decay, which is the condition encountered during short-stops.
The lower the short-stop potential, the larger the recovery of the
reversible performance loss, but the larger the normalized ECSA drop.
When the stop is introduced, the degradation is controlled by this
transition rather than by cycling in the standard potential region
(0.70-0.85 V). In addition, different short-stops parameters were tested.
Mild effects of mitigation were identified working on the humidification
state of the stop transients, using dry gas feeding, or on the cathodic
potential sweep, by diminishing its value. The major attenuating effect
was anyway obtained by increasing the minimum potential, even
though at the expense of a higher reversible loss on the performance.
Based on these results, the largest Pt nanoparticles coarsening likely
happens during the cathodic sweeps of stops, even though alterations of
the subsequent anodic transient cannot be excluded at all. The complete
oxide removal seems to occur when the potential is reduced to very low
values (<0.4 V), which could be attributed to the stripping of some
stable oxides.
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