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Abstract

In the past decades, the proton exchange membrane fuel cell (PEMFC) components, cell/stack designs
and system architecture have been significantly improved. However, despite great initial performance,
PEMEFC systems still suffer technological limitations, such as their initial cost, partly due to the use of
expensive Pt-based electrocatalyst, which prevents widespread industrial deployment. Lowering the cathode
catalyst loading while keeping high (and durable) catalytic activity has been intensively studied. In this work,
low-loaded catalyst layers (20 and 100 pgp: cmgeo ) are tested in PEMFC differential single-cell (DC) under
high reactant stoichiometry to characterize their intrinsic electrochemical properties under various ideal and
well-controlled operating conditions of cell temperature (7) and relative humidity (RH). Particularly, the
change of the membrane hydration state, via the ohmic resistance measurement, and the Pt-oxides surface
coverage are investigated to gather information on the physico-chemical and electrochemical mechanisms
involved in the cathode active layer, and the typical performance hysteresis observed during dynamic
operation such as polarization curves. These specific electrochemical measurements further enable to build
a dataset, that can be used to improve PEMFC models taking into account the complex ORR mechanism,

and the role of the Pt oxides in catalyst layer transient operation and degradation.
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1. Introduction

Proton exchange membrane fuel cells (PEMFCs) have now reached performance compatible with their
commercial deployment, but still need to be improved to make them commercially successful; their cost
must also be decreased, without compromising their performance and durability. Both anode and cathode
catalyst layers (CLs) contain Pt nanoparticles, a significant source of material cost for PEMFCs. The kinetics
of the Oxygen Reduction Reaction (ORR) being much slower than the Hydrogen Oxidation Reaction (HOR),
higher Pt loadings are needed for the cathode catalyst layer (between usually 0.1 - 0.5 mgp; cmgeo™>) than for
the anode catalyst layer (below 0.1 mgp; cmgeo2) for real PEMFC applications. In that extent, more and more
works aim to understand how low Pt loading cathode catalyst layer operate and perform, in order to make
the link between the catalyst layer local properties, its structure and the performance [1], [2]. State-of-the-
art PEMFC cathode catalyst layers have a porous nano- and micro-structure, made of Pt nanoparticles (2 to
5 nm) dispersed onto a carbon support (particle diameters between 10 to 40 nm) that are (partially) covered
by a protonic conductive polymer [3], called ionomer (usually of the same chemical nature as the Proton
Exchange Membrane (PEM), but made of shorter macromolecules [4]) [5]. The porous structure allows the
reactive gases transport, the electronic conduction is ensured by the carbon connection network and the
proton migration is possible via the hydrated ionomer film (and/or a thin film of liquid water).
Electrochemical reactions take place on Pt catalytic sites that must be connected on carbon support for
electronic connection and surrounded by hydrated ionomer for proton accessibility. These characteristics are
mandatory for catalyst layers to operate well and to reach the highest efficiency of the PEMFC [6]. It is in
fact the complex interplay of the different physico-chemical and electrochemical phenomena occurring
concomitantly in operating catalyst layers that makes them the most limiting component of PEMFC.

Despite possible satisfying initial performances, lowering the Pt loading in the cathode catalyst layer
remains a challenge regarding durability aspects. The lower the cathode loading, the higher the degradation
rate of the performance which results in a shorter lifetime of the technology [7]. Thus, MEA manufacturers
often prefer to use high cathode Pt loadings (beyond 0.25 mgp, cmge, loading, the ultimate target for heavy-
duty transportation, given by DoE for instance) to ensure both the performance and the durability of the fuel
cell.

PEMFC performance losses can be classified into two main categories: the irreversible degradations
and the reversible ones. The irreversible degradations are usually connected to a non-negligible physical
and/or chemical alteration of the PEMFC materials (membrane electrode assembly, MEA, and bipolar plates,
BPs) and lead to non-recoverable performance losses [8], [9]. On the contrary, the reversible degradations
are usually not connected to deep materials changes and deal with phenomena that contribute to a
performance loss that may be recoverable under specific operation of the PEMFC [10]. Therefore, reversible
losses can lead to hysteresis phenomena under dynamic operation, as observed experimentally during

PEMFC performance measurements of polarization curves: the increase (forward) and decrease (backward)
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current density sweeps or steps do often not superpose [11]. These reversible losses may also happen during
stationary operation, resulting in a performance loss over time [12], and require a specific recovery phase to
be rejuvenated [13]. Globally, these phenomena are related to the evolution of kinetics parameters, mass-
transport limitations and/or abnormal (transient) local operating conditions, which can appear under specific
operating conditions of the PEMFC. Among the phenomena that lead to reversible degradations, the most
known are related to the water management, the Pt oxidation and the presence of impurities at the catalyst
surface [14], [15]. In this work, the water management, especially the evolution of hydration state of the
ionomer in the membrane and in the CL during PEMFC operation, and the Pt oxidation phenomena are
investigated. The ohmic resistance evolution can be used as an indicator for the membrane hydration state,
assuming the invariance of the electronic resistance of the electrodes/GDL/Bipolar plates during PEMFC
operation [16]. Ge et al. investigated the membrane hydration state evolution at various current densities (up
to 3 A cm™) for three gas relative humidity, thanks to different experimental tools including operando
measurements [17]. They found that the ohmic resistance evolution is not monotonous with the current
density increase from 0 up to 3 A cm™, because of concomitant water and heat production, two competitive
phenomena occurring at high current densities.

The platinum oxidation is also identified as a phenomenon inducing ORR activity decrease at the
cathode, hence PEMFC performance loss. In fact, the ORR mechanism consists of a complex multi-step
reaction, which involves several surface reaction intermediates [12], [18], [19], [20]. Previous studies
notably mentioned the formation of PtOH, PtO [21], [22], PtOOH [23] and PtO, [24] species, depending on
the operating conditions and the way the ORR proceeds: associative [25], dissociative [26] or peroxide
pathways are possible [27]. There is still no general agreement on the real description of the ORR
mechanisms, and the way the formation and reduction of Pt oxides species occur in fuel cell configuration
remains to be correctly described, notably to improve PEMFC operation modeling. Conway et al. and
Jerkiewicz et al. agreed on the fact that surface oxygenated adsorbed species (PtOHags and PtOqgs) come from
water interaction with metallic Pt. At potential below 0.85 V vs RHE [22], [28], the surface oxidation is

described by Equation 1.
Equation 1 : Pt+H20 —>Pt0HadS+H+ +e”

Further oxidation occurs in potential range £ = 0.85 — 1.15 V vs RHE, corresponding to the formation of

PtO, according Equation 2 [28], [29].
Equation 2 : PtOHads - PthdS +Ht+e”

Advanced characterizations are required to better understand the Pt surface oxidation and structural
evolution [30], [31]. For instance, Martens et al. used in situ X-ray diffraction to probe the Pt oxides

formation and reduction processes thanks to structural parameters, giving information on the adsorption of



surface electro-active species and on the place-exchange phenomenon [31]. The latter allows OHags and Oags
species to move under the Pt surface through structural transformation to form a sub-lattice [32], [33]. The
slow place-exchange phenomenon somewhat hinders the surface oxide formation. They also highlighted
kinetic asymmetry between oxidation and reduction sweeps, which may be ascribed to the place-exchange
phenomenon, resulting in significant variation of oxide coverage during potential cycling. The evolution of
the peak area and the particle size at cell voltage above 1 V vs RHE matches well with the onset potential of
the place-exchange phenomenon referenced in the literature (£ > 1.10 V vs RHE) [33].

These phenomena are quite difficult to develop and correctly capture in modeling, mainly because of
the complex interplay of the different physico-chemical mechanisms involved in the fuel cell operation and
the resulting high number of parameters that must be fitted. For the sake of simplicity, Nernst and Butler-
Volmer approaches in one single-step reaction are often chosen to describe the HOR and ORR; however,
the ORR is a much more complex mechanism, involving the participation of several intermediates species,
which questions this simplistic approach; as a matter of fact, a lot of work is carried out to unveil the ORR
in operation [18], [19], [34], [35], [36]. Moreover, using Nernst and Butler-Volmer equations does not
consider the Pt surface state, notably the Pt-oxides coverage and its evolution in dynamic operation. Thus, a
more complex mechanistic approach, involving multiple steps of reaction, is required to get further
information on the surface coverage of Pt by oxygen or hydroxyl species. Taking into account such surface
coverage effects would allow to better describe the adsorption/desorption of intermediate species, as a
consequence of the intermediate reaction steps occurring at the electrocatalytic sites. This description is also
attractive when catalyst contamination by impurities, or electrocatalyst degradation mechanisms are
considered [37], [38].

In the present study, it was decided to perform electrochemical characterizations on low-loaded catalyst
layers in a differential cell setup. It is firstly done for very low Pt loading (20 pgp; cmgeo 2), such low loading
corresponding to very thin “0D” catalyst layers (<1 um), that are chosen here to ‘ideally’ get rid of mass-
transport issues (proton and oxygen transport) within the thickness of the catalyst layer; such CL are close
to the ones used in the RDE and GDE set-ups. The electrochemical characterizations on very low-loaded
catalyst layers in differential cell at controlled operating conditions have been validated in our previous work
to compare three different electrochemical setups to benchmark the intrinsic ORR activity of state-of-the-art
catalysts [39]. As fuel cell operation at such low loadings is not common, some experimental precautions
must be considered to characterize the MEA in DC setup in the most reliable way. The specific choices
regarding the materials, the electrochemical protocols and the operating conditions are also discussed
hereafter. Then, more applicative CLs loaded at 100 pgp cmge, are also characterized to include mass-
transport features and to better understand the impact of the cathode CL Pt loading and thickness on its
operation. The different characterizations in this work are conducted under various operating conditions in

terms of cell temperature and reactant relative humidity, to investigate the impact of these different operating



conditions on: i) the electrochemical performance along the polarization curve under oxygenated
atmosphere, ii) the ohmic resistance evolution during the cathode CL operation, as well as iii) the Pt-oxides
surface evolution during cyclic voltammetry measurements under nitrogen atmosphere. These combined
data shall give us valuable insights, so to better understand the cathode CL operation and to discriminate and
quantify the phenomena responsible for reversible losses and performance hysteresis. These experimental
data should also enable to better describe our model regarding the Pt-oxides formation and reduction
mechanisms, resulting in the capture of the transient Pt surface state evolution but also regarding some
transport properties related to the hydration state of the membrane, this modelling work being the subject of

a forthcoming paper.

2. Experimental

The state-of-art ORR electrocatalyst used to study the low loaded catalyst layer operation is made of
47.7% wt. Pt nanoparticles supported on Vulcan XC72 carbon support (TEC10V50E) from Tanaka
Kikinzoku Kogyo (TKK), denoted Pt/VC electrocatalyst. This section describes how the anodic and cathodic
catalyst layers as well as the membrane electrode assembly were manufactured, considering two different
platinum loadings for the cathodic CLs: 20 and 100 pgp cmgeo”; these CL are denoted Pt/VC 20 and
Pt/VC 100, respectively. The electrochemical characterizations and the techniques used are also presented
and described below. The choice of the different materials and operating conditions are explained and
discussed in the supplementary material document. The device used to conduct the electrochemical
measurements is a differential cell and consists of a small active area (1.8 cm?), with a thin parallel
rib/channel (250 pm / 250 um width and 400 pum depth) flow-field design to reduce the heterogeneities at
the rib/channel scale (better distribution of mechanical stress and also fewer transport problems at the
rib/channel scale). The use of high stoichiometric ratio for gas reactants permits to reach well controlled and
homogeneous operating conditions in the electrode plane between inlet and outlet at both the anode and

cathode sides.

2.1 Ink formulation and catalyst layer manufacture

Two catalytic inks were formulated to manufacture the anodic or cathodic catalyst layers; these inks are
referred to anodic ink and cathodic ink. The anodic ink is obtained by firstly mixing the Pt/VC electrocatalyst
with deionized water and pure ethanol. Milling zirconia balls (3 mm diameter) are added to the mixture,
which is left on a roller mixer (IKA® ROLLER 10 basic) for an entire day for appropriate
blending/dispersion. Nafion™ D2020 is added and dispersed using again the roller mixer for another 24
hours. The amounts of the different components were adjusted to reach 18% of dry content. This ink is then

deposited on an inert PTFE sheet substrate (250 um thick) using a blade-coating method. The temperature
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of the coating table is set at 60°C, the speed and the height of the coating blade are set at 10 mm s and 20
um respectively. These parameters and the ink composition were chosen to obtain anodic Pt/VC_100 catalyst
layers.

The cathodic ink, which is used to manufacture cathodic catalyst layers with Pt loadings of 20 and
100 pgp cmgeo 2, is obtained by mixing Pt/VC electrocatalyst with deionized water and IPA. The mixture is
firstly dispersed using magnetic stirring for 5 minutes and is then put in cold water in an ultrasonic bath for
15 minutes, twice in a row. Nafion™ D2020 is added and the final mixture is dispersed using magnetic
stirring an entire day. For the cathodic ink, the solvent, the dispersion method and the dry matter content
(1.5 %) are chosen to approach the ink formulation used in RDE measurements [39]. Regarding the cathode
catalyst layer fabrication, the blade coating method cannot be employed to reach very low loadings such as
20 pgp: cMgeo . Thus, the fabrication is done thanks to the spray-coating method, using a Sono-tek machine.
The ink is sprayed with a flow of 0.1 mL min™ onto a PTFE substrate, which is fixed on a plate pre-heated
at 80°C, via an ultrasonic nozzle with a speed of 30 mm s™!. Four passes are done to reach the targeted Pt-
loading of 20 pgp, cmge and the coated surface is 15 cm? (3 cm x 5 cm). To reach a loading of
100 pgp: cmgeo, the number of passes is set to 20 and the surface of the coated cathode catalyst layer is
49 cm? (7 cm x 7 cm).

Once the catalyst layers are manufactured, the structural homogeneity and the loading of the latter are
investigated carrying out surface Scanning Electron Microscopy (SEM) and X-Ray Fluorescence (XRF)
measurements, respectively. The main advantage of XRF measurements is that the technique is non-
destructive and gives an overview of the loading homogeneity of the catalyst layers (which is important as
the large manufactured layers are cut into smaller pieces for reproducibility measurements of DC operation).
The XRF characterisations are carried out using a FISCHERSCOPE® X-RAY XDV®-SDD equipment. For
the very low-loaded catalyst layer, 24 points are exposed to X-ray with a 3 mm collimator and for 30 seconds
for each point. In the case of catalyst layers with a loading of 100 pgp; cmgeo'z, 64 points are analysed.
Additionally, SEM is carried out with a FEG-SEM LEO 1530 from Zeiss. To be representative of the whole
surface of the catalyst layer, four small squares are randomly chosen for the observation. The accelerating
voltage is set at 5 kV and the detector is in InLens mode, to get images with a topographic contrast of the
catalyst layer surface. Figure 1 (a) and (b) shows the results post-processing of the loading mapping of the
CLs manufactured with Pt/VC via the spray coating process. For the Pt/VC_100 catalyst layers, the average
loading obtained is equal to 90 + 9 ugp, cmgeo2, With a loading in range of 60 to 120 pgpe cmgeo > for the
whole 49 cm? surface (Figure 1 (a)). Such analysis makes it possible to rule out any presence of areas with
unsuitable loadings (affected for instance by border effects during coating) when preparing the catalyst-
coated membranes (CCMs). For the Pt/VC_20 catalyst layers, the average loading obtained is equal to
20+ 1 pugp, cmgeo?, with a loading in range of 16 to 24 ugp cmgeo” for the whole 15 cm? surface

(Figure 1 (b)). The average loading is close to the target values of 100 pugpe cmgeo> and 20 pgp; CMgeo 2, With



a reasonable average dispersion over the CL geometric surface area (5% to 10%). The Figure 1 (¢) displays
a representative SEM micrograph of the Pt/VC_20 CL manufactured by spray-coating. The image shows a
porous and levelled structure, which is caused by the drying method: the catalyst layer is deposited and dried
layer-by-layer with the spray coating method, due to the different passes. In addition, one can see that the
Pt/VC 20 sprayed on the PTFE does not cover entirely the support as some ‘holes’ are visible on the surface
SEM image. These physico-chemical characterizations are mandatory to check the homogeneity of the

composition/microstructure of the CL before CCM/MEA assembly.

2.2 CCM manufacture, differential cell assembly and test bench description

After checking the loading and the surface homogeneity of the manufactured catalyst layers, the next
step is the CCM fabrication by hot-decal process of the CLs onto the membrane, using a hot-press machine
3R SYNTAX 100. Two membranes were chosen: the Nafion®115, which is 127 pm thick, to limit the H,
permeation and a state-of-the-art Gore MX820.15, which is 15 um thick. The hot decal-process is done at
160°C, with a mechanical stress of 1 MPa for 10 minutes. This combination of the three parameters leads to
a complete transfer of the catalyst layers from the substrate onto the membrane, whatever the Pt loading
(20 pgpi cMyeo” or 100 pgpe cMyeo?). Cross-section SEM images are performed to control the quality of the
CL | Membrane interface and to measure the CL thickness as shown on the Figure 1 (d). The CL | MB
interface is not completely smooth and the thickness of the Pt/VC_20 CL can vary from 1.5 um to less than
0.8 um.

To assemble the cell, a PTFE layer used as hard stop gasket and a PET film (150 pm and 25 um thick
respectively) are combined to control the cell compression and tightness, and the active area. The opening
in the PTFE hard stop gasket defines a surface area of 2 cm? to host the GDL (SIGRACET 22BB from SGL)
and the opening in the PET layer put on top of it defines a surface area of 1.8 cm? (corresponding to the
active surface of the electrodes). Finally, the CCM is placed and the rest of the components are assembled
symmetrically.

The differential cell is mounted on a commercial FuelCon evaluator-C 70350 test bench, which can
supply the reactant gases and nitrogen. The gas pressures, humidity and flow rates are imposed and controlled
by the bench hard- and soft-ware. To avoid any water condensation before the cell inlets, the different
connections and pipes are overheated between 10 and 30°C above the temperature of the cell, which is
regulated via a DI water circuit inside the monopolar plates and a thermostatically controlled bath. The
electrochemical measurements are done using a Biologic® VMP2 potentiostat equipped with a 10 A/20 V
booster VMP3B-10, with the anode standing for both the reference and the counter electrodes and the

cathode standing for the working electrode.
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Figure 1: Example of XRF cartographies used to control the loading homogeneity of the catalyst layers (a) Pt/VC 100
(b) Pt/VC 20. (c) Representative surface SEM image of the Pt/VC 20 CL manufactured via the spray coating method (d)
Cross-section SEM image of the CCM made of Pt/VC 20 CL at the cathode.

2.3 Electrochemical techniques and MEA characterizations

The electrochemical measurements are performed using the differential cell under various operating
conditions of temperature and relative humidity. These operating conditions are summarized in the Table 1.
One should know that 100% RH is obtained by setting a higher temperature of the bubbler than the cell to
have liquid water in the gases. The total pressure is adjusted according to the operating conditions to keep
the O, partial pressure constant. The choice of pure oxygen vs air at the cathode to perform some
electrochemical procedure is discussed in the section SI-1.2 of the supplementary material document.

Prior to the performance and electrochemical characterizations, a break-in procedure is performed at

80°C, 80%RH and a total pressure of 1.34 bar abs. (at both anode and cathode sides). It consists of a
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stationary cell operation at 0.1 V, under H, (627 NmL min) / O, (313 NmL min™), for both the Pt/VC 20
and Pt/VC_100 catalyst layers. This step is mandatory as it enables to activate properly the MEA to reach
the nominal performances, and ensures the good operation of the MEA.

Cyclic voltammetry under H, (627 NmL min™) / Ny (1580 NmL min™') configuration is used to
characterize the Pt catalyst signature at the cathode. Three cyclic voltammetry cycles (CV) are carried out at
200 mV s, sweeping rate at which the CV is ‘correctly’ shaped in the “hydrogen” and “Pt-oxide” regions
for such low loadings. The third scan is always considered and shown/processed in the results. Additionally,
a CV is performed at 1 mV s to capture the current density coming from the H, crossover oxidation. Indeed,
at such a low sweep rate, the transient current densities produced by Pt-oxides formation/reduction reactions
and proton adsorption/desorption reactions are greatly reduced, highlighting the current density coming from
the Ha crossover oxidation. The Pt electrochemical surface area (ECSA) is obtained by integrating the proton
desorption coulometry, considering the specific coulometry of proton for bulk Pt platinum (25°C/liquid
electrolyte), which is equal to 210 pC cmp>.

Polarization curves are performed under Hy (627 NmL min™) / O, (313 NmL min™') from OCV to 0.1 V
of cell voltage, to assess the electrochemical performances of the MEA and better understand how the
cathode CL operates under various operating conditions. The performance measurement is also obtained
with ‘fast’ and successive potentiostatic impedance steps, measured every 50 mV from OCV to 0.1 V. Sixteen
PEIS are performed, on the forward sweep and another 16 PEIS on the backward sweep. The potential is set
for 3 seconds to avoid the influence of capacitive current due to the step transitions and then the PEIS is
done from 50 kHz to 1 kHz with 10 mV amplitude, in order to make the most accurate and relevant dynamic
performance measurements and ohmic drop corrections on forward and backward sweeps; it was checked
that the uptime of this technique is similar to the classical polarization curve measurement performed with a
fixed sweeping rate of 10 mV s'. More details regarding the choice of this specific protocol to perform

polarization curves are provided in the section SI-2 from the supplementary materials document.

Table 1: Various operating conditions under which the MEA were tested in DC setup

. . Total pressure
Relative Humidity

Temperature (°C) Py,o (Pa) Py, (Pa) / Po, (Pa) anode/cathode
(anode / cathode)
(bar abs.)
30 100 % / 100 % 4219 9.58 10*/9.58 10* Patm
60 100 % / 100 % 19917 9.58 10*/9.58 10* 1.16
80 50 % /50 % 23679 9.58 10*/9.58 10* 1.19
80 80 % /80 % 37887 9.58 10%/9.58 10* 1.34
80 100 % / 100 % 47359 9.58 10%/9.58 10* 1.43



3. Results and Discussion
3.1 Impact of membrane thickness on CV performed on catalyst layers Pt/VC 20

The hydrogen oxidation at the working electrode, resulting from H, crossing over the membrane, is
investigated thanks to a cyclic voltammetry performed at 1 mV s™! (Figure 2 (a)). The CV are performed on
a MEA made of Pt/VC_20 catalyst layers with a Gore MX 820.15 membrane, in black, which is 15 pm thick
and a Nafion® 115 membrane, in green, which is 127 um thick. On the black curve, from 0.8 to 1 V, the
current density is dropping from around 1.7 mA cmgeo > to around 1 mA cmgeo >, as less Pt sites are available,
due to Pt-oxides formation, hindering the complete oxidation of the H, flow. In addition, a hysteresis is
observed between the oxidation and reduction sweeps, due to the asymmetry of Pt oxides
formation/reduction kinetic reactions.

On the Figure 2 (b), the black curve, corresponding to the use of a thin membrane, is shifted towards
positive current densities and centred around 1.5 mA cmge, at 0.4 V; this current/voltage corresponds to the
fingerprint of the H, crossover, no faradic reaction related to the Pt catalyst layer being observed in this
potential region. The impact of the H, permeation on the oxidation kinetics of hydrogen can also be observed
in the Pt-oxides region: an increase of the measured current from 0.75 to 0.85 V occurs, due to the
concomitant Pt oxidation, before a decrease until 1.2 V. The same current density drop of 0.7 mA c¢m g, is
observed on the CV, in black, shown on Figure 2 (b), which confirms that it is related to Pt-oxidation; this
is a fingerprint of the H» crossover phenomenon, the corresponding HOR disturbing the description of the
classical Pt-oxides region: the competition between hydrogen oxidation and Pt oxidation hinders the whole
H, flow oxidation above 1V, particularly in the case of a thin membrane with such very low Pt content. It
leads to a total oxidation current density (Pt oxides formation + H» oxidation) close to the case of the use of
a thick membrane (in which lower faradaic current from H» crossover oxidation is measured compared to
the current from Pt oxidation). In fact, the use of a thick membrane greatly mitigates the H, crossover effect
(green curve on Figure 2 (a)): the CV is far less shifted towards positive current (0.04 mA cmge,™ of H,
permeation) than for the black curve related to the thick membrane (1.49 mA cmye, ). In addition, the impact
of H; crossover in the Pt-oxides region is not observed for the thick Nafion® 115 membrane, leading to a
“rather constant” oxidation plateau between 0.85 and 1.2 V, which results from a greatly-reduced H,
crossover oxidation current.

Due to the previous observations, the thick membrane was chosen for the characterization of the
Pt/VC 20 catalyst layers, instead of a thin membrane currently used in state-of-art CCMs/MEAs; this choice
limits as much as possible the hydrogen crossover and its effects, which would perturbate electrochemical
characterizations with such low-loaded cathode catalyst layers. The hydrogen flux that reaches the cathode,
thus the permeation current produced, increases with the difference of hydrogen gas partial pressures and

the permeability of the membrane, which depends on its temperature, humidification and thickness (it
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increases with hydration and decreases with the membrane thickness [40]). The capacitive current generated
in the different areas of the cyclic voltammetry (around 0.35 mA cmge,™) is so low that the faradic Ho-
crossover current has a significant impact on the measurement. Fast CV must be therefore preferred to assess
correctly proton adsorption/desorption signatures, in this case at a sweeping rate of 200 mV s~ !, for Pt/VC_20
catalyst layers characterizations.

A correction from Hj-crossover oxidation current may be done to get rid of its signature. The correction
consists of subtracting the CV performed at 1 mV s to the one performed at 200 mV s™'. The CV corrected
are shown on Figure 2 (c); such correction from the H; crossover current leads to a better definition of the
Pt oxides region, by “erasing” the current density drop observed at 0.8 V on the raw CV with the use of a
thin membrane. In addition, the CV are centred around the x-axis at 0.4 V: the contribution of capacitive
current in that potential region largely dominates and enables a more relevant comparison between CV. The
different coulometries in the Hupp region and Pt oxides region originate from the different ECSA of the
various cathode catalysts: 24 mp¢ gp! for the black curve versus 29 mpe gp! for the green curve. The impact
of Ha-crossover oxidation on polarization curve and impedance spectroscopy under oxygenated atmosphere

is discussed in the section SI-1.1 from the supplementary material document.
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Figure 2: (a) Voltammograms (third cycle) performed at 1 mV s on MEA made of Pt/VC 20 (b) Voltammograms (third
cycle) performed at 200 mV s on MEA made of Pt/VC_20 and (c) Voltammograms performed at 200 mV s corrected from

the Hz permeation current at I mV s™, based on the results from Figure 2 (a) and Figure 2 (b).

3.2 Qualitative evolution of Pt surface oxides coverage during CV under H2/N2 configuration

The Figure 3 (a) shows the third cycle of CV corrected from the H,-crossover oxidation current
performed at 200 mV s' on MEA made of Pt/VC_20. On the latter, at 0.4 V, two currents are noticeable: a
positive double layer current and a negative one. Both of them can be subtracted to the CV corrected from
H,-crossover current, resulting in CV corrected, from the positive and negative double layer current at 0.4 V,
delimited by the two baselines represented. These corrections are done in order to get rid of the double layer
capacitive current and have access to the dashed areas that solely correspond to Pt-oxides formation (7 > 0)
and reduction (/ < 0) coulometries between 0.4 and 1 V. This range of voltage has been chosen because,
according to the work of Martens et al., the Pt surface state is considered only covered by surface oxides
with Pt'! or Pt'!! oxidation states, depending on the nature the surface oxides [31]. Indeed, a cell voltage

(cathode potential) of 1 V is not high enough for the place-exchange phenomenon to occur. Moreover, below
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0.4V, the Pt surface is considered entirely reduced (Pt° state). By calculating the relative coulometries during
the positive and negative scans, and thanks to a coulometry integration using the trapezoidal method, a
qualitative evolution of coverage ratio of Pt surface oxides Opioxs (combining PtOHags and PtOags) with
potential between 0.4 and 1 V can be obtained (Figure 3 (b)). The presence of a hysteresis between the
oxidation and reduction potential peaks can be observed. This hysteresis can be ascribed to the asymmetry
of Pt oxides formation and Pt oxides reduction reactions kinetic in this range of potential or because of the
slow kinetic reaction compared to the potential sweep rate. A hysteresis phenomenon can also be explained
by the local hydration/dehydration of the catalyst layer, which is rather unlikely under inert atmosphere with
fully hydrated gases. In other words, this hysteresis observed here implies that the Pt surface state is different
for a given potential between the oxidation and reduction sweeps at the 200 mV s™' sweeping rate. This
behaviour can partly contribute to the performance hysteresis observed during polarization curves. However,
with such experimental measurements, it is difficult to have accurate insights into the type and the quantity
of oxides formed, which is why modeling can be useful to extract more information about the Pt oxides

formation and reduction from these experimental results.
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Figure 3: (a) Voltammograms (third cycle) performed on Pt/VC 20— N115 MB from 0.11 V to 1.2 V corrected from H>-
crossover current including the two capacitive baselines used to correct the CV from the positive/negative double layer

current (b) Evolution of the qualitative coverage ratio of Pt surface oxides with cell voltage.

3.3 Impact of operating conditions on the performance and high frequency resistance evolution
under H2/O:2 configuration

In this section, the impact of temperature and relative humidity on the global performance and the
evolution of Rur with the cell voltage are investigated, for MEAs made of Pt/VC_20 and Pt/VC_100; the O,
partial pressure was kept constant, by adjusting the total pressure according to the temperature and relative
humidity operating conditions. The performance measurements obtained on Pt/VC 100 catalyst layers under
the various operating conditions (the same as for Pt/VC_20 catalyst layers) are shown in the supplementary

materials in section SI-3. The performance, corrected from ohmic drop, at 60°C are better than at 30°C
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(Figure 4 (a)), which is likely due to the enhancement of ORR kinetics at higher temperature and the reduced
activation losses [41], and the improved ionic conductivity and proton mobility at high temperature. Keeping
constant %RH (100%), Figure 4 (c) shows the Ryr evolution with potential for the three operating conditions
30, 60 and 80°C: the Rur values decrease as the cell temperature increases, no matter the working point
considered. Note that these Rur values (thus, the conductivity values) are in agreement with those expected
for thick Nafion® membranes [42]. At 100% RH, it is interesting to note that the Rur values increase with
potential decrease/current density increase. This may be explained by local heat production, inducing a local
drying of the membrane that counter-balances the water production. Indeed, it has been seen that the heat
produced in the active layers may lead to a local overheating up to 10°C above the cell temperature set point
[43]. This trend is also in agreement with the work of Ge et al. for one of the operating condition they
investigated, corresponding to the fully hydrated inlet gas at high current density [17]. In addition, the Rur
variations at 30°C, 100% RH are much higher than at 80°C, 100% RH: up to 40% variation compared to
20%, respectively. A possible explanation may be that, if the membrane conductivity follows an Arrhenius
law, and considering that the hysteresis is driven by the pre-exponential term, which depends on the water
content, the temperature evolution should affect the hysteresis amplitude. The behaviour of the polarization
curve at 80°C is surprising and unexpected, with a very pronounced hysteresis between the forward and
backward sweeps (at the large benefit of the backward sweep). This behaviour is actually reproducible on
the present measurements; a hypothesis to account for it is that on the forward sweep, the heat production in
the active layer likely overwhelms the water production (water can still be expelled “easily” from the active
layer, because there is yet no “saturation” of the active layer by liquid water), resulting in depreciated proton
conductivity of the ionomer. On the contrary, on the backward sweep, the performance gain may originate
from non-negligible water accumulation in the ionomer, thereby decreasing the proton resistance and
increasing the apparent performance of the cathode.

The impact of the relative humidity at 80°C on the global performance and on the evolution of Rur with
the potential are shown on Figure 4 (b) and (d), respectively. Higher hydration of the gas reactants leads to
better global performance. At 100% RH, the proton conductivity is improved, which leads to better
performance. This assumption is clear at 80°C on Figure 4 (d): at 100% RH, the Ryr are around 4 times
lower than at 50% RH. One can notice that the evolution of Ryr values is not monotonous: it firstly decreases
with increasing current from OCP at 80°C, 50 and 80% RH, until a potential around 0.4 V from which Rur
values start to increase. Here again, the competition between the water production and the heat production
can be responsible for this effect, resulting in a progressive hydration and then a dehydration of the
membrane. The work of Ge et al. highlighted the local heat production being responsible for this particular
trend instead of the electro-osmotic drag mechanism, inducing local anode-side membrane dehydration,
which is the other potential cause for membrane dehydration at high current density [17]. Another interesting

point is that the forward sweep of the polarization curve obtained at 80°C, 50% RH shows better performance
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for potentials varying from 0.6 to 0.4 V, than in the backward sweep. As the variation of the high frequency
resistance in that specific case does not account for the phenomenon observed on the polarization curve at
80°C, 50% RH, an explanation might be the better hydration of the active layer, due to water production on
the forward sweep; on the backward sweep, the benefits from the water production and better hydration seem
to be significantly counterbalanced by the local heat production. However, without the variation of the
protonic resistance in the catalyst layer along the polarization curve, which could not be measured due to the
supposed ideal ‘0D’ cathode catalyst layer (i.e. the contribution of the protonic resistance in the catalyst layer
cannot be monitored by electrochemical impedance spectroscopy), it is difficult to conclude properly.
Finally, the hysteresis between the forward and backward sweeps of the polarization curves are still
observed, no matter the operating conditions, even though the polarization curves are corrected by the ohmic
drop at each potential step. This means that the variation of the high frequency resistance (i.e. the membrane
resistance) is not the only phenomenon accounting for the hysteresis observed during transient operation of
the PEMFC. Considering the supposed ideal ‘0D’ catalyst layer, for which protonic conduction in the catalyst
layer can be considered as non-limiting, the fact that the electrochemical signature of proton transport is not
captured experimentally by the EIS measurements suggests that another phenomenon is responsible for the
hysteresis. This phenomenon might be related to some sulfonic groups contamination due to ionomer
adsorption/desorption on the Pt surface or to the hydration/dehydration of the CL (at the local interface with
Pt), which both modify the proportion of Pt sites that can operate efficiently. This explanation is amplified
with the type of carbon used, mainly porosity dependant, as it was seen in the study of Chabot et a/. in which
they observed hysteresis on the sorption isotherms performed on catalyst layer made of Pt supported on
Vulcan carbon (same catalyst used in this study) and on catalyst layer made of Pt supported on high surface
area carbon (more porous than the Vulcan carbon) [4]. They observed that in the case of high surface area
carbon, the water uptake by the catalyst layer is larger than in the case of Vulcan carbon and the hysteresis
between the sorption/desorption is bigger in the case of high surface area carbon that in the case of Vulcan
carbon. From their observation, and due to the fact that the electrochemical signature of proton mobility
during EIS measurement is not observed, it was decided to focus on information related to the Pt-oxides
formation and reduction, which might also be responsible of the hysteresis observed between the forward
and the backward sweeps of the polarization curve. This is why qualitative coverage ratio of Pt surface
oxides evolution during CV under H»/N; configuration is investigated and will be used to help developing a

Pt-oxides formation/reduction mechanism in non-operating environment.
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Figure 4: Polarization curves with ohmic drop correction performed on MEA with Pt/VC 20— N115 MB, 1.8 cm? geometric
surface, at (a) different temperatures at 100% RH (b) at different relative humidities at 80°C; Rur evolution along the
polarization curve for Pt/VC at (c) different temperatures at 100% RH and (d) different relative humidities at 80°C.

In this section, the impact of loading on global performance and Rur evolution obtained at 80°C, 80%
RH is investigated for catalyst layers of different thickness (loaded at 20 pgp; cm™ or 100 pugpc cm™), in which
transport limitation in the catalyst layer may occur. Indeed, by opposition to ‘0D’ catalyst layers (Pt/VC_20,
20 pgpy cmgeo'z), ‘1D’ catalyst layers (Pt/VC _100, 100 pgp; cmgeo'z, 3-4 pum thick) can induce the existence
of a concentration gradient within their depth, that changes the local concentration of O, and a protonic
potential gradient which also modifies the local electrode potential through the thickness. Thus, the
correction from Pt active surface is not fully relevant to compare polarization curves performed at these two
different loadings, even though the comparison can still be done at low current density (in the region where
mass-transport limitations are negligible). No matter the potential considered, the global performance of the
1D active layer is not multiplied by a factor 5, as the loading is, due to mass-transport contribution in the
catalyst layer. The comparison between the two loadings has only been done at one operation condition:

80°C, 80% RH because it is the main operating condition during PEMFC operation that has been investigated
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for model development. The other operating conditions can be used for further validation of the model by
comparing the experimental results and the simulations.

Figure 5 (a) shows that larger current density is produced at 100 pgpe cmgeo2, which leads to a bigger
ohmic drop in the membrane (cell) than at 20 pgp, cmge, 2. More water is also produced, which leads to a
better hydration state of the ionomer in the active layer and in the membrane, as shown on the (Rur vs voltage)
evolution (Figure 5 (b)). Regardless of the potential, the Ruyr values are lower in the case of Pt/VC_100
catalyst than for Pt/VC_20 catalyst layers, which might be explained by the different thicknesses of the
cathode layers and the fact that the different thicknesses may induce different compression strain (the thick
CL being less compressed than the thin one). This difference can also come from the CL | Membrane
interface which is heterogeneous and not well defined for the CCM made of Pt/VC 20 CL contrary to
Pt/VC_100 CL. Also, be it on the Rur evolution or polarization curves, the hysteresis between the forward
and backward sweep seems to be wider in the case of Pt/VC 100 than for Pt/VC 20 catalyst layers except
below 0.35 V. This may be explained by the different response through the thickness of the catalyst layer:
the water retention must not be similar between the PEM and the GDL sides, leading to the wider hysteresis
of Rur for thick catalyst layers. One should know that the electronic resistance of the Pt/VC 20 might
become non-negligible and could contribute to the total high frequency resistance measured due to limited
electronic contact between the carbon grains within the CL and possibly a non-homogeneous interface with
the MPL. Regarding the polarization curve, the wider hysteresis may be explained by the asymmetry of the
Pt-oxides formation/reduction kinetic in the case of Pt/VC 100 catalyst layers as mentioned above, Pt-oxides
formation/reduction involving water (so being influenced by the hydration state of the membrane and
ionomer). This probably results in different transport properties of proton, due to different hydration state of
the catalyst layer between the forward sweep and backward sweep (presence of water in the porosity of the
carbon support [4]). Indeed, it was seen in another study with commercial MEA that Ry cr, was evolving
with the working point, thus, it should also evolving along the polarization curve and between the forwards

and backward sweeps, as the Rur does [44].
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Figure 5: (a) Second cycle of polarization curve with and without ohmic drop correction performed at different loadings for

Pt/VC — NI115 MB, 1.8 cm? geometric surface, and (b) corresponding Rur evolution along the polarization curve.

3.4 Impact of operating conditions on the ECSA value and qualitative evolution of the Pt
surface oxides coverage during CV under H2/N2 configuration

This section deals with the impact of the temperature and relative humidity on the ECSA of for
Pt/VC_20 and Pt/VC 100 catalyst layers and on the Pt surface oxides coverage investigated by cyclic
voltammetry. The voltammograms and the values of the ECSA, obtained under the different operating
conditions, are calculated via the proton desorption coulometry from the CV presented on Figure 6 (a) and (b)
and summarized in the Table 2. Firstly, at constant relative humidity, the ECSA values decrease with the
temperature, a behaviour which was also observed in RDE measurements in liquid electrolyte [44]. In these
calculations, it was considered that 210 uC cmp? still applies at 60 and 80°C, even though the validity of
this assumption could probably be questioned (but will not be further discussed herein). Secondly, at constant
temperature, the ECSA values increase with the relative humidity. This may be explained by the fact that
high hydration of the catalyst layer favours proton mobility and therefore avoids/limits proton transport
limitations to the Pt active sites. In addition, by reducing the relative humidity, some active sites might
become non-accessible to proton, resulting in lower ECSA values. Figure 6 (c¢) shows the impact of
temperature at constant relative humidity on the qualitative evolution of the Pt surface oxides coverage of
the Pt/VC electrocatalyst. The hysteresis observed, related to the different positions of the potential peaks of
Pt-oxides formation and reduction reactions, is wider at 30°C than at 60 and 80°C, which is consistent with
the fact that at 30°C, the gap between potential peak of Pt oxidation and Pt-oxides reduction is wider than at
80°C. At 0.75 V, Pt sites are qualitatively more covered by surface oxides at 80°C than at 60 or 30°C at 100%
RH, which signs that Pt-oxides formation is promoted at higher temperature. On the reduction sweep, the
higher the temperature the faster the reduction, the peak related to Pt-oxides reduction being shifted towards
positive potential. Overall, both Pt oxidation and Pt-oxides reduction kinetics are enhanced by temperature,

resulting in a reduced gap of the peak potential of the two reactions.
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The relative humidity does not seem to have a significant impact on the kinetic of Pt-oxides formation
and reduction reactions, as the position of the peaks related to these reactions seem to be %RH independent
(see Figure 6 (b)). However, the increase of the relative humidity at constant temperature seems to also
promote Pt-oxides formation until 0.85 V as the integrated coulometry is bigger at higher relative humidity
(Figure 6 (d)). Above 0.85 V, this trend is not as evident, which makes sense: water is consumed during the
first Pt oxidation step (see Equation 1). As such, the hysteresis is wider at 50% RH than at 100% RH, with
more Pt-oxides formed at 0.75 V in the case of fully hydrated gases than at 50% RH at 80°C. Above 0.85V,
further oxidation of PtOH,¢s into PtO,¢s occurs and seem to be %RH independent, which is strange as proton
mobility is involved in this reaction and is %RH dependant. Regarding the reduction sweep, the RH does
not seem to have a significant impact on the Pt oxides reduction kinetics, as the position of the peak is not
shifted according to the relative humidity.

The trends at 80% RH and 100% RH are interesting but not simple to understand: it seems that fully
hydrated gases slightly hinder the Pt-oxides formation and reduction, more Pt oxides being formed at
80% RH than at 100% RH in the potential region 0.5 - 0.7 V. However, let us stress that the value of the Pt-
oxides surface coverage is probably overestimated in the region 0.5 - 0.65 V, due to carbon surface oxidation
reaction/functionalization, whose signature is difficult to correct properly. Finally, the increase of
temperature at constant relative humidity and the increase of relative humidity at constant temperature seem
to promote the formation of quinone/hydroquinone (Q/HQ) groups [45], as the corresponding
electrochemical signature (oxidation peaks observed around 0.6 V on the different CV) is more pronounced

at high temperature/relative humidity, due to faster initial steps of carbon corrosion [45], [46], [47].
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Figure 6: Cathode voltamograms (third cycle) on MEA made of Pt/VC 20— N115 MB, 1.8 cm? geometric surface, obtained
at (a) different temperatures at constant RH and (b) different RH at constant temperature. (c) Impact of temperature on the

qualitative evolution of Pt surface oxides coverage at (c) constant relative humidity and (d) at constant temperature.

The same study as in the previous section was done considering Pt/VC_100 catalyst layers, to determine
in what extent the catalyst layer thickness (3-4 um for Pt/VC_100 catalyst layers) and loading have an impact
on the different behaviours observed in the case of Pt/VC 20 catalyst layers. The characterizations are
performed on MEA including the membrane Nafion® 115, as for Pt/VC_20 catalyst layers, so to change only
one parameter. The different experimental results obtained on Pt/VC_100 catalyst layers under the various
operating conditions are presented in SI-4 section of the supporting information. Only one operating
condition, 30 °C and 100% RH, is considered here as it will be the one considered for the model development
and used when comparing experimental results with simulations from the model developed in the second
part of the study.

The Table 2 gathers the ECSA values, obtained under various characterization conditions, for Pt/VC 20
and Pt/VC 100 catalyst layers. There is almost no difference regarding the ECSA values (normalized by the

loadings, expressed in mp? gp!) between the two loadings considered in this study, whatever the
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experimental conditions. This means that (within the error bar) multiplying the loading by five, leads
effectively to a 5 times higher surface of Pt available for proton adsorption/desorption in this loading range,
sign of a rather constant Pt utilization factor [6]. Plus, the ECSA value evolution with temperature and

relative humidity follows the same trend as for those obtained with catalyst layers loaded at 20 pgp; cmgeo- 2,

Table 2 : ECSA value obtained under various operating conditions at both 20 and 100 ugp; cmges loadings

. . ECSA values (mp¢ gp¢!) ECSA values (mp¢ gp¢!)
Operating conditions
20 ngrte cnlgeo-2 100 ngpt cmgeo'z
30°C/ 100% RH / Pam 32+£0.3 34+2.1
60°C / 100% RH / 1.16 bar abs. 28+£2.0 29+2.4
80°C /50% RH / 1.19 bar abs. 18+2.0 21£0.2
80°C / 80% RH / 1.34 bar abs. 21£0.2 23+2.0
80°C / 100% RH / 1.43 bar abs. 23+3.0 24+£22

The Figure 7 (a) shows a comparison of the CV obtained at 30°C, 100% RH normalized by the Pt
active surface for proton desorption (ECSA expressed in cmp® cmgeo?) between Pt/VC_20 and P/VC_100
and corrected from Ha-crossover current. The normalization has been done to have a relevant comparison
between CV obtained at different loadings. In the Hypp region, there are almost no differences between the
two loadings. In the Pt-oxides region, there is only slight differences, that might probably come from
experimental uncertainties related to the CL manufacture and the current from the double layer capacitance.
This seems to be confirmed by the oxidation sweeps of the Pt surface oxides coverage ratio evolution with
potential shown on Figure 7 (b). On the reduction sweeps, the differences observed on Figure 7 (b) might
be due to thickness effect, but it is also difficult to conclude reliably. Overall, the normalization by the ECSA
shows that the CL behavior and Pt utilization factor seems to be the same at both 20 and 100 pugp; cmgeo'2

loadings.
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4. Conclusions

In this work, electrochemical characterizations are performed on low-loaded catalyst layers thanks to a
differential cell setup of PEMFC, to better understand the electrocatalyst operation and its utilization in
catalyst layer under various operating conditions, at two loadings: 20 and 100 pgp cmgeo 2. The lack of
accurate description of what is at stake during catalyst layer transient operation in modeling motivates the
characterization of thin “0D” catalyst layer (Pt/VC_20); at the small corresponding catalyst layer thickness,
one hopes to get rid of mass-transport issues inside the CL, which allows to neglect transport phenomena
and resulting heterogeneities through the thickness and helps developing a model involving the ORR
mechanism described by direct kinetic equation and including the Pt surface state evolution. The choice of
the different components as well as specific electrochemical measurement procedures were also investigated
and justified to characterize the Pt/VC 20 catalyst layers in the most reliable and relevant way. These
electrochemical characterizations on Pt/VC_20 catalyst layers provide a reliable dataset using well-defined
and well-known compositions so that the modeling description can be improved. Then, catalyst layers loaded
at 100 pgp cmgeo> (Pt/VC_100) are also characterized for the same purposes, while adding mass- and ionic-
transport losses of the catalyst layer (the so-called 1D configuration with a non-negligible catalyst layer
thickness).

Electrochemical performance along the polarization curve under oxygenated atmosphere and the ohmic
resistance evolution during the cathode catalyst layer operation are investigated under various operating
conditions of temperature and hygrometry (relative humidity). Increasing the temperature and relative
humidity leads to higher performance and promotes the Pt oxidation/reduction, which is ascribed to the
enhanced kinetics of ORR (reduction of activation losses) and improved ionic mobility when increasing
temperature with fully hydrated inlet gases. To get more insights, the hydration state of the membrane,
estimated via the ohmic resistance evolution under the various operating conditions considered in this study,
was also evaluated. When using fully hydrated inlet gases, the high frequency resistance is almost only
increasing when lowering the potential (increasing the current density). On the contrary, using partially-
hydrated inlet gases (at 50 and 80% RH) induces a first hydration of the membrane (Ryr is decreasing), due
to water production when the current density is increased, and then a dehydration of the membrane (Ryr is
increasing), due to local heat production (an antagonist phenomenon) when increasing more the current
density. Additionally, the evolution of the hydration state of the membrane (estimated via the ohmic
resistance evolution), allows to accurately correct the polarization curve from the ohmic drop. The
performance hysteresis is still observed after this correction, which indicates that another contribution must
be considered to explain the different performance during transient operation between the forward and

backward sweeps of the polarization curve. As the very thin Pt/VC 20 catalyst layers are considered as
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“0D”, the remaining contribution should be related to Pt and its surface state linked to Pt-oxides formation
and reduction. The behavior of Pt under nitrogen atmosphere through potential cycling was characterized,
especially in the Pt-oxides region (between 0.4 and 1V), where Pt-oxides coverage is qualitatively
investigated.

The increase of the loading seems not to change the global trends observed regarding the impact of
temperature and relative humidity on the catalyst layer behaviour under various operating conditions.
Nonetheless, increasing the loading adds another dimension, the thickness and results in a different operation
of the catalyst layer through its thickness, which is closely linked to the transport properties of realistic
catalyst layers. In fact, the “1D” catalyst layer operation becomes much more complex, as a lot of physico-
chemical and electrochemical phenomena, including their interplay, make the understanding of its operation
difficult with such experimental characterizations. However, some assumptions can still be made: 1)
saturation in the pores of the active layer changes the accessibility of Pt to protons, and ii) the Pt surface
state is potential dependant and is impacted by the Pt-oxides formation and reduction, but also by the ionomer
adsorption/desorption onto Pt sites. To go further and to evaluate some hypothesis, advanced experimental
characterization, generally time consuming and expensive, are mandatory. Thus, it is useful to analyse the
raw experimental data with as comprehensive as possible physical models, which often implies numerical
simulation. This will be the objective of the second part of the study “Low-Loaded Catalyst Layers For

Proton Exchange Membrane Fuel Cell Dynamic Operation Part 2: Modelling Study”.
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