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H I G H L I G H T S G R A P H I C A L A B S T R A C T

• A unitised electrochemical cell for
operando X-Ray-based analyses is
presented.

• It be used for studying catalyst materials
in fuel cells and electrolysers.

• X-Ray Absorption Spectroscopy, Small-
Angle Scattering and electrochemistry
can be combined.
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A B S T R A C T

Catalyst stability is a key issue in current electrochemical devices, such as fuel cells (FCs) and water electrolysers
(WEs). While for FCs, the main degradation process limiting catalyst stability have been highlighted, a clear
picture is still missing concerning WEs. In this framework, in operando analyses are essential to characterize
catalyst degradation over time. As X-Rays constitute the perfect probe for studying catalytic materials, we here
present a reversible electrochemical cell designed for operando X-Ray Absorption Spectroscopy and Small and
Wide Angle X-Ray Scattering analyses, which was used: (i) to study Pt/C catalyst degradation coupling the
evolution of specific electrochemically active surface area (ECSA) with catalyst morphology, supported by the
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analysis of Pt oxidation state. As a result, an increase of particle (and particle cluster) size is connected to the
diminishing of ECSA and to the changes in the fraction of metallic-to-oxidised Pt, underlying that changes mainly
develop in the first 2000 cycles of applied stress tests. Finally, (ii) we introduce some preliminary results un-
derlying the change in Ir oxidation state for a standard Ir/IrOX catalyst material for WEs, showing as such a
change is not sufficient to induce any remarkable morphological variations within 500 cycles of stress tests.

1. Introduction

To support the transition from fossil fuels to (more) sustainable en-
ergy economies, green hydrogen is one of the most effective energy
vectors to be employed for energy storage, thanks to its high energy
density and to the absence of greenhouse gases emissions when obtained
via water electrolysis. Its use is particularly appealing in the decarbon-
ization of the so-called hard to abate sectors, such as the heavy industry
and the maritime. Nonetheless, the production of cost-effective and
efficient electrolysers and fuel cell systems is fundamental for promoting
the spread of green hydrogen generation and use.

To date, low temperature Proton Exchange Membrane Fuel Cells
(PEMFC) are the most mature technology available on the market, as
they are already used in the automotive and the transportation sectors
[1]. However, PEM technology still suffers of some limitations, which
are mainly related to the need in reducing their costs while maintaining
good stability over time [2–5]. The same issues are currently affecting
Proton Exchange Membrane Water Electrolysers (PEMWE). Having the
same architecture as PEMFC, their technological development and
market diffusion could benefit if stability of the components of the
Membrane Electrode Assembly (MEA) would be improved, reducing
initial investment costs and increasing a lifetime [6–10]. While costs are
mainly related to the platinum-group precious metals (such as iridium
and ruthenium), used as a catalyst for the Oxygen Evolution Reaction
(OER) [11,12], reduction of catalyst stability over time is due to the high
operating potentials at which water electrolyzers need to be run,
inducing enhanced coarsening in the MEA [6]. In all of these cases, it is
evident as improvements can still be made in optimizing the design of
the MEAs to be used for PEM technologies. In this framework, important
insights were obtained moving from ex situ, to in situ and in operando
analysis [13], where variations in device performances can be linked to
the evolution of the main electrochemical parameters recorded.

Because of the plethora of possible events which were theorized
taking place within the MEA during fuel cell operation, electrochemical
analyses have not been decisive yet for fully depicting catalyst degra-
dation in operando conditions, and important insights could only be
achieved by means of in situ, and (more recently) in operando analysis
carried out at synchrotron research infrastructure facilities. In fact, X-
Ray Absorption Spectroscopy (XAS) has been already used to investigate
the reaction kinetics of catalyst materials for PEMFC in catalyst formu-
lations for commercial materials [14–17]. In addition, important results
were also achieved concerning the stability of a novel low-Pt content
catalyst materials, depending on the used support [18]. In parallel, the
use of Small Angle X-Ray Scattering (SAXS) in combination with XAS
[19] or with X-Ray Diffraction (XRD) [20,21] was recently used to de-
pict the morphological evolution of catalyst materials at the nanoscale,
allowing to observe and distinguish among particle coalescence and
Ostwald ripening, two of the main phenomena known to affect catalyst
stability and previously observed only through in situ investigation
techniques [22–27].

However, designing a complete working electrochemical cell dedi-
cated to in operando measurements at synchrotron facilities is not
straightforward, due to the peculiar design needed to both guarantee
satisfying performances and allowing the presence of windows for the X-
Ray path, without jeopardizing the delicate equilibrium of the operating
fuel cell. Ideally thermal, electrical and reactant transport pathways
should not be interrupted, rendering part of catalyst layer subjected to
signal acquisition representative. To date, and to the best of our

knowledge, only few electrochemical cells were realized for such a kind
of analysis: in example, Martinez and co-workers [28] developed and
electrochemical cell for monitoring the aging of the electrolyte layer in
PEMFCs, or by Martens et al. [29], who developed an electrochemical
cell allowing to characterize the catalyst material along the MEA
cross-section. Concerning electrolysers, such a kind of analysis is still at
the early stages, and, to the best of our knowledge only few in situ [30]
and in operando [31,32] analysis have been reported. In this context,
basing on a standard design already developed in the past [33,34], we
developed a novel reversible universal electrochemical cell able to
operate both as PEM (or Anion Exchange Membrane, AEM) fuel cell for
investigating the effects of the HOR and the ORR, as well as opening the
possibilities to shed light on the processes underneath the Hydrogen
Evolution Reaction (HER) and the OER in PEM (or AEM) water elec-
trolysers (WE). In this extent, (i) the main aspects related to the cell
design will be discussed at first, while (ii) in the second part of the paper
the cell will be used to observe the chemical and morphological evolu-
tion of a standard Pt/C catalyst material for PEMFCs by means of XAS
and SAXS, respectively. Finally, (iii) preliminary analysis on PEMWE
will be reporting an oxidation phenomenon similar to the one recently
reported by Diklić and co-workers [31].

2. Experimental

2.1. The reversible unitised electrochemical cell

The presented electrochemical cell (redesigned from a previous
prototype [18]) was realized for investigating chemical and morpho-
logical evolution related to catalyst and support degradation in PEMFCs
and WEs. In Fig. 1a an exploded 3D sketch of the cell is shown: the MEA
(1, active area up to 2 cm × 2 cm) is sandwiched in between two
titanium-made bipolar plates (2). Titanium was selected due to its
excellent electrical and thermal conduction, but also because of its
chemical stability when the cell is operated as FC or WE in both acidic
and alkaline media. The bipolar plates host the flow field (3, pitch 0.8
mm), the electrical connections (4), the cartridge used for heating the
cell (5), and the thermocouples for controlling the cell temperature (6).
Two silicone gaskets (7) are used to seal the MEA, while reactants and
reaction products are fed and drained by four lateral pipes (8). At the
centre of the flow field, in the channel for reactants distribution, a slit
(0.8 mm × 1 mm) is drilled to allow beam passage across the cell, thus
probing the MEA in the same operational conditions without compro-
mising its performance. Kapton windows (DuPont, thickness: 13 μm, 5
mm in diameter) are glued to the bipolar plates to seal entrance and exit
slits by using an ethyl 2-cyanoacrylate-based glue. Kapton is charac-
terized by excellent mechanical and thermal stability, as well as to
favourable transparency to hard X-Rays. The bipolar plates have an
asymmetrical design which allows them to be used for XAS measure-
ments carried out either in transmission or fluorescence mode (Fig. 1b),
as well as to record Wide Angle X-ray Scattering (WAXS) patterns up to
45◦ (Fig. 1c). A portable control station (P&ID represented in Fig. S1 in
Supplementary Materials) is used for control of operating conditions
(temperature, relative humidity, and gases flow rate) of the fuel cell.

2.2. MEA preparation

With the aim of investigating the effects on the ORR for PEMFC, two
twin MEAs were prepared. The MEAs were composed by a self-made
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Catalyst Coated Membrane (CCM) loaded with a benchmark Pt/Vulcan
catalyst layer for the cathode electrode. The CCMs were prepared by
ultrasonic spraying of a catalyst ink on the surface of an ionomeric
membrane (Nafion® NR-211, FuelCellStore) by means of a CNC
controlled system (ExactaCoat, Sono-Tek), as detailed in previous works
[35,36]: Pt/C catalyst particles (Pt on Vulcan XC-72R, 40 %, FuelCell-
Store), ionomer dispersion D521 (5 % 1100 EW, FuelCellStore) and
isopropanol/acetone solvent (1:1 ratio) were ultrasonically mixed
forming the catalyst ink, characterized by a ionomer-to-carbon ratio
equal to 0.6 [35]. The membrane was secured on a hot-bed (60 ◦C)
during spraying process. Catalyst load on the cathode electrode was set
to 0.4 mgPt⋅cm− 2 for XAS analysis, and to 0.8 mgPt⋅cm− 2 for SAXS ones.
The higher load used in SAXS measurements were selected for guaran-
teeing catalyst detectability. Concerning the anode electrode, Pt was
used (loading: 0.05 mgPt⋅cm2) for the MEA measured by SAXS, whereas
for XAS measurements it was replaced with Pd (loading: 0.2 mgPd⋅cm2)
in order to avoid any contamination of the XAS signal from the catalyst
layer deposited on the anode side. Pd based catalyst demonstrate similar
HOR performance as Pt (Fig. S2), can be used for XAS experiments with
operando setup. The CCMs were sandwiched between two commercial
Gas Diffusion Layers (GDLs, H24C5, Freudenberg).

When focusing on the OER for PEMWE, a couple of twin MEAs were
loaded with benchmark Ir/IrOX catalyst at the anode (1 mgIr⋅cm− 2)
prepared by the Meyer Rod technique. For the cathode electrode, the
aforementioned Pt/Vulcan catalyst (0.5 mgPt⋅cm− 2) was used for SAXS
analysis and the Pd/Vulcan catalyst (0.5 mgPd⋅cm− 2) was used for XAS
analysis. A commercial carbon-based GDL (H24C5, Freudenberg) was
used at the cathode, while a titanium fibre felt (FuelCellStore) was used
at the anode.

2.3. X-Ray Absorption Spectroscopy

Pt and Ir XAS spectra at the L3-edges were collected in transmission
mode at the XAFS beamline of the ELETTRA synchrotron [37], using
ionization chambers as detectors, a fixed exit Si (111) monochromator,
and a beam size of 0.6 × 0.5 mm (the beamline has unfocused beam,
whose dimension on the sample can be tuned as needed). For all sam-
ples, energy calibration was accomplished by collecting simultaneously
a spectrum of a metallic reference placed in a second experimental
chamber after the sample and after the second ionization chamber, with
the position of the first inflection point settled to 11215.0 and 11564.0
eV for Ir and Pt, respectively. Spectra of reference compounds were
either already available from previous experiments at XAFS beamline
[18], or provided by the beamline database. All spectra were collected
with a variable energy step as a function of the energy: 5 eV-steps in the

first 200 eV of the spectrum, 0.2 eV-step in the XANES region, and a
k-constant step of 0.03 Å− 1 in the EXAFS region for ex-situmeasurements
and of 0.05 Å− 1 for spectra collected in operando. The XANES spectra of
samples and model compounds were normalized with respect to the
background of the curve using the Athena software [38]. For the pristine
Pt spectrum collected ex-situ, EXAFS refinement was also performed.
Signal was extracted using Athena, Fourier transformed with a Hanning
window in the k range 3 ÷ 11 Å− 1 and quantitative analysis was carried
out using the Artemis software (Demeter 0.9.25 package) [39]. The
shells for metallic Pt have been calculated using the crystallographic
data of Wyckoff [40]. The XANES spectra collected in operando have
been analysed through linear combination fitting (LCF) of spectra from
the reference compounds, using the Athena software, to estimate the
average oxidation state.

2.4. Small Angle X-Ray Scattering

SAXS measurements were conducted in transmission mode and in
operando conditions, at room temperature and pressure on the Austrian
SAXS beamline at the ELETTRA synchrotron in Trieste, Italy [41], using
a wavelength of 0.77 Å (16 keV), a beam size of 0.8× 0.5 mm and with a
sample-to-detector distance set to 222.57 cm. A 2D pixel detector
(Pilatus3 1 M, Dectris) was used to record scattering which were radially
integrated bymeans of the SAXSDOG [42] software. Silver behenate was
used as a calibrant. Resulting scattering patterns were analysed within
the q-range from 0.097 nm− 1 to 6.376 nm− 1. IGOR Pro software (IGOR
Pro 7.0.8.1, Wavemetrics) was used for data reduction and fitting. The
pattern record from the empty cell was used for background subtraction,
while least square fitting was performed by using the analytical model
presented in a previous work [43]: here, catalyst nanoparticles are
modelled as a product of a form factor by a structure factor, I(q)∝IP •
P(DP,σP,q) • S

(
Df ,ξ,q

)
. As shown in our previous work [43] (due to the

masking effect introduced by the presence of the GDL, and in agreement
with the approximations presented by Gommes and co-workers [44]),
the cross-cross-correlation term was neglected from the model, allowing
to use an analytical model for the form factor. As a form factor a set of
spheres following the Schulz distribution was used [45] to retrieve
particle size distribution expressed in terms of forwarded scattering
probability (IP), mean particle size (DP), and its standard deviation (σP).
As a structure factor, particle clusters were modelled via the fractal
model developed by Teixeira [46], characterized by the fractal dimen-
sion (Df) related to the morphology of the cluster shape, and by the
cut-off distance (ξ), describing the behaviour of the pair correlation
function for larger distances than the size of a catalyst nanoparticle.
Such a distance can be related to the average cluster size and bymeans of

Fig. 1. The electrochemical cell. (a) 3D exploded sketch of the electrochemical cell; here the main components are marked by numbers: (1) MEA, (2) the bipolar
plates, (3) the flow field, (4) threaded holes for electrical connections, (5) holes for hosting cartridge heaters, (6) holes for hosting the thermocouples, (7) silicone
gaskets, (8) inlets and outlets for reactants and products of reaction. Kapton windows are too small to be resolved in this drawing. Exemplative sketches for cell use in
(b) XAS and (c) Small and Wide Angle X-Ray Scattering (SWAXS) setups. Here, continuous lines represent configuration used for this work (transmission XAS and
SAXS), dashed lines represent the possible setups with which the cell could be used (XAS performed in fluorescence mode and SWAXS), but not employed for
this work.
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the calculated radius of gyration R2g = ξ2Df
(
Df +1

)
/2 [47]. Catalyst

specific surface area, SA was further calculated as SA = 〈A〉 /ρ〈V〉 [19,
43], where 〈A〉 and 〈V〉 respectively represent the average surface and
volume of the catalyst nanoparticles, calculated as the second and third
moment of the Schultz probability distribution function [48,49]: 〈A〉 =

4π
∫ Rmax
0 f(r)r2dr, 〈V〉 = 4π

3
∫ Rmax
0 f(r)r3dr. The Vulcan support was

modelled by means of the Debye-Anderson-Brumberger (DAB) form
factor [50,51] by keeping the value of correlation length fixed to 36.07
nm, as previously done [43]. The GDLs are represented by a power law,
and, for patterns not recorded by MEAs in dry conditions, the ionomer
peak of Nafion was modelled as a Voigt peak [52–56]. The Pt/Vulcan
loading at the anode electrode was selected to be 16 times lower than the
loading at the cathode (anode: 0.05 mgPt⋅cm-2, cathode: 0.8 mgPt⋅ cm-2)
in order to be able to consider negligible the contribution given by the
catalyst particles at the anode side (and due to the fact that particles at
the anode are not supposed to evolve as fast as the particle population at
the cathode, that the forwarded scattering pattern is stronger for larger,
aged, particles).

2.5. In operando SAXS and XAS electrochemical measurements

Measurements by operating the cell as a fuel cell. In this
configuration, MEAs were subjected to the same protocol in both in
operando SAXS and XAS analysis. At first, the status of the sample was
recorded (i) in dry conditions. Then, (ii) a conditioning protocol was run
to hydrate the MEA and warming up the cell: cell temperature (Tcell) was
set to 80 ◦C, while humidified N2 (relative humidity, RH: 100 %, flow
rate, Φ: 50 ml/min) was flown through both of the electrodes for 60
minutes. SAXS patterns were continuously recorded (one pattern every
20 minutes), for monitoring the evolution of the features representative
of Nafion, checking any possible overlapping with the footprint char-
acterizing catalyst nanoparticles. Due to the fact that no chemical
changes are expected to be detected in this step, only one XAS spectra
was recoded at the end of conditioning. Then, the MEAs undergo a (iii)
break-in procedure, for activating the catalyst layer and checking the
operative conditions of the FC: cell temperature was kept at 80 ◦C, while
H2 (20 ml/min) and O2 (20 ml/min) were respectively flown at the
anode and cathode electrodes. Chrono-amperometry was run for at least
120 minutes, by applying a difference of potential of 0.4 V at the cell by
means of a potentiostat (SP-240, Biologic); the recorded current is
shown in Fig. S3a. Both SAXS patterns and XAS spectra were continu-
ously recorded, collecting a single measurement (pattern or spectrum),
every 20 minutes. Finally, (iv) Accelerated Stress Tests (AST) [57] were
applied to induce Pt oxidation and accelerate carbon-based support
electrochemical corrosion, simulating a cathode voltage surge in fuel
cell start-up/shut-down operation: cyclic voltammetry was run from 1.0
to 1.5 V at the sweep rate of 500 mV s− 1 for 5000 cycles. During in
operando SAXS measurements, one scattering pattern was recorded
every 250 cycles. With the same frequency, a Potentiostatic Electro-
chemical Impedance Spectroscopy (PEIS) spectrum was recorded in the
frequency range of 1÷ 100 kHz, at the potential of 0.85 V, together with
three additional CV ranging from 0.05 to 1.0 V at the scan rates of 20,
50, and 100 mV s− 1. From voltammograms the specific Electrochemi-
cally active Surface Area (ECSA) was calculated as the ratio among the
underpotential deposited hydrogen charge (Q (HUPD), obtained by
integrating the current values within the hydrogen desorption region)
and the product of the hydrogen adsorption charge on a smooth Pt
electrode (C = 210 μC cm− 2) by the mass of the catalyst loading per unit
area (mPt = 0.8 mg⋅cm− 2): ECSA = Q(HUPD) /(C •mPt). Due to temporal
constrains, in operando XAS analysis were limited to 2000 cycles, and
XAS spectra were recorded before starting AST (under potential of 0.4
V), and at 500, 1000, and 2000 cycles (under oxidative potential, 1.0 V,
Fig. S4).

Measurements by operating the cell as a water electrolyser.
With the aim of studying chemical as well as structural changes of the Ir/

IrOX catalyst under operation in MEA we developed two different pro-
tocols for XAS and SAXS, respectively. A first XAS spectrum was recor-
ded ex situ, to depict the state of the MEA in pristine conditions.
Afterwards, with the aim of understanding of how catalyst chemical
composition varies during operation, in operando analysis were per-
formed. Deionized water was flown in the cell (flow rate: 100 ml/min)
for 60 minutes, with an operating cell temperature of 60 ◦C. Then, XAS
spectra were recorded while running chrono-amperometry. A fixed po-
tential was set across the cell starting from 1.1 V to 2.5 V, with a step of
0.1 V (Fig. S3b). For each potential step, after a waiting time of 10 mi-
nutes set to allow current stabilization, a XAS spectrum was recorded.
According to the results thus obtained, SAXS analysis were repeated on a
twin sample, with the aim of investigating the presence of morpholog-
ical variations in catalyst nanoparticles induced by the revealed change
in oxidation state. The scattering pattern of the MEAwas firstly recorded
in pristine conditions. Afterwards, the MEA was hydrated by pumping
deionized water (flow rate: 100 ml/min, cell temperature: 60 ◦C) for 60
minutes. A break-in procedure followed in order to activate the catalyst
(chrono-potentiometry run for 30 minutes at a current value fixed to 0.2
A cm− 2 at first, and later for 30 minutes at a current value set to 1 A
cm− 2). Finally, AST were run for 500 cycles. Each cycle consisting in
potential switching from 1.45 to 1.80 V; each potential was held for 25
seconds.

3. Results and discussion

The presented reversible unitised electrochemical cell was used at
first as a fuel cell, to investigate time-resolved degradation of the cata-
lyst layer of a MEA undergoing AST by combining electrochemical,
morphological, and spectroscopic analyses. In pristine conditions, the
MEA is characterized by a scattering pattern which is mainly composed
by a broad bump generated by the catalyst nanoparticles and a back-
ground with a constant slope due the presence of both the catalyst
support layer and the GDL (Fig. S5a). From least square fitting of the
SAXS pattern from the MEA in pristine conditions, it was found as the
particle population is characterized by a mean particle diameter of 2.28
± 0.02 nm (Fig. S5b), in agreement with previous analysis of us carried
out on analogous MEAs [43]. Linear combination fitting of the absorp-
tion spectrum within the XANES region (Fig. S5c), revealed as the ratio
among metallic-to-oxidised Pt (Pt0/Pt2+) is equal to 89-to-11 % (±3 %)
whereas least square fitting of the EXAFS region (Figs. S5d and S5e)
allowed to determine an average Pt–Pt bond length of 2.748 ± 0.003 Å,
in line with other results provided in literature [19,58–61] (Fig. S5f).
During conditioning and break-in stages, no remarkable variations in
catalyst morphology was detected, and the only differences noticeable in
the scattering patters are due to the hydration of the Nafion electrolyte
upon water uptake and hydration, which can be related to the rise in
intensity of the ionomer peak around 2 nm− 1 (Fig. S6a). As extensively
reported in literature [62–65], the increase in the intensity of the ion-
omer peak is related to the growth in size of the ionomeric regions,
which are dedicated in sustaining the proton transport. As a control, the
same conditioning procedure was repeated in situ, on a bare Nafion
membrane (Fig. S7), where Nafion hydration could be observed in
detail. On contrary, from the comparison of the XAS spectra recorded
before and after the break-in operation, a slight variation was detected
in the XANES white line intensity (Fig. S6b): the ratio among
metallic-to-oxidised Pt was found equal to 95-to-5 % (±4 %) after
break-in, which can be reconducted to the already known polishing Pt
surface from oxides formed during the fabrication process. Nonetheless,
despite a fully-reduced Pt was expected (due to the 0.4 V potential
applied), it worth to mention that the existence of oxidised Pt under
reductive potentials may be attributed to Pt particles detached from
triple phase boundary regions, and therefore not participating in the
electrochemical reaction.

Afterwards, AST were started: recorded voltammograms, SAXS pat-
terns, and XAS spectra are shown in Fig. 2. Voltammograms reveal the
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typical shape corresponding to polycrystalline platinum oxidation and
reduction regions, separated by the so-called double layer one. As ex-
pected, due to the high potential values at which the catalyst layer was
subjected under AST, enhanced coarsening of the catalyst particles,
particle detachment, and carbon support corrosion are known to concur
[66] in a general reduction of the recorded currents in different parts of
the voltammogram (Fig. 2a). Current reduction is overall visible in re-
gions characteristics of hydrogen absorption and desorption (0.05 ÷

0.40 V), as well as in the regions of Pt oxidation and reduction (0.8÷ 1.0
V). Moreover, region of double layer capacitance charge/discharge (0.4
÷ 0.6 V) also shows lower currents over AST cycling. Decrease of current
linked to the Pt features can be a result of Pt particles coarsening or/and
their detachment from the carbon support, whereas double layer current
decrease may be a result of carbon corrosion. Contemporary, some
variations can be spotted in the temporal evolution of SAXS scattering
patterns (Fig. 2b), where the footprint generated by the population of

catalyst nanoparticles shifts towards lower q-values, thus highlighting a
general growth either of particle size and/or state of aggregation. To
better highlight such a variation, scattering correlation length [67] was
calculated over the q-range of interest (Fig. S8), due to its particular
sensitivity to size variations it was used as a qualitative marker to
monitor the degree of evolution of the particle population. Finally, by
comparing XAS spectra evolution (Fig. 2c), the white line intensity
varies over time (increasing at first to further decrease after 2000 CV
cycles), addressing to changes in the metallic-to-oxidised Pt ratio, which
will be discussed in the next paragraph.

Quantitative, in-depth analysis started from ECSA calculation: from
an initial value of 29 m2/gPt, ECSA was found to be reduced to 8.5 m2/
gPt, for a total percentage reduction equal to about 70 % (Fig. 3a).
Moreover, ECSA reduction is mostly pronounced within the first 2000
CV cycles (when it reaches a value of 10.4 m2/gPt), to later stabilize into
a plateau until 5000 CV cycles, in agreement with the trend observed in

Fig. 2. In operando SAXS and XAS analysis. Time resolved evolution of (a) cyclic voltammograms, (b) SAXS patterns, and (c) XAS spectra recorded during in
operando experiments. Traces identified by the number 0 indicate the state of the MEA before starting the AST, after break-in procedure was run.

Fig. 3. Quantitative analysis. Time resolved evolution of (a) ECSA (calculated from the voltammograms shown in Fig. 2a) is compared with the evolution of SA
(calculated from analytical fitting of SAXS patterns). Time resolved evolution of the main parameters composing the analytical model used to fit the scattering
patterns shown in Fig. 2b: (b) mean particle diameter (DP) and (c) standard deviation (σP) within the Schulz distribution, and (d) calculated radius of gyration (Rg),
representative of the average cluster size. In (d), fractal dimension (Df) is shown as an insert. In (b), (c), and (d), morphological parameters are compared with the
chemical information retrieved by XAS, summarised by the evolution in the measured percentage of metallic Pt. Fill lines are a guide for the eye only. The time
resolved analysis of all of the parameters composing the MEA is shown in Fig. S10.
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the XANES spectra. In fact, within the first 500 and 1000 CV cycles, the
amount of Pt2+ in the sample was observed rising up to 30 % (±1 %),
and 32 % (±1 %) respectively (increasing of the white line intensity;
determined through LCF), whereas, after 2000 cycles, the amount of
Pt2+ reduces to 17 % (±2 %), meaning that the electroactive Pt was
roughly the half with respect to the first CV, matching well with the
ECSA values reported in Fig. 3a. Higher amounts of oxidised Pt at early
stages of AST is a result of application of highly positive (anodic) po-
tentials (1 ÷ 1.5 V) to large amount of catalyst particles. As AST pro-
ceeds, two processes take place: enlargement of catalyst particles which
is evident from decrease of SA (Fig. 3a) and detachment of catalyst
particles from electrochemical pathways due to support corrosion. The
result of the two processes is that lower amount of catalyst particles can
participate in the reaction and, therefore, lower amount of Pt can be
oxidised.

The aforementioned findings were found in agreement with
observed morphological evolution. Being aware that evolution of Nafion
morphology could introduce a change in the background (which could
potentially affect fitting results), the hydration state of the MEA was
checked by comparing the evolution of ionomer peak position retrieved
via SAXS and membrane resistance recorded by means of PEIS (Fig. S9).
Being the standard deviation value below 1 % for both quantities Nafion
was considered being in stable conditions (at least during the mea-
surement window), and the SAXS fit results were considered reliable.
Under these premises, the focus was thus addressed to the evolution of
catalyst morphology. In Fig. 3b and c the growth of mean particle
diameter (DP) and standard deviation (σP) are respectively shown: in
agreement with previous studies of us, carried out on catalyst model
systems [26] (as well as highlighted in operando conditions [20]), an
initial slower growth in both quantities is followed by a sudden increase
in the growth rate in between 750 and 1000 CV cycles, where we pre-
viously addressed as in such interval the leading degradation protocol
switches from coarsening to Ostwald ripening [25–27]. Finally, in be-
tween 2000 and 3000 cycles particle growth stops and the evolution of
mean particle diameter stabilizes to a plateau. Such behaviour was
already observed on catalyst model systems [25], and in principle this
trend agrees with ECSA evolution: at this stage catalyst particle popu-
lation is formed by bigger particles, having a reduced surface-to-volume
ratio. Thus, they are less active and consequently less prone to further
degrade. Moreover, some particles could have detached from catalyst
support, becoming electrochemically inactive and thus introducing a
bias into the size distribution. This fact might be also supported by the
more prolonged evolution of particle standard deviation from the mean
value (Fig. 3c), which keeps evolving until the end of the stress test.
Afterwards, from the form factor parameters, the SAXS specific surface
area was calculated (Fig. 3a): from an initial starting value of 21.7
m2/gPt, the specific surface area was found reducing to 15.6 m2/gPt,
equivalent to a reduction at about 70 %. Such a result was found in great
agreement with both the evolution and the values provided by ECSA;
some differences in absolute values were considered reasonable because
representative of two different physical surfaces. Nonetheless, also in
this case, the most pronounced variations take place within the first
2000 cycles, while the assessment to the plateau value evolves in be-
tween 2000 and 3000 cycles. Finally, from the evolution of the structure
factor parameters, the average cluster size (Fig. 3d) grows in agreement
with the evolution of particle diameter, and an increase in cluster
compactness (Fig. 3d, insert) can be related to the (small) increase of the
fractal dimension within the first 1000 CV cycles. The evolution of the
other parameters composing the model is shown in Fig. S10.

Then, the cell was set up to be used as a PEMWE. To study the effects
of high anodic potential on the chemical state of the catalyst, in operando
step-like chrono-amperometry was started from 1.0 V with potential
steps of 0.1 V (Fig. S11a). As a result, no modifications were detected up
to 1.4 V (spectra are overlapping with the pristine one). Then, a slight Ir
oxidation was spotted as a shift towards higher energies of the high
energy side of the main peak of Ir L3-edge spectra; this transition

happened when the applied difference of potential was between 1.5 and
1.6 V (Fig. 4a), but for larger potentials all the spectra show no further
variations up to 2.4 V. The aforementioned transition result is very
similar to that recently reported by Diklić and co-workers [31] and
seems to be also fully reversible, as the spectrum collected after having
run the electrolyser overnight perfectly overlaps the spectrum recorded
in pristine conditions. By comparing the results here shown with the
ones presented by Diklić et al. [31], a curve showing the differences of
the spectra (Δμ) collected above 1.6 V and below 1.4 V was calculated
(Fig. 4b). Apart from a shift of 2.3 eV towards higher energies (maybe
due to the different reference materials used for energy calibration), the
amplitude of the obtained curve seems to fall in the middle of that of
IrOX AS and IrOX HT samples reported by Diklić and co-workers [31].
Finally, with the aim of investigating if any morphological variations
were also induced, SAXS patterns were recorded in operando conditions,
while AST (consisting in potential switching among 1.45–1.80 V, in
concordance with XAS results which suggest change of oxidation states
of Ir) were run. The recorded scattering patterns are shown in Fig. S11b:
here only slight variations in proximity of 1 nm− 1 are detectable and,
after fitting the displayed patterns, no clear morphological evolution can
be highlighted. In fact, the most relevant phenomenon detectable is the
continuous hydration of Nafion, represented by the shift of the ionomer
peak towards lower q-values (qIP, Fig. 4c). In parallel, catalyst nano-
particle evolution, if present, appears to be at its early stages, as the
evolution of the mean particle diameter (DP, Fig. 4c) shows a slightly
increasing trend, and its standard deviation values (σP, Fig. 4c) starts
shrinking. Nonetheless, the recorded variations are quite small and
longer analysis would be required to highlight a clear trend.

4. Conclusions

With this work we have presented a portable and reliable setup,
coupled with a solid methodology for combining in operando chemical,
electrochemical, and morphological characterization for catalyst mate-
rials for PEM fuel cells and water electrolysers. The electrochemical cell
was firstly used to depict degradation of a standard Pt/C catalyst ma-
terial undergoing AST for fuel cell. After monitoring the state of the MEA
during the stages of conditioning and break-in (used to properly hu-
midify the membrane and activating the catalyst), AST were applied to
induce catalyst oxidation and accelerate carbon-based support electro-
chemical corrosion by applying cyclic voltammetry from 1.0 to 1.5 V for
5000 cycles. Results from data analysis allowed to connect reduction in
ECSA to morphological parameters obtained from SAXS (mean particle
diameter and standard deviation, aggregation size and type, and specific
surface area). XAS analysis allowed to support the comparison and
provide a complementary point of view on the chemical state of Pt
(quantifying the ratio among metallic-to-oxidised Pt). Afterwards, the
cell was used to test in operando the stability of Ir/IrOX catalyst material
for water electrolyser. Here, XAS revealed the formation of Ir oxide
when a potential of 1.5–1.6 V is applied to the electrochemical cell.
According to that results, a dedicated AST was created for searching for
morphological variations in the catalyst layer, but no remarkable vari-
ations could be highlighted within the temporal range in which the
analysis was carried out. Nonetheless, this setup opens the possibilities
for future analysis on new materials for both PEM fuel cells and water
electrolysers.
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