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ABSTRACT

Nowadays, electrochemistry has a considerable technological impact, involving fuel cells, super capacitors and
batteries. These devices are based on complex architectures, which complicates monitoring their evolution in situ
under operating conditions to reveal the reasons for reduced lifetime and performances. Here, we present a
design of a multipurpose electrochemical cell for grazing incidence small and wide angle X-ray scattering
(GISAXS and GIWAXS) where the environment for operating conditions can be recreated. We focus on proton
exchange membrane fuel cells (PEMFCs) which operational conditions are simulated by means of
potentiodynamic-based accelerated stress tests, applied to a thin film of Pt nanoparticles representing a model
system of a benchmark catalyst. Two different upper potentials are used to mimic fuel cell operating conditions:
at 1.0 V gyg the catalyst film preserves its initial morphology, while at 1.5 V gyg (simulating fuel cell start-up/
shut-down cycles) significant coarsening has been observed. The initial dimension of the Pt particles of 4.0 nm
increases to 8.7 nm due to the predominant process of coalescence and final Ostwald ripening. In parallel, the
distance between the particles increases, the catalyst film (9 nm thick) becomes thinner at first and exhibit a
higher roughness at the end.
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1. Introduction

Electrochemistry has a profound impact on research connected with
the development and improvement of green energy power sources. In
fact, the reduction-oxidation reactions play a crucial role in fuel cells
[1-5], super capacitors [6] and batteries [7,8]. Thus, to improve per-
formance in these families of devices, it is fundamental to entirely un-
derstand the electrochemistry related effects under their operational
conditions. With this aim, during the last decades, various methods have
been developed to adapt device architectures or create new electro-
chemical cells dedicated to the so-called in situ investigations.

For example, concerning fuel cells, catalyst stability is still a crucial
factor limiting their entrance in the worldwide market. Nonetheless,
studies of catalyst degradation have gained a huge boost during the last
decade, a complete comprehension of deterioration dynamics and the
consequent development of corresponding mitigation strategies are still
missing. Specifically, when speaking about proton exchange membrane
fuel cells (PEMFCs), the acidic environment and the high potentials at
the cathode side constitute harmful operating conditions in which the
platinum catalyst is oxidized. This oxidative process is the main
contributing factor in electrocatalyst coarsening and, hence, decreasing
of the electrochemically active surface area (ECSA) and consequent
reduction of fuel cell performance [9]. The severity of degradation is
further exacerbated by the transient and cyclic nature of PEMFCs
operation. In fact, during high load operation the catalyst is in its
metallic state, while during start-up/shut-down conditions, cathode
catalyst is oxidized.

Up to date several closely related mechanisms leading to catalyst’s
ECSA decrease upon its operation have been identified: platinum
dissolution which induces the so-called Ostwald ripening and carbon
support corrosion responsible for platinum particle agglomeration and
detachment [10]. Due to the fact that all aforementioned phenomena
occur simultaneously, the complete picture of catalyst coarsening have
yet to be unravelled. The current frontiers of knowledge are expected to
expand with the rising of modern in situ techniques that are capable of
measuring catalyst directly during its operation under realistic envi-
ronments. A variety of in situ microscopic methods have been recently
developed to characterize the electrified solid-liquid interface inside
specially designed electrochemical cells. In this class of experimental
chambers, the so-called accelerated stress tests (ASTs) are performed:
they consist in potentiodynamic cycling from low to high potentials in
an acidic electrolyte and have been developed to simulate catalyst
degradation on a shorter timescale; simultaneously the catalyst is
monitored. Powerful in situ transmission electron microscopy (TEM),
atomic force microscopy (AFM), scanning tunnelling microscopy (STM)
were successfully applied to provide online information about catalyst
coarsening during ASTs [11-23].

However, microscopy-based techniques have some significant
drawbacks. The probed area is quite small resulting in a poor statistics of
the results. In case of AFM and STM the recorded image is a convolution
of the sample morphology and the tip, providing only limited structural
resolution. Last but not least, the time required to collect the image can
be very long.

As a complement (or a substituent) to in situ microscopy, X-rays-
based techniques have the advantage of high penetration depth. This
facilitates the cell design in order to easily control temperature, chem-
ical potential or electrical fields, thus creating an environment simu-
lating operando conditions. Moreover, due to their specific features such
as penetration, high intensity, small or large beam dimension and en-
ergy tunability, X-rays can probe large surface areas or specific small
features thus providing structural and chemical information with high
statistical significance. These capabilities are further boosted by the new
development of 4 generation synchrotron radiation sources e.g. MAX
IV [24], ESRF [25], Petra III [26].

In this framework, several techniques have been employed for
advanced operando characterization. As an example, X-ray absorption
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spectroscopy [27] and X-ray computed tomography [28] allow to
retrieve unique information concerning catalyst evolution. Nonetheless,
small angle X-ray scattering (SAXS) is an alternative, suitable method for
structural characterization of amorphous and crystalline matter which
can achieve high resolution structural data from appropriate models
over relatively large sample areas in a short time.

Up to now, it was shown that in situ electrochemical-based SAXS
analysis can be used for studying batteries [29,30], fuel cells [31-33],
super capacitors [4,34], deposition [35] as well as to investigate
de-alloying processes [36] or electrodeposition [37]. In order to pre-
cisely observe the desired electrochemical processes, it is crucial to
optimize the design of the cell for such applications.

Here, first, we present a review on the electrochemical cells dedi-
cated to small angle X-ray scattering (SAXS) and X-ray diffraction (XRD).
Subsequently, we will discuss our design of the electrochemical cell
specifically optimized for GISWAXS. Finally, an exemplary experiment
is conducted with this electrochemical GISAXS cell on a thin film of Pt
nanoparticles representing a model system of a Pt/C benchmark catalyst
for PEMFCs. This study is focused on platinum coarsening under
potentiodynamic electrochemical cycling. Cyclic voltammetry is per-
formed by using two different upper potentials (Ey) with respect to the
reversible hydrogen electrode (RHE): 1.0 Vgyg and 1.5 Vryg. These two
upper voltages are representative of two different operative stages of a
PEMFC: the former potential usually characterizes the high-load oper-
ation conditions, while the latter one can stress the catalyst during the
start-up/shut-down stages of the device.

1.1. Previously designed electrochemical cells for in situ SAXS analysis

Generally, SAXS allows to characterize precisely the morphology of a
scattering object and to monitor the evolution of a system with high
temporal resolution and in a versatile environment. SAXS can be carried
out in two distinct geometries, namely in transmission or at grazing
incidence conditions (GISAXS). In the former case, the setup is used to
investigate bulk samples, and the scattered radiation is produced from
an incident beam directly crossing them. On contrary, GISAXS has been
developed to investigate the evolution of nanostructures on or buried in
surfaces. In the latter case, the incident beam hits the sample surface at
very small glancing angles (typically lower than one degree) and the
mutual interaction between matter at the surface and radiation gives rise
to the scattering pattern recorded at the detector. Data analysis is later
based onto separation of the in-plane contributions, which describes the
modifications involving in the plane of the surface, from the out-of-plane
ones, which describes modifications taking place along the direction
perpendicular to the surface plane (in depth).

During the last decades, many different electrochemical cells have
been designed for specific needs. As already demonstrated from the re-
view of Brant [38], several works present electrochemical cells for XRD.
On contrary, it was noted a scarce presence of works dealing with
electrochemical cells for small angle X-ray scattering. Among them, the
majority focuses on a multi-technique approach where SAXS is coupled
with X-ray absorption spectroscopy (XAS). This approach was, for
example, used by Haubold and co-workers [39] during the Nineties,
when they designed a coin-like cell entirely made of Plexiglas to study
oxidation-reduction reactions involving Pt. Some years later, Braun and
co-workers [40] developed an electrochemical cell made in stainless
steel and polypropylene with the aim to simultaneously record X-ray
diffraction pattern in addition to XAS and anomalous small angle X-ray
scattering, to study battery electrodes over long time periods (also days).
In this device, X-ray transmission was enabled by means of two beryl-
lium windows. Nonetheless this experimental chamber allows to
combine three techniques, two limitations can be highlighted. The first
is related to cell geometry, which limits the maximum angle for XRD to
45°, while the second, and more important, is related to the presence of
beryllium windows. Nowadays the use of the Kapton as a constituent
material for windows in medium vacuum is a standard. Kapton is not
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dangerous as beryllium and it provides a lower small angle scattering
background, by being almost transparent for X-ray radiation. Moreover,
it is cheap, thermally stable and easily processable. A decade later a
more modern project was published: by keeping the focus on the
multi-technique approach, Binniger [41], Tillier [42] and co-workers
realized two twin coin-like cells: the first one to be used for both SAXS
or XAS experiments with synchrotron light, while the second for
measuring SAXS with laboratory equipment. Due to its chemical resis-
tance, good mechanical stability and processability, cells were made in
PEEK. Windows consisted from Kapton foils and were made conductive
at the inner side by means of spray coating of the studied material. These
two areas were then electrically contacted by a couple of external
electrodes. Nonetheless these two cells have been carefully designed, the
workflow in assembling the cell is not straightforward. In fact, the
conductive side of Kapton needs to be sputtered with gold before cell
assembly to improve stability of the conductive layer. For this reason, a
proper sputtering mask has to be realized (according to beam and
sample sizes) to allow X-ray beam to pass through without adding
parasitic scattering.

As shown above, transmission SAXS setup seems being predominant
due to the possibility for an easy integration in a multi-technique setup,
or for the most straightforward consequent data analysis. Concerning
fuel cells, during the last years two different fuel cell designs for in situ
investigation were proposed [43,44]. But, in order to monitor the evo-
lution of the catalyst layer via SAXS, the hydration state of the mem-
brane electrode assembly plays a crucial role [44] and could strongly
reduce the signal-to-noise ratio required to observe the evolution of the
lone catalyst.

In this framework, GISAXS is a valuable technique which can provide
deep insights in electrochemistry, as already demonstrated by Gor-
yachev et al. [45], Ruge et al. [46], Moehl et al. [37] and Khalakhan et al
[47]. Up to now, to the best of our knowledge there is no single paper
concerning electrochemical cells properly designed to perform in situ
electrochemical GISWAXS and propose this work also to draw attention
at the unique opportunities for investigations in energy research.

1.2. Design of the electrochemical cell

This electrochemical cell (EC) was designed to record in situ the
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evolution of a sample morphology during electrochemical experiments
using GISWAXS. Particular attention was given in maximizing as much
as possible the signal-to-noise ratio of both the electrical signal at the
potentiostat and the X-ray scattering pattern at the detector, to provide a
complete and unique combination of these two techniques. To improve
the quality of the recorded scattering pattern, the thickness of the
electrolyte layer, which X-rays have to cross, was minimized to limit
radiation absorption in order to be operated for X-ray energies larger
than 8 keV. The cell was made via 3D printing by using a Stereo-
lithography Apparatus (the Form 2 model by Formlabs [48]). This
manufacturing was chosen because it allows to easily realize articulated
shapes without machining a bulk material and the high resolution of the
device (laser spot size: 140 pm) allows to make components with pre-
cise, submillimetric resolution. Different material solutions were tested
and finally we focused on a standard Formlabs’ Grey resin [49] that had
shown good manufacturing precision with respect to the cell micro
channels. Moreover, in addition to the specifications provided from the
company, chemical stability to acids which are commonly used in
electrochemical experiments (such as 1 M HSO4 and 1 M HClIO4) was
successfully tested.

An exploded scheme of the cell is shown in Fig. la. The cell is
composed by a main body (1) to host the samples, two flanges (2) for
sealing the reaction chamber (3), and Kapton windows (DuPont, 13 pm;
4). The downstream flange is designed in order to guarantee an output
angle of 65° (Fig. 1b). This feature allows to add an additional wide
angle X-ray scattering detector to the setup to record XRD (WAXS) signal
up to 65°.

Inside the cell, three electrodes are used to provide typical electro-
chemical measurements. One platinum wire in a form of spring serves as
a counter electrode. Second platinum wire contacts the sample (working
electrode) top surface. It is carefully insulated to measure currents from
the sample surface only (for additional information see supporting in-
formation). Finally, the third electrode is a reference electrode placed in
a close vicinity to the sample surface. For experiments in which a precise
recording of voltage and current is not needed (as i.e. while applying
chrono-amperometry or chrono-potentiometry to induce metal disso-
lution) a platinum wire can be used as a quasi-reference electrode. For
proper electrochemical measurements, a thin leak-free Ag/AgCl refer-
ence electrode [50] can be used. The cell can be connected to a pump

(b)

{

10 nm

Fig. 1. Experimental setup. Sketch of the EC cell: (a) exploded scheme and (b) lateral cross-section. In (a) main components of the cell are marked by numbers:
main body (1), external flanges (2), reaction chamber (3), Kapton windows (4), flow inlet (5), flow outlet (6) and sample (7, black bar); in (b) maximum exit angle is
highlighted. (c) Setup of the experiment. (d) Sketch of sample composition (from bottom to top): Si substrate, C interlayer, Pt catalyst layer.
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system for continuously providing a fresh electrolyte to the sample.
Finally, in Fig. 1c a schematic representation of the setup is provided.

2. Experimental

Sample preparation. Pt films were prepared by means of magnetron
sputtering from 2 inch Pt target (99.99% Safina) mounted on circular
TORUS magnetron (K. J. Lesker) facing the substrate under the angle of
45°. Prior to the deposition, the chamber was evacuated down to 7 x
10~* Pa. The sputtering was carried out in 0.5 Pa of Ar atmosphere in
constant power mode by applying 21 W to Pt target. Total sputtering
time was 7 min which forms 10 nm thin film of Pt particles. The so called
Pt film was deposited on a silicon wafer (Si(111) ON Semiconductor)
substrate covered by thin carbon interlayer. Carbon interlayer (10 nm)
was deposited using magnetron sputtering from 4 inch graphite target
(Kurt J. Lesker, purity of 99,999%) placed at a distance of 155 mm from
the substrate. A DC power of 300 W was applied in Ar atmosphere with a
total pressure of 0.5 Pa.

In situ grazing incidence small angle X-ray scattering. 2D-
GISAXS patterns were recorded at the Austrian SAXS beamline at the
ELETTRA synchrotron in Trieste, Italy [51]. Incident X-ray beam had a
wavelength of 0.77 A (16 keV). The sample was placed into the elec-
trochemical cell and connected to a potentiostat (SP-240, Biologic). As a
reference electrode, the leak free Ag/AgCl reference electrode
(LF-1-100, Alvatek) [50] was used. The sample was placed at a distance
of 194.75 cm from a pixel detector (Pilatus3 1 M, Dectris Ltd) in GISAXS
geometry. The stage with the fixed cell allowed to set the glancing angle
of 0.6° to the surface. The calibration was performed with Ag-behenate
as a reference pattern for the GISAXS detector. For every sample, an
image of the dry sample had been taken at first; then, 0.1 M HySO4 so-
lution was injected into the cell and cycling voltammetry measurements
were recorded. Cyclic voltammetry was carried out from zero to the
selected upper potential at room temperature with a sweep rate of 500
mV/s and for a total number of 2000 cycles. Two different upper po-
tentials were used in total, namely 1.0 Vgyg and 1.5 Vgyg. The software
IGOR Pro (IGOR Pro 7.0.8.1, Wavemetrics) was used for data reduction
and fitting. Two cuts were calculated: the horizontal one, at the height of
the Yoneda wings and a vertical one, along the specular condition. These
two cuts have been used to calculate the correlation length [52,53] in
the vertical and horizontal direction, providing sensitive information of
changes of the scattering pattern.

Traces obtained from the horizontal cut were fitted via an analytical
model: Pt nanoparticles were modelled as a product of the form factor
and the structure factor: I(q)xP(q)S(q). As form factor, a set of poly-
dispersed spheres following the Schulz distribution D,(R) [54,55] was
chosen: P(q) = Ip|F(Rp, 6p,q)|*. This term allows to retrieve information
about particle shape and size distribution and to determine average
particle radius, Rp, and its standard deviation, cp. As structure factor, the
Sticky-Hard-Sphere model [56,57] was selected: S(q) = S(Rsus,$sus, 4. €,
q). From this term it was possible to obtain information about particle
displacement on the substrate, it allowed to calculate minimum inter-
particle distance (dpyuny = 2*Rsys) and to monitor the evolution of the
apparent volume fraction, ¢gys, Which is related to the probability of
finding a nearest neighbour particle. For more details about the
analytical model we refer to our previous work [47] in which this
simplified description was developed and validated.

By combining some parameters from both, the form and structure
factors, it enabled us to estimate the reduction in surface area. Despite
in the analytical model used for fitting the horizontal cuts, Pt nano-
particles are modelled as spheres, particles have to be considered as
ellipsoids with radius Rp and half-height Hp. Resulting particle surface

area is then equal to As = 47R? <% + 2f—}‘gparcsin(e)> = 47R%yp., where

e =1/1 — Hp?/Rp? is the eccentricity of the spheroid. Assuming that
spheroid aspect ratio is not varying during particle growth, it is
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possible to write particle surface area as As = 27R%yp, where P is a
constant defined by the aspect ratio. As previously done by Tillier et al.

[42], it is possible to estimate surface area of platinum particles (32)
by means of:

©

§A°‘¢SHS* As = g™ /2”ZPR2Dn (R)dRex
0

0

Ko™ / R’D,(R)dR
0

Cocerning the vertical cut, the analysis was focused on the bumps
characterizing the Kiessig fringes [58]. The second and the third peak of
the fringes were singularly fitted and modelled as a Gaussian peak with a
power law as a baseline to take into account for the particle scattering.
From the spacing between these two peaks, Aq (Aq = |g2 — q3; where qx
is the position of the x-th peak), thickness of the Pt layer was calculated
(tpr = 27/Aq) [59,60].

Finally, scattering length densities were calculated by means of Irina
software package for IGOR Pro [61-64].

3. Results and discussion

Two samples were measured to monitor Pt coarsening induced by
potentiodynamic cycling. In order to reduce the parasitic background
and to simultaneously mimic the catalyst environment, first a carbon
layer (10 nm thick) and then the platinum catalyst layer (10 nm thick)
was sputtered onto a silicon wafer; a sketch of the sample is shown in
Fig. 1d. AMF and SEM images of as deposited samples are shown in
Fig. S2, revealing the Pt film morphology as catalyst nanoparticles.

The set of cyclic voltammetry (CV) cycles (from 50 to 2000 cycles)
acquired during potentiodynamic cycling from O to 1.0 Vryg and from
0 to 1.5 Vgyg are depicted in Fig. 2a and d, respectively. It is noteworthy
that first 50 voltammetric cycles were used as the activation/cleaning
treatment. The acquired CVs reveal a typical shape corresponding to
pure polycrystalline platinum which demonstrates the reliability of the
cell design. The left part from O to 0.35 Vryg represents the hydrogen
underpotential deposition region and the right part from 0.5 Vgyyg, in
turn, corresponds to platinum oxidation/reduction. The aforementioned
regions are separated by the so-called double layer region. The applied
colour code allows to follow the evolution of recorded CVs with the cycle
number. At 1.0 Vryg the shape of CV curves overlaps practically during
all 2000 cycles. In turn, at 1.5 Vgyg some decrease of currents can be
observed together with shift of Pt reduction peak to higher potentials.
According to the literature [23,65,66] all these factor are a fingerprint of
Pt coarsening.

The corresponding GISAXS horizontal and vertical cuts with iden-
tical colour code are shown in Fig. 2b and c for Ey; equal to 1.0 Vgyg and
in Fig. 2e and f for Ey equal to 1.5 Vgyg, respectively. With the lower
potential no remarkable changes of the pattern can be highlighted. In
the horizontal cut, the displacement of the Pt nanoparticles sputtered
onto the surface gives rise to the structure factor peak present between
0.5 and 1.0 nm ™. In the vertical cut, the presence of Kiessig fringes [58]
can be clearly observed: this feature is due to the interference of the
refracted X-rays at the two interfaces of the Pt layer and the periodicity
of these oscillations is inversely proportional to the thickness of the Pt
layer. On contrary, at Ey equal to 1.5 Vg, a remarkable evolution of the
scattering patterns can be seen. In the horizontal cut (Fig. 2e) there is a
clear shift of the peak from the initial position towards lower g-values,
which correspond to larger dimensions in the real space. Moreover, from
the vertical cut (Fig. 2f), an initial increase in Kiessig fringes periodicity
can be observed, interpreted as a thinning of the Pt layer, and a suc-
cessive damping of their intensity. Damping of Kiessig fringes intensity
suggest a gradual destruction of the initial homogeneous structure. After
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Fig. 2. In situ electrochemical GISAXS. Cycling
voltammetry curves (left), GISAXS horizontal
(centre) and vertical (right) cuts of time resolved
electrochemical GISAXS are shown for the sam-
ples cycled over 2000 CV at the two different
potentials. (a), (b), (c): Ey equal to 1.0 Vgyg, (d),
(e), (f): Ey equal to 1.5 Vryg. Note: in plots (a)
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800 CV cycles, only one peak characterizes the vertical cut of the scat-
tering pattern and its position is related to the average height of the Pt
nanoparticles layer.

To define the time points in which remarkable changes are taking
place, the calculated scattering correlation length [52,53] represents a
sensitive probe. Scattering correlation lengths calculated from hori-
zontal () and vertical (£,) cuts are shown in Fig. 3a and b, respectively.
When the highest upper potential was used, it is possible to highlight
that in-plane evolution starts after about 30 CV cycles when the slope of
the correlation length becomes positive and a further upturn can be then
observed around 800 CV cycles. In the same conditions, a decreasing
trend of &, is observed after about 30 CV cycles, which can be related to
the thinning of the metallic layer. Later on, a short plateau and a suc-
cessive increase starting from about 800 CV cycles follow, which can be
related to the alteration of the initial structure with a consequent in-
crease in surface roughness.

The decrease in average thickness of the Pt layer was thus quantified
by determining the position of Kiessig fringes from the vertical cut; re-
sults are displayed in Fig. 3c. For the sample cycled with upper potential
equal to 1.0 Vgyg layer thickness remains constant through the whole
range. On the other hand, when the upper potential is set to 1.5 Vgyg,
sample thickness remains constant within the first 10 cycles only. Then,
a slow and continuous thinning starts taking place till 1000 CV cycles.
From that point Kiessig fringes cannot be detected anymore and further
analysis was not carried out. At this endpoint, a reduction in sample
thickness was quantified being equal to 8% with respect the initial value.

Ey= ® 1.0 Vgye

Ey= ® 1.5Vgye

and (d) CV representation is limited to the range
50-2000 cycles because the first 50 CV cycles
were used as the activation/cleaning treatment.
In plots (c¢) and (f) traces have been vertically
shifted toward lower values.

=n3

HHHA Sl

a, (nm”)

The increase of the vertical correlation length as well as the disappear-
ance of the Kiessig fringes - both related to an increase of surface
roughness - makes us assume that these changes are not only related to
Pt coarsening but also partially related to carbon corrosion, which is
known to take place at 1.5 Vgyg [10].

In order to better quantify particle evolution as a function of applied
CV cycles, scattering patterns resulting from horizontal cut were fitted
using the analytical model for spherical particles with size distribution
and structure factor; results are shown in second and third row of Fig. 3.
The linear and constant trend of the sample cycled in mild conditions
(Ey equal to 1.0 Vgyg) is consistent with the observed stability of the
catalyst material revealed from scattering patterns and cyclic voltam-
metry. The parameters remain constant, pointing towards the stability of
the sample morphology.

However, when cycling voltammetry was performed in harsh con-
ditions (Ey equal to 1.5 Vgryg), the evolution of the system can be
described from the whole set of fitted parameters. After an initial and
short stability within 10 and 100 CV cycles both, an increase in average
particle diameter, Dp (Fig. 3e), and a decrease in particle polydispersity
(related to the parameter op, Fig. 3f), can be highlighted. This trend can
be related to initial particles coalescence as supported from the average
thinning of Pt layer. The effect of Pt dissolution and redeposition on the
catalyst morphology mainly develops along the lateral direction. This
growth causes the initial reduction of polydispersity and to the forma-
tion of larger particles which will later continue to grow in size. As well,
after few tens of CV cycles Pt dissolution rate is supposed to increase due

Fig. 3. Parameters obtained from GISAXS.
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to the exposition of a different Pt surface at the electrolyte and a
decrease in total Pt volume fraction, ¢p (Fig. 3g) can be observed. It must
be noted that due to assumption of a Schulz distribution for the number
size distribution the interpretation of the volume fraction ¢p is quali-
tative only. After 100 CV cycles, parameters related to the form factor
maintain their increasing trend. This increase in average particle size
and volume is also reflected in continuous increase of forwarded scat-
tering probability Ip (Fig. 3d), which is proportional to the square value
of average particle volume. Concerning the structure factor, within the
first 800 CV cycles it can be observed a doubling of minimum inter-
particle distance, dpviv (Fig. 3h), which keeps rising till the end of
the experiment. On contrary, the apparent volume fraction ¢sus
(Fig. 3i), related to packing density, is reduced by one third within the
first 800 CV cycles and keeps decreasing till the end of the experiment.
The combination of these data suggests that the initial particle coales-
cence is replaced by Ostwald ripening in the late stages of the experi-
mental range. This is supposed to be related to the continuous growth in
both size and polydispersity, and overall evident after the sudden
growth of the particle diameter Dp which appears around 800 CV cycles.
At this stage, due to the Ostwald ripening mechanism, remnants of small
Pt particles are dissolved and Pt is redeposited increasing the size of the
larger particles already forming the Pt film [23,67-69]. The effects of
this growth might predominantly involve the evolution along the ver-
tical cut, as suggested from the positive slope in vertical correlation
length and from visual appearance from the vertical cut. Nonetheless, it
must be pointed out that the effects described till now are not only
induced by dissolution/redeposition of platinum only. Carbon corrosion
is also a factor which has been observed inducing modification of the
substrate and particle detachment [10]. Though, in our previous studies
[23] we highlighted that carbon corrosion is not clearly observable by
means of scanning probe microscopy and, also in this work, the only
effects which could be partly related to carbon corrosion is the rough-
ening of the surface of the sample, which is visible from the disappearing
of the Kiessig fringes in the vertical cut. The main issue related to
discriminate between carbon corrosion and coarsening of catalyst layer
is due to the poor scattering length density of carbon if compared to the
platinum one. Calculating the corresponding electron densities for
Platinum pp, = 145.510'° cm~2, and Carbon p, = 16.53 10'° cm~2; the
contribution of increased porosity in the carbon layer due to carbon
corrosion and the Pt particle morphology to the total scattered intensity
can be estimated. The intensity contributions are related to the square of
the electron density differences referred to water, ie. p3_g o, =
1.8510%* cm™, p2_p., = 5.06 10?! cm™*, which results in a ratio of
370 between Pt and carbon. In other words, by considering the same
layer thickness and morphology for both catalyst layer and carbon layer,
the Pt-particles would scatter 370 times stronger than the same number
of pores or losses of carbon material due to carbon corrosion, which let
us assume that the observed effects are related to the changes of the Pt
catalyst morphology. Large contribution of losses of Pt particles due to
detachment induced by carbon corrosion can be excluded as the forward
scattering intensity Ip increases over time (Fig. 3d).

A clear confirmation supporting this evolution in morphology can be
found in our previous work [23] where identical protocols were applied
to the same kind of samples and measured by means of in situ electro-
chemical AFM. Resulting images showed no changes when the cyclic
voltammetry was performed in mild conditions, while bigger particles
and increased interparticle distance can be clearly highlighted when
harsh conditions were used and both particle coalescence and growth
stimulated via Ostwald ripening have been observed. The same behav-
iour is also reflected in RMS roughness, correlation length and ECSA
calculated from the acquired AFM images which show constant trend
when cycling was carried on in mild conditions. On contrary, when
upper potential was risen at 1.5 Vgyg it was possible to quantify a
doubling in RMS roughness (from 0.90 to 1.94), almost a doubling in
correlation length (from 6 to 11.35 nm) and a reduction of ECSA of 20%
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upon 2000 CV cycles. GISAXS was thus found matching such a trends: in
fact, in this work we revealed as well almost a doubling in correlation
length (&, increases from 3.93 to 7.51 nm) and a decrease in estimated
particle surface area equal to 22% corresponding to the ESCA reduction.

In order to summarize the obtained results in a conclusive manner,
the main parameters describing the evolution of the system are listed in
Table 1 as a function of some key time points, expressed in numbers of
CV cycles.

4. Conclusion

In summary, here a reliable setup for in situ electrochemical GIS-
WAXS investigations dedicated to green energy power sources has been
presented. The design of the cell is robust, efficient and particularly
suited for electrochemical studies in half-cell geometry. By means of this
new electrochemical cell, the morphological evolution of a Pt/C model
catalyst layer of the cathode has been investigated in detail. The system
has been studied undergoing cyclic voltammetry at two different upper
potentials mimicking two different PEMFC operational regimes. At Ey
equal to 1.0 Vgyg, expected stability of the catalyst was confirmed. On
the other hand, at Ey equal to 1.5 Vryg, the morphological modification
affecting the system was monitored: in a first stage, coalescence of Pt
particles has been highlighted from a preferential growth in Pt nano-
particle size occurring along the plane of the surface, together with a
consequent, slight, thinning of the Pt film with high structural precision.
In a successive stage, it was possible to conduct the particle growth
induced by Pt dissolution and redeposition to the Ostwald ripening
mechanism, providing a more advanced picture about degradation of
this catalytic material. Deeper insights may be gained by using anom-
alous GISAXS in order to address to the scattering component generated
from Pt particles only, which could be important if the amount of Pt
particles is reduced to mimic better the fuel cell conditions [70,71].

The applicability of this setup can be easily extended to other
research fields such as battery or super capacitors in which electro-
chemical process are of significant importance and the structural in-
vestigations of the electrode interface layers during operation are
essential. Extensive studies regarding various fuel cell catalysts and also
the initial stages of the electro-corrosion processes are currently
executed.
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