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Abstract

®

CrossMark

Small-angle X-ray scattering (SAXS) is a powerful technique to investigate the degradation of
catalyst materials. Ideally such investigations are performed operando, i.e. during a catalytic
reaction. An example of operando measurements is to observe the degradation of fuel cell
catalysts during an accelerated stress test (AST). Fuel cell catalysts consist of Pt or Pt alloy
nanoparticles (NPs) supported on a high surface area carbon. A key challenge of operando
SAXS measurements is a proper background subtraction of the carbon support to extract the
information of the size distribution of the Pt NPs as a function of the AST treatment. Typically,
such operando studies require the use of synchrotron facilities. The background measurement
can then be performed by anomalous SAXS or in a grazing incidence configuration. In this
work we present a proof-of-concept study demonstrating the use of a laboratory X-ray
diffractometer for operando SAXS. Data acquisition of operando SAXS with a laboratory
X-ray diffractometer is desirable due to the general challenging and limited accessibility of
synchrotron facilities. They become even more crucial under the ongoing and foreseen
restrictions related to the COVID-19 pandemic. Although, it is not the aim to completely
replace synchrotron-based studies, it is shown that the background subtraction can be achieved
by a simple experimental consideration in the setup that can ultimately facilitate operando

SAXS measurements at a synchrotron facility.

Supplementary material for this article is available online
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1. Introduction

Proton exchange membrane fuel cells (PEMFCs) are seen as
an important renewable alternative of combustion engines,
especially for large vehicles and heavy duty trucks [1-4]. For
an efficient conversion of the hydrogen fuel to electric power,
highly active catalysts are required. PEMFC catalysts are often
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composed of Pt or Pt alloy nanoparticles (NPs) [5, 6]. Besides
a high catalytic activity, efficient catalysts also require suffi-
cient stability [2, 7]. The stability of catalysts is often investig-
ated by performing accelerated stress tests (ASTs) to decrease
the testing time [8, 9]. Such ASTs were recently performed
on commercial Pt catalysts in gas diffusion electrode (GDE)
setups [10-12] simulating load cycles and start-stop condi-
tions as recommended by the Fuel Cell Commercialization
Conference of Japan [13, 14] under realistic mass transport
conditions. To determine changes in particle size as result

© 2021 IOP Publishing Ltd  Printed in the UK
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of the AST protocol the measurements in the GDE setup
were coupled to ex situ small-angle X-ray scattering (SAXS)
[11, 12]. However, ex situ measurements provide only the pos-
sibility to determine the particle size at few points in time (i.e.
at the beginning and the end of treatment). To establish a time-
resolved picture of catalyst degradation the number of samples
would need to be enormously increased.

To obtain a deeper insight into time-resolved phenom-
ena, in situ [15-17] or operando [18-20] SAXS is necessary,
which is typically performed at synchrotron X-ray sources.
Beamtime for operando SAXS measurements at a synchro-
tron facility to investigate time-resolved degradation mechan-
isms is unfortunately limited, challenging to get granted, and
typically requires a long time until the proposals are accepted,
and the measurements can be performed. Furthermore, plan-
ning a beamtime at a synchrotron can be costly and logist-
ically challenging. For instance, equipment must be shipped
to the synchrotron facility, making the measurements rather
inflexible already under normal circumstances. The COVID-
19 pandemic made planned travelling basically impossible in
2020 and currently restricts most measurements at synchro-
trons to remote operation which is even more challenging.
Being able to study the time resolved degradation of catalysts
with operando SAXS using a laboratory X-ray source would
not be only at the moment but also for the future very helpful;
it is resource-efficient to reduce travelling and research costs.
Additionally, the use of a laboratory source gives the possib-
ility for better designed experiments, e.g. more and more reli-
able repeats. At a synchrotron repeating measurements and
checking the reproducibility of measurements is often limited
due to the scarce beamtime. It can take months before experi-
ments can be repeated.

In this work an operando SAXS and X-ray absorption spec-
troscopy cell was used with some adjustments to the firstly
introduced version by Binninger et al [18] for measurements
at synchrotron X-ray sources. This operando cell was used
in this study in a laboratory X-ray source to perform elec-
trochemical ASTs and investigate the time resolved degrad-
ation of a Pt NP catalyst with two distinguishable size popula-
tions by SAXS. An important point to obtain reasonable data
for the particle size probability densities retrieved from SAXS
measurements is a proper background subtraction, implying
a careful background measurement. Using laboratory X-ray
sources, the background measurement usually requires a sep-
arate experiment leading often to difficulties in normaliza-
tion of the curves [21]. At synchrotron facilities anomalous
SAXS can be performed by tuning the X-ray energy to subtract
elemental scattering energies [21]. Alternatively the measure-
ments can be performed in grazing incidence [22-24]. These
two choices, however, are not available for measurements at
laboratory X-ray sources. Tillier et al [19] thus measured the
background ex situ on a Pt-free carbon electrode performing
the same degradation protocol as on the sample which led to
the measurement of a suitable background.

Here we present a new design of the working electrode
in the operando cell. In this study, the catalyst film as well
as a catalyst-free part of the substrate (i.e. the background)

experience the same electrochemical treatment during the
AST, enabling an operando SAXS background measurement.
It is demonstrated that with such a design operando studies of
catalyst degradation can be performed even with less powerful
X-ray sources. The same technique can also be used to facilit-
ate operando SAXS measurements at a synchrotron facility.

2. Experimental

2.1. Chemicals and materials

For the catalyst ink formation and the cleaning of the cell
ultrapure Milli-Q water (resistivity >18.2 M{) cm, total
organic carbon <5 ppb) from a Millipore system was used. The
catalysts ink was prepared with isopropanol (IPA, 99.7+ %,
Alfa Aesar), commercial Pt/C catalysts (TEC10E20A (1-
2 nm Pt/C, 19.4 wt% Pt) and TEC10ESOE-HT (4-5 nm Pt/C,
50.6 wt% Pt), Tanaka kikinzoku kogyo), and Nafion disper-
sion (D1021, 10 wt. %, EW 1100, Fuel Cell Store). The work-
ing electrode (WE) was prepared by a gas diffusion layer
(GDL) with a microporous layer (MPL) on top (Freudenberg
H23CS8, 0.230 pm thick) and a leather punching tool (Takagi
Co., 4907052 141 636, diameter of 3 mm) was used to cut the
GDL to the desired size. In the electrochemical measurements
0.1 M HCIO4 prepared from 70% perchloric acid (HCIOy,
Suprapur®, Merck) was used as electrolyte.

2.2. Catalyst synthesis

The catalyst mixture with two size populations on dif-
ferent carbon flakes was obtained by mixing 10.31 mg
TEC10E20A and 5.97 mg TECI0ES0E-HT (Pt mass ratio
of 40:60 (small:large NPs)). The ink with a Pt concentra-
tion of 0.5 mg ml~! was formed by dispersing the catalysts
in 10 ml of a mixture of Milli-Q water and IPA (water/IPA
ratio of 3:1) as described before [11]. The mixture was sonic-
ated for 10 min in a sonication bath to get a good dispersion.
53 uL of Nafion was added (Nafion/carbon mass ratio of 0.5).
The dispersion was again sonicated for 10 min in a sonication
bath.

2.3. Catalyst fim preparation

The Freudenberg GDL was placed in a vacuum filtration setup
between a glass funnel and a sand core filter. All this was
placed on a collecting bottle as described by Yarlagadda et al
[25]. 4 mL of the inks were diluted with 7 ml of Milli-Q water
and 29 ml of IPA (water-IPA ratio of 1:3, Pt concentration
of 0.05 mg 1-!). The mixture was sonicated for 1 min. The
diluted ink was then filled in a funnel. A diaphragm vacuum
pump (Vacuubrand, MZ 2C, max. 1.7 m® h=! and 9.0 mbar)
was used to deposit the catalyst on top of the GDL (duration
for the filtering was ca. 4 h). Afterwards, the GDE was dried
and stored in air. By this procedure a theoretical Pt loading
of 0.208 mg cm’zgeo, typically used for commercial fuel cells
[26] is obtained.
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Figure 1. Sketch of the WE (diameter of 5 mm) consist of the Pt
catalyst on a GDL with a MPL placed in the middle of a GDL and
glued to Kapton tape.

2.4. Degradation study in operando cell

The cell used for operando SAXS is adapted from the one
reported by Binninger et al [18]. As counter electrode (CE)
the Freudenberg GDL was used and as reference electrode an
Ag wire. To prepare the WE a circle (diameter of 5 mm) was
punched inside a rectangle of the Freudenberg GDL. This rect-
angle was fixed on a Kapton tape (MPL was placed upside).
A circle (diameter of 5 mm) of the catalyst film deposited
on the GDL by vacuum filtration was placed in the hole, see
figure 1. The electrolyte (0.1 M HCIO,4) exposed to air was
manually pulled through the cell before and after an electro-
chemical measurement by drawing up a 50 ml syringe. For the
AST measurement the potential was stepped between 0.6 and
1.0 Vrge with 3 s holding time at each potential. The applied
potential was adjusted to the open circuit potential of the cell:
0.422 V (steps between 0.12 and 0.52 V), 0.415 V (0.11 and
0.51 Vag), 0.406 V (0.10 and 0.50 Va,), 0.394 V (0.09 and
0.49 V o¢), and 0.406 (0.10 and 0.50 V). The resistance dur-
ing the measurement was determined online using an AC sig-
nal (5 kHz, 5 x 1073 A) [27]. Details about the AST protocol
and data are found in the SI, see figures S1 and S2 (available
online at stacks.iop.org/JPD/54/294004/mmedia).

2.5. SAXS

The size change of NPs supported on carbon was assessed by
SAXS measurements as previously reported [11, 12]. SAXS
measurements were performed at the Niels Bohr Institute, Uni-
versity of Copenhagen, Denmark, on a Ganesha instrument
(SAXSLab). The Ganesha is equipped with a 100XL+ micro-
focus sealed X-ray tube (Rigaku), producing a photon beam
with a wavelength of 1.54 A, and a two-dimensional (2D)
300 K Pilatus detector (Dectris). The detector is situated inside
a large continuous vacuum chamber, where it can be moved
to adjust the distance between sample and detector. For the
present experiment, the sample detector distance was set to
cover a g-range of 0.0159-0.7428 A~! calibrated using silver
behenate. Motorized scatterless slits allow to tune the collima-
tion and for the present study a two-slit configuration was used
with 0.9 mm and 0.4 mm squares as first and second pinholes,
respectively, resulting in a beam with ca. 10 M photons/second

hitting the sample. The 2D scattering data were azimuthally
averaged, normalized by the incident radiation intensity, the
sample exposure time, and the transmission. Using a standard
SAXSGUI reduction software, the data were then corrected
for the background and detector inhomogeneities. The samples
consisting of the NPs on the GDL were placed in the operando
cell and the cell exposed to the beam produced by the lab
source. The cell itself was not under vacuum, but the detector
was placed in a chamber under vacuum (on the left of the
image in figure 2). The background was measured next to the
Pt catalyst (see figure 1) by manually moving the operando
cell. A fast SAXS measurement of 15 s was performed to con-
firm that a metal-free spot was subjected to the beam.

The data analysis after background subtraction (acquired
in a part of the sample without Pt NPs) was performed
as described previously [11, 12, 28, 29] using a poly-
disperse spheres model. The radially averaged intensity
I(q) is expressed as a function of the scattering vector
q = 4m-sin(0)/ )\, where ) is the wavelength, and 26 is the scat-
tering angle. The background-corrected scattering data were
fitted using a power law to consider the behavior at low g value
and a model of one or two polydisperse spheres described by a
volume-weighted log-normal distribution. The scattering data
are fitted to the following expression:

I(g)=A-¢"+C ~/P51 (¢.R) Vi (R)D; (R)dR
+C2'/P52(q, R)Vz(R)Dz(R)dR

where A-g~" corresponds to the power law with A and n as
free parameters, C; and C, are scaling constants, Pg; and Py,
the sphere form factors, V| and V; the particle volumes and
D, and D; the log-normal size distribution. The sphere form
factor is given by [30, 31]:

sin(gR) — chos(qR)) ’

P(gR)= |3
@ ( (qR)’

and the log-normal distribution by:

1 ()]

D(R) = em
&) Rov/2x P

where o is the variance and R, (evaluated in A) the geomet-
ric mean of the log-normal distribution. The fitting was done
using a home written MATLAB code. The free parameters
in the model are A, n, C;, R, o1, Ca2, Ry, 0. The values
obtained for these parameters are reported in table S1. In order
to account for the two populations, the reported probability
density functions were weighted by the relative surface con-
tribution of the spheres as detailed in the SI. The scattering
data and corresponding fits are reported in figures S3—S6.
The scattering intensities were recorded for 15 min per
measurement, with and without electrolyte in the operando
cell, before the AST and after 150, 300, 450, 600, and 900 steps
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Figure 2. Experimental setup of the operand cell placed in the beam made by the SAXS lab source. Different from the picture a silver wire

was used as reference electrode (RE).

of electrochemical treatments, as detailed below and indicated
in the different figures.

3. Results and discussion

As discussed in the introduction, establishing a proper back-
ground using a laboratory X-ray source for SAXS is often
difficult due to the need for separate (ex sifu) measurements
of the background and sample scattering data [21]. In this
study, we demonstrate a simple design that enables to record
the background data by moving the cell slightly horizontally
to switch between the beam spot hitting the catalyst or the
catalyst-free GDL next to the catalyst sample (i.e. operando),
respectively. With the help of the specific WE configuration,
see also the experimental part and figure 1, the catalyst and
the ‘blank’ WE on which the background data are recorded,
receive the same electrochemical treatment.

To prove the concept, two commercial Pt NP catalysts sup-
ported on carbon (Pt/C) consisting of two distinguishable size
populations were mixed together. This mixed catalyst powder
enables to investigate the influence of background subtrac-
tion over a range of particle sizes. Additionally, particle size
dependent dissolution rates [32, 33] or degradation mechan-
isms [34] were reported before. Due to the two size pop-
ulations the degradation mechanism of Ostwald ripening is
expected to be favored, i.e. that the small particles grow at the
expense of large ones [35].

Figure 3 compares different background scattering data that
were measured in the described assembly before subjecting
the WE to the electrolyte (red line), after introducing electro-
Iyte to the SAXS cell (blue line), and after the electrochemical
AST study (black line). After introducing the electrolyte to the

10 L
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10° -a Background i
3 2 - With electrolyte:
£ ] Background before AST
S 10°4 3 - With electrolyte: L
] Background after AST
< 4
S 10' 4 i
g ]
£ 10°4 .
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] 2
10° s
0.01 0.1 1
q/A’

Figure 3. Overview of signal intensity for the SAXS measurements
for backgrounds acquired under different conditions as indicated.

operando cell an AST protocol with potential steps consisting
of 3 s holds at 0.6 and 1 Vgyg, respectively, was applied, see
figures S1 and S2, to observe the degradation of the catalyst
film with the Pt/C consisting of two size populations. The dif-
ference in the obtained probability density function for the size
distributions of the Pt/C catalysts is demonstrated in figure 4.
The received probability density functions are shown for using
background data collected at the blank GDL exposed to elec-
trolyte, but before applying the AST (figure 3(a)) as well as
when using background data collected after exposing the blank
GDL to the same electrochemical treatment as the sample
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Figure 4. Probability density function received from SAXS data analysis using as background scattering data measured (a) before and

(b) after the electrochemical test.

(figure 3(b)). In addition, the probability density functions for
the pristine ex situ Pt/C sample are shown in both figures.

It is directly apparent that recording the background data
before applying the AST as done in figure 3 is not optimal.
Although one can distinguish the two size populations of the
mixed catalyst, see figure 4, and follow the change in the
populations, there is a clear difference between the size prob-
ability density of the pristine ex situ sample (measured without
electrolyte) and the one before applying the electrochemical
AST treatment (measured with electrolyte). This effect is pro-
nounced for the population of the smaller Pt NPs and might
have several origins: it could be that the electrolyte was not in
a steady state within the cell or that the metal-free spot chosen
for the background measurement was not adequately selec-
ted. However, the likely explanation is that since the intens-
ity scales with the square of the volume, small NPs are more
sensitive to the added scattering and absorption from the elec-
trolyte. It then becomes easier to account for the ‘larger NPs’
in presence of electrolyte. This leads to probability densities
where the larger NPs account for more of the size distribution
than the smaller ones, see figure 4. Nevertheless, it also leads
to an erroneous estimation of the average particle size of the
smaller Pt NPs, see table S1. In addition, no strong difference
in the average particle size of the small NPs is seen during
the complete AST; after 600 potential steps only the size dis-
tribution widens, see figure 4 and table S1. This trend is not
expected based on previous investigations where at least some
changes in the average particle size are reported [11].

By comparison, using background data of the GDL that
experienced the same electrochemical treatment as the cata-
lyst, the mean particle size of the two size populations of
the pristine sample (without electrolyte) are as expected at
the same size position as for the set of data measured before
the AST but with electrolyte, see figures 4 and S7. Never-
theless, also with a proper background subtraction, a differ-
ence between the pristine sample and the one in presence
of the electrolyte is observed. In particular a decrease of

the probability density of the population with small particle
size at the expense of the one with larger size is seen. This
observation could be an indication for particle dissolution fol-
lowed by Ostwald ripening. Indeed, it is observed in scanning
flow cell measurements coupled to inductively coupled plasma
mass spectrometry that upon the contact of a Pt/C catalyst
with an electrolyte Pt dissolution is induced [8, 36]. Applying
the AST, it is observed that the size population of the small
particles increases from 2.0 £ 0.5 nm to 2.6 &+ 0.6 nm, while
the large particles remain constant at 5.0 + 1.4 before and
5.0 £ 1.1 nm after 900 steps. This behavior of particle growth
of small particles (1-2 nm) and stable larger NPs (4-5 nm)
is consistent with results observed recently in a GDE setup
investigating both catalysts independently by ex situ SAXS
[11]. It could not be distinguished between the degradation
mechanisms of particle dissolution with subsequent Ostwald
ripening or particle coalescence; both mechanisms were in
agreement with the observed NP growth. Therefore, the com-
parison of the initial and end of treatment size populations
between ex situ (GDE setup [11]) and in situ SAXS (operando
cell) seem to show that the presence of the second size pop-
ulation in the catalyst mixture in the operando cell does not
have an influence on the degradation mechanism. However,
the catalyst mixture in the operando SAXS result in a continu-
ous size increase and reduced probability density of the small
population, while the probability density of the large particles
increases at the same time. Consequently, operando SAXS
points toward a continuous process of Pt dissolution with sub-
sequent Ostwald ripening as compared to particle coalescence.

4. Conclusion

It is demonstrated how using a SAXS laboratory X-ray source
not only enables a proper background subtraction, but also
high-quality degradation data can be obtained. Our approach
has a strong benefit because beamtimes and the flexibility
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of the experiments at synchrotron X-ray sources are limited.
There is often too little room for optimization of the exper-
imental design during synchrotron beamtime to implement
spontaneous ideas and to repeat experiments under optimized
conditions can take quite a long time. In addition, the synchro-
tron beamtime itself includes travelling and the transport of
materials to the synchrotron beamline which can be a large
cost factor for research groups and is virtually impossible
during the current COVID-19 pandemic. In contrast, experi-
ments using a laboratory X-ray source can be performed on-
site at universities and repeats of experiments can be more
easily planned. Last but not least, on-site experiments offer
a great opportunity to perform preliminary studies to optimize
chances to secure synchrotron beamtimes by improving beam-
time proposals as well as to make the most of the valuable time
at synchrotrons if the proposal is granted.
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