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ABSTRACT: Platinum-based bimetallic alloys have been largely
investigated during the last few years as a valid alternative to bare Pt
cathode catalysts for proton-exchange membrane fuel cells (PEMFCs) to
improve their cost-efficiency. Nonetheless, Pt bimetallic alloys are
characterized by a reduced stability, which is poorly understood at a
fundamental level. It is thus essential to describe the entire chain of
interconnected degradation mechanisms to formulate a comprehensive
model of catalyst degradation that will help interpret bimetallic alloy
behavior in real complex fuel cell systems. By combining in situ
inductively coupled plasma mass spectroscopy, in situ grazing-incidence
small-angle X-ray scattering, and ex situ scanning electron microscopy,
we have studied the morphological evolution of PtXNi100−X model
catalysts with different Ni contents (ranging from 0 to 75%) undergoing
potentiodynamic cycling to two different upper potentials mimicking the different operational conditions of a PEMFC: 1.0 and 1.3
VRHE. Data analysis allowed us to develop a methodology to distinguish the influence of Ni dissolution, particle coalescence, and
Ostwald ripening on particle size distribution and interparticle distance and to realize time-dependent interplay maps to highlight the
timeframe in which the aforementioned phenomena are prevailing or coexisting. Results show that Ni dissolution is the only
phenomenon inducing morphological evolution when the lower upper potential is chosen. On the contrary, at 1.3 VRHE, Ni
dissolution is rapidly overcome by particle coalescence at first and by Ostwald ripening in the later stages of the investigated time
range. The onset of every phenomenon was found to occur earlier in time for larger values of Ni concentrations.
KEYWORDS: fuel cells, bimetallic catalyst dealloying, degradation, in situ grazing-incidence small-angle X-ray scattering,
particle coalescence, Ostwald ripening

■ INTRODUCTION

Proton-exchange membrane fuel cells (PEMFCs) are one of
the most promising candidates for leading the transition from
energy production methods based on fossil fuels to zero-
emission technologies. However, a large-scale deployment of
PEMFCs into the market is still hampered due to several
shortcomings, among which high catalyst cost and stability are
the most prominent.
While technology has now started reaching cost-efficient

targets by replacing conventional platinum catalysts with
platinum alloys with cheaper transition metals,1−6 the problem
remains with durability because of their higher susceptibility to
corrosion and deactivation. Complex bimetallic systems have
been found to lose their superficial structure and chemical
integrity due to the harsh conditions in the PEMFC cathode,
such as the relatively high potentials and low pH.7−12 To date,
several different processes have been identified causing
reduction of performance of fuel cells assembled with
benchmark Pt/C nanoparticle catalysts.13−15 Corrosion of
the carbon support and platinum dissolution were found to act

as primary sources of degradation, triggering a set of secondary
degradation mechanisms like particle detachment, particle
agglomeration (coalescence), and Ostwald ripening.13,14 The
latter two are responsible for a gradual increase of catalyst
nanoparticle size, resulting in a reduction of the active surface
area and consequently a decrease in fuel cell efficiency. In turn,
in the case of a binary PtM system (with M being a transition
metal), faster dissolution of the less noble metal due to high
overpotentials introduces a second degree of freedom, further
affecting catalyst degradation pathways. These additional
phenomena strongly depend on the alloy composition.16,17

Moreover, dissolved transition metals were proven to block
transport pathways for ions in ionomers and membranes,
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further adversely affecting PEMFC performance.18,19 Thus, it
becomes essential to describe the entire chain of intercon-
nected degradation mechanisms during catalyst operation to
formulate a comprehensive model of catalyst degradation and
possibly develop a corresponding mitigation strategy leading
toward a more robust catalyst.
It is generally expected that at higher potentials, the

enhanced Pt dissolution makes Ostwald ripening the most
favorable mechanism. On the other hand, at lower potentials,
nanoparticle migration and coalescence are likely to occur.
However, more and more studies have revealed that both
coalescence and Ostwald ripening coexist during electro-
chemical aging of the catalyst.20−22 A clear distinction between
concurrent coarsening effects is thus experimentally challeng-
ing and has been the topic of a long-standing debate and
controversial conclusions.23,24 In the past, the shape of the
nanoparticle size distribution determined by analysis of
microscopic images has been used as an indirect diagnostic
tool to obtain insight into the underlying coarsening
mechanism by juxtaposing it with well-established theoretical
models for Ostwald ripening and coalescence.25,26 However,
the experimental errors together with relatively poor statistics
of local microscopy techniques limited the formulation of a
reliable conclusion. Moreover, for an extended period, most
microscopic methods have been unable to measure changes in
the catalyst morphology in situ during the electrochemical
treatment, limiting information to the initial and final stages
only. As a complementary and/or alternative method, attention
was then paid to the use of in situ small-angle X-ray scattering
(SAXS) to monitor the morphological evolution of the catalyst
undergoing specific electrochemical reactions with high
resolution and high statistical accuracy.21,27−32

Nevertheless, to the best of our knowledge, there is no clear
experimental evidence in the literature for accurate discrim-
ination of different coarsening mechanisms during electro-
chemical degradation of platinum or platinum-based alloy
catalysts, which can be related to the fact that models
describing a single process cannot be used for evaluating

nanoparticle size distribution when both of the processes are
taking place concurrently.22,33

Herein, we present a comprehensive study on time-resolved
degradation of Pt−Ni catalysts in a half-cell as a function of the
alloy composition and electrode potential. To enable
application of powerful in situ surface science techniques and
at the same time to mimic real nanoparticulate catalysts, well-
defined model catalytic systems consisting of homogenously
distributed assemblies of Pt-Ni catalyst grains deposited onto a
Si(111) substrate (precovered by a thin layer of carbon) were
used.34 Seven different Pt-to-Ni ratios (PtXNi100−X 0 ≤ X ≤
100) were tested in situ during potentiodynamic cycling to a
different upper potential (1.0 and 1.3 V with respect to the
reversible hydrogen electrode, RHE), known to cause
substantially different degrees of Pt dissolution.35 To retrieve
online information about dissolution rates of Pt and Ni as well
as total amounts of dissolved metals during electrochemical
cycling, an electrochemical scanning flow cell (SFC) with
online detection by inductively coupled plasma mass
spectrometry (ICP-MS) was employed. In situ electrochemical
grazing-incidence small-angle X-ray scattering (GISAXS)36 was
further used to provide in-depth mean morphological variation
of the catalyst as a function of time and alloy composition. In
this way, recording statistically meaningful microscopic
parameters, the different processes affecting catalyst stability
were observed and discriminated.

■ RESULTS AND DISCUSSION

The dealloying of the investigated samples was studied at first
using the SFC coupled to ICP-MS. Results from in situ mass
spectroscopy are summarized in Figure 1. Figure 1a−d shows
the dissolution rates for Ni and Pt plotted as a function of time
after contacting the sample prior to cycling voltammetry (so-
called contact dissolution) and as a function of cycle number
during potentiodynamic cycling to the upper potentials (EU) of
1.0 VRHE (denoted mild conditions) and 1.3 VRHE (denoted
harsh conditions) for each Pt−Ni composition. In turn, total
amounts of dissolved Ni and Pt are compared in Figure 1e,f,

Figure 1. ICP-MS. Variation of (a, c) Ni and (b, d) Pt contact dissolution rates in contact with the electrolyte versus time and during
potentiodynamic cycling (1500 cycles) for (a) Ni and (b) Pt at the upper potential (EU) equal to 1.0 VRHE and for (c) Ni and (d) Pt at EU equal to
1.3 VRHE. For clarity, traces in (a)−(d) have been vertically shifted. Total amount of (e) Ni and (f) Pt dissolved in contact with the electrolyte and
during cyclic voltammetry for both upper potentials.
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respectively. The corresponding CV curves are shown in
Figures S1 and S2.
Both Ni contact dissolution and Ni dissolution during cyclic

voltammetry at mild conditions were observed and, as
expected, the Ni dissolution rate increases with increasing Ni
content within the sample (Figure 1a). This is in agreement
with the thermodynamic stability of Ni in this potential and
pH range.37 The massive contact dissolution from Ni seen in
all samples emphasizes the need for preleaching during catalyst
synthesis, in particular before the catalyst is brought into
contact with the ionomer material, to prevent detrimental
ionomer poisoning.18,19 Pt dissolution (Figure 1b) is only seen
upon contact of the working electrode; however, the initial
stages of potential cycling and the so-called contact dissolution
do not fit any particular trend based on the composition of the
sample, which can be attributed to varying degrees of surface
oxidation simply due to the sample exposition to air.38 When
cyclic voltammetry is performed, in accordance with the Ni
dissolution rates, a small amount of dissolved Pt is detected
within the first 100 cycles. This behavior can be related to the
increased surface area,39 which is a consequence of the
significant Ni dissolution, exposing low-coordinated Pt sites
susceptible to dissolution.40,41 After a few hundred cycles, both
Pt and Ni dissolution rates fall to zero, as a Pt-rich surface layer
develops from the significant dissolution of Ni. This Pt-rich
surface layer is highly stable toward dissolution in this potential
range with limited oxide formation and reduction and prevents
further Ni leaching.14,35,42

When increasing the upper potential limit to 1.3 VRHE (harsh
conditions), Ni dissolution rates and quantities (Figure 1c,e,
respectively) are again greater than for Pt (Figure 1d,f) by
approximately one order of magnitude. The most significant Ni
dissolution is observed at the initial stages of the stress tests
(about within the first 100 cycles) although Ni dissolution
rates remain above baseline values until the end of the
potential cycling. In addition, the amount of dissolved Ni is
more consistent with increasing Ni content both during
contact conditions and when performing cyclic voltammetry.

At low Ni contents, for Ni concentrations (CNi) ranging from 0
up to 25%, both the dissolution rate and the amount of
dissolved Pt show an increasing trend as a function of CNi: in
fact, larger amounts of dissolved Ni increase the Pt surface,
which is exposed to the electrolyte. However, as the Pt content
is further reduced, Pt dissolution decreases and similar rates
and quantities are observed. We relate this fact to a trade-off,
which is set in between the increase of the exposed surface area
(due to Ni dissolution) and the decrease of the Pt content
(due to Pt dissolution). Finally, for CNi equal to 75%, the Pt
dissolution rate peaks within the first 100 cycles, which
coincides with extremely high Ni dissolution rates (and the
very high surface area of Pt). In such conditions, Pt dissolves
during cyclic voltammetry due to oxide formation, its
reduction, and the interrelated place-exchange mecha-
nism.14,29,35,42

The effects of metal dissolution as a function of Ni
concentration were investigated by postmortem, ex situ
scanning electron microscopy (SEM), summarized in Figure
2. After cycling at EU equal to 1.0 VRHE, no noticeable changes
in the samples with Ni concentration ranging from 0 to 40%
could be detected. At CNi equal to 50%, some short grooves
can be seen. These features evolve to cracks for higher nickel
contents, and their formation can be related to the large
amount of dissolved Ni.9,30 When the upper potential is set to
1.3 VRHE, grooves and cracks can be observed when CNi is
higher than 40%.
In situ GISAXS was further employed to investigate the

morphological changes in the in-plane (horizontal) and out-of-
plane (vertical) directions. A comparison of the horizontal and
vertical cuts of corresponding scattering patterns obtained
from as-deposited samples just immersed in a liquid electrolyte
is shown in Figure S3. Here, due to the different amount of
dissolved metal, it can be noticed that sample morphology is
dependent on Ni content, as highlighted by the mean particle
diameter (DP, Figure S3e) and the minimum interparticle
distance (dP,min, Figure S3f) values, retrieved by fitting
horizontal cuts with the analytical model.

Figure 2. Ex situ SEM. Comparison between the final state of samples cycled over 1500 CV cycles at EU equal to 1.0 VRHE (mild conditions, top)
and 1.3 VRHE (harsh conditions, bottom) as a function of Ni concentration.
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Time-resolved GISAXS horizontal and vertical cuts for the
samples cycled at the upper potential of 1.0 VRHE are shown in
Figures S4 and S5, respectively. In horizontal cuts, the
predominant feature is represented by the peak present at
around 1 nm−1, which is related to the spatial arrangement of
Pt nanoparticles at the surface. Concerning the vertical cuts,
scattering patterns are characterized by the presence of the
Kiessig fringes.43 These modulations in the scattering cross-
section are caused by the interference of X-rays refracted at the
top and bottom interfaces of the metallic layer, and their
periodicity is inversely proportional to the thickness of the
layer itself.44,45 For Ni concentrations ranging from 0% up to
50%, no significant changes could be detected in both cuts.
This is in agreement with our previous studies performed on
the same model system with CNi equal to 50%30 and with bare
Pt as well.36 On the contrary, for Ni concentrations higher than
50%, the sample morphology evolves once cyclic voltammetry
is applied. In particular, the shift toward lower q-values of the
peak in the horizontal cut highlights an increase of interparticle
distance, while the fading of the intensity of the Kiessig fringes
in the vertical cut indicates an increase in sample roughness, a
thinning of the catalyst layer, and a local clustering of particles,
consistent with SEM observations. After several hundred CV
cycles, all nickel that was present within the first few
nanometers of the sample surface is dissolved. Subsequent
exposure of a skeleton made of bare Pt leads to a halt in surface
evolution because the upper potential of 1.0 VRHE is not
sufficiently positive to significantly affect the morphology of
the platinum nanoparticles.29,36

Once the upper potential is increased to 1.3 VRHE
(horizontal and vertical cuts are displayed in Figures S6 and
S7, respectively), morphological evolution is even more
strongly dependent on the Ni content. Even at low Ni
concentrations (0 and 10%), the shift of the peak in the
horizontal cut toward lower q-values indicates an increase in
the average interparticle distance. From the vertical cut, an
increase of the distance between the bumps of the Kiessig
fringes can be observed, describing a thinning of the catalyst
layer. In addition, the intensity of the fringes decreases rapidly
around 1000 CV cycles. The evolution of the vertical cut is
more evident when the Ni concentration is increased to 25%.
Here, the horizontal cut does not provide significant variations
with respect to the samples with lower Ni contents, while in
the vertical cut, three stages can be easily distinguished: (i)
initial thinning of the sample, revealed by the increase in
distance between the bumps of the Kiessig fringes; (ii)
increased roughening of the surface, revealed by damping of
the fringe intensity; and (iii) disruption of the initial
morphology (evident after 1300 CV cycles), followed by the
rise of the bump/peak in the low-q-range (in between 0 and
0.5 nm−1). The same trends in horizontal and vertical cuts can
also be highlighted for Ni concentrations up to 60%. Finally, at
CNi equal to 75%, the initial morphology of the sample changes
completely already within the first 10 CV cycles in both the
horizontal and vertical cuts.
Calculated scattering correlation length46,47 (Figure S8) was

chosen to serve as a qualitative descriptor of the onset of the
processes described in the previous paragraphs. Indeed,
scattering correlation length (ξ) is related to the grain size
and surface roughness and can be used to roughly monitor the
average evolution of the morphological changes taking place at
the surface, if evaluated along the horizontal cut. In addition, if
calculated from the vertical cut, it provides a qualitative

indication of the evolution of the sample thickness.
Concerning samples cycled in mild conditions, at CNi equal
to 60%, the dissolution of Ni induces some morphological
changes between 10 and a few hundred CV cycles. Here, the Pt
skeleton can be considered to be completely exposed when the
trend reaches a plateau. On the contrary, at CNi equal to 75%,
it can be defined that the most relevant changes occur within
the first five cycles and that the Pt skeleton is fully exposed in
between 60 and 100 cycles. These observations match the
trends defined by the dissolution profiles of Pt and Ni recorded
by ICP-MS (Figure 1). Moreover, when cyclic voltammetry
was performed in harsh conditions, the onset of the in-plane
morphological evolution is inversely proportional to the Ni
concentration, as expected. When the upper potential is set to
1.3 VRHE, the continuous evolution of the scattering correlation
length since the very first cycles in both of the cuts (Figure S8)
clearly shows that a continuous evolution of the system is
taking place along the entire investigated timeframe.
For a more accurate analysis, scattering patterns were fitted

by means of the so-called analytical model. Fitting results for
the samples cycled in mild and harsh conditions are
summarized in Figures S9 and S10, respectively. Because of
the large number of parameters retrieved from data fitting,
which would increase discussion complexity, the analysis has
been focused on three main parameters only: the mean particle
diameter DP, the root-mean-square deviation from particle
diameter σP, and the (calculated) minimum interparticle
distance dP,min. In fact, the changes of the additional parameters
composing the analytical model were found to be in agreement
with the variation of these three main ones. When the upper
potential was set to 1.0 VRHE, the evolution of parameters
remains constant for Ni content ranging from 0 up to 25% and
relative deviation from the initial value is about a few
percentage points only. If the Ni concentration is raised to
intermediate values, Ni dissolution is large enough to induce
changes in surface morphology. By monitoring the temporal
evolution of root-mean-square deviation from particle diameter
σP (Figure S9c), an initial downward trend can be detected
until the profile of the Ni dissolution rate recorded from ICP-
MS (Figure 1a) has reached its maximum value. Then, σP
values rise before stabilizing to a plateau. This trend is almost
negligible for CNi equal to 40%, yet it is evident when the Ni
concentration is equal to 50 and 60%. Here, Ni dissolution is
also responsible for the reduction of the minimum interparticle
distance (dP,min, Figure S9f) and for the relative reduction of
the calculated thickness (Figure S9h), which was quantified to
be equal to 7 and 8%, respectively. For high Ni concentrations
(60 and 75%), Ni dissolution induces an additional decrease in
the mean particle size (DP, Figure S9d) and the reduction of
dP,min. Again, the time course of the parameter evolution
matches with the time scale of the recorded profile of the Ni
dissolution rate (Figure 1a). As a first outcome, we can claim
that Ni dissolution is responsible for the reduction of the σP
value within the first tens of CV cycles when the Ni dissolution
rate reaches its maximum value. After this point, an increase in
σP could be detected together with the decreasing slope in Ni
dissolution profiles. For Ni-rich samples, the dissolution of a
large amount of the less noble metal induces a more
pronounced change, which can be related to the formation
and growth of the cracks observed via SEM. Here, the
observed results are in accordance with the model proposed by
Erlebacher et al. describing the dealloying as the complex
interplay between selective dissolution of less noble metal and
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surface diffusion of the remaining low-coordinate noble metal
atoms toward more stable sites.16

Figure 3 shows the variation of the main parameters
retrieved from fitting the scattering patterns recorded from
samples cycled in harsher conditions at 1.3 VRHE. Here, in
addition to dealloying, more phenomena are involved. As
previously observed,22,30,36 there are two main processes
developing during potentiodynamic cycling: particle coales-
cence and Ostwald ripening. Both cause an increase in the
mean particle diameter DP and the root-mean-square deviation
of the particle diameter σP. To distinguish between these two
phenomena, we have adopted the following criteria: particle
coalescence is predominant when both (i) the mean particle
diameter and (ii) its root-mean-square deviation are increasing
and when (iii) the shape of the curve representing the
probability distribution function of the number-weighted size
distribution is skewed toward higher diameter values (under
such conditions, the calculated skewness tends to be positive
and higher than zero). The increase in particle diameter and σP
are due to the merging of the adjacent particles composing the
initial particle population. As a consequence, an increase in the
minimum interparticle distance can be detected. When no
clear evidence was found, an intermediate region in which Ni
dissolution and particle coalescence are coexisting was
established, up to the point in which Ni dissolution ended.
From this point, particle coalescence was considered as the

main phenomenon taking place. On the contrary, we have
attributed that Ostwald ripening is predominant when (i) an
upturn in the increasing trend of the mean particle diameter
was observed together with (ii) an upturn in the increasing
trend of the minimum interparticle distance.30,36 In such
conditions, it was noticed that (iii) the shape of the probability
distribution function becomes more symmetrical and that the
slope of calculated skewness is not increasing. Indeed, an
increase in mean particle size is expected due to the
disappearance of the smaller particles composing the system,
which is the basis of the Ostwald ripening process. As a
consequence, an increase in interparticle distance is expected
to be observed due to the disappearance of the nearest
neighbor particles. In Figure 3, the time-points in which
particle coalescence and Ostwald ripening become the
predominant coarsening phenomena are marked by the
symbols “+” and “x”, respectively, while the shapes of
calculated number-weighted size distributions when cyclic
voltammetry was carried out at 1.0 and 1.3 VRHE are compared
in Figures S11 and S12, respectively. Finally, calculated
skewness as a function of the cycle numbers is compared in
Figure S13.
In the left column of Figure 3, the evolution of the main

parameters for the samples having low Ni concentrations (0
and 10%) is shown. After the first 10 CV cycles, an increase in
the mean particle diameter, together with a reduction of its

Figure 3. Results of fitting the GISAXS pattern of Pt−Ni samples cycled at EU equal to 1.3 VRHE  main parameters. Time evolution of main
parameters obtained from fitting the horizontal cuts, as a function of CV cycle number and for different Ni contents; EU was set to 1.3 VRHE. (a)
Mean particle diameter DP, (b) root-mean-square deviation of particle diameter σP, and (c) minimum interparticle distance dP,min. For a better
visualization, traces were divided into (left) low Ni concentrations, (center) medium Ni concentrations, and (right) high Ni concentrations. Marks
“+” and “x” highlight the points in which particle coalescence and Ostwald ripening become dominant, respectively. The starting points for Ni
dissolution and for Pt redistribution were not indicated for clarity, but they can be considered taking place from the beginning of the measurement.
Circled “+” and boxed “x” highlight the starting point of a regime of mixed dissolution and coalescence and mixed coalescence and Ostwald
ripening, respectively.
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root-mean-square deviation σP, is observed. The calculated
skewness retrieved from particle size distribution decreases as
well. This behavior however does not completely match any of
the aforementioned processes. We assume it could be related
to a platinum diffusion phenomenon at the beginning of
cycling and at very low Ni contents (at higher Ni contents, Ni
dissolution is the dominant process). In this manuscript, we
will refer to this as Pt redistribution, which is related to the
initial fast growth of particle size.27,48 For CNi equal to 10%, we
assume that this process is taking place corresponding to the
negligible Ni dissolution observed by IPC-MS (Figure 1c).
The limited impact of these processes does not allow one to
discriminate among them and a mixed regime in which Ni
dissolution and Pt redistribution are assumed to rule the
morphological evolution of this sample. After 50 CV cycles,
only Pt redistribution is assumed to take place because the Ni
dissolution profile indicates that no remarkable amounts of
dissolved Ni can be detected. After 100 CV cycles, Ni
dissolution is ended and, for CNi equal to 0 and 10%, the Pt
dissolution profile reaches a plateau (Figure 1d). Starting from
this point, particle coalescence was defined as the predominant
phenomenon taking place due to the increase of DP and σP
values. For CNi equal to 10%, this transition point was observed
after 200 CV cycles. At this stage, the onset of reduction of the
calculated sample thickness (Figure S10h) was spotted. Finally,
the predominance of Ostwald ripening can be highlighted
around 700 CV cycles, corresponding to the upturn of DP and
to the clear increase of dP,min, as also indicated by the evolution
of the number-weighted size distribution (Figure S12) as well
as from the constant trends in calculated skewness values
(Figure S13). By increasing the Ni concentration to 25%, the
same trends can be detected to take place earlier in time: the
onset of particle coalescence can be spotted after 50 CV cycles,
while the predominance of Ostwald ripening can be set after

500 CV cycles, as is clearly underlined by the decreasing trend
in calculated skewness (Figure S13; the upturn in dP,min is not
sharp in this case). Finally, from the analysis of the vertical cut,
the calculated sample thickness was found to be reduced by 10,
11, and 15% from the initial value for CNi equal to 0, 10, and
25%, respectively. At intermediate Ni contents (CNi equal to 40
and 50%), the most remarkable effect is a sudden reduction in
sample thickness (Figure S10h), which is induced by the larger
amount of dissolved Ni. As depicted in the middle column in
Figure 3, a sharp distinction between the stages of dissolution
and coalescence in between 10 and 100 CV cycles cannot be
detected, while only an increase in σP can be observed.
Combining such information with the evolution of Ni and Pt
dissolution rates, we can conclude that Ni dissolution and
particle coalescence coexist. The onset of these mixed
contribution regimes is highlighted by the circled-cross mark
in Figure 3. Particle coalescence becomes the leading
phenomenon only after dissolution profiles indicate that Ni
dissolution stopped, i.e., after 100 CV cycles. Coalescence is
also observed during the start in DP growth, which can be
observed at 100 CV cycles. At a later stage of potential cycling,
the absence of the upturns in DP and dP,min, together with the
observation of the shape of the calculated size distribution
(Figure S12d,e), makes us assume that Ostwald ripening and
particle coalescence take place simultaneously until the end of
the investigated time range. In fact, although DP and dP,min keep
continuously growing, the calculated skewness of particle size
distribution keeps increasing up to the end of the investigated
range. The final reductions of the calculated sample thickness
were detected to be equal to 36 and 29% for CNi equal to 40
and 50%, respectively. Finally, at high Ni concentrations
(Figure 3, right column), dissolution strongly affects the
catalyst morphology within the first 20 CV cycles, when most
of the Ni is dissolved (Figure 1c) and the profile of the Pt

Figure 4. Interplay maps and sketch of the processes involved. Graphical representation of the predominant process as a function of Ni
concentration and time (expressed as a function of the number of CV cycles) for Pt−Ni samples cycled at EU equal to (a) 1.0 VRHE and (b) 1.3
VRHE. (c) Schematic representation of the processes involved in catalyst coarsening: (1) representative Pt−Ni nanoparticle (starting point), (2)
dealloying (consisting of Ni dissolution and Pt diffusion), (3) particle coalescence, and (4) Ostwald ripening.
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dissolution rate reaches the plateau region (Figure 1d). From
this point, particle coalescence (DP and σP start growing,
skewness is increasing) can be considered as the leading
phenomenon up to about 200 CV cycles, when the onset for
Ostwald ripening (further increase in DP and dP,min, end of
increase in the calculated skewness) can be observed. Trends
are more clear for CNi equal to 60%, for which a final reduction
of sample thickness equal to 37% could be calculated.
Concerning CNi equal to 75%, the roughly constant trend
characterizing σP between 20 and 200 CV cycles may be due to
the very little amount of Pt present in the sample. It can be
expected that particle coalescence is not taking place at a rate
that is large enough to reveal remarkable changes in σP.
A schematic illustration of the time-dependent interplay

between the described processes for the Pt−Ni samples cycled
at both upper potentials is summarized in Figure 4. At mild
conditions (EU equal to 1.0 VRHE), morphological evolution is
induced by Ni dissolution only and significant morphological
variations can be assigned to migration of low-coordinated Pt
atoms, as described by Erlebacher et al.16 The temporal
evolution of this effect was found to be in agreement with the
Ni dissolution profiles (Figure 1), and the severity of the
process is largely dependent on the initial Ni concentration
(also in agreement with ex situ EDX; Figure S14). This
concentration-dependence is also highlighted by crack
formation, as observed by SEM in Figure 2. When the upper
potential is set to 1.3 VRHE (harsh conditions), the massive
dissolution of Ni, evidenced by both ICP-MS (Figure 1) and
EDX (Figure S14), is regarded as the predominant cause of
morphological evolution within the first tens of CV cycles, and
its influence was found to be more pronounced at intermediate
Ni contents, where it is not possible to clearly detect the
beginning of particle coalescence before the end of Ni
dissolution. In fact, for low Ni concentration values, we
claim that superficial diffusion of Pt atoms is the main
phenomenon leading to the observed decrease in σP (Figure
3b). Because of the speed of the applied voltage ramp, together
with the massive loss of Ni mass, we assume that Pt diffusion is
not clearly detectable in samples with Ni concentrations higher
than 10%. From the comparison of ICP-MS and GISAXS data,
it was possible to establish that once the profile of the Ni
dissolution rate is near the end and the profile of the Pt
dissolution rate has approached the constant regime, particle
coalescence was found to be the predominant phenomenon
inducing catalyst coarsening. Here, the thickness of the Pt−Ni
samples is reduced and the growth of the particles develops
mainly along the lateral direction, in agreement with our
previous studies.30,36 This can be attributed to the weakening
of the bond between the catalyst particles and the carbon
support due to carbon corrosion, which is inevitable at cycling
to 1.3 VRHE and could increase the mobility of catalyst particles
and their subsequent coalescence at earlier stages of
cycling.14,49,50 However, clear markers of neither carbon
corrosion nor particle detachment could be identified. In
fact, as previously reported, carbon corrosion can also be
responsible for particle detachment.13 Nonetheless, the
reduction of the forwarded scattering probability (IP, Figure
S10a), which is expected to be observed in the case of loss of
material from the analyzed area, was not detected. It is also
noteworthy that the fact that the scattering length density of
carbon is very low compared to that of platinum makes it
impossible to follow morphological changes of the carbon
support caused by its corrosion using in situ GISAXS. On the

other hand, nanoparticle coalescence could also be enhanced
by the usage of the nanoparticle-made thin film, where catalyst
nanoparticles are in close proximity to each other. During
coalescence, the merging of nanoparticles results in an increase
of interparticle distance, and as a consequence, Ostwald
ripening becomes a more favorable phenomenon.13 Overall,
the transition points between dissolution and coalescence and
between coalescence and Oswald ripening were found to be
inversely proportional to the Ni concentration.
Real carbon supports such as Vulcan have a low amount of

pore space and, therefore, have the majority of catalyst
nanoparticles on the carbon surface.13,51 This leads to lower
interparticle distances, especially at higher loadings, and a
much different environment from the high-surface-area
carbons such as Ketjen. It has recently been suggested by Yu
et al., based on postmortem TEM analysis, that the majority of
the coarsening events were determined to be coalescence and
not Ostwald ripening for PtCo nanoparticles supported on
Vulcan,23 while Padgett et al. showed that the primary
degradation mechanism of PtCo on Ketjen is Ostwald ripening
due to the protection of the nanoparticles from migration, by
their position within the carbon support pores.52 The lower-
surface-area Vulcan is much more similar to the planar carbon
substrate used in this study, where we have shown that both
coalescence and Ostwald ripening take place and may actually
occur simultaneously depending on the catalyst composition
and the extent of potential cycling. This can be attributed to
the fact that some degradation mechanisms can actually take
place in the initial stages and can be hidden due to the lack of
techniques that can follow morphological evolution in situ and
with very high statistical accuracy.

■ CONCLUSIONS
In this work, we have developed a strict methodology for
experimental decoupling between catalyst degradation pro-
cesses at the time scale by means of in situ electrochemical
GISAXS, complemented by ICP-MS, on a Pt−Ni model ORR
catalyst, which represents a promising alternative to bare Pt
cathode electrodes in PEMFCs. More specifically, we were able
to resolve the time-dependent contribution of the main
degradation mechanisms during the initial stages of catalyst
degradation as a function of the upper potential and the
catalyst composition. The study evidenced the influence of Ni
dissolution when the upper potential is set to 1.0 VRHE. The
dissolution of the less noble metal induces crack formation in
the nanoparticle film until the Pt skeleton remains exposed to
the electrolyte, preventing further morphological modification
and Ni dissolution. The system reaches a stable condition later
for larger values of Ni concentration in the Pt−Ni alloy. When
the upper potential is set to 1.3 VRHE, several processes take
place: depending on the alloy composition, the dissolution of
Ni, together with the Pt redistribution take place at early stages
of cycling. Subsequently, particle coalescence becomes the
predominant phenomenon in between 10 and 100 CV cycles,
with a nonlinear dependence on the Ni concentration. Finally,
after several hundred CV cycles, Ostwald ripening becomes
predominant with the exception of the intermediate values of
the Ni content, where ripening and coalescence were found to
coexist evenly.
The accuracy of GISAXS allowed us to precisely describe the

evolution of the most important morphological parameters
with high precision and to discriminate the dominant effects
involved in the catalyst degradation under the given
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conditions. Even though compositional variations in
PtXNi100−X are generally consistent with previously reported
findings, our results provide never-before-reported insights into
the time-evolution interplay between the main concurrent
degradation mechanisms, revealing a clear picture of the
electrochemical behavior of bimetallic alloys under fuel-cell-
related conditions. It should also be highlighted that the well-
defined electrochemical interface used in this study differs from
real-world electrocatalysts, which are far more complex, having
unevenly distributed ionomers around catalytic particles and a
porous carbon support, together forming the so-called three-
phase boundary. There, the catalyst behavior is likely to be
sensitive to many factors like the initial particle size,
interparticle distances, carbon support morphology, etc.
Nevertheless, the findings described here represent a back-
ground for future work that will address catalyst deterioration
on applied systems.

■ MATERIALS AND METHODS
Sample Preparation. The Pt−Ni model catalysts were

prepared by means of magnetron cosputtering from 2 in. Pt
(99.99% Safina) and 2 in. Ni (99.99% Kurt J. Lesker) targets.
Targets were facing the substrate at the angle of 45° while
retaining the mutual angle of 90°. The sputtering was carried
out in 0.5 Pa of an Ar atmosphere in the constant power mode
by applying different powers for Pt and Ni targets. The total
sputtering time was 3.5 min, resulting in the formation of 10
nm thick films of PtXNi100−X nanoparticles.
The Pt−Ni model catalysts were deposited on a silicon

Si(111) wafer (ON Semiconductor) substrate precovered by a
10 nm carbon layer. The carbon layer was deposited using
magnetron sputtering from a 4 in. graphite target (Kurt J.
Lesker, purity of 99.999%) by applying a DC power of 300 W
in 0.5 Pa of an Ar atmosphere.
Sample composition was checked from as-deposited samples

via XRD, as reported in Figure S15, together with a
comparison of the GISAXS horizontal and vertical cuts of
the samples in as-deposited conditions. A more detailed
characterization of as-deposited catalysts can be found in our
previous work.30

Scanning Electron Microscopy (SEM). SEM images were
taken on a Tescan MIRA 3 microscope operated with an
electron beam energy of 30 keV.
Energy-Dispersive X-ray Spectroscopy (EDX). The bulk

element composition of the as-deposited samples was
determined by EDX using a Bruker XFlash detector attached
directly to the SEM.
X-ray Diffraction (XRD). XRD measurements were

performed using a Rigaku SmartLab diffractometer equipped
with a 9 kW rotating-anode X-ray source (Cu Kα radiation, λ =
0.15418 nm), a parabolic multilayer mirror in the primary
beam, a set of axial divergence eliminating Soller slits in both
incident and diffracted beams (acceptance 5°), and a HighPix-
3000 2D hybrid pixel single-photon counting detector. The
XRD measurements were done in the parallel beam geometry,
glancing angle X-ray diffraction geometry (GAXRD), with a
parallel beam Soller slit collimator (acceptance 0.5°) in the
diffracted beam. A constant angle of 0.6° for the incidence
beam was used for the measurements. The diffraction pattern
was fitted by the whole powder pattern refinement method
(Rietveld method) using MStruct software.53

Electrochemical Scanning Flow Cell (SFC) with an
Inductively Coupled Plasma Mass Spectrometer (ICP-

MS). Electrochemical transient dissolution of 195Pt and 60Ni
was monitored on the previously described SFC-ICP-MS
system.54,55 Saturated Ag/AgCl (Metrohm) and a graphite rod
were used as reference and counter electrodes, respectively.
The working electrode contact area was approximately 1.1
mm2. Freshly prepared 0.1 M H2SO4 from 96% sulfuric acid
(Suprapur, Merck) and ultrapure water (Milli-Q IQ 7000,
Merck) was used as the electrolyte with a flow rate from 205 to
235 μL·min−1 with continuous argon purging. Potentiody-
namic cycling was performed from 0.3 VRHE to different upper
potentials (1.0 and 1.3 VRHE) at 500 mV/s sweep rate. The
flow rate varied as the pump tubing aged and was measured
regularly. Dissolution was monitored on the NexION 300
(Perkin Elmer) ICP-MS via daily calibration from Pt and Ni
solutions (Certipur, Merck), while 10 μg·L−1 187Re and 20 μg·
L−1 59Co were used as internal standards for 195Pt and 60Ni,
respectively. Total quantities of dissolution were obtained via
integration of the transient dissolution profiles over time using
the measured flow rates.

Grazing-Incidence Small-Angle X-ray Scattering (GI-
SAXS). Two-dimensional GISAXS patterns were recorded at
the Austrian SAXS beamline at the ELETTRA synchrotron in
Trieste, Italy.56 The incident X-ray beam was characterized by
a wavelength of 1.54 Å (8 keV). The sample was placed in an
electrochemical cell dedicated to in situ GISAXS electro-
chemistry36 and connected to a potentiostat (SP-240, Bio-
logic). The Pt wire as a counter electrode (Safina, 99.99%) and
the leak-free Ag/AgCl as a reference electrode (LF-1-100,
Alvatek)57 were used. Potentiodynamic cycling was performed
in deaerated 0.1 M H2SO4 solution from 0.3 VRHE to different
upper potentials (1.0 and 1.3 VRHE) at 500 mV/s sweep rate.
The sample was placed at a distance of 109.15 cm from a pixel
detector (Pilatus 1 M for GISAXS). The stage at which the cell
was fixed allowed us to set the incidence angle to 0.6° above
the surface. 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
H2SO4 solution was injected into the cell and cycled
voltammetry measurements were recorded. Two series of
seven Pt−Ni samples with increasing Ni content (0, 10, 25, 40,
50, 60, and 75%) were measured per two different values of
upper potential (1.0 and 1.3 VRHE). The exposure time was
equal to 60 s and repeated after predefined cycle numbers
ranging from 0 to 1500 CV. The Austrian SAXS beamline
operates with a flux density on the order of 7.5 × 1011 ph/s/
mm2, and the experiments were performed in a liquid layer of 3
mm and under grazing-incidence conditions; therefore,
radiation damage can be neglected in this setup.
IGOR Pro was used for data reduction and fitting. Two cuts

were calculated: the horizontal one (defining the in-plane
contributions), at the height of the Yoneda wings, and the
vertical one (defining the out-of-plane ones) at specular
conditions. For a qualitative analysis, the SAXS correlation
length46,47 was calculated from both cuts. Scattering
correlation length ξ is defined as the mean width of the
correlation function γ0(r)

46,47 among the bodies that are
scattering X-rays, and it can be used as a qualitative marker of
the evolution of their size. As a qualitative descriptor of
changes derived from scattering patterns, the ratio between the
first and the second moment of the scattering curve has been
used by integrating over the limited experimental q-range:46,47

ξ = π∫ qmin

qmaxI(q)q dq)/∫ qmin

qmaxI(q)q2 dq. Even though it is not
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calculated over the entire q-range (i.e., from 0 to infinity), the
used quantity for the correlation length ξ is extremely sensitive
to structural changes in the probed q-range.58 For a
quantitative analysis, horizontal cuts were fit by means of the
so-called analytical model, which was developed and validated
in our previous work.30 Pt nanoparticles are modeled with a
product of a form factor by a structure factor: I(q) ∝ IPP(q, DP,
σP)S(q, RSHS, φSHSε). The form factor is composed of a set of
polydispersed spheres, whose size distriubtion follows a Schultz
distribution,59,60 which is characterized by the forwarded
scattering probability of Pt nanoparticles, IP, by the mean
particle diameter DP, and by the root-mean-square deviation
from the mean particle diameter, σP. σP is defined as60 σP =
ρ*DP, where ρ is the particle polydispersity index; σP is also
connected to the parameter Z (which is related to the shape of
the distribution) as59 σP = DP/(Z + 1)1/2. As a note, the use of
a more appropriate core−shell model would result in a
modification of the dimension of the Guinier radius of 10%,
whose minor effect was neglected in considering the influence
of the size distribution and the available data quality. From
these three parameters, particle volume fraction φP and
number size distribution Dn(D) were determined. From
Dn(D), the skewness υ of the probability distribution function
was evaluated with the standardized third momentum of the
d i s t r i b u t i o n : E D D D( 3 )/3

P
2

P
3 3ν σ σ= [ ] − − ̅ ; h e r e ,

E D D D D D D( ) d ,n
3

P
3

P∫[ ] = is the mean value of the

distribution and σ represents the root-mean-square deviation.
As a structure factor, the sticky hard sphere model61,62 was
selected. Usually, the hard sphere model is used to describe a
multibody system characterized by a short range order and a
radial distribution function developing over nearest neighbor
particles. In addition, the interaction potential of the sticky
hard sphere model differs from the interaction potential of the
more simple hard sphere model, by the presence of a potential
well, which takes into account any interactive force (either
attractive or repulsive) among neighboring particles. The
minimum interparticle distance is related to the position of the
asymptotic border of the potential well, and it was calculated as
dP,min = 2*RSHS. The so-called apparent volume fraction φSHS is
related to the probability of finding a nearest neighbor particle,
while the depth of the potential well (ε) is related to the
strength of the interaction and was monitored as obtained.
The analytical model allows one to easily observe the

evolution of Pt nanoparticles, but it does not allow one to
describe crack formation. In fact, due to their large size, cracks
exceed experimental resolution. Concerning the vertical cut,
the second and the third bump of the Kiessig fringes43 were
singularly fitted by means of a Gaussian peak with a power law
as a background. From the position of these peaks, the
thickness of the bimetallic layer can be estimated as tPt ≅ 2π/
Δq;44,45 where Δq = |q2 − q3|, with qx defining the position of
the xth peak.
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(53) Mateǰ, Z.; Kadlecová, A.; Janecěk, M.; Mateǰová, L.; Dopita, M.;
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