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A B S T R A C T

As-deposited Pt-Ni and annealed Pt-Ni alloy catalyst films prepared by magnetron co-sputtering were
investigated in order to quantify their ageing during accelerated durability test. The parameters of the
durability test were chosen to simulate severe potential conditions that may occur at start-up/shut-down
cycles of a fuel cell. Using in situ electrochemical atomic force microscopy complemented with ex situ
energy dispersive X-ray spectroscopy, X-ray photoelectron spectroscopy, synchrotron radiation
photoelectron spectroscopy and X-ray diffraction provided step-by-step correlation of chemical and
morphology changes induced by catalyst’s aging processes. We show that the as-deposited Pt-Ni films
face severe chemical stability problem which leads to almost complete destruction of the alloy during the
durability test. On the other hand Pt-Ni films annealed in vacuum are more resistive to morphological and
chemical changes. It was confirmed that upon annealing due to redistribution of Pt and Ni atoms Pt-skin
is formed on catalyst surface, which is responsible for a better stability during the aging test.

© 2017 Elsevier Ltd. All rights reserved.
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1. Introduction

Huge boost in global energy demand together with a strong
dependence on fossil fuels lead to growing importance of
development of alternative sources of clean energy. Among many
candidates, proton exchange membrane fuel cells (PEMFCs) are
one of the most promising due to high efficiency and low
environmental pollution. They are expected to become a major
power source for various applications [1]. To date, among other
obstacles, such as fuel production and storage, the commerciali-
zation of such fuel cells is limited by slow kinetics of the oxygen
reduction reaction (ORR), which occurs at cathode. Another barrier
is high cost of platinum, which still remains the only ORR catalyst
that meets catalysis/durability requirements. Extensive studies
have been performed in order to overcome aforementioned
limitations by searching for ORR catalyst that would be more
active, less expensive and more stable than pure platinum. So far,
one of the most promising strategies is alloying of platinum with
relatively cheap transition metals. It has been reported that Pt
alloyed with Ni, Co or Fe enhances the electrocatalytic activity
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toward ORR [2–6], while at the same time it lowers catalyst cost
due to reduction of the amount of used platinum. Activity
improvement in such binary alloys has been explained through
changes in oxygen binding energy, which is mainly caused by
modification of the electronic structure of platinum [7,8].
Furthermore, the ability to tune atomic arrangement in alloys
by producing so-called Pt-skin [8–10], Pt-skeleton [9,11] and core
shells [12–14] even further improved the catalyst efficiency.

Despite these improvements in activity, binary-alloy catalysts
were found to be unstable at fuel cell operation conditions.
Transition metals tend to dissolve in the acidic fuel cell
environment, leading to catalyst dealloying, followed by a
significant reduction of its activity during operation. In fact,
Dubau et al. performed series of tests over Pt3Co catalysts, showing
that during long-term operations of PEMFCs, severe degradation of
cathode catalyst takes place [15,16] due to continuous Co
dissolution. Furthermore, Pt-Ni, Pt-Fe and Pt-Co degradation was
also investigated in numerous studies [17–22]. Despite intensive
work, full knowledge about the time evolution of the structural
and compositional changes in alloy catalyst during its degradation
remains missing. This is mainly because majority of studies
investigated catalysts only before and after reaction [17–19,23,24].
As a result, the knowledge about time-dependent evolution of
catalysts during reaction is superficial. That is why operando
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techniques are becoming increasingly important to complement ex
situ characterization methods [25]. Rising of modern techniques
provides much better insight into the degradation mechanisms of
cathode electrocatalysts, by measuring in situ, under conditions
close to its real operation environment [20–22,26–29].

Potential that catalyst normally faces during steady-state fuel
cell operation is around 1 V, however, higher potentials are
unavoidable at, for example, startup/shutdown conditions
[27,30]. While a majority of studies investigate the catalyst aging
at conditions close to a standard fuel cell operation, it is of high
importance to reveal catalyst behavior also under much harsher
conditions. In our previous paper, we showed that Pt-Co catalyst
faced severe degradation during electrochemical cycling to high
potentials, which led to almost complete destruction of the alloy
[27]. Herein, we investigate the behavior of as-deposited and
vacuum annealed Pt-Ni bimetallic electrocatalysts, prepared by
magnetron sputtering, during an accelerated durability test (ADT),
which consists of 2000 repetitive potential sweeps from 0 to
1.3 VRHE. By using the advanced EC-AFM technique, simultaneously
utilizing cyclic voltammetry and AFM imaging at the electrode/
electrolyte interface, it is possible to monitor reactions on the
surface of catalyst and track morphological changes at the same
time. This enables correlation of structural changes with morphol-
ogy changes, induced by catalysts aging processes. In combination
with ex situ energy dispersive X-ray spectroscopy (EDX), X-ray
diffraction (XRD) and synchrotron radiation photoelectron spec-
troscopy (SRPES) a comprehensive picture of the alloy behavior has
been achieved.

2. Experimental

2.1. Samples preparation

Non-reactive magnetron sputtering was used to deposit Pt-Ni
bimetallic catalyst and reference Pt films on freshly cleaved highly
oriented pyrolytic graphite (HOPG, Bruker). HOPG was used as a
substrate suitable for EC-AFM measurements due to its flat surface
and high conductivity. It also mimics real carbon-based catalyst
supports used in PEMFCs. The Pt-Ni catalyst was deposited by
means of two magnetrons working simultaneously. For Ni
sputtering we used a 2- inch diameter target installed on a TORUS
UHV magnetron (Kurt J. Lesker) at a distance of 90 mm from the
substrates. The radio-frequency power (13.56 MHz) applied to the
Ni target was 25 W. For Pt sputtering we used the second home-
Fig. 1. Schematic illustration of a 
built DC magnetron at a distance of 200 mm from the substrate,
tilted by 45� relative to the Ni target and the power applied was
20 W. Before starting the deposition the sputtering chamber was
evacuated to 2 � 10�4 Pa. The sputtering was carried out in Ar
atmosphere with total pressure of 4 �10�1 Pa, giving a growth rate
of Pt-Ni films of 3 nm min�1. The total thickness of the films used in
the present study was 10 nm. Annealing of Pt-Ni films was done in
an ultra-high vacuum chamber (10�8 Pa) at 773 K for 10 min.

2.2. Ex situ samples characterization

Morphology of catalysts was examined by means of scanning
electron microscopy (SEM), using MIRA 3 microscope (Tescan) at
30 keV electron beam energy. Chemical composition analysis was
made using energy dispersive X-ray spectroscopy (EDX), X-ray
photoelectron spectroscopy (XPS), and synchrotron radiation
photoelectron spectroscopy (SRPES). EDX was carried out using
Bruker XFlash detector mounted directly into SEM. XPS was
performed in an ultrahigh vacuum (UHV) experimental chamber,
operating at base pressures 10�8 Pa and equipped with SPECS
Phoibos MCD 9 electron energy analyzer and a dual Mg/Al X-ray
source. The high resolution SRPES was performed at the Materials
Science Beamline at the Elettra synchrotron light source in Trieste,
Italy. The beamline uses plane grating monochromator, providing
the narrow band synchrotron light in the energy range of 21–
1000 eV.

X-ray diffraction (XRD) was used to obtain the detailed
structural information about the investigated layers. XRD meas-
urements were performed using Pananalytical MRD diffractometer
equipped with parabolic multilayer mirror in the primary beam,
and a long soller slit collimator (acceptance 0.27�), graphite
monochromator and scintillation counter in the diffracted beam.
The measurements were done in the parallel beam geometry
(glancing angle X-ray diffraction geometry � GAXRD). In this
geometry the penetration depth of X-ray does not significantly
vary with the diffraction vector length, however, it strongly
depends on the incidence angle of the primary beam. To be sure to
get the maximum possible information from the investigated layer,
the small constant incidence angle of the primary beam (g = 1.5�)
was used for measurements. All measurements were done using
the CuKa radiation (l = 0.15418 nm). The measured diffraction
patterns were fitted using the whole powder pattern refinement
method (Rietveld method). The measured XRD data revealed the
phase composition and the lattice parameters of Pt-Ni phase. The
Bruker Multimode 8 EC-AFM.
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MStruct software [31] was used for the fitting of the measured
diffraction patterns.

2.3. In situ samples characterization

In situ electrochemical measurements were performed using a
Bruker Multimode 8 EC-AFM. The sample was mounted on the
AFM head, into a closed electrochemical liquid cell with
approximately 50 ml of inner volume (see schematic illustration
in Fig. 1). The liquid cell contained a three-electrode system,
including the sample as a working electrode, high purity Pt wire
(Safina, 99.99%) as a counter electrode and miniature leak-free Ag/
AgCl (Innovative Instruments, Inc, 3.4 M KCl) as a reference
electrode. For comparability with other results, we refer all
measured potentials in this work to the reversible hydrogen
electrode (RHE). The cell has a pipes attached to it through which
the solution goes in and out. The electrochemical cell was filled
with N2-purged 0.1 M H2SO4 solution, prepared using deionized
water (18.5 MV) and H2SO4 acid (Sigma Aldrich, 95%). Accelerated
durability test was performed by 2000 repetitive potential sweeps
between 0 V and 1.3 V versus RHE at a scan rate of 500 mV s�1 at
room temperature. We did not include first cycle because it might
be affected by the oxygenated adsorbates on the sample surface
Fig. 2. SEM images of (a) as-deposited Pt-Ni film and (b) annealed Pt-Ni film; SRPES (c) N
film.
(samples were transferred from magnetron sputtering chamber to
EC-AFM through air) and thus might be not reliable. The first cycle,
thus, was considered as a cleaning procedure.

ScanAsyst AFM operation regime and Bruker ScanAsyst-Fluid+
probes were used for in situ recording of the sample morphology.
After reaching a pre-determined number of electrochemical cycles,
the cycling was temporarily stopped and AFM images were
acquired in order to monitor surface morphology variations
induced by the ADT.

3. Results and discussion

3.1. Characterization of as-deposited and annealed Pt-Ni catalyst films

SEM images of the Pt-Ni coated HOPG before and after
annealing are presented in Fig. 2a and b, respectively. It can be
seen that as-deposited Pt-Ni film is composed of small merely
distinguishable grains. Upon annealing, the film tends to form a
cracked structure. The bulk catalyst composition of Pt0.53Ni0.47 was
calculated from EDX spectrum shown in Fig. S1.

SRPES Ni 2p and Pt 4f spectra of the as-deposited Pt-Ni sample
and Pt-Ni after vacuum annealing are shown in Figs. 2c and d,
respectively. By tuning the excitation energy of photons (Ep) the
i 2p and (d) Pt 4f spectra of as-deposited (solid line) and annealed (dashed line) Pt-Ni
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kinetic energy of escaping photoelectrons can be set to a value
ensuring the highest surface sensitivity to investigate any top-
surface changes caused by annealing. The excitation energies for
both Pt 4f and Ni 2p peaks were set to 180 eV and 950 eV
respectively, ensuring the resulting kinetic energies of photo-
electrons to be 100 eV. With that energy the surface probing depth
is around 5–7 Å corresponding to about two top atomic layers.

Prior to annealing, the measured Ni 2p spectrum of as-prepared
Pt-Ni catalyst (Fig. 2c bottom spectrum) is characteristic for
partially oxidized Ni. It consists of three well defined characteristic
doublets: predominant Ni2+ species at binding energy (BE) of about
854–872 eV, a satellite of Ni2+ at 859–879 eV and metallic
component at 851-868.5 eV [32,33]. After precise fitting the
satellite at about 857–877 eV of metallic Ni should be also seen,
however, due to the low intensity it is lost among the signal from
Ni2+. Indeed, it is evident that amount of nickel oxides in the as-
deposited Pt-Ni catalyst is substantially higher relative to Ni-metal
content. This occurs because Ni must have been oxidized on the
surface of the Pt-Ni catalyst by ambient atmosphere during
transfer of the sample through air into the spectrometers for ex situ
PES measurements. The presence of oxides was also proved in O 1s
spectrum of the as-deposited sample (Fig. S2). After annealing in
vacuum (Fig. 2c upper spectrum), the oxide peaks in the Ni 2p
spectrum vanished and the metallic component became dominant.
Moreover, no peak was detected in the O1 s spectrum of the
annealed Pt-Ni, shown in Fig. S2, evidencing complete disappear-
ance of oxygen from the surface of annealed sample.

The Pt 4f spectra shown in Fig. 2d, for both as-deposited
(bottom spectrum) and annealed (upper spectrum) samples
consist of typical doublet at BE of 71-74.4 eV, corresponding to
metallic platinum [33]. The only difference between the spectrum
before and after the annealing is the intensity. After annealing Pt 4f
peak increased substantially (by the factor of 3), while Ni 2p peak
intensity remained about the same (Fig. 2c). Rise of Pt signal means
that annealing led to the redistribution of the Pt and Ni on the
surface of catalyst, i.e., Pt segregation on the surface and a
formation of so-called Pt-skin over Pt-Ni alloy. Along with the
increase of Pt signal a decrease of Ni 2p peak can be expected due to
Fig. 3. In situ AFM images of the pure
Ni signal attenuation by the Pt-skin. However, as was shown above,
the intensity of Ni 2p remained roughly the same before and after
annealing. It could be explained by presence of nickel-bound
oxygen atoms on the surface before annealing that attenuate the
signal similarly to the Pt-skin after annealing.

The XRD technique was applied to get an information on the
structure of crystalline phases present in the investigated layers.
The parts of measured XRD patterns obtained for as-deposited and
annealed Pt-Ni films are shown in Fig. S3. The XRD measurements
confirmed, that the layers dominantly consist of one crystalline
phase � face centered cubic (fcc) Pt-Ni (space group F m-3m).
Additional, relatively sharp peaks visible in Fig. S3 originate from
graphite, which is in form of randomly oriented grains, as a minor
fraction, present in 00l oriented HOPG substrate. The diffraction
peaks of investigated Pt-Ni layers are shifted towards higher
diffraction angles in comparison with the (111) Pt peak marked in
Fig. S3. This corresponds to smaller lattice parameter of Pt-Ni layer
compared to the one of pure Pt and indicates the alloy structure
(Pt-Ni solid solution) of both as-deposited and annealed Pt-Ni
films. According to Vegard's law, the lattice of a bimetallic alloy
contracts with the increase of the element with smaller atomic
radius. Since the radius of Ni is smaller than Pt, the increase of the
Ni content results in decrease of the lattice parameter of Pt-Ni
alloy. The shift of the (111) diffraction peak and consequently the
shrinkage of the lattice parameter, originating from higher amount
of Ni in Pt-Ni lattice is significantly more pronounced in the
annealed sample [34]. The Pt-Ni catalyst elemental composition
was estimated, using the Vegard's law, from lattice parameters,
refined from measured XRD patterns. For annealed Pt-Ni the
composition was calculated to be Pt0.52Ni0.48, which perfectly
matches the composition measured by EDX, indicating a high
degree of alloying. In turn, for as-deposited Pt-Ni sample the
composition was estimated to be Pt0.78Ni0.22, which differs from
the composition calculated using EDX. Most likely, the observed
difference can be explained by the formation of amorphous Ni-
oxide phase, which was measured on the as-deposited Pt-Ni
sample by SRPES (Fig. 2c).
 Pt catalyst captured during ADT.



Fig. 5. In situ AFM images of the annealed Pt-Ni catalyst captured during ADT.
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3.2. Accelerated durability test

To evaluate the stability of the aforementioned Pt-Ni alloys, the
ADTs were conducted. The EC-AFM technique was applied to
catalysts films in order to investigate, in situ, the morphological
changes caused by ADT. We started with pure Pt as the reference
sample. In subsequent experiments, with Pt-Ni films, identical
protocol was used. Fig. 3 shows the acquired AFM image of the as-
deposited Pt (0 CV) together with the same film which underwent
50, 100, 300, 600, 900 1200 and 2000 CV scans within 0 and
1.3 VRHE interval. Each set of AFM images is displayed with fixed Z-
contrast in order to better follow changes in morphology. The as-
deposited reference Pt sample exhibited homogeneous grainy
structure, which is inherent for a sputtered thin film. A gradual
coarsening of the Pt film was observed during ADT. The RMS
roughness value (Rq), calculated from AFM images, increased from
0.36 nm for the sample prior to cycling to 1.2 nm for the sample
after 2000 CV cycles. We associate coarsening effect with the
dissolution and redeposition of Pt at higher potentials, leading to
the growth of larger Pt nanoparticles due to the Ostwald ripening
effect [30,35,36]. Moreover, a contribution of the particle coales-
cence and detachment from carbon substrate cannot be excluded
during the ADT.

Fig. 4 shows the morphological evolution of the as-deposited
Pt-Ni films during ADT. One can observe more drastic changes in
morphology of Pt-Ni with respect to pure Pt film. The major
changes were observed already after the first 50 CV scans, when
significant surface cracking of the film occurred, accompanied by
slight increase of catalyst’s grain size. This effect continues with
further increase of CV scans up to 600, after which images
remained almost identical, confirming a relative stabilization of
the film against further transformations process. The RMS
roughness changed drastically, from 0.63 nm for the sample before
cycling to 3.2 nm for the sample which underwent 2000 CV cycles.
The formation of relatively large cracks can be associated with a Ni
leaching, which will be discussed in more detail later. In turn,
catalyst film coarsening can be assigned to Ostwald ripening and/
or coalescence likewise in the case of the reference Pt film.
Fig. 4. In situ AFM images of the as-deposit
Contrary to the as-deposited Pt-Ni films, the AFM results
demonstrated that the annealed Pt-Ni films exhibited a remarkably
higher stability (Fig. 5). The changes in morphology during cycling
were not so drastic. For this reason, only images prior and after
2000 CV scans are shown in Fig. 5. Only a negligible roughening of
the surface can be detected during ADT. The calculated RMS
roughness increased from 0.32 nm to 0.96 nm. Furthermore, no
large voids were observed in the structure, in contrast to the non-
annealed sample (Fig. 4).

To obtain a comprehensive description of processes, which
occur during ADT, it is very important to associate the aforemen-
tioned morphology changes with cyclic voltammograms measured
at the same time. Fig. 6 represents a set of selected CV curves
captured simultaneously with AFM images for the pure Pt, as-
deposited Pt-Ni and annealed Pt-Ni samples. Additionally, Fig. 7a
and b display the comparison of the initial (2nd) and final (2000th)
CV curves for all three catalysts.

CV curves recorded on the pure Pt film can be seen in Fig. 6a.
Voltammograms exhibit a familiar shape of pure polycrystalline
platinum with two pronounced symmetric peaks between 0 and
0.3 V, which correspond to underpotential adsorption/desorption
of hydrogen (HUPD) on (110) (more intense) and on (100) (less
intense) Pt step sites exposed to the electrolyte (see highlighted
ed Pt-Ni catalyst captured during ADT.



Fig. 6. Selected cyclic voltammograms of (a) pure Pt; (b) as-deposited Pt-Ni; and (c) annealed Pt-Ni during ADT. The HUPD region for (d) pure Pt; (e) as-deposited Pt-Ni; and (f)
annealed Pt-Ni highlighted from corresponded voltammograms. Arrows indicate the evolution during the cycling.

Fig. 7. Comparison of (a) initial voltammograms and (b) voltammograms after 2000 CV cycles for the Pt-Ni and Pt films. c) Evolution of ECSA during electrochemical cycling of
the Pt and Pt-Ni films. d) Relative nickel atomic concentration in the Pt-Ni thin films as a function of number of CV cycles determined by EDX.
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HUPD region in Fig. 6d). The HUPD region is followed by the double
layer potential region from 0.3 to 0.5 V. The next fingerprint
features are the platinum oxidation/reduction peaks above 0.5 V.
The formation of Pt-O occurs in the positive scan direction, starting
from approximately 0.8 V. The coverage of Pt-O increases with
increasing potential and according to the literature at 1.15 V the
oxidation of the surface should be complete [35]. Further increase
of the potential should lead to the place-exchange between Pt and
O atoms and formation of bulk oxides [30,35]. This effect is known
to be responsible for more severe destruction of Pt surface when
cycling to higher potentials. Indeed, a gradual decrease of currents
of all featured CV peaks was observed upon cycling. The evolution



Table 1
Pt to Ni atomic ratios in the as-deposited and annealed Pt-Ni before and after ADT
calculated using EDX and XRD.

Before ADT After ADT

As-deposited Pt-Ni EDX Pt0.53Ni0.47 Pt0.90Ni0.10
XRD Pt0.78Ni0.22 Pt0.93Ni0.07

Annealed Pt-Ni EDX Pt0.53Ni0.47 Pt0.68Ni0.32
XRD Pt0.52Ni0.48 Pt0.59Ni0.41
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of the electrochemically active surface area (ECSA), calculated from
the corresponding CV curves, using the charge of HUPD region as a
function of cycle number is plotted in Fig. 7c (blue line). The ECSA
decreased with the number of CV cycles, with the major drop
during the first 600 cycles. With further increase in number of CV
cycles the ECSA value remained more or less unchanged. ECSA
decrease during the entire ADT was estimated to be about 30% for
pure Pt. This phenomenon can be explained by catalyst coarsening
measured using AFM (see Fig. 3), which leads to a decrease of the
number of electroactive sites responsible for reactions on the
surface. Also, a continuous positive shift (10 mV) in the platinum
oxide reduction peak at around 0.7 V was observed during ADT.
Such small shift could be also assigned to the increase of the grain
size as reported previously [37,38].

The set of CV curves for the as-deposited Pt-Ni catalyst captured
under identical conditions is shown in Figs. 6b and e. Initial CV
shows larger currents over the entire potential window in
comparison to pure Pt (see Fig. 7a). Furthermore, no distinguished
HUPD peaks were detected. This is a frequently observed
phenomenon in the case of Pt-Ni alloys, which do not contain
such low-index terminations as pure Pt catalysts and indicates that
the adsorption on Pt-Ni is different from that on pure Pt [39].
However, already after the first 50 CV scans, distinct features
corresponding to (110) and (100) adsorption sites became resolved
(see Fig. 6e). Upon further cycling, the charge under hydrogen
region gradually decreased and its shape evolved into a well-
defined HUPD profile corresponding to pure Pt. This behavior
demonstrates that the redistribution of hydrogen adsorption sites
occurs during ADT, apparently due to catalyst dealloying, leading
to the formation of Pt-rich surface layers [18,20]. Indeed, the CV
curve of Pt-Ni and that of pure Pt are almost identical after entire
ADT procedure (see Fig. 7b). The Ni-depleted surface was also
confirmed by ex situ XPS and SRPES techniques in Figs. S4a and c,
respectively. It can be seen that the Ni 2p peak decreased
substantially after 2000 CV cycles according to XPS. Moreover,
SRPES showed complete absence of Ni at the top surface of the as-
deposited Pt-Ni after ADT.

A significant shift of the Pt-O reduction peak (�40 mV) towards
more positive potentials was identified during ADT (see Fig. 6b).
This shift cannot be assigned solely to the morphology changes as
suggested above in the case of pure Pt. Hence, it means that
adsorption of oxygen and OH groups on the alloy catalyst changes
during ADT, apparently due to dealloying.

In Fig. 7c comparison of ECSA time evolution for the pure Pt and
as-deposited Pt-Ni films during ADT is shown. The initial ECSA
value is much higher for Pt-Ni (36 m2 g�1) than for pure Pt (23.5 m2

g�1), which indicates more adsorption sites in the case of the alloy
catalyst. On the other hand, the behavior of ECSA during ADT
showed similar tendency for both catalysts with a major drop after
the first 600 CV cycles and subsequent stabilization. Even though
the ECSA remained higher for Pt-Ni (22 m2 g�1) than for Pt (16.4 m2

g�1) at the end of ADT, the relative decrease of ECSA during the
entire aging test was measured to be about 40%, which is higher
than on pure Pt (�30%), indicating slightly faster degradation of the
alloy catalyst.

It has been shown that hydrogen does not adsorb on Ni. As a
result, a total HUPD charge should be lower for Pt-Ni than for pure Pt
because Ni blocks hydrogen adsorption sites [39]. However, it is
important to emphasize that Ni in metallic state is unstable in
acidic media at potentials used in fuel cells as well as in our study
according to Pourbaix diagram [40,41]. Nickel thus immediately
dissolves to electrolyte but, unlike platinum, it cannot redeposit
back on the surface due to its low standard redox potential.
Consequently, it is reasonable to consider a complete absence of Ni
on the as-deposited Pt-Ni alloy surface immediately after the
experiment setup at 0 VRHE or during the first few CV cycles. This
would explain higher HUPD charge in comparison to pure Pt, as so-
called Pt-skeleton is formed on the surface with high concentration
of low coordination Pt atoms [9,42]. Unfortunately, this effect
cannot be monitored by AFM as it is happening on atomic level,
which is below its resolution limit. On the other hand, these low
coordination Pt atoms are easier to dissolve at high potentials used
in our study. This would enhance Ostwald ripening effect, causing
faster decrease of an active surface area of the Pt-Ni catalyst in
comparison to the pure Pt during ADT. This is, however, in contrast
to previously published results, where acid-treated PtNi/C and the
acid-treated/annealed PtNi/C catalysts had only minor losses
(�10%) in ECSA after cycling in comparison to a substantial drop
(�40%) for Pt/C [42]. We assign this difference to higher upper
potential limit used in our study, at which the dissolution of Pt was
proved to occur [30,35,43].

Contrary to the as-deposited Pt-Ni, the behavior of CVs for the
annealed sample during ADT is different (Figs. 6c and f). It is well
known that annealing of the films generally leads to a decrease of
its surface area due to sintering. Indeed, currents on initial
voltammogram were much lower and the double-layer capaci-
tance was narrower in comparison to the non-annealed sample
(see Fig. 7a). This is also in consistence with the measured AFM
images of the as-deposited and annealed Pt-Ni prior to cycling,
shown in Figs. 3 and 4, respectively, where the RMS roughness
dropped from 0.63 nm to 0.32 nm upon annealing. The suppressed
currents also indicate the formation of Pt-skin type of surface,
which is known to be less oxophilic and has significantly reduced
number of low-coordination surface atoms [6,9].

The structural transformation of the annealed Pt-Ni during ADT
can be followed in more detail in HUPD region, which is highlighted
in Fig. 6f. Initial CV shows featureless HUPD region, which is in
agreement with previously published results on Pt-skin type Pt-Ni
surfaces [6,9]. At the early stages of cycling, the total charges of the
hydrogen region arised but no distinct features were resolved in
contrast to the non-annealed Pt-Ni sample, where it appeared
already after 50 CV scans. Only after 300 CV scans, two additional
shoulders, assigned to (110) and (100) adsorption sites on Pt,
appeared. Moreover, after the entire ADT, the CV curve for the
annealed Pt-Ni had a shape similar to both pure Pt and as-
deposited Pt-Ni after ADT, as displayed in Fig. 7b. This is the
evidence of Pt-rich surface formation, which was also confirmed by
ex situ XPS and SRPES techniques (Figs. S4b and d). At the same
time, the platinum reduction peak on the backward sweep
exhibited almost the same positive shift as the one for the as-
deposited Pt-Ni, indicating similar electrochemical processes
occurred on the surface of both samples during aging.

The ECSA behavior for the annealed Pt-Ni films is opposite to
the one for the as-deposited Pt-Ni i.e., increasing of ECSA, with the
major increase during the first 600 cycles and further saturation
and approaching to the ECSA value for the as-deposited Pt-Ni at the
end of ADT (Fig. 7c). As was mentioned above, annealing of the
films leads to a decrease of its surface area due to sintering which
also leads to a decrease of the amount of low-coordinated surface
atoms. Moreover, in the case of Pt-skin/Pt-Ni type of surfaces, ECSA
value estimated from HUPD peaks was found to be attenuated [10].
These two factors explain much lower ECSA measured for annealed
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than that for as-deposited Pt-Ni at the beginning of ADT. The ECSA
increase upon cycling for annealed Pt-Ni sample can be associated
with gradual destruction of Pt-skin surface.

3.3. Dealloying of as-deposited and annealed Pt-Ni catalyst films
during ADT

As it was already suggested above, based on the XPS, SRPES and
CV results, changes in morphology and reactions on the surface of
Pt-Ni alloy catalysts during ADT occur due to Ni leaching. It is,
however, well known that SRPES and XPS are rather surface
sensitive techniques, probing only up to 5 nm of catalyst. To further
investigate the catalyst dealloying, EDX and XRD analyses were
performed.

The concentration of Ni in the as-deposited and annealed Pt-Ni
films as a function of cycling number, calculated from EDX spectra
is plotted in Fig. 7d. Approximately 80% of Ni was revealed to be
etched away during ADT, indicating significant dealloying of the as-
deposited Pt-Ni. The film composition changed from Pt0.53Ni0.47 to
Pt0.90Ni0.10 (Table 1). The most significant Ni leaching occurred
already during the first 20 CV scans, where about 50% of Ni
vanished. Such fast dealloying can be associated with immediate
leaching of unprotected Ni with subsequent Pt-skeleton formation
as suggested above in the section 3.2 and schematically illustrated
in Fig. 8a and b. With further increase in number of cycles, this
process continued but it was less pronounced. Due to the fact that
Pt is transforming through the electrochemical cycling, more bulk
Ni became in contact with electrolyte and dissolves. Such high
amount of nickel dissolved to the solution also explains the
Fig. 8. Schematic illustration of Pt-Ni
formation of large voids in the film during ADT measured by AFM
(Fig. 4). Even though alloying with Ni was proved to enhance ORR
activity of Pt, it does not survive ADT at harsher condition, which
fuel cells may experience at startup/shutdown mode. After such
dealloying, the alloy catalyst gradually transforms to almost pure
Pt (Fig. 8c).

In case of the annealed sample, however, only about 30% of Ni
vanished during ADT, evidencing much higher resistance to
corrosion of the annealed films than that of the non-annealed
Pt-Ni. The catalyst composition, calculated by EDX, changed from
Pt0.53Ni0.47 to Pt0.68Ni0.32 (Table 1). In contrast to the non-annealed
sample, no major concentration drop was observed at the
beginning of the ADT. This can be assigned to the Pt-skin type
structure of the annealed Pt-Ni, which prevents fast catalyst
dealloying at early stages of cycling (see schematic illustration on
Fig. 8d). However, during electrochemical cycling to 1.3 VRHE

dissolution/redeposition of Pt occurs [30,35,43], which may
destabilize the skin layer and thus continuous Ni dissolution takes
place during ADT as shown schematically in Fig. 8e. The
aforementioned processes for both as-deposited and annealed
Pt-Ni became less pronounced when Pt-multilayers surface is
formed and protects the Pt-Ni catalyst from further corrosion
(Figs. 8c and f).

To further investigate the composition of aged catalysts we
compared atomic compositions of the as-deposited and annealed
Pt-Ni after ADT calculated using techniques with different probing
depth, i.e., SRPES, XPS and EDX. From Table 2 it is clearly evident
that in case of both catalysts the top surface does not contain any Ni
indicating formation of at least few monolayers of pure Pt. With
 catalysts dealloying during ADT.



Table 2
Pt to Ni atomic ratios in the as-deposited and annealed Pt-Ni after ADT calculated
using SRPES, XPS and EDX.

As-deposited
Pt-Ni after ADT

Annealed
Pt-Ni after ADT

Probing depth # SRPES Pt1.00Ni0.00 Pt1.00Ni0.00
XPS Pt0.95Ni0.05 Pt0.85Ni0.15
EDX Pt0.90Ni0.10 Pt0.68Ni0.32

768 I. Khalakhan et al. / Electrochimica Acta 245 (2017) 760–769
increase in probing depth the concentration of Ni increases for
both as-deposited and annealed Pt-Ni. However, the differences in
bulk composition of investigated samples indicate formation of
thicker Pt multilayers in case of as-deposited Pt-Ni than that for
annealed one after ADT, as illustrated schematically in Fig. 8c and f.

To get more abundant structure information, the composition
of aged films was also extracted from the XRD spectra, shown in
Fig. S3. The compositions of the as-deposited Pt-Ni before and after
ADT were estimated to be Pt0.78Ni0.22 and Pt0.93Ni0.07, respectively
(Table 1). Comparison with EDX results in Fig. 7d leads to the
conclusion that the majority of Ni loss coming from non-alloyed Ni,
occurs in the first 20 CV cycles of the ADT. However, even after 20
cycles, Ni leaching continues with operation time, which indicates
Ni loss also from the Pt-Ni alloy. Overall, XRD and EDX results
showed that ADT leads to severe dealloying of the as-deposited Pt-
Ni. For the annealed Pt-Ni catalyst, in turn, the XRD-based
compositions before and after ADT were estimated to be
Pt0.52Ni0.48 and Pt0.59Ni0.41, respectively (Table 1). Following
repetitive potential cycling, the relative Ni atomic concentration
determined from XRD was higher than that from EDX (see Table 1).
This reveals the loss of alloyed Ni on the surface and the formation
of Pt multilayers on top of Pt-Ni alloy which, in contrast to as-
deposited sample, still remains underneath the surface.

In general, severe ADT conditions, which simulate startup/
shutdown cycles of a fuel cell, led to deterioration of both catalysts
through Ni leaching from the Pt-Ni alloy. The Pt-skin structure of
the annealed Pt-Ni mitigates Ni dissolution process, however, it
does not eliminate it fully. Even though PtNi alloys were proved to
be promising and relatively stable catalyst at steady-state
operation mode of a fuel cell, they face significant stability
problems during startup/shutdown cycles. Apart from the activity
loss of the catalyst due to dealloying, irretrievable Ni dissolution in
real fuel cells can cause membrane and catalyst poisoning [44].

4. Conclusions

Pt-Ni thin films were deposited by magnetron co-sputtering on
HOPG substrate. We showed that the as-deposited Pt-Ni films were
partially oxidized upon exposure to air. After annealing in vacuum
Ni-oxides disappeared and the formation of Pt-skin over Pt-Ni
catalyst was observed. Moreover, XRD showed higher degree of Ni
alloying with Pt for the annealed sample than for the as-deposited
one.

Accelerated durability test containing voltage cycling between
0 and 1.3 VRHE was then employed to mimic the startup/shutdown
cycles of a fuel cell and investigate stability of the as-deposited and
annealed Pt-Ni films. Electrochemical behavior, structure and
morphology of catalysts during ADT were systematically investi-
gated using in situ EC-AFM in combination with ex situ EDX, XPS,
SRPES and XRD techniques. The analyses showed that the as-
deposited Pt-Ni ages much more rapidly than the annealed one
leading to almost complete destruction of the alloy after 2000
cycles of ADT. Better stability of the annealed Pt-Ni likely originates
from its Pt-skin structure. Despite better stability of the annealed
Pt-Ni alloy it still corrodes because cycling to higher potentials
leads to destruction of Pt-skin due to Pt dissolution/redeposition
effect.
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