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Platinum-based bimetallic alloys possess unique activities exceeding those of pure platinum. Nevertheless, as

Alloys complex multi-component systems, they suffer from surface structural reorganization under operating condi-
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tions, strongly affecting their lifetime performance. This work reports an in situ electrochemical and spectro-
scopic study of surface compositional changes in a PtNi catalyst during repetitive oxidation/reduction cycles,
simulating inherent working conditions for numerous redox reactions. Using cyclic voltammetry and near-

ambient pressure X-ray photoelectron spectroscopy, quantitative surface characterization under realistic elec-
trified liquid and gaseous environments are obtained and correlated. We show that regardless of the operating
environment, PtNi undergoes a significant and irreversible change in compositional profile reflected in surface
nickel enrichment and consequent catalyst deactivation, exemplary confirmed using a methanol electrooxidation

reaction.

1. Introduction

Bimetallic catalysts are of great interest nowadays due to their wide
range of applications [1]. Given their distinctive merits, such catalysts
typically show superior activities in many catalytic reactions compared
with their monometallic counterparts, often exhibiting advantages of
both. In particular, alloying of Pt with cheaper and more abundant 3d
transition metals has been proven beneficial for many reactions, due to
both exclusive properties and reduced price. To date, Pt-3d metal cat-
alysts of various compositions have been explored to substitute for
typical monometallic catalysts in various reactions including oxygen
reduction [2,3], hydrogen evolution [4], methanol oxidation [5,6],
ethanol oxidation [7], etc. Their distinctive properties were mainly
attributed to the modified electronic structure that displaces the d-band
center, resulting in optimum strength with adsorbates thereby
increasing reaction rates [8].

On the other hand, bimetallic catalyst falls under complex multi-
component systems that typically exhibit composition-dependent ac-
tivity [9,10]. Specific reaction conditions such as gas pressure, tem-
perature and the nature of reaction intermediates may dramatically
compromise the chemical integrity of the alloy surface [11-14]. The
surface atomic composition of a bimetallic system under reaction
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conditions may thus be different from an as-synthesized catalyst,
significantly affecting its activity and selectivity [15].

The interdiffusion of constituent elements under reaction conditions
is a complex phenomenon driven by the interplay of multiple parame-
ters including surface energies of elements, diffusion barriers, their
bonding strength with a given adsorbate, pressure and temperature. For
this reason, direct monitoring of bimetallic catalysts under specific
working conditions is of utmost importance for the knowledge-based
development of highly effective and, more importantly, durable cata-
lysts. A significant step forward has been made in recent years by
developing in situ/operando techniques capable of probing catalysts
directly under reaction conditions [16,17]. Compositional evolutions in
response to reaction conditions have been investigated for a wide range
of Pt-based bimetallic materials including Pt-Co [18-20], Pt-Ni [21-25],
Pt-Cu [26], Pt-Sn [27,28] systems. It has been shown that such
restructuring may be either beneficial or detrimental for a given reaction
[29,30]. For instance, Ahmadi et al. showed that pretreatment under
different gaseous atmospheres significantly affected the catalytic reac-
tivity of shaped Pty sNips nanoparticles toward CO electrooxidation
[21]. Mayrhofer et al. reported that CO-annealing pretreatment resulted
in Pt atom segregation to the surface of a Pt3Co alloy, increasing its
activity towards oxygen reduction reaction [20]. In a recent study, Wang
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et al. showed that a Pt3Sn catalyst can recover its surface composition
following reduction during propane dehydrogenation through segrega-
tion of the Sn atoms from the bulk once the Sn content at the surface
becomes insufficient [27]. On the contrary, Andersson and co-workers
found that CO adsorption at elevated pressures and temperatures pulls
the less reactive Cu to the surface of a CuPt near-surface alloy [26]. In
our previous study using ex situ surface sensitive synchrotron radiation
photoelectron spectroscopy, we showed that after repetitive exposure to
oxygen and hydrogen, the PtNi bimetallic alloy surface composition
irreversibly changed towards Ni enrichment [31]. However, a complete
deciphering of catalyst working mechanisms requires these systems to
be studied under more realistic conditions resembling operando regimes
more closely. Achieving such a goal requires the application of a limited
number of techniques that allow direct quantification of the surface
composition of the alloy under environments relevant or identical to the
catalytic operation. The most suitable techniques satisfying this goal are
cyclic voltammetry (CV) and near-ambient pressure X-ray photoelectron
spectroscopy (NAP-XPS). Both are extremely sensitive to surface
composition and can be performed directly under electrochemical or
gaseous environments [10,11,20,24,32].

In the present work, we report a combined in situ electrochemical and
spectroscopic study of surface structural changes in a PtNi catalyst
during repetitive oxidation and reduction, representing inherent work-
ing conditions for numerous catalytic redox reactions. The model PtNi
catalyst was prepared by magnetron sputtering deposition in the form of
compact layers with homogeneous grain-size distribution and high-
angle grain boundaries resembling both extended 2D surfaces and the
nanoparticle catalyst [33,34]. The repetitive oxidation and reduction of
the PtNi catalyst were carried out in both electrified liquid environment
and gaseous environment at 100 and 250 °C by applying potentiody-
namic cycling in 0.1 M KOH solution and altering sample exposure to 5
mbar of Oz and Hy, respectively. The resulting restructuring of the alloy
surface was monitored by cyclic voltammetry and NAP-XPS.

2. Experimental
2.1. Sample preparation

PtNi alloys were deposited on glassy carbon (GC) substrates (Alfa
Aesar) by magnetron co-sputtering using Circular TORUS magnetrons
(Kurt J. Lesker) placed at an angle of 45° to the substrate and two tar-
gets: 2" Pt (99.99% Safina) and 2" Ni (99.99% Kurt J. Lesker). The
sputtering was carried out in 5 x 107> mbar of Ar atmosphere in DC
mode by applying 20 W to Pt and 28 W to Ni targets, resulting in
deposition of the Pt5oNisg layer. The reference monometallic Pt and Ni
layers were deposited under identical conditions. The reference NiO
layer was deposited in 5 x 10~2 mbar of O atmosphere. The thickness of
all investigated catalytic layers was about 10 nm.

2.2. Sample characterization

2.2.1. Near-ambient pressure X-ray photoelectron spectroscopy

The experiment was performed using a laboratory NAP-XPS system
(SPECS Surface Nano Analysis, GmbH Germany) with “chamber-in-
chamber” design. The setup consisted of a main ultra-high vacuum
(UHV) analysis chamber equipped with a monochromated Al Ka X-ray
source (1486.6 eV), a multichannel electron energy analyzer (SPECS
Phoibos 150) coupled with a differentially pumped electrostatic pre-lens
system, a port fitted with gate valve separating the analysis chamber,
and a NAP cell installed on a special NAP cell manipulator in a different
UHV in situ-load-lock chamber. The base pressure in both analysis and
load-lock chambers was in the 10~° mbar range. For the NAP-XPS
measurements, the gate valve separating the chambers was opened
and the NAP cell was brought into the analysis chamber and docked at
the entrance aperture of the electron energy analyzer. A sample holder
was heated through contact with the hot sample stage heated by electron
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bombardment from the back (UHV) side. The PtNi sample was measured
under atmospheres of 5 mbar of O3 or 5 mbar of Hy at a temperature of
100 and 250 °C. The measured Pt 4f, Ni 3p, Ni 2p, and O 1 s core-level
spectra were processed using the KolXPD software [35].

2.2.2. Cyclic voltammetry

Cyclic voltammetry was performed in Na-purged 0.1 M KOH and 0.1
M KOH + 0.5 M CH3OH solutions at sweep rates of 200 mV-s~! and 50
mV~s’1, respectively, in a typical 3-electrode half-cell (Pine research)
using a sample as a working electrode, platinum wire as a counter
electrode (Pine research), and Hg/Hg»SO4 (Monokrystaly s.r.0.) as a
reference electrode. The system was connected to an SP-150 potentiostat
(Bio-Logic). The measured potentials vs. the reference Hg/Hg>SO4
electrode were converted to the reversible hydrogen electrode (RHE)
scale for a more straightforward comparison with the literature. For
cyclic voltammetry, Pt and PtNi catalysts were deposited on a com-
mercial glassy carbon disk electrode (Pine research, 5 mm diameter,
0.196 cm? surface area). Electrochemical cleaning of deposited PtNi
catalysts was carried out in 0.1 M HSO4 for 30 s without applying po-
tential. Data were processed using the EC-lab software (Bio-Logic).

2.2.3. Energy-dispersive X-ray spectroscopy

Energy-dispersive X-ray spectroscopy (EDX) was performed using a
Bruker XFlash detector attached to a Tescan MIRA 3 scanning electron
microscope.

2.2.4. Atomic force microscopy (AFM)

The morphology of catalysts was examined using a MultiMode 8
(Bruker) Atomic Force Microscope (AFM) in tapping mode under
ambient conditions. A SCANASYST-AIR probe (Bruker) with a nominal
tip radius of 2 nm was used. Image processing was carried out using
NanoScope 1.9 software.

3. Results and discussions
3.1. Cyclic voltammetry study

Cyclic voltammetry was applied to gain insights into compositional
changes on the surface of the PtNi bimetallic alloy during its alternating
cycles of oxidation and reduction under an electrified liquid environ-
ment. Catalyst oxidation and reduction were driven by repetitive po-
tential scanning from low to high values in an electrolyte solution inside
an electrochemical cell schematically illustrated in Fig. 1a, together with
the applied cycling protocol. Cyclic voltammetry is an extremely
surface-sensitive technique that allows semiquantitative information
about the composition of the outermost layer of the PtNi alloy to be
obtained [10,32,36]. An alkaline solution at pH 13 and a potential range
of 0-1 Vgyg were chosen to avoid any platinum and nickel dissolution,
according to the Pourbaix diagram [37].

Electrochemical cleaning of deposited PtNi catalysts was carried out
in 0.1 M HSO4 for 30 s without applying potential. Such a pretreatment
led to Ni leaching from the outermost layer of the alloy and the for-
mation of the so-called Pt-skin layer, where PtNi is terminated by Pt
atoms only [37-39]. Fig. S1 represents ex situ catalyst characterization
before and after acid treatment. Only negligible deviation of sample
composition was observed after acid treatment, based on the
bulk-sensitive EDX in Fig. S1a. The composition of the catalyst changed
from Pts)Nigq9 to PtssNigs. AFM Images in Fig. S1b show that the
morphology of the sample remained intact.

Fig. 1b summarizes cyclic voltammogram (CV) curves acquired in
No-saturated 0.1 M KOH electrolyte for the as-deposited PtNi (green
curve), the PtNi after treatment in 0.1 M H,SO4, denoted as Pt-skin (blue
curve), and the reference monometallic Pt denoted as Pt (red curve).
The as-deposited PtNi did not reveal any sharp features characteristic of
platinum, which is attributed to the presence of an oxide/hydroxide
layer on the sample surface formed by its transfer from the deposition
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Fig. 1. (a) Schematic illustration of cyclic voltammetry setup together with the
applied cycling protocol; (b) Cyclic voltammograms of as-deposited PtNi
(green), PtNi after 30 s in 0.5 M H,SOj, denoted as Pt-skin (blue), and mono-
metallic Pt (red) recorded in Ny-saturated 0.1 M KOH at 200 mV-s~* sweep rate;
(c) The series of 100 cyclic voltammograms recorded on Pt-skin sample (arrows
indicate changes in the CVs shape during cycling: red arrows highlights Hypp
decrease, green arrows highlights an increase in adsorption/desorption of OH™
on Ni atoms placed on the Pt surface and black arrows highlights a decrease in
Pt oxidation/reduction couple); (d) Evolution of electrochemically active sur-
face area (ECSA) calculated from cyclic voltammograms shown in (c); (e) Ni/Pt
ratio calculated from deconvoluted Pt and Ni reduction peaks highlighted by
the rectangle in (c).

chamber to the electrochemical cell through the air. Note, that the acid-
treated sample (Pt-skin) was transferred to the electrochemical cell
without sample exposure to the air to avoid its re-oxidation. After acid
treatment, the CV curve appears virtually identical to that for pure Pt
featuring typical fingerprints of polycrystalline Pt electrodes in an
alkaline electrolyte i.e., an underpotentially deposited hydrogen (Hypp)
region within 0-0.40 Vgyg followed by adsorption/desorption of
oxygenated species on the Pt surface. This unambiguously demonstrates
a vanishing of all Ni and Ni-oxides from the surface by acid treatment
and formation of the so-called Pt-skin surface [39].

The Pt-skin sample was then subjected to 100 CV cycles from 0 to
1.0 Vgyg. The evolution of corresponding voltammograms is depicted in
Fig. 1c. One can qualitatively observe three interconnected phenomena
co-occurring during the cycling: (i) emerging and progressive increase of
the redox couple around 0.6 and 0.4 Vgyg in anodic and cathodic scans,
respectively, (highlighted by green arrows) that could be attributed to
the adsorption/desorption of OH™ on Ni atoms placed on the Pt surface
[40-42]; (ii) a gradual decreasing of the peaks corresponding to
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oxidation and reduction of Pt within the range 0.6-1.0 Vgryg (high-
lighted by grey arrows); (iii) continuous regression of the Hypp charge
within the range 0-0.4 Vyyg (highlighted by red arrows). All these fac-
tors evidence the gradual accumulation of Ni atoms on the surface of the
alloy after each redox cycle. Similar results were reported previously by
Mayrhofer et al. during overnight potential cycling of pre-leached Pt3Co
nanoparticles [38].

To estimate the decrease in Pt active centers on the surface of the Pt-
skin catalyst during repetitive CV cycling, the electrochemically active
surface area (ECSA) was determined by integrating the hydrogen
desorption peaks from corresponding CV curves. The results shown in
Fig. 1d demonstrate about a 50% decrease in ECSA from its value for the
second cycle during the entire cycling procedure. Note that we could not
calculate ECSA for the first cycle, i.e. Pt-skin, because CV is interrupted
at the hydrogen desorption region. As a result, we expect a slightly
greater reduction of ECSA during electrochemical cycling. We also
excluded a possible influence of catalyst coarsening on ECSA since the
morphology of the sample after 100 CV cycles measured ex situ by AFM
did not differ substantially from that acquired for the Pt-skin sample (See
Fig. S1b).

In order to quantify the observed surface restructuring, we disen-
tangled the peaks corresponding to Ni and Pt reduction on the cathodic
sweep of CVs (highlighted in Fig. 1c by the red rectangle). The detailed
explanation of the deconvolution process can be found in ESIL. Based on
deconvolution, the relative Ni/Pt ratio was calculated as Ni;q charge
divided by Pt;.q charge, and its evolution during the entire cycling
procedure is depicted in Fig. 1e. The results indicate Ni segregation onto
the catalyst surface with increasing cycle number. The Ni/Pt ratio
increased rapidly at the beginning of cycling and saturated at a value of
about 2.5 after 60 CV cycles corresponding to PtygNiye, which is in
agreement with the ECSA behaviour in Fig. 1d. Ex situ EDX acquired
before and after cycling in Fig. S1a shows an identical bulk composition,
which points to the fact that the compositional changes occur close to
the surface of the bimetallic alloy only.

A further question arises of how the above-described catalyst surface
modifications affect reactivity. We demonstrated this by evaluating
catalyst activity towards the methanol electrooxidation reaction (MOR)
in an alkaline electrolyte.

Fig. 2a displays CVs acquired in 0.1 M KOH + 0.5 M CH30H solution
for Pt-skin, Pt-skin after 100 CV in KOH, and the Pt catalysts. Fig. 2b,
in turn, shows corresponding CVs recorded in Ny-saturated 0.1 M KOH
without methanol for a better comparison. Note that MOR after 100 CV
in KOH was tested without exposing the sample to air. The forward scan
in Fig. 2a exhibited the intense oxidation peak (J¢) at about 0.7 Vryg (see
Table 1) related to initial methanol electrooxidation, while another less
intense oxidation peak (J,) appeared at about 0.6 Vgyyg (see Table 1) in
the backward scan attributed to the oxidation of carbon-containing in-
termediate products (mostly COgs) formed during the forward scan.
Similar to CV without methanol (Fig. 2b), Pt-skin exhibited slightly
higher currents than the Pt,.f, implying a higher activity towards MOR.
It should also be kept in mind that the PtNi samples contain a twice
lower amount of Pt, pointing to an even higher mass activity of the Pt-
skin catalyst. More importantly, Pt-skin showed a much higher J¢/Jy,
ratio (2.91) than the reference Pt (1.75), indicating its better ability to
resist poisoning than monometallic Pt. This agrees well with earlier
studies on the MOR activity of Pt and PtNi alloys [43-48].

After a series of oxidation/reduction cycles, significant Ni enrich-
ment at the surface of the Pt-skin sample described above resulted in a
considerable decrease in electrocatalytic activity toward MOR, as shown
in Fig. 2a and Table 1. This is apparently attributed to the blocking of Pt
active sites caused by Ni accumulation on the surface. Indeed, the charge
of the methanol oxidation peak in the forward scan dropped by about
60%, which is in close agreement with a decrease of ECSA and an in-
crease of Ni/Pt ratio determined during cycling in 0.1 M KOH solution
(see Fig. 1d and e).
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Fig. 2. (a) Cyclic voltammograms for the electrooxidation of methanol over Pt-
skin (blue), Pt-skin after 100 CV in Nj-saturated 0.1 M KOH (grey) and refer-
ence Pt (red) recorded in Ny-saturated 0.1 M KOH + 0.5 M CH30H solution at
50 mV-s~! sweep rate (Arrows indicate forward and backward sweeps. J¢ and Jj,
indicate maximum current density in forward and backward sweeps, respec-
tively. Epr and Epp indicate the position of peaks in forward and backward
sweeps, respectively); (b) Cyclic voltammograms of Pt-skin (blue), Pt-skin after
100 CV (grey) and reference Pt (red) recorded in Nj-saturated 0.1 M KOH at
200 mV-s~! sweep rate.

Table 1

Catalytic performance of Pt-based electrocatalysts for methanol electrooxidation
in 0.1 MKOH + 0.5 M CH3OH solution at 50 mV s~ ! sweep rate: Ep¢— position of
the peak in forward direction, Ep}, — position of the peak in backward direction, J;
— maximum current density of the peak in forward direction, J, — maximum
current density of the peak in backward direction.

Sample Ept Epb Jg Jb J¢/
(VraE) (VRHE) (mA-cm™3) (mA-cm™2) Jb
Ptyes 0.68 0.63 5.755 3.280 1.75
Pt-skin 0.69 0.62 6.082 2.092 2.91
Pt-skin (100 0.67 0.61 1.593 0.539 2.96
CcV)

3.2. Near-ambient pressure XPS study

NAP-XPS was then employed to gain more insights into the chemistry
occurring on the surface of the PtNi catalyst during its successive
oxidation and reduction. For that, a set of alternating oxidizing (5 mbar
of 03) and reducing (5 mbar of Hy) environments at 100 °C and 250 °C
were established in the NAP chamber as schematically illustrated in
Fig. 3a.

Before the redox experiment itself, the as-deposited PtNi catalyst was
treated first with a reducing hydrogen atmosphere (5 mbar of Hy) for 1 h
and then with a mild Ar bombardment in UHV to remove surface con-
taminants, including Ni oxides/hydroxides and further annealed in UHV
to 250 °C. As was shown in our previous study using DFT calculations,
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under these conditions, the lowest-energy homotops of PtNi nano-
particle exhibited a structure with the outer shell formed mostly of Pt
atoms, which should be comparable with the Pt-skin structure used for
the CV experiment, as illustrated in Fig. 3c [31]. The characteristic
spectra of the PtNi sample recorded before and after the cleaning pro-
cedure are presented in Fig. S3. The Pt 4f and Ni 2pg/» spectra, after
cleaning, contained metallic characteristics only. Furthermore, oxygen
contribution completely vanished, as highlighted by the O 1s spectral
line. A more detailed description of the spectra can be found in the
Electronic Supporting Information (ESI). The elemental composition of
the cleaned catalyst, estimated from the fitted Pt 4f and Ni 3p spectra,
was PtygNisy. The alloy formation in such magnetron co-sputtered PtNi
layers has been confirmed repeatedly in our previous studies [14,34,49].

Pt 4f and Ni 3p core levels were of primary interest in providing
information about the surface composition. They appear close to each
other on the photoelectron spectrum, i.e., acquired at an identical
photon flux, transmission function, and surface information depth. In
this case, the identical probing depth for both Pt and Ni was reached.
Since Pt 4f and Ni 3p spectra are partially overlapping, the Ni 3p XPS
spectra of a reference monometallic nickel and nickel oxide were
measured prior to the experiment (see Fig. S5) and results were used for
the reliable fitting of the resulting Pt 4f + Ni 3p spectra of the PtNi alloy
[50]. A detailed description of the Ni 3p XPS spectra recorded for the
reference monometallic nickel and pure nickel oxide are shown in ESI.
XPS Pt 4f + Ni 3p spectra after cleaning were then compared in Fig. 54
with that for Pt-skin sample in the cyclic voltammetry experiment. The
corresponding spectra were practically identical with only negligible
deviations in sample composition (Pt4gNisy vs. Pt5oNisg), indicating a
similar starting point for both experiments.

Once clean and characterized, the alloy catalyst was transferred from
the UHV chamber to the NAP cell and subjected to repetitive oxidizing
and reducing atmospheres. We commenced with a discussion of redox
cycling at 250 °C as PtNi showed more pronounced changes under these
conditions, which are more clearly visible by NAP-XPS. The corre-
sponding Pt 4f and Ni 3p core levels were acquired directly in the cor-
responding gaseous environment. Fig. 3b represents high-resolution
NAP-XPS spectra recorded during the first oxidation (middle spec-
trum, denoted as Ox1) and the following first reduction (upper spec-
trum, denoted as Red1) steps. To facilitate the comparison, both spectra
were compared with the one recorded before exposure to reactive at-
mospheres (bottom spectrum, denoted as cleaned).

During oxidation, platinum remained in the metallic state with a
clear doublet at 71.15-74.5 eV [21,51]. It was, however, slightly shifted
to lower binding energies as compared to the sample before oxidation
(71.3-74.6 eV), suggesting some structural changes. Meanwhile, Ni was
clearly oxidized to NiO, showing the doublet at 66.8-68.7 eV and the
corresponding satellite features at 71.3-73.5eV [52-54]. The O 1s
spectral line shown in Fig. S6a can be deconvoluted into several com-
ponents, including the gas phase contribution within 536-542 eV and
two well-resolved peaks at 529.4 and 531.3 eV. The former associates
with oxygen from NiO, and the latter is assigned to defective sites within
the NiO structure [24,55]. The above observations correlate well with
the analysis of the Ni 2p3,5 spectrum, which is shown in Fig. S6b (middle
spectrum) where the typical NiO multiplet splitting can be observed.
Furthermore, the abovementioned nickel oxidation attenuates the Pt 4f
signal pointing to the outward diffusion of Ni and the formation of
Ni-oxide on the surface of the alloy. The elemental composition, calcu-
lated from the NAP-XPS spectrum (middle spectrum in Fig. 3b), is
Pt;5Nigs. This composition could correspond to a fully oxidized NiO
shell on the catalyst surface, as predicted by Liu et al. [56], but ac-
cording to the previous operando microscopy studies on
high-temperature oxidation of PtNi alloys, the NiO rather grows as ho-
mogeneously distributed three-dimensional NiO islands, as schemati-
cally illustrated in Fig. 3c [24,57].

It is also important to emphasize that the oxidation of PtNi was
apparently limited to Ni atoms only, while Pt remained in the metallic
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Fig. 3. (a) Schematic illustration of NAP-XPS setup. The sample was characterized in situ under alternating 5 mbar oxygen and 5 mbar hydrogen atmospheres at
100 °C and 250 °C; (b) Pt 4f + Ni 3p NAP-XPS spectra of PtNi alloy acquired before (denoted as cleaned), under first oxidation (5 mbar O,, denoted as Ox1) and
subsequent first reduction (5 mbar H,, denoted as Red1) steps at 250 °C; (c) Schematic illustration of compositional changes on the surface of PtNi alloy in response
to alternating oxidizing and reducing environments (d) Pt 4f + Ni 3p spectra of PtNi alloy acquired before (denoted as cleaned), under first oxidation (5 mbar O,
denoted as Ox1) and subsequent first reduction (5 mbar Hj, denoted as Red1) at 100 °C. Inset highlights the Ni 3p region for the sample under first oxidation.

state. This led to dealloying of the catalyst surface in the presence of
oxygen and could explain the slight shift (0.15 eV) of the Pt 4f compo-
nent to lower binding energies discussed above. Similar phase separa-
tions were previously observed in the case of the model Pt/Ni(111)
system using NAP-XPS and explained by an almost six-fold higher af-
finity of Ni for oxygen as compared to Pt [24]. On the other hand, in our
previous study, a small amount of Pt?>" was observed during PtNi
oxidation, which was attributed to surface mixed oxides [31]. This
inconsistency might be explained by the fact that we used synchrotron
radiation of low photon energy with the probing depth set up to three
monolayers. Apparently, this small amount of Pt** could not be detected
by standard laboratory XPS used in this study with about 5 nm probing
depth.

As the gas switched from oxidizing to reducing (Red1), the surface
recovered to metallic Pt and Ni elements as shown in Fig. 3b (upper
spectrum), which is also supported by the absence of the oxygen
contribution in the O 1s spectrum shown at the top of Fig. S6a. A single
set of Ni peaks, i.e. a doublet at 66.0-67.8 eV and satellites at
70.3-72.4 eV, appears in the Ni 3p spectrum representing a metallic
phase [31,58]. The Pt 4f spectrum shifted back to 71.3-74.6 eV,
demonstrating realloying [59,60]. The calculated elemental

composition of PtNi alloy after reduction was PtsgNiyg. Notably, the
surface composition did not entirely recover to its initial value of
Pt4gNisp before the Ox1 step, demonstrating a significant increase in the
amount of nickel, thereby leaving some compositional non-uniformity
within the PtNi layer, as schematically illustrated in Fig. 3c. Surpris-
ingly, these results are almost identical to those in our previous study,
where an identical experiment was performed ex situ in a separate
chamber [31]. This indicates the strong stability of redox-driven surface
compositional change. We explained the surface composition irrevers-
ibility under alternating oxidation/reduction conditions by DFT calcu-
lations using 4.4 nm large truncated octahedral 1463-atomic NP with
Pt731Niy3y stoichiometry. It was shown that hydrogen adsorption was
not energetically sufficient to reverse fully the Pt covered by Ni atoms
because the adsorption energy for hydrogen is an order of magnitude
lower than that for oxygen.

When the temperature was lower i.e. 100 °C, the overall behavior of
the PtNi catalyst was identical to that described for 250 °C. However,
the observed changes were much less pronounced. The only difference is
that under oxidizing environment (Ox1) at 100 °C, nickel was not fully
oxidized. As can be seen in the middle spectrum in Fig. 3d, the Ni 3p
region is composed of mixed metallic and oxide states. These
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observations are supported by the analysis of the Ni 2ps,> spectrum,
shown in Fig. S6¢c. This could be attributed to the fact that at 100 °C,
oxidation and thus Ni segregation is limited to a few upper atomic layers
of the PtNi alloy only, while a significant amount of Ni atoms deeper in
the alloy are not influenced by the reactive atmosphere and remain in
metallic state.

The main output of the NAP-XPS experiment is summarized in Fig. 4.
The set of Pt 4f + Ni 3p NAP-XPS spectra recorded under five sequential
oxidizing/reducing environments at 250 °C and 100 °C are shown in
Figs. 4a and 4c, respectively. For comparison, the simultaneously
captured Ni 2pg/» spectra are shown in Fig. S7. In turn, the relative Ni/Pt
atomic ratio, quantified from Ni 3p and Pt 4f peaks area taking into
account the corresponding photoionization cross-sections, is plotted for
all five oxidation and reduction steps at 250 °C and 100 °C in Figs. 4b
and 4d, respectively.

The results show an oscillatory behaviour for both temperatures with
Ni oxidation and enrichment under the oxidizing environment and its
subsequent reduction and reincorporation into the PtNi alloy under the
reducing environment. However, a closer inspection of the Ni/Pt ratio at
reduction steps points to the irreversible change of PtNi surface
composition with redox cycle number. The Ni/Pt ratio increased at the
beginning of cycling and was saturated after the third-fourth redox
cycle. Overall, during the entire cycling procedure at 250 °C, the surface
composition of the PtNi changed significantly from Pt4gNis; to PtygNigg

NAP-XPS Pt 4f + Ni 3p NAP-XPS Pt 4f + Ni 3p
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Fig. 4. Pt 4f + Ni 3p NAP-XPS spectra of PtNi alloy acquired under five oxi-
dations (5 mbar O,) and five subsequent reductions (5 mbar H,) at (a) 250 °C
and (c) 100 °C; Evolution of Ni/Pt atomic ratio during five oxidation/reduction
cycles at (b) 250 °C and (d) 100 °C, extracted from the integrated areas of the Pt
4f and Ni 3p NAP-XPS spectra divided by the corresponding photoionization
cross-sections.
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(Ni/Pt ratio 3.9) while at 100 °C it changed to only Pt43Nis; (Ni/Pt ratio
1.3). Following rapid initial compositional changes in favor of nickel,
the bimetallic catalyst apparently reaches a metastable composition that
is kinetically hindered from further changes. Based on the fact that the
composition of the sample measured before and after redox cycling with
a bulk-sensitive EDX technique showed no substantial changes (see
Fig. $8), we can conclude that the above compositional changes occur on
the surface of the bimetallic alloy only.

This behavior also correlates with the results obtained during the
electrochemical oxidation and reduction of the PtNi alloy. Even though
the results appeared to be qualitatively identical, it is impossible to
quantitatively compare compositional changes based on these experi-
ments due to significantly different probing depths of CV (outermost
layer only) and NAP-XPS techniques (~5 nm). In order to juxtapose the
results obtained under different environments, we compared the XPS
spectra captured after five redox cycles in a gaseous atmosphere with the
ex situ XPS spectra acquired after electrochemical cycling. The spectra
are shown in Fig. S9 and relative atomic compositions calculated from
corresponding spectra are summarised in Table 2 together with those
measured before redox cycling. The results show comparable changes in
PtNi composition during CV cycling to that acquired during redox
cycling in gaseous environments at 100 °C. These observations suggest
that similar processes occur during redox cycling in the electrified liquid
environment, as well as in gaseous atmospheres at 100 °C. Taking into
account significant compositional changes observed from the CVs and
significantly lower changes measured by NAP-XPS, we can conclude that
redistribution occurs only within the few (2—3) top atomic layers of the
PtNi alloy. However, the depth where compositional changes occur,
strongly depended on the temperature. Redox cycling in gaseous envi-
ronments at 250 °C led to significantly greater compositional changes,
apparently associated with the enhanced atoms mobility caused by the
elevated temperature. Indeed, surface segregation depends on the
diffusion and mobility of metal atoms and elevated temperature pro-
vides the activation energy, which allows the transfer of metal atoms
from the deeper layer of the alloy [21,29,30].

The presented results reveal complex dynamic processes occurring
on the surface of bimetallic catalyst systems in response to a reactive
environment. Understanding and controlling these processes is therefore
of great importance towards the preparation of active and stable cata-
lysts for many reactions by its interfacial engineering.

4. Conclusions

Using in situ electrochemical and spectroscopic studies, we demon-
strated a surface restructuring of a PtNi alloy catalyst under repetitive
oxidation and reduction conditions, simulating inherent working con-
ditions for numerous catalytic redox reactions.

Under potential-driven oxidation and reduction at electrified solid/
liquid interface utilizing cyclic voltammetry, the PtNi alloy composition
was found to be unstable. Under a series of potentiodynamic oxidation/
reduction cycles, the composition of the outermost layer, calculated
from the recorded cyclic voltammograms, changed from Pt-skin with no
Ni on the surface (Pt;ooNip) to the Ni-enriched one (PtygNiz»). However,
the less surface-sensitive ex situ XPS showed much smaller changes in
sample composition indicating that redistribution occurs solely within
the few (2—3) top atomic layers of the PtNi alloy.

We demonstrated how changes in the surface composition profile

Table 2

Relative atomic compositions of PtNi alloy calculated from Pt 4f and Ni 3p XPS
spectra acquired before and after redox cycling at electrified liquid environment
and gaseous environment at 100 °C and 250 °C.

NAP-XPS (250 °C) NAP-XPS (100 °C) XPS (CV)
Before Pt4gNisy Pt4gNisy PtsoNisg
After PtyoNigg Pt43Nis; Pt4sNiss
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caused by redox cycling affected the PtNi reactivity using methanol
electrooxidation as a model reaction. A 60% decrease in activity towards
methanol electrooxidation was measured, confirming catalyst deacti-
vation as a result of irreversible compositional changes.

The near-ambient pressure X-ray photoelectron spectroscopy was
used to gain more insights into the chemistry occurring on the surface of
the PtNi catalyst during its alternating cycles of oxidation and reduction.
It was revealed that alternating oxidation (5 mbar of O3) and reduction
(5 mbar of Hy) atmospheres at 100 °C and 250 °C caused catalyst
oxidation and reduction at each cycle. The oxidation and reduction of
PtNi were, however, limited to Ni atoms only, while Pt remained in the
metallic state regardless of the reactive atmosphere. This led to catalyst
surface dealloying/realloying during each redox cycle. In the course of
five such dealloying/realloying cycles, PtNi underwent irreversible
changes on the surface, which strongly affected its compositional profile
in terms of surface nickel enrichment. The observed change, however,
was much higher at 250 °C than at 100 °C. The quantified PtNi surface
composition changed with redox cycle number from Pt4gNisz to PtygNigg
at 250 °C and to Pty3Nisy at 100 °C. The latter is comparable to that
measured by XPS before and after electrochemical cycling.
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