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B
imetallic catalysts have numerous ad-
vantages as compared to their mono-
metallic counterparts, such as enhanced

activity, selectivity, and durability.1 For in-
stance, when combined with secondary
metals (M) such as Ni, Fe, Cu, Co, or Ti, in-
creased activities have been observed for
Pt-based catalysts in oxygenate reforming
reactions,2�5 the oxygen reduction reaction
(ORR),6�11 hydrogenation reactions,12,13 CO
oxidation,14�16 andCH4 reforming.17,18 In all
of these applications, the manipulation of
the geometrical and electronic properties of
the resulting alloy, in particular, the Pt�Pt
bond length (strain effects) and the position
of the d-band center are considered to play
a key role in the unusual properties dis-
played by the bimetallic systems.
A variety of methods have been em-

ployed for the synthesis of bimetallic nano-
particle (NP) catalysts, with special focus
dedicated to improving their activity and
stability under reaction conditions in dif-
ferent gaseous or liquid (electrochemical)
environments.7,11,19�24 Changes in their

structure and surface composition, leaching
and dissolution of a given element, as well
as coarsening are the main factors respon-
sible for the loss in the activity of these
catalysts.25�27 Decreased NP mobility and
sintering have been achieved for Pt-based
catalysts through alloying with Co, Fe,
and Ni.25,26,28 Although dissolution of Pt-
based catalysts in acidic environments is
commonly described as a negative charac-
teristic leading to a decrease in activity,29,30

in certain cases it was reported to result in
improved catalytic performance via the in-
crease of the surface roughness.31�33

Overall agreement exists on the impor-
tance of the structure of the bimetallic
alloys. Segregation phenomena or alloy for-
mation processes in bimetallic systems are
determined by the interplay between the
surface energy of each element, their atom-
ic radius, and the chemical ordering energy
[difference in energy between structures
with (i) a periodic appearance of the two
elements in the lattice and (ii) the com-
pletely disordered analog with randomly
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ABSTRACT A study of the morphological and chemical stability

of shape-selected octahedral Pt0.5Ni0.5 nanoparticles (NPs) sup-

ported on highly oriented pyrolytic graphite (HOPG) is presented.

Ex situ atomic force microscopy (AFM) and in situ X-ray photoelectron

spectroscopy (XPS) measurements were used to monitor the mobility

of Pt0.5Ni0.5 NPs and to study long-range atomic segregation and

alloy formation phenomena under vacuum, H2, and O2 environ-

ments. The chemical state of the NPs was found to play a pivotal role

in their surface composition after different thermal treatments. In particular, for these ex situ synthesized NPs, Ni segregation to the NP surface was

observed in all environments as long as PtOx species were present. In the presence of oxygen, an enhanced Ni surface segregation was observed at all

temperatures. In contrast, in hydrogen and vacuum, the Ni outward segregation occurs only at low temperature (<200�270 �C), while PtOx species are
still present. At higher temperatures, the reduction of the Pt oxide species results in Pt diffusion toward the NP surface and the formation of a Ni�Pt alloy.

A consistent correlation between the NP surface composition and its electrocatalytic CO oxidation activity was established.
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positioned elements].34 In general, a higher ordering
energy is expected to hinder segregation processes.34

Based on the phase diagram of bulk PtNi alloys,
Pt0.5Ni0.5 has a chemically disordered FCC structure
above its order�disorder transition temperature,
TC

bulk = 900 K, and a chemically ordered L10 phase
below that temperature.35 However, for nanoparticles
TC

NP might differ from TC
bulk, depending on the NP size

and shape.36 The degree of chemical ordering of an
alloyed NP is expected to drastically affect its segrega-
tion behavior. For instance, while in a chemically
disordered system, the segregation process is a
smooth function of the NP stoichiometry (Pt/Ni ratio);
in an ordered system, the segregation behavior could
vary significantly with only slight changes in the
stoichiometry, for example, for Pt0.50Ni0.50 versus

Pt0.51Ni0.49 and Pt0.49Ni0.51.
34 In addition, while a che-

mically ordered structure may be thermodynamically
favorable for an equiatomic composition at room
temperature, depending on the NP growth kinetics,
the chemical structure of bimetallic NPs could be
initially disordered and remain disordered until it is
treated at high temperature.37�39 Usually, the pre-
sence of oxidized species or inhomogeneities in the
initial elemental distribution of NPs leads to chemically
disordered systems. Also, the phase diagram, the
order�disorder transition temperature, and the atomic
segregation behavior of clean bimetallic NPs is likely
distinct from that of the corresponding oxidized or
adsorbate-covered NPs.36,40

Sandwich structures with thin Pt overlayers depos-
ited on 3d-metal surfaces [Pt-3d-Pt(111)] have been
proven to be more effective catalysts than pure Pt
for low-temperature hydrogenation reactions,12,13,41

while for oxygenate reforming processes, 3d-metal
overlayers on Pt surfaces [3d-Pt-Pt(111)] displayed
the greatest activity.42,43 In the realm of electrocataly-
sis, a (111) oriented Pt3Ni surface, thermally segregated
into a Pt skin structure was found to be the most
active structure for the electrocatalytic reduction of
molecular oxygen to water.6 In contrast, the electro-
catalytic oxidation of CO or small organic molecules
is most efficiently catalyzed by Pt�Ru and Pt�Sn
alloys.44

More importantly, the structure of the catalysts
might change depending on the reaction conditions,
making in situ and operando studies crucial for the
understanding of structure�reactivity correlations in
material systems prone to segregation. For example,
by annealing a 3d metal-Pt-Pt(111) structure in vac-
uum, Pt was found to surface segregate, turning this
material from an effective oxygenate reforming into
a hydrogenation catalyst.42,45 On the other hand, 3d-
metal-Pt-Pt structures were the most stable in oxygen
environments. Surface segregation of Pt was observed
experimentally for PtRu NPs in a H2 environment46 and
theoretically predicted for Pt�M (Ni, Re, Mo) NPs.36,47

Annealing PtCo NPs treated in acid solutions also lead
to Pt surface segregation and the formation of sand-
wich-Pt structures.10

The current study focuses on the in situ evolution
of the structure and surface composition of shape-
selected octahedral Pt�Ni NPs under different chemi-
cal environments (O2, H2, vacuum). This material sys-
tem is of interest due to its use in a broad range of
industrial catalysis applications. Owing to the exclusive
exposure of (111)-oriented facets, it has been touted as
an ideal electrocatalysts for the electroreduction of
oxygen.8,9,44,48�50 Even though among all 3d-metals
Ni has the highest energy barrier for segregation,51 the
presence of adsorbates can drastically promote Ni
surface segregation. Density functional theory (DFT)
calculations showed low potential for Ni surface seg-
regation in H, S, Se, or C environments due to their
weak surface/subsurface bonding, while adsorbates
such as O or N were found to promote segregation.52

Reversible changes in the structure of (5�20 nm)
Pt�Ni NPs prepared via deposition-precipitation
were recently reported, with Ni-surface enrichment in
oxygen and Pt-richer surfaces in H2 after annealing at
300 �C.53

Our work describes the morphological stability and
atomic segregation phenomena in size- and shape-
selected octahedral Pt�Ni NPs supported on highly
ordered pyrolytic graphite (HOPG), with emphasis on
the influence of pre-existing oxides on the segregation
trends observed. The NP shape was resolved by trans-
mission electronmicroscopy (TEM). In situ X-ray photo-
electron spectroscopy (XPS) and ex situ atomic force
microscopy (AFM) were used to monitor the effect of
diverse gaseous environments on the structure and
surface composition of Pt0.5Ni0.5 alloy NPs. Three dif-
ferently pretreated (vacuum, hydrogen, and oxygen at
300�350 �C) PtNi NP samples were used to demon-
strate the effect of surface composition on catalytic
reactivity for the electro-oxidation of CO. The results
from catalytic CO stripping measurements were found
to be fully consistent with the XPS-derived Ni surface
segregation and PtNi alloying trends in the three
environments.

RESULTS AND DISCUSSION

Figure 1 shows a TEM image of∼9 nm Pt0.5Ni0.5 NPs
in an as-prepared sample. The PtNi NPs show a narrow
size distribution and a consistent octahedron shape.
Figure 2 displays ex situAFM images of three identically
prepared fresh octahedral PtNi NP/HOPG samples
(a�c), together with images acquired at room tem-
perature (RT) after annealing at 150 �C (d�f) and 250 �C
(g�i). The first column displays pictures acquired
after annealing in vacuum, the second column after
H2, and the third column after O2. Initially (fresh
samples) the NPs are homogenously dispersed over
the entire support surface. Annealing in vacuum leads
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to a progressive decrease of the average NP size with-
out significant sintering, although a less homogeneous
coverage of the support surface by theNPs is observed.
In contrast, identical treatments in H2 and O2 lead to
enhanced NPmobility, and the preferential decoration
of HOPG steps already at 150 �C. Under oxygen, a lower
density of NPs on HOPG terraces is observed at all
temperatures as compared to hydrogen, suggesting
enhanced atomic (Ostwald ripening) andNP (diffusion-
coalescence) mobility. In addition, agglomeration of
NPs is observed on certain support regions after the
treatment in O2, with other areas showing large un-
coated voids. According to ref 54, in the case of pure Ni
NPs, preferential bonding to oxidized and defect sites

on HOPG was observed, which might explain the
inhomogeneous NP dispersion on the support. En-
hanced NP mobility was also seen under H2 as com-
pared to vacuum. Such facile movement is assigned to
a weak binding of the Pt0.5Ni0.5 NPs to the HOPG
support. Following related literature,55�58 a very dis-
tinct behavior, for example, lower atomic/NP mobility,
might have been observed if these NPs would have
been supported on an oxide substrate,55,56 where at
low temperature and under oxidizing conditions a
stronger oxidized metal NP/support is formed. On
the weakly binding graphite, the exposure to either
H2 or O2 seems to contribute to the destabilization of
the NPs.
XPS spectra from the Pt-4f (a�c) and Ni-2p (d�f)

core level regions are shown in Figure 3 after annealing
treatments in vacuum (a,d), 1 bar of H2 (b,e), and
1 bar of O2 (c,f). In agreement with literature
references,59�61 the Pt-4f XPS data were fitted with
three doublets corresponding to metallic Pt (4f7/2,
71.2 eV), Pt2þ (4f7/2, 72.4 eV), and Pt4þ (4f7/2, 73.7 eV).
The Ni-2p region was also fitted with three double
peaks assigned to metallic Ni (2p3/2, 852.5 eV), Ni2þ

(2p3/2, 855�856.2 eV), and satellite features (861,
878.2 eV).62�64 The evolution of the oxidation state of
the PtNi NPs is shown in Figure 4.
The ex situ prepared Pt0.5Ni0.5 NPs were initially

composed of a significant fraction of Ni2þ speciesFigure 1. TEM image of octahedral PtNi NPs.

Figure 2. AFM images of octahedral PtNi NPs supported on HOPG acquired at ex situ (air) at RT after the treatments indicated.
Scale bars in all images are 400 nm.
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(NiO orNiOH,∼80�95%), with Pt also partially oxidized
[40�50% Pt2þ and Pt4þ in the form of PtO/PtO2 or
Pt(OH)2x],

65,66 Figure 4. Annealing in hydrogen up to
460 �C only led to the partial reduction of the Ni2þ

species (∼45%), with significant Pt reduction above
270 �C, but a small PtOx component still observed at
460 �C. A faster reduction of the PtOx species in the
200�460 �C temperature range was detected during
the annealing in H2 as compared to vacuum. Annealing
in oxygen resulted in a progressive increase in the Ni2þ

content, with partial decomposition of the Ptδþ species
up to 270 �C, and the complete loss of the Pt signal at
460 �C, Figure 3c.
The Ni/Pt atomic ratio after the thermal treatment

under the different gaseous atmospheres is shown
in Figure 5. In the absence of adsorbates, due to the
larger atomic radius of Pt and despite its slightly
higher surface energy (2.475 J/m2) as compared to Ni
(2.45 J/m2),67 Pt segregation to the NP surface is
expected.34,36 Although it has been shown that the

Figure 3. XPS spectra from the (a�c) Pt-4f and (d�f) Ni-2p core level regions of PtNi NPs supportedonHOPGacquired at RT as
prepared (fresh) and after annealing in vacuum and in 1 bar of O2 and H2 for 20 min at the indicated temperatures.

Figure 4. Relative content of (a�c) Pt and (d�f) Ni species extracted from the analysis of XPS data acquired after annealing in
vacuum (a,d), 1 bar of H2 (b,e), and 1 bar of O2 (c,f).
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size, shape, and stoichiometry of the NPs affect
their segregation behavior,36,68 consensus exists re-
garding the formation of Pt-rich overlayers on (111)
and (100) surfaces in cases where segregation takes
place.34,36,69,70 However, such segregation is limited
only to the first few atomic layers at the surface,
commonly resulting in the formation of a Pt skin or
sandwich structure, in which the first atomic layer is
Pt-rich and the second layer is Ni-rich. Such structure
might be achieved through a short-range atomic ex-
change near the surface, with Pt atoms in the second
layer switching places with their neighboring Ni atoms
at the surface. However, the small changes in the Pt
and Ni signals brought about by the formation of the
Pt skin might not be detectable with common labora-
tory XPS systems (1486.6 eV X-rays in this case). This is
due to the small contribution of the topmost surface
layers considering the photoelectron inelastic mean
free paths involved (∼1.8 nm for Pt photoelectrons and
∼1 nm for Ni). Here we should highlight that such
short-range segregation should not be confused with
the long-range segregation that would result in phase-
separation or core�shell structure formation reported
for other systems.33,71,72 In most cases, long-range
segregation phenomena occur for systems in which
the two metals have a different crystalline structure,
such as Pt�Ruwith fcc andhcp structures, respectively,

or Fe�Au with bcc and fcc structures, which is not the
case for Pt�Ni (both fcc).
In the present study, an increase in the Ni/Pt ratio

was observed for our samples in vacuum and in H2 at
low temperature (<270 �C in vacuum and <200 �C in
H2, remaining subsequently stable up to 460 �C in H2).
This trend is assigned to the initial chemical state of the
ex situ prepared NPs, which was characterized by the
presence of oxygen at surface/subsurface regions. Due
to the much higher affinity of Ni for oxygen as com-
pared to Pt (NiOx formation energy of �2.54 eV per O
vs PtO, PtO2 formation energies of�0.41 and�0.63 eV
per O),73 Ni surface segregation is observed under
reducing atmospheres until significant oxygen re-
moval (oxide decomposition) is achieved, which was
found to occur here above 270 �C in vacuum and
above 200 �C in H2.
In vacuum, a change in the Ni/Pt ratio is observed,

with a drastic decrease above 270 �C. The same phe-
nomenon is not seen under hydrogen until 460 �C,with
the Ni/Pt ratio continuously increasing up to 200 �C,
and then remaining nearly constant from 200 �C to
460 �C, until a drop in the Ni/Pt ratio is finally observed
at 550 �C. The strong reduction of the Ni/Pt ratio
observed at high temperature is assigned to the inter-
diffusion of reduced Pt and Ni species and the forma-
tion of a homogeneous PtNi alloy.
The Ni surface segregation taking place when oxy-

gen is present on the NP surface is considered to
proceed via the replacement of Pt atoms in surface
PtOx species by Ni. Such a trend explains our experi-
mental results showing different temperature regimes
for the changeover from Ni surface segregation to
Pt�Ni interdiffusion in different environments (i.e.
vacuum vs H2), primarily depending on the tempera-
ture required for the full removal of PtOx species, and
secondarily by the continuous depletion of O from
Ni-rich NP regions. The reduction of the PtOx species
at low temperature was found to stop the Ni outward
segregation and at high temperature, the reduction of
Ni oxide species results in Pt�Ni intermixing through
alloy formation. The former arguments explainwhy the
Ni/Pt ratio does not increase in H2 as much as in
vacuumdue to the earlier reduction of the PtOx species
in H2, which hinders the segregation of Ni. The later
illustrates the lack of change of the Ni/Pt ratio between
200 and 460 �C in H2, since the more drastic Ni re-
duction, favoring the alloy formation, occurs at higher
temperature (g500 �C).
When the samples are annealed in oxygen, the

progressive segregation of Ni to the NP surface and
the concomitant formation of NiO species was de-
tected, with a drastic increase in the Ni/Pt ratio above
350 �C, and the complete disappearance of the Pt
signal in XPS at 460 �C, Figure 5(a). The loss of the Pt
signal could be attributed to (i) its inward segregation
(toward the NP core), with the Pt XPS signal being

Figure 5. (a) Ni/Pt atomic ratios extracted from XPS mea-
surements acquired at RT after annealing in O2 (1 bar), H2

(1 bar), and vacuum at the indicated temperatures. (b) Ni/Pt
ratio afterNP annealingat 450 �C inO2 andH2 environments
at lowpressure (5� 10�6mbar), showing the reversibility of
the segregation/alloying process.
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suppressed by the presence of the overlaying Ni shell,
or (ii) the loss of Pt in the form of volatile PtO2

compounds. In order to corroborate the likelihood of
the first scenario, the inelastic mean free path (IMFP) of
Pt-4f photoelectrons in Ni (∼1.9 nm) should be com-
pared to the thickness of the NiO shell. For Pt0.5Ni0.5
NPs of our initial size, the IMFP is not expected to be
much smaller than the NiOx shell thickness, and there-
fore, no substantial damping of the Pt XPS signal
should have been observed, provided that no signifi-
cant sintering takes place during the annealing treat-
ment in oxygen at 460 �C, as observed via AFM. The
second scenario, namely, that involving the loss of Pt
is more likely. Nevertheless, such possibility should
also be cautiously considered, because the NiO shell
formed under these conditions might serve to protect
the Pt at the NP core. However, it is plausible that the
Pt atoms have enough mobility at high temperature
to reach the NP surface and desorb as PtO2 after
coming into contact with oxygen. The latter effect
might explain the counterintuitive increase in the
content of Pt0 species with increasing temperature in
oxygen, Figure 4c, due to PtOx removal from the NP
surface.
Figure 5b shows measurements carried out under

O2, H2, and again O2 at 450 �C at a pressure of 5 �
10�6 mbar, revealing that the segregation-alloying
process is reversible. However, the slight decrease in
the Ni/Pt ratio observed after the second annealing
cycle hints toward a similar Pt loss in O2 as described
above for a higher O2 pressure treatment (1 bar)
through its volatilization as PtO2.
Figure 6 schematically illustrates the atomic segre-

gation trends extracted from our in situ XPS data.
Figure 6a shows the as-prepared sample with a PtNi

alloy in the core and Pt/Ni oxide species near the
surface due to the exposure of the NPs to air after
preparation. As was shown in our previous study,49 the
corners and edges of theNP are Pt-rich, while the facets
are Ni-rich. This is a result of kinetic phenomena taking
place during the NP synthesis. Annealing in vacuum
up to ∼300 �C results in Ni atoms exchanging their
positions with Pt atoms in oxide species (mainly at and
near the NP surface), leading to the formation of a Ni
oxide shell and a Pt rich core. Both, Ni and Pt species
get partially reduced within this temperature range,
Figure 6b. Annealing in vacuum at higher tempera-
tures (e.g. 500 �C) results in the reduction of Ni and the
consequent interdiffusion of Pt and Ni atoms, leading
to the formation of a uniform PtNi alloy, Figure 6c. The
shape of the NPs is not expected to remain stable at
these high temperatures, and therefore, the NPs are
shown here with a truncated octahedron shape. In the
case of the annealing in hydrogen, the reduction of Pt
oxides occurs much earlier, and therefore, the Ni�Pt
exchange is not as extensive as when the samples are
annealed in vacuum, Figure 6d, as indicated by the lack
of significant change in the Ni/Pt ratio within the
200�400 �C temperature range. At high temperature,
the alloy formation in H2 is similar to that observed in
vacuum, with the exception of a more extensive Niδþ

and Ptδþ reduction, Figure 6e. Annealing in oxygen
brings the Ni out toward the NP surface, resulting in a
completely oxidized NiO shell, in contrast to the cases
of annealing in vacuum and H2, Figure 6f. At last,
annealing in O2 at high temperature (460 �C) was
found to result in the partial or total loss of Pt via the
formation of volatile PtO2, with the NPs mainly com-
posed of NiO species, Figure 6g. It should also be
considered that our octahedral PtNi NPs are kinetically

Figure 6. Schematicmodels describing the segregation of Pt andNi atoms in octahedral Pt0.5Ni0.5 NPs (a) as-prepared and after
annealing from 25 to 500 �C in the following environments: (b, c) vacuum (10�10 mbar), (d, e) H2 (1 bar), and (f, g) O2 (1 bar).
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formed, and thus, they do not represent the most
thermodynamically stable shape. Therefore, at mod-
erate temperatures (e.g., 500 �C in the schematic of
Figure 6), the loss of the octahedral shape is expected.
Although truncated cubo-octahedral PtNi NPs were
shown to have a slightly lower energy (0.003 eV per
atom) than NPs with octahedral shape,36 any conclu-
sion onwhat shape should be experimentally observed
shouldbe consideredwith caution. Due to thepresence
of adsorbates or surface/subsurface oxides under com-
mon experimental conditions, the reconstruction on
(100) facets, which is the main reason for the truncated
cubo-octahedral shape to be the more thermodynami-
cally favorable, is expected to be lifted.36 Additionally, it
should be noted that none of the NPs in our study are
completely reduced, even after treatment at the high-
est temperature shown (460 �C), and therefore, any
prediction of their shape should include their oxidation
state aswell. Thus, the final shape of a NPmay vary after
treatment in different environments depending on
its oxidation state as well as on adsorbate-induced
modifications of its surface energy.
The surface composition of a catalyst generally

affects its catalytic reactivity. To demonstrate this for
thermally treated Pt0.5Ni0.5 octahedral NPs, the electro-
catalytic CO oxidation reaction was chosen. Catalyzed
by the surface of the shaped Pt�Ni NPs, the electro-
chemical CO oxidation reaction involves the activation
of water to surface OH followed by its reaction with
adsorbed CO to CO2. The reaction process proceeds
according to

H2Oþ� f OHad þHþ þ e� (1)

COad þOHad f CO2 þHþ þ e� þ 2� (2)

where * denotes a surface site for water activation.
Earlier CO stripping studies on PtNi NPs showed that
there exist two types of water activation sites:48 (i)
surface Ni oxide sites that act as highly active water
activation promoter sites, shifting the CO stripping
peak toward a more cathodic electrode potential
between 0.3 and 0.6 V/RHE (this potential range is
shaded in Figure 7); (ii) Pt surface sites that may as well
serve as water activation sites; however, these sites
promote such process at more anodic potentials, and
as a result of this, they yield anodic CO stripping charge
in the potential range of 0.6�1.0 V/RHE, Figure 7.
CO electrooxidation (CO stripping) was carried out

using a single anodic voltammetric potential sweep
between 0.05 and 1.0 V/RHE, Figure 7. The first CO
stripping cycle (red in Figure 7) was followed by a
second baseline voltammetric cycle (black in Figure 7).
The total charge of the difference between the black
and the red voltammograms corresponds to the
amount of electro-oxidized (and typically to the
amount of initially adsorbed) surface CO. The recorded
instantaneous Faradaic currents correspond to the CO

oxidation reaction rate, while the CO oxidation peak
potentials bear (often non trivial) relationships to CO
and water chemisorption. Figure 7 displays the CO
stripping voltammetry of one of the (a) vacuum-
treated (350 �C), (b) hydrogen-treated (300 �C), and
(c) oxygen-treated (350 �C) Pt0.5Ni0.5 NP catalyst sam-
ples. It is evident that the peak profiles of the three
differently treated samples show characteristic differ-
ences. It is plausible that, given the otherwise identical
experimental conditions, the observed differences in
the CO oxidation profiles are linked to their different
surface compositions after the distinct thermal pre-
treatments before the electrochemical measurements.
To corroborate this hypothesis, we recall the earlier
findings mentioned above regarding the CO stripping
potentials and the presence of Ni oxide surface
species.48 CO oxidation charges, Q, were analyzed
for the potential region associated with the pre-
sence of surface Ni oxides. The vacuum-annealed
sample showed a Q value of 100 μC, while the

Figure 7. CO monolayer stripping voltammetry of octahe-
dral Pt0.5Ni0.5 NPs after treatments under reactive gases and
ultrahigh vacuum. The first stripping cycle is shown in red,
the second baseline voltammetric cycle is shown in black,
and scan directions are indicated by arrows: (a) 350 �C in
vacuum, (b) 300 �C in H2, and (c) 350 �C in O2. Conditions:
CO adsorption at 0.05 V/RHE, 50 mV/s, and 0.1 M KOH. The
shaded potential range (0.3�0.58 V/RHE) indicates where
CO stripping occurs by NiOx-promoted water activation,
eq 1 and ref 48.
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H2- and O2-treated samples showed charges of 88 and
160 μC, respectively. These values clearly suggest that
the oxygen-treated NPs oxidize CO to a large extent
under the promotion of surface Ni oxide species. The
H2-treated NPs, in contrast, appears to show the least
Ni oxide promotion, associated with the most metallic
surface Pt character, while the vacuum-treated NPs
show an intermediate behavior. These conclusions are
fully commensurate with the surface compositional
discussion above based on XPS results and offer a
consistent composition-activity relationship.

CONCLUSION

Size- and shape-selected octahedral NPs supported
on HOPG have used as amodel system to study atomic
segregation phenomena in Pt0.5Ni0.5 NP catalyst under
different gaseous environments (1 bar H2, 1 bar O2, and
vacuum). Because of the presence of oxygen species
on the ex situ prepared fresh samples and the high
oxygen affinity of Ni, Ni segregation to the NP surface
was observed in all environments at low temperature
(T < 200�270 �C). Such a result is explained in terms of
a place exchange replacement process of Pt in surface
PtOx species by Ni. In vacuum, Ni surface segregation
continued up to 270 �C, above which the segregation
of Pt to the NP surface was observed. In H2, Ni
segregation (an increase in the Ni/Pt ratio) ceased as
early as 200 �C, possibly attributable to the earlier
reduction of surface oxide species under H2 exposure.

Subsequently, the Ni/Pt ratio remains nearly constant
in H2 between 200 and 460 �C, above which Pt-surface
enrichment was detected. It is reasonable to assume
that the formation of the stable PtNi alloy is responsible
for the compositional plateau. Thermal treatments in
oxygen lead to a drastic Ni surface segregation and the
formation of NiO species. Under such an environment,
a NP configuration with a thick NiO shell and a small
PtNi alloy core was inferred, with Pt being lost as PtO2

at or above 460 �C.
CO electrooxidation was used as amodel reaction to

demonstrate how the surface composition affects the
catalytic reactivity of the shaped Pt0.5Ni0.5 NPs after
pretreatment in different gaseous atmospheres within
the 300�350 �C temperature range. Being a sensitive
diagnostic tool for Ni oxide surface species, CO strip-
ping voltammetry confirmed the predominant pre-
sence of Ni oxides in the O2-treated NPs, a largely Pt
metallic character of the H2-treated NPs, and the
intermediate state of the vacuum-annealed NPs.
Our study highlights the importance of the initial

chemical state of the NPs, in particular, the presence of
oxygen, on the subsequent NP structural and chemical
stability and atomic segregation trends. Furthermore, it
illustrates how different adsorbates, commonly pre-
sent in catalyst break-in pretreatments under operando
conditions, can affect the composition of their surface
and near-surface regions, and therefore, also their
reactivity.

EXPERIMENTAL SECTION
Octahedral Pt�Ni bimetallic NPs with a Pt/Ni ratio of 1:1 were

prepared using wet-chemical methods (a solvothermal process
at elevated pressure),74 with dimethylformamide (DMF) serving
as solvent, surfactant, and reducing agent.7,8,49 The as-prepared
solution was 5-fold diluted with isopropanol and drop-coated
on HOPG substrates after 10 min of sonication. The dilution
allowed a better dispersion and lack of agglomeration of the as-
prepared NPs on the HOPG supports.
Transmission electron microscopy (TEM) images were ob-

tained by a FEI TECNAI G2 20 S-TWIN transmission electron
microscope with LaB6�cathode. The microscopy work was
carried out with an accelerating voltage of 200 kV.
Thermal treatments in different environments were con-

ducted in a high pressure (HP) reaction cell (SPECS GmbH).
The HP cell was evacuated after each treatment and the
samples transferred to the attached ultrahigh vacuum (UHV)
system without exposure to air. The XPS measurements were
acquired in situ using a monochromatic X-ray source (Al KR,
1486.6 eV) operating at 350 W and a hemispherical electron
analyzer (Phoibos 100, SPECS GmbH). For the XPS study, three
identical Pt0.5Ni0.5 NP samples were isochronally annealed in
1 bar O2, 1 bar H2, and vacuum environments for 20 min at
temperatures ranging from RT to 650 �C. All XPS spectra were
measured at RT after the respective heating cycles. The high
resolution XPS data were acquired using a pass energy, Epass, of
18 eV. The XPS spectra were analyzed using the CASA XPS
software.75 All spectra were aligned using the C-1s peak from
the graphite support at 284.3 eV as reference.
In order to extract information about the changes in the

sample morphology, size, and dispersion of the Pt0.5Ni0.5 NPs
under the different environments, three identical Pt0.5Ni0.5 NP

sampleswere in situ annealed in 1 bar O2, 1 bar H2, and ultrahigh
vacuum as described above. Subsequently, AFMmeasurements
(Digital Instruments, Nanoscope III) were acquired ex situ at
room temperature in tapping mode.
Thermally treated Pt0.5Ni0.5 NPs supported on HOPG were

characterized with respect to their electrocatalytic oxidation of
adsorbed CO monolayers during anodic potential scans (“CO
stripping”) in alkaline 0.1MKOHelectrolytes. This procedure has
been routinely carried out to assess the CO oxidation activity of
electrocatalysts or to determine the real surface area of a Pt
electrocatalyst.76�78 After bubbling the electrolyte with Ar at
room temperature for 15 min to remove all traces of dissolved
air, COwas bubbled for 15min at an applied electrode potential
of 0.05 V/RHE at which a stable saturated monolayer of ad-
sorbed CO forms at the surface of the catalyst. Subsequently,
under continued potential control at 0.05 V/RHE, dissolved CO
was removed by bubbling Ar gas for another 15 min, such that
only the adsorbed CO layer remained in the electrochemical
system. Finally, the electrode potential was scanned at 50 mV/s
from þ0.05 to þ1.0 V/RHE to record the CO electrooxidation.
One additional potential cycle was conducted in order to record
the value of the hydrogen underpotential deposition (Hupd)
charge and to establish the electrochemical baseline of the
Pt0.5Ni0.5 NP catalyst.
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