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ABSTRACT: Doping with a transition metal was recently shown to greatly
boost the activity and durability of PtNi/C octahedral nanoparticles (NPs) for
the oxygen reduction reaction (ORR), but its speciﬁc roles remain unclear. By
combining electrochemistry, ex situ and in situ spectroscopic techniques,
density functional theory calculations, and a newly developed kinetic Monte
Carlo model, we showed that Mo atoms are preferentially located on the
vertex and edge sites of Mo−PtNi/C in the form of oxides, which are stable
within the wide potential window of the electrochemical cycle. These surface
Mo oxides stabilize adjacent Pt sites, hereby stabilizing the octahedral shape
enriched with (111) facets, and lead to increased concentration of Ni in
subsurface layers where they are protected against acid dissolution.
Consequently, the favorable Pt3Ni(111) structure for the ORR is stabilized
on the surface of PtNi/C NPs in acid against voltage cycling. Signiﬁcantly, the
unusual potential-dependent oxygen coverage trend on Mo-doped PtNi/C
NPs as revealed by the surface-sensitive Δμ analysis suggests that the Mo dopants may also improve the ORR kinetics by
modifying the coordination environments of Pt atoms on the surface. Our studies point out a possible way to stabilize the
favorable shape and composition established on conceptual catalytic models in practical nanoscale catalysts.
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and dealloying Pt with Ni.5,6,9−11 The resultant octahedral
PtNi/C nanoparticles (NPs) indeed exhibit exceptional ORR
activity.7,8 However, the favorable Pt3Ni(111) morphology is
inherently unstable in the highly acidic and corrosive
environments at the fuel cell cathode, under which Ni
continuously leaches out from the NPs resulting in the
attenuation of the Ni-induced strain and ligand eﬀects;5,9,12
and the under-coordinated Pt sites relocate onto the (111)
facet via migration and dissolution/redeposition processes,
leading to the loss of the octahedral shape and the enriched
(111) facet.5,13,14 As a result, the ORR activity decreases
markedly upon long-term fuel cell operation.15,16 Therefore,
stabilizing favorable shape and composition under operando

iscovery of new materials often inspires new theories,
and vice versa. This constitutes a general spiral process of
material science. In 2007, Markovic et al. discovered the
concept of the Pt3Ni(111) catalytic system with a record-high
activity toward the oxygen reduction reaction (ORR).1 The
record activity of Pt3Ni(111) originates from the combination
of the pure Pt(111) surface with the Ni underneath that lowers
the d-band center of the Pt(111) surface via strain and
electronic eﬀects, given that Pt3Ni(111) is far more active than
Pt(111) (without Ni), as well as Pt3Ni(110) and Pt3Ni(100)
(without the (111) facet).1,2 Since then, substantial eﬀorts
have been dedicated to developing nanoscale PtM/C catalysts
(M represents a transition metal like Co, Ni, Cu, etc.) with the
surface structure and composition mimicking those of
Pt3Ni(111) to pursue high ORR performance in practical
devices.3−7 The (111) facet enrichment can be realized by
constructing nanoclusters with the octahedral shape,7,8 and the
incorporation of the Ni in the core can be achieved by alloying
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conditions constitutes a grand challenge in developing active
and durable catalysts.
Recently, Huang et al.3 reported a group of transition-metaldoped PtNi/C octahedral catalysts (denoted as M−PtNi/C)
with exceptional activity and durability toward the ORR. In
particular, the nanoscale Mo−Pt3Ni/C catalyst exhibited a
speciﬁc activity approaching that of the Pt3Ni(111) model
catalyst.1 Cao and Mueller3,17 suggested based on computations that surface Mo oxides help retain the shape and
composition of octahedral PtNi NPs by stabilizing lowcoordinated Pt sites and reducing equilibrium surface Ni
composition, thereby enhancing the durability. The high
durability of M−PtNi/C was also experimentally conﬁrmed
by Strasser’s group18 on Rh-doped octahedral PtNi/C NPs.
They attributed the enhanced stability to the Rh-induced
stabilization of the octahedral shape via the suppression of
surface Pt migration rather than Ni dissolution. Most recently,
Alonso-Vante et al. reported that both the ORR activity and
stability of the PtCu nanoparticles were greatly improved by
the doped Mo in the forms of oxidation resistant alloyed Modoped atoms.19 While surface dopants have emerged as a
general design approach to enhance the performance of
nanocatalysts, the speciﬁc roles of these surface dopants in
boosting the activity and retaining the desired surface
morphology of PtM/C catalysts remain largely elusive. Besides
the indirect roles of Mo in retaining the Pt3Ni(111) like
surface on nanocatalysts, the possibility of Mo dopants directly
modifying ORR kinetics has never been explored, which is an
important topic from both fundamental and practical
perspectives.
Herein, we aim to ﬁll the knowledge gaps by coupling
synthetic eﬀorts with experimental studies (including ex situ
and in situ electrochemical and synchrotron-based X-ray
absorption spectroscopic (XAS) studies), and theoretical
studies (including density functional theory (DFT)20 calculations, Metropolis Monte Carlo,21 and kinetic Monte Carlo
(KMC) simulations22,23 using a cluster expansion17,24,25) on
PtNi/C NPs with and without surface-doped Mo as model
catalysts. We provide experimental and computational
evidence for the presence of Mo oxides (Mo4+/Mo6+) on the
surface of Mo−PtNi/C octahedral NPs within the entire fuel
cell potential cycling range. In addition, we unravel the roles of
the surface-doped Mo in promoting kinetics by stabilizing a
Pt3Ni(111)-like surface structure of octahedral PtNi/C NPs in
acid against voltage cycling, as well as in modifying the
coordination environments of Pt atoms on the surface. These
new ﬁndings provide a structural and mechanistic basis for the
high ORR performance of the M−PtNi/C catalysts recently
developed by Huang et al.,3 and in a broad context partly
constitute the fundamental principles of the surface decoration
strategy for optimization and stabilization of the surface
morphology of nanoclusters.
The PtNi/C and Mo−PtNi/C octahedral NPs were
synthesized using improved approaches based on those
previously reported3 (details are provided in the Supporting
Information). Both PtNi/C and Mo−PtNi/C octahedra have
an average size (edge length) around 5.5 nm, and their X-ray
diﬀraction (XRD) patterns indicate single Pt−Ni alloy phase
(Figure S1). With similar Pt loading (12.2 μg/cm2 Pt on
electrode), a smaller overpotential and higher mass and speciﬁc
activities were observed in Mo−PtNi/C on a rotating disk
electrode (RDE) (Figure 1A, Figure S2), after 30 cycles of
cyclic voltammetry (CV) activation in nitrogen saturated 0.1

Figure 1. (A) ORR polarization curves of Mo−PtNi/C, PtNi/C, and
Pt/C catalysts recorded at room temperature in an O2-saturated 0.1
M HClO4 aqueous solution with a sweep rate of 20 mV/s and a
rotation rate of 1600 rpm. Insert is high resolution transmission
electron microscopy image of Mo-PtNi/C. (B) The Mo K-edge
XANES spectra collected on Mo foil, MoO3, and Mo−PtNi/C dry
electrode ex situ and in an O2-purged 0.1 M HClO4 electrolyte as a
function of applied potentials.

M HClO4 (scan rate 100 mV/s, 0.05 to 1.1 V, all potentials are
versus reversible hydrogen electrode (RHE) in this work),
suggesting better kinetics based on the shift of ORR
polarization curve toward the thermodynamic equilibrium
ORR potential (1.23 V). In addition, accelerated stability tests
showed Mo−PtNi/C with higher stability compared to PtNi/
C (Figure S3), consistent with previously reported results.3,18,19
In situ and ex situ electrochemical and synchrotron-based Xray absorption spectroscopic (XAS) studies, as well as
computations were performed to reveal the promoting roles
of the surface Mo dopants. The compositions of the PtNi/C
and Mo−PtNi/C were ﬁrst characterized by energy dispersive
spectroscopy (EDS) and inductively coupled plasma atomic
emission spectroscopy (ICP-AES) (Table 1). The slight
Table 1. Composition of the Octahedral PtNi/C and Mo−
PtNi/C Samples before and after Activation (Based on EDS
and ICP-AES)a
atomic ratio (%)
sample
octahedral PtNi/C
octahedral Mo−PtNi/C

before activation
after activation
before activation
after activation

Pt

Ni

Mo

72.8
83.4
70.0
74.6

27.2
16.6
28.6
25.0

1.4
0.4

a

The activation process: 30 CV cycles in nitrogen saturated 0.1 M
HClO4 (scan rate 100 mV/s, 0.05 to 1.1 V vs. RHE).

diﬀerence in the Pt/Ni ratio between PtNi/C and Mo−
PtNi/C can be attributed to the extended reaction time due to
the second step growth in Mo−PtNi/C. After 30 cycles of CV
activation, we found that the Pt/Ni ratio of the PtNi/C
changed from 72.8/27.2 to 83.4/16.6, corresponding to a loss
of ∼47% of the total Ni content. In contrast, the Ni loss in
Mo−PtNi/C is much less (ca. 18% of total Ni content). The
higher Ni retention of Mo−PtNi/C compared with PtNi/C is
also directly visible from the EDS line scan comparison (Figure
S4). The Mo composition decreases from 1.6% to 0.4% (Table
1) upon the activation. The presence of the surface Mo under
in situ conditions, and the concomitant suppression of Ni loss
upon acid treatment are conﬁrmed by in situ XAS as shown
next.
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C dry electrode approaches that of Ni(OH)2 and is much
higher than that of the Ni reference foil (Figure 2A). It reduces
drastically under in situ conditions in acid and remains
unchanged with changing potentials (Figure S7). Correspondingly, the Fourier transform of the extended X-ray absorption
ﬁne structure (FT-EXAFS) of the ex situ PtNi/C dry electrode
closely resembles that of Ni(OH)2 (Figure 2B). It changes
dramatically in situ with the Ni−O scattering peak around 1.5
Å disappeared (Figure 2B). The in situ FT-EXAFS can be well
ﬁtted with a Ni−Pt alloy model without including Ni−O
scattering paths (Table S2). These results together verify that
the Ni in the PtNi/C dry electrode is in the mixed forms of
Nix+ and Pt−Ni alloying phase. The Nix+ was located at the
surface and dissolved by the acid treatment; whereas the Pt−
Ni alloying phase is protected in the core. This conﬁguration is
intuitive considering the strong aﬃnity of Ni for oxygen and
has been widely observed on PtNi NPs.9,28−30 The presence of
surface Ni species is likely driven by the strong tendency of Ni
segregation to the surface in the presence of oxidizing
species.30 These surface Ni species will not contribute to the
ORR performance since they will be completely leached out
during the activation process. However, the Ni in the core is
beneﬁcial for ORR not only because it enhances the utilization
of Pt but also improves the speciﬁc activity of the surface Pt
sites by shortening the Pt−Pt bond distance.31,32 This so-called
strain eﬀect is evidenced by the shorter Pt−Pt bond distance of
PtNi/C (2.735 ± 0.004 Å, Table S2) compared to that of Pt/C
(2.757 ± 0.003 Å, Table S3) as revealed by the EXAFS ﬁtting,
and accounts primarily for the superior ORR activity of PtNi/
C to that of Pt/C. The substantial Ni loss of PtNi/C caused by
the modest CV activation indicates the poor Ni retention of
the conventional PtNi/C catalysts in acidic media, which
seriously limits their activity and durability in the cathode of
proton exchange membrane fuel cells (PEMFCs).9,31
The XAS results obtained on the Mo−PtNi/C catalysts
show the similar Ni dissolution occurrence but stark diﬀerence
in the Ni distribution (Figure 2C,D). The edge step of the Ni
K-edge XANES drops from ex situ conditions to in situ (Figure
S8) in Mo−PtNi/C, but the extent is much less compared to
that of PtNi/C, consistent with the reduced Ni loss in Mo−
PtNi/C upon the CV activation observed by EDS (Table 1)
and XPS (Figure S9 and Table S1). The ex situ white line
intensity of Mo−PtNi/C is lower than that of PtNi/C (Figure
2A,C). This indicates that relatively less Ni is located in the
surface of Mo−PtNi/C in the form of Nix+ compared to PtNi/
C, in agreement with the XPS deconvolution analysis (Figures
S6 and S9).33 Correspondingly, the ex situ FT-EXAFS of Mo−
PtNi/C exhibits a suppressed Ni−O scattering peak (∼1.5 Å),
and clear peaks around 2.1 and 4.2 Å associated with the Pt−
Ni alloying phase (Figure 2D). As a result of the acidic
dissolution of the surface Nix+, Mo−PtNi/C contains more Ni
in the core than that in PtNi/C under in situ conditions, which
is conﬁrmed by in situ EXAFS ﬁtting of the Ni K-edge and Pt
L3-edge spectra of Mo−PtNi/C and PtNi/C catalysts (Figure
S14 and Tables S2−S4). The EXAFS analyses indicate that the
local coordination environment of the Ni in PtNi/C (NNiPt =
8.0 ± 0.8; NNiNi = 4.4 ± 1.2) is close to that of the random
bulk Pt3Ni model (NNiPt = 9; NNiNi = 3); whereas the local
coordination environment of the Ni in Mo−PtNi/C (NNiPt =
5.6 ± 0.8; NNiNi = 5.8 ± 1.1) is close to that of random bulk
Pt1Ni1 (NNiPt = 6; NNiNi = 6), verifying higher Ni content in
the Mo−PtNi/C NPs.34 The higher Ni content in the Mo−
PtNi/C is also reﬂected by its shorter Pt−Pt bond distance

We characterized these catalysts by synchrotron-based XAS
at all the Pt, Ni, and/or Mo edges to explore the atomic
structures of PtNi/C and Mo−PtNi/C under both ex situ and
in situ conditions. It was found that the Mo K-edge X-ray
absorption near edge structure (XANES) spectra shift toward
higher energy with increasing potential until 0.54 V (Figure
1B). The in situ XANES remains unchanged with further
increased potentials and overlaps the ex situ XANES collected
on the dry electrode. This shift was previously observed on
Pt−Mo/C NPs and related to the Mo4+/Mo6+ redox behavior
of the Mo surface oxides at 0.45 V.26 These XAS results also
agree well with the previous ex situ X-ray photoelectron
spectroscopy (XPS) results on the similar Mo−PtNi/C
catalyst,3 which indicates that the Mo in Mo−PtNi/C is
mainly in the form of Mo6+ and Mo4+ states. The presence of
the Mo dopants on the surface is likely driven by its reversible
redox process potential within the operating potential range.18
These in situ data unambiguously conﬁrm the presence of
electrochemically active Mo surface oxides in acid under ORR
conditions, which constitutes the prerequisite for justifying the
roles of Mo dopants, given that the substantial loss of Mo
during the activation process (Table 1) implicates the
possibility of complete loss of metal oxides doped via diﬀerent
methods.
The Ni distribution in the Mo−PtNi/C and PtNi/C NPs
was investigated by comparing their ex situ and in situ XAS data
collected at the Ni K-edge (Figure 2). The edge step of the Ni

Figure 2. Ex situ and in situ Ni K-edge XANES (left) and FT-EXAFS
(right) spectra of PtNi/C (A,B) and Mo−PtNi/C (C,D), with Ni
reference foil and Ni(OH)2 standard. In situ data were collected in an
O2-purged 0.1 M HClO4 electrolyte, which did not change with
applied potentials.

K-edge XANES of the dry electrode of PtNi/C under ex situ
conditions drops dramatically under in situ electrochemical
conditions after CV activation (Figure S5). This indicates a
substantial loss of Ni upon the CV activation since the edge
step is proportional to the number of absorbing atoms passed
by the X-ray beam,27 consistent with the XPS (Figure S6 and
Table S1), EDS, and ICP-AES results (Table 1). The white
line intensity of the normalized Ni XANES of the ex situ PtNi/
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DOI: 10.1021/acs.nanolett.7b04007
Nano Lett. 2018, 18, 798−804

Letter

Nano Letters
(2.724 ± 0.002 Å, Table S4) compared to that of PtNi/C
(2.735 ± 0.004 Å, Table S2) as per Vegard’s law. These results
are consistent with the higher Ni content in Mo−PtNi/C after
activation as seen by XPS and EDS (Table 1; Table S1 and
Figures S4, S6, and S9). The combined XAS, EDS, and ICPAES results provide the ﬁrst experimental evidence that a lower
fraction of Ni is presented on the surface of Mo−PtNi/C
compared to PtNi/C, resulting partly in less Ni loss during the
activation process.
To understand why higher Ni content is observed for Mo−
PtNi/C in the presence of surface Mo oxides after CV
activation, we have used a cluster expansion17 trained on DFT
calculations to examine the atomic structures of PtNi/C and
Mo−PtNi/C before and after activation. Metropolis Monte
Carlo simulations21 (details are provided in sections 3.2 and
3.3 of the Supporting Information) predict that in equilibrium
the core of the nanoparticle should form an ordered L12
phase,3,17 which is inconsistent with the EXAFS analyses. This
suggests that the particles are kinetically trapped in a
metastable state. To analyze this state, we have developed a
new KMC model of particle evolution in oxidizing conditions
based on the cluster expansion (details are provided in section
3.4 of the Supporting Information). We performed KMC
simulations on nearly octahedral PtNi and Mo−PtNi particles
with random initial atomic orders and initial compositions
(Pt4495Ni1680 and Pt4323Ni1766Mo86 with edge lengths of
approximately 5.5 nm, Figure 3) matching those of the
preactivated NPs (Figure S1). To account for the large
diﬀerence between the overall composition (Ni% = 27.2, Table
1) and near-surface composition (Ni% = 46.6, XPS in Table
S1) for the PtNi particle, we initialize the particle with

randomly distributed Ni with a composition of 46.6% Ni on
the surface and 20.4% Ni in deeper layers, leading to the
overall composition of 27.2% Ni. The Ni distribution in the
Mo−PtNi particle is similarly initialized based on the XPS
near-surface composition (Table S1), and we start with Mo
atoms distributed on edge/vertex sites to be consistent with
the previous results that Mo is preferentially located at the lowcoordinated sites.3,17
We stopped the KMC simulation in PtNi when the Ni
composition reached the experimental composition after
activation (16.6% Ni, Table 1). The resultant shape and sitespeciﬁc Pt/Ni occupancies after Ni dissolution are shown in
Figure 3. Most Ni atoms in the ﬁrst and second layers dissolve
to form a two-layer surface Pt-rich structure (Figure 3B), and
the Pt/Ni sites deeper than the second layer are kinetically
trapped in a disordered structure (Figure 3A,B). After
approximately the same amount of simulated time, there was
considerably less Ni loss in the Mo−PtNi particle (Figure
3C,D). The Ni fraction at the end of the KMC run on the
Mo−PtNi particle drops to 22.8%, close to the experimental
value for activated particles (25.0% Ni, Table 1). Mo continues
to prefer low-coordinated sites, migrating to edge sites and step
sites on (111) facets. The surface Mo (Mo4+/Mo6+) displaces
Ni on the surface of Mo−PtNi NPs and lowers the mobility of
Pt atoms in the outermost layer,17 which reduces the exposure
of subsurface Ni to vacant surface sites. This leads to a more
Ni-rich second layer (Ni% = 26.8, simulation value) and the
overall greater Ni composition (Figure 3D). The computational results not only support the experimental observation of
less Ni exposed on the surface of Mo−PtNi/C compared to
PtNi/C but also suggest that subsurface Ni is protected against
acid dissolution by the presence of surface-doped Mo oxides.
Our DFT calculations on a prototypical particle estimate
that MoO3 (or MoO2) withdraws d-band electrons from
nearby Pt atoms (Figure S20J,K) and stabilizes them against
dissolution by about 100 meV (details are provided in section
3.6 of the Supporting Information). Similarly, oxygenated
adsorbates such as HO*/O* (* represents surface catalytic
sites) that withdraw electrons from low-coordinated Pt sites
have been found to stabilize these sites against dissolution.17
However, the desorption of oxygenated adsorbates upon
voltage cycling destabilizes the low-coordinated Pt sites, which
can lead to dissolution and/or shape loss.13,14 Unlike HO or O
adsorbates, our calculations (Figure S18) and experiments
(Figure 1B) indicate that Mo oxides (Mo4+/Mo6+) are present
within the entire fuel cell operating potential range in acidic
media and therefore are able to stabilize nearby lowcoordinated Pt sites throughout electrochemical cycling,
especially considering that low-coordinated Pt sites preferentially bind metal oxide dopants as nucleation centers.35
The electron transfer from Pt to Mo oxides indicated by our
calculations was further investigated by the in situ XAS. The
white line intensity of the Pt L3-XANES arises from the
electron transition from the 2p orbital to the vacant 5d-orbital
and increases with increasing d-band vacancy.36 Therefore, the
lower white line intensity of the Pt XANES collected at 0.54 V
(double layer region) of PtNi/C compared to that of Pt/C
(Figure 4A) indicates decreased d-band vacancy of Pt.
However, the white line intensity of the in situ Ni K-XANES
of PtNi/C is higher than that of the Ni foil (Figure 4B),
indicating increased d-band vacancy of Ni. These results
indicates the electron donation from Ni to Pt, which has been
observed in our calculations (Table S9) and demonstrated on

Figure 3. Middle cross-section of a PtNi particle before (A, with
composition of Pt4495Ni1680) and after (B, with composition of
Pt4495Ni895), and a Mo−PtNi particle before (C, with composition of
Pt 4 3 2 3 Ni 1 7 6 6 Mo 8 6 ) and after (D, with composition of
Pt4323Ni1289Mo43) evolution under KMC simulations at a temperature
of 27 °C (300 K). The insets at the bottom right show snapshots of
the particles. The snapshots were taken when Ni composition reached
the experimental compositions after activation for a PtNi particle in
Table 1 (gray, blue, and red spheres represent Pt, Ni, and Mo atoms,
respectively).
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trend (Figure 4C). Speciﬁcally, the |Δμ| of Mo−PtNi increases
sharply when the potential was increased from 0.54 to 0.7 V,
and then remains unchanged until 0.9 V (Figure 4C). As a
result, the |Δμ| of Mo−PtNi/C is higher than that of Pt/C and
PtNi/C at 0.7 V, but lower at 0.9 V (Figure 4C).
Increasing the thickness of the platinum shell around a Pt3Ni
nanoparticle increases the strength of the Pt−O bond while
decreasing catalytic activity,42 suggesting the activated PtNi/C
NPs, which have a platinum shell that is about two layers thick,
bind oxygen too strongly on average, and ORR activity on
these particles is limited by the rate at which *OH is
consumed. The relatively high coverage of *OH at 0.7 V on
Mo−PtNi/C suggests that Mo increases the number of stable,
low-coordinated Pt sites such as step sites, as these are the sites
on which it is most facile for OH and related oxygencontaining species to adsorb.3,43,44 The suppressed oxygen
coverage of Mo−PtNi/C at 0.9 V indicates that the highly
active (111) facet sites bind oxygen even more weakly on Mo−
PtNi/C than they do on PtNi/C, further increasing their
catalytic activity. This can be related to shorter Pt−Pt distance
compared to that of Pt/C and PtNi/C, as the compressivestrain weakens the Pt−O binding energy.31,32,45 In addition,
our KMC simulations indicate that the Mo−PtNi/C NPs have
a more Ni-rich second layer (Figure 3D), which should also
result in lower oxygen adsorption energies than PtNi/C due to
ligand eﬀects.45 The stabilization of Pt steps also produces
overcoordinated Pt sites near the steps that are likely to bind
OH relatively weakly and thus have high ORR activity.44 The
reduced adsorption energies for oxygen-containing species on
the most catalytically active sites in activated Mo−PtNi/C are
likely responsible for its superior catalytic activity.
In summary, combined experimental and computational
results showed that the existence of surface Mo oxides on the
Mo−PtNi/C octahedral NPs leads to increased concentrations
of subsurface Ni and stabilizes undercoordinated Pt sites. This
not only stabilizes the octahedral shape enriched with the
(111) facet but also suppresses the acidic dissolution of the
enriched subsurface Ni. As a consequence, the desired
Pt3Ni(111)-like near-surface structure is stabilized in acidic
media throughout the entire fuel cell operating potential range
against voltage cycling. In addition to these indirect promoting
eﬀects, the increased retention of Ni in the doped NPs directly
improves the ORR kinetics by reducing the binding energies of
oxygen-containing adsorbates. The elucidation of the promoting roles of surface transition metal dopants may pave the way
for optimizing and stabilizing the surface morphologies of Ptbased NPs via surface doping strategy.

Figure 4. In situ Pt L3-edge (A) and Ni K-edge (B) XANES spectra of
PtNi/C, Mo−PtNi/C, and/or Pt/C catalysts collected on the
electrodes at 0.54 V in O2-purged 0.1 M HClO4. (C) Potentialdependent changes in Pt L3-edge absorption peaks: Δμ = μ(V) −
μ(0.54 V). (D) Brief sketch of O*/HO* adsorption on catalyst
surface and correlated ORR performance at 0.9 V.

PtxNi1−x single crystals using XAS,37 and also agrees with the
smaller electronegativity of Ni (1.91) compared to that of Pt
(2.28). On average, the Ni in Mo−PtNi/C has fewer Pt
neighbors (NNiPt = 5.6 ± 0.8) than in PtNi/C (NNiPt = 8.0 ±
0.8) due to the higher Ni concentration in Mo−PtNi/C. As a
result, the Ni in Mo−PtNi/C has lower white line intensity (or
more d-electrons) than that of PtNi/C owing to less electron
acceptors (Figure 4B). Likewise, the Pt in Mo−PtNi/C at 0.54
V is expected to have lower white line intensity than PtNi/C
due to lower d-band vacancy because of more electrondonating Ni neighbors. However, the Pt white line intensity of
Mo−PtNi/C is higher than that of PtNi/C (Figure 4A). This
result points to electron transfer from Pt to Mo oxides. This
electron transfer direction is driven by the inherent tendency of
electron donation from Pt with paired d-electrons to Mo
cations with relatively empty d-orbitals38 or to the oxygen in
the oxides. Both trends have been previously conﬁrmed on
metal clusters supported on metal oxide (MMO) systems in
which it has been observed that the metal oxide support
stabilizes small Pt clusters enriched with low-coordinated Pt
sites against dissolution.39,40
The experimental and computational results obtained thus
far reveal that the Mo surface dopant stabilizes the desired
Pt3Ni(111)1-like near-surface structure in acidic operating
conditions by enriching and stabilizing the subsurface Ni and
by stabilizing the octahedral shape enriched with (111) facets.
In addition, the surface Mo oxides may facilitate the ORR by
modifying the coordination environments of Pt atoms on the
surface. Figure 4C summarizes the derived Δμ amplitude
(|Δμ|) as a function of the applied potential wherein the Δμ
signal was obtained by subtracting the Pt L3 XANES collected
at 0.54 V (in the double layer region relatively free of H and O
adsorbates) from that collected at elevated potentials. The Δμ
amplitude therefore reﬂects the relative oxygen coverage
(original XANES spectra are provided in Figure S12).31,41
The |Δμ| of Pt/C and PtNi/C increase monotonically with
potential as seen previously;31,41 whereas the Mo−PtNi shows
a signiﬁcantly diﬀerent potential-dependent oxygen coverage
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