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ABSTRACT: Designing highly active oxygen reduction
reaction (ORR) catalysts is crucial to boost the fuel cell
economy. Previous research has mainly focused on Pt-
based alloy catalysts in which surface Pt is the solely active
site and the activity improvement was challenged by the
discovered scaling relationship. Herein we report a new
concept of utilizing dual active sites for the ORR and
demonstrate its effectiveness by synthesizing a SnOx/Pt−
Cu−Ni heterojunctioned catalyst. A maximum of 40%
enhancement in the apparent specific activity, which
corresponds to 10-fold enhancement on interface sites, is
measured compared with pure Pt−Cu−Ni. Detailed
investigations suggest an altered dual-site cascade
mechanism wherein the first two steps occur on SnOx
sites and the remaining steps occur on adjacent Pt sites,
allowing a significant decrease in the energy barrier. This
study with the suggested dual-site cascade mechanism
shows the potential to overcome the ORR energy barrier
bottleneck to develop highly active catalysts.

Massive research efforts have been made to develop active and 
durable oxygen reduction reaction (ORR) catalysts,
which is recognized as a key issue in polymer electrolyte
membrane fuel cell (PEMFC) technology.1−5 Pt-based alloy
nanoparticles can exhibit significantly improved activity
compared with pure Pt and are considered as one of the
most important groups of ORR catalysts.6−8 Mechanistic
studies discovered that the activity improvement can be
attributed to alloy-composition-induced modification of the
electronic and geometric structure of surface Pt atoms, which
serve as the active sites.9,10 A large variety of Pt alloy
nanoparticle catalysts have been prepared and investigated in
the past decades, aiming at achieving higher ORR activity.11,12

However, it appeared challenging to achieve further break-
throughs in the activity improvement since the Pt3Ni(111)
study which was reported over 10 years ago.11 This research
difficulty could be explained using the recently discovered
scaling relationship, which suggests that lowering the energy
barrier of a certain step in the reaction pathway on an active
site would result in increasing the barrier of other steps on the
same site.10,13,14 This implies the existence of a minimum
energy barrier that can be achieved in sole-site catalysis and

provides a plausible explanation for catalyst research in many
reactions, for instance, selective methane oxidation,15 ammonia
synthesis,16 and dehydrogenation.17 Specific to the ORR
research, this scaling relationship would set a limit in the
activity improvement using Pt alloy catalysts.
In this work, we report the utilization of dual active sites by

synthesizing a SnOx/Pt−Cu−Ni heterojunctioned nanostruc-
ture to break the scaling relationship in ORR and promote the
catalytic activity. Experimental and theoretical studies confirm
a significant activity enhancement compared with pristine Pt−
Cu−Ni and reveal a dual-site cascade mechanism wherein the
first two steps occur on SnOx sites, followed by transfer of the
intermediate to adjacent Pt sites for the subsequent steps,
leading to as high as 10-fold activity enhancement on these
sites. This dual-site cascade mechanism breaks the scaling
relationship that restricts Pt alloy catalysts and offers a
plausible new approach to achieve high ORR activity on Pt
alloys by introducing a second active site, which has not been
well-studied previously.
Pt−Cu−Ni alloy nanoparticles on a carbon support were

synthesized following a solid-state chemistry method involving
electrochemical treatment to generate a clean Pt surface prior
to use in this study.3 Figure S1 shows a transmission electron
microscopy (TEM) image of the Pt−Cu−Ni alloy nano-
particles after electrochemical treatment, which are uniformly
distributed on the support with an average diameter of 6.1 nm.
The high-resolution TEM (HRTEM) image (Figure S2)
determines a lattice fringe spacing of 0.219 nm, which falls
between those of the pure metal components, indicating the
formation of an alloy structure.4 The sample after SnOx

deposition, denoted as SnOx/Pt−Cu−Ni, shows unchanged
particle morphology and size (Figures 1A and S3). HRTEM
characterizations exhibit a thin amorphous layer (guided with
the yellow dotted line) that partially covers the particle,
suggesting deposition of SnOx on the Pt−Cu−Ni surface
(Figures 1B and S4). This is further evidenced by energy-
dispersive X-ray (EDX) analyses (Figure S5), the line scan
profile (Figure S6), and elemental mapping (Figure 1C).
Meanwhile, the measured lattice spacing of the inner alloy
particle remains unchanged.
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Both the obtained Pt−Cu−Ni and SnOx/Pt−Cu−Ni
samples were measured to determine their overall and surface
compositions using quantitative EDX and X-ray photoelectron
spectroscopy (XPS) analyses (Figure 1D,E and Table S1). The
Pt−Cu−Ni nanoparticles prior to SnOx deposition were
determined to have an overall composition of Pt51Cu28Ni21
and a surface composition of Pt66Cu18Ni17, indicating a Pt-
enriched surface as a result of dissolution of non-Pt surface
atoms.18−20 The Sn signals appear after SnOx deposition, and
the content grows with deposition time. The much higher
surface Sn composition compared with the overall value is
consistent with the TEM characterizations that SnOx is
deposited on the Pt−Cu−Ni particle surface. Both the overall
and surface Pt:Cu:Ni ratios remain nearly constant before and
after SnOx deposition, suggesting little structural change, in
agreement with the unchanged lattice spacing. Figures 1F and
S7−S9 show high-resolution Sn 3d, Pt 4f, Cu 2p, and Ni 2p
XPS spectra, respectively. The Sn 3d spectra show a distinct
3d3/2 peak at 495.6 eV and a 3d5/2 peak at around 487.1 eV,
which is lower than the typically reported 487.4 eV for the Sn4+

3d5/2 state in SnO2.
21,22 This small decrease in the binding

energy would correspond to a slightly reduced Sn(4−δ)+ state
and/or amorphousness of the formed SnOx layer.23 We
performed X-ray absorption near edge structure (XANES)
characterizations (Figures S10−S12), which confirmed a
primary Sn4+ oxidation state and the coherent amorphous
structure. Nevertheless, all of these results confirm the
successful deposition of SnOx onto the Pt−Cu−Ni nano-
particle surface to generate heterojunctioned interfaces and
show that the amount of SnOx can be controlled by varying the
deposition time (td).
The ORR catalytic properties of SnOx/Pt−Cu−Ni were

evaluated by electrochemical measurements in 0.1 M HClO4.
Figure 2A shows cyclic voltammetry (CV) curves of the SnOx/
Pt−Cu−Ni(td) (td = 0, 1, 2, 5, 10, 20, 40) samples. Noticeably,

a pair of redox peaks between 0.6 and 0.8 V emerge along with
the deposition of SnOx and become more pronounced with a
longer td, which are ascribable to the redox behavior associated
with SnOx.

24,25 The electrochemically active surface area
(ECSA) of these catalysts is shown in Figure 2B. Prior to any
SnOx deposition, the Pt−Cu−Ni catalyst exhibits an ECSA
value of 32.53 m2 gPt

−1. This value monotonically drops to
20.62 m2 gPt

−1 for the SnOx/Pt−Cu−Ni(40) catalyst, which
suggests that nearly 40% of the Pt−Cu−Ni is covered by SnOx
sites after 40 min of deposition.
The intrinsic ORR area-specific activity (SA) of these

catalysts after iR compensation at 0.9 V vs RHE was
determined from linear sweep voltammetry (LSV) measure-
ments (Figure 2C) and is plotted as a function of td in Figure
2D. All of the electrochemical data are summarized in Table
S2. It is noticeable that the prepared SnOx/Pt−Cu−Ni(td)
samples exhibited higher ORR activity than the Pt−Cu−Ni
counterpart. The highest SA value was achieved using SnOx/
Pt−Cu−Ni(5) and was measured to be 1.60 mA cmPt

−2, which
represents a nearly 40% activity enhancement compared with
pristine Pt−Cu−Ni, outperforming the commercial Pt/C
electrocatalyst (Figure S13). This provides unambiguous
experimental evidence that reveals the promoting effect of
SnOx. This finding is consistent with previous studies of some
other metal oxide/metal systems that observed improved
activity but did not provide a detailed mechanistic
discussion.26−29 Interestingly, the SA exhibits a volcano trend
with respect to td, which could be ascribed to structural change
of SnOx as a function of deposition time. TEM character-
izations of the SnOx/Pt−Cu−Ni(td) samples confirmed a
continuous deposition process for SnOx on Pt−Cu−Ni with
elongation of td (Figures 1B and S14). Previous studies
discovered significant size effects of the SnOx catalyst, which
were attributed to particle-size-induced structural transitions
and chemical status variations in the SnOx that alter the

Figure 1. (A) TEM and (B) HRTEM images of SnOx/Pt−Cu−Ni(60) nanoparticles. (C) STEM and elemental mapping of an individual SnOx/
Pt−Cu−Ni(60) nanoparticle. (D) SEM-EDX overall composition, (E) XPS surface composition, and (F) Sn 3d XPS spectra of (a) Pt−Cu−Ni
nanoparticles prior to SnOx deposition, (b) SnOx/Pt−Cu−Ni(5), and (c) SnOx/Pt−Cu−Ni(20) samples, respectively.
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catalytic properties.30−32 It is likely that the SnOx/Pt−Cu−
Ni(5) catalyst possesses the most optimal SnOx structure and
thus exhibits the highest ORR activity.
Accelerated stability tests (ASTs) following both the DOE

protocol (AST(N2)) and a recent new protocol (AST(O2))
were conducted to evaluate the long-term performance of the
SnOx/Pt−Cu−Ni(5) catalyst, as shown in Figure 2E.33 The
AST(N2) results show only about 2% loss in the ECSA and a
6% drop in the SA value, indicating the outstanding stability of
the catalytic structure. Even under the harsh AST(O2)
conditions, our sample still exhibits a significantly better
durability (53% retention of SA) than commercial Pt/C (26%
retention of SA). The TEM images and EDX results in Figures
S15 and S16 confirm the well-retained morphology and
structure of the alloy and only a partial loss of the SnOx
species, which can be ascribed to the electrochemical stability
of the Pt−Cu−Ni alloy.4,34
To achieve insight into the mechanism behind the promoted

ORR activity property of the SnOx/Pt−Cu−Ni structure, we
performed density functional theory (DFT) simulations of the
reaction pathways (Figures S17−S19). Table S3 and Figure 3A

show the calculated energy data and diagrams for the possible
ORR pathways that follow the associative mechanism, which
involves generation of *OOH, *O, and *OH intermediates
and has been largely agreed in previous studies.10,13 On the
pristine Pt−Cu−Ni, wherein surface Pt serves as the active site,
the first reaction step appears to be rate-limiting. A significant

Figure 2. (A) CV curves, (B) ECSA data, (C) ORR LSV plots, and
(D) SA and SA enhancement using SnOx/Pt−Cu−Ni(td) (td = 0, 1, 2,
5, 10, 20, 40) catalysts (dashed plots indicate results for the td = 0
sample for reference). (E) ECSA and SA retention using SnOx/Pt−
Cu−Ni(5) catalyst before and after ASTs under N2 and O2
conditions.

Figure 3. (A) ORR free energy diagrams for Pt−Cu−Ni and SnOx/
Pt−Cu−Ni. (B) DFT models of O, OH, and OOH adsorption on
SnOx/Pt−Cu−Ni. (C) Scheme of the dual-site cascade mechanism
on SnOx/Pt−Cu−Ni. (D) Estimated SAi and SAi enhancement using
SnOx/Pt−Cu−Ni(td) (td = 0, 1, 2, 5, 10, 20, 40) catalysts.
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energy barrier of 1.20 eV is required to form the *OOH
intermediate. Considering the SnOx/Pt−Cu−Ni structure
possesses two possible active sites (i.e., SnOx site and Pt
site), the ORR pathways on both sites were simulated. The
pathway on the Pt site looks comparable to that on the pristine
Pt−Cu−Ni, with only a slight change in the energy barrier
(1.28 eV), which can be ascribed to a small electronic influence
of SnOx. This tiny influence, however, cannot account for the
significantly promoted ORR kinetics.
On the other hand, the simulations of the SnOx site show a

different scenario. The energy barrier for the *OOH formation
step is calculated to be 0.63 eV, which is significantly smaller
than that on the Pt site. In the meantime, it exhibits energy
barriers of 0.45 eV for the second step and 0.61 eV for the last
*OH protonation step. Interestingly, the DFT data imply a
dual-site pathway wherein SnOx and Pt sites cooperate to be
most kinetically favored. Specifically, O2 is first protonated to
generate *OOH and *O intermediates on SnOx site because of
the significantly lower energy barriers than on the Pt site. Then
the *O intermediate on the SnOx site would transfer to
adjacent Pt site following a cascade adsorption mechanism to
lower the system energy with a small energy barrier of 0.51 eV
(Figure S20), on which it gets reduced further to *OH and
eventually to H2O in a barrierless downhill pathway. This
plausible mechanism is supported by previous studies in which
it was discovered that adsorbed chemical species would
transfer between different sites.35,36 More recently, activity
promotion was discovered on transition metal (TM)−LiH
composite materials in ammonia synthesis, which was
attributed to the transfer of intermediates between the TM
and LiH sites.37

A detailed scheme of this dual-site cascade ORR mechanism
on SnOx/Pt−Cu−Ni is illustrated in Figure 3B,C. This
proposed new mechanism suggests that the promoted ORR
kinetics is mostly attributed to adjacent SnOx and Pt sites at
interfaces of the two components. The intrinsic specific ORR
activity of the Pt sites at SnOx/Pt−Cu−Ni interfaces (SAi) was
estimated to evaluate the activity enhancement on these sites.
The SAi values are dramatically higher than the measured SA
values, which are normalized using all available Pt sites (Figure
3D). The obtained SAi of SnOx/Pt−Cu−Ni(5) is estimated to
be 12.43 mA cmPt

−2, which represents a nearly 10-fold
enhancement compared to the pristine Pt−Cu−Ni and reveals
dramatically promoted ORR kinetics following the dual-site
cascade mechanism. Noticeably, the SAi values also vary with
SnOx deposition time, which has been ascribed to the
alteration in the deposited SnOx size and consequently the
SnOx active site.
In summary, we have studied the ORR properties of SnOx/

Pt−Cu−Ni heterojunctioned structures synthesized by depos-
iting SnOx on the surface of Pt−Cu−Ni alloy nanoparticles.
The obtained SnOx/Pt−Cu−Ni catalysts exhibit significant
enhancement in the ORR activity compared with pristine Pt−
Cu−Ni. The measured specific activity shows a volcano
dependence on the SnOx deposition time, which is attributed
to the altered SnOx size that leads to different promoting
effects. DFT simulations reveal a dual-site cascade reaction
mechanism in which the first two ORR steps, which generate
*OOH and *O intermediates, occur on SnOx sites. The
generated *O then transfer to adjacent Pt sites driven by
cascade adsorption, allowing the following reaction steps to
occur barrierlessly. This dual-site cascade reaction mechanism
highlights the importance of adjacent SnOx and Pt sites at

SnOx/Pt−Cu−Ni interfaces, with ORR on these sites being
evaluated to exhibit as high as 10-fold enhancement in the
activity. This work enlightens the design of dual-site catalysts
to overcome the ORR energy barrier through a dual-site
cascade reaction mechanism and opens a new era for fuel cell
catalyst research.
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