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A B S T R A C T

The catalyst intrinsic area-specific activity for the oxygen reduction reaction (ORR) was constrained by the 
scaling relations governing the adsorption of reaction intermediates. In this study, we strategically modified the 
electronic band structures of Pt(CuNi)x alloy nanoparticles by varying their composition, resulting in a specific 
activity trend resembling a volcano shape. The introduction of MoOy shattered the existing scaling relations, 
leading to a significant enhancement in ORR activity of Pt alloys, surpassing the activity of Pt(CuNi)x catalysts. 
These findings proved the effectiveness of MoOy deposition on Pt(CuNi)x in disrupting the scaling relations, 
ultimately improving ORR activity.   

1. Introduction

The demand for clean energy to address the critical climate chal
lenges has attracted intensive research toward the proton exchange 
membrane fuel cell (PEMFC) technology over the past several decades 
[1,2]. Because the oxygen reduction reaction (ORR) kinetics is sluggish, 
roughly two orders of magnitude slower than that of the hydrogen 
oxidation reaction (HOR), it causes considerable energy loss and thus a 
major hurdle in the development of PEMFCs [3,4]. The use of a larger 
amount of platinum catalyst can help to alleviate this challenge, which 
however raises a significant cost concern. Thus, tremendous efforts have 
been devoted to the discovery of highly active ORR catalyst materials to 
decrease the precious metal usage. Previous studies elucidated that 
alloying Pt with some transition metals can boost the intrinsic ORR 
activity drastically by tuning the electronic structure (i.e., adjusting the 
d-band center) of surface Pt active sites [5,6]. Besides, the ORR activity
property can also be affected by a few other catalyst particle parameters,
like size, morphology, structure and lattice strain [7–11].

In recent years, density function theory (DFT) calculations revealed 
that the ORR activity can be correlated to the energetics of key reaction 
intermediates. This leads to a specific activity trend where the ORR 
activity rises and falls as the adsorption free energies of these reaction 
intermediates change, namely “volcano plot” [2,12,13]. In detail, ORR is 
a four-electron transfer reaction in the case of the associative 

mechanism, involving three major oxygenated reaction intermediates 
(*O, *OH, and *OOH) [2,14]. However, the adsorption free energies of 
these three species were found with a strong linear correlation, i.e., 
following the scaling relation [4,15,16]. Specifically, the binding en
ergies for *O, *OH, and *OOH change monotonically for different 
metals, which indicates that one variable can be used to describe free 
energies of all the intermediates due to them being correlated [ 4]. This 
results in the difficulty to independently tune and optimize the 
adsorption free energies of these intermediates at the same time because 
they all change accordingly [2]. Consequently, this scaling relation 
imposes an upper-limit on the catalyst ORR activity, as a reduction in the 
energy barrier for one elementary step presumably lead to an increase 
for another. 

To address the activity bottleneck imposed by the scaling relations, 
extensive exploration has been undertaken to modify the adsorption 
behavior of intermediates, incorporating strategies such as N, S atom 
doping [17], introduction of additional adsorption sites [18,19], utili
zation of strain effects [20], and more [14]. Among these approaches, 
the incorporation of reducible transition oxides has emerged as a highly 
effective method for modulating the adsorption energies of reaction 
intermediates on active sites. In our recent research, the dual-site SnOx/ 
Pt-Cu-Ni heterojunction catalyst demonstrated a remarkable 40% 
enhancement in the ORR area-specific activity [18]. This enhancement 
can be attributed to the synergistic interaction between the adjacent Pt 
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site and the metal oxide site, additional adsorption sites by SnOx, the 
spillover effect with reaction intermediates migrating from the SnOx site 
to the adjacent Pt site [18,19,21], and facilitation of oxygen adsorption 
and bond breakage by tailoring the electronic structure of neighboring 
Pt sites [19,22]. These synergistic benefits facilitate rapid turnover rates 
of reaction intermediates, leading to accelerated ORR kinetics, demon
strating a good potential of dual-site catalytic structure for this reaction. 
However, more heterojunction catalyst systems and comprehensive 
studies are needed to validate this dual-site ORR catalysis strategy and 
explore its full potential for improving the reaction kinetics. 

In this study, we investigated MoOy-Pt(CuNi)x heterojunction 
nanostructures as a new dual-site catalyst system and examined the in
fluences of MoOy and Pt(CuNi)x composition on the ORR activity 
property. A series of octahedral Pt(CuNi)x alloy nanoparticles were 
synthesized. With the particle composition controlled by adjusting the 
stoichiometry between the metal elements, the electronic structure of Pt 
active sites was fine-tuned within a broad range. The ORR area-specific 
activity exhibits a volcano-like relationship as a function of the Pt 
(CuNi)x composition, with Pt(CuNi)0.66 displaying the highest activity of 
4.15 mA cm−2

Pt at 0.9 V vs. RHE. The MoOy-Pt(CuNi)x heterojunction 
nanostructures were obtained by thermal decomposition of Mo(CO)6 on 
Pt(CuNi)x followed by air exposure for MoOy cluster formation. 
Intriguingly, all MoOy-Pt(CuNi)x samples exhibit an elevation in the 
ORR specific activity regardless of the Pt(CuNi)x composition. Particu
larly, as high as 5.00 mA cm−2

Pt current density is achieved with the 
MoOy-Pt(CuNi)0.66, marking a 14% increase compared to the Pt 
(CuNi)0.66 counterpart. These findings confirm the promoting effect of 
MoOy on the Pt(CuNi)x for catalyzing the ORR and underscore the 
capability of such heterojunction catalytic structure in disrupting the 
scaling relation and further improving the ORR activity property. 

2. Experimental section 

2.1. Materials 

20 wt% Pt on carbon XC-72 (Pt/C) was purchased from Fuel Cell 
Store. Platinum acetylacetonate (Pt(acac)2, 97%), nickel acetylaceto
nate (Ni(acac)2, 95%), copper acetylacetonate (Cu(acac)2, 99%), mo
lybdenum hexacarbonyl (Mo(CO)6, ≥99.9%), and chloroform (CHCl3, 
>99.8%) were purchased from Sigma-Aldrich. Isopropanol (C3H8O, 
99.9%) was purchased from Fisher Scientific. Nafion ionomer solution 
(5 wt%) was purchased from Ion Power Inc. Perchloric acid (HClO4, 
70%) was purchased from ACROS Organics. 

2.2. Synthesis of Pt(CuNi)x/C alloy nanoparticles 

In the standard procedure for synthesizing 20 wt% PtCuNi octahe
dral alloy nanoparticles on XC-72 carbon (PtCuNi/C), 40 mg (0.1 mmol) 
of Pt(acac)2, 26.2 mg (0.1 mmol) of Cu(acac)2, and 25.7 mg (0.1 mmol) 
of Ni(acac)2 were dissolved in 3 mL chloroform. This solution was then 
drop-wise impregnated onto 80 mg of XC-72 carbon support while 
continuously stirring. Subsequently, the resulting mixture was promptly 
transferred to a furnace for the reduction reaction. During the reduction 
process, the furnace environment was purged with a mixture of H2 at 5 
cm3/min and CO at 100 cm3/min. The temperature was incrementally 
increased from room temperature to 210 ◦C at a rate of 5 ◦C/min and 
maintained at 210 ◦C for 1 h. Following the reduction, the furnace was 
purged with argon and allowed to cool down to room temperature. 
Finally, the synthesized sample was collected for subsequent charac
terization and testing. All Pt(CuNi)x/C alloys with varied compositions 
were synthesized using the same procedure, differing only in the 
quantities of metal precursors employed. 

2.3. Synthesis of MoOy-Pt(CuNi)x/C heterojunction nanostructures 

Following the synthesis of Pt(CuNi)x/C, a solution containing 26.4 

mg (0.1 mmol) of Mo(CO)6 in 2 mL of chloroform was meticulously 
drop-wise impregnated onto the freshly prepared sample. This mixture 
was swiftly transferred to a furnace, where the system underwent a 20- 
min purge with argon to establish an inert atmosphere. Subsequently, 
the temperature was ramped up to 230 ◦C and maintained for 1 h, 
facilitating the decomposition of Mo(CO)6. The resulting samples were 
then collected after the furnace was cooled down to room temperature 
and denoted as MoOy-Pt(CuNi)x/C. It is known that the decomposition 
of Mo(CO)6 into metallic Mo can be catalyzed by transition metal that 
leads to deposition of metallic Mo atoms on the Pt(CuNi)x surface 
[26–28], with a rapid oxidation to MoOy upon exposure to air that forms 
heterojunction nanostructure of MoOy on Pt(CuNi)x. 

2.4. Characterization 

X-ray diffraction (XRD) analysis was carried out using a Bruker AXS 
Dimension D8 X-Ray diffractometer with Cu Ka radiation source. 
Transmission electron microscopy (TEM) was conducted on a JEOL 
JEM-1230 microscope operated at 120 KV. High resolution TEM 
(HRTEM) images, scanning transmission electron microscope (STEM) 
images, and elemental mappings were taken on a FEI Tecnai G2 F20 
microscope operated at 200 KV. Scanning electron microscope (SEM) 
and energy dispersive X-ray spectroscopy (EDX) were performed on 
Tescan Lyra 3 XMU equipment at 20.0 KV. X-ray photoelectron spec
troscopy (XPS) was executed with VersaProbe II Scanning XPS Micro
probe from Physical Electronics (PHI). 

2.5. Electrochemical measurements 

The glassy carbon electrode was polished with alumina powder and 
thoroughly rinsed with deionized water before any use. In the typical 
preparation of working electrode, a solution was initially prepared by 
blending deionized water, isopropanol, and a Nafion ionomer solution 
(5 wt%) in a volume ratio of 125:100:1. Subsequently, a homogeneous 
catalyst ink was obtained by finely dispersing 3 mg of the catalyst in 3 
mL of the solution and sonicating it for at least 30 mins. Following this, 
10 μg of the catalyst ink was drop-casted onto a clean glassy carbon 
electrode surface, achieving a Pt loading of 10.2 μg/cm2

disk. 
Electrochemical experiments were performed using a CHI 760D 

electrochemical workstation (CH Instruments, Inc.) and a rotating disk 
electrode controller (AFMSRCE, Pine Instrument Co.) in 0.1 M HClO4 
electrolyte at room temperature. A Pt wire was used as the counter 
electrode. A HydroFlex reversible hydrogen electrode (RHE, ET070, 
Edaq Inc.) was used as the reference electrode to facilitate precise 
measurements. Prior to testing, either pure N2 (for ECSA evaluation) or 
O2 (for ORR experiments) gas was bubbled through the electrolyte to 
attain a saturated electrolyte. To activate the catalyst, cyclic voltam
mogram (CV) was performed in the potential range of 0.05–1.00 V vs. 
RHE, employing a scan rate of 100 mV/s for 20 to 40 cycles. The CV 
curves were recorded in a N2-saturated electrolyte at the scan rate of 50 
mV/s. For the ORR polarization curve, measurements were conducted in 
an O2-saturated electrolyte at a scan rate of 10 mV/s, while the electrode 
was rotated at 1600 rpm, all conducted at room temperature unless 
specified otherwise. The kinetic current (Ik) was calculated using the 
Koutecky-Levich equation: 

1
I

=
1
Ik

+
1

Bω1
2

(1) 

In the Koutecky-Levich equation, I represents the measured current, 
Ik signifies the kinetic current, x denotes the electrode rotating speed, 
and B stands for a constant. To compensate for the Ohmic loss resulting 
from internal resistance, an i-R correction was applied to the ORR ac
tivity measurement. 
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3. Results and discussion 

Octahedral Pt(CuNi)x/C ternary alloy nanoparticles, where x repre
sents the nominal ratio in the metal precursors (x = 0.33, 0.5, 0.66, 1, 
1.5, 2, 3), were synthesized using a modified solid-state chemistry 
method. They were then characterized and evaluated for their oxygen 
reduction reaction (ORR) activity [11,23]. The characterization 
revealed that the Pt(CuNi)x nanoparticles exhibited a distinct octahedral 
shape and were evenly distributed on the carbon support, with sizes 
ranging from 8 to 10 nm, as shown in Fig. S1. Transmission electron 
microscopy (TEM) imaging showed consistent particle size and 
morphology across Pt(CuNi)x samples with varying compositions. The 
X-ray diffraction (XRD) patterns of these as-prepared samples confirmed 
the successful formation of face-centered cubic (fcc) Pt-Cu-Ni ternary 
alloy, as was evident from a single set of diffraction peaks with peak 
position shifts resultant of changes in lattice parameters (Fig. 1). 
Notably, the characteristic peaks indexed to (111), (200), and (220) 
planes exhibited shifts toward higher angles as the Ni and Cu contents 
increased. These shifts indicated lattice shrinkage of Pt(CuNi)x particles 
due to the incorporation of Ni and Cu, highlighting the composition- 
dependent structural changes in the ternary alloy. 

Electrochemical measurements were conducted to assess the ORR 
activity of Pt(CuNi)x nanoparticle catalysts. Cyclic voltammetry (CV) 
curves were acquired in a N2-protected 0.1 M HClO4 electrolyte, dis
playing characteristic signals of hydrogen underpotential deposition and 
hydroxyl species adsorption in the lower and higher potential ranges, 
respectively (Fig. S2). Each sample underwent a catalyst activation 

process, involving repeated CV scans (approximately 20–40 cycles) until 
the curves stabilized. Subsequently, the electrode was transferred to an 
O2-saturated 0.1 M HClO4 electrolyte for ORR linear sweep voltammetry 
(LSV) experiments (Fig. S3). The intrinsic area-specific activity (SA) of 
the Pt(CuNi)x catalysts at 0.9 V vs. RHE was calculated by normalizing 
LSV data with the electrochemically active surface area (ECSA) deter
mined from hydrogen underpotential deposition currents. The depen
dence of SA on the Pt(CuNi)x composition was plotted in Fig. 2. Notably, 
the SA displayed a “volcano” trend concerning the Pt(CuNi)x composi
tion. The Pt(CuNi)0.66 exhibited the highest SA at 4.15 mA/cm2

Pt on 
average among all examined catalysts, approximately 14 times more 
active than commercial Pt/C. This enhancement in ORR activity can be 
attributed to the shift in the d-band center of surface Pt caused by 
alloying Pt with Cu and Ni, leading to altered adsorption behavior of 
reaction species and intermediates [24,25]. In this study, the Pt(CuNi)x 
composition parameter x was utilized as an indicator of the d-band 
center as they were correlated, showcasing a monotonous downshift in 
the d-band center with an increase in x. The optimal Pt(CuNi)x compo
sition being Pt(CuNi)0.66 was identified, achieving balanced adsorption 
between various reacting species and intermediates, thereby maxi
mizing the ORR activity. The Pt(CuNi)0.66 exhibited the highest SA, 
indicating its optimal composition among all examined Pt(CuNi)x 
catalyst materials. 

After the evaluation of Pt(CuNi)x nanoparticle catalysts, MoOy-Pt 
(CuNi)x samples were prepared. Mo(CO)6 precursor molecules were 
deposited on the Pt(CuNi)x surface, followed by thermal decomposition 
and oxidation in air, and transformed into MoOy nanoclusters [26–28]. 
Fig. 3a shows a representative TEM image of the prepared MoOy-Pt 
(CuNi)0.66/C sample. It indicated an average particle size of 9.9 ± 1.9 
nm, which represents a negligible change compared to that of Pt 
(CuNi)0.66 nanoparticles. Notably, the nanoparticles largely retained 
their octahedral shape after MoOy deposition. Some minor surface 
reconstruction was observed in certain particles due to the secondary 
heat treatment, leading to less defined octahedral shapes, smoother 
edges and corners. High-resolution TEM (HRTEM) characterizations 
revealed clear lattice fringes with a measured d-spacing of 0.218 nm 
(Fig. 3b). This spacing, smaller than that of fcc Pt (111), indicated the 
preservation of the Pt(CuNi)x alloy structure. Unfortunately, HRTEM 
imaging was unable to show MoOy, likely due to its low loading (6 at.% 
in MoOy-Pt(CuNi)0.66) and ultrafine cluster size, making it challenging 
to visualize in the images. 

The presence of MoOy was confirmed through scanning transmission 

Fig. 1. XRD patterns of Pt(CuNi)x/C nanoparticles with varying compositions 
(x = 0.33, 0.5, 0.66, 1, 1.5, 2, 3). The reference pattern corresponds to pure Pt 
(JCPDS70–2431). 

Fig. 2. Area-specific activity of Pt(CuNi)x nanoparticles for the ORR at 0.9 V 
vs. RHE. 
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Fig. 3. (a) TEM image of MoOy-Pt(CuNi)0.66/C, (b, c) HRTEM and STEM images and elemental mapping of an individual MoOy-Pt(CuNi)0.66 nanoparticle, (d) Mo 3d 
XPS spectra and (e) XRD pattern of MoOy-Pt(CuNi)0.66/C, (f) EDX determined composition of various MoOy-Pt(CuNi)0.66/C samples, with x = 0, 0.33, 0.5, 0.66, 1, 
1.5, 2, 3 in (1) ~ (8), respectively. 

Fig. 4. (a) CV curves of Pt(CuNi)0.66/C before and after MoOy deposition in N2-protected 0.1 M HClO4, (b) ECSA and area-specific ORR activity at 0.9 V vs. RHE of Pt 
(CuNi)0.66/C and MoOy-Pt(CuNi)0.66/C, (c) Influences of Pt(CuNi)x alloy composition on the area-specific ORR activity at 0.9 V vs. RHE before and after 
MoOy deposition. 
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electron microscopy-energy dispersive X-ray spectroscopy (STEM-EDS) 
and elemental mapping of individual MoOy-Pt(CuNi)x nanoparticles 
(Fig. 3c and S4). Additionally, X-ray photoelectron spectroscopy (XPS) 
analysis was conducted to examine the valence state of Mo. The Mo 3d 
spectrum was deconvoluted into four characteristic spin-orbit peaks 
(Fig. 3d), corresponding to Mo6+ 3d3/2 at 235.6 eV, 3d5/2 at 232.5 eV 
and Mo4+ 3d3/2 at 233.2 eV, 3d5/2 at 230.0 eV, respectively [29–31]. 
Quantitative analysis determined the molar ratio of Mo6+ to Mo4+ to be 
approximately 7:1 in MoOy. No Mo0 state was detected, ruling out the 
formation of metallic Mo clusters or the possibility of alloying with Pt 
(CuNi)x, thus validating the successful deposition of MoOy on the Pt 
(CuNi)x surface. The XRD pattern of MoOy-Pt(CuNi)0.66/C exhibited 
identical peaks to those of Pt(CuNi)0.66, indicating that MoOy deposition 
had minimal impact on the alloy structure. 

SEM-EDS quantitative analysis was employed to characterize the 
overall composition of MoOy-Pt(CuNi)x (Fig. 3f). The Pt:Cu:Ni molar 
ratio in the product was consistent with the feeding ratio of their pre
cursors. Interestingly, the Mo content increased as Pt content increased, 
which is attributed to Pt’s effective catalysis of Mo(CO)6 decomposition 
[26]. However, we believe that the variation of MoOy content in 
different MoOy-Pt(CuNi)x samples has minimal impact on our funda
mental study in this work for the following reasons: (i) The difference in 
intrinsic ORR activity induced by varying MoOy content was negligible 
and did not significantly affect the results (Table S1). (ii) The utilization 
rate of the deposited MoOy remained uncertain and was anticipated to 
vary among different alloy nanoparticles due to their distinct composi
tions. Consequently, the measured Mo content becomes less significant 
in the context of understanding the underlying working mechanisms. 
This work focuses on fundamental understanding of the heterojunction 
nanostructured catalyst, so we believe that the refinement of the syn
thesis process and precise control of oxide deposition to optimize the 
ORR activity would be better suited for future research. 

The ORR catalytic properties of MoOy-Pt(CuNi)x were assessed in a 
0.1 M HClO4 electrolyte. Fig. 4a presents the CV curves of Pt(CuNi)0.66/ 
C before and after MoOy deposition under N2 atmosphere. The differ
ence between these two curves is due to the redox reactions of MoOy and 
a slightly enlarged double-layer capacitance, which validated the 
effectiveness of the deposition method [32]. Summarized in Fig. 4b, the 
electrochemically active specific area (ECSA) values, estimated through 
hydrogen under-potential deposition (HUPD), decreased from 32.1 to 
24.0 m2/gPt after MoOy deposition. This indicated a total of 25% 
coverage of the alloy surface by MoOy deposition. Interestingly, despite 
the decrease in ECSA, the area-specific ORR activity at 0.9 V substan
tially increased by nearly 14%, rising from 4.4 to 5.0 mA/ cm2

Pt with the 
incorporation of MoOy in Pt(CuNi)0.66. Fig. 4c and Fig. S5 summarized 
the ORR activity property of all examined Pt(CuNi)x/C and MoOy-Pt 
(CuNi)x/C catalyst samples. It is worth noting that all samples exhibited 
higher specific activity after MoOy deposition. Among all, the MoOy-Pt 
(CuNi)0.66 heterojunction nanostructure demonstrated the highest spe
cific activity at 5.0 mA/cm2

Pt. The specific activity trend displayed an 
enlarged volcano-shaped plot concerning x after MoOy deposition, with 
Pt(CuNi)0.66 remaining to represent the peak with MoOy clusters on the 
surface. In our previous study, the dual-site cascade mechanism was 
extensively investigated [33], indicating that the initial reaction steps 
could occur on the metal oxide site, followed by the transfer of reaction 
intermediates to the adjacent Pt site. This SA enhancement provides 
strong experimental evidence that the activity limit imposed by scaling 
relations was overcome by MoOy deposition. Interestingly, the SA 
enhancement appeared more drastic on Pt-deprived particles (x =

1.0–3.0) than on Pt-rich particles (x = 0–1.0). Previous research has 
shown that alloying Pt with transition metals shifts the d-band center, 
and changes in introduced external element content, such as dealloying 
and leaching, can tune the d-band center of the alloy [34–36]. As a 
result, Pt-rich nanoparticles inherently have a higher d-band center 
compared to Pt-deprived nanoparticles. Thus, it suggests that the 
interaction between Pt and MoOy has a more significant effect on ORR 

activity in nanoparticle catalysts with relatively lower d-band centers. 
Hence, the maximum SA enhancement and the highest overall SA did 
not coincide due to this interaction’s varying impact on nanoparticles 
with different d-band centers. 

Tafel plots for the Pt(CuNi)x before and after MoOy deposition were 
presented in Fig. 5. While determining the exact ORR reaction pathway 
through Tafel plots is challenging, the Tafel slope offers insights into the 
characteristics of the rate-determining step [37]. Additionally, changes 
in the surface coverage of adsorbed reaction intermediates can result in 
shifts in the measured Tafel slope [38–40]. As illustrated in Fig. 5, for x 
values ranging from 0 to 1.0, comparable Tafel slopes before and after 
MoOy deposition at both high and low potentials did not exhibit a clear 
trend, suggesting that MoOy did not significantly alter the reaction ki
netics within this composition range. However, for x values from 1.0 to 
3.0, the Tafel slope decreased at both high and low potentials after MoOy 
deposition for all samples. This reduction indicates faster electron 
transport, resulting from the decreased coverage of oxygenated in
termediates on the Pt surface [37,38,41]. The lowered Tafel slope serves 
as strong evidence that the reaction kinetics were effectively improved 
owing to the breaking of scaling relations of intermediates achieved by 
depositing MoOy. The Arrhenius plots for the ORR kinetic current den
sities of Pt(CuNi)0.66 before and after MoOy deposition are presented 
(See Fig. 6). Activation energies for the ORR were calculated at an 
overpotential of 0.33 V using the Arrhenius equation. Notably, the 
activation energy for MoOy-Pt(CuNi)0.66 was 26.8 kJ/mol, significantly 
lower than that of Pt(CuNi)0.66, which measured at 30.4 kJ/mol. This 
clear reduction in activation energy underscores the impact of MoOy 
deposition, effectively lowering the barrier for ORR. Consequently, this 
reduction in activation energy has led to a substantial increase in the 
kinetic current of the ORR, highlighting the efficacy of MoOy in 
enhancing the catalytic activity of Pt(CuNi)0.66.  

4. Conclusion 

In summary, we successfully synthesized a series of octahedral Pt 
(CuNi)x/C alloy nanoparticles with varying compositions (x = 0.33, 0.5, 
0.66, 1, 1.5, 2, 3). The specific activity of Pt(CuNi)x for the oxygen 
reduction reaction (ORR) displayed a volcano trend, with Pt(CuNi)0.66 
exhibiting the maximum activity. MoOy was deposited on all freshly 
synthesized Pt(CuNi)x/C, resulting in MoOy-Pt(CuNi)0.66/C dual-site 
catalysts with a heterojunction nanostructure. The measured ORR spe
cific activities demonstrated up to a 30% increase for all Pt(CuNi)x 
compositions after MoOy deposition. Among the prepared MoOy-Pt 
(CuNi)x, MoOy-Pt(CuNi)0.66 possessed a 25% MoOy surface coverage of 
Pt(CuNi)0.66 and exhibited the highest specific activity of 5.0 mA/cm2

Pt 
at 0.9 V vs. RHE. This corresponded to a 14% increase compared to the 
bare Pt(CuNi)0.66 catalyst. Tafel slope studies indicated smaller slopes 
after MoOy deposition, signifying faster electron transport resulting 
from weakened adsorption of oxygenated intermediates to the catalyst 
surface. Arrhenius plots revealed a smaller activation energy of 26.8 kJ/ 
mol for MoOy-Pt(CuNi)0.66 compared to 30.4 kJ/mol for its counterpart 
Pt(CuNi)0.66, indicating enhanced reaction kinetics. This work demon
strates the potential of disrupting the scaling relations of reaction in
termediates in ORR through MoOy deposition to form dual-site 
heterojunction catalytic structure, offering valuable insights into the 
design of advanced ORR catalysts. 
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Appendix A. Supplementary data 

TEM images of Pt(CuNi)x/C alloy nanoparticles; CV and LSV curves 
of Pt(CuNi)x/C catalysts in 0.1 M HClO4; STEM-EDS spectra of MoOy-Pt 
(CuNi)0.66/C; LSV curves of MoOy-Pt(CuNi)x/C catalysts in 0.1 M HClO4; 
ORR activities of Pt/C, Pt(CuNi)x/C and MoOy-Pt(CuNi)0.66/C. (PDF). 
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