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The development of efficient and durable electrocatalysts for oxygen reduction reaction (ORR) holds a pivotal
significance in the successful commercialization of proton exchange membrane fuel cells (PEMFCs) but is still
challenging. Herein, we report a worm-liked PtCu nanocrystals dispersed on nitrogen-doped carbon hollow mi-
crospheres (Ptg 33Cug e2/N-HCS). Benefiting from its structural and compositional advantages, the resulting
Pty 38Cup.62/N-HCS catalyst delivers exceptional electrocatalytic activity for ORR, with a half-wave potential (E;,
2) of 0.837 V, a mass activity of 0.672 A mgp;’, and a Tafel slope of 50.66 mV dec’!, surpassing that of commercial
Pt/C. Moreover, the Pty 3gCug ¢2/N-HCS follows the desired four-electron transfer mechanism throughout the ORR
process, thereby displaying a high selectivity for direct reduction of Oy to HpO. Remarkably, this catalyst also
showcases high stability, with only a 25 mV drop in E; /3 after 10,000 cycles in an acidic electrolyte. Theoretical
calculations elucidate the incorporation of Cu into Pt lattice induces compressive strain, which effectively tailors
the d band center of Pt active sites and strengthens the surface chemisorption of O, molecules on PtCu alloys.
Consequently, the Pty 33Cug 62/N-HCS catalyst exhibits an improved ability to adsorb O molecules on its surface,
accelerating the reaction kinetics of O3 conversion to *OOH. Additionally, Cu atoms, not only serving as sacrificial
anode, undergo preferential oxidation during PEMFCs operation when compared to Pt, but also the stable Cu
species in PtCu alloys contributes significantly to maintaining the strain effect, collectively enhancing both ac-
tivity and durability. Overall, this research offers an effective and promising approach to enhance the activity and
stability of Pt-based ORR electrocatalysts in PEMFCs.

1. Introduction

Due to their zero carbon emissions and high energy conversion,
proton exchange membrane fuel cells (PEMFCs), as a promising sus-
tainable energy conversion technology, have garnered significant atten-
tion in various applied fields [1-3]. Currently, the dominant use of noble
Platinum (Pt) exhibits superior kinetic activity for oxygen reduction re-
action (ORR) throughout a four-electron transfer process. However, the
high cost, limited reserves, and poor durability have severely hindered
the large-scale commercial application of Pt-based PEMFCs [4,5].
Therefore, it is an urgent need for the development of highly efficient and
low-Pt catalysts to improve the performance of ORR [6-10].
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Alloying Pt with 3d transition metals have been emerged as an effi-
cient strategy to greatly reduce Pt dosage and improve ORR performance
[11-17]. PtFe, PtCo, and PtNi nanoalloys are the promising ORR catalysts
with high activity, however, they suffer from severe leaching/dissolution
in acidic or corrosive environments for the accelerated degradation tests
(ADT), greatly limiting the durability of the membrane electrode as-
sembly [18,19]. Cu®"/Cu exhibits a significantly more positive anodic
potential (0.3 V vs. Reversible hydrogen electrode (RHE)) compared to
Fe?* /Fe (-0.5V), Co?*/Co (-0.2' V), and Ni%*/Ni (0.1 V), which suggests
that Cu demonstrates magnificent candidate for Pt-based alloying with
greater stability and resistance to dissolution in the electrochemical
conditions. The electronic structure of Pt can be optimized by 3d
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Fig. 1. (a) Schematic diagram of synthesize PtCu/N-HCS materials. (b-c) TEM, (d) yellow boxed portion of (c), (¢) HR-TEM image, (f) point defects, (g) line defects
(edge dislocation), and (h) plane defects (small-angle grain boundaries), ( i-m) HAADF-STEM images and elemental mapping results of Pty 3gCug 62/N-HCS.

transition metals through the strain and ligand effects, optimizing the
adsorption strength of oxygenated intermediates and leading to boosting
the electrocatalytic performance of PtM electrocatalysts. The phenome-
non of A lattice mismatch occurs when two elements with different lat-
tice parameters contact in directly, which leads to lattice distortion (i.e.
lattice strain) in each crystalline component. The strain effect on the
reactivity of metal surfaces has been attributed to that the d-bands center
of metal approach to Fermi level, which optimize the adsorption energy
strengths of oxygen molecules [20]. On the other hand, Pt-based catalyst
inevitable display poor durability when exposed to high potentials
greater than 0.85 V and lower pH levels below 2 in PEMFCs operation,
where is the cathode catalysts for ORR are employed [21]. In such harsh
conditions, metallic Pt® undergoes oxidation, leading to the formation of

Pt>* ions and the reduction in size and disappearance of Pt nanoparticles,
resulting in the electrochemical surface area (ECSA) decrease and the
half-wave potential (E;/2) negatively shifts, which caused rapid decline
on ORR performance [22-25]. Despite of numerous efforts devoted to
enhance either the catalytic performance or the stability of Pt, together
improvement of catalytic activity and stability for Pt-based catalysts re-
mains a huge challenge. Furthermore, the underlying mechanism of the
increasement remains murky. As a suitable electrocatalyst support ma-
terial, nitrogen-doped hollow carbon materials have garnered consider-
able attention in fuel cells, owing to their high specific surface area and
ordered porous structure [26]. Generally, nitrogen-doped hollow carbon
significantly enhances the catalyst activity and durability due to the
following advantages: 1) The substantial surface area facilitates metal
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Fig. 2. (a) XRD pattern of Pty 33Cug.62/N-HCS, Pt/N-HCS and Pt 35Cug 62/HCS. (b-c and e-f) The Pt 4f XPS spectra of Commercial Pt/C, Pt 35Cug ¢2/N-HCS, Pt/N-HCS
and Pty 33Cug ¢2/HCS, (d) The Cu 2p XPS spectra of Pty 3gCug 62/N-HCS, Ptg 35Cug 62/HCS.

nanoparticles deposition, maximizing the active sites utilization [27]; 2)
The strong metal-support interactions benefit to anchor Pt nanoparticles
on the nitrogen-doped carbon support [28]; 3) The favorable
macro/meso-porous structure promotes active site exposure and efficient
mass transfer [29]; 4) Nitrogen atoms regulate charge redistribution
among carbon atoms, enhancing the electron mobility and optimizing the
catalytic activity towards ORR [30].

Based on above consideration, we present robust and efficient ORR
catalysts composed of worm-like PtCu alloys loaded on nitrogen-doped
hollow carbon spheres (Pt,Cuy/N-HCS). The N-HCS support features a
hollow sphere structure with a thin shell and a large specific surface area,
facilitating the uniform distribution of PtCu nanoparticles and enabling
rapid interfacial charge and mass transfer. Furthermore, the incorpora-
tion of Cu atoms into Pt lattice optimizes the electronic structure of PtCu,
enhancing the oxygen adsorption. Consequently, Ptg3gCug.e2/N-HCS
achieves a positive E; » of 0.837 V, a mass activity of 0.672 A mgi)lt and
faster reaction kinetic toward ORR compared to commercial Pt/C cata-
lyst. Moreover, the Pty 33Cug 62/N-HCS catalyst delivers a four-electron
ORR mechanism and outstanding stability, with only a 25 mV drop in
E; /9 after 10000 cycles within the potential range of 0.05-1.2 V. Theo-
retical calculations reveals that the compress strain in PtCu alloy effec-
tively modifies the electronic structure of Pt sites and drives the density
of states of Pt atoms near the Fermi level, resulting in an enhancement for
O, adsorption on the PtCu (111) surface, thereby improving ORR cata-
lytic activity. Additionally, the improved stability of Pty 3gCug 2/N-HCS
after ADT is attributed to the preferential oxidation of Cu atoms relative
to Pt atoms when Cu acts as a sacrificial anode and the intrinsic excellent
stability of Cu atoms under acidic conditions. This work provides a
promising approach to the design of highly efficient and durable low-Pt
catalysts for PEMFCs.

2. Results and discussion

The synthesis of PtCu/N-HCS involves the following steps (Fig. 1a).
Firstly, SiO was first obtained by sol-gel method. Then, SiO2@PDA was
obtained after in-situ polymerization and further carbonized at high
temperature to obtain SiO2@NC. Finally, PtCu alloy was loaded on the N-
HCS etched from SiO,@NC. From scanning electron microscopy (SEM)

images (Fig. S1), the solid SiO;@PDA sphere were distributed uniformly
with average diameter of 161.5 nm. After calcination, the mean diameter
of SiO2@N-CS (~156.2 nm) slightly smaller than that of SiO;@PDA,
owing to shrinkage of decomposition of organic matter to form N-doped
carbon at high temperature (Fig. S2). After etching process, SiOy was
removed from the interior of the SiO,@N-HCS, thus a hollow spherical
structure of N-HCS were formed (Fig. S3). Due to condensation of the
hollow spherical thin shell after etching, the particle size of N-HCS was
significantly reduced (~149.2 nm) (Fig. S4). Brunauer-Emmett-Teller
(BET) surface area of N-HCS was about 196.7 m> g'l, and the aperture
distribution was ~11 nm (Fig. S5). Owing to its abundant anchoring
sides, high specific surface area and great electron transport ability,
hollow and porous N-doped carbon sphere served as an ideal support for
catalyst, which was able to improve the electrocatalytic performance of
ORR. For comparison, hollow carbon spheres without N-doping were also
prepared through the leaching of the annealed SiO>@C spheres, denoted
as HCS (Fig. S6). As depicted in Fig. S7, a type-IV isotherms featuring
distinct hysteresis loops within the range of P/Po = 0.5-1.0 was observed,
and the average pore size distribution was approximately 4 nm, both
evidenced the existence of mesoporous structure in HCS. The enlarged
pore size distribution in N-HCS proves advantageous for anchoring PtCu
alloys onto its surface, which facilitating the uniform and high-density
loading of PtCu nanoparticles and enhancing the strong metal-support
interactions, thus improving the ORR performance.

Due to the above promising properties of N-HCS, structures of
Ptg.38Cug.62/N-HCS were characterized in detail by transmission electron
microscopy (TEM). The worm-liked PtCu alloys were uniform and highly
dense distributed on the hollow spherical N-HCS (Fig. 1b and c), which
showed the average size of ~33.9 nm and 10.3 nm in length and width,
respectively (Fig. S8), the wall thickness of the N-HCS support was about
13.9 nm (Fig. 1d). The selected area electron diffraction (SAED) pattern
further confirmed the presence of (111), (200) and (220) plane of fcc-
PtCu (Fig. S9). The TEM images of Pt/N-HCS (Fig. S10) exhibited that
high dense small Pt nanoparticles evenly dispersed on the surface of N-
HCS. However, the TEM images of Ptg 3gCug.62/HCS (Fig. S11) showed
that scattered a little of PtCu nanoparticles dispersed on the HCS. It was
worth noting that the d-spacing of (111) plane in fcc-Pt was obviously
larger than that of fcc-PtCu alloy, indicating existence of compressive
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Fig. 3. (a) LSV for Commercial Pt/C, Pty 35Cug 62/N-HCS, Pt/N-HCS and Pty 33Cug 62/HCS catalysts in 0.1 M HClIO4. (b) Mass activity (MA) and ECSA. (c) Corre-
sponding Tafel plots; (d) Electron transfer number and H,0, yield; (e) Electrochemical impedance spectroscopy curves; (f) Methanol crossover resistance.

strain in PtCu alloy. The HR-TEM images of PtCu clearly presented the
structural remodeling (point defects, surface defects) and the lattice of
PtCu was obviously compressed (Fig. 1e-h). The lattice spacing of 0.213
nm-0.218 nm corresponded to the Pt (111) surface, indicating the pres-
ence of compressive strain [31,32]. The formation of defects caused a
compressive strain on the Pt lattice, and the compressive strain reduces
the vacancy formation energy, which favors defect generation. The ele-
ments Pt, Cu, N and C are uniformly distributed throughout the
nano-alloys (Fig. 1i-m).

The X-ray diffraction (XRD) patterns of Pt 3gCug 62/N-HCS (Fig. 2a)
revealed a highly crystalline fcc phase and a notable shift towards higher
degrees when compared to pure Pt (PDF#04-0802). This shift unequiv-
ocally confirmed the well-alloyed structure and contracted lattice
spacing in Pty 33Cug 62/N-HCS. Furthermore, the most robust (111) peak
intensity in Pt 3gCug g2/N-HCS, Ptg 33Cug 62/HCS and Pt/N-HCS verified
the preferential orientation within both N-HCS and HCS. Interestingly, as
the Cu atom content increased, the PtyCuy peaks shifted towards higher
angles (Fig. S12), which may be attributed to compressive strain caused
by the incorporation of Cu atoms into the Pt lattice [33,34]. To gain
insight into the surface composition and chemical status of the catalysts,
X-ray photoelectron spectroscopy (XPS) was also employed. The
survey-level spectrum (Fig. S13, Table S2) confirms the presence of Cu,
Pt, C and N in Pty 33Cug ¢2/N-HCS. In comparison, no signal of Cu is
detected in Pt/N-HCS and Pt/C, while no signal of N is observed in
Pty 33Cug ¢2/HCS and Pt/C [35].

In Fig. 2b-c and 2e-2f, the Pt 4f orbitals indicated the presence of Pt
species predominantly in a metallic state across all catalysts [36].
Remarkably, when compared to commercial Pt/C, Pty 33Cugg2/HCS,
Pt/N-HCS and Ptg3gCugg2/N-HCS, the Ptg33Cuge2/N-HCS catalyst
exhibited the highest proportion of the metallic state (Table S3), which
could significantly accelerate the ORR reaction kinetic [37,38]. To
investigate the impact of Cu atom on the electronic structure of Pt, the
binding energy of Pt 4f;/,» spectra was analyzed before and after the
addition of Cu atoms. As shown in Fig. 2b-c, 2e-2f, the binding energy of
Pt 4f; /5 peaks (71.29 eV) on Pty 33Cug ¢2/HCS undergoes a negative shift
of 0.4 eV in comparison to that of commercial Pt/C (71.69 eV). Similarly,

the Pt 4f;,5 peaks of Pty 33Cug e2/N-HCS (70.96 eV) exhibited a lower
binding energy when compared with Pt/N-HCS (71.14 eV) [39]. These
negative shifts in Pt peaks could be attributed to the strong electron in-
teractions between Pt and Cu, which favored the ORR activity following
the incorporation of Cu atoms into the Pt lattice. Furthermore, in
generally, the loss of electrons by an element tends to induce an upward
shift in its binding energy towards a higher field, whereas the obtain of
electrons results in a downward shift towards a lower field in its binding
energy. This electron migration process elucidates the interactions
among elements. Doping heteroatoms in the carbon substrate can change
the charge distribution and electronic properties of the carbon layer,
providing a stronger interaction between the ORR active center and the
heteroatom-doped carbon layer, thus improving the catalytic activity and
stability [40]. The influence of N-doping on the electronic structure of Pt
and Cu atoms was also investigated by XPS. The Pt 4f;,5 of Pt/N-HCS
(Fig. 2e) shifted negatively by 0.55 eV compared with commercial Pt/C
(Flg 2])), while Pt 4f7/2 of Pto_ggCUolez/N-HCS (Flg Zf) exhibited a
negative shift of 0.33 eV relative to Pty 3gCuge2/HCS (Fig. 2¢) [41].
Accordingly, the Cu 2ps,» of Ptg 33Cug e2/N-HCS shifted negatively by
0.17 eV in contrast to Pty 3gCug 62/HCS (Fig. 2d and Table S4). Further-
more, the electronic structure of Pt and Cu atoms was also influenced by
N-doping [42]. These results collectively point to an electron transfer
from N species to neighboring Pt and Cu atoms, optimizing the d-band
center of PtCu and thereby enhancing oxygen adsorption. Additionally,
compared with Pt/N-HCS, alloyed Cu atoms reduced the content of
pyrrolic-N and significantly increased the combined contents of
pyridinic-N and graphitic-N (Fig. S14 and Table S5) [43,44]. The spec-
trum of C 1s divided into four characteristic peaks located at 284.5,
284.9, 285.6, and 286.5 eV, which attributed to C=C, C-C, C-N/C-O, and
C=O0 bonds, respectively (Fig. S15 and Table S6) [26]. The Cu and Pt
atoms in Pty 33Cug 2/N-HCS were predominantly in the metallic state,
and a strong peak shifted signifies a significant alteration in the surface
electronic structure of Pty 33Cug 62/HCS. This shift originated from the
charge transfer from Cu to Pt, culminating in optimized adsorption for
reaction intermediate on the surface of PtCu alloys [45].

To assess how the atomic ratios of PtCu alloy influence ORR
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performance, we conducted CV and LSV curve analyses of Pt,Cuy cata-
lysts using the rotating disk electrode method. When Nj-saturated 0.1 M
HCIO, electrolytes, the PtyCuy catalyst displayed a rectangular shape,
while presented a distinct cathodic reduction peak under O, conditions
(Fig. S16a). This observation indicated that all Pt,Cuy catalysts demon-
strated excellent ORR activity. In general, LSV curves obtained at various
rotation rates provide insights into the kinetic and catalytic pathways for
ORR. In Fig. S16b, the onset potential (Enser) of each catalyst remained
relatively stable, while the diffusion-limited current density (J)
increased significantly at higher rotational speeds, inferring enhanced
mass transfer behavior at higher speeds. We evaluated the ORR activities
of Pt,Cuy catalysts based on Eqpsec and E; 2. As depicted in Fig. S17a and
Table S7, the PtyCuy catalysts achieved their maximum ORR activity
when the atomic ratio is 0.38/0.62 (0.998 V and 0.837 V for Eqpset and
E1 /2, respectively). Furthermore, to further investigate the ORR catalytic
performance, the mass activity (MA) was calculated by normalizing
current density against Pt loading in catalyst, and the electrochemically
active surface area (ECSA) was determined based on CO-stripping
(Fig. S18). As shown in Fig. S17b, the MA and ECSA of Pt,Cuy catalysts
followed a similar volcano-shaped distribution as the Cu content
increased. Notably, the Pt 3gCug ¢2/N-HCS catalyst displayed the highest
MA of 0.672 A mg’lpt, ECSA of 48.3 m? g'l. The Tafel slope, obtained
from LSV curves, served as a crucial descriptor for ORR kinetics. As
indicated in Fig. S17c, the Pty 33Cuge2/N-HCS catalyst exhibited the
smallest Tafel slopes compared to the Pty29Cup71/N-HCS and
Pt.44Cug 56/N-HCS catalysts. Based on the aforementioned analysis, it
was evident that the atomic ratios between Pt and Cu atoms play a crucial
role in regulating compressive strain, which optimizes the Oy adsorption
ability on the PtCu (111) surface. Therefore, the Ptg3gCug e2/N-HCS
catalyst is selected for further study on ORR performance.

To assess the superior performance of Pty 33Cug ¢2/N-HCS for ORR,

the electrochemical tests were carried out on Pt/N-HCS, Ptg 35Cug.e2/
HCS, and commercial Pt/C in Ny and Os-saturated 0.1 M HCIO4 elec-
trolyte (Fig. S19). In Fig. 3a, it was evident that Pty 3gCug ¢2/N-HCS
exhibited the most positive E;/» of 0.837 V when compared to com-
mercial Pt/C (0.822V), Pt/N-HCS (0.807V) and Pty 38Cug62/HCS
(0.827V). Benefiting from the well-controlled strain in catalyst, the
Ptg.35Clg.62/N-HCS also presented highest MA of 0.672 A mgp, which
was 2.0, 4.8, and 2.5 times greater than those of commercial Pt/C (0.333
A mgi), Pt/N-HCS (0.139 A mgp) and Ptg 35Cug 62/HCS (0.273 A mgp)
catalysts, respectively (Fig. 3b, Table S8). These results clearly indicate
the optimized electronic structure of Pt by Cu-induced compressive strain
[46]. Similarly, the electrochemically active surface area (ECSA) was
determined based on CO-stripping (Fig. S20). The ECSA of
Pty 3g3Cug ¢2/N-HCS (48.3 m?> g"l) is comparable to that of commercial
Pt/C (48.6 m? g'l) and surpassed that of Pt/N-HCS (8.1 m? g'l) and
Pto.35CU0.62/HCS (25.9 m? g'l) due to the alloying effect (Fig. 3b,
Table S8). More importantly, as illustrated in Fig. 3c, the ORR Tafel slope
of Pty 33Cug 62/N-HCS was only 50.66 mV dec?, much lower than those
of commercial Pt/C (62.15 mV dec'l), Pt/N-HCS (76.72 mV dec'l) and
Ptg.35Cig.62/HCS (62.99 mV dec’)), manifesting the promoted ORR ki-
netics on Pty 3gCugg2/N-HCS [47,48]. The ORR performance of the
Ptg.38Cug 62/7HCS also surpassed those of most earlier reported Pt-based
nanocatalysts (Fig. S21, Table S9).

A rotating ring-disk electrode (RRDE) was employed to investigate
H50, yield and evaluate the electron transfer numbers for all catalysts
(Fig. 3d) [49,50]. The Pty 3gCugg2/N-HCS -catalyst displayed a
four-electron ORR mechanism with an electron transfer numbers of 3.8
and a lower H20; production rate of 6%, which closely approached the
value achieved by commercial Pt/C catalyst (n: ~3.85, HoO3: ~3%). This
finding revealed that the Ptg3gCugg2/N-HCS catalyst exhibited a
remarkable selectivity for direct reduction of O to HpO. The improved
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ORR kinetics was further confirmed by electrochemical impedance
spectroscopy (EIS). Notably, as depicted in Fig. 3e and Fig. S22, the
Pto.38Cup.62/N-HCS possessed the smallest charge transfer impedance
(Re) of 13.33 Q, relative to Pt/N-HCS (14.04 Q), Ptg35Cug.62/HCS
(22.59 Q) and commercial Pt/C (71.94 Q), which suggested that the
exceptional compressive strain in Pt, achieved by alloying with Cu, fa-
cilitates faster electron transfer during the ORR process [51,52]. Besides
catalytic activity, the tolerance of methanol crossover and durability
were also crucial factors for the service life of a real fuel cell system and
must be taken into consideration. It can be seen from Fig. 3f, when the 1
M methanol is introduced into electrolyte at 400 s, the ORR current
density of other catalyst experienced a sharp decrease except for
Pto.38Cug.62/N-HCS, demonstrating its superior tolerance against meth-
anol crossover [53,54].

To further reveal the intrinsic mechanisms of the enhanced ORR ac-
tivity by constructing PtCu alloy, DFT calculation were carried out to
analyze the particular characteristics for Ptg3gCugez alloy. First, we
calculated the fcc structure of Pt, Cu, and Pty 33Cug 62 alloy. As shown in
Fig. S23, due to the radius mismatch between Pt and Cu ions, the Pt-Pt
bonds became shorter (2.73 A) in Pty 4Cug ¢ than those (2.81 10\) of Pt
metal, which is consistent with previous XRD analysis. For the reason
that the O3 adsorption behaviors significantly affect the ORR activities on
catalytic surface, the charge density difference of O, adsorbed on
different catalytic surfaces were calculated. As seen from Fig. 4a-c and
S24, the amount of the transferred charge on PtCu (111) is larger than
that on Pt (111), indicating that the enhanced O, adsorption ability by
compress strain strategy for Pty 4Cuge alloy. The projected density of

states (PDOS) of different catalytic surfaces (see Fig. 4d) were also pre-
sented to further probe the crucial role of compress strain in Pty 4Cuge
alloy for efficient ORR performance. The obvious upshift of d band center
(-1.85 eV) can be observed for Pty 4Cug ¢ alloy relative to Pt (-2.11 eV)
and Cu (-2.16 eV). A more positive value of d-band center would produce
a decreased antibonding orbitals filling, which increases the interaction
between the active metal sites and oxygen molecular. Therefore, the
existence of compress strain could finally enhance the Oy adsorption
energy on PtCu (111) surface (see Fig. 4e). Finally, The Gibbs free energy
diagrams for ORR with four-electrons pathway were calculated. As
depicted in Fig. 4f-g, the fourth electron transfer step (*OH + H" + e~ —
Hy0) determines the potential-determining step (PDS) for Cu and Pt
catalysts. Accordingly, Pt possesses a lower overpotential (0.31 eV) than
those of Cu (0.97 eV). However, Pty4Cugg alloy has a similar over-
potential (0.33 eV) to pure Pt even though the first electron transfer step
(O3 +H" + e~ - *OOH) is PDS, indicating that an efficient ORR activity
for PtCu alloy with decreased Pt amount.

Accelerated durability test (ADT) was carried out by 10,000 CV cycles
with a scan rate of 50 mV s™! at a potential of 0.05-1.2 V (vs. RHE). Fig. 5a
presented a comparative analysis of the LSV curves for both commercial
Pt/C and Pt 33Cug 62/N-HCS catalysts before and after 10,000 cycles.
The E; /5 decay of Ptg 33Cug 62/N-HCS exhibited no significantly different
after 10,000 CV cycles when compared to its initial catalyst. In contrast,
the commercial Pt/C catalyst experienced a substantial degradation with
a notable negative shift of 133 mV in E; /5. This outcome substantiates
that the Ptg33Cuge2/N-HCS catalyst demonstrated outstanding dura-
bility during the ORR process, attributed to the stress effect induced by
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Fig. 6. The enhancement mechanism of Pty 3gCuge2/N-HCS -catalyst to-
wards ORR.

the alloy. In addition, the XRD plots (Fig. S25) analysis indicated that the
materials still maintain the PtCu peak after ADT and no significant
changes of XPS full spectrum. Pt 4f, Cu 2p, N 1s and C 1s XPS of
Pty.38Cug 62/N-HCS before and after ADT were found (Fig. 5b-d, Fig. S26
and Fig. S27). One of these exhibits a distinct satellite peak at 937-947eV
due to the oxidation of Cu on the surface [24]. According to most reports,
commercial Pt/C lost a significant amount of Pt° after ADT, resulting in a
rapid decline in electrochemical activity [55]. The compression stress
caused by reasonable introduction of Cu atoms in Pt metal can effectively
inhibit the conversion of Pt° to Pt?*, resulting excellent durability of
Pt(.38Cug 62/N-HCS.

The morphology of Ptj 3gCug 2/N-HCS (Fig. 5e) and the wall thick-
ness of the support were well maintained (Fig. 5f). The d lattice spacing
of 0.215 nm was obviously observed in HR-TEM image (Fig. 5g). The
selected area electron diffraction (SAED) image of Pt( 3gCug.2/N-HCS
after ADT further confirmed that the PtCu alloy also remain fcc structure
(Fig. S28). In addition, the elements of Pt, Cu, N, and C were uniformly
distributed in the Pt 33Cug 62/N-HCS after ADT (Fig. 5h-m). The content
of the O element had identified with respect to the before ADT, which
suggested that there was an oxide generation during the ADT, which
corresponds to the emergence of the Cu oxides from XPS (Fig. S29,
Fig. S30, Table S10 and Table S11). The preferential oxidation of Cu
better protects Pt°, which was the main reason for the stable performance
of Ptg.38Cug.62/N-HCS.

Based on the above discussion, the superior ORR performance of the
Pty 35Cug.62/N-HCS catalyst can be attributed to the three main factors.
Firstly, the incorporating Cu atoms with a smaller atomic radius into the
Pt lattice decreases the length of Pt-Pt bonds and induces compressive
strain in the PtCu nanoalloy. This modification effectively shifts the
d band center of Pt approaching the Fermi level, resulting in increased
adsorption energy toward O, molecules and ultimately enhancing the
ORR activity. Secondly, the Cu atoms acts as sacrificial anode and un-
dergo preferential oxidation when compared to Pt. This selective
oxidation protects the highly active sites of Pt and the functional carbon
support from corrosion, thereby improving the durability; Finally, the
stable Cu species present in the PtCu alloys play a significant role in
maintaining the strain effect, ensuring the continued enhancement of
both activity and durability of the catalyst (Fig. 6).

3. Conclusion

In summary, we have successfully prepared a worm-liked PtCu
nanocrystals loaded on nitrogen-doped carbon hollow microspheres
(Ptg.38Cu 62/N-HCS). The unique structure of N-HCS, featuring a defined
hollow sphere with a thin and mesoporous shell, effectively prevents
PtCu alloy aggregation. Furthermore, the strong compressive strain be-
tween Pt and Cu atoms modifies the electron transfer from Cu to Pt
surface and optimizes the electronic configuration of Pt. These structural
and compositional advantages contribute to the superior performance of
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Pty.38Cug.62/N-HCS catalyst compared to commercial Pt/C catalyst. The
Pto.38Cup.62/N-HCS catalyst demonstrates higher E;/5, mass activity,
ECSA, and tolerance against methanol crossover. Moreover, the
Ptg.38Cug.62/N-HCS catalyst also exhibits faster reaction kinetic and rapid
interfacial charge transfer. It also shows remarkable durability, as evi-
denced by only a small negative shift of 25 mV in E; /, after 10,000 cycles.
Theoretical calculations and experiment studies further reveals that the
superior ORR activity and stability result from the optimized electronic
structures of Pt induced by the strain effect, as well as the protective
effect of preferential oxidation of Cu on Pt corrosion. This work presents
a novel strategy for designing and preparing highly effective and stable
PtM alloy catalysts for ORR.
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