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1. Introduction

Proton exchange membrane fuel cells 
(PEMFCs) are considered as promising 
energy conversion devices for electric vehi-
cles, large scale electronic devices, and 
stationary power sources.[1–3] However, 
the performance of a PEMFC is severely 
limited by the sluggish kinetics of oxygen 
reduction reaction (ORR) at the cathode.[4] 
Carbon-supported platinum (Pt/C) nano-
particles (NPs) with sizes of 3–5  nm are 
commercially used catalysts for ORR.[5,6] 
Unfortunately, Pt/C suffers from high 
cost (≈50  000 $ per kg), limited activity  
(mass activity ≈0.11 A mgPt

−1 at 0.9  V), 
and poor stability (≈60% activity loss after 
30 000 voltage cycles),[7,8] which is far below 
U.S. Department of Energy (DOE) 2020 
targets and strictly hinders the commer-
cialization of PEMFCs. Therefore, high-
performance cathode catalysts have been 
extensively studied including PtM alloys 
(M = Fe, Co, Ni, etc.),[9,10] nano-structured 

PtM alloy catalysts (e.g., PtFe, PtCo), especially in an intermetallic L10 struc-
ture, have attracted considerable interest due to their respectable activity 
and stability for the oxygen reduction reaction (ORR) in proton exchange 
membrane fuel cells (PEMFCs). However, metal-catalyzed formation of ·OH 
from H2O2 (i.e., Fenton reaction) by Fe- or Co-containing catalysts causes 
severe degradation of PEM/catalyst layers, hindering the prospects of com-
mercial applications. Zinc is known as an antioxidant in Fenton reaction, 
but is rarely alloyed with Pt owing to its relatively negative redox potential. 
Here, sub-4 nm intermetallic L10-PtZn nanoparticles (NPs) are synthesized 
as high-performance PEMFC cathode catalysts. In PEMFC tests, the L10-
PtZn cathode achieves outstanding activity (0.52 A mgPt

−1 at 0.9 ViR-free, and 
peak power density of 2.00 W cm−2) and stability (only 16.6% loss in mass 
activity after 30 000 voltage cycles), exceeding the U.S. DOE 2020 targets 
and most of the reported ORR catalysts. Density function theory calcula-
tions reveal that biaxial strains developed upon the disorder-order (A1L10) 
transition of PtZn NPs would modulate the surface PtPt distances and 
optimize PtO binding for ORR activity enhancement, while the increased 
vacancy formation energy of Zn atoms in an ordered structure accounts for 
the improved stability.
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Pt-based nanocrystals (NCs) (e.g., core/shell structures,[11,12] 
framework structures[13–16] and nanowires[14,17]), and catalysts 
derived from earth-abundant metals.[18,19] Among them, the 
most studied catalysts are those from Pt alloyed with first-row 
transition metals such as PtNi,[20,21] PtCo,[22,23] and PtFe.[24,25] 
However, most of these catalysts adopt disordered face-cen-
tered cubic (fcc or A1) structures where Pt and M atoms are 
randomly arranged within the NCs. Under the typical operating 
conditions of a PEMFC (cell temperature of 60—80 °C, voltage 
of 0.6–0.8  V, and strong acidic environment), M is easily oxi-
dized and dissolved. Such metal leaching would lead to severe 
structural damages and the dissolved M ions may further react 
with H2O2 and thus degrade the proton exchange membrane 
(i.e., Nafion). These factors seriously undermine the long-term 
performance of PEMFCs.

Inspecting the phase diagrams of bimetallic PtM systems, we 
know that under appropriate conditions (e.g., temperature and 
atomic ratio), A1-PtM can be converted into ordered tetragonal 
L10-PtM (with Pt:M ratio of 1:1) structures with much improved 
stability against the oxidation and acid etching of M.[26–28] For 
example, L10-PtFe,[29,30] L10-PtCo,[31,32] and L10-PtNi[33] interme-
tallic NPs have exhibited encouraging ORR activity and stability 
in PEMFCs. Nevertheless, these redox-active metals, espe-
cially Fe, will promote the formation of reactive oxygen spe-
cies (ROS, like ·OH radical) from H2O2 (the main byproduct 
of 2e− ORR), which is so-called Fenton reaction. The ROS may 
further degrade the Nafion membrane and catalyst layers.[34] 
Compared to these metals, Zinc (Zn) receives much limited 
interests when alloying with Pt, possibly due to its relatively 
negative redox potential (Zn2+/Zn, −0.76  V versus standard 
hydrogen electrode). Therefore the common reducing agents 
cannot reduce Zn efficiently and the preparation of PtZn alloy 
is challenging, even though the structurally ordered L10-PtZn 
catalyst may possess several advantages over other L10-PtM 
ones. First, it has been well recognized in biochemical sys-
tems that the antioxidant properties of Zn could significantly 
restrain the Fenton reaction.[35] Second, from the perspective 
of strain modulation, when PtZn alloy transforms into ordered 
L10-PtZn, the crystal expands along <100> and <010> directions 
and shrinks along <001> direction (e.g., a = b = 4.025 Å, c = 
3.491 Å for L10-PtZn), which will induce biaxial strains over 
Pt shell. Such co-existing tensile and compressive strains may 
be beneficial for ORR activity by favorably modulates the Pt 
surface strain and PtO binding strength. For example, core/
shell PtPb/Pt nanoplates,[36] and PdCu/PtCu NPs[37] under 
biaxial strains show much improved ORR activity compared 
to the commercial Pt/C. Moreover, the formation energy of  
L10-PtZn is much lower than that of L10-PtNi, L10-PtCo, and 
L10-PtFe (−0.566 eV per atom for L10-PtZn, −0.24 eV per atom 
for L10-PtFe, −0.096  eV per atom for L10-PtNi, and −0.088  eV 
per atom for L10-PtCo, adapted from Materials project data-
base), which may render a significantly improved structural 
stability to L10-PtZn.[27,28]

In this paper, we develop sub-4 nm L10-PtZn/Pt NPs as active 
and durable ORR electrocatalysts for the first time via a self-pro-
tection method. Since high temperature annealing (>600 °C) is 
generally required to overcome the diffusion barrier and fulfill 
the A1-L10 conversion, MgO[29,38] or SiO2

[39,40] are often used as 
robust protectors against NP aggregation. Nevertheless, such 

protective shells would confine the mobility of Pt/M atoms 
and also make the synthesis much complicated.[29] Here we 
employ a 3D Pt@ZnO matrix as a precursor to prepare ultr-
asmall (3  nm) L10-PtZn NPs, which can not only prevent the 
NP aggregation but also promote the phase transition by cre-
ating abundant O vacancies during reductive annealing. The 
obtained L10-PtZn electrocatalyst with a “Pt-skin” structure 
demonstrates outstanding activity and stability in PEMFC tests, 
which outperforms most of the reported PtM ORR catalysts. 
Mechanistic analysis reveals that the A1 to L10 transition of 
PtZn leads to biaxial strains over Pt shells, with tension along 
<110> direction and compression along <101> and <011> ones. 
The biaxial strains could optimize the binding energy between 
Pt and oxygenated intermediates with enhanced ORR activity. 
The A1 to L10 transition also increases the vacancy formation 
energy of Zn atoms, accounting for the much improved struc-
tural stability.

2. Results and Discussion

Sub-4  nm L10-PtZn NPs were obtained by annealing Pt 
NPs encapsulated in ZnO matrix (Pt@ZnO) as a precursor, 
which was synthesized by a one-pot seed-mediated approach 
(Figure 1a). Typically, 2.5 nm Pt seeds were synthesized by the 
reduction of Pt acetylacetonate (Pt(acac)2) in the presence of 
oleylamine (OAm) and borane tert-butylamine (BTB), followed 
by coating Pt NPs with ZnO matrix through thermal decom-
position of Zn(acac)2 in the presence of Tri-n-Octylphosphine 
oxdie (TOPO) and OAm. The effect of reducing agent is also 
examined, and it seems that BTB is a key to preparing mono-
disperse 2.5  nm Pt NPs (Figure S1, Supporting Information). 
The Pt@ZnO matrix was then annealed at 600 °C for 2 h under 
Ar + 5% H2. After acid washing to remove the excessive ZnO 
and loading onto carbon (Vulcan XC72), ordered L10-PtZn NPs 
were obtained (denoted as L10-PtZn-C). To construct a “Pt-skin” 
structure on L10-PtZn NPs for improving their high tempera-
ture stability, L10-PtZn NPs were immersed in the warm (60 °C) 
0.1 m HClO4 solution for another 3 h to remove surface Zn, 
followed by annealing at 400  °C under Ar + 5% H2 for 1 h 
(denoted as L10-PtZn/Pt-C, Figure S2, Supporting Information). 
The disordered A1-PtZn NPs are also synthesized by reacting 
Pt(acac)2 and Zn(acac)2 at 320 °C (Figure S2, Supporting Infor-
mation, see Experimental Section for details).

As shown in the transmission electron microscopy (TEM) 
images (Figure  1b and Figure S3, Supporting Information), 
the average diameter of the Pt NPs was determined to be 
2.5 ±  0.3  nm with a narrow size distribution. The inter-plane 
spacing of the lattice fringes is about 0.225  nm (Figure  1b 
inset), corresponding to the (111) facet of fcc Pt. High-angle 
annular dark-field scanning TEM (HAADF-STEM) images of 
the Pt@ZnO composite (Figure  1c and Figure S4, Supporting 
Information) show that all Pt NPs are well encapsulated in the 
ZnO matrix without NP aggregation, as clearly indicated by the 
high (Pt) and low (Zn) Z contrasts. Interestingly, some strips 
likely relating to the mesopores can be observed in ZnO matrix. 
Figure S5, Supporting Information shows the XRD pattern of 
the as-prepared Pt@ZnO matrix. The diffraction peaks corre-
sponding to crystal planes of ZnO are evident, while the peaks 
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of Pt are hardly identified due to the high ratio of ZnO/Pt (20:1). 
X-ray photoelectron spectroscopy (XPS) was employed to inves-
tigate the interaction between Pt and ZnO matrix (Figure S6, 
Supporting Information). The binding energy of Pt 4f7/2 peak 
of Pt@ZnO sample (70.9 eV) is slightly lower than that of Pt/C 
(71.4 eV),[41] indicating an possible electron transfer from ZnO 
to Pt.[42] Such interaction may stabilize Pt NPs during thermal 
annealing. TOPO plays an important role in controlling the for-
mation of Pt@ZnO matrix. If Zn(acac)2 decomposed into ZnO 
in the absence of TOPO, the morphology was less controlled 
and only a partial Pt NPs could be encapsulated (Figure S7, Sup-
porting Information). It is assumed that TOPO tends to bind 
with Zn2+ and decelerate the decomposition process, thereby 
controlling the nucleation rate of ZnO to encapsulate the Pt 
NPs.[43] After annealing, the size of L10-PtZn NPs slightly 
increases to 3.5 nm due to the incorporation of Zn (Figure 1d 
and Figure S8, Supporting Information). The ordered structure 

is clearly identified by the high (Pt) and low (Zn) Z-contrast 
with Pt and Zn arranging alternatively (Figure  1d inset). The 
spacing of lattice fringes is measured to be 0.352  nm, corre-
sponding to the (001) facet of L10-PtZn. From the Pt 4f XPS 
spectra of L10-PtZn-C, it can be observed that the binding 
energy of Pt 4f7/2 peak exhibits a positive shift compared to 
Pt/C (from 71.4 to 72 eV), suggesting a down-shift of the d-band 
center after the incorporation of Zn.[44,45] Such change in the 
surface electronic structure of Pt could weaken the binding 
between Pt and oxygenated intermediates, leading to the ORR 
activity enhancement.[46]

It is worth noting that the ZnO matrix can serve as a bifunc-
tional component during annealing. Upon reductive annealing, 
ZnO matrix is partially reduced to Zn and inter-diffuses with Pt 
to form the L10-PtZn structure. During this process O vacan-
cies are created and the atomic diffusion process can be pro-
moted.[29] Also ZnO matrix can serve as a physical barrier to 

Figure 1.  a) Schematic illustration of the synthetic route to L10-PtZn/Pt. b) TEM image of the as-prepared Pt NPs. Inset: High-resolution TEM image 
of Pt NPs. c) HAADF-STEM image of Pt@ZnO matrix. d) TEM image of L10-PtZn-C after thermal annealing at 600 °C. Inset: HAADF-STEM image of a 
representative L10-PtZn NP. e) XRD patterns of A1-PtZn-C, L10-PtZn-C, and L10-PtZn/Pt-C.
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prevent the NP aggregation without additional oxide protectors 
(e.g., MgO and SiO2). When annealing in the absence of ZnO 
matrix, NPs would suffer from severe aggregation and the par-
ticle size increases sharply up to 30 nm (Figure S9, Supporting 
Information). Such self-protection method can be also applied 
to prepare other ultrasmall PtM (M = Ga, Cu) NPs, further dem-
onstrating its versatility (Figure S10, Supporting Information).

As shown in Figure  1e, X-ray diffraction (XRD) pattern of 
A1-PtZn-C NPs reveals a typical fcc feature. The diffraction 
peaks show a slight right-shift compared to pure Pt due to the 
incorporation of smaller atom (Zn), which may induce a com-
pressive strain in PtZn crystals over Pt shells. After annealing 
at 600 °C, the XRD pattern of L10-PtZn-C NPs is completely dif-
ferent from fcc type and matches well with that of the tetrag-
onal L10-PtZn (PDF# 06–0604). The diffraction peaks at ≈25.7° 
and ≈31.5° can be assigned to (001) and (110) superlattice peaks 
of L10-PtZn, respectively. The L10-PtZn/Pt-C NPs also show 
similar tetragonal diffraction patterns with that of L10-PtZn-C,  

indicating that post treatment would not change the crystal 
structure. The intensity ratio of (110)/(111) peaks, which reflects 
the degree of ordering,[47] is measured to be 0.290 and close to 
that of bulk L10-PtZn (0.30), indicating a high ordering degree 
of L10-PtZn-C. The particle sizes of the developed samples are 
calculated to be ≈4  nm by Debye–Scherrer equation, in good 
agreement with TEM results. The final atomic ratios of Pt/Zn 
are ≈54/46 and 55/45 for L10-PtZn-C and A1-PtZn-C, respec-
tively, as determined by X-Ray fluorescence (XRF) (Figure S11, 
Supporting Information). After post acid washing, the Pt/Zn 
ratio of L10-PtZn/Pt NPs changes to 70/30 (Figure S11, Sup-
porting Information), which is a reasonable result considering 
the ultrasmall particle size.

Cyclic voltammetry (CV) and linear scanning voltammetry 
are carried out to evaluate the electrochemical performance of 
the L10-PtZn-C, A1-PtZn-C, and commercial Pt/C catalysts in a 
three-electrode system (details see SI). CV curves of different 
samples in N2-saturated 0.1 m HClO4 solution are shown in 

Figure 2.  a) CV curves of L10-PtZn-C, A1-PtZn-C, and Pt/C in N2-saturated 0.1 m HClO4 (scan rate, 50 mV s−1). b) ORR polarization curves of L10-PtZn-C,  
A1-PtZn-C, and Pt/C in O2-saturated 0.1 m HClO4 (rotating speed, 1600 rpm; scan rate, 10 mV s−1). c) MA and SA of L10-PtZn-C, A1-PtZn-C, and Pt/C 
at 0.9 V. d) ORR polarization curves of L10-PtZn-C, A1-PtZn-C, and Pt/C in O2-saturated 0.1 m HClO4 before and after ADT at RT. e) CV curves of L10-
PtZn/Pt-C in N2-saturated 0.1 m HClO4 before and after ADT at 60 °C. f) ORR polarization curves of L10-PtZn/Pt-C in O2-saturated 0.1 m HClO4 before 
and after ADT at 60 °C.
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Figure 2a. According to the charge associated with absorption 
and desorption of hydrogen (Hupd), the electrochemically active 
surface areas (ECSAs) of the catalysts are calculated to be 61.1, 
61.9, and 62.7 m2 gPt

−1 for L10-PtZn-C, A1-PtZn-C, and Pt/C, 
respectively. Figure 2b presents the ORR polarization curves of 
three studied catalysts in O2-saturated 0.1 m HClO4 with same 
Pt loadings. The half-wave potential (E1/2) of Pt/C for ORR is 
0.872 V versus reversible hydrogen electrode. When Pt alloyed 
with Zn to form A1-PtZn, the ORR polarization curve exhibits 
a positive shift in E1/2 to 0.904 V. This activity enhancement can 
be ascribed to a combination of ligand effect and strain effect 
induced by Zn incorporation, which can weaken the adsorption 
energy between Pt and O species.[48] After the phase transition 
from A1 to L10, the E1/2 dramatically increases to 0.943 V. Mean-
while, L10-PtZn-C demonstrates an excellent mass activity (MA) 
of 1.02 A mgPt

−1 and a specific activity (SA) of 1.68 mA cm−2 at 
0.9 V (Figure 2c), respectively, which outperforms the A1 coun-
terpart and reveals 9.3- and 9.6-time improvements compared to 
that of the commercial Pt/C (0.11 A mgPt

−1 and 0.175 mA cm−2),  
respectively. The H2O2 yield during ORR catalyzed by L10-PtZn-C  
is measured (by rotating ring/disk electrode) to be 1–2% 
(Figure S12, Supporting Information), further attesting the 
high selectivity of L10-PtZn-C on catalyzing ORR via a four-
electron process.

The stability of different samples is evaluated by accelerated 
durability testing (ADT, potential cycles between 0.6 and 1.0 V 
in O2-saturated 0.1 m HClO4) at both room temperature (RT) 
and 60 °C. After 10 000 potential cycles at RT, both A1-PtZn-C 
and Pt/C suffer from severe degradation with 15 and 26 mV E1/2 
loss, respectively (Figure 2d and Figure S13, Supporting Infor-
mation). In the contrast, L10-PtZn-C demonstrates an excel-
lent stability with no obvious shift in E1/2 and negligible loss 
in MA and SA (Figure 2d and Figure S14, Supporting Informa-
tion). TEM image of L10-PtZn-C after ADT shows no obvious 
morphology change (Figure S15, Supporting Information). As 
a PEMFC is typically operating at 60–80  °C, it is essential to 
evaluate the stability of catalysts at an elevated temperature. 
Despite that the L10-PtZn-C catalyst shows enhanced stability at 
RT, it suffers from quite severe activity degradation after 10 000 
potential cycles at 60 °C (Figure S16, Supporting Information). 
Remarkably, constructing a “Pt-skin” structure on L10-PtZn 
NPs can dramatically improve the stability at 60 °C. L10-PtZn/
Pt-C only exhibits 14% loss in ECSA and 8 mV loss in E1/2 even 
after 50  000 cycles at 60  °C (Figure  2e,f). After 50  000 cycles, 
the ratio of Pt/Zn in L10-PtZn/Pt-C slightly changes from  
70/30 to 77/23 without obvious morphology change (Figure S17, 
Supporting Information).

Spherical aberration (Cs)-corrected HAADF-STEM and energy 
dispersive X-ray elemental mapping are employed for analyzing 
the catalyst structure after ADT. A representative L10-PtZn NP 
after 10  000 cycles at RT is viewed along the [11-2] zone axis 
(Figure 3a). The atomic model is presented on the experimental 
image and it is in good agreement with that of standard L10-PtZn 
crystal view along [11-2] direction (Figure 3b). The ordered struc-
ture of L10-PtZn NP is indicated by the high (Pt) and low (Zn) Z 
contrasts and their alternative arrangement along <1-10> direc-
tion (Figure 3a and Figure S18, Supporting Information). Inset 
of Figure 3a represents the corresponding fast Fourier transfor-
mation (FFT) pattern of this NP, showing the presence of (110) 

superlattice spots. These features firmly prove the presence of 
ordered L10 structure. This unique periodic L10 structure may 
induce a strong interaction between Pt and Zn, thereby increase 
the stability of Zn against acid. Besides, the spacings of lattice 
fringes are measured to be 0.292 and 0.220 nm, corresponding 
to (110) and (111) facets, respectively. The lattice spacing of (110) 
facet, corresponding to dPtPt in L10-PtZn, is larger than that in 
A1-Pt (0.277  nm), indicating a tensile strain along <110> direc-
tion. Viewed in another direction, the lattice spacing of (011) facet, 
corresponding to dPtZn, is about 0.270 nm, showing a compres-
sive strain along <011> direction (Figure S19, Supporting Infor-
mation). In this regard, these observations provide experimental 
evidences for biaxial strains in L10-PtZn NPs. According to the 
elemental mapping and STEM-electron energy loss spectros-
copy (STEM-EELS) line scans of a single NP (Figure 3c,d), core/
shell structure with Pt-rich shell and homogenous PtZn core is 
observed, indicating the slightly etching of Zn during acid treat-
ment or potential cycles. The thickness of Pt shell is ≈0.6  nm, 
corresponding to ≈3 atomic layers.

The membrane electrodes assembly equipped with L10-
PtZn/Pt-C cathode is fabricated to evaluate its performance 
in a PEMFC. Figure  4a presents the H2-O2 fuel cell polariza-
tion curves (i–V) of the commercial Pt/C and L10-PtZn/Pt-C 
at 80  °C. L10-PtZn/Pt-C reveals an encouraging performance 
in the kinetic range (0.549 A cm−2 at 0.8  V), which is much 
improved compared to that of commercial Pt/C. The max-
imum peak power density for L10-PtZn/Pt-C reaches as high as  
2.00 W cm−2, which is superior to most of other reported PtM 
cathode. Noteworthy, L10-PtZn/Pt-C catalyst demonstrates 
extraordinarily high durability in PEMFC cathode. The i–V 
curve shows negligible change after 30 000 voltage cycles from 
0.6 to 0.95  V at 100  mV s−1 in N2 atmosphere (Figure  4b). By 

Figure 3.  a) HAADF-STEM image of a L10-PtZn NP. Inset in (a), the corre-
sponding FFT pattern. b) Standard atomic arrangement of L10-PtZn view 
along [11-2] direction. c) Elemental mappings of Pt and Zn. d) STEM-EELS 
line-scan profile of a L10-PtZn NP.
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contrast, Pt/C catalyst suffers from quite severe performance 
loss after 30 000 cycles (Figure S20, Supporting Information). 
The performance before and after voltage cycling is further 
quantified using the MA at 0.9 ViR-free as suggested by DOE 
(Figure 4d). The L10-PtZn/Pt-C catalyst achieves an initial MA 
of 0.52 A mgPt

−1 and only 16.6% MA loss after 30  000 cycles, 
surpassing the DOE 2020 targets on both MA (0.44 A mgPt

−1) 
and MA loss (<40% after 30 000 cycles). When feeding with air, 
our L10-PtZn/Pt-C catalyst also demonstrates promising perfor-
mance as well as high stability after 30 000 cycles (Figure 4c), 
holding great potential in PEMFC applications. Specifically, the 
initial current density at 0.8 V is 372 mA cm−2, meeting DOE 
2020 target (300 mA cm−2 at 0.8 V). After 30 000 potential cycles, 
less than 10  mV voltage loss can be observed at the current 
density of 0.8 A cm−2 (Figure  4d). The excellent performance 
in activity and stability makes our L10-PtZn/Pt-C among the 
most competitive ORR catalysts in PEMFCs (Figure 4e).[32,49–52] 

In addition to the stability of catalyst itself, the degradation of 
Nafion membrane caused by ROS may also lead to stability 
issues. We therefore assess the ROS production level by UV–vis 
absorption spectroscopy with 2, 20-azinobis (3-ethylbenzthiazo-
line-6-sulfonate) (ABTS) as substrate.[53] Figure  4f shows that 
the absorbance value of ABTS-H2O2-Zn is lower than that of 
ABTS-H2O2-Co and ABTS-H2O2-Fe, thus unambiguously dem-
onstrating that Zn could significantly restrain the Fenton reac-
tion and the formation of ROS.

The enhanced activity of L10-PtZn/Pt-C catalysts is further 
interpreted in terms of Pt strain. Based on TEM and HAADF-
STEM results, a (111) facet slab model of L10-PtZn/Pt is con-
structed, as shown in Figure 5a. When A1 structure transforms 
into L10 structure, the lattice constants change significantly 
with expansion along <100>, <010> directions and compres-
sion along <001> one. Therefore, the Pt–Pt distance (dPt–Pt) 
increases to 2.837 Å while the Pt–Zn distance (dPt–Zn) shrinks 

Figure 4.  a) H2-O2 fuel cell polarization curves of commercial Pt/C and L10-PtZn/Pt-C. b) H2-O2 and c) H2-air fuel cell polarization curves of  
L10-PtZn/Pt-C after 30  000 voltage cycles. Anode: 0.1 mgPt cm−2 20% Pt/C; cathode: 0.104 mgPt cm−2 L10-PtZn/Pt-C or 0.16 mgPt cm−2 20% Pt/C; 
membrane: Nafion 211; temperature: 80 °C; backpressure: 150 kPa. d) Changes of MA and voltage at 0.8 A cm−2 of L10-PtZn/Pt-C before and after 
voltage cycles (black and red dash lines indicate the DOE beginning-of-life (BOL) and end-of-life (EOL) targets, respectively). e) Comparison of the  
mass activity retention and peak power density for catalysts between this work and previous ones. Footnote*: The power density was evaluated 
from i–V curves under H2-air condition. (f) UV/Vis absorption spectra of 0.1 m HClO4 solutions of ABTS-H2O2 and after the additions of Fe, Co, Zn. 
Inset: photographs showing the color change of the solution after the Fenton reaction.
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to 2.667 Å, far different from the dPt–Pt (2.775 Å) in pure A1-Pt 
(Figure  5a and Figure S21, Supporting Information). The 
mismatch between A1 Pt shell and L10-PtZn core will induce 
biaxial strains on a coherent interface consequently. As shown 
in Figure 5a; Figure S21 and Table S1, Supporting Information, 
tensile strain up to 2.23% along <110> direction is created upon 
Pt (111) facet. While along <011> and <101> directions, com-
pressive strain up to 3.9% emerges. The model analysis is in 
good agreement with the observation in microscopy results. 
To make the comparison, the lattice mismatches of L10-PtFe/
Pt, which is a widely reported ORR catalytic system, are also 
calculated with compression along three directions (Figure S21 
and Table S1, Supporting Information). The lattice mismatches 
are similar along <011> and <101> directions, while tension 
arises in L10-PtZn/Pt along <110> direction. Considering that 
the surface strain is overcompressed in L10-PtFe/Pt in previous 
report,[54] the biaxial strains in L10-PtZn/Pt may shorten the  

Pt–Pt distance and favorably modulate the strain over Pt sur-
face synergistically, thereby promoting the ORR activity based 
on strain effect.[48,55,56]

To verify our hypothesis, extended X-ray absorption fine 
structure (EXAFS) spectroscopy and density function theory 
(DFT) calculations are employed. EXAFS results reveal that the 
Pt–Pt bond length in L10-PtZn/Pt-C (2.730 Å) is shorter than 
that of Pt foil (2.765 Å) (Figure 5b; Figure S22 and Table S1, Sup-
porting Information) and indeed longer than that of L10-PtFe/Pt 
(2.675 Å).[49] The shortened Pt–Pt bond and the resultant strain 
on the surface could weaken the oxygen adsorption energy (EO), 
accounting for the enhanced ORR activity.[48,55,56]

DFT calculations are performed to elucidate the origin of 
enhanced ORR activity on the PtZn/Pt core/shell NPs. We 
find that the chemical bonding is strengthened when Zn is 
introduced to Pt. The Bader charge analysis reveals significant 
charge transfer from Zn to Pt (≈0.6 e per atom) in both ordered 

Figure 5.  a) Schematic illustration of lattice mismatch between L10-PtZn core and A1-Pt shell. White and green spheres represent Pt and Zn atoms, 
respectively. b) Pt L3 k3-weighted FT-EXAFS spectra of Pt foil, and L10-PtZn/Pt-C. c) ΔEO as a function of compressive strain on the (111) surface. The 
optimal EO is set to zero. d) Simulation model of 3-nm L10-PtZn/Pt3L NP and strain distribution on the (111) surface of L10-PtZn/Pt. e) Vacancy forma-
tion energy of Zn atom for ordered and disordered PtZn slabs. f) Correlations between the formation energy and vacancy formation energy of M in 
various L10-PtM systems.
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and disordered PtZn alloys, leading to a strong ionic/metallic 
binding between Zn and Pt, and shortened lattice parameters. 
The oxygen adsorption energy on transition metal surfaces, EO, 
has been widely used as a descriptor for ORR activity.[46,57] Here 
we first calculate EO on Pt (111) surface under biaxial compres-
sions shown in Figure 5c. There is an optimal EO value under 
which the ORR activity reaches the maximum and we use 
ΔEO to represent the difference of a given EO value relative to 
the optimal reference. A linear relationship between ΔEO and 
the compressive strain is observed with an optimal compres-
sion of 2.13% on Pt (111). We next estimate the surface strain 
distributions on L10-PtZn/Pt and L10-PtFe/Pt core/shell NPs 
as well as pure Pt NP using the Molecular Mechanics mode-
ling approach.[58] Each NP is modeled by a truncated octahe-
dron with a diameter of ≈3 nm and a Pt shell of 3-atom-layer 
thickness (≈0.6 nm) as shown in Figure 5d. In the L10-PtZn/Pt 
NP after relaxation, an average compressive strain of 1.77% is 
developed along <011> and <101> directions and a compressive 
strain of 2.49% is developed along <110> direction (Figure 5d). 
Compared to the L10-PtFe/Pt NPs, which are over-compressed 
according to the previous study,[54] the average surface compres-
sion in the L10-PtZn/Pt NPs is reduced by ≈14% (Figure S23, 
Supporting Information), thanks to the expansion in the <110> 
direction in the L10-PtZn core. The release of the over-compres-
sion leads to more optimal ΔEO. In addition, the average sur-
face strain of the A1-PtZn NPs is much smaller than that of the 
L10-PtZn/Pt NPs (Figure S24, Supporting Information). Thus, 
the L10-PtZn/Pt core/shell NPs are expected to be more active 
than the A1-PtZn and pure Pt NPs, which is consistent with 
the experimental trend. Ligand effect is not considered here 
because it is known to be negligible for a shell thickness greater 
than two layers.[59] The insights into how A1 to L10 transition 
boosts the long-term durability of the ordered catalyst for ORR 
is also investigated. The vacancy formation energy of Zn atom, 
which refers to the energy required to break the bonds between 
a Zn atom and its neighboring atoms and move outside the 
crystal, are calculated and compared for A1- and L10-PtZn cata-
lysts. In the computational model, one of the Pt atoms adjoin 
to the Zn atom in L10-PtZn is replaced by a Zn atom to sim-
ulate the agminated Zn-Zn interaction in A1-PtZn. As shown 
in Figure  5e, the vacancy formation energy of Zn increases 
by ≈0.1 eV after structural ordering due to the reduced Zn-Zn 
interactions, suggesting the improved structural stability and 
oxidation resistance of Zn atoms in the L10-PtZn catalyst. We 
further compare the vacancy formation energy of PtZn with 
PtM (M = Fe, Co, Ni) in the L10 structures and plot the results 
with the corresponding formation energy (Figure 5f). Interest-
ingly, a negative correlation can be observed: the more nega-
tive the formation energy of L10-PtM is, the higher the vacancy 
formation energy of M we get, which declare the higher struc-
tural stability of L10-PtZn/Pt core/shell nanocatalysts among 
the others.

3. Conclusion

In summary, the antioxidative element Zn is employed to alloy 
with Pt and sub-4 nm L10-PtZn NPs are successfully prepared 
as a high-performance PEMFC cathode for the first time. 

EXAFS and DFT results reveal that A1 to L10 transition of PtZn 
leads to biaxial strains over Pt shell, with tension along <110> 
direction and compression along <101> and <011> directions, 
thereby arising favorable compressive strain on Pt-skin toward 
high ORR activity. PEMFC tests demonstrate that L10-PtZn/
Pt-C cathode catalyst displays promising activity and stability, 
with MA of 0.52 A mgPt

−1, peak power density of 2.00 W cm−2, 
and only 16.6% loss after 30 000 potential cycles, outperforming 
most of the reported PEMFC cathodes with an outstanding 
activity-stability balance. Such excellent PEMFC stability can 
be attributed to the increased vacancy formation energy of Zn 
atoms in L10 structure as well as the Fenton reaction resistant 
effect of antioxidative Zn. This work highlights a low-cost 
and feasible strategy to develop commercially viable PEFMC 
cathode catalyst with simultaneous surface strain control and 
side reaction elimination.

Supporting Information
Supporting Information is available from the Wiley Online Library or 
from the author.
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