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Regulating orbital interaction to construct
quasi-covalent bond networks in Pt
intermetallic alloys for high-performance
fuel cells

Xuan Liu 1,7, Yuhan Wang2,7, Hu He3,7, Zhonglong Zhao 4,5 , Xuan Luo6,
Siyang Zhang1, Gang Lu5, Dong Su 2, Yucheng Wang 6 , Yunhui Huang 1 &
Qing Li 1

The long-standing challenges facing Pt-based alloy catalysts in oxygen
reduction reactions (ORRs) are rapid oxidation and loss of transition metal/Pt
in proton exchange membrane fuel cells (PEMFCs). In this work, we report a
concept of “covalentization” in intermetallic L10-PtMM’ (M=Fe, Co, Ni andM’=
one of the 4th-period elements (from Ti to Ge)) alloys to enhance their elec-
trochemical stability. Specifically, the formation of a quasi-covalent bond
network in L10-PtMM’ due to the less occupied antibonding states induced by
high d-band positions of M’ elements (e.g., Ti, V, Cr) enhances atomic bond
order and strength, diminishing Co anodic dissolution via strengthened Pt/Co-
M’ bonds and reducing Co cathodic corrosion by inhibiting Pt oxidation
through an electron buffering effect. The developed L10-PtCoCr/C catalysts
show a high mass activity (MA= 1.27 A mgPt

−1) and rated power (16.5WmgPt
−1)

in PEMFCs at a low total Pt loading of 0.075mgPt cm
−2. The catalysts also

exhibit high electrochemical stability with ~3% and 5% loss of MA and rated
power after 30,000accelerateddurability testing cycles andprojects a lifetime
of about 42,000hours.

Proton exchange membrane fuel cells (PEMFCs) have emerged as a
critical technology for the widespread application of hydrogen energy
to reduce the dependence on fossil fuels1–5. However, limited by the
sluggish kinetics of the cathode oxygen reduction reaction (ORR), the
overall efficiency of PEMFC is unsatisfactory. Previous research has
demonstrated that alloying Pt with other transition metals M is an
effective method to improve the intrinsic activity of Pt-based

catalysts6–9. The interaction between valence orbitals of Pt and M
dominates the electronic structure modulation of the active site (e.g.,
ligand effect and strain effect). On the other hand, the harsh electro-
chemical working conditions in fuel cells (0.6–1.5 V, pH < 1, and
60–80 °C) are extremely challenging for the long-term performance
and durability of Pt-M alloy catalysts. Specifically, the rapid etching of
M and oxidation corrosion of Ptmay cause the degradation of cathode
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catalysts, leading to performance decay during the long-term
operation.

Someearly theoretical researchon the thermodynamic stability of
metal alloys noted that the variation in the cohesive energy of transi-
tion metals is mainly driven by their d-band contribution10–12. Also,
Norskov et al. found that some typical Pt-based alloys with approxi-
mately half-filled metal-metal d bonds (e.g., Pt3Y and Pt3Sc) exhibit
large negative enthalpies of formation, implying highly stable
structures13. In particular, recent studies have demonstrated that
chemically ordered L10-PtM intermetallic alloys show impressive
advantages in stabilizing transitionmetal elements8,14,15. The sequential
arrangement of Pt and M atomic layers along the c-axis of the lattice
leads to a considerable overlap between their d orbitals, inducing a
stronger 3d (M)−5d (Pt) interaction that can prevent the transition
metal atoms from etching out of the ordered lattice16,17. For instance,
Sun et al. utilized such an interaction to construct the structurally
ordered L10-PtFe and L10-PtCo, effectively reducing M leaching in
PEMFC18,19. Another effective method is to strengthen d-p interaction
between Pt and some p-block elements (e.g., B, N) to improve the
electrochemical stability of catalysts20,21. All these results highlight the
critical role of orbital modulation in improving the structural stability
of metal alloys. However, most regulation methods are confined to
enhancing a particular type of bond/interaction. The intricate atomic
coordination and inherent weakness of metal bonds in PtM alloys
make the dissolution of metal M more susceptible to the influence of
less tightly bonded atoms, akin to the bucket effect, which leads to the
dissolution of M in these M-rich Pt alloys, especially for the anodic M
dissolution. On the other hand, the weakly bonded M atoms could be
more easily bonded with subsurface oxygen atoms formed due to the
place-exchange oxidation of surface Pt at a high potential window,
thus accelerating the cathode M corrosion process and resulting in a
fast decay of PtM alloy catalysts. In this regard, L10 intermetallic alloys
exhibit passable advantages in anti-metal dissolution as the strong
internal 3d (M)−5d (Pt) orbital coupling. However, the more detailed
mechanism concerning the electrochemical stability of L10-PtM alloys
and how it can be further enhanced remain unexplored.

Herein, we develop an orbital interaction enhancement strategy
via constructing a quasi-covalent bond network within Pt crystallines
to improve the catalytic stability of intermetallic L10-PtMM’ (M = Fe,
Co, Ni; M’ = 4th period element from Ti to Ge) nanocrystals (NC) ORR
catalysts for PEMFCs. Density functional theory (DFT) calculations
demonstrate that through increasing bonding-antibonding energy
level splitting of Pt/M-M’ in L10-PtMM’ (especially when M’ = Ti, V, and
Cr with high d-band position), the conversion of metallic to covalent
interaction can be selectively promoted with enhanced atomic bond
order, thereby improving the atomic bond strength and forming a
highly stable thermodynamic state of L10-PtMM’. Comprehensive
operando characterizations indicate that the quasi-covalent bond
network in L10-PtCoCr diminishes the direct anodic dissolution of Co
by enhancing the Pt/Co-Cr bonding strength and alleviating the
cathodic Co corrosion by suppressing surface Pt oxidation, effectively
reducing the attenuation of catalyst. The best-performing L10-PtCoCr/
C reveals high performance in PEMFC tests under light-duty vehicle
(LDV) conditions, with the mass activity (MA = 1.27 AmgPt

−1) and rated
power (16.5WmgPt

−1) in MEAs at a low total Pt loading
(0.075mgPt cm

−2). In addition, the L10-PtCoCr/C catalyst demonstrates
high durability with 3% MA loss after 30,000 accelarated potential
cycles and a long projected lifetime of 42,000h.

Results
Bonding characteristics of L10-PtCoM’

The joint influence of electronic structures and lattice types restricts
understanding electronic regulation for atomic bonding strength. In
particular, the order of atomic arrangement in the lattice has a sig-
nificant impact on the catalytic performance of the catalyst. To

minimize the lattice effect, the L10-PtCo with a space group of P4/
mmm is chosen as the model catalyst for understanding the orbital
interaction effect on the structural stability (Fig. 1a). The strictly
aligned Pt/Co layers along the c-axis of L10-PtCo can result in a precise
orbital overlap between the interlayer Pt and Co, leading to the 5d−3d
interaction16. This could induce the splitting of bonding and anti-
bonding orbitals between Pt and Co (Fig. 1b). To investigate such an
orbital coupling effect on the metal-metal bonding strength, doped
metal atoms M’ (4th period element from Ti to Ge) were introduced
into L10-PtCo. Thus, the structure of L10-PtCoM’ catalysts can be
interpreted as a network consisting of the interlayer Pt-Co/M’ bond
and intralayer Pt-Pt and Co-Co/M’ bonds. The metal-metal bonding
strength, therefore, could be a crucial indicator of structural stability.
To this end, the Crystal Orbital Hamilton Population (COHP) for the
metal-metal interactions in the intermetallic structure has been cal-
culated. Here, the bond order (BO), defined as half the difference
between the number of bonding orbital electrons and the number of
antibonding orbital electrons, is used to describe the bonding ten-
dency between interacting atoms in L10-PtCoM’. Specifically, a high
bond order signifies a high degree of atomic covalency. For all of the
studied L10-PtCoM’ systems, the introduction of M’ atoms can greatly
influence the strengthof Pt-M’ andCo-M’bonds compared to the Pt-Co
and Co-Co bonds in the undoped L10-PtCo, while that of Pt-Co bond is
less affected (Fig. 1c). In particular, the BOs of the Pt-M’ and Co-M’

bonds decrease as the atomic number of the doping metal increases
from Ti to Zn. Among them, Pt-M’ and Co-M’ containing early transi-
tionmetal (ETM, i.e., Ti, V andCr) atoms show the highestBOs,which is
increased by about 123% (Pt-Ti) and 57% (Co-Ti) compared with those
of Pt-Co andCo-Co in L10-PtCo, respectively. In contrast, the BOs of Pt-
M’ and Co-M’ bonds in L10-PtCoM’ containing post-transition metals
(PTM, i.e., Ni, Cu and Zn) exhibit obvious decreases to varying extents.
Our further calculations show that the interatomic bonding strength
between Pt/Co and M’ is primarily determined by the d-band position
of theM’metals referencing the Fermi level according to the projected
density of states (PDOS) of the d-band of the Pt, Co, and M’ atoms in
L10-PtCoM’ (Supplementary Fig. 1, 2). Importantly, the d-band of ETM
atom in L10-PtCoM’ is generally higher in energy than the d-band of Co
in L10-PtCo, resulting in a less-occupied antibonding state of Pt-M’

bond in L10-PtCoM’ and a higher BO. The enhanced BO indicates
stronger covalency and strength of the Pt/Co-ETM bonds in L10-
PtCoM’ than that of Pt-Co in L10-PtCo (Fig. 1b). Interestingly, alloying
L10-PtCo with main group metal (MGM) Ga and Ge can also result in
strong Pt-Co-Ga and Pt-Co-Ge networks, as suggested by the promi-
nent Pt-Ga, Co-Ga, and Go-Ge BOs (Fig. 1c), which was identified as the
p-d interaction effect in some previous works7,22. It is notable that the
BO trends for transition metals and main group metals are slightly
different and the trend of main group metals changes faster, which
may be caused by the changes in the interacting valence band struc-
tures. The electron localization function analysis of the studied L10-
PtCoM’ systems reveals that the electrons are more localized between
Pt and ETM/MGM atoms compared to that of PTM, suggesting the
formation of quasi-covalent bonds (QCBs) in these systems (Fig. 1d).
For ETM/MGM-doped L10-PtCo intermetallic alloy, the strong orbital
coupling between the interlayer Pt-M’ and the intralayer Pt/Co-M’ leads
to the formation of a spatial QCB network, which could exhibit a sig-
nificant positive effect on improving the overall electrochemical sta-
bility of the alloy (Fig. 1e).

Synthesis and structural characterizations
To study the relationship between electronic structures and electro-
chemical durability in L10-PtCo alloys, we first prepared PtCoM’

(atomic ratio: Pt/Co/M’ = 50/35/15) NPs through a facile wet-chemical
approach and then these NPs were anchored on a carbon support (C).
After a series of annealing (700 °C), acid-treatment and a followed
reannealing (400 °C), all the samples can achieve a phase
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transformation from A1 to L10 accompanied by forming a thin Pt
shell23. The X-ray diffraction (XRD) patterns indicated that the
annealed PtCo/C sample matched well with the standard powder dif-
fraction file (PDF) card of L10-PtCo (PDF #65-8968) according to the
superlattice peaks located at around 24° and 33° (Fig. 2a). When Co is
partially replaced by M’ in the ternary alloys, the intermetallic L10
structure could still be formed. However, a minor shift in peaks occurs
due to different atomic radius of M’ in these L10-PtCoM’ alloys. The
ordering degree of these samples was also quantitatively analyzed to
minimize its impact on subsequent measurements and characteriza-
tions (Supplementary Table 1)24. Transmission electron microscopy
(TEM) images show that the annealed alloy NPs disperse uniformly
with an average diameter of 5.0 ± 0.5 nm (Supplementary Fig. 3). The
compositions of L10-PtCoM’NPs weremeasured by X-ray fluorescence
(XRF) and inductively coupled plasma-mass spectrometry (ICP-MS)
analysis.

Spherical aberration (Cs)-corrected high-angle annular dark field
scanning transmission electron microscopy (HAADF-STEM) and
energy-dispersive spectroscopy (EDS) elemental mapping were per-
formed to analyze the structural properties of an individual NP. The
ordered intermetallic structure can be viewed along the [−110] zone

axis. The distinct alternating layers of Co/Cr and Pt atoms along the
<001> direction can be clearly observed, proving the formation of L10
structure. Inset of Fig. 2b reveals the corresponding fast Fourier
transformation (FFT) pattern of this NP, showing the presence of (110)
and (001) superlattice spots6. Furthermore, alternating intensity pro-
files further confirm the ordered structures. The edge intensity dis-
tribution of NP proved the formation of a thin Pt shell with 2–3 atomic
layers (Fig. 2c). EDS elemental mappings confirm that the three ele-
ments distributed uniformlywithin theNP, and a clear Pt shell could be
observed by the EDS line scan profile (Fig. 2d and Supplementary
Fig. 4). In addition, a compressive surface strain (~−2.2 %) can be clearly
seenon the Pt shell due tobiaxial compression inside the core (Fig. 2e).
Strain analysis alsodemonstrates that the shell strain resulted from the
strain relaxation, proved by the lattice difference between the core
and shell (Supplementary Fig. 5). X-ray absorption near-edge structure
(XANES) spectra have proven the decrease in Pt valence state of L10-
PtCoCr/C compared to that of L10-PtCo/C according to the
white line peak intensity, indicating the electronic modulation effect
of Cr (Fig. 2f). The continuous Cauchy wavelet transforms of Pt
L-edge extended X-ray absorption fine structure (EXAFS) results
exhibit a contoured feature with maximum intensities of metallic Pt in
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L10-PtCoCr/Cwith the slightly shortened Pt coordination bond lengths
(Fig. 2g, h, Supplementary Table 2).

Electrochemical measurements
To investigate the effectiveness of the covalentization strategy to the
structural stability of L10-PtCoM’, the ORR performance of the
obtained L10-PtCoM’/C catalysts and commercial Pt/C were evaluated
through cyclic voltammetry (CV) and linear scanning voltammetry
(LSV) technique. CV curves reveal that the electrochemically active
surface areas (ECSAs) of L10-PtCoM’/C ranged from 60–70m2 gPt

−1,
which is comparable to that of Pt/C (72.2m2 gPt

−1) (Supplementary
Figs. 6–16). Notably, the SA of L10-PtCoM’/C reveals a volcano-type
relationship with the atomic radius of M’ (Supplementary Fig. 17),
which suggests the ORR activity is governed by lattice strain25. DFT
calculations based on the compressive strain on L10-PtCoM’ surface
demonstrate that L10-PtCoCr exhibits the theoreticallymostoptimized

oxygen adsorption energy among all these transition metal-doped
samples (Supplementary Fig. 17). Notably, the incorporation of Cr can
alleviate the excessive compressive strain inL10-PtCo lattice, leading to
a slight rise of d band center of surface Pt layer for better ORR activity.
Experimentally, L10-PtCoCr/C demonstrates the best ORR activity with
the highestmass activity (MA) of 2.56 AmgPt

−1 and specific activity (SA)
of 5.03mA cm−2 (Fig. 3a, b), as proved by the DFT calculations. After a
standard ADT protocol of 30,000 potential cycles, nearly all the L10-
PtCoM’/C catalysts exhibit varying degrees of activity decline. Besides,
the SA retention results of L10-PtCoM’/C showa strong correlationwith
the BOsof Pt/Co-M’ (Fig. 3c, Supplementary Fig. 18). Specifically, a high
interatomic BO indicates a high SA retention. Among these catalysts,
L10-PtCoCr/C and L10-PtCoTi/C demonstrate the best ORR stability
with 99.0% and 99.4% SA retention after ADT, respectively.

The ETMelementswith similar electronic structures in the 5th and
6th period (Zr, Nb, Hf and Ta) were also introduced in L10-PtCo for the
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rotating disk electrode (RDE) measurements (Supplementary
Figs. 19–23). In addition, the typical ETM elements (Ti, V and Cr) were
also introduced into PtFe and PtNi intermetallic catalysts to verify their
generality in improving electrochemical stability (Supplementary
Figs. 24–30). As shown in Fig. 3d, nearly all the catalysts can achieve a
high SA retention of over 95% after 30,000 ADT potential cycles,
indicating the universal applicability of the covalentization strategy.
These results suggest that building such metal-metal QCB networks,
which can be manipulated by introducing different alloy elements,
could be an effective strategy to improve the structural stability and
catalytic activity of intermetallic alloys.

Dissolution mechanism of L10-PtCoM’

To shed light on the characteristic electrochemical degradation
behavior of L10-PtCoM’ with enhanced QCB networks, the component
differences of L10-PtCoM’/C catalysts were analyzed after the long-
term ADT through XRF. As shown in Supplementary Fig. 31, after the
acid-treatment and annealing process, all the as-prepared L10-
PtCoM’/C catalysts show apparent transition metal loss, correspond-
ing to the dissolution of surface transitionmetals and the formation of
surface Pt-skin shell. Then, a standard ADT process was performed to
study the specific component change. Notably, the total loss of tran-
sition metals exhibits a similar trend to the change in SA, consistant
with the DFT calculation results (Supplementary Figs. 32 and S33). A
clear relationship can also be observed between Pt/Co-M’ BOs and SA
retention/metal dissolution rates. Such a result and the unchanged
particle size distributions of post-ADT samples, demonstrate that the
component change of catalysts dominates the activity loss during the
electrochemical cycles (Supplementary Fig. 34). The loss ratios of Co
andM’were then separated to understand the role of doped elements

(Fig. 4a). For the ETM and MGM doped samples, the Co loss ratios are
significantly smaller than those of other doped samples, especially for
typical post-transition metals (i.e., Fe, Ni, Cu, and Zn). Moreover, the
relative loss ratios ofM’of ETMdoped catalysts are lower than thoseof
PTM doped samples, implying that the much stronger interaction
between ETM and Co/Pt can stabilize both Co and ETM simulta-
neously, consistent with the DFT calculation results.

The leaching profiles of the L10-PtCoM’/C were further investi-
gated using an online ICP-MS26. Figures S35 and S36 exhibited the
potential-dependent Co and Pt dissolution behaviors of A1-PtCo/C,
L10-PtCo/C and L10-PtCoCr/C under a RDE measurement condition.
The dissolutionof transitionmetal Cowasfirst considered (Fig. 4b). All
the catalysts show varying onset potentials of Co dissolution, which
were defined as the intersection point of the tangent of the dissolution
curve in the starting region with the horizontal baseline (Supplemen-
tary Fig. 35). Under two typical operating potential windows
(0.05–1.0V and0.05–1.2 V), the dissolution of Co in A1-PtCo/C and L10-
PtCo/C occurs almost simultaneously with the applied potential. In
contrast, the onset potential of Co dissolution in L10-PtCoCr/C is
delayed to about 0.2V, proving the inhibitory effect of Cr on the
electrochemical dissolution behaviors of Co. We noticed the char-
acteristic peak difference on the Co transient dissolution curves of
these catalysts27,28. In A1-PtCo/C and L10-PtCo/C, there are three typical
Co dissolution peaks, those are, two anodic dissolution peaks (A1 and
A2) and one dissolution cathodic peak (C1). Notably, the relative
intensities of anodic and cathodic dissolution peaks in L10-PtCo/C are
smaller than those in A1-PtCo/C, especially for the first anodic dis-
solution peak, indicating the critical role of atomic ordering in sup-
pressing transition metal dissolution. Moreover, the first anodic
dissolution peak (A1) in L10-PtCoCr/C seems to disappear. The
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subsequent second anodic dissolution peak (A2) also exhibits a rather
low peak intensity, which illustrates that the Co oxidation process is
suppressed during the potential scanning process, that is, the intro-
duction of Cr further reduces the dissolution tendency of Co in the
intermetallic alloy. Especially in the typical operating potential window
of PEMFC (<1.0V), suchdissolution behavior of transitionmetal Co can
be more obvious (Supplementary Fig. 35). The dissolution of Pt shows
very different etching behavior compared with that of Co in these
catalysts. As the dissolution almost occurs exclusively above 1.0 V,
none of these samples exhibit obvious Pt dissolution peaks, even
under a gas diffusion electrode (GDE) measurement condition (Sup-
plementary Figs. 37, 38)29. Interestingly, we also notice almost no sig-
nificant dissolution of Cr in L10-PtCoCr/C (Supplementary Fig. 39).
Thus, we can confirm that the most activity degradation comes from
the etching of transition metal Co in PtCo alloy.

Further, the amounts of Co dissolution during a complete
potential cycle were also quantified through the loading-normal-
ization,which varied significantly among these catalysts.Generally, the
total transition metal Co dissolution amount follows the order of L10-
PtCoCr/C<L10-PtCo/C<A1-PtCo/C (Fig. 4c). After normalizing different
dissolution peaks, the contribution of different dissolution processes
in these three catalysts can be further distinguished. The absolute
anodic and cathodic dissolution values still show the same order as
above (Supplementary Fig. 40-41). The reduced anodic dissolution of
L10-PtCoCr/C compared to L10-PtCo/C can be attributed to the strong
Pt/Co-Cr interaction preventing the migration of Co atom towards the
surface as the anodic dissolution process is directly related to the
oxidation and dealloying of Co in the lattice. Moreover, it is note-
worthy that the Co anodic dissolution values of these catalysts are
maintained while the cathodic dissolution rises significantly and gra-
dually dominates the loss of the dissolution process when the upper
potential limit (UPL) increases from 1.0 to 1.2 V. Considering the place-
exchange oxidation (PEO) process of Pt (>1.0V), the subsurfaceOmay

directly participate in the dissolution of Co in the lattice, leading to an
increased cathodic dissolution. This is a consequence of the reduction
of Pt-oxide triggering the removal of transition metal Co in the
process30. Trace dissolution of Pt could be detected in all the samples
and was much slower than that of Co when UPL is set at 1.2 V. Espe-
cially, thedissolution rate of Pt in L10-PtCoCr/C is significantly less than
that in L10-PtCo/C (Supplementary Fig. 42). Combining previous
research, we can confirm that introducing Cr with variable valence
helps weaken the possible surface polarization and reduce the for-
mation of Pt oxides. On the other hand, the much-enhanced intera-
tomic interaction helps to weaken the Co-O bonding during the
reduction process to inhibit the detachment of Co. These results imply
that the increased Pt/Co-M’ bond strength has a similar inhibitory
effect on both anodic and cathodic processes.

The local structures of studied catalysts during the electro-
chemical process were investigated by operando X-ray absorption
spectroscopy (XAS) analysis to further uncover the mechanism of Cr-
facilitated anti-dissolution process. Supplementary Fig. 43-44 show
the potential-dependent Pt-L3-edge XANES of L10-PtCo/C and
L10-PtCoCr/C during the ORR-relevant potential region (0.54, 0.70,
and 0.90V vs RHE). The white-line peak intensity (μnorm) of both
samples shows a raised trend with the increased applied potential,
indicating an increased polarization of Pt in catalysts (Supplementary
Fig. 45). It is noticed that the relative white-line peak intensity (Δμnorm)
of L10-PtCoCr/C increased with potential is much lower than that of
L10-PtCo/C, indicating a much lower valence state change of Pt in L10-
PtCoCr/C than that in L10-PtCo/C during the whole potential region.
Furthermore, the FT-EXAFS analysis was performed to analyze the
structural changes of the studied catalysts during the operation. Both
catalysts exhibit similar changes in bond length in response to the
applied potentials, which mainly originates from the strain change
induced by the surface charge distribution at the catalyst-electrolyte
interface. The L10-PtCoCr/C catalyst shows a much lower increased
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trend of Pt-Pt bond length (dPt-Pt) and a decreased trend of Pt coor-
dination number (CN) than that of L10-PtCo/C with the applied
potential (Fig. 4d, (Supplementary Table 3). According to the coordi-
nation parameter analysis, such a difference can be attributed to the
change of Pt-O and Pt-Co/Pt coordinated structure induced by the Co
dissolution and Pt oxidation species generation during the electro-
chemical process (Supplementary Fig. 45). As the potential increases
from open circuit potential (OCP) to 0.54V, a noticeable decrease of
CNPt-Co in L10-PtCo/C can be observed, indicating that Co dissolution
dominates the structural evolution at the initial electrochemical stage.
L10-PtCoCr/C shows a much smaller reduction in CNPt-Co/Cr, which
corresponds to the online ICP-MS results. It is noticeable that a sus-
tained decrease of CNPt-Co can be observed in the subsequent stage
when the applied potential jumps to 0.70V. And the increase of dPt-Pt
and CNPt-O in L10-PtCo/C can be clearly captured, mostly due to the
lattice expansion induced by the surface Pt oxidation species genera-
tion. The similar changes in dPt-Pt and CNPt-Co/O are not obvious in L10-
PtCoCr/C, suggesting the significant role of Cr in mitigating surface Pt
oxidation and inhibiting Co dissolution (Fig. 4d, Supplementary
Fig. 45)6,31. Even when the potential is further increased to 0.90 V, the
change of dPt-Pt and CNPt-O in L10-PtCoCr/C are much smaller than
those in L10-PtCo/C.

The XAS analysis of post-ADT catalysts was also performed
(Fig. 4e, Supplementary Figs. 46, 47, Supplementary Table 4). The
much higher white line intensity (HA) of L10-PtCo/C indicated a severe
oxidation of Pt than that in L10-PtCoCr/C. The features in the post edge
of XANES, corresponding to the interference of photoelectrons with
local atoms, can serve as an indicator of the extent of local structural
ordering surrounding the target atom32. Comparedwith L10-PtCoCr/C,
A significantly attenuated intensity of the oscillation hump (Hp) of L10-
PtCo/C indicates the increased local structural disordering around Pt,
which is caused by the loss of Co around Pt and the formation of Pt
oxides during ADT. Such a result proves that the introduction of Cr
improves the structural stability of L10-PtCo even in the electro-
chemical environment. According to the post-ADTCNanalysis of these
two samples, L10-PtCoCr/C exhibits much more CNPt-Co/Cr retention
and less CNPt-O increase than those of L10-PtCo/C, demonstrating a
remarkably resistance to Pt oxidation and dissolution (Supplementary
Fig. 48). Moreover, the significant peaks located at ~2.7 Å can be
identified in the atomic pair distribution function spectra, indicating
that the first coordination distance of L10-PtCo/C increased sig-
nificantly compared to that of L10-PtCoCr/C after ADT, proving
the severe loss of Co in L10-PtCo/C during the long-term electro-
chemical cycles (Fig. 4f, Supplementary Fig. 49). The post-ADT struc-
ture of L10-PtCoCr/C was further investigated through HAADF-STEM
and elemental mapping (Supplementary Figs. 50, 51). The well-
preserved core-shell structure and the virtually unchanged lattice
parameters, strain and element distribution, confirm the high elec-
trochemical stability of L10-PtCoCr/C.

DFT calculations were performed to provide more insights into
the enhanced ORR stability. of L10-PtCoCr. As shown in Fig. 5a, the 5d-
3d interaction in Pt-Co and Pt-Cr bonds gives rise to bonding and
antibonding states around the Fermi level. The Pt-M bonding strength
is primarily determined by the d-band position of the M metals refer-
encing the Fermi level. The d-band of Cr in L10-PtCoCr is higher in
energy than the d-band of Co in L10-PtCo, resulting in a less-occupied
Pt-Cr antibonding state in the Pt-Cr bond of the Pt-Cr-Co triangle and,
thus a higher BO as compared with that of the Pt-Co bond in the Pt-Co-
Co triangle. A similar principle also leads to the higher bonding
strength of Co-Cr than Co-Co. Thus, introducing Cr atoms can greatly
improve the Pt-Cr and Cr-Co bond strength, while the Pt-Co bond is
almost unaffected (Fig. 1c). In particular, the bond order of the Pt-Cr
andCr-Cobonds is ~44% larger than thatof the Pt-Co andCo-Cobonds,
suggesting an enhanced structural network and thus improved stabi-
lity of the L10-PtCoCr. Consequently, the interlayer/intralayer diffusion

energy barrier of Co atom in L10-PtCoCr exhibits significant increase of
68%/24% compared to those of the ordinary L10-PtCo structure due to
the increased Pt/Co-Cr bonding strength (Fig. 5b, Supplementary
Fig 52). This explains our post-ADT samples’ low Co loss ratio in Cr-
doped L10-PtCo.

Here, a schematic representation of possible surface processes is
given to elucidate the electrochemical dissolution behavior of studied
catalysts during a whole potential cycle (Fig. 5c). During the anodic
sweep process, L10-PtCowould undergo significant Co dissolution due
to the weak intralayer/interlayer bonding. In stark contrast, the pre-
sence of a spatial QCB network could significantly impede the migra-
tion of Co out of the L10-PtCoCr lattice. And the Pt layers of L10-PtCoCr
also exhibit much weaker surface polarization and lower surface ten-
sile strain compared with those of L10-PtCo due to the electron buf-
fering effect of the strongly ionized Cr. When the applied potential
enters a high potential window (>1.0V), the PEO process of Pt layers
promotes oxygenatom to enter the subsurface. The formedPt-O could
neutralize part of the enriched positive charge on the surface during
the anodic sweep process, effectively weakening the Coulomb repul-
sion of the surface and thus leading to a partial shrinkage of surface Pt
layers. On the one hand, due to the flow of ionized electrons from the
inner lattice Cr to the surface Pt layers, the surface polarization could
be significantly suppressed. As a consequence, L10-PtCoCr shows a
feebler oxidation of Pt layers compared with that of L10-PtCo. On the
other hand, the near-surface Co in L10-PtCo presents a strong bonding
with the subsurface oxygen atomowing to the inherent oxygen affinity
of Co, while in L10-PtCoCr, the bonding between Co and oxygen is
significantly weakened on account of the restraint of the internal QCB
network. During the reduction process of cathodic sweep, the sub-
surface oxygen atoms depart from the lattice, which could simulta-
neously trigger the escape of near-surface Co in L10-PtCo due to its
weak bondingwith the internal lattice and strongoxophilicity. Because
of a lower surface polarization and the protection of the strong QCB
network, the near-surface Co in L10-PtCoCr can be well preserved.
After the scanning potential back to OCP, the reduced surface polar-
ization in L10-PtCoCr results in a considerably weaker surface tensile
strain. The Pt layers of L10-PtCoCr displays a lower oxidation degree,
indicating that the corrosion dissolution of Pt can also be suppressed.

MEA performance
The MEA performances of studied catalysts were evaluated in a
practical single fuel cell to ascertain their viability in real vehicles.
According to the standard DOE 2025 protocols for light-duty
vehicles (LDVs), the MEA was prepared with the L10-PtCoCr/C
catalyst as the cathode with a total Pt loading of 0.075mgPt cm

−2

(anode/cathode loading: 0.025/0.05 mgPt cm−2) (Fig. 6a).
Impressively, the L10-PtCoCr/C cathode achieves a high begin-of-
life (BOL) MA of 1.27 A mgPt

−1 at 0.9 ViR-free, about 1.3 times and 5.3
times those of L10-PtCo/C (0.98 A mgPt

−1) and commercial Pt/C
(JM 20%, 0.24 A mgPt

−1), respectively (Supplementary Fig. 53).
Even at a higher cathode loading (0.1 mgPt cm

−2), the L10-PtCoCr/
C cathode can still exhibit a high initial MA of 1.04 A mgPt

−1

(Supplementary Fig. 54). The L10-PtCoCr/C exhibits an impressive
current density distribution during the typical operating voltage
range (>0.7 V) of H2-air LDV condition (Fig. 6a, Supplementary
Fig. 55). The L10-PtCoCr/C achieves a high current density of
1.34 A cm−2 at 0.7 V and a peak power density of 1.40W cm−2,
much higher than those of L10-PtCo/C (1.06 A cm−2, 1.01 W cm−2),
Pt/C (0.62 A cm−2, 0.85 W cm−2) and most of reported Pt-based
catalysts (Supplementary Fig. 56, Supplementary Table 5)33–37. To
satisfy the heat rejection target of DOE, the practical BOL rated
power of L10-PtCoCr/C was also measured, that is, the area-
normalized and mass-normalized rated power of 1.24W cm−2 and
16.5 W mgPt

−1, respectively, outperforming L10-PtCo/C
(1.09W cm−2, 14.5 W mgPt

−1) and Pt/C (0.73 W cm−2, 5.8 W mgPt
−1)
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and representing one of the most promising Pt-based catalysts
for practical PEMFCs.

A standard ADT protocol of 30,000 square-wave potential cycles
was applied to evaluate the long-term service feasibility of studied
catalysts (Fig. 6b, Supplementary Fig. 56). Noteworthy, the prepared
L10-PtCoCr/C exhibits negligible performance loss. Specifically, L10-
PtCoCr/C revealed only 3% MA loss after ADT, much better than
commercial L10-PtCo/C (52% MA loss) and Pt/C (67% MA loss) and
surpassing the DOE 2025 targets and most of the reported electro-
catalysts (Fig. 6c and Supplementary Table 5). Moreover, the current
density and voltage losses of L10-PtCoCr/C are only 8.4% (@0.8V), 4.3%
(@0.7V) and 5mV (@0.8 A cm−2), respectively, exceeding L10-PtCo/C,
Pt/C and DOE 2025 targets (Fig. 6c, e and Supplementary Table 5). In
addition, the end-of-life (EOL) rated power of L10-PtCoCr/C can
maintain over 90% of initial performance (15.6W mgPt

−1). Even after
extra 20,000 potential cycles, the aforementioned indicators can still
maintain (Fig. 6b, Supplementary Fig. 57). L10-PtCoCr/C emerges as

one of few catalysts that meets the DOE benchmarks for both MA and
rated power durability (Fig. 6f). Especially, based on the accelerated
failure timeconversion of voltage loss, the catalyst is estimated to have
a long lifetime of 42,000h, which is 8.4 times than the DOE target.The
almost unchanged high-frequency resistance (HFR) of MEA with the
L10-PtCoCr/C cathode before and after ADT demonstrates no sig-
nificantmetal dissolution/migration to themembrane (Supplementary
Fig. 55). Suppressed Fenton reaction damage to proton exchange
membrane can also be confirmed by the UV-vis absorption spectra
results (Supplementary Fig. 58). The detailed characterizations of
studied catalysts after stability tests in MEA prove that the particle
sizes, compositions, element valence states and intermetallic struc-
tures of L10-PtCoCr/C catalysts exhibit insignificant change in contrast
to those of L10-PtCo/C, demonstrating the intrinsic stability of L10-
PtCoCr/C and the feasibility of the covalentization strategy (Supple-
mentary Figs. 59, 60). Overall, all the activity and stability metrics of
L10-PtCoCr/C can achieve or exceed the DOE 2025 targets,
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representing one of the most promising ORR catalysts (Fig. 6f, Sup-
plementary Table 5).

In summary, we report a concept of constructing a quasi-
covalent bond network strategy to bolster the electrochemical sta-
bility of L10-PtMM’ alloy ORR catalysts in PEMFCs. We theoretically
demonstrate that the increased Pt/M-M’ bond order induced by a less
occupied antibonding orbital between Pt/Co andM’ (i.e., ETM) with a
high d-band position promotes the conversion from tranditianl metal
bond to quasi-covalent bond in L10-PtMM’, which enables the
improvement of electrochemical stability. The online ICP-MS and in
situ X-ray-based spectroscopy results uncover that themechanism of
the Cr-facilitated anti-dissolution process of L10-PtCo includes
directly mitigated anodic dissolution suppressed by the strong QCB
network and curtailed cathodic dissolution-driven by the diminished
surface Pt oxidation. In MEA tests, the developed L10-PtCoCr/C cat-
alyst achieves high activity and stability, with a high initial MA of
1.27 A mgPt

−1 and rated power of 16.5W mgPt
−1 at the critical heat

rejection limit of 0.67 V, and ca. 3% MA loss and 5% power loss after
30000 ADT cycles, surpassing U.S. DOE 2025 targets. In particular,
the assembled MEA with L10-PtCoCr/C catalyst is highly promising
for long-term applications by achieving a projected lifetime of
42,000 h. The developed strategy is applicable to other materials
serving in similar harsh electrochemical environments and can be
extended to broader energy conversion technologies.

Methods
Chemicals and materials
Pt(acac)2 (98%), Fe(acac)3 (97%), TiO(acac)2 (98%), VO(acac)2 (99%),
Cr(acac)3 (98%), Mn(acac)2 (97%), Fe(acac)3 (98%), Co(acac)2 (98%),
Ni(acac)2 (95%), Cu(acac)2 (97%), Zn(acac)2 (97%), Ga(acac)3 (99.99%),
C2H5Cl3Ge (97%), Zr(acac)4 (98%), NbCl5 (99%), Hf(acac)4 (97%), and
TaCl5 (95%) (acac = aceylacetonate), oleylamine (OAm, 70%) were
purchased from Aladdin. Tert-butylamine borane (BTB, 97%) was
purchased fromSigma-Aldrich. Isopropanol (AR), hexane (AR), ethanol
(AR) were purchased from SINOPHARMGROUP CO.LTD. Nafion (5% in
a mixture of lower aliphatic alcohols and water) were purchased from
Alfa Aesar. Commercial Pt/C was purchased from Johnson Matthey

(HiSPEC4000, 40wt%). All chemicals were used without further
purification.

Synthesis of PtCoM’ nanoparticles
The synthesis of PtCoM’ nanoparticles was based on previous
reports6,17. The synthesis of PtCoM’ nanoparticles was initiated by
combining 0.025mmol of Pt(acac)2, 0.018mmol of Co(acac)2, and
0.007mmol of variousM’precursors (includingTiO(acac)2, VO(acac)2,
Cr(acac)3, Mn(acac)2, Fe(acac)3, Co(acac)2, Ni(acac)2, Cu(acac)2,
Zn(acac)2, Ga(acac)3, C2H5Cl3Ge, Zr(acac)4, NbCl5, Hf(acac)4, and
TaCl5) with 5mL of OAm in a four-necked flask. The mixture was first
heated to 110 °C under N2 protection for 30min. Subsequently,
0.36mmol of BTB was introduced into the reaction mixture. The
temperature was then gradually increased to 280 °C at a rate of
5 °Cmin−1 andmaintained at this temperature for 60min. After cooling
to room temperature, the resulting nanoparticles were precipitated
using ethanol and collected via centrifugation (7800 g, 20min). The
product was then redispersed in hexane, reprecipitated with ethanol,
and collected again by centrifugation (7800 g, 20min). Finally, the
purified nanoparticles were dispersed in hexane for further use.

Synthesis of carbon-supported intermetallic L10-PtCoM’ (L10-
PtCoM’/C)
PtCoM’ NPs dispersion was gradually added to XC-72 carbon that was
dispersed in hexane via 10min sonication, followed by 1 h sonication.
Themass percentage of Pt was kept at 20–25wt%. The suspension was
then centrifuged to obtain a solid. The solid was then nitrogen-dried.
To obtain carbon-supported intermetallic L10-PtCoM’/C, the product
was annealed at 700 °C for 2 h in an Ar/H2 (95/5) gas flow. Next, the
sample was dispersed in 50mL of 0.1M HClO4, sonicated for 4 h, and
then centrifuged and washed three times with DI water and ethanol.
Finally, after drying in ambient conditions, the sample was annealed at
400°C for 2 h in an Ar/H2 (95/5) gas flow to produce the final catalyst.

Material characterizations
Material characterization operations refered to our previous
work6,7,38.TEM and HRTEM images were collected from a FEI Tecani G2
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Fig. 6 | MEA performance of L10-PtCoCr/C. a H2–air fuel cell polarization curves
of Pt/C, L10-PtCo/C, and L10-PtCoCr/C under LDV conditions (anode/cathode Pt
loading: 0.025/0.05 mgPt cm

−2, back pressure: 150 kPaabs, 80 °C, 100% RH, and
H2/air). b H2-air fuel cell polarization curves of L10-PtCoCr/C before and after
30,000 and 50,000 voltage cycles. c MA retention and voltage loss at 0.8 A cm−2

of the studied catalysts before and after ADT. d Comparison of rated power
(normalized by the total PGM loading) and current density at 0.8 V of the studied
catalysts. e Comparison of peak power density and current density at 0.7 V of the
studied catalysts. f Comparison of critical metrics for studied catalysts and
reference catalysts34. The voltages reported here are non-iR corrected.
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20 (200 kV) and a FEI Tecani G2 F30 (300 kV), respectiviely. Scanning
transmission electronmicroscopy (STEM) analyseswereperformedon
a JEOL JEMARM200F STEM/TEM with a guaranteed resolution of
0.08 nm. XRD were collected from Rigaku MiniFlex 600 dif-
fractometer with a Cu radiation source (λ =0.15406 nm). The ordering
degree is calculated according to the following equations:

Orderingdegree %ð Þ= S110=S111
I0110=I

0
111

ð1Þ

Orderingdegree %ð Þ= S110=ðS111 + S200 + S002Þ
I0110=ðI0111 + I0200 + I0002Þ

ð2Þ

Where Shkl is the peak area of the obtained samples and Ihkl is the peak
intensity obtained from the standard JCPDF card. ICP-MS result was
carried out from ELAN DRC-e. X-Ray Fluorescence (XRF) results were
obtained from EAGLE III operated at 40 kV.

Electrochemical measurements
Electrochemical measurements were performed in a five-port
glass electrochemical cell (PINE, 150 mL) through CHI760e
electrochemical station (Shanghai Chenhua Instrument Cor-
poration, China). A glassy carbon rotating disk (diameter: 5 mm,
area: 0.196 cm2), a graphite rod (diameter: 5 mm) and a Ag/AgCl
(saturated KCl) electrode are used as the working electrode, the
counter electrode, and the reference electrode, respectively. To
prevent Cl− ion contamination, the Ag/AgCl reference electrode
was isolated from the working and counter electrodes using a
salt bridge. All the potentials were experimentally converted to
values with reference to an RHE. A catalyst ink was formulated
by blending the catalysts with deionized water (490 μL), iso-
propanol (1.5 mL), and Nafion® (10 μL, 5 wt%) to achieve a con-
centration of 2 mgmL−1. Following 60 min of sonication to
ensure thorough mixing, 10 μL of the ink was deposited onto a
glassy carbon electrode (geometric area: 0.196 cm2) and dried at
room temperature. ICP-MS analysis indicated that the final cat-
alyst loading for the Pt alloy electrocatalysts was ~20 µg cm−2.
The practical Pt loading on the electrode is calculated according
to the following equations:

Pt loading mgcm�2� �
=
2mgmL�1 ×wPt ×0:01mL

0:196cm2
ð3Þ

Where wPt is the Pt loading of catalyst calculated from ICP-MS results.
The CVmeasurements (0.05−1.2 V vs. RHE, 50mV s−1) were performed
in 100mL N2-saturated 0.1M HClO4 (pH = 1 ± 0.1, made from
70.0–72.0% HClO4, Sigma-Aldrich, Merck) for the calculation of ECSA.
The ECSA value is calculated from the equation:

ECSA m2g�1
Pt

� �
=

QH�UD Cð Þ
0:21mCcm�2 ×MPt mgð Þ × 10

5 ð4Þ

Where QH�UD is the hydrogen desorption charge obtained by inte-
grating the area in CVs, MPt is the actual Pt loading amount. The ORR
measurements (roation rate: 1600 rpm, anodic sweep rate: 10mV s−1)
were carried out in 100mL O2-saturated 0.1M HClO4. Accelerated
durability tests (25 °C, 0.6−1.0 vs. RHE, 100mV s−1) were performed in
100mL O2-saturated 0.1M HClO4. All the electrode potentials were
converted to reference the reversible hydrogen electrode (RHE) using:

ERHE = EAg=AgCl + 0:197 +0:059×pH ð5Þ

ERHE = ESCE +0:244+0:059×pH ð6Þ

The resistance of the electrochemical cell was measured by iR
compensation on a CHI760e electrochemical station (Shanghai
Chenhua Instrument Corporation, China). The specific resistance
values (0.1M HClO4) in CV and LSV techniques are 24.8 ± 0.4Ω.

Online ICP-MS characterization
Online ICP-MS characterization operation was based on our previous
work26. In the flow cell, a glassy carbon electrode (diameter: 5mm,
area: 0.196 cm2), an Au wire and a saturated calomel electrode (SCE)
were used as the working electrode, the counter electrode and the
reference electrode, respectively. In the ICP-MS experiment, the
flowing electrolyte consisted of a N2-saturated 0.1M HClO4 solution
(pH = 1 ± 0.1, flowing rate: 13mLmin−1). The metal dissolution was
recorded by performing a CV sweeping operation (0.05–1.0/1.2 V,
2mV s−1). All the standard curves for Pt, Co, and Cr were calibrated to
quantify their dissolution amounts. For GDE-based ICP-MS measure-
ments (80 °C), the anode/cathode consisted of commercial Pt/C
(0.4mgcm−2) and prepared catalysts (1mgcm−2). A Nafion 117 mem-
brane (Dupont®, 183 μm)was used to separate the anode and cathode.
AnSCE referenceelectrodewasused. The electrochemical tests are the
same as the aqueous electrode testing.

Membrane electrode assembly (MEA) preparation
MEA preparation process was based on our previous work6.
Cathode catalysts, including L10-PtCoCr/C, L10-PtCo/C, and com-
mercial Pt/C (Johnson Matthey, HiSPEC4000, 40 wt%), were
mixed with D520® perfluorosulfonic acid (PFSA) ionomer in an
isopropanol-to-water ratio of 1:1. The ionomer-to-carbon (I/C)
ratio was maintained at 0.6, and the mixture was ultrasonicated
for 60min to form a homogeneous catalyst ink. The catalyst
concentration in the ink was controlled to be between 2 and
3mgmL−1. The catalyst-coated membrane (CCM) with an active
area of 5 cm2 was prepared on a Gore membrane (Gore-select®,
12 μm, used as received without further treatment). An ultrasonic
spray technique was employed for deposition, with a temperature
of 70 °C, a spraying rate of 40 μLmin−1, and a spraying distance of
2–4 cm. For the anode, a commercial Pt/C catalyst (Johnson
Matthey, HiSPEC4000, 40 wt%) was used, and the anode catalyst
ink was prepared using the same method and sprayed onto the
opposite side of the membrane to form the anode catalyst layer.
The Pt loadings for the anode and cathode were confirmed by
drying the layers completely and weighing them. The anode had a
Pt loading of 0.025 mgPt cm

−2, while the cathode had a Pt loading
of 0.05 mgPt cm

−2. Gas diffusion layers (GDLs) with an integrated
microporous layer (SIGRACET®, GDL 22BB, thickness: 215 μm)
were used. The GDLs, gaskets, and prepared CCM were hot-
pressed together to form MEA. The actual catalyst loadings were
verified using ICP-MS analysis.

Fuel cell testing
Fuel cell testing was carried out in a single cell (Scribner 850e, Hephas
Energy Corporation)6,38. The MEA was assembled between two gra-
phite flow plates with 14 parallel flow channels to reduce the pressure
gradients between the inlet and outlet. Break-in process was per-
formed by cycling between 0.75 V and 0.35 V under H2-air condition
until a stable current was obtained. The mass activity (H2/O2) of cata-
lyst was tested at 80 °C, 100% relative humidity (RH), 150 kPaabs and
with a gas flow rate of 200 sccm (anode) /500 sccm (cathode). The
H2–air fule cell polarization curves was recorded at 80 °C, 100% RH,
150 kPaabs and with a gas flow rate of 500 sccm (anode)/2000 sccm
(cathode). The ADT was conducted by applying square-wave protocol
(0.6 V for 3 s, 0.95 V for 3 s, 80 °C, 100% RH, atmospheric pressure,
H2/N2 200/200 sccm). Theprojection lifetimeof fuel cell is equal to the
operation time until a 10% loss is reached in cell voltage at the rated
power. According to the previous report,34,39 the lifetime can be
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calculated through the equation:

Lifetime ðhÞ= 10%×V1:5Acm�2 ðmVÞ
voltage loss rate

mV
cycle

� �
×6 s

cycle

� �
× 100

3600
s
h

� � ð7Þ

The lifetimeof the testedMEA is predicted from the ratio between
10% of the initial voltage (V1.5 A cm-2) at 1.5 A cm−2 and the voltage loss
rate at 1.5 A cm−2.

XAS characterizations
All the Pt L3-edge XAS spectra were recorded under ambient conditions
at the BL11B beamline (Shanghai Synchrotron Radiation Facility)6,38.
Potential-dependent in situ XAFS spectra were performed by using a
homemade electrochemical cell in N2-saturated 0.1MHClO4 solution. A
carbon paper loaded with catalysts (2mgcm−2), an Au wire and a SCE
electrode were used as the working electrode, the counter electrode
and the reference electrode, respectively (Supplementary Fig. 61). All
the in situ X-ray absorption signals were collected after the electrodes
reach a steady state at the set potential. The Athena and Artemis soft-
ware codes were utilized for the XAS analysis. The Fourier transfor-
mation of the EXAFS data in R space was performed, and the resulting
data were interpreted using models of metallic Pt and L10-PtCo to
account for the contributions from Pt-Pt and Pt-Co/Cr interactions.

DFT computational details
All DFT calculations were performed using the Vienna ab initio
Simulation Package, with projector-augmented-wave pseudopoten-
tials to describe the valence electrons-core ions interactions40,41.
The exchange-correlation effects were modeled using the Perdew-
Burke-Ernzerhof functional within the generalized gradient
approximation42,43. The plane-wave energy cutoff was set as 400 eV
and the Brillouin zone was sampled with a Monkhorst-Pack 3 × 3 × 1
k-point mesh44. The slab model for the (111) surface of L10-PtCoM’ was
created within a 3 × 3 in-plane supercell. A vacuum spacing of 15 Å was
maintained between adjacent slabs in the normal direction. The COHP
analysis was performed by using the LOBSTER software45,46. The bond
order (BO) for a metal-metal bond is defined as one-half of the dif-
ference between the number of bonding and antibonding electrons.
Theminimum energy pathways for Co diffusion were calculated using
the climbing image nudged elastic band method47.

Data availability
The data that support the findings of this study are available from the
corresponding authors upon request. Source data is provided with
this paper.
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