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Charge overpotential for oxygen evolution reaction is a crucial parameter for
the energy conversion efficiency of lithium-oxygen (Li-O,) batteries. So far, the
realization of low charge overpotential via catalyst design is a grand challenge
in this field, which usually exceeds 0.25V. Herein, we report an orbital
reconstruction strategy to significantly decrease the charge overpotential to
the low 0.11 V by employing PdCo nanosheet catalyst under a low-loading mass
(0.3 mg/cm?) and capacity (0.3 mAh/cm?). Experimental and theoretical cal-
culations demonstrate that the precise d-d orbital coupling (dy,dy,, d,-d,, and
d/-d,?) between the low-electronegativity Co and Pd leads to the reconstruc-
tion of Pd 4 d orbitals in PdCo nanosheets, thereby resulting in a downward
shift of all the three active Pd 4 d orbitals (d,’, dx, and dy,) relative to that of Pd
nanosheets. Furthermore, the highest energy level of the Pd 4d,? orbital in
PdCo is lower than the lowest energy levels of the Pd 4d,, and 4d,, orbitals in
pure Pd, significantly decreasing the charge activation energy and achieving a
highest energy conversion efficiency of 91%. This finding provides the orbital-
level tuning into rational design of highly efficient electrocatalysts for Li-O,
batteries.

Lithium-oxygen (Li-O,) battery has garnered wide attention due to its  overpotential by designing cathode electrocatalysts, such as noble
highest theoretical energy density of 3500 Wh kg! among all the bat-  metal-based alloys”, single-atom catalysts'®?!, sulfides®*%*, transition

tery systems'*, making it a highly promising candidate for the market  metal oxides

>~ and metal-organic frameworks**™, etc. Recently, Pd-

competition in long-range electric vehicles and massive energy
storages®”’. However, the sluggish oxygen evolution reaction (OER)
leads to high charge overpotential and thus, low energy conversion
efficiency, which is the bottleneck problem in the development of
Li-O, batteries®™. In addition, such high charge overpotential can
lead to the degradation of electrolytes and the deposition of insulating
parasitic products, causing inferior cycle stability™. To date,
significant efforts have been devoted to reducing the charge

based nanocatalysts are highly considered as the promising candidates
for Li-O, batteries due to their tunable orbital electronic configuration
and energy levels® >, The main strategy for decreasing the charge
overpotential of Pd-based catalysts is to reduce the overall d-band
energy level (d-band center) of Pd, thereby weakening the adsorption
interaction towards intermediate®®. However, only the regulation
of the d-band center does not ensure a simultaneous reduction of
the three active orbitals (dy,, dy,, and d,?) out of the total five orbitals
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(the other two inactive orbitals are d,>_,* and d,,). Consequently, the
charge overpotentials have not been reduced to the desired value of
below 0.25V, which is the threshold of a reliable battery system with an
energy conversion efficiency above 85%'%**7,

Herein, we propose an orbital reconstruction strategy to
remarkably reduce the charge overpotential to 0.11V by using PdCo at
a low loading mass (0.3 mg/cm?) with a low capacity (0.3 mAh/cm?).
Due to the lower electronegativity of Co over other transition metals,
and the perfect alignment of d orbitals between Pd and Co (energy
level differences are less than 0.5 eV), the desired d-d orbital coupling
of Pd and Co (dx,dx,, dy,dy,, and d,>-d,*) in PdCo nanosheets induced
Pd 4 d orbital reconstruction and effectively lowered the energy levels
of the active dy,, dy,, and d,* orbitals of Pd. Theoretical calculations
further indicated that the top energy level of the reconstructed d,?
orbital of Pd in PdCo nanosheets was even lower than the bottom
energy level of Pd d,,y, orbitals in Pd nanosheets, which significantly
lowered the activation energy of the OER rate-determining step
(LiO, =Li" +0) in Li-O, batteries and achieved the high energy con-
version efficiency of 91%.

Results

Synthesis and characterization of Pd,,Co,s nanosheets

The PdCo nanosheet was synthesized through a conventional colloidal
chemistry method. The obtained PdCo nanosheets exhibited a highly
curved morphology (Fig. 1a) with a thickness of approximately 3-4 nm
in atomic force microscopy (AFM, Fig. 1b). Similarly, Pd nanosheets
synthesized by the same method demonstrated a comparable curved
morphology and uniform distribution of Pd elements (Supplementary
Fig. 1). The X-ray diffraction (XRD) patterns of PdCo nanosheets
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showed a slight shift towards lower angles compared to that of Pd
nanosheets due to the alloying and tensile strain effect (Fig. 1c). On one
hand, due to the slightly smaller radius of Co compared to Pd, the XRD
peak of Pd;,Coyg shifts slightly towards higher angles caused by the
alloying effect. On the other hand, the thickness of Pd;,Co,s nanosh-
eets is about 0.9 nm less than that of Pd nanosheets (Supplementary
Fig. 1d), resulting in a stronger tensile strain effect. Consequently, the
XRD peak of PdCo notably shifts towards lower angles compared to
the Pd nanosheets. Therefore, the weak alloying effect and the strong
tensile strain effect resulted in the XRD peak of Pd;,Co,g shifting
towards lower angles compared to the Pd nanosheet. The fast Fourier
transform (FFT) analysis of PdCo nanosheets from the selected white
dashed region exhibited distinct crystal facets oriented along the [011]
zone axis (Fig. 1d), which aligned with the results from the XRD pat-
terns. The lattice spacing of 0.248 nm observed in the high-angle
annular dark-field scanning TEM (HAADF-STEM) corresponded to the
(111) facets of PdCo (Fig. 1d, e). The line scan analysis and energy-
dispersive X-ray spectroscopy (EDS) mapping images of PdCo
nanosheets demonstrated a uniform distribution of Pd and Co ele-
ments with a molar ratio of Pd/Co near 72:28 (Pd;,Co,s, Fig. 1f-h and
Supplementary Fig. 2).

Electrocatalytic performances of Pd;,Co,g nanosheets

The Pd;,Co,g and Pd nanosheets were used as OER electrocatalysts in
Li-O, batteries, respectively. Due to the larger specific surface area of
Pd,,Co,s/C compared to Pd/C (Supplementary Fig. 3), more Li,O, will
deposit on the surface of Pd;,Co,g/C. Therefore, under full charge and
discharge conditions, PdCo exhibited a discharge capacity of
7586 MAh/caralys: (2.27 mAh/cm?) at a current density of 0.1 A/gcatalyst
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Fig. 1| The characterization of PdCo nanosheets. a The HAADF-STEM images of
PdCo nanosheets. b AFM images and a corresponding height of PdCo nanosheets.
¢ XRD patterns of Pd and PdCo nanosheets. d Atomic-resolution HAADF-STEM
image and FFT patterns of PdCo nanosheets. The inset is an FFT pattern of PdCo
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nanosheets from the white dash box. e Pixel intensity of PdCo from blue dash boxes
in (d). f EDX spectra of PdACo nanosheets. g, h Linear elemental distribution of Pd
and Co in PdCo nanosheets.
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Fig. 2 | Performances of Pd and PdCo nanosheets. a The full discharge-charge
profiles of Pd and Pd;,Co,g nanosheets at a low loading mass (0.3 mg/cm?). b The
full discharge-charge profiles of Pd;,Co,g based at high loading mass (3 mg/cm?).
¢ The charge-discharge curves of Pd and Pd;,Co,g at a current density of 0.1A/
Zearalyse (0.03 mA/cm?) with a limited capacity of 1000 mAh/gcacalyst (0.3 mAh/

cm?). d Rate performance of Pd;,Co,s nanosheets at a low loading mass of

0.3 mg/cm? and a low capacity of 0.3 mAh/cm?. e Cycles performance of Pd and
Pd;,Co,g nanosheets with a limited capacity of 1000 mAh/gcacalys: (0.3 mAh/cm?)
at0.5 A/gcatalyst (0.15mA/cm?).

(0.03mA/cm?), surpassing that of the Pd (5325 mAh/gcacalyst OF
1.59 mAh/cm?, Fig. 2a). It is noteworthy that as the charging voltage
steadily increased to 4.5V, the increased charging capacity was a result
of electrolyte decomposition (Supplementary Figs. 4-6). Meanwhile,
the Pd;,Co,g electrocatalysts show a lower charge overpotentials of
0.46V than that of Pd (1.14 V). When the loading mass of PdCo is
increased to 3 mg/cm?, the Pd,,Co,g catalyst exhibits an areal capacity
of 11.2mAh/cm? (Fig. 2b), good rate performance (Supplementary
Fig. 7), and an energy density of 1177 Wh/kg (including the mass of the
catalysts, electrolytes, and Li,O,, as shown in Supplementary Table 1)
according to the calculation method in the literature’, far better than
that of Li-ion batteries®. Meanwhile, the Pd;,Co,g electrocatalyst can
efficiently promote the decomposition of Li,O, without any obvious
parasitic products (Supplementary Figs. 8-12).

When the discharge capacity is restricted to 1000 mAh/gcatalyst
(0.3 mAh/cm?), Pd;,Co,s demonstrated a remarkably low charge
overpotential of 0.11 V with an energy conversion efficiency of 91% at a
low loading mass (0.3 mg/cm?), outperforming Pd with an over-
potential of 0.71V (energy conversion efficiency: 76%, Fig. 2c). The
cyclic voltammetry (CV) results demonstrated that the exchange cur-
rent density of the Pd;,Co,g surpassed that of pure Pd, confirming the
good OER kinetics of Pd;,Co,g (Supplementary Fig. 13). The rate per-
formance further indicated that Pd;,Co,s exhibited a low charge
overpotential even at high current density of 0.75 A/gcatalysc (0.225 mA/
cm? in Fig. 2d), which was significantly advantageous compared to Pd
(Supplementary Fig. 14). Such low charge overpotential of Pd;,Co,g
also demonstrated significant superiority over the reported OER
electrocatalysts in Li-O, batteries (Supplementary Fig. 15 and Supple-
mentary Table 2)2157193031354047 - Moreover, when the discharge
capacity is limited to 1000 mAh/gcaalyse (0.3 mAh/cm?), Pd;;Co,s
showed no noticeable degradation in the charge-discharge profiles
after 160 cycles (640 h) at a current density is 0.5 A/gcatalyse (0.15 mA/
cm? in Fig. 2e). In contrast, Pd can only sustain cycling for 60 cycles

under the same conditions due to severe charge polarizations (Fig. 2e).
It is worth noting that that although Pd;,Co,s demonstrates low charge
overpotential and good cycle stability at a low loading mass
(0.3mgcm?) and a low depth of discharge (0.3 mAhcm™), the per-
formance of Pd,,Co,g at high loading mass (3 mg cm? or higher) and
depths of discharge (11.2 mAh cm™ or higher) should be enhanced to
meet the requirements of practical Li-O, batteries.

The reversibility analysis of Pd;,Co,s nanosheet

To reveal the microstructure change of discharged Pd;,Co,g nanosh-
eets, the morphologies of Pd;,Co,s and Pd were conducted by scan-
ning electron microscopy (SEM). At a limited discharge capacity of
1000 MA/gatalyst (0.3 mAh/cm?), the disk-shaped discharge products
were observed on Pd;;Co,g (Fig. 3a). These disk-shaped products
(-0.7 um) were identified as Li,O, based on XRD patterns, Raman
spectra, X-ray photoelectron spectroscopy (XPS) results, Fourier-
transform infrared (FTIR) and nuclear magnetic resonance (NMR)
spectra (Fig. 3b-d and Supplementary Figs. 16 and 17), which were
different from the sphere-shape Li,O, particles (-1.1 pm) with a slightly
larger diameter on Pd (Fig. 3e and Supplementary Figs. 18-20). In
comparison to Pd/C, the higher specific surface area of the Pd;,C0,5/C
catalyst and the smaller size of the discharge products on the PdCo/C
positive electrode facilitate good interface contact between Li,O0, and
Pd;,Co,¢/C according to the previous report*®*™!, resulting in low
charge transfer resistance (193 Q in Supplementary Fig. 21 and Sup-
plementary Table 3) and good OER kinetics for the Pd;;Co,5/C
electrocatalyst.

The reversibility of Pd;,Co,s and Pd catalysts in Li-O, batteries
were analyzed through XRD patterns, Raman spectra, and XPS spectra
under various discharge and charge cycling conditions. Throughout
the 1%, 10, 20™, 40%, and 100" cycles, the reversible formation and
decomposition of Li,O, are confirmed through XRD patterns and
Raman spectra on Pd;,Coyg (Fig. 3b, c). The good reversibility of
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Fig. 3 | The reversibility analysis of PdCo nanosheets. a SEM images of 1* dis-
charge Pd;,Co,g nanosheets. b-d XRD patterns (b), Raman (c), and XPS (d) spectra
of Pd;,Co,s electrocatalysts at different cycles. e SEM images of 1** discharge Pd
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nanosheets. f, g Comparative TEM imaging and EDX elemental mapping in C, Pd,
and Co distribution for Pd;,Co,g electrocatalysts during the initial state (f) and the
10% cycle (g).

Pd;»,Co,s an also be confirmed by XPS results. Only Li 1s and C 1s
spectra were utilized to identify the discharge products, considering
the overlapping of O 1s signals from Li,COs, Pd, and Pd;,Co,g (Sup-
plementary Figs. 22 and 23). Obviously, the reversible formation
and decomposition of Li;O, can be obtained on Pd;,Co,s during
100 discharge-charge cycles (Fig. 3d and Supplementary Fig. 24).
Moreover, no noticeable changes are observed in the oxidation states
of Pd and Co in Pd;,Co,g after 100™ cycles, highlighting the good
stability of the Pd,,Co,s (Fig. 3f, g and Supplementary Figs. 25 and 26).
In contrast, the high overpotential during the charging process
of the Pd led to the formation of byproducts on Pd, including
Li,CO5; and unreacted Li,O,, even in the 1% cycle (Supplementary
Figs. 27 and 28).

The d-d orbital coupling between Pd and Co in Pd;,Co,s
nanosheets

Bader charge analysis was used to analyze the valence state changes of
Pd in Pd;,Co,g to elucidate the underlying mechanism for the out-
standing OER catalytic activity of Pd;,Co,s nanosheets. Due to the
higher electron affinity of Pd than that of Co, electrons transferred
from Co to Pd, resulting in a lower valence state of Pd in Pd;,Co,g

(Fig. 4a), which was in accordance with the XPS results (Supplementary
Fig. 29). The charge transfer between Pd and Co was further confirmed
by the analysis of differential charge density in two-dimension maps,
revealing a higher electron density near pure Pd atoms than that of Pd
atoms in Pd;,Co,g nanosheets (Fig. 4b, c).

The electron transfer between Pd and Co ultimately resulted in a
change of the density of state (DOS) for Pd in Pd;,Co,g nanosheets
compared to that of Pd nanosheets. For the pure Pd nanosheets in
Fig. 4d, its Pd 4d-band was consisted of five distinct orbitals with
varying energy levels, 4d,” (-179eV), 4d’.’ (-187eV), 4dy,
(-1.88eV), 4dx, (- 1.90 V) and 4d,, (- 1.90 eV). On the other hand, the
Pd 4d-band in PdCo nanosheets exhibited increased electron locali-
zation, particularly noticeable in the 4d,* orbitals (Fig. 4e). Further-
more, the Pd 4d,? orbital in Pd;,Co,g crossed the Fermi level, while the
dyy, dxz, dy,, d7, and d’-,? orbitals of both Pd and Co exhibited reso-
nance within the energy ranges of approximately -4 to —2.7eV, -4 to
-24eV,-4to-2.4eV,-4to-18eV,and -4 to — 1.6 eV, respectively,
indicating a strong d-d orbital coupling between Pd and Co in Pd;,Co,s
(Fig. 4e). The d-d orbital interactions between Pd and Co ultimately led
to orbital reconstruction and a decrease in the energy levels of Pd 4d-
band in Pd;,Co,s. In comparison to the Pd 4 d orbitals in pure Pd, the
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Fig. 4 | Electronic state analysis of Pd and Pd;>Co,s nanosheets. a Bader charge
results for Pd;,Co,g nanosheets. b The differential charge density of Pd;,Co,s. The
yellow and cyan areas indicate the gain and loss of electrons, respectively. ¢ Two-
dimensional charge density differences of Pd;,Co,g nanosheets. The red and blue
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Pd;,Co,g nanosheets. f Schematic diagram demonstrating the orbital reconstruc-
tion of Pd in Pd;,Co,g compared to pure Pd nanosheets.

reconstructed Pd 4 d orbitals in Pd;,Co,s underwent an energy split-
ting of dy, and d,,. Finally, the five independent Pd 4 d orbitals in PdCo
were rearranged as d,” (-1.95eV), dy, (-2.01eV), d>-,* (- 2.02 eV), dy,
(-2.04eV), and d,, (-2.05eV) (Fig. 4f). Most interestingly, the top
energy level of the reconstructed Pd 4 d,? in Pd;,Co,g nanosheets was
even lower the bottom energy level of Pd 4d,,, in Pd nanosheets. The
decreased energy level Pd 4d in Pd;,Co,g is also confirmed by the
ultraviolet photoelectron spectroscopy (Supplementary Fig. 30),
where Pd,,Co,g exhibits a lower d-band center (—12.28 eV) than that of
Pd (-11.84 eV).

The orbital interaction between adsorbed LiO, and Pd;,Co,g

Since the interaction between catalysts and intermediates is a key
factor in determining OER catalytic performance, the orbital interac-
tions between electrocatalysts (Pd;,Co,s and Pd) and intermediates
have been investigated. The DOSs of Pd d,* orbital and dy, orbitals
overlaps with the 50 and 27* orbitals of LiO,, respectively (Fig. 5a, b),
resulting in the formation of bonding orbitals (d,>-50 and d,,,2m*)
and antibonding orbitals ((d,>-50)* and (dyy,-2m*)*). Considering the
demonstrated orbital reconstruction and the energy level decrease,
the antibonding orbitals exhibited a decrease in energy level when the
4d,y, 4d,,, and 4d;’ orbitals of Pd in Pd;»Co,g interacted with the 2m*
and 50 orbitals of LiO,, respectively (Fig. 5c, d). As a result, the elec-
trons from Pd 4d orbitals intended to occupy the antibonding orbitals,
leading to a weaker orbital interaction (-2.30 eV) between Pd;,Co,s
and LiO, compared to that of Pd (-2.67 eV). The weak adsorption
interaction between Pd;,Co,g and LiO, is further supported by
ultraviolet-visible (UV-Vis) spectra (Supplementary Fig. 31), with

Pd;,Co,g showing higher adsorption compared to Pd electrocatalysts.
Additionally, the weak orbital interaction can also be confirmed
through the analysis of the differential charge density and Bader
charge results. The O atoms in LiO, connecting to Pd;,Co,g exhibited
higher oxidation states compared to Pd, indicating a less amount of
electron transfer from Pd;,Co,g to LiO, (0.11 e in Fig. 5e) relative to
that of Pd (1.02 e in Fig. 5f).

The weak orbital interaction between Pd;,Co,g and LiO, enhanced
the OER electrocatalytic activity, as confirmed by the Gibbs free energy
results. The OER overpotential is defined as nogg = U, — Ueq. Here, Ueq
represents the equilibrium potential of the overall reaction, while U,
indicates the minimum potential at which the Gibbs free energy gra-
dually increases during the charge process. Furthermore, Uy repre-
sents the Gibbs free energy of the relevant species when the potential
is 0. During the charging process, superoxide species are identified as
intermediates for Pd and Pd;,Coyg electrocatalysts based on UV-Vis
results, confirming that the decomposition of Li,O, proceeds in two
steps (Supplementary Figs. 32 and 33). For both Pd and Pd,,Co,g, the
rate-determining steps of the OER process involve the oxidation of
LiO, to O, and Li*. Therefore, the weak orbital interaction between
Pd;,Co,s and LiO; led to lower activation energy (0.5 eV in Fig. 5Sh) than
that of Pd nanosheets (0.8 eV in Fig. 5g), which is consistent with the
electrochemical impedance spectra (EIS) (Supplementary Fig. 34). The
lower activation energy of Pd,;,Co,s indicates a low charge over-
potentials of Pd;,Co,g (0.5 V) relative to that of Pd nanosheets (0.8 V).
This result was also apparent in the phase diagram, where the inter-
section of LiO, and O, occurred at 3.47 V for Pd;,Co,g and 4.00 V for
Pd, respectively (Fig. 5i).
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Pd;,Co,g), and Gibbs free energy profiles. a, b The DOSs for the orbital hybridi-
zation between Pd 4 d orbitals and adsorbed LiO, for Pd (a) and Pd;,Coys (b).c,d A
schematic representation of the hybridization between LiO, and Pd (or Pd;,Co,g)
4 d orbitals. e, f The difference charge density of LiO, adsorption on Pd;,Co,g (€)

U (V)

and Pd (), visualized using an isosurface of 0.005 e/Bohr>. The yellow and cyan
isosurfaces indicate the gain and loss of electrons, respectively. g, h The Gibbs free
energy profiles of Pd;,Co,g and Pd at various potentials. i Phase diagram of the
positive electrode reaction on the Pd and Pd;,Co,s.

Three different contents of Co in PdCo catalysts (Pdg;Coy9,
Pd;,Co,g, and Pds¢Co,4) are prepared to further investigate the
effect of Co content on the charge overpotential in Li-O, batteries
(Supplementary Figs. 35 and 36). The charge overpotential of the
PdCo catalyst is mainly determined by two factors: the OER activity

of the Pd atom and the number of Pd sites. With a slight increase in
the Co content from Pdg;Co,;9 to Pd;,Co,g, the d-band center of Pd in
Pd;;Co,s (-12.28eV) shifts downward compared to Pdg;Coo
(-11.92 eV, Supplementary Fig. 37), suggesting weaker adsorption
towards LiO, and enhanced OER catalytic activities of Pd in Pd;,C0,g.
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Hence, despite a slight reduction in the number of active Pd sites, the
moderate increase of Co content results in a lower overpotential for
Pd;;Co,g (0.11V) compared to Pdg;Coe (0.53V, Supplementary
Fig. 38) at a low loading mass (0.3 mg/cm?) with a low capacity
(0.3mAh/cm?). With a further increase in the Co content from
Pd;»Co,g to Pds¢Co44, although the decreased d-band center of
Pds¢Co44 (—13.12€V, Supplementary Fig. 37) enhances the OER
activity of Pd, the significant decrease in the number of Pd sites
results in a higher charge overpotential for PdssCo44 (0.38V, Sup-
plementary Figs. 38) compared to Pd;,Co,g (0.11V) at a low loading
mass (0.3 mg/cm?) with a low capacity (0.3 mAh/cm?). Therefore, the
Pd;,Co,g catalyst with a moderate Co content can guarantee rela-
tively high OER catalytic activity and a significant number of Pd sites,
resulting in low charge overpotential.

Discussion

In summary, an orbital reconstruction strategy has been reported
in Pd;,Co,5 nanosheets as a highly efficient electrocatalyst in Li-
0O, batteries with a low charge overpotential of 0.11V at a low
loading mass (0.3 mg/cm? and a low capacity (0.3 mAh/cm?).
Experimental results and theoretical calculations revealed that
the d-d orbital coupling between Pd and Co in Pd;,Co,g nanosh-
eets leads to Pd 4d orbital reconstruction and significantly
reduced the energy levels of the electrochemical active 4d,y, 4dy,,
and 4d,” orbitals of Pd rather than the only band center shift in
the conventional approaches. As a result, the interactions
between the energetically lowered 4d,/4d,,/4d,” orbitals of Pd in
Pd;,Co,s and 2m*/50 orbitals of LiO, optimized the activation
energy of the rate-determining step and enhanced the OER
kinetics. This study developed a highly efficient Li-O, batteries
with a reported highest energy conversion efficiency of 91%, and
offered a guideline for the precise manipulation of d orbitals in
designing efficient noble metal-based electrocatalysts.

Methods

Chemicals and materials

Palladium(ll) acetylacetonate (Pd(acac),, >99.95%), cobalt(ll) acet-
ylacetonate (Co(acac),, = 97%), molybdenum carbony (Mo(CO),, > 98%),
oleylamine (CigHs;N, 80-90%), cyclohexane (C¢Hyp, >99.9%), ethanol
(C,HsOH, =99.7%), acetic acid (CH;COOH, =99.5%), dimethyl sulfoxide
(CoHgSO, =99.9%), 1-methyl-2-pyrrolidone (NMP, C¢H;sNO, >99.5%),
tetraethylene glycol dimethyl ether (C,oH»0s, 99%) were purchased
from Macklin. Poly(vinylidene fluoride) (PVDF, average molecular
weight ~275000), lithium trifluoromethanesulfonate (LiCF3SOs,
>99.5%), and lithium foil (thickness of 0.4 mm, diameter of 16 mm,
299.9%) were obtained from Aladdin. Carbon paper (thickness of
0.21 mm, resistivity of 8 mQ cm?) was purchased from Shanghai Hesen.
A separator (thickness of 0.26 mm, diameter of 18 mm) was purchased
from Whatman. The pure O, (99.5%) was obtained from Linde HKO Ltd.
XC72R carbon(=98%) was purchased from Energy. Parafilm (thickness
of 127 pm) was purchased from Bemis. To ensure the reliability and
reproducibility of the experimental results, all experiments were inde-
pendently repeated at least three times.

Synthesis of Pd and PdCo (Pds;Coy9, Pd;»>C0,s, and Pds¢C044)
nanosheets

10 mg of Pd(acac),, 10 mg of Co(acac),, and 30 mg of Mo(CO)s were
dissolved in 5mL of oleylamine, followed by sonicating for 2h to
ensure uniform dispersion. Next, the solution underwent a 5 h reaction
in a180 °C oil bath. After the completion of the reaction and cooling to
room temperature, the product was collected by centrifugation. Sub-
sequently, the product underwent three rounds of centrifugal washing
using a mixture of cyclohexane and ethanol (in a 9:1 volume ratio) to
obtain the Pd;,Co,s. The synthesis of Pdg;Co;9 and PdsgCoyy is similar
to that of Pd;,Coyg, differing only in the amount of metal salts added.

To synthesize Pdg;Coyo, 10 mg of Pd(acac), and 5 mg of Co(acac), are
needed, whereas for PdssCo4s, 8 mg of Pd(acac), and 12mg of
Co(acac), are required. In addition, the synthesis process for Pd
nanosheets closely resembles that of Pd;,Co,s, with the only differ-
ence being the exclusion of Co(acac), as a required component.

Preparation of Pd/C and PdCo/C (Pdg;Co,4/C, Pd;,Co0,5/C, and
Pds6C044/C)

The synthesized PdCo nanosheets (80 mg) was dispersed in cyclo-
hexane (60 mL), followed by homogeneous mixing with XC72R carbon
(20 mg), and subjected to continuous sonication for 60 min. The
products were obtained by centrifugation and subsequent washing
with a mixed solvent of cyclohexane/ethanol (9/1, v/v). Subsequently,
the products was continuously stirred overnight with the addition of
acetic acid to remove any residual surfactants. Finally, the resulting
product PdCo/C was obtained through centrifugation. The loading
mass of PdCo in PdCo/C was 80.0 wt%. The synthesis process for Pd/C
was the same as that for PdCo/C.

Characterizations

The crystal structures of both Pd and PdCo were investigated using a
powder X-ray diffraction (XRD, a Bruker D2 Phaser XE-T X-ray dif-
fractometer) utilizing Cu Ko radiation (A=15406A). The micro-
structural features of Pd and PdCo were examined through high-
resolution transmission electron microscopy (HR-TEM) using the
Tecani-G2 T20 instrument and field-emission scanning electron
microscopy (SEM) employing the Thermo Fisher Quattro S system.
The discharge products of Pd and PdCo were identified by FT-IR using
a PerkinElmer Spectrum Two Spectrometer with the wavenumber
range of 400-4000 cm™ and NMR (Bruker). The valence bands of Pd
and PdCo were analyzed by ultraviolet photoelectron spectroscopy
(UPS, Thermo escalab 250Xi). Raman spectroscopy was employed to
analyze the discharge products of Pd and PdCo, which was conducted
using a WITec alpha 300 Raman System equipped with a 532nm
wavelength laser. X-ray photoelectron spectroscopy (XPS) measure-
ments were performed using a Thermo Fisher ESCALAB XI + instru-
ment to investigate the valence states of Pd in Pd and PdCo, and
discharge products during the cycling process. Prior to ex situ mea-
surements, the discharged or charged PdCo or Pd positive electrodes
were transferred to an Ar-filled glovebox and disassembled at a tem-
perature of 20 °C, with both O, and H,0 concentrations in the glove-
box maintained below 0.1 ppm. The PdCo (or Pd) positive electrodes
were washed by dimethyl sulfoxide to remove residual electrolytes and
salts. Subsequently, the PdCo or Pd positive electrode was tightly
wrapped with Parafilm to prevent contamination. To ensure the
accuracy of the characterization results, the positive electrode sample
was taken out of the glovebox 5min before performing ex situ
characterizations.

Battery assembly and performances

In order to fabricate the positive electrode (PdCo/C) for Li-O, bat-
teries, the 10 wt% poly(vinylidene fluoride) binder was dispersed in
NMP under continuous magnetic stirring. Subsequently, the PdCo/C
(90 wt%) was transferred into the PVDF solution and further stirred
for 8 h. Then, the obtained slurry was drop-casted onto a carbon
paper current collector (thickness of 0.21 mm, a diameter of 10 mm)
using a pipette, followed by vacuum drying at 60 °C for 24 h to obtain
the PdCo/C electrode. The carbon paper current collector discs were
obtained by cutting the carbon paper using a slicing machine
(Shenzhen Kejing, Model: MSK-T10). In addition, Pd/C electro-
catalysts were utilized as a positive electrode for comparative ana-
lysis. The loading mass for both PdCo/C and Pd/C ranges from 0.3 to
3 mg/cm? A 2032 coin cell with 13 holes was assembled in a glove box
under an Ar atmosphere, where the content of both H,0 and O, were
below 0.1 ppm. The cell configuration included a positive electrode, a
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lithium foil (Aladdin, thickness of 0.4 mm, a diameter of 16 mm), a
separator (Whatman, thickness of 0.26 mm, dimension of 18 mm),
and solvent (10 pL, 1M lithium trifluoromethanesulfonate in tetra-
ethylene glycol dimethyl ether). The cell assembly was conducted
using a hydraulic crimping machine (Shenzhen kejing, Model: MSK-
110). The lithium foil was prepared prior to cell assembly. Prior to
battery measurements, the assembled Li-O, batteries were placed
into a container filled with ultra-pure dry O, (99.99%, 1.0 atm.) and
left to stand in a constant-temperature chamber with convection
heating (25 °C, Neware, Model: MIHW-200-160CH) for 24 h. Follow-
ing that, galvanostatic experiments were conducted on the battery
using a LAND cell system. The cyclic voltammogram was carried out
using an electrochemical workstation (CHI760e) from 2.0 to 4.5V at
0.3mV/s. EIS was analyzed by a CHI760E workstation, with an
amplitude voltage of 10 mV and a frequency range from 10°Hz to
0.1Hz (number of data points: 31). The system was held at open-
circuit voltage for 10 min prior to electrochemical impedance spec-
troscopy (EIS) measurements. Each electrochemical data was ana-
lyzed based on the measurements of three cell samples.

DFT calculations

The DFT calculations were performed using the Vienna Ab initio
simulation package (VASP). We adopted the generalized gradient
approximation of Perdew-Burke-Ernzerhof (GGA-PBE) to characterize
the exchange-correlation potential in our calculations. To account for
the interactions between ion cores and valence electrons, the pro-
jector augmented-wave (PAW) method was utilized. A fixed plane-wave
cutoff energy of 450 eV was applied in the calculations. The structural
models were relaxed until achieving Hellmann-Feynman forces below
-0.02eV/A and an energy change below 10 eV. To account for dis-
persion interactions between all atoms in the adsorption models,
Grimme’s DFT-D3 methodology was employed. The optimized con-
figuration of Pd and Pd;,Co,g are shown in Supplementary Data 1, 2.

Data availability

The data that support the conclusions of this study are available within
the paper and Supplementary information. The DOI for the dataset on
Figshare is https://doi.org/10.6084/m9.figshare.27683289. Source
data are provided in this paper.
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