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Sodium (Na)-air batteries show significant potential as alternatives to lithium-
air batteries due to their high theoretical energy density and the abundant
availability of sodium reserves. Nevertheless, the formation of complex pro-
ducts, specifically NaO,, Na,0,, Na,CO3-xH,0, during the multi-step reactions
inevitably raises reconciled potential incompatibility that causes low efficiency
and large overpotential. Here, we introduce a cascade electrocatalysis strategy
that involves switchable metal and oxygen redox chemistry through electro-
chemical potential tuning. Leveraging the lithium ion spatial pinning effect,

sodium ions trigger in the Na[Lij;sRu,/3]0, electrode system to toggle the
geometric state at a low electrochemical potential and oscillate among dif-
ferent catalytic states to achieve sequential conversion of complicated multi-
step intermediates. The Na[Li;3Ru,/3]0, catalyst effectively compartmenta-
lizes the threshold potential that circumvents deactivating or competing
pathways while coupling different catalytic cycles. As a result, the sodium-air
battery employing this catalyst exhibits long-term reversibility over 1000
cycles with a decent catalysis efficiency exceeding 99%. Our results demon-
strate that the cascade electrocatalysis strategy contributes to the design of
integrated sodium-air batteries with long-term cycling stability.

Na-air batteries have garnered considerable attention as a promising
and affordable energy storage solution owing to the abundance of
sodium resources and high theoretical energy density’. However, the
inadequate cycling stability of Na-air batteries, particularly on the
electrode side, hinders their widespread implementation. Specifically,
the reduction of O, involves a multi-electron process, yielding multiple
products such as NaO,, Na,0,, and Na,CO5-xH,0. While most elec-
trode candidates exhibit selective catalysis for NaO, conversion, they
struggle to efficiently convert all products due to decomposing Na,0,
and Na,CO3-xH,O challenges, which consequently limit the cycling
reversibility of a Na-air batteries”*. To address this limitation, an ideal
catalyst must moderate binding strength with multiple intermediates

and promote their adsorption-desorption efficiency. Transition metal
oxides (TMO), exemplified by RuO,’, have recently emerged as pro-
mising catalysts in air batteries due to their abundant d orbitals and
diverse valence distributions®’. Nevertheless, TMO typically provides a
single active center due to the fixed crystal structures, which is too
limited for coupling electrons with adsorbates®'°. To overcome this
challenge, designing two (or more) different reactive states of TMO is
plausible to equilibrate the adsorption coverage of products and
achieve high cycling stability in Na-air battery systems.

Cascade catalysis is an effective methodology for streamlining the
multi-step conversion of complex products within a single reaction
process through applying external stimuli’ . Recently, with the light
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trigger, the alternatively changed TM-O bond has been proved to
promote the oxygen evolution reactions (OER) efficiency by con-
tinuously regulating O-H bond cleavage and 0-O bond formation" ™,
Applying this cascade catalytic strategy to Na-air batteries requires two
key design principles: dynamic active sites during cycling and align-
ment of electrochemical potential with redox components. Given the
diversity of species generated during charging, active sites must adapt
to the evolving redox process at varying voltages". One approach is
utilizing Na-containing layered oxides as catalysts, where Na ion
extraction is voltage-dependent. From the perspective of d-band
theory?, the d-electron-pair wave function properties of 4d/5d transi-
tion metal elements with a large spatial extent may offer opportunities
for modulating the electronic structure to boost the catalytic activity.
Then, Na* electrochemical intercalation can induce various valence
states in TM ions, allowing for tunable electronic and redox properties.
Moreover, aligning active sites with the distinct electrochemical
potentials of NaO,, Na,0,, and their hydrates could maximize energy
efficiency while minimizing parasitic reactions™™". Although this
strategy promises to enable the efficient multi-step reaction sequen-
ces, implementing this strategy and tuning electrochemical potentials
in a Na-air battery remains poorly understood'®.

In this study, we have synthesized a layered TMO catalyst, Na[Liy/3
Ru,/3]0,, to facilitate the cascade conversion of mixed intermediates
within Na-air batteries. The hybridization of the Ru-O bond in Na[Liy/3
Ru,3]0,, as illustrated in Fig. 1a, can be controlled by regulating alkali
ions in the Ru layer. Accompanied by the variation of potential, the
oriented orbital hybridizes in two axes between TM and O, resulting in
varying degrees of the metal d band and oxygen p band broadening,.
Consequently, the catalyst with a different extent of d-p band broad-
ening covers the intermediate and promotes the adsorption-
desorption efficiency. This modification results in enhanced electron
transfer efficiency at high electrochemical potentials and initiates the
formation of dynamic TM active centers for sequential catalysis. The
unit cell in the coupled integrated catalysis undergoes reversible
geometric conversion of RuOg with Li* as spatial localization, promis-
ing the structural stability of the material. This modification results in
enhanced electron transfer efficiency at high electrochemical poten-
tials and initiates the formation of dynamic TM active centers for
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sequential catalysis. Consequently, the Na-air cell using Na[Li;3Ru,]
0, as electrode exhibits an energy conversion efficiency exceeding
99%, coupled with a high discharge capacity of 15,000 mAh g, Fur-
thermore, it demonstrates long-term reversibility over 1000 cycles
with a minimal overpotential of 0.75V. Compared with RuO,, Nal[Liy3
Ru, /3]0, showcases switchable active centers with good reversibility in
electrochemical reactions. Notably, the catalysts present highly dis-
tinguishable threshold potentials for multiproduct decomposition in
Na-air batteries, favoring the avoidance of deactivation or competing
pathways. The sequential arrangement of potential windows, influ-
enced by the dynamic transition metal valence state, could provide a
practical framework for improving the performance of metal-air
batteries.

Results

Sequential catalysis for improved rechargeability

The layered microparticles Na[Li;3Ru,3]0, with a disordered TM/Li-
intralayer arrangement were prepared by one-step solid-state
reactions' (Supplementary Fig. 1). The X-ray diffraction (XRD) pattern
of Na[Li;;3Ru,/3]0, and Rietveld refinement show that the adopts an
O3-type layered structure (Supplementary Fig. 2 and Table S1). Na ions
are situated within the AM (Alkali metal) layer, while a disordered Li/
TM arrangement exists in the TM (transition metal) layer, delivering a
Na-O-Li configuration®. Inductively coupled plasma optical emission
spectroscopy (ICP-OES) affirms that the chemical composition of
Na[Liy3Ru,/3]0; is consistent with the expected stoichiometry ratio
(Supplementary Table 2).

A quasisolid-state polymer electrolyte (QPE) that consists of
PVDF-HFP-10% SiO,-NaClO,—tetraethylene glycol dimethyl ether
(TEGDME) as an electrolyte (Supplementary Fig. 3 and Fig. 4), both
Na[Li;;sRu,/3]0, and commercial RuO, were then utilized as catalysts
for solid-state Na-air batteries (SSNAB) to evaluate the catalytic
performances. In galvanostatic tests, Na[Lij;3Ru,/3]0, indicates a low
discharge-charge overpotential of 0.75V while demonstrating a
favorable discharge capacity of 15,000 mAh g™ (Fig. 2a). As a refer-
ence, the commercial RuO, catalyst has a high OER overpotential
(0.97 V) with a poor discharge capacity (8500 mAhg™). In contrast,
the Na[Lij;sRu,/3]0, catalyst exhibits a considerably higher energy
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Fig. 1| Schematic illustration of cascade catalysis for Na-air battery. a, b lon-
insertion catalysts may be more likely to induce cascade catalytic effects than
conventional catalysts. ¢, d The cascade catalytic strategy to Na-air batteries
requires two key design principles: dynamic active sites during cycling and align-
ment of electrochemical potential with redox components (Reaction 1-3).

e Schematic illustration of electrochemical reactions of Na-air batteries at

electrode-electrolyte interfaces, cascade catalytic strategy promises to enable the
efficient multi-step reaction sequences. f The kinetic barrier of a reaction (AG) can
be reduced owing to cascade catalysis. g, h Cascade catalysis changes the ther-
modynamic electrochemical driving force of the reaction (17 = Er—Ecq, where Eg is
the Fermi level of the electrode and Eq is the Fermi level of the reactant): pDOS,
partial density of states.
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Fig. 2 | Electrochemical performances of SSNAB. a Galvanostatic curves of SSNAB
based on commercial RuO, and Nal[Li;3Ru,/3]0, sample at a current density of
100mA g™. b Contrast CV curves with the aforementioned two catalysts between
1.5 and 4.5V, scan rate: 0.1 mV s™. ¢ The cycling performance with a 500 mAh g™
capacity limitation. d The comparison with other notable published studies on the
cycling performance of sodium-oxygen battery systems, the source of the literature
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data shown in this figure can be found in Supplementary Table 3. e, f In situ DEMS
analysis of the gas consumption (e) and evolution (f) during SSNAB operation with
RuO, and NalLi;sRu,/]0; electrodes. g, h SEM image of discharged electrode
morphologies obtained after a full discharge during the galvanostatic test con-
ducted at a current density of 100 mA g, as shown in Fig. 2a. i, j Synchrotron x-ray
tomography reconstruction of discharged electrode utilizing volume rendering.

efficiency (over 99%) compared to the RuO, catalyst (60%). Fur-
thermore, both the two catalysts show similar discharge profiles with
a single plateau at 2.3 V. Whereas, there are three different charging
plateaus with Na[Li;;sRu,/3]0, catalyst at (i) C2.5V, (ii) C3.5V, and (jii)
C4.5V, respectively. It is known that plateau (i) originates from
superoxide decomposition, and plateaus (the other two) can be
ascribed to the decomposition of the peroxide phase and the by-
product, respectively”. These results verify that the high Na[Li;;sRuy,
3]0, activity could be attributed to the separation of reaction
potentials. To further study the potential-dependent oxidation
kinetics, the cyclic voltammetry (CV) of the two catalysts was col-
lected (Fig. 2b). Compared with the multiple redox peaks of the RuO,
plots, Na[Liy3Ru,/3]0, catalyst also shows a multistage redox pro-
cess. The larger redox current and more negligible polarization
indicate that Na[Lij;sRu,/;5]0, catalyst can tune redox reaction
potential, which is essential for mediating the reaction kinetics?**.
The difference in cycling stability between RuO, and Na[Li;;sRuy,3]
0, corroborates the cascade catalyst effect in the SSNAB. At a

consistent capacity of 500 mAh g?, the Nal[Li;sRu,/3]0, electrodes
maintain stable discharge and charge voltages without significant
degradation even after 1000 cycles, while the reaction voltage of RuO,
decreased after 350 cycles due to intense OER polarization (Fig. 2c). In
addition, Na[Liy/3Ru»/3]02 and RuO; electrodes were further tested for
stability at a high current density of 500 mA g1, with a capacity limit of
1000 mAh g™, Notably, the Na[Li1/3Ru»/3]0> exhibited a stable specific
capacity and maintained a discharge voltage above 1.5V after 550
cycles. In contrast, RuO, showed significant degradation after only 120
cycles (Supplementary Fig. 5). The satisfied cycle stability and energy
efficiency of Na[Li;;sRu,/3]0, electrodes show substantial advantages
over previous reports of sodium-oxygen battery systems*** ¢ (Fig. 2d
and Supplementary Table 3). These observations demonstrate that
Nal[Liy3Ru,/3]0, can be a suitable catalyst for coupling multiple con-
secutive catalytic reactions (Supplementary Figs. 6 and 7).

In ambient conditions, the pouch-type battery measures
10 x 10 cm? and achieves a capacity of 650 mAh at 4.5 A. Its impressive
cycling stability over 40 cycles highlights the potential of Na[Li1/3Ruz/
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3]0, for large-scale Na—air battery applications (Supplementary Fig. 8).
The flexible pouch-type solid-state Na-air battery can constantly power
a micro-robot, indicating the great prospect of the Na[Li;;3Ru,/3]0; in
promoting the practical application of Na-air batteries (Supplementary
Fig. 9). These results suggest the importance of the Na[Li;3Ru,/3]0, in
constructing a highly safe and stable. To investigate whether the redox
potential of the catalyst aligns with the voltage window of Na-air bat-
teries, charge and discharge tests of Na[Lij3Ru,;3]0, and RuO- as
electrodes were conducted in an Ar atmosphere. The charge-discharge
curves of Na[Lii/3Rux/3]O2 revealed significant oxygen redox pro-
cesses. In contrast, RuO, lacked effective redox activity and alignment
with the sodium-oxygen battery voltage window, limiting its effec-
tiveness as a cascade catalyst for energy efficiency optimization.
(Supplementary Fig. 10).

To further understand the discharge-charge mechanism, the gas
evolution was probed with in situ DEMS analysis (Fig. 2e, f). During
discharge-charge processes, the e7/0, > 2 ratios of Na[Li;;3Ru,/3]0, can
be obtained, which suggests that more than one electron is transferred
or multiple steps are involved in the complex electrode reaction®.
Scanning electron microscopy (SEM) was employed to understand the
specific morphology of the discharge products. (Fig. 2g, h). The two
distinct forms of the deposited product (nanorod-like products for
RuO, and thin-layer ones for Na[Li;;3Ru,/3]0,) indicate a strong cor-
relation between electrode surfaces and the thermodynamics/kinetics
of product deposition. Using the high spatial resolution and high
contrast of synchrotron X-ray computed tomography, the active
components in the electrode can be separated from the reaction
products, enabling the examination of the product formation and
decomposition processes®. The reconstructed 3D volume rendering
images of coexisting products with Nal[Lij;;Ru,/3]0, (Displayed in
purple) precipitate massively within the electrode with a homo-
geneous distribution. Additionally, the green 3D visualization image
roughly retrieved the scattered product distribution in the RuO,
electrode (Fig. 2i, j). The 3D analysis measures the volume variation of
the deposited products between the electrodes above (Supplementary
Fig. 11), indicating that electrochemical ion insertion may lead to uni-
form product deposition by expanding the electrochemically active
surface area beyond the electrode-electrolyte interface in the host
material®.

Spatiotemporal control of complicated products
SEM and Time-of-flight secondary ion mass spectrometry (TOF-SIMS)
further analyzed the morphological evolution of the discharge/charge
products to explore the underlying catalysis process (Fig. 3a). At stage
I, typical micrometer-scale cubic products of NaO,, approximately
1pm in size, were observed randomly scattered on the surface of
Nal[Liy3Ru,/3]0, (Fig. 3b). Following stage II, many nanorod-like pro-
ducts of Na,.,O, and a few aggregated particles (Na,CO3) appear on the
Nal[Liy;3Ru,/3]0, surface. TOF-SIMS images show the in-plane and 3D
distribution of the Na™ signal at the various potentials (Fig. 3a and
Supplementary Fig. 12)*. The color bar from black to white represents
the relative intensity variation of the Na™ signal. The distribution and
size of these white particles are similar to those of product particles in
the SEM images (Fig. 3c). Furthermore, SEM images of stages IlI-V
confirmed that most cubic and nanorod-shaped products gradually
decompose. As the charging progresses, the Na™ signal intensity gra-
dually decreases in stages IlI-V, indicating that there were almost no
residual oxygen-containing products in the electrode post-charging at
a fully charged electrode. This is consistent with the TOF-SIMS depth
profile results (Supplementary Fig. 13). In contrast, for commercial
RuO; electrodes, the sporadic products during the discharge process
and the incomplete decomposition of products after charging indicate
their inferior catalytic capability (Supplementary Fig. 14).

The enhancement of catalytic activity could be associated with
the hierarchical architecture of the catalyst. Na[Li;;sRu,/3]0, catalyst

may undergo structural transformation and play a dynamic catalytic
effect. Therefore, ex-situ XRD is employed to inquiry the electronic
and configurational evolution of Na[Li;;sRu,,3]O, at one catalysis cycle
(Supplementary Fig. 15). In the discharged state (stage II), several new
diffraction peaks are attributed to the formation of NaO, (JCPDS 77-
0207), Na,O, (JCPDS 74-0895), and parasitic product Na,CO;3 (JCPDS
77-2082), respectively*. During the subsequent charge process (stage
11I-V), the (003) diffraction peak of Na[Li;3Ru,/3]0, continuously shifts
owing to the O3 — 01’ - O1 phase change*. The intensity of all diffrac-
tion peaks from NaO,, Na,0,, to Na,COj3 gradually weakens and com-
pletely disappears at the end of the charging process. The high-
resolution XPS spectra obtained for the O 1s region of the fully dis-
charged electrodes, revealed Na,O, is the main discharge product
accounts for approximately 47.6% (Supplementary Fig. 16). The phase
transition reveals that the reductive coupling mechanism may occur at
high voltage regions for TM, favoring the activation of new O redox-
active centers for sequential catalysis.

The progression of the electrode reaction during the cycled sys-
tem was further disclosed in detail with Raman analysis. Fig. 3d shows
two typical Raman vibration shifts of 485 and 595 cm™ at the pristine
electrode (I), which can stem from the O-Ru-O bending (£,;) and
another Ru-O stretching (4;) in Na[LijsRu,/3]0,, respectively®. After
discharge (stage II), the additional peaks are observed at 1107 cm™ and
1146 cm™ (0, ,Na0O,), 800cm™ (Na,0,), and additional 1080 cm™
(Na,CO5)*. During charging (stage III-V), the vibration of £, and A4 of
Nal[Lij;3Ru,/3]0, gradually weakened, and the vibration peaks from
NaO,, Na,0, to Na,COj3 gradually disappeared. At high potential (stage
V), the new Raman vibration of peroxo-species (0,)" at 850 cm™ and
superoxide-species 0-O bond at around 1100 cm™ was observed in
charged Na[Li;;3Ru,/3]0,*. The results unequivocally validate that the
reversible evolution of composite products is closely related to the
structural changes of Na[Li;;;Ru,/3]0,. Potential-driven formation of
(0O,)™ species in catalysts may contribute to dramatic promotion in the
catalytic activity.

To further elucidate the chemical compositions of the
Na[Liy3Ru,/3]0, electrodes, O K-edge XAS spectra were obtained
(Fig. 3e). Three distinct absorption peaks at 532.0, 532.9, and
534.4eV can be identified, corresponding to NaO,, Na,O,, and
Na,COs, respectively. Additionally, a substantial amount of Na,CO;
can be fully decomposed even after charging 4.5V. These findings
align well with the previously discussed XRD and Raman results. In
contrast, for the structurally stable RuO, catalyst, the XRD analyses
indicate the presence of undecomposed byproducts after deep
charging (Supplementary Fig. 17). The Distribution of Relaxation
Times model deriving from the EIS spectra also proves the above
conclusion. (Supplementary Figs. 18 and 19 and Table 4).

Structural reversibility

A cascade pathway driven by electrochemical potential has been
substantiated for NalLijsRu,3]0, serving as switchable electro-
catalysts for the SSNAB. Hence, it is crucial to comprehend the
underlying mechanism of its electrochemical reversibility. The inher-
ent 3D-disordered cationic framework of Na[Li;;3Ru,3]0, could stabi-
lize structures at highly charged states (Fig. 4a). High-angle annular
dark field-scanning transmission electron microscopy (HAADF-STEM)
further validated the O3-type structure of pristine Na[Li;/3Ru,/3]0, with
lattice spacings of 0.527 nm (Fig. 4b and Supplementary Fig. 20).
Furthermore, the O1 phase along the [010] plane is captured at the 4.5
V-charged state (Supplementary Fig. 21a)*°. No noticeable contrast
change was observed in the Na layers, which aligns closely with the
limited migration of Ru ions to the Na sites at a charge of 4.5V.
Therefore, Na ions of Na[Li;;sRu,/3]0, always occupy the octahedral
sites in the Na layer instead of prismatic sites. TM/Na sites are aligned
on top of each other. The O3-type layered structure of pristine Na[Lij,
3Ru,3]0,, which was also preserved in the samples discharged to 1.5V
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the different voltage states in the SSNAB. e O K-edge XAS under the TEY pattern for
cycled Na[Li;3Ruy3]0, electrode.

(Supplementary Figs. 21b and 22). Furthermore, the phase transition of
03 - 01’ - 01 could minimize the electrostatic repulsions between Na
and TMs. Therefore, the appearance of 01’ and Ol intermediate phases
is crucial to trigger the anionic redox and enable the reversible oxygen
evolution.

The voltage-dependent structural and chemical transformations
for Na[LijsRu,;3]0, are investigated by spectroscopy characteriza-
tions. The Ru N-edge electron energy loss spectra (EELS) of charged
Nal[Liy3Ru,/3]0, at 4.5V display a redshift (Fig. 4c) as one moves from
the bulk to the surface, indicating that Ru is oxidized at the surface.
Additionally, the pre-edge peak transfers 0.5eV to a higher energy
level from the bulk to the surface for the O K-edge, consistent with
previous reports regarding the presence of O," species*’.

To further examine the electron-spin configurations of the cata-
lysts, ex-situ magnetic susceptibility experiments were performed on
Na[Liy;sRu,/3]0, samples at various charge and discharge states from O
to 200K (Fig. 4d and Supplementary Table 5). The pristine sample

exhibited an effective magnetic moment (ue) of about 2.78 peff,
indicating high spin (t’¢;") Ru*. In contrast, the charged sample
showed a sharp decrease in peff to 1.45 e, suggesting low-spin Ru**
and internal charge transfer between Ru and O during oxidation®®,
Considering the empty e, orbitals in higher energy levels, the elec-
tronic hopping between half-filled 5, levels and unoccupied eg levels
leads to ferromagnetic behavior. This implies the involvement of
anions in the redox activity of Na[Li;;sRu,/3]0,, as the coupling of lone-
pair electrons on Ru and O gradually reduces the cell’'s overall mag-
netization. Additionally, changes in electrochemical potential can
influence orbital occupation, regulating the dynamic catalytic process
that relies on electron orbital occupancy*’. The EPR measurements and
projected density of states (DOS) also support this conclusion (Sup-
plementary Figs. 23 and 24).

To uncover the origin of the structural reversibility, the chemical
environment of Li was investigated to reveal its effect on electron and
lattice alteration. The Li solid-state NMR spectra illustrated two

Nature Communications | (2025)16:5814


www.nature.com/naturecommunications

Article

https://doi.org/10.1038/s41467-025-60840-z

a o O' o ° 'TEE EE RN X I K I X J
[ o a o 0.01 =D-1.5v
o ®@o0o-®0.-®0 ®o0 ®o0 0o .
o ° o - -Pristine
0§ oo v andadlash bada b C-2.5V
o N0 aebad 600 c3.5v
0 e %, O@ -C-4.5V
0% = - N
o Y g . N
Unhybridized °},® %, 3 £
02porbitals ~ S T
X TN RN X N N N @ 8
0.525nm — 400 A
.00.0-00.0_@- [e) =1
£
moo..o.Oo.@wL E o
C‘”) =
~
= 200 A
S 0 ;
.‘E (‘) a 6 a 0 100 200 y
% o 8 Temperature (K) ¢ =y=
= Ru Ru T-9, H
o 05 ' 1.5 0 ' '
- ' -200 -100 0 100 200
Distance (nm)
Temperature (K)
v /
C RuN-edge N - Na K-édge
. - Li K-edge O K-edge
10
9
]
f' 8
z /—\ 7
‘»
5 6
42
c
— /—/\ \J\M 5
s W/\/\“\“ 4
1
T VT T T W S/ T T T
40 60 80 520 540 560 580 1060 1090 1120 1150

Fig. 4 | The reversible evolution of catalyst structure upon cycling. a 3D-
disordered cation framework of Na[Li;3Ru,/3]0, with randomly distributed unhy-
bridized O 2p orbitals. b HAADF-STEM images and crystal structure diagram of
Nal[Li;/;3Ruy/3]0, along the [010] zone axis, showing layer spacings for pristine
Na[Lij/3Ruy/3]0,. ¢ STEM-HAADF image and corresponding EELS spectra from the

Energy Loss (eV)

selected regions in C-4.5V of Nal[Liy3Ru,/3]0,. d Reciprocal susceptibility x™, with
dashed lines indicating linear fits per the Curie-Weiss law; inset shows the tem-
perature dependence of magnetic susceptibility in the Na[Li;;3Ru,/3]0,-cycled
system.

signals at around 150 and 800 ppm, which are ascribed to Li* within the
alkali metal layers (Lian) layer and the pristine sample’s transition
metal layer (Litv), respectively®. Following charging to 4.5V, almost
all the Li ions reside in the AM layer, suggesting the migration of Lity
into the AM layer. The migrated Li into the AM layer could resist lattice
gliding by the “pinning effect”, ensuring excellent structure endur-
ance. Furthermore, when discharging to 1.5V, a reversible migration of
Li contributes to stabilizing the crystalline structure (Supplementary
Fig. 25a). According to the Na NMR spectra (Supplementary Fig. 25b),
Na migration within the AM layers of NalLij;sRu,3]0, delivers a
reversible evolution, enhancing the reversibility of the Na—O-Li
(Fig. 4f)*. In addition, Na[Na1/3Ru,/3]O> as a reference sample further
confirms the key role of Li* in the sodium-air battery electrode

(Supplementary Figs. 26-28). According to the reference model put
forth by ref. 52, We can justifiably ascribe the variations in migration
mechanisms to the existence of lone-pair electrons in the &, and e,
occupation orbitals of TM. Given this evidence, we conclude that the
reversible redox process, as an external stimulus, could tune the
electronic state of catalysis for the sequential electrocatalysis reaction
process.

Switchable metal and oxygen redox center

The interplay between structural evolution and cascade catalysis is
explored in one catalysis cycle of battery operation with layered
Na[Lij;3Ru,/3]0,. We select five state-of-charge (SOC) states, namely
the pristine state(l), 2.5 V(II), 3.5 V(IlI), 4.5 V(IV), and discharged state
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1.5V (V). It is challenging to detect the oxidation state of oxygen and
distinguish it from the strong signals from Ru-O hybridization through
traditional X-ray absorption spectrum. Thus, we studied the oxygen
states before and after the charging via mapping of resonant inelastic
X-ray scattering (mRIXS), a unique method for detecting oxygen oxi-
dation to a non-divalent state. By measuring signals with emission
energy near 523.7 eV and another excitation energy arround 531.0 eV
(indicated by white arrows in Fig. 5a for the IV stage), we confirmed the
oxidation of lattice O. The signal appeared at 3.5V, intensified while
charging to 4.5V, and reversed upon discharging to 1.5V (Fig. 5a). The
evolution of the mRIXS characteristic on a catalytic cycle offers con-
clusive experimental certification for an invertible oxygen-redox
reaction”. The oxygen oxidation signal reveals the lattice oxygen
reactivity of catalysts, where (0,)" species are identified under a high
voltage as marked in the white dashed circle. In the charged state, the
signal of (0,)™ species completely vanishes, which serves as the
infrastructure for reversible electrocatalysis.

The spatial and chemical element distributions and nanoscale
morphological information provide crucial insights into the dynamic
catalytic mechanism. Scanning transmission X-ray microscopy (STXM)
delivers significant evidence regarding the local bonding environment
of components from the surface to the core within the charged
electrode™, as shown in Fig. 5b. The O K-edge STXM of charged Na[Lij 3
Ru,/3]0, verifies the existence of oxygen-containing species. Principal
Component Analysis (PCA) and RGB mapping of the absorption image
stack from STXM further visualized the differences in the chemical
distribution of oxygen between the above-mentioned electrode

surface and bulk (Fig. 5c). The comparison of O K-edge STXM XAS at
the different areas of the charged electrodes Na[Li;;3Ru,/3]0, is shown
in Fig. 5d. The peaks observed around 529 eV and 532 eV are attributed
to the & and e, unoccupied orbitals of hybridized O 2p-Ru,
respectively”. The e,/t,, ratio in the surface region (region 1) was lower
than in the bulk (region 3), indicating fewer unoccupied orbitals. The
gradual increase in O K-edge intensity from the surface to the bulk can
be linked to the anionic redox, which differentiates it from RuO,
(Supplementary Fig. 29). Partially occupied orbitals are crucial for
improving electrocatalyst activity by promoting receiving and offering
of electron, hence allowing the stimulation of molecular bonds for
reaction intermediate.

The emergence of O-redox during electrochemical cycling could
influence the cationic redox reactions. The alterations in the Ru
valence state of Na[Li;3Ru,/3]0, were assessed by analyzing the ex-situ
X-ray absorption near edge structure XANES spectra (Supplementary
Fig. 30). Based on the white-line energy of the standard reference
samples (Supplementary Fig. 31), we found that Ru in Na[Li;;sRu,/3]0,
progressively oxidized from its initial 4+ state to 4.45+ at 3.5V*.
However, a shift of the absorption edge back to lower energy after
charging to 4.5 V is attributed to the reductive coupling mechanism
(RCM) of oxygen redox (Supplementary Fig. 32). Following dischar-
ging to 1.5V, the edge returned to its original position, indicating that
Ru was reduced to its initial valence state. With potential variations,
when the metal d band intersects the oxygen p band at a higher
potential, the redox center of the catalyst is no longer solely defined by
the metal. Consequently, the catalytic activity could be continually
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enhanced by transitioning the active center of catalysts from primarily
cationic to anionic redox activation.

Extended X-ray absorption fine structure (EXAFS) further indi-
cates that Ru-O interatomic distances decreased. In contrast, Ru-Ru
distances remained nearly constant when Nal[Li;;sRu,/3]0, was charged
to high voltages (Supplementary Figs. 33 and 34). The EXAFS fitting
results revealed a reduction in the Ru-O coordination number from 6
to 5 (Supplementary Fig. 35 and Table S6). The overall coordination
number of the first Ru-O shell was restored during cycling, suggesting
that the stretching vibration O-Ru-0 arrangement is reversible”. This
is consistent with the XPS analysis (Supplementary Fig. 36). With
changes in potential, the oriented orbitals hybridize in two axes
between the transition metal (TM) and oxygen (Supplementary
Table S6). The unit cell in the coupled integrated catalysis undergoes
reversible geometric transformation between octahedral and tetra-
gonal forms of RuOg, with Li* providing spatial localization (Fig. 5a,
inset). Ru acts as a positive center throughout the cycles, forming a
strong bond with the oxygen framework, which helps prevent oxygen
loss at high cutoff voltages and maintains structural integrity during
long-term cycling (Supplementary Table S7). The active metal sites in
the cascade catalysts would experience a redox shift in their chemical
states in response to reversing current during the charge and dis-
charge processes.

The mechanism and reversibility of RuO, in sodium-air batteries
using commercial RuO, as the electrode were investigated by ex-situ
XRD, TEM, and XAS analyses, which revealed that crystalline RuO,
transforms into an amorphous Ru/Na,O mixture during discharge, and
recharges back to amorphous RuO,, highlighting its straightforward
conversion behavior. This observation highlights the conversion-type
behavior of RuO,. It is important to note that the reversibility of this
material is inferior to that of intercalated materials Na[Li;;3Ru,/3]0;
(Supplementary Figs. 37-39).

Mechanism analysis

The experimental results unambiguously verify that the unusual
reactivity is ascribed to the switchable active center for the redox of
cations (M™ 2 M™*) and anions (20% 2 (0,)™) in Na[Lij;3Ru,/3]0-.
However, the relationship between its catalytic performance and the
unique crystal/electronic structure remains unraveled. Transforming
the M-O covalency by an in situ electrochemistry process can help
adjust the d-band center (€4) energy level, a classical indicator for
binding strength®®. We thus established a correlation between over-
potential and adsorption energy to act as a descriptor of the catalytic
performance of the Na[Li;;3Ru,/3]0, catalysts. Density functional the-
ory (DFT) calculations were implemented to evaluate the origin of the
activity and scrutinize the adsorption energies between Na[LiyzRuy3]
0O, and various products. The integrated-crystal orbital Hamilton
population (ICOHP) represents the strength of chemical bonds*. The
value of Ru-O adsorbed in Na,COj3 is -2.15 eV for C-4.5 V (Fig. 6a), which
obvious is less than that of Ru-O in underpotential C-3.5 V with Na,0,
(-1.87) and C-2.5V with NaO, (-1.55), indicating that Na,CO5; forms
more stable and strong chemical bonds when adsorbed on the Na[Liy/3
Ru, 3]0, surface at the charge 4.5V.

The decomposition of adsorbed Na,CO; can be understood as
breaking the Na-O bond, resulting in the formation of individual Na
atoms and NaCOj clusters. In this context, the COHP profiles have
proved that the interaction between oxygen atoms in Na,CO3 and Ru
atoms in Na[Li;;3Ru,/3]0; is quite strong. This strong interaction will
stretch the Na-O bond in Na,CO5; and make it easier to be broken
(Supplementary Fig. 40 and Table S8). Additional calculations were
conducted on the density of states (DOS) of adsorbed several products
and the 4d orbital and d band center for the Ru atom®’. The d-band
center of Na[Lij3Ru/3]0,-4.5 V adsorbing Na,COs is at —1.60 eV, which
is nearer to the Fermi energy in comparison to that of Na[Li;;sRu,/3]05-
3.5V adsorbing Na,0O, (-1.73 eV) and Nal[Li;;3Ru,/310,-2.5V adsorbing

NaO, (-1.97 eV). In brief, the upwards shift of the Ru d-band center of
Na[Liy3Ru,/3]0, can reduce the electronic orbital occupation of anti-
bonding states, resulting in a gradually increased adsorption energy
for NaO,, Na,0, and Na,CO; (Fig. 6b). The catalytic performance of
RuO, through DFT calculations was also investigated. The d-band
centers of RuO, at various charging states: -1.57 eV (C-2.5V), -1.55eV
(C-3.5V), and -1.51eV (C-4.5V). This stability suggests that the elec-
tronic properties of Ru remain consistent, limiting the formation of
dynamic active centers. Density of states analysis indicates that the
covalency of Ru-O bonds is also stable across charging states, with
ICOHP values of -1.54, -1.68, and -1.71, confirming similar Ru-O
interactions(Supplementary Fig. 41).

As adsorbent containing oxygen generally interacts with the
d band of Ru atoms, the binding energies of NaO, and Na,CO; depend
proportionally on the d-band centers of catalyst active sites (Fig. 6¢).
The elevated position of d,? electrons is ascribed to e, orbitals, which
orient vertically toward the O ligands of the adsorbate, promoting a
significant spatial overlap between the O 2p orbital and the partially
filled d,* occupation orbital®’ (Supplementary Figs. 42 and 43). Hence,
the d,? electrons of the octahedral active site are crucial for the cata-
lytic activity of SSNAB. Fig. 6d illustrates each reaction step’s free
energy competition for electron involvement (Supplementary
Data 1 and 2). For the cascade catalyst, two catalytic models were
designed to match the stepwise decomposition of Na,O, and Na,COs.
Throughout the charging process, Na[Lij;;Ru,/3]0, exhibits a lower
overpotential (0.207 V) compared to RuO, (~0.855 V), indicating that
the dynamic variation of the d-band center in the cascade catalyst
active sites can facilitate the decomposition of complex products®.
Furthermore, charge density difference implying that the reaction
occurs on the Na[Lij;sRu,3]0, sites with an abundance of electron
transfers compared with the RuO, surface (Supplementary
Figs. 44 and 45), which is coincident with dissociation energy of dif-
ferent adsorbent on NalLijsRu,3]0, and RuO, (Supplementary
Fig. 46). Moreover, a similar cascade catalytic reaction mechanism may
also be achieved in other sodium-containing layered oxides (such as
NLMO), confirming the universality of the Na-O-Li structural config-
uration of the electrode in realizing this mechanism in sodium-air
batteries (Supplementary Figs. 47 and 48).

The investigation of redox switchable catalysis enables the for-
mation of O-O bonds and provides ligand vacancies that extend
beyond conventional metal sites, which is anticipated to enhance the
catalytic efficiency for the complex products of SSNAB. Specifically,
the high-spin active center, characterized by weak adsorption strength
on NaO,, facilitates subsequent desorption transformations. A mod-
erately positioned d-band center with appropriate adsorption strength
for Na,O, helps to maintain a balance between absorption and deso-
rption. In contrast, the low-spin state active center can stabilize the
hard-to-decompose Na,CO; through strong covalent interactions,
allowing continuous transformation®® (Fig. 6e). This approach intro-
duces a versatile strategy for optimizing geometrical configurations to
lower each oxygen redox step’s energy barrier.

Discussion

In conclusion, our study has illustrated the merits of Na[Li;;sRu,/3]0, as
an efficient cascade catalyst for SSNAB. The noteworthy enhanced
reactivity and reversibility observed in this system are achieved
through modulation of Ru-O covalent interactions. Introducing Li
dopants has proven effective in fine-tuning the RuOg distortion,
forming varied degrees of e,* band broadening through controlled Na*
occupation. The dynamic active sites could align their potential to
the redox process during cycling, leading to the favourable
catalytic reactivity for all the products. Within the potential region, the
e;* band broadening could facilitate the affinity for NaO, desorption,
thereby bolstering adsorption-desorption efficiency. Meanwhile, at
elevated potentials where the rate-determining step involves Na,O,/
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catalysts, respectively. d Gibbs free energy and activation energy analysis of varying
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Data 1 and 2. e Schematic of a gradient catalytic system for regulating integrated
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lution process of different atomic valences.
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Na,CO3 decomposition, the high-spin Ru** state transitions to a low-
spin Ru’* state in the e, orbitals due to the loss of one electron. This
transition enhances the adsorption capacity for oxygen-containing
intermediates, reducing the thermodynamic barrier for the oxygen
evolution reaction while improving the kinetic properties. Cascade
catalysts have the potential to position different functionalities, which
may help in controlling reaction intermediates. This could lead to
unique characteristics in the catalysis process in SSNAB and may also
open up opportunities for improvements in other energy
storage areas.

Methods
Material synthesis
The layered Na[Li;sRu,/3]0, was prepared using conventional solid-state
techniques”. Stoichiometric quantities of Na,COs(Aladdin, 99%), Li,CO;
(Aladdin, 99%), and RuO; (Aladdin, 99.9%) were thoroughly blended and
ground for thirty minutes using a mortar and pestle. The resultant
powder was then shaped into pellets and calcined at 750 °C for 10 h in
air, whereafter a second calcination at 900 °C in air for another 10 h,
after which it was allowed to cool to room temperature naturally before
being transferred into the glove box for further electrode preparation.
Nal[Li;;sMn,/5]0, material was prepared from Na,COs(Aladdin, 99%),
Li,CO; (Aladdin, 99%), and MnO, (Aladdin, 99.9%) precursor; the spe-
cific operation steps can be referred to in the above process.
Na[Nay;3Ru,/3]0, was synthesized through solid-state reactions
using stoichiometric amounts of Na,COsz (Aladdin, 99%) and RuO,
(Aladdin, 99.9%), with an additional 5 mol% Na,COs. These components
were thoroughly combined and ground. The resulting powder was
pelletized and calcined at 900 °C for 10 h under an argon atmosphere™.

Electrolyte preparation

Poly(vinylidene fluoride-co-hexafluoropropylene)(PVDF-HFP) pow-
ders and sodium salts were dried at 100 °C for 12 h before use to
remove trapped water. PVDF-HFPpolymer (1.5g; Sigma-Aldrich) was
mixed in 15 mL of acetone(Aladdin, >98%) containing 10 wt% fumed
silica and heated at 50 °C for 2 h with stirring, then rested for 1h to
remove bubbles. The mixture solution was distributed as a film on a
watch glass and dried at 60 °C overnight using a vacuum chamber. In
another beaker, liquid electrolytes were prepared by dissolving
NaClO, salts (Aladdin, 299.99%) in tetraethylene glycol dimethyl ether
(TEGDME, 299.5%) by magnetic stirring at 700 rpm for 12 h in a glo-
vebox under argon atmosphere. Molarities were adjusted to 1M elec-
trolyte. Subsequently, TEGDME with dissolved sodium salts and PVDF-
HFP solution was mixed, where the mass ratio of PVDF-HFP solution to
liquid electrolyte was adjusted as 7:2, and a quasi-solid electrolyte
(QPE) membrane was obtained.

Electrochemical measurements

Nickel foam was punched into circular electrode sheets with a dia-
meter of 12mm, cleaned in 1M HCI solution for 30 min, and then
thoroughly washed with deionized water/ethanol successively to
remove the residual chloride ions. A pristine electrode was produced
by coating nickel foam with a uniform ink containing 90 wt% NalLi 3
Ru,;3]0, powder and 10wt% PVDF-HFP binder mixture in 5 ml
N-Methyl pyrrolidone (Aladdin, 98%) to ensure uniform dispersion,
enhancing battery performance. This solution was dispersed evenly
with a nickel foam collector (Youveim, purity:>99.9%, thickness mm,
porosity:98%, areal density: 280 gm™) by ultrasonic instrument (KQ-
400KDE), dried under vacuum for 12 h, achieving a mass loading of
approximately 0.5 mg cm™. Post-casting, the electrodes were dried at
80 °C overnight inside a vacuum environment. One side of the air
electrode was in contact with the electrolyte, and the other was
exposed to ambient air as an oxygen source. Batteries were assembled
in an argon-filled glovebox (O, and H,O contents <0.1 ppm) using
2032-type coin cells, layering the Na metal sheet (China Energy Lithium

Co., Ltd, diameter:14 mm, thickness: 0.45mm), a 16 mm composite
electrolyte film containing NaClO,/TEGDME, and the electrode
sequentially. The electrochemical tests were conducted using a NEW-
ARE Battery Test System (CT-4008T-5V50mA-164, Shenzhen, China)
under various parameters in ambient air (25°C, relative
humidity:20%)°*. The CV tests were conducted over a potential scan
range of 1.5 to 4.5V (vs. Na’/Na) at a scan rate of 0.1mVs?, with a
sodium foil serving as the counter electrode and reference electrode.
Electrochemical impedance spectroscopy (EIS) was carried out with an
impedance analyser at open circuit voltage with an AC oscillation of
0.01V amplitude over frequencies from 850 kHz to 0.1 Hz.

Assembly of solid-state pouch batterie

The solid-state soft pack battery assembled in this study is pouch-type.
Foam nickel coated (8 x 8 cm?) with a catalyst serves as the air elec-
trode (mass loading: 10 mg cm™), while sodium strips (8 x 8 cm2) are
used as the anode. Aluminum tabs are used for the positive electrode,
and nickel tabs for the negative electrode. Quasi-solid polymer elec-
trolyte acts as the solid electrolyte (10 x 10 cm?). The entire battery
assembly process is conducted in an argon-filled glove box, where the
electrode sheet, solid electrolyte, and anode sheet are stacked in order
and vacuum sealed with a perforated aluminum-plastic film. The per-
formance testing of the completed solid-state soft pack battery is
carried out under ambient air conditions.

Material characterization

The substance’s composition was analyzed using a range of char-
acterization techniques, including XRD (PANalytical Empyrean), XPS
(KRATOS AXIS Ultra DLD), Raman (inVia-Reflex), SEM (ZEISS Merlin
Compact; Phenom Pro), in situ differential electrochemical mass
spectrometry (DEMS, Hiden Analytical), and ICP-MS (PerkinElmer,
Optima 5300DV).

O K-edge resonant inelastic X-ray scattering (RIXS)

mRIXS was performed at Beamline BL20U1 and BL20U2 of the
Shanghai Synchrotron Radiation Facility (SSRF). The mapping data
were obtained using a highly efficient modular spectrometer with an
excitation energy increment of 0.2 eV. The final two-dimensional maps
were generated through a multistep data processing approach, as
detailed in a prior study®.

Scanning transmission X-ray microscopy (STXM)

The STXM measurements were conducted at the beamline. BLOSU1A
of SSRF. The grids were placed in a sample holder, sealed in an alu-
minum pouch, and transported to the beamline. STXM images were
obtained with an 8 x 8 um? scanned (200 x 200 points) image size with
a step size of 0.04 um, and setting a dwell time of 1ms per pixel,
followed by PCA-CA analysis to identify natural spectrum groups and
calculate average spectra®®.

XAFS measurements

XAS spectra were recorded at beamline BL1I4W1 of SSRF for the Ru
K-edge. Samples were prepared by cycling the electrode to the desired
voltage and transporting them to the beamline in an argon-filled bag to
protect against moisture and oxygen. Data analysis was conducted
with the Athena software, with EXAFS fittings done via the Artemis
program®.,

HAADF-STEM and EELS
TEM, HR-TEM, atomic resolution-HAADF-STEM images, and EELS were
obtained employing the aberration-corrected JEM-ARM200F(C)*".

TOF-SIMS
The Time-of-Flight Secondary lon Mass Spectrometry (TOF-SIMS)
(IONTOF GmbH, Miinster, Germany) was employed. The 3D data was
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obtained in an area of 15 x 15 um. The measurements were conducted
in negative modes*°.

SQUID magnetometry

Susceptibility experiments were implemented in zero-field cooling
mode by a SQUID XL magnetometer with 1 T implemented fields from
0 to 200 K. Powder samples were sealed in vacuum quartz tubes with
cotton to prevent movement. EPR spectra were recorded on a Bruker
Elexsys E580 spectrometer (w = 9.36 GHz)*:.

Solid-state »>Na and "Li MAS NMR spectroscopy

Solid-state NMR experiments for 2Na were conducted on a WB 14.1T
Bruker ADVANCE III spectrometer. Spectra were collected at spinning
frequencies of 15kHz using the Hahnecho pulse sequence. For ’Li,
measurements were conducted on a WB 11.75 T spectrometer with a
Larmor frequency of 194.3 MHz”.

Computational details

DFT calculations were implemented employing the Vienna ab initio
simulation package with the Perdew-Burke-Ernzerhof functional for
exchange-correlation interactions. A plane-wave basis set featuring a
kinetic energy cutoff of 400eV, energy convergence criterion of
107eV, force convergence criterion of 0.02eVA™, and (2x2x1)
Monkhorst-Pack k-point sampling were adopting for structure
relaxation. The Na[Li;;sRu,/3]0, system was modeled by substituting

Ru ions with Li ions in a cell containing 16 formula units®.

Data availability

All data supporting this work are available in the article and its Sup-
plementary Information or are available from the corresponding
authors upon request. Source data are provided with this paper.
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