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The metallic phase MoS, (1T-MoS,) supported metal-nanocatalyst is an
appealing material system for accelerating the redox kinetics of non-aqueous
Li| |O, batteries. However, the drawbacks associated with the surface orbital
steric effect and the internal electron coupling results in a detrimental effect
for the stability of 1T-MoS,, especially for the interface charge transfer. This
makes it difficult to incorporate guest metal nanoparticles without compro-
mising the 1T phase support. To circumvent these issues, here we propose a
p-block element (In-O) doping strategy to stabilize the 1 T phase MoS, by
moderating the surface orbital steric effect and strengthening the internal
chemical bonding, and thus for the epitaxial Ru nanocatalyst graft on the
stabilized 1T-MoS, for Li| |0, batteries. The experimental and theoretical
analyzes indicate that the In-O-MoS,@Ru enhances the O, dissociation and
facilitates the adsorption of LiO, intermediates. This effect promotes the
growth of weakly crystalline Li,O, films during oxygen reduction reaction,
which can be more easily decomposed during the oxygen evolution reaction,
thereby enhancing the bifunctional-catalytic kinetics. When employed at the
positive electrode for non-aqueous Li | |O, batteries, In-O-MoS,@Ru shows an
overpotential of 0.37 V and a cycling life of 284 cycles at 200 mA g™ with a final
discharge specific capacity of 1000 mAh g™ at 25 °C.

Given the high theoretical specific energy of 3500 Wh kg™, non-
aqueous lithium | loxygen (Li||O,) batteries demonstrate promis-
ing potential industrial applications compared to state-of-the-art
lithium-ion battery counterparts' . However, due to the complex
multi-step and multi-electron redox chemistry involved during the
oxygen reduction reaction (ORR) and oxygen evolution reaction
(OER), both the mass transfer and surface reaction kinetics are
usually sluggish. Furthermore, the intrinsically insulating

characteristics and insolubility of the solid discharge product,
Li,O,, contribute to large over-potential*®. The electrochemical
performance of the catalytic positive electrode is closely asso-
ciated with the growth and decomposition behaviors of Li,O,’.
Therefore, the focus of Li||O, battery research is centered on
developing an efficient catalyst to modulate the nucleation-growth
of Li,O, during ORR and facilitate its rapid decomposition dur-
ing OER®’.
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Transition metal compounds supported noble metals (Ru, Pt)
nanocatalysts have been proven to be effective catalysts for Li||O,
batteries due to their rich interfacial active sites and robust metal-
support interaction. Notably, molybdenum disulfide (MoS,) is widely
applied due to its low cost and layer interval controllability'*"*. Com-
pared to the semiconducting 2H phase, the metallic 1 T phase MoS,
exhibits enhanced electrocatalytic efficiency”?*. Therefore, the 1T
MoS, is often preferred as the host matrix to confine the guest metal-
nanoparticles. However, the vertically unoccupied o* antibonding
orbital near the Fermi level of 1T-MoS, has a favorable steric orienta-
tion to facilitate the interface charge transfer (Supplementary Fig. 1a),
and the bonding between Mo sp*d® hybrid orbitals and the S none-
quivalent sp® hybrid orbitals in the octahedral unit of 1T-MoS, only
have a single o bonding delocalization for electronic coupling (Sup-
plementary Fig. 1b), both of which implies inherent instability for the
electrochemical reaction with strong interfacial charge transfer. Con-
sequently, when combined with guest metals, the vertical unoccupied
o* antibonding orbital of 1T-MoS, becomes susceptible to electron
filling. This will further reduce the initially insufficient electronic cou-
pling strength, and potentially compromising the 1T phase structure.
As aresult, achieving controlled growth of guest metal nanoparticles at
the interface while maintaining the stabilized 1T MoS, structure
remains a significant challenge. However, there are limited reports on
hybrid material comprising of 1T MoS, and supported metal
nanoparticles.

Herein, we propose a strategy to modulate 1 T phase MoS, with In-
O doping and lattice-grafting of Ru. The atomically doped p-block In-O
can effectively reduce the distribution of vertical orbitals, enhancing
the inherent bonding strength within In-O-MoS, and contributing to
the stabilization of the 1 T MoS;. The lattice matching provided by In-O
co-doping facilitates the epitaxial growth of Ru nanocrystals along the
lattice of In-O-MoS,. The In-O-MoS,@Ru hetero-interface with low-
angle torsion provides rich accessible catalytic active sites. The local
charge rearrangement and electronic structure optimization lead to
enhanced O-O cleavage capability and LiO, intermediate adsorption
characteristic. Notably, this In-O-MoS,@Ru catalyst demonstrates
good bifunctionally-catalytic ORR/OER kinetics in Li||O, batteries. A
low ORR/OER overpotential of only 0.37 V and a much improved life of
284 cycles at 200 mA g™ can be achieved for the In-O-MoS,@Ru based
Li | |O, batteries, which is at the top level among the state-of-the-art
catalysts ever reported. This material strategy combines p-block ele-
ment modulated 1T phase MoS, with Ru lattice grafting to achieve
high-performance Li||O, batteries, offering perspectives for the
design of bifunctional catalysts.

Results

Microstructure characterization

The design strategy for the In-O-MoS,@Ru catalyst is illustrated as
Fig. 1a. First, In-O doping induced 1T phase MoS; (In-O-MoS,) was
fabricated through a facile hydrothermal procedure. During this pro-
cess, trace oxygen and indium species derived from indium precursors
can be simultaneously incorporated into the MoS, lattice and con-
tribute to the formation of 1T MoS; during hydrothermal reaction.
Moreover the substitutional doped In atoms are incline to coordinate
with neighboring O atoms, constructing In-O-Mo coordination envir-
onment in local region of the MoS, substrate. This is considerably
different from those reported metal-S bond for transition metals
doped MoS,"?°. The reason for the choice of In-O doping within MoS,
lies in three points. a) As main group metal, In possess more active s/p-
type valence electrons than that of Mo. Based on the molecular orbital
theory, the introduction of In atoms into MoS, can form a stronger s/p
electron coupling than the d/p coupling within MoS,, resulting in a
lower bonding orbital and higher antibonding orbital and thus bene-
fiting the inherent stability. And what’s more, the O element possesses
the same valence electron number with S. Specially, due to lower

energy 2p valence electrons and smaller atomic radius of O than that of
S, partially substituting S with O could further exacerbate the none-
quivalence of sp* hybridization. This consequently enhances the
inherent electronic coupling and stability. b) Because the ionic radius
of indium (0.081 nm) is larger than that of molybdenum (0.065 nm),
the substitutional doping of indium at molybdenum site within MoS,
contributes to producing defect sites. ¢) The p-block metal functio-
nalized MoS, as efficient catalyst is highly expected but still in its
infancy. Then by virtue of In-O mediation within MoS,, Ru nano-
particles are be intimately immobilized within the lattice of In-O-MoS,
matrix via a grafting-growth strategy, which will construct a stable
epitaxial hetero-interface without damage of 1T phase support. The
grafting of Ru nanocrystals on In-O-MoS, is related to the following
three key factors. First, the same hexagonal crystal structure of Ru and
MoS; could facilitates the epitaxial growth of Ru nanoparticle on In-O-
MoS,. Taking consideration on the little lattice mismatch between Ru
and MoS,, there exist a small low-angle boundary between Ru and
MoS, to relieve the lattice stress. Second, the intense electronic
interaction between Ru and O provides additional opportunities for
confining guest Ru nanoparticle by stable covalent Ru-O bonding and
thus contributing to strengthening the metal-support connect.
Thirdly, the In-O doping within the MoS, matrix exposed lattice
defects provides abundant potential sites for the following nucleation
and growth of the guest Ru nanoparticles.

The surface atomic arrangement and interfacial atomic config-
uration of In-O-MoS,@Ru are identified by electron microscopy. The
scanning electron microscopy (SEM) image in Fig. 1b shows that the In-
0O-MoS,@Ru catalyst keeps a nano-flower morphology composed of
ultrathin curly nanosheets, offering a large specific area of 78.3 m* g™
(Supplementary Fig. 2). It suggests that this well-designed catalyst with
hierarchical porous structure is beneficial for high exposure of the
catalytic centers, fully wetting of electrolyte and efficient optimization
of the three-phase interface during long-term ORR/OER cycling. The
transmission electron microscopy (TEM) image in Fig. 1c shows the Ru
nanoparticles, with an average size of 4 nm, are uniformly distributed
within the In-O-MoS,, indicating the In-O-MoS, host can suppress the
aggregation of Ru nanoparticles. As shown in the high-angle annular
dark-field scanning transmission electron microscopy (HAADF-STEM)
image of the enlarged In-O-MoS, matrix part of In-O-MoS,@Ru in
Fig. 1d, according to atomic number induced brightness contrast
between Mo and In atoms, the brighter spots marked by red circles are
assigned to the doped In atoms. Figure le shows the relative intensity
profiles obtained from Line 1 and 2 in Fig. 1d, which further verify that
in comparison to Mo atoms, heavier In atoms appear with stronger
intensity, indicating In atoms are successfully doped into MoS; lattice
and occupy the Mo sites. More importantly, two sulfur atoms can be
observed between adjacent molybdenum atoms, and the intensity
ratio between sulfur and molybdenum sites is about 0.1~ 0.2 (Fig. 1e),
which is the typical proofs for the presence of 1 T MoS,”. Then the 3D
intensity profile in Fig. 1f (captured from Fig. 1d) also supports the
presence of In atoms within MoS, matrix. It should be noted that after
decoration of the Ru nanoparticles, the 1T phase remains intact. This
indicates that the introduction of the In-O atoms and their atomic-scale
distribution exert crucial influence on the formation and stabilization
of 1T phase MoS, with octahedral coordination geometry (Fig. 1g).
This assertion is further evidenced from the X-ray photoelectron
spectroscopy (XPS) and Raman results discussed later.

Furthermore, the high resolution TEM (HRTEM) result in Fig. 2a
indicates the continuous lattice fringes across the hetero-interface
within In-O-MoS,@Ru with an epitaxial growth relation. The high
resolution HAADF-STEM image in Fig. 2b further confirms a well-
defined host-guest interface between Ru nanoparticles and In-O-MoS,.
Importantly, Ru nanoparticles have been successfully integrated along
the lattice of In-O-MoS,, giving rise to a lattice-grafted 0D/2D hetero-
structure. In addition, as shown in the magnified image of the In-O-
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Fig. 1| Synthesis, morphology, and structure of In-O-MoS,@Ru. The Mo, S, Ru, e Intensity profile of two different areas captured form Fig. 1d, a. u. stands for

In and O atoms are described by blue, red, purple, orange and yellow balls, arbitrary units in this work. f 3D intensity profile captured form Fig. 1d. g Schematic
respectively. a Schematic illustration for synthesis of In-O-MoS,@Ru. b SEM image illustration of In-O-MoS; substrate in In-O-MoS,@Ru according to Fig. 1d. Source
of In-O-MoS,@Ru. ¢ Bright-field TEM image of In-O-MoS,@Ru. d High-angle data are provided as a Source Data file.

annular dark-field STEM image of In-O-MoS, substrate in In-O-MoS,@Ru.
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Fig. 2 | TEM and HAADF-STEM images of In-0O-MoS,@Ru. a Bright-field HRTEM
image of In-O-MoS,@Ru. b High-angle annular dark-field STEM image of In-O-
MoS,@Ru. c Inverse FFT pattern of zoomed-in the high-angle annular dark-field
STEM image at the In-O-MoS,@Ru interface area in Fig. 2b. d FFT patterns of In-O-
MoS,@Ru for Fig. 2c. e The simulated diffraction patterns of Fig. 1d. f High-angle

MosS, (100)

MoS, (010)

annular dark-field STEM image of In-O-MoS,@Ru at another area. g Inverse FFT
pattern of zoomed-in the high-angle annular dark-field STEM image at the
In-O-MoS,@Ru interface area in Fig. 2f. h FFT patterns of In-O-MoS,@Ru for Fig. 2g.
i The simulated diffraction patterns of Fig. 2h. j Element mapping images for
In-O-MoS,@Ru.

MoS,@Ru interface in Fig. 2¢, the blue highlighted lattice fringes are
indexed to (100) and (010) facets of host MoS, and the red highlighted
lattice fringes are matched with (100) and (010) facets of guest Ru*.
This observation confirms the epitaxial growth of Ru nanoparticles
along the In-O-MoS, lattice. The fast Fourier transformation (FFT)
pattern (Fig. 2d) from the In-O-MoS,@Ru in Fig. 2c demonstrates two
independent sets of spots coexist along the same [001] zone axis,
which match well with In-O-MoS; (blue lines) and Ru nanoparticles (red
lines), respectively. The distinct 10° deviation between the two sets of
spots also manifests a low angle boundary around the hetero-interface.
The corresponding simulated diffraction patterns in Fig. 2e confirm
the calibrated crystal index of (100), (010) and (110) in pairs are

assigned to In-O-MoS, and Ru nanoparticles, respectively, revealing a
lattice-matched grafting between In-O-MoS, and Ru. Due to the slight
lattice mismatch, lattice stress is inevitably generated at the closely-
contacted interface. This contributes to the formation of low-angle
twist between Ru nanoparticles and In-O-MoS,. In spite of lattice stress,
the two substances demonstrate superior lattice compatibility with the
epitaxial orientation at the interface. Therefore, this situation not only
enhances the stability of the In-O-MoS,/Ru hetero-interface, but also
provides additional catalytic activity.

To validate the universality of lattice coherency orientation,
another area with different facets was demonstrated. As shown in the
HAADF-STEM images of In-O-MoS,@Ru (Fig. 2f and g) also confirm the
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interfacial lattice compatibility with the epitaxial relationship. Two
adjacent lattice fringes with d-spacing of 2.08 A and 2.67 A are indexed
into the (011) and (111) planes of Ru nanoparticles and In-O-MoS,,
respectively. The FFT spots (Fig. 2h) and the corresponding simulated
diffraction patterns (Fig. 2i) viewed along another [011] orientation
also demonstrate the lattice stress induced low angle boundary of
about 10°, which is consistent with Figs. 2d, e. The selected area elec-
tron diffraction (SAED) pattern (Supplementary Fig. 3) taken from the
zone in Fig. 1a can be indexed into (103), (110) planes of In-O-MoS; and
(101), (110) planes of Ru, respectively, further confirming the suc-
cessful preparation of In-O-MoS,@Ru hybrid. To further disclose the
potential epitaxial growth mechanism of Ru nanoparticles from In-O-
MoS,, the In-O-MoS,@Ru sintered for 0.5 and 1.0 h were also prepared.
As shown in the HAADF-STEM image of In-O-MoS,@Ru-0.5h (Sup-
plementary Fig. 4a), abundant Ru ions are first adsorbed at the surface
defective sits introduced by In-O co-doping. As shown in the HAADF-
STEM image of In-O-MoS,@Ru-1.0 h (Supplementary Fig. 4b), many
amorphous and weakly crystallized Ru clusters are grown along the
lattice of In-O-MoS, and stabilized on the substrate. When it comes to
In-O-MoS,@Ru, due to intense lattice confinement effect between the
hexagonal Ru nanocrystals and In-O-MoS,, apparent lattice coherency
orientations emerge (Fig. 2b-c and Fig. 2f-g). Herein, the stepwise
nucleation, crystallization and epitaxial growth mechanism of Ru
nanocrystals from the In-O-MoS; lattice is schematically demonstrated
in Supplementary Fig. 4c. Meanwhile, the corresponding element
mapping images of In-O-MoS,@Ru in Fig. 2j verify the homogeneous
distribution of S, Mo, In, O and Ru elements throughout the whole
catalyst surface. Furthermore, according to the inductively coupled
plasma optical emission spectrometry (ICP-OES) results, the mass
fractions of In and Ru components are determined to be 1.98 wt.% and
16.3 wt.%, respectively. As expected, multiple types of atomic-scale
active centers stemmed from phase engineering induced by In-O
heteroatom doping and the phase boundary engineering dominated
by host-guest lattice compatibility are simultaneously constructed
within the In-O-MoS,@Ru composite to synergistically tailor the
electronic structure of metal centers and surface chemical character-
istics. Accordingly, this multiscale metal-support interaction con-
struction strategy can break through the active sites limitation of the
inert 2H MoS, basal domains and maximize the accessible catalytic
centers for both ORR and OER processes.

The X-ray diffraction (XRD) profile of In-O-MoS,@Ru (Supple-
mentary Fig. 5) demonstrates distinct diffraction pattern of MoS, and
Ru nanoparticles (Supplementary Note 1). Raman spectra of In-O-MoS,
and In-O-MoS,@Ru (Supplementary Fig. 6) further confirm the 1T
phase MoS, with significant peak at 143.7 (J,), 218.7 (J,) and 340.2 (J5)
cm™ wavenumber®#%, This indicates the key role of In-O doping in
retaining the 1T phase stability (Supplementary Note 2). To validate
the critical roles of O-atom doping in grafting Ru nanoparticles, In-
MoS,@Ru without O-atom doping was fabricated (see “Method” part).
As demonstrated in the Raman spectra and TEM image of In-MoS,@Ru
(Supplementary Fig. 7), the MoS, phase is transferred to 2H for In-
MoS,@Ru, where most of Ru nanoparticles are reasonably confined on
the edge region of the nanosheet due to the inferior surface parallel
orbital steric orientation of 2H-MoS,". This clearly indicates that
without the medium of O-atom doping, the In-MoS, tends to occurs
phase transfer to 2H and Ru nanoparticles are inclined to grown from
edge via the limited coordinatively unsaturated S atoms. The X-ray
photoelectron spectroscopy (XPS) spectra can further unravel the
effects of In-O doping and Ru coupling on the phase component and
electronic structure of In-O-MoS,@Ru. As shown in Mo 3d high-
resolution spectra (Supplementary Fig. 8a), for In-O-MoS,@Ru and In-
0-MoS,, the peaks at 228.5 and 231.6 eV can be attributed to Mo 3ds/,
and Mo 3d;/, of 1 T MoS,, respectively, while the peaks of Mo 3ds/, and
Mo 3d;;, of 2H MoS, are shifted up to 229.4 and 232.5eV,
respectively'®??73°_ Clearly, there is distinctly red-shift phenomenon

by about 1eV for Mo 3 d peaks of In-O-MoS,@Ru and In-O-MoS, rela-
tive to pure 2H-MoS,. This further indicates the In-O co-doping defi-
nitely modulates the electronic structure and stabilizes the metallic1T
phase MoS, without phase transfer to 2H phase. According to the peak
integration area, the 1 T phase MoS; contents in In-O-MoS,@Ru and In-
0O-MoS, are determined as 89.2% and 86.3%, respectively, indicating
the domination of high purity 1 T MoS, even after the loading of guest
Ru nanoparticles. The S 2p spectra of In-O-MoS,@Ru and In-O-MoS,
(Supplementary Fig. 8b) also demonstrate red-shifting tendency, in
which the binding energies at 162.7 (S 2p;;;) and 1615 (S 2p;5,) eV
further confirm the existence of 1T MoS,. While for pure MoS,, the
peaks at 163.2 and 162.0 eV are assigned to 2H phase'®. Furthermore,
in the In 3d spectrum of In-O-MoS,@Ru (Supplementary Fig. 8c), the
peaks at 444.7 and 452.2 eV are attributed to In 3ds, and In 3d5,,
implying that the doped indium atoms form metal-nonmetal bonding
and demonstrate ionic characteristic®. As shown in the Ru 3p spectrum
of In-O-MoS,@Ru (Supplementary Fig. 8d), the deconvoluted peaks
centered at 461.1 and 483.5 eV are indexed to Ru® 3ps/; and Ru® 3p;.
Meanwhile, the peaks at 463.3 and 485.5 eV are identified as Ru** 3p;,
and Ru** 3p;,*. This indicates that Ru nanoparticles in In-O-MoS,@Ru
are governed by large proportion of metallic elements. Considering
the slight negative shifting of Mo 3 d binding energy of In-O-MoS,@Ru
in comparison to that of In-O-MoS,, we infer that due to electro-
negativity differences between Ru element and matrix metal, electrons
are inclined to transfer from metallic Ru to In-O-MoS,, resulting in the
highly unoccupied Ru 4 d orbitals. The optimized interfacial micro-
environment induces electron delocalization around interface sites
and thus enhances electronic coupling interaction between Ru nano-
particles with In-O-MoS,.

The X-ray absorption near-edge structure (XANES) and exten-
ded X-ray absorption fine structure (EXAFS) results provide further
understanding towards the nature of coordination environment. In
the In K-edge XANES spectrum in Fig. 3a, the absorption edge of In-O-
MoS,@Ru is close to that of In,03 reference. According to the fitting
analyzes by the first derivative of In K-edge XANES (Supplementary
Fig. 9), the valence of In in In-O-MoS,@Ru is determined as 2.95.
Specially, as seen in the In k>weighted EXAFS spectrum in R space
(Fig. 3b, nonphase-corrected), the dominant peak for the first shell
corresponding to In-O scattering at 1.68 A can be observed for In-O-
MoS,@Ru with the absence of In-S and In-In signals****. Moreover,
the weak peak at 2.88 A is ascribed to In-M (In-Mo and In-Ru) scat-
tering path in the second shell. According to the quantitative fitting
results in Fig. 3¢ (R space), Supplementary Fig. 10 (k space) and
Supplementary Table 1, the length of In-O bonding is 1.94 A and each
In atom is coordinated by -6 neighboring O atoms, indicating the
highly unsaturated coordination environment with superior catalytic
activity. As shown in in the Wavelet transform (WT) contour plot
(Fig. 3d), In-O-MoS,@Ru demonstrates only one predominant
intensity maximum at -4.5A™ corresponding to In-O configuration,
further confirming the atomically homogenous In-O dual-doping
within MoS,. Herein, we infer that when great deals of In species are
atomically incorporated within the MoS,, considerable oxygen atoms
with high electronegativity inevitably take the place of partial sulfur
atoms during hydrothermal synthesis process, which function as
covalently bridging atoms to establish In-O rather than In-S bonding.
It is quite different from those reported doped transition metal-S
characteristics*'*?*?**, This suggests that In and O dual-doping
reconstruct bulk MoS; lattices and thus offer the critical driving force
for the formation of high-content 1T phase. In the In-O-MoS,@Ru
catalyst, the extraneous In atoms can offer extra electrons to Mo d
orbital and the incorporated O atoms can disturb the arrangement of
neighboring S atoms. As a result, the simultaneous In-O co-dopants
synergistically produce and further stabilize the metal phase MoS,.
This result is consistent with the currently reported Co-O and Co-P
co-doping triggered 1T phase MoS,”*.

Nature Communications | (2025)16:1453


www.nature.com/naturecommunications

Article

https://doi.org/10.1038/s41467-024-55073-5

a 16 - e i -
——1n foil —— Ru foil
’;. —In,0, _ 1.2 ~1.2{—RuO,
3 1.2+—In-0-MoS,@R 5 3 [—In-0-MoS,@
s 3 s
© ~ ©
3 < =
3 0.8 S 0.8
o 081 > —— Mo foil o
(]
= 8 ——MoO, 2
© = ©
£ 04 £ 041 oS, £ 04
2 5 ——In-0-MoS,@Ru ZO
P-4
0.0 : T T T 0.0- . , , y 0.0 - T . .
27900 27920 27940 27960 27980 28000 19980 20000 20020 20040 20060 22080 22100 22120 22140 22160 22180
Energy (eV) Energy (eV) Energy (eV)
b 1 ——In foil fo40 —— Mo foil J 25 ——Ru foil
i —In,0 35- ——MoO. —
12 In-0 : 203M S.OR Mo-Mo 3 204 Ru-RU RuO,
10 Inr n-0-MoS,@Ru| 301 \ —:VlogzM - ——In-0-MoS,@Ru
= -| = ——In-O-Mo u =
= < 254 2 X 45 "
= < =15 Ru-O
3 2 207 )
; E 15 ul—__ 10
10+
5.
5- M
04 SR NN NN 0
0 2 4 6 0 2 4 6 0 2 4 6
Radial distance (A) Radial distance (A) Radial distance (A)
c g k
12 In-0 ——In-O-MoS,/Ru 16 Mo-S ——In-0-MoS,/Ru 74 Ru-Ru ——In-0-MoS,/Ru
= = — 5
= = 3
= = =
5 x %
= x
Y Y £
d h |
—_ —~ 35
< < =
8 g 30 K
= g " e
B 2 2
5 2 2 »
- = °
g g 2. s
g E; g

1.5

-
o

k(A7)

Fig. 3 | X-ray absorption spectroscopy study of In-O-MoS,@Ru. a Normalized In
K-edge XANES spectra of In-O-MoS,@Ru, In,03 and In foil. b In K-edge k*-weighted
EXAFS spectra at R-space of In-O-MoS,@Ru, In,03 and In foil. ¢ In K-edge EXAFS
fitting curves at R-space of In-O-MoS,@Ru. d Wavelet transforms for In K-edge
EXAFS signals of In-O-MoS,@Ru. e Normalized Mo K-edge XANES spectra of In-O-
MoS,@Ru, MoS,, MoO; and Mo foil. f Mo K-edge k*-weighted EXAFS spectra at
R-space of In-O-MoS,@Ru, MoS,, MoO; and Mo foil. g Mo K-edge EXAFS fitting

k (A"

k (A7)

curves at R-space of In-O-MoS,@Ru. h Wavelet transforms for Mo K-edge EXAFS
signals of In-O-MoS,@Ru. i Normalized Ru K-edge XANES spectra of In-O-
MoS,@Ru, RuO, and Ru foil. j Ru K-edge k>-weighted EXAFS spectra at R-space of
In-0O-MoS,@Ru, RuO, and Ru foil. k Ru K-edge EXAFS fitting curves at R-space of In-
O-MoS,@Ru. | Wavelet transforms for Ru K-edge EXAFS signals of In-O-MoS,@Ru.
Source data are provided as a Source Data file.

For the Mo K-edge XANES spectrum (Fig. 3e), the absorption edge
position of In-O-MoS,@Ru is lower than that of pure MoS,, which is
consistent with the XPS results in Supplementary Fig. 8a. As shown in
the Mo EXAFS results in R space (Fig. 3f, nonphase-corrected), in
contrast to pure MoS,, In-O-MoS,@Ru demonstrates much weaker
intensity for Mo-Mo scatting peak, indicating the lower coordination
number (CN). Together with the fitting parameters of In-O-MoS,@Ru
(Fig. 3g: R space; Supplementary Fig. 11: k space) and MoS, (Supple-
mentary Fig. 12: R space; Supplementary Fig. 13: k space), the Mo-Mo
distance of In-O-MoS,@Ru (3.17 A) is compressed compared to that of
pure MoS; (3.6 A). These results all further manifest the presence of 1T

phase MoS, within the as-built In-O-MoS,@Ru catalyst****. Moreover, a
small contribution of Mo-O can be fitted (CN=1.1) in the first shell,
implying the successful of O doping within In-O-MoS,@Ru. The WT
contour plot regarding Mo signals of In-O-MoS,@Ru in Fig. 3h also
verifies the existence of Mo-nonmetal and Mo-metal paths. When
coming to the Ru K-edge XANES results in Fig. 3i, for the In-O-
MoS,@Ru catalyst, the valence state of the lattice-confined Ru nano-
particles is between those of Ru foil and RuO, species, and is much
more close to that of Ru foil. This implies that metal Ru® is dominated
in In-O-MoS,@Ru accompanied by a tiny proportion of oxidized Ru
components, which is consistent with the XPS result in Supplementary

Nature Communications | (2025)16:1453


www.nature.com/naturecommunications

Article

https://doi.org/10.1038/s41467-024-55073-5

a

5 ——1In-0-MoS,@Ru b s0 ——1In-0-MoS,@Ru 02Ag" ¢ 5.0 —— In-0-MoS,@Ru In-0-Mos, Mos,
1.0 —In-0-Mos, 4.5{ —In-O-Mos, 4.5
g TS Sao] T $4.01
Eo.5; ° 1.24V Y
£ 235 23-51
S 0.0l % 0.83V %30 0.78V E°2.96 V|
= V. E° 296V Bl e e
3 S3.0F s }o 37.V...._.E 2.96 V| - i
-0.51 2.5 251 \ﬁ
2.0
-1.0 T T T T 2.0 T T T T r T .
2.0 25 3.0 3.5 4.0 4.5 0 200 400 600 800, 1000 0 5000 10000 15000 A 20000
Voltage (V) Specific capacity (mAh g™) Specific capacity (mAh g™)
5
d 4s —01Ag__02Ag—04Ag" e s 01 02 04 06 10 20 01Ag f 32 01 02 04 06 10 20 01Ag
40 —06Ag'—1.0Ag'—20Ag" -
U1---0.1 A g" back S 44 000 2924/ bt
— 9 24 y S24 Mos,
> [ ,/“ Charge © ./H/‘ 2
235 — o {e0e™ g S codlan
o e —— 23], . £1.6] ,5e830°°" 728
% 3.0 > > eSS WS S fﬁr -0-Mos,
> = -g 2 DisCharge| a;’ 08 P94
25] — u 6981 aee
oo In-0-MoS,@Ru
2.0 r T T T 1 —— —— —— —— 0.0+ —— —— ——
0 200 400 600 800 1000 0 2 4 6 81012141618 20 22 0 2 4 6 8 1012141618 20 22
Specific capacity (mAh g™') Cycle number Cycle number
9 s0 hs 1500 1|
—1st ——40th ——80th
454 —120th —160th 200th s .
. ——240th 34 1250 ‘o
> 4.0 = s
g 3 E
93.5- >3 «(« \«“«G(GUWUW“CGC(CG(G(CCOOC“CwC@C€E€-”y 1000 >
b~ E 2 e ,8
2 3.0 £ — g
= ©
25 S 3 21 @ Terminal Voltage (Discharge) 750 3
e @ Terminal Voltage (Charge)
2.0 T T T T 500
0 200 400 600 800, 1000 50 100 150 200 250 300
Specific capacity (mAh g™) Cycle number

Fig. 4 | Electrocatalytic performance of Li| |0, batteries. a CV profiles. b The

discharge-charge curves under 200 mA g™ with a cut-off capacity of 1000 mAh g™.
¢ The deep discharge-charge curves between 2.0 -~ 4.5V under 200 mA g™ of In-O-
MoS,@Ru, In-0-MoS; and MoS,. Coulomb efficiency is the ratio of charge capacity
to discharge capacity. d The rate performance at different specific currents for In-
0-MoS,@Ru. e The end discharge/charge voltages at different specific currents for

In-O-MoS,@Ru. f The discharge/charge overpotentials at different specific currents
for the three catalysts. g The discharge/charge profiles of In-O-MoS,@Ru at dif-
ferent cycles. h The cycling performance of In-O-MoS,@Ru at 200 mA g™ with a
terminated capacity of 1000 mAhg™. i Light up LED diode powered by In-O-
MoS,@Ru based Li| |air battery. Source data are provided as a Source Data file.

Fig. 8d. Furthermore, the fitted average oxidation number of Ru in In-
0O-MoS,@Ru is 0.82 (Supplementary Fig. 14). As evident from Figs. 3j-I,
Supplementary Fig. 15 and Supplementary Table 1, In-O-MoS,@Ru
demonstrates three scattering coordinations. The predominant peaks
at 1.54 A and 2.42 A (in R space) are attributed to the Ru-O (CN=14)
and Ru-Ru (CN =3.7) scattering paths in the first shell, respectively®>*.
The peaks at 2.92 A in R space is assigned to Ru-M (Ru-Mo and Ru-In)
scattering path in the second shell. The emergence of Ru-M scattering
feature is in accordance with that of In-M and Mo-M coordination
environment in Figs. 3¢ and 3g, respectively. It further suggests that at
the In-O-MoS,@Ru metal/support interface, the O doping within MoS,
matrix plays a critical role in bridging with the epitaxially grown Ru
nanoparticles. Furthermore, extra Ru-M coordination bonding man-
ifests an efficient charge transfer between different metal centers, fully
tailoring the charge state, local coordination environment as well as
the electronic structure of catalytic sites. Specially, conventional het-
erogeneous interfaces are structurally non-coherent due to much large
lattice misfit, which usually impose considerable barrier for charge
transfer and suffer from phase separation during cycling®. In
response, in this work, the well-designed lattice-grafting orientation
relationship between Ru nanoparticles and In-O-MoS, substrate can
trigger intense interfacial electronic coupling effect and establish solid
metal-support interaction, beneficial for relieving charge diffusion
limitation at hetero-interface, enhancing catalytic sites utilization
efficiency and long-term stability.

Electrochemical performance for Li| |0, batteries

To verify our material strategy, In-O-MoS,@Ru, In-O-MoS, and MoS; as
positive electrode catalysts are assembled into Li||O, coin cells. As
shown in the cyclic voltammetry (CV) curves between 2.0 and 4.5V in
Fig. 4a, all the three catalysts demonstrate one dominant cathodic
peak at about 2.44 V, corresponding to the generation of Li,O, during
discharge (O, + 2Li* + 2e” - Li,0,). Different from In-O-MoS, and MoS,,
In-O-MoS,@Ru exhibits one additional anodic peak at 4.19V during
the Li,O, decomposition (Li,O, > O, + 2Li* + 2¢), implying its different
OER reaction pathway***°. Moreover, both the reduction/oxidization
peak currents and integration regions of In-O-MoS,@Ru are much
higher than those of In-O-MoS; and MoS,. It suggests that more Li,O,
species can be produced with In-O-MoS,@Ru catalyst during dis-
charge process, bringing out a much higher discharge capacity. And
the as-achieved Li,O, can also be fully decomposed during the fol-
lowing recharge process, indicating a much better ORR/OER reversi-
bility. Furthermore, In-O-MoS,@Ru possesses a much lower OER onset
potential, which further discloses the decomposition of the involved
Li,O, species overwhelms lower energy barrier, rendering its enhanced
OER kinetics and better energy efficiency. As shown in Fig. 4b, when
tested under 200 mA g™ with a cut-off capacity of 1000 mA h g™, the
positive electrode catalyzed by In-O-MoS,@Ru features an amelio-
rated discharge/charge polarization of 0.37 V with a higher round-trip
efficiency of 88.5%. By contrast, the discharge/charge overpotentials of
In-O-MoS, and MoS, are 0.83 and 1.24V, with reduced round-trip
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efficiencies of 76.7% and 68.2%, respectively. Figure 4c are the deep
galvanostatic discharge-charge profiles during the first cycle between
2.0-~4.5V under 200 mA g*. During discharge, In-O-MoS,@Ru main-
tains a considerably wide discharge capacity interval under a steady
discharge voltage close to 2.79V, during which Li,O, can homo-
genously nucleate and constantly deposit on the In-O-MoS,@Ru cat-
alyst surface. During the subsequent recharge, for In-O-MoS,@Ru, the
charge voltage first creeps up to 3.5V, which is associated with the
preferential decomposition of Li,O, close to the catalyst’s surface.
Then the charge voltage is slightly fluctuated within a large capacity
interval, corresponding to the continuous oxidization of residual
Li0,. It suggests that the Li,O, products on the In-O-MoS,@Ru sur-
face can feasibly decompose under a much lower voltage range,
inducing an extremely small charge polarization of only 0.78V. In
sharp contrast, the charge potential of the MoS, positive electrode
rapidly increases to 4.25V, indicating that the following Li,O,
decomposition proceeds at a much higher voltage level accompanied
by larger energy consumption. This finally leads to a severe charge
polarization of up to 1.40V for MoS,. As a result, In-O-MoS,@Ru
delivers much higher discharge/charge capacity of 19800 mAhg™
accompanied by a Coulombic efficiency (CE) value of 100.0%. How-
ever, the discharge/charge capacities of In-O-MoS, and MoS; are 18119/
14642 mAh g™ and 16433/12805 mAh g with CE values of 80.8% and
77.9%, respectively. The simultaneous improvement of discharge/
charge capacity and energy efficiency underscores the positive effects
of In-O co-doping and lattice-grafted Ru nanoparticles on the catalytic
kinetics of In-O-MoS,@Ru.

The rate performances of the three catalysts are evaluated under
various specific currents from 0.1 to 2.0 A g™ with a fixed capacity of
1000 mA h g™ As shown in Fig. 4d and Supplementary Fig. 16, com-
pared to In-O-MoS; and MoS,, the In-O-MoS,@Ru positive electrode
demonstrates flatter discharge/charge plateaus and much-alleviated
overvoltage under both small and large specific currents. For instance,
despite at 2.0 A g™, the ending discharge and charge voltages can still
be maintained at 2.47 and 4.21V with an overpotential of only 1.74 V,
far below that of In-O-MoS, (2.28 V) and MoS, (2.55V). Figure 4e and
Supplementary Fig. 17 are the corresponding discharge/charge ending
voltages of In-O-MoS,@Ru, In-O-MoS, and MoS, when continuously
cycling at different applied specific currents and Fig. 4f demonstrates
the summary overpotential results. Undoubtedly, the terminated
charge voltages of In-O-MoS,@Ru stayed below 4.23V even at large
specific currents. However, for In-O-MoS, and MoS,, the ending charge
voltages exceeded 4.5V under LOAg™ As a result, when cycled at
1.0Ag'and 2.0 Ag™, the voltage gaps of In-O-MoS,@Ru are located at
145-1.47V and 1.74~1.76 V, respectively, which are much lower than
that of In-O-MoS, (1.94-2.00V and 2.27-233V) and MoS,
(2.16-2.30V and 2.55 -~ 2.60 V). When the specific current recovers to
0.1A g, the overpotential of In-O-MoS,@Ru is maintained at a low
value of 0.60V, demonstrating better rate stability. While for In-O-
MoS, and MoS,, the overpotentials reach up to 1.65 and 2.10 V. Fur-
thermore, the cycling stability of In-O-MoS,@Ru at 200 mA g™ with a
curtailed capacity of 1000 mA h g™ are demonstrated in Fig. 4g, h. In-O-
MoS,@Ru delivers a better cycle life up to 284 cycles, surpassing that
of In-0-MoS; (122 cycles, Supplementary Fig. 18a, c) and MoS, (83
cycles, Supplementary Fig. 18b, c). More importantly, the cut-off dis-
charge and charge voltages of In-O-MoS,@Ru can be readily con-
trolled >2.5V and <3.7V without wild fluctuation before the 250*
cycle, which play a critical role in restraining electrolyte decomposi-
tion and the derived parasitic products. Furthermore, as shown in
Supplementary Fig. 19a, b, the In-O-MoS,@Ru positive electrode can
steady run for 29 cycles (870 h) even at a much larger cut-off capacity
of 6000mAh g’ at a specific current of 400 mAg™. The much-
enhanced high rate capability and prolonged cycling span of In-O-
MoS,@Ru are originated from the synergistic mechanisms by In-O
heterogeneous atom doping and the strong hetero-interface

interaction between the grafted Ru nanoparticles and In-O-MoS,,
which facilitate the repeated O, reduction/evolution in Li||O, bat-
teries. The as-desired electronic structure modulation between multi-
type metallic sites makes great contributions to the ORR/OER bifunc-
tional catalytic activity of In-O-MoS,@Ru. More importantly, as shown
in Supplementary Fig. 20, the In-O-MoS,@Ru equipped Li | |air battery
can still readily run for 98 cycles (392 h) at actual air atmosphere, far
exceeding that of MoS; (20 cycles, 80 h), further demonstrating the
much ameliorated dual-functional catalytic kinetics and long-term
cycle life for In-O-MoS,@Ru. This grants In-O-MoS,@Ru good appli-
cation prospects towards real lithium-air batteries. As shown in Fig. 4i,
aLED diode with green color can be successfully lighted up by the In-O-
MoS,@Ru equipped lithium | |air batteries.

Ex situ analysis after discharge and charge

To gain deeper insights into the redox mechanism, a series of ex-situ
microstructure characterizations on Li,O, species after discharge/
charge state are performed. The post-cycling XRD patterns in Fig. 5a
suggest that after discharge, all the three positive electrodes demon-
strate a diffraction peak at 35.1° assigned to the (101) planes of Li,O,,
which completely disappears after recharge process**% It suggests
that the discharge/charge capacities are dominated by the contribu-
tion from the reversible formation and decomposition of Li,O, spe-
cies. However, the Li,O, characteristic peak intensity for In-O-
MoS,@Ru is much weaker in comparison with that of In-O-MoS, and
MoS,, suggesting the weak crystallinity of the as-formed Li,O, after
discharge. In general, the integral area of Li,O, peak is proportional to
the capacity contribution from the crystalline state of Li,O,. While the
discharge capacity is the combination of crystalline and amorphous
Li,O,, which cannot be recognized by XRD characterization*’. CV data
shows that In-O-MoS,@Ru possess a much larger capacity, thus, it
suggests a large amount of the Li,O, species are amorphous during the
discharge-process, which are favorable for decomposition during
subsequent recharge. The discharged In-O-MoS,@Ru still presents the
self-assembly nanosheets morphology (Supplementary Figs. 21a, b),
indicating that an amorphous Li,O, thin films is homogenously cov-
ered on the In-O-MoS,@Ru surface. HRTEM images in Fig. 5b, ¢ further
illustrate the continuous Li,O, thin layers with an average thickness of
5 nm are compactly grown over the whole In-O-MoS,@Ru nanosheets.
In particular, no distinct lattice fringe can be observed across the Li,O,
domains, verifying its amorphous characteristic. Aided by electron
energy loss spectroscopy (EELS) spectra (Fig. 5d, e), the distinct Li K
and O K-edges signals can be simultaneously collected around the In-
0-MoS,@Ru surface, confirming the surface coating layer is Li,0,***.
In sharp contrast, as shown in Supplementary Fig. 21c, after discharge,
great deals of Li,O, nanosheets with thickness of about 20 nm are
deposited on the surface area of In-O-MoS,, inducing the active sites
passivation. What is worse, as shown in Supplementary Fig. 21d for
pure MoS,, large-sized bulk Li,O, aggregates block the efficient tri-
phase active regions, which severely impede the mass and charge
diffusion channels. This poses tough obstacle for the high-efficiency
decomposition of discharge products during recharge. Evidenced by
the above-mentioned proofs, the In-O dual doping can effectively
refrain from the LiO, nanosheet agglomeration. And due to the
coordination effect from the In-O dual doping and lattice-grafted Ru
nanoparticles, the morphology and crystalline characteristic of Li,O,
as well as the discharge product/catalyst interface are fundamentally
optimized. The performance advantages of a thin Li,O, layer can be
summarized in two points: a) The ionic conductivity of the amorphous
Li,O, is 12 times larger than that of crystalline phase*®"’. Together with
the nano-scale thickness of Li,O, and the high surface area of the
substrate, the transfer impedances of Li*, e and O, across the Li,O,/
catalyst interface are reduced; b) Due to compact interfacial contact
between the Li»O, and In-O-MoS,@Ru matrix, the catalysis efficiency
of In-O-MoS,@Ru can be maximized, further accelerating the
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Fig. 5 | Ex situ analysis after discharge and charge. a Ex situ XRD patterns of the
discharged/charged In-O-MoS,@Ru, In-O-MoS; and MoS, electrodes during the
first cycle between 2.0-4.5V at 200 mA g, The Parafilm were used for protecting
the electrode slices from the air. Ex situ bright-field TEM images (b-c), EELS profile
of Li-K edge (d), EELS profile of O-K edge (e) of In-O-MoS,@Ru after discharge to
2.0V at 200 mA g%, Ex situ high-angle annular dark-field STEM images (f, g),
simulated SAED patterns (h) of In-O-MoS,@Ru after 284 cycles with a cut-off
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capacity of 1000 mAh g™ at 200 mA g™. i EX situ FTIR spectra of the discharged/
charged In-O-MoS,@Ru (blue profiles), In-O-MoS; (red profiles) and MoS, (black
profiles) electrodes during the 60™ cycle with a cut-off capacity of 1000 mAh g™
at 200 mA g™, Ex situ XPS spectra of the In-0-MoS,@Ru, In-0-MoS, and MoS,
electrodes in Li 1s (j) and C 1s (k) regions after the 60™ cycle with a cut-off
capacity of 1000 mAh g at 200 mA g\, Source data are provided as a Source

Nature Communications | (2025)16:1453


www.nature.com/naturecommunications

Article

https://doi.org/10.1038/s41467-024-55073-5

reversible decomposition kinetics. This is consistent with the reduced
charge transfer resistance observed in the electrochemical impedance
spectroscopy results for the In-O-MoS,@Ru electrode (Supplementary
Fig. 22). Correspondingly, these account for the intrinsic reasons of the
exceptional OER catalytic activity of In-O-MoS,@Ru.

Crucially, to verify the catalyst stability after long-period cycling,
the HAADF-STEM images and simulated SAED patterns of In-O-
MoS,@Ru after 284 cycles are demonstrated in Fig. 5f-h. The active
catalyst is preserved as In-O-MoS,@Ru with the absence of obvious
reconstruction or structural collapse. Importantly, In-O-MoS,@Ru
demonstrates good tolerance to agglomeration while maintaining
lattice grafting structure. In conclusion, these results clearly suggest
that thanks to the In-O doping induced stabilization effect on 1 T MoS,
matrix and lattice epitaxy boosted stabilization promotion on hetero-
interface, the as-constructed In-O-MoS,@Ru hybrid is indeed a robust
catalyst for Li||O, batteries. Furthermore, Fourier transformed
infrared (FTIR) spectra (Fig. 5f) are implemented to study the accu-
mulated parasitic products after long-period cycling. Despite running
for 60 consecutive cycles, the cycled In-O-MoS,@Ru electrode
demonstrates weaker side product signals. In sharp contrast, distinct
side products characteristic peaks embracing Li,CO3; (1192,
1456 cm™), HCOOLi (1354 cm™) and CH;COOLi (624, 1627 cm™) are
inevitably detected from the cycled In-O-MoS, and MoS, positive
electrodes, which are the potential culprit for the catalytic sites poi-
soning and battery failure***°. According to the ex situ Li 1s (Fig. 5j)
and C1s (Fig. 5k) XPS results of the 60" cycle, the major proportion of
Li,O, and minor side products can be observed for the In-O-MoS,@Ru
electrode®. It is concluded that due to the enhanced catalytic effi-
ciency and reduced charging overpotential, In-O-MoS,@Ru possesses
better long-periodic tolerance to the generation and accumulation of
parasitic products.

DFT calculations and proposed mechanisms

Density functional theory (DFT) calculations are further employed to
investigate the essential reason for the improved performance in Li| |
0, batteries. Source data are provided as a Supplementary Data 1 file.
The optimized geometries of 2H-MoS,, 1T-MoS;, In-O-MoS,, and In-O-
MoS,@Ru are displayed in Supplementary Fig. 23, respectively. As
shown in the side view of the unoccupied orbital close to Fermi level of
In-O-MoS, (the lower plane) and 1T-MoS, (the upper plane) in Fig. 6a,
the number of unoccupied orbitals perpendicular to the basal plane is
reduced in In-O-MoS,. Moreover, the electron density difference ana-
lysis of In-O-MoS, and 1T-MoS, (the lower and upper plane) in Fig. 6b
shows that after the involvement of In-O co-doping, the S element
undergoes further sp?® inequality hybridization, where the contribution
of sp® orbitals to the vertical direction is reduced, while the orbital
contribution to the direction of Mo and S bond is increased. This
implies that the chemical bonding is strengthened and thus con-
tributes to the intrinsic stability of In-O-MoS, than that of 1 T MoS,. The
density of states (DOS) analysis (Fig. 6¢, Supplementary Fig. 24) man-
ifest that the valence electron energy band near Fermi level of Mo is
shifted up from -3.53 to -3.24 for occupied states and from 1.33 to 1.94
for unoccupied states in MoS, and In-O-MoS,, respectively. While the
occupied and unoccupied valence band center of interface S are shif-
ted up from -3.80 to -3.41 and from 1.24 to 1.90, respectively, implying
the number of occupied antibonding states is reduced and the bond-
ing strength is enhanced. These factors contribute to the much-
improved inherent stability of the 1T phase structure in In-O-MoS,.
Furthermore, as shown in the electron density difference slice (Fig. 6d)
and the electrostatic potential mapping (Supplementary Fig. 25) of In-
0O-MoS,@Ru, after lattice confining of Ru nanoparticle, there con-
structs a stable interface-contact between Ru and In-O-MoS;, where Ru
nanoparticle plays a role in electron-injection, and the electrons tend
to transfer from Ru nanoparticle with a higher electron potential to the
In-O-MoS, substrate. The energy bands (Supplementary Fig. 26) of

both the Ru nanoparticle and In-O-MoS; are widened, also supporting
the stronger electron interaction within In-O-MoS,@Ru. From the
orbital analysis of Fig. 6e, it can be seen that the orbitals have good
delocalization in the system of In-O-MoS,@Ru and the orbitals from
Ru and Mo have contributions to the unoccupied orbitals near Fermi-
level. Since the orbital distribution of Mo are in the central sublayer
with unfavorable steric effect, the active orbitals near Fermi-level
accepting electron transfer mainly come from the Ru constituent in In-
0O-MoS,@Ru. This implies that the lattice grafted Ru nanoparticle is the
most favorite active site to accept electrons from the electrode and
transfer it to the adsorbed catalytic species on the interface, devoting
to the enhanced-reactivity of In-O-MoS,@Ru.

Since the electrochemical reaction in Li | |O, battery includes the
activation of oxygen and migration of Li ion to form Li,O, during ORR,
the O, activation capability and the binding energy difference between
LiO, and Li,O, on the electrode are calculated to evaluate the elec-
trode reaction dynamics. As shown in Fig. 6f, the In-O-MoS,@Ru
interface is more preferable for the activation of the O, molecule with a
larger binding energy (-6.9 eV) and the complete cleavage of O-O bond
even without the electron injection from the electrode. In contrast,
MoS, and In-O-MoS, have weaker adsorption energy (-0.12eV,
-0.17 eV). As shown in Fig. 6g, the adsorption of LiO, and Li,O, on In-O-
MoS,@Ru has smaller binding energy difference (0.13 eV) than those
of In-O-MoS; (0.18eV) and MoS, (0.44eV), suggesting the In-O-
MoS,@Ru catalyst has the more favorable Li ion migration efficiency
to form the Li,O, species or release back to isolated state between
both electrodes. This is consistent with the much lower experimental
over-potential observed for In-O-MoS,@Ru (Fig. 4b, c). Hence, there
should be different reaction mechanisms on the three kinds of cata-
lysts. For MoS, and In-O-MoS,, the Li* is closer to the interface than
active O,, and the O-O bond is slightly elongated relative to that in
adsorbed O,. This implies that the oxygen has very weak activation
tendency on the surface of MoS, and In-O-MoS, even with the invol-
vement of electrons and Li*. On the other hand, the In-O-MoS,@Ru
could efficiently activate the O, molecule directly ahead of the electron
transfer. According to the experimental and calculation results, the
possible reaction mechanism and the morphological evolution of the
discharge products during the ORR process are proposed. At the
beginning, O, obtains an electron from the electrode to produce LiO,
intermediate through a one-electron reduction reaction (O, + e +
Li*>LiO,). For In-O-MoS,@Ru, first, due to In-O doping stabilized 1T
phase MoS,, fast electron conduction through the whole matrix is
promoted. Second, due to the much enhanced O, affinity and O-O
bond breakage capability stemming from In-O doping modulated Ru
nanoparticle, O, can quickly diffuses to the catalyst surfaces and be
reduced to LiO,. Therefore, a large number of evenly distributed
nucleation centers are constructed, numerous LiO, nuclei can be
quickly generated along the entire matrix of In-O-MoS,@Ru. Then due
to the intense interaction between In-O-MoS,@Ru and LiO,, the con-
fined LiO, can be further quickly converted to Li,O, via a surface
electrochemical reduction reaction (LiO,+Li*+ e >Li,0,). At this
stage, the growth of Li,O, along the thickness direction is largely
limited during the successive ORR process, contributing to the for-
mation of abundant poorly crystallized Li,O, thin layers closely cov-
ered on the In-O-MoS,@Ru surface. This contributes to good
decomposition efficiency and thus low ORR/OER overpotential. For In-
0-MoS,, although the charge transfer is enhanced, due to the lower
binding energy towards oxygen containing reactants, the part of the
LiO, may dissolve in electrolyte and transform into the large-sized
flake-like Li»O, via a solution-mediated pathway (2LiO, - Li,O, + O,).
While for pure MoS,, the inferior electron conductivity and limited
adsorption site for LiO; finally cause large Li,O, aggregates deposit on
the MoS, surface. These discharge products are difficult to be
decomposed and thus induce severe OER polarization. Therefore, the
favorable oxygen activation ability and the relaxed migration of Li ion
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side views of the electron density difference of 1T-MoS; (top) and In-O-MoS,
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visualized unoccupied orbital mapping of In-O-MoS,@Ru. f The relative energy
diagram with structural information for the O, adsorption on MoS,, In-O-MoS; and
In-O-MoS,@Ru. g The relative energy difference with structural information
between the LiO, and Li,O, adsorption on MoS,, In-O-MoS; and In-O-MoS,@Ru.
Source data are provided as a Source Data file.

at In-O-MoS,@Ru interface guarantee the preferable reaction
dynamics and the optimum Li| |0, battery performance.

Discussion

In conclusion, 1T MoS, supported metal nanoparticle catalysts are
highly appealing but face the fundamental challenge of thermal meta-
stability. Here, we reveal a fresh atomic p-block In-O stabilized 1 T MoS,
with epitaxially connected Ru nanocrystals enabling bifunctional cat-
alysis activity and stability for Li||O, batteries. Experimental results
and DFT calculations disclose the special atomic-level In-O doping has
assumed two decisive roles in the present work. First, In doping
induces stronger s/p electron coupling interaction within MoS,, which
results in the lower bonding orbital and higher antibonding orbital.
While partially substituting S with O further facilitates intensifying the
nonequivalent sp® hybridization. That reduces the interface vertical
orbital orientation and increases the inherent electronic coupling,
contributing to stabilizing high-content 1 T phase MoS,. Second, by in
situ introduced In-O mediation, the guest Ru nanoparticles can be

epitaxially grown from the lattice of In-O-MoS, matrix, establishing
robust lattice-grafting hetero-interface. The cooperative In-O-
MoS,@Ru catalyst with optimized electronic structure can greatly
facilitate enhancing O, activation capability and charge transfer effi-
ciency. This contributes to inducing the formation of amorphous ultra-
thin Li,O, films during ORR, which are more readily decomposed
during OER, efficiently decreasing redox barriers and enhancing
bifunctional catalytic kinetics. We believe this work paves a avenue of
constructing high-efficiency electrocatalysts by synergizing phase
engineering and lattice coherency strategy for metal | |air batteries.

Methods

Catalyst synthesis

Preparation of In-O-MoS,, In-MoS,, MoS,. First, 0.34 g ammonium
heptamolybdate ((NH4)¢M0;0,4'4H,0, Sinopharm Chemical Reagent
Co., Ltd., 299.0%) and 1.39 g thiourea (Sinopharm Chemical Reagent
Co., Ltd., 299.0%) was uniformly dissolved in into 50 mL deionized
water. Afterwards, 0.019g indium(lll) chloride tetrahydrate
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(InCl;'4H,0, Sinopharm Chemical Reagent Co., Ltd., 299.0%) was
slowly added into the transparent solution, then 2.5 mL concentrated
hydrochloric acid (Sinopharm Chemical Reagent Co., Ltd.,
36.0 -~ 38.0%) was added to adjust the PH value close to 1. After mag-
netic stirring for 0.5 h, the mixed solution was pour into Teflon-lined
autoclave (100 mL) and experienced the hydrotherm treatment at
200 °C for 24 h. Then the black sediment was collected by repeated
centrifugation at 8000 r min™ and alternately washed with deionized
water and ethyl alcohol (Sinopharm Chemical Reagent Co., Ltd.,
>99.5%) for six times. After vacuum-drying at 60 °C for 12 h, In-O-MoS,
powders could be achieved. To fabricate In-MoS,, the as-collected In-
0-MoS, powder was subjected to a sulfur vulcanization process in tube
furnace to fully remove the lattice oxygen. Typically, 0.3 g sulfur
powder (Sinopharm Chemical Reagent Co., Ltd., >99.5%) and 0.03 g
In-0-MoS, powders were loaded in the upstream and downstream
zones, respectively. The temperature of the tube furnace was raised to
400 °C and kept for 3 h with a heating rate of 5°C min™. After cooling
down to 25 + 2 °C, the In-MoS, powder was obtained. The preparation
procedure of pure MoS, was the same as that of In-O-MoS; in the
absence of InCl;4H,0.

Preparation of In-O-MoS,@Ru, In-MoS;@Ru. 0.4 g In-O-MoS, pow-
der was uniformly dispersed in 30 mL deionized water, then 0.25g
RuCls'xH,O (Aladdin, 35.0~-42.0% Ru basis) was added. After con-
tinuously stirring for 1 h at room temperature, the solution was moved
to an electro-thermostatic water bath heating at 65°C for 14h to
thoroughly evaporate the water. Afterwards, the dried powder was
hand-ground with a mortar and pestle for 0.5h and transferred to a
tube furnace for an annealing procedure at 500 °C for 2 h under H,/Ar
(10:90) mixture gas with a flow rate of 100 sccm. After cooling down to
25+2 °C, the black product was alternately washed with deionized
water and ethyl alcohol for six times, achieving In-O-MoS,@Ru. The
preparation procedure of In-MoS,@Ru was the same as that of In-O-
MoS,@Ru, except for the precursor is In- MoS, powder.

Material characterization

The crystallographic information and phase components were char-
acterized via powder X-ray diffraction (XRD) measurement using a
Rigaku D/Max-KA diffractometer with Cu K, radiation (A =1.5406 A).
To acquire microstructure information of the samples, the Field
emission scanning electron microscope (FE-SEM) was carried out on
JSM-7610 F. Transmission electron microscopies (TEM) and high-
resolution transmission electron microscopies (HR-TEM) were col-
lected by JEM-2100 (200 kV). High-angle annular dark-field scanning
TEM (HAADF-STEM) images were recorded on JEM-ARM 200 F (JEOL,
Japan, 200 kV) with a probe spherical aberration corrector to accu-
rately clarify the microstructure at atomic-level. The surface compo-
sition and electronic structure information were analyzed by X-ray
photoelectron spectroscopy (XPS) equipped by Al K, probe beam
(Thermo Scientific K-Alpha). X-ray absorption fine structure (XAFS)
spectra embracing X-ray absorption near-edge structure (XANES) and
extended X-ray absorption fine structure (EXAFS) of the In, Mo and Ru
K-edge were further employed to deeply study the electronic structure
information and spatial coordination parameters from the
TLS16A1 station (National Synchrotron Radiation Research Center
(NSRRC), Taiwan). IFEFFIT software was used for fitting the XAFS
results. Fourier transformed infrared (FTIR) spectra was carried out on
Perkin Elmer Frontier. Prior to ex situ characterizations, the dis-
charged/charged Li | |02 cells were disassembled in Ar glove box with
H,0 < 0.1 ppm and O,<0.1 ppm. The used positive electrodes were
rinsed with ethylene glycol dimethyl ether (DME, Sinopharm Chemical
Reagent Co., Ltd., 299.0%) to remove the residual electrolyte. Then
the positive electrodes were tightly wrapped by protective Parafilm. To
ensure the accuracy, they were not taken out of Ar glove box until
10 min. before ex situ characterizations.

Electrochemical measurements

Typically, the preparation methods of working positive electrodes
of Li||O, batteries are demonstrated as follows. First, the poly-
tetrafluoroethylene (PTPE) binder (Aladdin, 6 wt.%) was evenly dis-
persed in isopropyl alcohol solution (Sinopharm Chemical Reagent
Co., Ltd., 299.7%) under magnetic stirring. Then the In-O-
MoS,@Ru, In-O-MoS, and MoS, catalysts were homogenously
ground with acetylene black (Hefei Kejing, 99.9%) conductive agent
for 0.5h. Afterwards, the mixed catalysts and acetylene black
powders are transferred into the PTPE solution for further magnetic
stirring for 12 h. Specially, the mass ratio of the as-fabricated cata-
lysts, PTPE and acetylene black was controlled as 7:1:2. Then, the
achieved ink was homogeneously single-side placed onto carbon
paper current collector with a diameter of 13 mm (TGP-H-060,
Torray, thickness of 0.19 mm, density of 0.44 gcm?). The active
components loadings were controlled as 0.5-0.6 mgcm? After
drying in electric oven at 80 °C for 24 h, the working positive elec-
trode were obtained. To perform a series of electrochemical mea-
surements, 2032 coin cells with 19 holes were assembled in Ar glove
box with H,0 < 0.1 ppm and O, < 0.1 ppm. Specifically, the coin cells
were comprised of Li foil counter electrode (99.9%, Hefei Kejing,
thickness of 0.35 mm, dimension of 13 mm), working positive elec-
trode, glass fiber separator (Whatman, GF/D, thickness of 0.68 mm,
dimension of 14 mm), stainless steel spring shim (thickness of
0.2 mm) and LiTFSI/TEGDME electrolyte (1M, 180 pL). Prior to cell
assembly, all the components were let stand for 24 hin Ar glove box.
To ensure even wetting, the electrolyte was slowly dripped onto the
GF/D separator by pipette. Prior to measurements, the Li | |O, cells
were left into a custom-built container full of ultra-pure dry O,
(99.999%, 1.0 atm.) to set for 12 h under 25 +2 °C. Then, the galva-
nostatic discharge/charge procedures were performed on CT2001A
LAND multichannel battery testing system. CV testing were carried
out on a CHI760E electrochemical workstation with a scanning rate
of 0.1mV s™ between 2.0 - 4.5 V. EIS results were also recorded from
a CHI760E workstation applying the amplitude voltage of 5mV
within the frequency range of 10° Hz ~ 0.01Hz. All the electro-
chemical measurements were conducted under 25 +2 °C.

Computational details

We implemented all DFT calculations by virtue of the CASTEP pro-
gram with ultrasoft pseudopotentials offered by the Materials Stu-
dios package of Accelrys Inc®. The Perdew-Burke-Ernzerhof (PBE)
functional of generalized gradient approximation (GGA) with the
ultrasoft pseudopotentials (USP) were used to describe the electron
exchange-correlation potential. The van der Walls interactions were
based on the DFT dispersion correction (DFT-D) scheme. A kinetic
energy cutoff of 380 eV was used for the smooth parts of the wave
functions. The convergence criterions were set to 5.0 x10™* eV per
atom for energy. The maximum displacement was 5.0 x10™* A and
maximum force was 0.01 eV A, respectively. For the structure opti-
mizations, the Brillouin zone was sampled by a 2 x 2 x 1 Monkhorst-
Pack mesh k-points grid. For the density of states (DOS) calcula-
tions, the double k-points meshes were applied. During the course
of geometry optimizations, the whole configuration in all the cal-
culations was allowed to relax, which was performed in the reci-
procal space. The basal plane of MoS, (2H), MoS, (1T), In-O-MoS,,
and In-O-MoS,@Ru were modeled by a periodic slab repeated in a
5x3 surface unit cell with a vacuum region of 20 A between the
slabs along the z axis. The binding energy of adsorbates O,, LiO,,
and Li,O, on MoS,, In-0-MoS,, and In-O-MoS,@Ru were calculated
by the following equation AEd)=Esurf+ads)~ Esurp— E(ads), Where
the E(surfrads) Esurhy, and Eqags) are the total energies of the surface
covered with and without the adsorbates, E,4s) is the energy of free
0,, LiO,, or Li,O, melecules. The optimized structural model is
provided in Supplementary Data 1.
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Data availability

All data are available in the main text or the supplementary materials.
The source data for Figs and Supplementary Figs generated in this
study are provided in the Source Data file. Source data are provided
with this paper.
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