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ABSTRACT 

The sluggish reaction kinetics in current Li-O2 batteries (LOBs) hinder the efficient nucleation and 
decomposition of insulating Li2 O2 on catalyst surfaces. Therefore, developing effective strategies to regulate 
Li2 O2 growth and elucidating the catalytic mechanism are essential for unlocking the full potential of LOB 

technology. Herein, a spin-polarized Co-based catalyst exhibits a significant reversible magnetization change 
(9.5 emu g−1 ) during the oxygen reduction and evolution reactions. The strong overlap between the Co 3d 
and O 2p orbitals modulates the Co 3d orbital occupancy, enhancing spin-electron filling and thereby 
facilitating rapid O2 adsorption and an efficient two-electron transfer process in the initial oxygen reduction 
reaction step. This optimized electronic structure also promotes the desorption of LiO2 intermediates, 
guiding their disproportionation reactions and enabling Li2 O2 growth via a solution-mediated pathway. 
Furthermore, the spin-flip effect induced by the internal magnetic field suppresses singlet oxygen (1 O2 ) 
formation, effectively mitigating side reactions. As a result, the LOBs demonstrate a remarkably high specific 
capacity (18 429.6 mAh g−1 ), excellent rate performance and enhanced cycling stability. These findings 
offer valuable insights into Li2 O2 nucleation mechanisms on high-performance catalysts and provide new 

design principles for next-generation LOB technologies. 

Keywords: sluggish reaction kinetics, nucleation and decomposition, catalyst, spin-polarized, 
solution-mediated pathway 
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pathway, Li2 O2 forms a dense, insulating layer on the 
oxygen electrode, passivating the electrode surface 
and increasing polarization, which ultimately leads 
to rapid capacity degradation [4 ]. In contrast, Li2 O2 
formed via the solution growth pathway remains well 
dispersed in the electrolyte, reducing electrode pas- 
sivation and enabling higher discharge capacities. 
To promote the solution growth mechanism and 
enhance LOB performance, several strategies have 
been explored, including high donor-number elec- 
trolytes to increase Li+ solvation, [8 –10 ] functional 
additives to regulate solvation structure, [11 ] and 
redox mediators (RMs) to facilitate charge transfer 
[1 ,12 ]. However, these approaches focus on improv- 
ing LiO2 solubility and its disproportionation into 
Li2 O2 . The initial step—the selective formation of 
LiO2 (O2 + e− + Li+ → LiO2 ) before its further 

©The Author(s) 2025. Published
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NTRODUCTION 

i-O2 batteries (LOBs) are receiving interest as a
romising technology in the field of secondary bat-
eries, primarily due to their remarkable theoreti-
al specific energy density (3500 Wh kg−1 ) [1 –3 ].
owever, current aprotic LOBs encounter a severe
erformance barrier due to sluggish oxygen reduc-
ion and evolution reaction (ORR/OER) kinetics
nd complex charge transfer mechanisms at the gas–
iquid–solid interface. These challenges are primar-
ly associated with the nucleation and decomposi-
ion of Li2 O2 on the porous oxygen electrode, where
ncontrolled deposition can severely impede charge
ransport and cycle stability [4 ,5 ]. 
The formation of Li2 O2 follows two distinct

athways: the solution growth pathway and the sur-

ace growth pathway [6 ,7 ]. In the surface growth 
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eduction—remains relatively underexplored. This
ate-determining step (RDS) is strongly influenced
y the catalytic properties of the air electrode, [13 ]
s it dictates whether LiO2 remains in solution or
ndergoes excessive electron transfer to form Li2 O2 
rematurely. 
The nucleation pathway of Li2 O2 is governed by

he following key reactions: solution growth path-
ay (reactions (1) and (2)) and surface growth path-
ay (reactions (3) and (4)): 

2O2 + 2e− + 2L i+ → 2Li O2 , (1)

2Li O2 → Li2 O2 + O2 , (2)

O2 + e− + Li+ → Li O2 , (3)

Li O2 + e− + Li+ → 2L i2 O2 . (4)

In the solution pathway, the electron transfer pre-
ominantly occurs in the first step (reaction (1)),
nsuring that LiO2 remains in solution and can
isproportionate to Li2 O2 via reaction (2). Con-
ersely, in the surface pathway, LiO2 undergoes a
econd electron transfer (reaction (4)), leading to
i2 O2 nucleation on the oxygen electrode surface.
herefore, enhancing the first-step electron trans-
er efficiency while suppressing further reduction
f LiO2 is crucial for optimizing the LOB reaction
echanism. 
Spin-dependent electron transfer plays a piv-

tal role in governing this process. The ORR/OER
inetics in LOBs involve intrinsic spin selection
ules, where the interaction between transition metal
TM) d orbitals and O2 molecular orbitals influ-
nces charge transfer efficiency [14 ,15 ]. TM catalysts
ith ferromagnetic (FM) ordering generate inter-
al magnetic fields that induce spin polarization and
pin-flip effects, which can modulate electron distri-
ution at the catalyst surface [16 ,17 ]. Specifically, the
egree of d orbital fil ling and its overlap with O 2p
rbitals determine the catalytic activity and selectiv-
ty for LiO2 formation. By tuning the d-band center,
he adsorption properties of catalyst surface can be
djusted to favor moderate LiO2 binding strength,
hich prevents excessive electrochemical reduction
hile ensuring sufficient LiO2 stability for dispro-
ortionation. 
Herein, we report a ferromagnetically ordered

o-based catalyst with optimized d-orbital spin
tates to selectively regulate Li2 O2 growth in LOBs.
ompared to conventional catalysts, the Co-rich
atalyst with reduced carbon shells (Co-r-RCSs)
rovides more exposed metal sites and a higher elec-
rochemical surface area (ECSA), while the Co-less
Page 2 of 12
catalyst with thick carbon nanotubes (Co-l-TCNTs) 
exhibits lower catalytic activity. In Co-r-RCSs, the 
strong Co 3d-O 2p orbital overlap effectively shifts 
the d-band center, enhancing O2 adsorption while 
promoting selective electron transfer to stabilize 
LiO2 in solution rather than driving its further elec- 
trochemical reduction (Fig. 1 ). Magnetic character- 
ization confirms a reversible magnetization change 
of 9.5 emu g−1 during ORR/OER, as opposed to 
only 4.4 emu g−1 in Co-l-TCNTs, indicating robust 
spin-electron exchange dynamics. The weak LiO2 
binding interaction on Co-r-RCSs further facilitates 
the solution-mediated Li2 O2 growth mechanism, 
while the internal magnetic-field-induced spin-flip 
effect suppresses singlet oxygen (1 O2 ) forma- 
tion, minimizing parasitic side reactions. Notably, 
LOBs employing Co-r-RCSs achieve an ultra-high 
discharge capacity (18 429.6 mAh g−1 ), low over- 
potential (0.75 V), enhanced rate performance and 
prolonged cycling stability (240 cycles at 10 0 0 
mAh g−1 ). This study provides a systematic frame- 
work for understanding spin-dependent Li2 O2 
nucleation on high-performance catalysts, thereby 
inspiring new possibilities for the development 
of LOBs. 

RESULTS AND DISCUSSION 

Physicochemical characterizations of 
catalysts 
To precisely tailor the pore structure, electronic 
properties and adsorption behavior of catalysts with 
reactive oxygen species (ROS), we employed a car- 
bothermal reduction strategy at varying tempera- 
tures to process the Co-based precursor, resulting in 
catalysts with distinct compositions and structures 
(photographs of the different samples are shown in 
Fig. S1). The scanning electron microscope (SEM) 
images of the precursor material and the products 
treated at 700°C are presented in Figs S2 and S3. 
These images reveal that the annealed sample ex- 
hibits a morphology characterized by metal nanopar- 
ticles encapsulated within thick carbon nanotubes 
(Co-l-TCNTs). It should be explained that in the 
absence of externally introduced CNT precursors 
during synthesis, the calcined Co metal in an in- 
ert atmosphere facilitates the in-situ formation of 
CNTs through the ‘tip-growth’ mechanism [18 ,19 ]. 
Upon annealing the precursor at 900°C, the cata- 
lyst morphology transforms into metal nanoparti- 
cles enclosed within reduced carbon shells rather 
than CNTs (Co-r-RCSs, Fig. 2 a). SEM imaging 
of the sample treated at an elevated temperature 
of 1100°C reveals a compact, block-like morphol- 
ogy ( Fig. S4), which is mechanically robust and 
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Figure 1. (a) Co-r-RCSs catalyst strongly adsorbs O2 for sufficient orbital spin electron exchange to promote selective electron 
transfer and stabilize LiO2 /Li2 O2 in solution. (b) Co-l-TCNTs catalyst weakly adsorbs O2 for insufficient orbital spin electron 
exchange to guide the formation of Li2 O2 with surface growth pathway. 
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hallenging to grind. Consequently, Co-l-TCNTs
nd Co-r-RCSs were selected for further investi-
ation. To gain deeper structural insights, we em-
loyed transmission electron microscopy (TEM) to
xamine the composition and lattice arrangement of
he catalysts. X-ray energy dispersive spectroscopic
EDS) mapping demonstrates the uniform distri-
ution of Co, C, O and N elements in both Co-r-
CSs and Co-l-TCNTs samples ( Figs S5 and S6, and
ables S1 and S2). High-resolution TEM (HRTEM)
nd selected area electron diffraction (SAED) anal-
ses confirm that Co-r-RCSs predominantly con-
ist of Co and CoO phases (Fig. 2 b and c), ex-
ibiting well-defined lattice fringes with spacings of
.245 nm and 0.204 nm, corresponding to the CoO
111) and Co (111) planes, respectively. Similarly,
he Co-l-TCNT structure also incorporates the char-
cteristic Co (111) and CoO (200) lattice planes
 Fig. S7). 
To further confirm the specific valence state of

o species, the X-ray absorption near-edge struc-
ure (XANES) spectra of Co K-edge demonstrate
hat both the intensity and position of the fingerprint
eak for Co-r-RCSs and Co-l-TCNTs are positioned
ear the standard Co foil, with a slight shift toward
oO (Fig. 2 d). This indicates that the Co species
re predominantly 0 valence state, with a partial pres-
nce of + 2 oxidation state [20 ]. The Fourier trans-
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form k3-weighted extended X-ray absorption fine 
structure (FT-EXAFS) spectra, as shown in Fig. 2 e 
(R space) and Fig. S8 (k space), reveal a distinct 
shell at 2.17 Å for both samples, corresponding pre- 
cisely to the Co-Co bond distance (2.17 Å) observed
in Co foil. Moreover, wavelet transform analysis of 
the E XAFS (WT-E XAFS) signal shows a peak at
6.4 Å−1 , which is assigned to the Co-Co contribu- 
tion (Fig. 2 f and Fig. S9). The fitted curve in k space
(Fig. 2 g) also aligns well with the experimental data.
The Co K-edge EXAFS fitting for the first shell in
R space (Fig. 2 h and Fig. S10) confirms the pres-
ence of the Co-Co bond. Further X-ray diffraction 
(XRD) characterization confirms that both samples 
consist of Co and CoO ( Fig. S11). To distinguish 
the composition ratio of the two catalysts, thermo- 
gravimetry (TG) tests were conducted under air and 
Ar/H2 (4% H2 ) atmospheres, revealing that the Co 
composition ratio of Co-r-RCSs (Co: 80.15%, CoO: 
17.25%, C: 2.6%) is significantly higher than that of 
Co-l-TCNTs (Co: 65.56%, CoO: 27.94%, C: 6.5%) 
( Figs S12 a nd S13). This indicates that the higher- 
temperature treatment facilitates the reduction of 
CoO to Co through in-situ carbonization, thereby ex- 
posing more metal sites. The magnetic properties of 
the two samples were further compared using mag- 
netometry. The magnetic hysteresis (MH) curves 
( Fig. S14) reveal that the saturation magnetization 
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Figure 2. (a and b) SEM and HRTEM images and corresponding enlarged figures and (c) SAED patterns of Co-r-RCSs. (d and e) Co K-edge XANES 
spectra and FT-EXAFS fitting curves at K-edge in R-space for the Co-r-RCSs, Co-l-TCNTs, Co foil, CoO and Co3 O4 . (f) WT-EXAFS of Co-r-RCSs, Co foil, 
CoO and Co3 O4 . (g and h) Fit of FT-EXAFS spectra of Co-r-RCSs at k space and R space. (i) Computed PDOS of Co-r-RCSs and Co-l-TCNTs before and 
after adsorption of different species. Charge density difference plots of different adsorbates on (111) surface for (j) Co-r-RCSs and (k) Co-l-TCNTs. 
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MS ) of Co-r-RCSs (108.4 emu g−1 ) is higher than
hat of Co-l-TCNTs (98.6 emu g−1 ), further vali-
ating the increased Co content and improved elec-
rical conductivity. Meanwhile, Raman characteriza-
ion was used to analyze vibrational modes, which
ndirectly reflect the molecular orbital interactions
f the samples. Fig. S15 shows distinct characteristic
eaks at 456, 503, 595 and 659 cm−1 , correspond-
ng to the vibration modes of Co metal/oxide phase
21 –23 ]. The Raman spectrum of Co-r-RCSs shows
Page 4 of 12
that the D and G peaks of C at 1350 and 1580 cm−1 

disappear, indicating that the carbon coating in the 
Co-r-RCSs sample was reduced. This structural dif- 
ference on the surface significantly influence the 
catalytic activity, and consequently result in dis- 
tinct ORR/OER kinetics [24 ]. X-ray photoelectron 
spectroscopy (XPS) spectra ( Figs S16 and S17) 
i l lustrate that the valence states of the Co species
in both Co-r-RCSs and Co-l-TCNTs samples in- 
clude Co0 (778.3 eV) and Co2 + (780.2 eV) [25 ]. 
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ignificantly, the Co-r-RCSs sample displays a higher
roportion of Co0 and lower proportion of N and
o-O, aligning with the results from TG and mag-
etic tests. 
Electronic density of states (DOS) calculations

or Co-r-RCSs and Co-l-TCNTs were performed to
nvestigate the adsorption behavior of ROS on the
atalysts. Figure 2 i and Fig. S20 show the calcu-
ated partial DOS (PDOS) for Co-r-RCSs and Co-
-TCNTs before and after the adsorption of different
i+ and O2 -related species. The Co 3d and O 2p cen-
ers are determined for Co-r-RCSs and Co-l-TCNTs
y integrating the PDOS. Our findings ( Tables S3
nd S4) indicate that the Co 3d and O 2p centers are
loser in proximity in the Co-r-RCSs catalyst. This
ncreased Co-O covalency facilitates electron trans-
er between the TM cation and O2 adsorbates, pro-
oting electron injection/extraction, and ultimately
ccelerating the rates of both ORR and OER [26 ].
ore importantly, the relatively low d band center of
o 3d in Co-r-RCSs favors the reduction of the bind-
ng energy of the intermediates and catalyst, thus
owering the reaction energy barrier [27 ]. During
he adsorption of different species, the shift in the d
and center of the Co-r-RCSs is mainly due to the
nergy transition between Co 3d and O 2p orbitals.
he charge density difference plots and adsorption
nergy of different intermediates adsorbed on (111)
urface for Co-r-RCSs and Co-l-TCNTs are shown in
ig. 2 j and k, and Figs S21 and S22. The Co-r-RCSs
atalyst exhibits stronger adsorption on O2 , with
arger increased charged areas predominantly ob-
erved at Co sites, indicating that Co plays a crucial
ole in the electron-w ithdraw ing interactions with
he intermediate species. Additionally, the adsorp-
ion energy and corresponding optimized structure
f different intermediates on the electrodes are cal-
ulated, as shown in Figs S23–S25. T he adsorption
nergies of Co-r-RCSs for O2 , LiO2 and Li2 O2 are
2.41, −1.64 and −1.86 eV, respectively, compared
ith those of Co-l-TCNTs, with values of −1.91,
5.61 and 2.51 eV, respectively. The weak adsorp-
ion of Co-r-RCSs toward LiO2 and Li2 O2 facilitates
heir desorption from the electrode surface, directly
uiding the solution growth pathway, which also sup-
orts the decomposition of Li2 O2 in the OER pro-
ess, mitigating electrode deactivation [28 ]. 

lectrochemical performance of LOBs 
o demonstrate the distinct electrocatalytic abili-
ies of the two catalysts for the ORR/OER pro-
esses, as well as to elucidate their specific roles
n the nucleation and decomposition of Li2 O2 , we
onducted a comprehensive set of electrochemical
ests. To ensure a systematic comparison, three oxy-
Page 5 of 12
gen electrodes were employed: Co-r-RCSs, Co-l- 
CNTs and Super P. Figure 3 a exhibits the cyclic

voltammogram (CV) profiles of these three sam- 
ples, recorded at a scan rate of 0.2 mV s−1 within a
voltage window of 2.2–4.5 V. During the cathodic 
sweep, all electrodes exhibit a reduction peak cor- 
responding to the ORR process, which is associ- 
ated with Li2 O2 nucleation. Conversely, during the 
anodic scan, distinct oxidation peaks emerge, sig- 
nifying the bulk decomposition process of the dis- 
charged products. The Co-r-RCSs electrode shows 
significantly higher cathodic/anodic current peaks, 
along with a larger integrated area, indicative of 
higher specific capacitance compared to the other 
two electrodes. This suggests that the Co-r-RCSs 
electrode facilitates a more efficient nucleation and 
reversible decomposition of discharged products, 
thereby indicating significantly enhanced catalytic 
kinetics. The overpotential during the OER pro- 
cess for Co-l-TCNTs and Super P was evaluated us- 
ing the first discharge/charge process at a fixed ca- 
pacity of 10 0 0 mAh g−1 and a current density of
100 mA g−1 . As shown in Fig. 3 b, the voltage gap
for Co-l-TCNTs and Super P was determined to be 
1.24 V and 1.61 V, respectively, whereas the Co-r-
RCSs exhibited a significantly lower voltage gap of 
0.91 V. This substantial difference in performance 
between Co-r-RCSs and Co-l-TCNTs can be pri- 
marily attributed to their surface structures. For the 
Co-r-RCSs electrode, the presence of a thin carbon 
coating on the surface exposes more metal active 
sites, thereby enhancing catalytic activity during the 
ORR/OER process [29 ]. This effect is further sub- 
stantiated by ECSA calculations (details provided 
in the supplementary data) [24 ,30 ]. The calculated 
ECSA value of Co-r-RCSs (9.65 cm2 

ECSA ) surpasses 
that of both Co-l-TCNTs (8.58 cm2 

ECSA ) and Su- 
per P (4.64 cm2 

ECSA ), further confirming the supe- 
rior electrocatalytic activity of Co-r-RCSs. The gal- 
vanostatic charge/discharge (GCD) profiles of the 
three electrodes during deep discharge/charge cy- 
cles are presented Fig. 3 c. Among them, the Co-r-
RCSs delivers the highest capacity of 18 429.6 mAh 
g−1 , which is more than five times greater than 
that of Super P (3715.6 mAh g−1 ), and also signif-
icantly higher than that of Co-l-TCNTs (10 308.2 
mAh g−1 ). The Co-r-RCSs electrode catalyzes the 
bulk Li2 O2 → Li2 −x O2 → LiO2 → O2 multi-step de- 
composition reaction during the charging process, 
showing a lower charge overpotential than the other 
two electrodes, while providing more capacity com- 
pared to its full discharge capacity before reaching 
the cut-off potential (4.3 V), mainly due to the de- 
composition of electrolyte. 

Furthermore, under a fixed specific capac- 
ity of 10 0 0 mAh g−1 at a current density of

https://academic.oup.com/nsr/article-lookup/doi/10.1093/nsr/nwaf145#supplementary-data
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00 mA g−1 , the LOB with Co-r-RCSs exhibits
emarkable cycling stability, sustaining over 240
ycles (Fig. 3 d and f). In contrast, the Co-l-TCNTs
nd Super P fail to recover their discharged capacity
hen charged to 4.5 V, leading to rapid degradation,
nd only operate for 80 and 40 cycles, respectively
Fig. 3 e and Fig. S26). The long cycling stability of
o-r-RCSs can be attributed to efficient spin-related
harge transfer and the inhibition of side reactions,
31 ,32 ] which wi l l be further discussed in subse-
uent sections. To further highlight its practical
otential, the insets of Fig. 3 f and Fig. S27 i l lustrate
he successful operation installation of Li-O2 button
atteries using a Co-r-RCSs electrode to power both
 single light-emitting diode (LED) and an LED
rray in an ambient air atmosphere. The initial open
ircuit voltage of a single battery is greater than 3 V.
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The rate capability of the Co-r-RCSs-based LOB is 
displayed in Fig. S28, demonstrating a strong ability 
to recover its performance when the current density 
is increased from 100 to 10 0 0 mA g−1 and then 
returned to 100 mA g−1 . Conversely, Co-l-TCNTs 
and Super P fail to withstand the maximum cur- 
rent density of 10 0 0 mA g−1 ( Figs S29 a nd S30).
Thus, a comprehensive suite of electrochemical 
tests prove that Co-r-RCSs display superior rate 
capability and cycling performance. Figure 3 g–i 
present the in-situ electrochemical impedance spec- 
troscopy (EIS) measurements of LOBs with the 
three electrodes during discharge and charge. The 
formation of an insulating Li2 O2 layer is the primary 
cause of impedance increase [11 ]. Among the three 
electrodes, the Co-r-RCSs electrode shows the 
smallest impedance rise, indicating that most of the 

https://academic.oup.com/nsr/article-lookup/doi/10.1093/nsr/nwaf145#supplementary-data
https://academic.oup.com/nsr/article-lookup/doi/10.1093/nsr/nwaf145#supplementary-data
https://academic.oup.com/nsr/article-lookup/doi/10.1093/nsr/nwaf145#supplementary-data
https://academic.oup.com/nsr/article-lookup/doi/10.1093/nsr/nwaf145#supplementary-data
https://academic.oup.com/nsr/article-lookup/doi/10.1093/nsr/nwaf145#supplementary-data
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i2 O2 forms in solution rather than passivating the
xygen electrode. 

icrostructure evolution of products 
uring ORR/OER processes 
 thorough comprehension of the ORR/OER
echanism is crucial for guiding future catalyst
esign. One of the key aspects is to elucidate the
volution of discharge and charge products on the
xygen electrodes. The O2 -related intermediates
O2 

−, 1 O2 ) in LOBs with different electrodes were
onitored using ex-situ electron paramagnetic res-
nance (EPR) spectroscopy and high-performance
iquid chromatography (HPLC) [32 ,33 ]. In Fig. 4 a,
o detectable signal was observed for discharged
o-r-RCSs, which is consistent with that of the pris-
ine separator ( Fig. S31). In contrast, clear signals
orresponding to O2 

− and 1 O2 were detected in
ischarged Co-l-TCNTs and Super P electrodes,
32 ,34 ] with Super P exhibiting a particularly high
oncentration of 1 O2 . Additionally, EPR analysis
f the recharged Super-P-based-battery revealed a
trong Li metal signal, [35 ] while severe corrosion
as observed on the Li electrode surface ( Fig. S32
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and S33). This degradation can be attributed to the 
highly active 1 O2 species, which promotes parasitic 
reactions, leading to the formation of Li dendrites 
and their subsequent accumulation on the separator. 
Figure 4 b shows HPLC-based detection of the 
conversion of 9,10-dimethylanthracene (DMA) to 
its coordination product (DMA-1 O2 ) in LOBs with 
different electrodes after discharge. A high concen- 
tration of 30 mM DMA was added to the electrolyte
to ensure complete 1 O2 capture. Significant signals 
of DMA (retention time: 10.4 min) and DMA-1 O2 
( ∼9.7 min) were observed for Co-l-TCNTs and 
Super P electrodes. The 1 O2 primarily originates 
from the disproportionation of LiO2 . The detailed 
reaction is as follows [36 ,37 ]: 

2Li O2 → Li2 O2 + x3 O2 + (1 − x ) 1 O2 . (5) 

Interestingly, after the recharge process, the 
DMA-1 O2 signals of Co-l-TCNTs and Super P 

nearly disappeared ( Fig. S34), indicating that 1 O2 
was consumed in side reactions during charging. 
However, no detectable 1 O2 signals were observed 
in Co-r-RCSs-based LOBs throughout the dis- 
charge and charge process. To further validate these 
findings, the evolution of O2 release during charg- 
ing was monitored ( Fig. S35). The Co-r-RCSs 

https://academic.oup.com/nsr/article-lookup/doi/10.1093/nsr/nwaf145#supplementary-data
https://academic.oup.com/nsr/article-lookup/doi/10.1093/nsr/nwaf145#supplementary-data
https://academic.oup.com/nsr/article-lookup/doi/10.1093/nsr/nwaf145#supplementary-data
https://academic.oup.com/nsr/article-lookup/doi/10.1093/nsr/nwaf145#supplementary-data
https://academic.oup.com/nsr/article-lookup/doi/10.1093/nsr/nwaf145#supplementary-data
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lectrode-based LOB exhibited higher O2 evolution,
ndicating that the occurrence of parasitic side reac-
ions was effectively suppressed. 
As depicted in Fig. 4 c, ex-situ XRD analysis of

he three electrodes reveals that Co-r-RCSs exhibits
ew characteristic peaks corresponding to the Li2 O2 
 JCPDS Card No. 44-1485), which completely dis-
ppear upon recharging ( Fig. S36) [38 ]. This re-
ult indicates that the nucleation and decompo-
ition of Li2 O2 contribute predominantly to the
verall capacity. However, for the discharged Co-
-TCNTs and Super P electrodes, the characteris-
ic peaks of Li2 O2 are significantly less pronounced,
uggesting that their sluggish ORR/OER kinetics
inder the efficient nucleation and decomposition of
i2 O2 . To further investigate the morphological dif-
erences, ex-situ SEM analysis was performed to track
he evolution of the electrode surfaces. As shown
n Fig. 4 d, large toroidal Li2 O2 particles are uni-
ormly distributed on the surface of Co-r-RCSs after
ischarging. Upon recharging, these particles fully
isappear, restoring a uniformly dispersed catalyst
istribution. In contrast, the surface of the Co-l-
CNTs electrode is covered with a thin film-li ke re-
uction product after discharging, which remains
artially intact even after recharging. Combining
he morphological features, ex-situ EPR and HPLC
esults of the discharge products, it can be in-
erred that Co-r-RCSs facilitates a solution-phase
rowth pathway for toroidal Li2 O2 , whereas the
o-l-TCNTs promotes a mixed mechanism involv-
ng both surface-mediated and partial solution-phase
rowth [4 ]. Moreover, almost no obvious products
ere observed on the surface of Super P, yet severe
lectrode surface passivation occurs after recharg-
ng ( Fig. S37). Figure 4 e and f, and Figs S38–S40
resent comprehensive ex-situ XPS and FTIR evi-
ence of the cycled electrodes. For Co-r-RCSs, the
istinct peaks observed in the Li 1s and Co 2p
pectra provide clear evidence of the reversible nu-
leation and decomposition of Li2 O2 during the
ischarge/recharge process. Furthermore, character-
stic peaks associated with by-products are scarcely
etected, indicating minimal parasitic reactions. The
ncrease in the Co2 + content in recharged Co-r-
CSs electrode is attributed to the strong adsorp-
ion of O2 on the surface of the active sites in the
aturated O2 environment, which leads to the in-
vitable oxidation of Co. In contrast, after discharg-
ng, the Li 1s spectra of Co-l-TCNTs and Super
 exhibit prominent signals corresponding to the
y-product Li2 CO3 at ∼56.0 eV [39 ]. Addition-
lly, both Li2 CO3 and Li2 O2 are incompletely de-
omposed even after recharging, suggesting substan-
ial side reactions and sluggish OER kinetics. More-
ver, for Co-l-TCNTs, the Co 2p profile shows only
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weak Co-related signals after recharging, indicat- 
ing that the electrode surface remains largely cov- 
ered by residual discharged products or by-products. 
This observation is consistent with ex-situ XRD and 
SEM analyses, reinforcing that Co-l-TCNTs and Su- 
per P exhibit poor reversibility. Meanwhile, FTIR 

analysis confirms that Co-r-RCSs accumulates fewer 
side products over cycles than the other electrodes 
( Fig. S40). The OER process was further studied 
using quantitative in-situ differential electrochemi- 
cal mass spectrometry (DEMS). During the charg- 
ing process, O2 evolution initially increases, followed 
by a sharp decline, and then rises again in the mid-
charging stage (Fig. 4 g and h, and Fig. S41). This 
trend corresponds to the typical decomposition of 
Li2 O2 accompanied by side reactions that lead to 
O2 loss [40 ,41 ]. Compared to Co-l-TCNTs, the O2 
evolution in the Co-r-RCSs-based LOB shows a 
steady profile from the onset of charging, with a 
significantly reduced ORR/OER overpotential. Fig.
S42 shows the integrated O2 release-to-charge and 
charge-to-O2 ratios during the charge process, sug- 
gesting an approximate 2e− reaction for Li2 O2 de- 
composition in the Co-r-RCSs electrode. The higher 
charge-to-O2 ratios observed for the Co-l-CNTs and 
Super P electrodes indicate the occurrence of side re- 
actions, such as oxidation of C with Li2 O2 , or that the
decomposition of Li2 CO3 occurs during the charg- 
ing process [42 ]. 

Spin-related electron transfer and 

density functional theory calculations 
To investigate the dynamic evolution of electron 
transfer states during the ORR/OER process, in-situ 
Raman spectroscopy analysis was conducted. A 

comparative analysis reveals that Li2 O2 (808 cm−1 ) 
on the Co-r-RCSs electrode undergoes reversible 
nucleation and decomposition throughout the dis- 
charge/charge cycle (Fig. 5 a and b, and Fig. S43). 
However, no Li2 O2 nucleation was observed on the 
Co-l-TCNTs electrode (Fig. 5 c and d, and Fig. S44). 
Moreover, the electronic structure of the catalyst 
exhibits distinct transformations. For Co-r-RCSs, 
the intensity of the Eg , F2 g and A1 g vibration peaks 
of Co-O shows consistent enhancement and weak- 
ening trend during Li2 O2 nucleation and decompo- 
sition. The Eg and F2 g orbitals of Co metal/oxide 
initially exhibit splitting, indicating strong O2 ad- 
sorption in an oxidizing environment, leading to sur- 
face restructuring [43 ]. This charge redistribution is 
believed to optimize the adsorption of O-containing 
intermediates, thereby enhancing catalytic activity 
[44 ]. In addition, the A1 g orbital of Co-O under- 
goes an initial blue shift followed by a pronounced 
red shift, indicating good reversibility [43 ]. These 

https://academic.oup.com/nsr/article-lookup/doi/10.1093/nsr/nwaf145#supplementary-data
https://academic.oup.com/nsr/article-lookup/doi/10.1093/nsr/nwaf145#supplementary-data
https://academic.oup.com/nsr/article-lookup/doi/10.1093/nsr/nwaf145#supplementary-data
https://academic.oup.com/nsr/article-lookup/doi/10.1093/nsr/nwaf145#supplementary-data
https://academic.oup.com/nsr/article-lookup/doi/10.1093/nsr/nwaf145#supplementary-data
https://academic.oup.com/nsr/article-lookup/doi/10.1093/nsr/nwaf145#supplementary-data
https://academic.oup.com/nsr/article-lookup/doi/10.1093/nsr/nwaf145#supplementary-data
https://academic.oup.com/nsr/article-lookup/doi/10.1093/nsr/nwaf145#supplementary-data
https://academic.oup.com/nsr/article-lookup/doi/10.1093/nsr/nwaf145#supplementary-data
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T

pectral changes indicate that the Co-r-RCSs elec-
rode can sustain high catalytic activity under
emanding ORR/OER conditions. In contrast, the
ignal intensities of the Eg , F2 g and A1 g vibration
eaks in Co-l-TCNTs continuously weaken, even-
ually blurring in the contour map. This suggests
hat the Co-l-TCNTs catalyst dissolves in a strong
xidizing environment, leading to severe electrode
egradation [21 ]. 
To elucidate the spin-related electron transfer
echanism during the ORR/OER process, ex-situ
agnetometry was performed, as shown in Fig. 5 e
nd f. Clearly, the MS of both electrodes decreases af-
er discharging and returns to nearly its initial value
fter recharging. The decrease in MS for Co-r-RCSs
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was 9.5 emu g−1 , more than twice that of Co-l-
CNTs ( �MS = 4.4 emu g−1 ), indicating a signif- 

icantly higher degree of spin polarization. The net 
magnetization of TM is defined as M = (N↑ −N↓ ) 
× μB , where N↑ and N↓ represent the total num- 
ber of spin-up and spin-down d-band electrons, and 
μB is the Bohr magneton [45 ]. During discharg- 
ing, spin-polarized electrons accumulate near the 
Fermi level of the FM Co, facilitating rapid co- 
herent spin exchange between the orbitals of Co 
atom and O2 molecules [46 ]. The significant de- 
crease in MS of the Co-l-TCNTs electrode after dis- 
charge suggests a redistribution of d-orbital elec- 
trons, leading to a reduced disparity between the 
number of N↑ and N↓ electrons. The designed 
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o-r-RCSs has a lower d-band center, allowing it to
ccommodate more spin-filled electrons. This pro-
ides sufficient electron transfer for the first RDS,
hereby enabling an efficient solution-phase reduc-
ion of 3 O2 (3 O2 → O2 

− → O2 
2 −), as i l lustrated

n Fig. 5 g. During the OER process, electron transfer
ollows the Hund’s rule and Pauling exclusion prin-
iple, leading to spontaneous spin polarization [46 ].
ost of the prefil led spin electrons in Co are ex-

racted and re-excited to generate 3 O2 , enabling the
S of the catalyst to return to its initial state. 
Figure 5 h and i i l lustrate the calculated Gibbs

ree energy diagrams for the evolution of the dis-
harged products during the ORR/OER on the
111) surfaces of Co-r-RCSs and Co-l-TCNTs, re-
pectively. The overpotentials for ORR and OER
rocesses are defined as ηORR = Udc −Ueq and
OER = Uc −Ueq , where Ueq represents the equi-
ibrium potential, while Udc and Uc correspond to
he discharge and charge potentials [47 ], respec-
ively. For Co-r-RCSs, the calculated equilibrium po-
ential is 3.17 V, corresponding to the ORR and
ER overpotentials of 0.32 and 0.53 V. In contrast,
o-l-TCNTs exhibits a lower equilibrium potential
f 3.04 V, with significantly higher overpotentials
f 0.54 (ORR) and 0.87 V (OER). This suggests
hat Co-r-RCSs can efficiently promote the nucle-
tion/decomposition of Li2 O2 during ORR/OER
rocesses [48 ,49 ]. The specific electron transfer be-
ween O2 -containing species during the ORR/OER
rocess are i l lustrated in Fig. 5 j. In the first RDS, elec-
rons are transferred from the electrode to the 3 O2 
* orbital, forming O2 

−. The electrical conductiv-
ty of catalysts and their adsorption behavior toward
OS are critical factors in determining the reaction
athway of the second step, whether it follows a so-
ution growth pathway or surface growth pathway
28 ]. The solution-phase reaction pathway wi l l lead
o the formation of highly reactive 1 O2 , which ag-
ressively attacks both the electrolyte and Li elec-
rode, resulting in poor battery cycle stability [33 ].
onverting 1 O2 back to 3 O2 requires additional en-
rgy for spin flip. It has been reported that electron-
ich RMs in the electrolyte can facilitate this conver-
ion via spin flipping to quench 1 O2 [50 ]. Here, the
nternal magnetic field of FM-ordered Co-r-RCSs
uickly drives the spin-flip effect, achieving the con-
ersion of 1 O2 to 3 O2 at the electrode/electrolyte in-
erface, [17 ] and 3 O2 cannot be converted to high-
nergy 1 O2 by the spin-flip effect. 

ONCLUSION 

n summary, this study systematically investigated
he role of selective d-orbital filling in oxygen
lectrodes and its influence on the nucleation and de-
Page 10 of 12
composition of Li2 O2 in LOBs. The Co-r-RCSs cat- 
alyst, with its rationally designed composition and 
electronic structure, exhibits enhanced catalytic ac- 
tivity even under strongly oxidative conditions. Dur- 
ing discharge, a significant accumulation of spin- 
polarized electrons near the Fermi level of Co atoms 
facilitates efficient spin-related electron exchange be- 
tween Co orbitals and O2 molecules. Magnetic mea- 
surements further revealed a pronounced decrease 
and subsequent recovery of MS in Co-r-RCSs during 
the discharge/charge process, indicating dynamic 
spin-state transitions. The lower d-band center of Co 
3d orbitals in Co-r-RCSs weakens the binding inter- 
action with LiO2 , thereby promoting selective elec- 
tron transfer to stabilize LiO2 in solution. This mech- 
anism guides the solution-phase growth of Li2 O2 , 
significantly enhancing the reversibility of Li2 O2 nu- 
cleation and decomposition. Moreover, the inter- 
nal magnetic field of Co-r-RCSs can inhibit the 1 O2 
formation through spin flipping, thereby mitigat- 
ing parasitic reactions. As a result, Co-r-RCSs ex- 
hibits superior rate performance, extended cycling 
stability and reduced overpotential in LOBs. This 
study elucidates the spin-related electron catalysis 
mechanism of Li2 O2 nucleation/decomposition in 
LOBs and contributes to the rational design of high- 
performance catalysts. 
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