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A B S T R A C T   

Lithium-rich layered oxides (LROs) are considered as promising cathodes in building next-generation lithium-ion 
batteries (LIBs) with superior charge-discharge capacity. Nevertheless, LROs are confronted with irreversible 
oxygen loss accompanied with surface-to-bulk degradation upon cycling. To inhibit the oxygen release and to 
increase the lifespan of LROs, we report on an innovative strategy to rapidly construct an ultrathin oxygen- 
deficient shell layer covering the surface of LROs’ particles via a sparking plasma sintering (SPS) technique. It 
is demonstrated that the inner structure of the LROs’ particles is maintained, whereas the surface of the particles 
forms a thin shell (~5 nm) consisting of a considerable amount of oxygen vacancies. Benefitting from the ex
istence of an oxygen-deficient shell, the cathode activation is facilitated and the oxygen loss is suppressed, 
leading to enhanced capacity and prominent cyclability under long cycling. The modified LRO exhibits 
outstanding electrochemical performance, delivering a maximum capacity of 187.67 mAh g− 1 and a capacity 
retention of 95.71% after 200 cycles at 250 mA g− 1. Our work evidences that SPS is a fast and effective approach 
to construct oxygen-deficient shell on LRO cathodes for high-performance LIBs.   

1. Introduction 

The research and development of energy storage devices, especially 
for application in electric vehicles (EVs), are in the ascendant with the 
vast developing foreground [1]. Consequently, rechargeable lithium-ion 
batteries (LIBs) have become the dominant power source to meet the 
ever-increasing market demands, triggering the development of various 
cathode materials [2–5]. Lithium-rich layered oxides (LROs) are 
considered as the most promising candidates for the next-generation 
LIBs, delivering a reversible capacity of ~250 mAh g− 1 and a high en
ergy density above 900 Wh kg− 1 [6–9]. The high capacity of LROs is 

widely recognized to originate from anion redox reactions at high 
voltage together with inevitable O2-/O- migration in the lattice, resulting 
in undesirable structural evolution. [10–13] During lithiation or deli
thiation processes, interfacial reactions between cathode and electrolyte 
occur, resulting in the deterioration of materials. [14,15] The gradually 
accumulated irreversible structural degradation during cycling would 
aggravate capacity fade and voltage decay, thus eventually restricting 
the performance of LROs. 

To address the issues of LROs mentioned above, tremendous efforts 
have been applied via the surface engineering method [16,17]. Tradi
tional methods including surface doping and coating can stabilize the 
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bulk or surface structure to some extent but with limited efficaciousness 
and in the sacrifice of reaction kinetics [18–21]. Based on these con
cerns, recent research on LROs has turned a spotlight on defect engi
neering strategy. Under this consideration, construction of oxygen 
vacancies (OVs) is one of the effective strategies [22]. By 
pre-introducing certain OVs to the surface of as-prepared LROs, oxygen 
loss and structure degradation can be suppressed dramatically during 
charging and discharging [23–25]. A major challenge of this strategy lies 
in the difficulty of controlling the oxygen deficiency shell constrained 
homogeneously on the surface of LROs without breaking the structural 
integrity of the interior. Most efforts implemented to crack this hard nut 
were made by chemical methods including annealing in reducing at
mosphere and/or acid treatment [26–29]. Unfortunately, chemical 
procedures tend to be complicated, time-consuming and relatively 
expensive. As a consequence, it makes great sense to explore a more 
effective method for the quick construction of a surface oxygen-deficient 
layer. 

In this work, we propose an innovative strategy based on spark 
plasma sintering (SPS) to artificially regulate an ultrathin oxygen- 
deficient shell on the as-synthesized Li-rich Mn-based layered oxides 
with remarkable effectiveness, as depicted in Fig. 1a. SPS is a fast and 
pressure-assisted sintering technique involving plasma activation and 
hot pressing. During SPS, a pulse current is also applied to powder 
particles from a special pulse generator. Benefiting from high-speed ion 
migration, the particle surface is purified by eliminating adsorptive 
impurities and gas. In a word, SPS has superiorities in much shorter 
sintering time, rapid heating and cooling rate, controllable conditions, 
and environmental friendliness, etc [30,31]. As a result, an 
oxygen-deficient layer with a thickness of about 5 nm is successfully 

constructed on the particle surface without compromising the structural 
integrity of the interior bulk, which is directly confirmed by combining 
structure and morphology characterizations. Furthermore, the electro
chemical properties of the regulated LRO exhibit obvious improvements 
compared to the pristine sample, particularly for the extraordinary 
cycling stability. Ex-situ measurements during charge and discharge 
processes and after cycling are also carried out to analyze the effects of 
surface defects on structural and electrochemical behaviors. This simple 
and effective strategy to regulate the surface of Li-rich cathode material 
could bring some inspiration for fabricating long-life high-
energy-density lithium-ion batteries. 

2. Results and discussion 

As illustrated in Fig. 1a, an oxygen-deficient shell is constructed on 
Li-rich cathode by the post-treatment with the SPS technique. The suc
cessful introduction of oxygen vacancies to the surface of LROs is 
unambiguously evidenced by a series of characterizations afterward. By 
taking advantage of the sensitivity of neutron powder diffraction (NPD) 
method, overall structural information such as atomic occupancies and 
defect concentration can be determined accurately owing to the supe
riority of neutron diffraction in distinguishing not only light elements 
like Li and O but also adjacent transition metal elements including Ni, 
Mn, and Co. As shown in Fig. 1b and Figure S1, the refined NPD patterns 
demonstrate that all peaks in each sample can be indexed with a 
rhombohedral R3m and a monoclinic C2/m structure model, which fits 
well with the refined X-ray diffraction (XRD) patterns (Figure S2). The 
OVs percentages in the surface reconstructed LRO (S-LRO) are 

Fig. 1. (a) Schematic illustration of introducing OVs to the surface of S-LRO. (b) Observed and calculated NPD patterns for S-LRO. (c) XAS spectra of O K-edge for P- 
LRO and S-LRO at FY and TEY modes. (d) XPS spectra of the O 1 s for S-LRO and P-LRO. 
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determined to be 1.86(9)% on the 8j site and 2.10(6)% on the 4i site in 
the monoclinic C2/m structure, while the pristine sample (P-LRO) ex
hibits 1.01(9)% on the 8j site and 1.26(6)% on the 4i site based on the 
Rietveld refinement results, evidencing that certain amount of lattice 
oxygen is lost during pulse current processing. Noticeably, lattice pa
rameters and phase fractions do not differ significantly between S-LRO 
and P-LRO, owing to the fact that SPS treatment adjusts mostly the 
surface structure. For example, the contents of the hexagonal phase are 
47.73(7)% in P-LRO and 47.00(7)% in S-LRO, which are close. The 
lattice parameters of S-LRO are a = 2.8460(1) Å, c = 14.2118(12) Å, 
which are slightly smaller than those of P-LRO with a = 2.8476(1) Å, c =
14.2207(12) Å. The c/a ratios of both samples are approximately 4.99, 
representing that a typical layered structure is well-maintained after SPS 
treatment. More details on the refined results from NPD are summarized 
in Table S1. 

Based on the results discussed above, OVs are proven to be suc
cessfully introduced into S-LRO cathode through SPS process. Next, it is 
necessary to figure out the spatial distribution of OVs. As shown in 
Fig. 1c, the soft X-ray absorption spectroscopy (sXAS) data were 
collected in both TEY (total-fluorescence-yield) mode with the detection 
depth of several nanometers and FY (fluorescence-yield) mode with 

more than 100 nm depth [32] for the chemical states of elements on the 
surface and in the interior bulk of the particle, respectively. It turns out 
that P-LRO and S-LRO show almost the same O K-edge spectra at FY 
mode, indicating that the valence state of oxygen inside the particle 
remains unaltered. In contrast, at TEY mode, the O K-edge spectrum of 
S-LRO shows a lower peak intensity at about 530 eV in comparison with 
that of P-LRO, which is expected to be the result of OVs created on the 
surface by SPS. XPS spectra of the O 1 s peak without etching further 
substantiate this phenomenon, as depicted in Fig. 1d. The peaks at 
bonding energies of 529.05 eV, 531.28 eV, and 532.37 eV reveal the 
presence of lattice oxygen (OL), oxygen vacancies (OV), and chem
isorbed oxygen (OC) [33,34]. Notably, the OV/OL ratio for S-LRO is 1.02, 
significantly surpassing the 0.41 ratio observed for the P-LRO sample. 
This discrepancy implies a higher concentration of oxygen vacancies on 
the particle surface of the S-LRO sample in comparison to the P-LRO 
sample. This result is also consistent with the sXAS and confirms that 
more OVs are introduced into the particle surface to S-LRO through SPS 
treatment. 

For further structural and chemical investigations, scanning electron 
microscopy (SEM) images were collected, and the results show similar 
morphology and elemental distributions between S-LRO and P-LRO 

Fig. 2. HAADF-STEM images of (a) P-LRO and (c) S-LRO at low magnifications. Atom-resolved HAADF images in the bulk interior and on the particle surface for (b, 
e) P-LRO and (d, f) S-LRO. (g-i) EELS of O-K and Mn-L2,3 edges of S-LRO as a function of positions along the arrow, starting from the surface to the interior. The 
interval for adjacent spectra is 1 nm. 
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particles (Figure S3 and S4). High-angle annular dark-field (HAADF) 
scanning transmission electron microscopy (STEM) images were chosen 
to visualize the altered surface structure at atomic resolution with EELS 
measurement for compositional change in the shell layer of particles. 
The results are shown in Fig. 2. Atom-resolved HAADF images in the 
bulk interior (Fig. 2b) and at the surface (Fig. 2e) were collected from 
the P-LRO particle (Fig. 2a). Apparently, P-LRO presents a uniformly 
layered structure without noticeable differences between the interior 
and surface. S-LRO shows an identical bulk structure with P-LRO 
(Fig. 2d), whereas, the surface structure appears differently, as can be 
seen in Fig. 2f, S5, and S6. Transition metal atoms occupy certain sites in 
Li layers, leading to the formation of a reconstructed layer with a 
thickness of about 2 nm. In addition, the (003) d-spacing is unchanged 
after SPS, which is consistent with the c values deduced from NPD. All 
these results imply that the SPS-induced cation mixing defects are only 
distributed in the thin layer around the surface. Electron energy loss 
spectroscopy (EELS) measurements are also performed to compare the 
compositional difference with the increase of distance from the particle 
surface. Fig. 2g illustrates the selected area of S-LRO particle for EELS 
measurements, and the pre-edge peak at ~530 eV can be ascribed to the 
electron transition from O 1 s core state to the unoccupied 2p states in 

Fig. 2h [35]. From the surface to the bulk, the O K-edge spectra show a 
gradual strengthening in relative intensity of the pre-edge peak (Fig. 2h 
and S7), suggesting that oxygen vacancies are mainly accumulated on 
the surface owing to the alteration of oxygen local environment [36,37]. 
Fig. 2i presents the EELS spectra of Mn L2,3 edges, showing a reduced Mn 
valence state on the surface. Specifically, L3/L2 ratios, as displayed in 
Figure S8, show that the valence of Mn remains lower at approximately 
5 nm distance away from the surface, which is expected to compensate 
for the charge imbalance caused by OVs [38]. To further study the Mn 
valence state before and after SPS-treatment, XPS measurements are 
conducted for two P-LRO and S-LRO cathode which is shown in 
Figure S9. From the fitting results for the XPS spectrum for two samples, 
we find that the valence state of all the Mn is +4, which is consistent 
with the theoretical valence state of Mn in Li-rich cathode. However, 
there is 7.3% Mn3+ in the S-LRO cathode with the SPS-treatment which 
is also consistent with the EELS results. Furthermore, the surface state 
can be further analyzed by the ratio between the integrating peaks area 
of O and Mn spectra (denote O/Mn ratio). In Figure S8b, the O/Mn ratio 
shows a clear increase from the surface to the interior, verifying that the 
regulation of the oxygen-deficient layer is about 5 nm. In contrast, the 
EELS spectra of the O/Mn ratio for P-LRO sample keep almost 

Fig. 3. (a) Initial charge/discharge curves of P-LRO and S-LRO at 0.1 C (1 C = 250 mA g− 1) from 2.0 to 4.8 V. Cycling performance of P-LRO and S-LRO at (b) 1 C 
over 200 cycles and (c) 5 C over 500 cycles. Cyclic voltammetry curves of (d) P-LRO and (e) S-LRO. (f) Rate capabilities of P-LRO and S-LRO. 
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unchanged from the particle surface to the inner region as shown in 
Figure S10. Meanwhile, high-resolution in-depth XPS tests are also 
conducted for P-LRO cathode and S-LRO cathode which is shown in 
Figure S11. The XPS spectra is normalized by the OVs peak 
(Figure S11a-b) and peak intensity ratio for OVs peak/ TM-O peak are 
also calculated at different etching depth for two sample shown in 
Figure S11c. The variation pattern of peak intensity ratio with depth 
further confirmed that the oxygen-deficient layer is about 5 nm for 
S-LRO cathode. Accordingly, STEM, EELS and previous NPD analyses 
jointly confirm the successful control of oxygen-deficient layer, which is 
expected to have a positive influence on structural stability and enhance 
electrochemical performance. Through SPS, a simple and time-saving 
technique is successfully realized without the influence on particle 
integrity. 

In order to explore the influence of surface reconstruction on elec
trochemical performance, half cells with lithium metal as anode and P- 
LRO or S-LRO as cathode were assembled and investigated. Fig. 3a 
displays the initial charge-discharge curves of the cells using P-LRO and 
S-LRO as cathodes at 25 mA g− 1. The typical long plateau at about 4.5 V 
stands for the activation of lattice oxygen in LROs, contributing to the 
major of charge capacity [39]. To be gratified, both the discharge ca
pacity and initial Coulombic efficiency of S-LRO exhibit a higher level 
compared to those of P-LRO. The discharge specific capacities of P-LRO 
and S-LRO are 244.4 mAh g− 1 and 256.0 mAh g− 1, respectively. Irre
versible capacity loss of S-LRO (77.6 mAh g− 1) is much less than that of 
P-LRO (104.0 mAh g− 1) as highlighted in Fig. 3a, suggesting fewer 
surface side reactions with electrolyte and less oxygen loss thanks to the 
presence of OVs on the particle surface. Long-term cycling performance 
is evaluated to explore the structure stability corresponding to surface 
deficiencies. Interestingly, the specific discharge capacity of S-LRO 
shows a slight increase to 187.67 mAh g− 1 in the first 25 cycles at 1 C 
(see Fig. 3b). It is remarkable that S-LRO displays a capacity of 177.2 
mAh g− 1 even after 200 cycles at 1 C, in stark contrast to the remained 
capacity of merely 104.3 mAh g− 1 for P-LRO. Obviously, the S-LRO 
cathode with SPS treatment harvests outstanding capacity retention of 
95.71% after 200 cycles at 1 C. 

The extraordinary cycling stability is comparable to the best elec
trochemical performance of Li-rich cathode Li1.2Mn0.54Ni0.13Co0.13O2 
reported in literature as listed in Table S2. In addition, S-LRO sample can 
slow down the voltage decay to a certain degree and ultimately achieve 
a higher energy density (Figure S12). Moreover, as shown in Fig. 3c, P- 
LRO cathode exhibits a dramatic capacity fading after 500 cycles at a 
high rate of 5 C, whereas S-LRO cathode still retains a superior capacity 
of 81.77%, which should benefit from the surface reconstruction alle
viating the capacity fading. The existence of surface OVs assists in pre- 
activating Li2MnO3 phase and thus reducing the energy barrier of Li 
ions diffusion and irreversible capacity loss in the initial cycle. [40] The 
partial pressure of oxygen on the surface can be reduced by the 
pre-activated surface layer of S-LRO sample with OVs. Consequently, 
gaseous oxygen is prevented from evolving during plateau charging. In 
addition, OVs reduce the amounts of active oxygen on the surface and 
suppress the lattice oxygen loss, leading to less abominable surface re
actions between electrolyte and particle at the interface dramatically 
and more capacity compensation. 

The corresponding cyclic voltammetry (CV) curves of P-LRO and S- 
LRO for the initial four cycles are plotted in Fig. 3d and e, respectively. 
An obviously smaller electrochemical polarization can be observed in S- 
LRO, accompanied by different oxygen anions oxidation peaks and Mn 
cations redox peaks. The modified LRO is conductive to inhibiting Mn- 
ions dissolution and stabilizing the structure according to better over
lapping of Mn4+/Mn3+ redox peaks. On the other hand, the oxidation 
peak of oxygen anions for S-LRO at ~4.6 V is weaker than P-LRO during 
the initial cycle, standing for retarded oxygen loss, less cathode- 
electrolyte interfacial reactions and optimized structure reversibility in 
S-LRO cathode. Moreover, the existence of more OVs can provide higher 
possibilities for Li+ to escape from the tetrahedral sites, facilitating the 

kinetics of Li+ inserting/extracting at the surface of particle. Conse
quently, S-LRO delivers a better rate capability than P-LRO from 0.1 C to 
5 C (see Fig. 3f). According to calculated results from EIS measurements 
(Figure S13), the Li+ diffusion coefficient (DLi+) of S-LRO (2.2×10− 13 

cm2⋅s− 1) is higher than that of P-LRO (0.6×10− 13 cm2⋅s− 1) before 
cycling and the charge transfer resistance of S-LRO is still smaller than P- 
LRO after 200 cycles. Meanwhile, the galvanostatic intermittent titra
tion technique (GITT) tests of the first discharge process for S-LRO and P- 
LRO cathode are conducted which is shown in Figure S14. The GITT 
calculation results also clearly indicate the Li+ diffusion coefficient of S- 
LRO is higher than that of P-LRO cathode. Based on all the above results 
it can be concluded that the surface reconstruction of the ultrathin 
oxygen-deficient shell plays an essential role in promoting the Li+

diffusion kinetics at the cathode-electrolyte interface. 
To figure out the underlying mechanism associated with improved 

electrochemical behaviors, ex-situ XAS spectroscopy was conducted to 
track the electronic states of oxygen at a series of charging/discharging 
voltages during the first cycle. The pre-edge peak of oxygen between 
525 eV and 535 eV stands for the transition from O 1 s to Mn3d-O2p 
hybridized states. [41–43] It consists of two peaks representing the 
excitation from O2p to unoccupied t2 g orbitals at ~530 eV and eg or
bitals at ~531 eV. The broad peak above 535 eV corresponds to the 
hybridization of Mn4sp-O2p [44]. As demonstrated in Fig. 4a, by 
comparing with the XAS spectra before cycling, a great decrease is 
observed in the sXAS O K-edge spectra (TEY) of P-LRO cathode at the 
pre-edge peak ~530 eV upon charging to high voltages from 4.2 V to 
4.8 V. The result manifests that the chemical states of oxygen on the 
particle surface change significantly with the occurrence of some 
interfacial reactions for P-LRO. Another specific reason responsible for 
this phenomenon is that surface reactions lower the valence of Mn and 
thus boost the excitation of electrons in t2 g orbitals and weaken the 
hybridization strength of Mn3d-O2p [45,46]. Moreover, a peak at 
~534 eV is also observed at the 2.0 V discharged state for P-LRO, which 
can be indexed to the carbonate group (-CO3). The formation of com
pounds such as Li2CO3 on the particle surface impedes the sustainability 
of subsequent cycles with respect to the decomposition of electrolyte 
and serious surface side reactions. 

In comparison to the initial state, the O K-edge spectra of S-LRO 
under TEY mode after charging to the voltage plateau at 4.5 V exhibits a 
different profile. It tends to be reversible upon further charging to 4.8 V, 
as shown in Fig. 4b. The optimized structure reversibility benefits from 
the pre-construction of ultrathin O-deficient shell before cycling, which 
has been confirmed by the contrast between O K-edge of S-LRO before 
charging at TEY and FY modes previously (Fig. 1c). Fig. 4c displays the 
integrated intensity around 532 eV of oxidized oxygen at TEY mode, 
which is normalized by the first peak at ~530 eV as shown in 
Figure S15. The results further prove that OVs on the surface stabilize 
the oxygen valences at different electrochemical states according to the 
minor fluctuation of integrated intensity for S-LRO. The sXAS of O K- 
edge at different charging/discharging states were also performed at FY 
mode for both P-LRO and S-LRO samples, as shown in Fig. 4d and e. The 
whole series of spectra do not show prominent change during the initial 
cycling for both P-LRO and S-LRO cathodes, suggesting that the oxida
tion states and local environment of oxygen ions in the bulk keep basi
cally unchanged. The conclusion can be verified by Fig. 4f, where the 
normalized integrated intensity around 532 eV is compared at FY mode. 
Both electrodes show similar tendencies throughout the charge and 
discharge processes except for minor irregular fluctuations. Based on the 
analysis above, the ultrathin O-deficient layer on the surface can be 
deduced to play a crucial role in mitigating interfacial reactions during 
cycling. 

From the viewpoint of crystal structure evolution, the corresponding 
in-situ XRD patterns at 0.2 C during the first cycling were investigated to 
gain more insights into the protective effect of ultrathin O-deficient 
layers. As shown in Fig. 5, P-LRO and S-LRO electrodes exhibit a similar 
evolution trend on the offset of peak positions. A relatively large shift of 
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(003) reflection to the lower scattering angle after charging to 4.8 V can 
be seen from Fig. 5a for P-LRO, which indicates the extensive expansion 
of c-axis due to the increased electrostatic repulsion between adjacent O 
layers during the Li+ extraction, and the irreversible structure transition 
with the production of disordered structures. [47–50] The intercalation 
path is altered during the first cycling, as the study reports previously, Li 
ions are hindered to get back to the transition metal layer with respect to 
the structural alteration. [48] The evolution of lattice parameter c in 
both samples is extracted from in-situ XRD patterns and exhibited in 
Fig. 5b and d. It was monitored that the lattice parameter c expands 
0.87% at the full charge state and a totally of 0.32% along c axis after 
first cycling for S-LRO. In comparison, P-LRO manifests a corresponding 
increase of 0.93% in lattice parameter c at a full state-of-charge and a 
totally of 0.37% along c axis after discharging. To sum up, S-LRO ex
hibits a satisfying structural reversibility after discharging to 2.0 V for 
the similar position of (003) reflection with the pristine state. It can be 
speculated that the OVs maintain the relatively consistent O-O electro
static repulsion and reduce the decomposition of Li2MnO3 domains. [51, 
52] Once the structure evolution is alleviated, the sustainable long cycle 
life could be maintained. 

In situ differential electrochemical mass spectrometry (DEMS) was 
employed to elucidate the positive impacts of SPS treatment on gas 
evolution and interfacial protection. As depicted in Fig. 6a and b, the 
DEMS results reveal a distinct O2 release for the P-LRO sample, partic
ularly evident during high-voltage charging. In contrast, the S-LRO 
sample exhibits significantly lower O2 release, even under high voltage, 
a finding consistent with the O-K Edge sXAS results. Concurrently, the 

CO2 evolution during the initial charge and discharge cycle indicates 
reduced CO2 release for the S-LRO sample compared to the P-LRO 
sample. This reduction could be attributed to the mitigation of irre
versible oxygen release and the suppression of side reactions at the 
cathode-electrolyte interface. These findings collectively validate that 
the oxygen-deficient shells induced by SPS treatment in the LRO cathode 
effectively suppress gas release and parasitic reactions on the particle 
surface. To elucidate the better electrochemical reversibility of the 
modified cathode particle from the perspective of structure failure, the 
cycled electrodes were analyzed. Fig. 6c shows the XPS spectra of Mn 2p 
for P-LRO sample before cycling and after 200 cycles at 1 C. It is evident 
that all Mn ions have a typical valence state of +4 with Mn 2p3/2 at 
642.7 eV and Mn 2p1/2 at 654.2 eV, which matches with other reports 
[53]. However, the binding energies of the two peaks shift to 641.9 and 
653.5 eV after cycling, implying the occurrence of a serious phase 
transition from layered structure to spinel-like or rock-salt type struc
ture, accompanied with the generation of a considerable amount of 
Mn3+. On the contrary, S-LRO displays a small amount of Mn3+ before 
cycling with Mn 2p3/2 and Mn 2p1/2 at 642.3 and 653.8 eV (Fig. 6d), 
which is in accordance with the spinel-like phase observed in TEM 
(Figure S6b) and EELS (Fig. 2i) results. The ultrathin spinel-like shell on 
the surface acts as a protection layer to accommodate lattice strain. 
Comparatively, the difference of the binding energies of Mn 2p before 
and after cycling for S-LRO is far smaller than that of P-LRO, revealing a 
retarded phase transition on the cathode particle surface. In addition, 
XPS spectra of Li anodes extracted from the coin cells cycled for 200 
cycles at 1 C were measured to prove that the modified S-LRO sample 

Fig. 4. XAS spectra of O K-edge for (a, d) P-LRO and (b, e) S-LRO at (a, b) TEY and FY (d, e) modes during the first cycle at 0.1 C. (c, f) Peak area evolutions of oxygen 
oxidation for (c) P-LRO and (f) S-LRO during the first cycle. All the peak areas are normalized with the peak area of P-LRO in the pristine state under TEY and 
FY modes. 
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can reduce Mn ions dissolution effectively upon cycling, as indicated in 
Figure S16. The Li anode cycled for 200 cycles retains its metallic luster 
for S-LRO and no Mn signal can be detected on the particle surface, 
compared with obvious Mn signal for P-LRO. In addition, the electrolyte 
of LRO coin cell after long-term cycling is also diluted and used for the 
ICP-OES tests. From the ICP-OES measurement results (Figure S17) we 
can know that there are much more Mn ions dissolution in the electro
lyte for P-LRO cathode compared to the S-LRO cathode. It can be 
inferred that the dissolution of Mn ions is one of the main reasons 
responsible for the LRO cathode degradation process, which can be 
prevented effectively by introducing surface OVs. 

Structure evolutions of both samples were analyzed by ex-situ XRD 
patterns at different cycle numbers at 1 C to understand the role of O- 
deficient layers in stabilizing the lattice structure, as indicated in 
Figure S18 and S19. The (003) peak position of S-LRO remains almost 
unchanged after 200 cycles compared with that of P-LRO. The lattice 
parameter c expands from 14.236 Å to 14.340 Å for P-LRO with an 
increment of 0.73% after cycling, whereas, S-LRO manifests a corre
sponding increase of only 0.23%. TEM and SEM images (Figure S20) 
acquired after 200 cycles deliver more straightforward information for 
the structure stability after SPS treatment. As exhibited in Fig. 6e, P-LRO 
particle has a mass of cracks with local lattice distortion and an amor
phous phase on the surface. The cracks inevitably accelerate the surface 
side reaction with electrolyte and collapse of the whole structure. 
Conversely, the particle of S-LRO sample is almost unbroken with an 
intact layered structure in the bulk (Fig. 6f), matching the ex-situ XPS 

spectra. It also gives solid proof for enhanced long-cycling stability in 
the electrochemical analysis part for S-LRO. 

To further investigate whether the SPS method can effectively con
trol the concentration and thickness of the O vacancy, the effect of 
temperature as the key parameter in the SPS experiment on the thickness 
of the O vacancy for LRO cathode is systematically studied. A series of 
EELS and electrochemical tests are also conducted for the LRO cathode 
with different sintering temperature during SPS process. (Figure S21 and 
Figure S22) And from the EELS results for the LRO cathode with 
different sintering temperature during SPS process, we find that by 
increasing the SPS treatment temperature, the thickness of oxygen va
cancies is effectively increased which indicate that the SPS method can 
easily control the thickness of the O vacancy for LRO cathode. And 
combined with the electrochemical test results for the LRO cathode with 
different sintering temperature during SPS process, we conclude that 
moderate amount of oxygen vacancies in LRO cathode particle surface 
can serve as an effective protective layer to inhibit oxygen release and 
facilitate the kinetics of Li+ inserting/extracting at the surface which 
will significantly improve the cyclic stability of LRO cathode. 

3. Conclusions 

In summary, oxygen-deficient shells are constructed at the surface of 
Li-rich cathode particles by adopting a novel and efficient SPS post- 
treatment strategy. The side reactions with electrolyte are partially 
suppressed in SPS-treated Li-rich cathodes during the initial cycle owing 

Fig. 5. In-situ XRD patterns of (a) P-LRO and (c) S-LRO during the first cycle at 0.2 C with the corresponding charge-discharge curves on the left. The evolutions of 
lattice parameter c fitted by in-situ XRD patterns for (b) P-LRO and (d) S-LRO. 
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to the successful establishment of the ultrathin oxygen-deficient layers 
in the particle surface without affecting the bulk structure. This oxygen- 
deficient shell with a thickness about 5 nm contributes to fast Li+

diffusion kinetics at the interface by promoting more Li+ to escape from 

the tetrahedral site traps, resulting in a better rate capability and higher 
discharge capacity. More importantly, oxygen-deficient layers accom
panied with cation disorders enhance the long-term cycle and voltage 
stability effectively by suppressing oxygen loss and structural 

Fig. 6. In situ DEMS results of (a) P-LRO and (b) S-LRO. Ex-situ Mn 2p XPS spectra of (c) P-LRO and (d) S-LRO before and after 200 cycles. TEM images of (e) P-LRO 
and (f) S-LRO after 200 cycles at 1 C acquired at different magnifications. 
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deterioration in the Li-rich layered materials. The surface modification 
also reduces the stress accumulation during long cycling, leading to 
enhanced cyclability with less degradation in LRO cathode. To the best 
of our knowledge, this work put forward a simple, efficient, and mass- 
produced SPS technique for pre-introducing controllable oxygen va
cancies to enhance the electrochemical performance of Li-rich cathodes. 
We believe this universal methodology can shed some light on surface 
modification of cathode materials towards the research and develop
ment of safer and more stable LIBs. 

4. Experimental section 

The precursor Mn2/3Co1/6Ni1/6CO3 was prepared by the co- 
precipitation method. First, a solution of MnSO4⋅4 H2O, NiSO4⋅6 H2O 
and CoSO4⋅7 H2O with a concentration of 2.0 mol L− 1 were stirred well 
in the reactor. Then, a 2.0 mol L− 1 Na2CO3 and NH4OH solution were 
added. The stirring temperature was held at 60 ºC with a fixed pH value 
of 7.8. The sediments were washed with water several times and dried at 
80 ◦C in a vacuum oven to get a powder precursor. After that, the pre
cursor was well ground with Li2CO3 (5% excess) by ball-milling thor
oughly at low rotation speed of 100 rpm for 4 hours to make sure the 
precursors can keep the secondary spheres morphology. Subsequently, 
the resulting mixture was transferred to a furnace for preheating at 480 
ºC for 5 h and then calcinated at 850 ºC for 12 h in the air. The chemical 
formula of the as-prepared pristine sample (P-LRO) is Li1.2Mn0.54

Ni0.13Co0.13O2. The SPS-treated sample (S-LRO) was acquired by simply 
adding a post-treatment for P-LRO, which applied the SPS technology. 
For the SPS treatment process, the as-prepared pristine sample was 
packed into a graphite die with inner diameter of 10 mm, and the 
graphite paper was used as the inner lining for graphite die to prevent 
side reactions between samples and graphite die. Then the graphite dies 
with sample inside placed in the chamber of the SPS equipment which 
was evacuated down to a low air pressure about 10− 3 Pa. After that, the 
sample was heated from 25 ºC to 300 ºC within 6 min (corresponding 
heating rate: 50 ºC⋅min− 1) with direct current pulses of 2 ms followed by 
2 ms rest time (the output current is 1500 A and the output voltage is 
10 V, corresponding to output power of 15 kW). Meanwhile, the pres
surization device is set to 4.7 KN (corresponding pressure is 60 MPa). 
After the heated to 300 ºC, a dwell step at 300 ºC for 30 min was realized 
and followed by a controlled cooling whining 6 min to room tempera
ture. So, the total synthesis/sintering time is about 42 minutes. Then the 
block was move from the graphite die and then ground in a mortar to get 
a fine powder. 

Sample morphologies were characterized by ZEISS Supra 55 scan
ning electron microscopy (SEM) and JEOL-3200FS field-emission 
transmission electron microscopy (FE-TEM) carried out at 300 kV, 
equipped with Energy Dispersive Spectroscopy (EDS) to obtain elements 
distribution. Atomic-scale microstructure characterization and electron 
energy loss spectroscopy (EELS) experiments were performed on a Cs 
corrected FEI Titan G2 ChemiSTEM 80–200 TEM with a field emission 
gun. The operating voltage was accelerated to 200 kV. The convergence 
semi-angle for HAADF STEM images was around 25 mrad and the 
collection semi-angle was 70–200 mrad. For the crystal structure in
vestigations, both X-ray powder diffraction (XRD) and neutron powder 
diffraction (NPD) patterns were collected. XRD was carried out on a 
Bruker D8 ADVANCE diffractometer with a Cu Kα source (λ = 1.5406 Å) 
including pristine powder characterization and in-situ experiments. 
NPD was performed on the Multi-Physics Instrument (MPI) [54] at 
China Spallation Neutron Source (CSNS), Dongguan China. Each pattern 
was collected for 1.531 h to ensure the quality of data. Rietveld re
finements of both XRD and NPD results were performed by the FullProf 
Suite program. [55] X-ray photoelectron spectroscopy (XPS, ESCA 
Lab220I-XL) measurement was conducted by a focused monochromatic 
with Al Kα X-ray source to analyze the valence states of Mn, Ni, and O. 
Undoubtedly, C 1 s peak at 284.8 eV were used to calibrate each spec
trum. O K-edge soft X-ray absorption spectroscopy (sXAS) spectra were 

performed at the Russian-German Dipole Beamline (RGBL) at the BESSY 
II electron storage ring operated by the Helmholtz-Zentrum Berlin für 
Materialien und Energie [56]. Both fluorescence yield (FY) mode and 
total electron yield (TEY) mode were measured at T = 300 K at 10− 9 

Torr (UHV). 
CR2032 button cells were used to measure electrochemical perfor

mance. The procedures of preparing cathode electrodes were detailed as 
follows: 80 wt% cathode material, 10 wt% acetylene black and 10 wt% 
PVDF were dissolved in N-methyl-2-pyrrolidone (NMP) solvent. Then, 
the well-stirred slurries were coated on aluminum foils uniformly, fol
lowed by drying in a vacuum oven at 120 ºC for 12 h. The active material 
mass loading was controlled at around 5.0 mg⋅cm− 2. The assembly of 
the half-cell was carried out in a glove box filled with argon gas. The 
electrolyte was comprised of 1 M LiPF6 in EC, EMC, and DMC with equal 
volume. Celgard 2325 membrane was chosen as the separator with 
lithium metal foil employed as the anode. Galvanostatic charge- 
discharge cycling was conducted in the voltage range of 2.0–4.8 V on 
the Neware battery cycler at different rates (1 C = 250 mA⋅g− 1). Cyclic 
voltammetry (CV) and electrochemical impedance spectroscopy (EIS) 
were performed on the electrochemical workstation (CHI660E). CV tests 
were conducted at 0.1 mV s− 1 between 2.0 and 4.8 V and EIS was 
investigated with a voltage amplitude of 5 mV in the frequency range of 
0.1− 105 Hz. The OEMS was performed using Swagelok-type cells 
assembled within a glovebox. In this experimental setup, Argon (BOC 
N6.0), pre-purified using a Bronkhorst purifier before flow control, 
served as the carrier gas. The gas line was linked to a quadrupole mass 
spectrometer (Pfeiffer) via a heated capillary (120 ºC) to prevent 
condensation. The charge and discharge processes were regulated by an 
electrochemical workstation (Ivium). 

For ICP-OES analysis, LRO||Li-metal coin cells were constructed with 
120 μL of electrolyte with glass fiber separators which can absorb more 
electrolyte. After both cells cycled for 200 times, LRO||Li-metal coin 
cells were disassembled in an Ar filled glovebox and the separators were 
extracted, placed in a 15 mL polypropylene tube and centrifuged at 
5000 rpm for 10 min. After remove separators, the 4.0 mL of ~2% nitric 
acid (diluted from concentrated nitric acid; 67− 69%, trace metal grade, 
Fischer Chemical) was added to the extracted electrolyte before analysis. 
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