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ABSTRACT ：The layered Mn-based oxides (NaxMnO2), which is one of the most 

promising cathode families for rechargeable sodium-ion batteries (SIBs), have received 

considerable attention due to their tunable electrochemical performances and low costs. 

Herein, a novel P2/O3 intergrown Li-containing Na0.8Li0.27Mn0.68Ti0.05O2 cathode 



material prepared by Ti-substitution into Mn-site is reported. Benefiting from the 

synergistic effects of biphasic composite structure and inactive d0 element substitution, 

this P2/O3 electrode exhibits high initial charge/discharge capacity and excellent 

cycling performance. The combination of different characterization techniques 

including solid-state NMR, EPR, XAS, and HRTEM gives insights into the local 

electronic environment, the redox chemistry, and also the microstructure rigidity of 

these cathode materials upon cycling. On the basis of comprehensive comparison with 

the Ti-free P2/O3-Na0.8Li0.27Mn0.73O2, the observed improvement on the 

electrochemical performance is primarily attributed to the mitigation of notorious 

Mn3+/Mn4+ redox and the enhanced stability of oxygen charge compensation behavior. 

From the viewpoint of structure evolution, Ti-substitution restrains the Li+ loss and 

irreversible structural degradation during cycling. This study provides an in-depth 

understanding of the electronic and crystal structure evolutions after inactive d0 element 

substitution and may sheds light on the rational design of high-performance P2/O3 

biphasic Mn-based layered cathodes. 

 

1. INTRODUCTION 

  Rechargeable sodium-ion batteries (SIBs), as an emerging category of 

electrochemical energy storage device, are advantageous over currently commercial 

lithium-ion batteries (LIBs) due to the use of abundant, geographically dispersed, and 

inexpensive Na resource.1,2 However, the energy density and durability of SIBs are still 



significantly lower than those of LIBs, owing notably to the scarcity of suitable Na-

based cathode materials. Recently, a wide variety of Na-ion host cathodes have been 

developed toward high energy density and long cycle lifespan.3-6 Among them, layered 

sodium oxides NaxTMO2 (TM = transition metal) with high theoretical capacities have 

aroused extensive interests over recent years. These layered oxides share similar 

structural characteristics with TMO6 edge-sharing octahedra along the c-axis that form 

parallel slabs but with different stacking arrangement. Delmas et al. proposed the 

structural classification for layered AxTMO2 (A = alkaline metal, TM = transition metal) 

materials using O2, O3 and P2, etc., where the letter indicates the form of coordination 

for A site (O: octahedral, P: prismatic) and the number (2 or 3) indicates the number of 

different (TMO2)n-layers per cell unit.
7 

  Among these layered oxides, the P2 and O3-type NaxMnO2 compounds have 

garnered greater interest due to their superior electrochemical behavior and the low-

cost of Mn. Compared with the O3 structure, the P2-type NaxMnO2 materials generally 

exhibit better electrochemical performance because of its low diffusion barrier for Na 

ions (Scheme S1) and applicable phase stability.4,8 However, when P2-type NaxMnO2 

is employed as a cathode material, the extraction of Na+ at high voltage usually causes 

drastic structural changes, and the insertion of Na+ at low voltage results in large Jahn-

Teller distortions induced by Mn3+ ions, thus preventing reversible desodiation and 

sodiation upon long cycles.9-11 For the O3-type NaxMnO2, the sufficient Na ions 

reserved in alkaline layer guarantees the Na supply upon long cycles, which is an 

advantage for commercial applications.12 However, the structural stability of the O3 



phase is worse than that of P2 phase, which arises from the inevitable complex phase 

transition under ambient condition.13 

  To overcome the above bottlenecks of pure P2- or O3-type NaxMnO2 cathodes, 

multiple-phase composites were proposed to enhance the physical and electrochemical 

properties .14,15 Nonetheless, the combination of P2- and O3-type materials still suffer 

from irreversible structural transition that results in large capacity loss during long 

cycles.14 In recent works, chemical substitution by inactive elements has been 

introduced as a modification method to improve structural stability and promote the 

cycling performance of NaxMnO2 materials
16,17. For instance, Bruce et al. have used 

Mg substitution in P2-Na0.67Ni0.3-xMgxMn0.7O2 to inhibit the irreversible P2-O2 phase 

transition and optimize the reversible P2-OP4 transition.18 Therefore, chemical doping 

is perhaps a rational route to achieve better electrochemical performance for the 

multiple-phase composite cathodes.  

  In this work, we develop a novel Ti-substituted Li-containing P2/O3-intergrown 

Na0.8Li0.27Mn0.68Ti0.05O2 (P2/O3-NLMTO) cathode material for SIBs, which 

demonstrates highly reversible structural evolution upon Na+ intercalation and de-

intercalation. The oxygen redox capacity in P2/O3-NLMTO, compared with that of Ti-

free Na0.8Li0.27Mn0.73O2 (P2/O3-NLMO), has been effectively promoted by increasing 

the electron density around oxygen ions, yet without sacrificing oxygen redox 

reversibility. Furthermore, the notorious Mn3+/Mn4+ redox at low-voltage region has 

been greatly suppressed after Ti substitution. Ex-situ HRTEM and 7Li solid-state NMR 

studies were employed to probe the crystal structure and the fate of lithium atoms, 



revealing retarded surface crack and lithium loss during cycling. These findings could 

offer practical guidelines for formulating rational strategies to improve structure 

rigidity and electrochemical performance of Mn-based cathode materials in SIBs. 

2. EXPERIMENTAL SECTION 

2.1. Materials synthesis. The Na0.8Li0.27Mn0.73O2 (P2/O3-NLMO) and 

Na0.8Li0.27Mn0.68Ti0.05O2 (P2/O3-NLMTO) samples were synthesized by using a facile 

solid-state reaction. Na2CO3·H2O (Aladdin, 99.999%), Li2CO3 (Aladdin, 99.99%), 

MnO2 (Aladdin, 99.95%), and TiO2 (Aladdin, 99.99%) powders were used with 

stoichiometric amounts. Excess of Na and Li sources (3%) were used to compensate 

for their loss at high temperature. The starting materials were thoroughly mixed by wet 

ball milling in ethanol at 250 rpm for 2 h and then dried at 70 ℃ for 30 min in air. After 

pressing into pellets, the precursor mixture was calcined in air at 700 ℃ for 12 h with 

a heating rate of 2 ℃/min and then naturally cooled down to room temperature. The 

final product was ground in an agate mortar and stored in an Ar-filled glovebox before 

use. 

2.2. Electrochemical testing. Both P2/O3-NLMO and P2/O3-NLMTO laminated 

electrodes consisted of 80 wt% active material, 10 wt% Super P (conductive additives), 

and 10 wt% PVDF (polyvinylidene fluoride) binder. Note that carbon nanotube 

conductive additives were used in all electrodes subjected to EPR experiments in order 

to avoid the interference of strong signal arising from Super P. The mass loading of 

cathode materials on the electrode was 3.0-4.0 mg cm-2. Metallic sodium and glass 

fibers were used as the negative electrode and separator, respectively. The electrolyte 



was 1.0 M NaPF6 in ethylene carbonate (EC) and propylene carbonate (PC) [1:1 in 

volume] with 5% fluorinated ethylene carbonate (FEC) as an electrolyte additive. 

CR2032-type coin cells were then assembled in an Ar-filled glovebox (O2, H2O < 0.1 

ppm). The assembled electrodes were dried overnight at 110 ℃ in a vacuum oven 

before electrochemical measurements. Galvanostatic charge-discharge measurements 

at room temperature were conducted using a Land 2001A battery test system. The cyclic 

voltammetry (CV) with 0.05 mV s-1 and electrochemical impedance spectra (EIS) with 

frequency range from 0.01 Hz to 100 kHz were tested by a CHI660e electrochemical 

workstation. For all ex-situ characterizations, the cells were held for at least 6 h after 

reaching the given states-of-charge (SoC) and then disassembled inside an Ar-filled 

glovebox. The electrodes were then washed with dimethyl methyl carbonate (DMC) for 

three times and dried for at least 12 h in Ar-filled glovebox.  

2.3. Materials Characterization. The crystal structures of the pristine cathode 

powder were characterized by X-ray diffraction (XRD) in the synchrotron beam line 

BL14B at Shanghai Synchrotron Radiation Facility (λ = 0.68889Å). The synchrotron 

XRD patterns were refined using FullProf Suite software. The ex-situ laboratory XRD 

patterns were conducted on instrument (Smartla SE, Rigaku) with Cu-Kα radiation (V 

= 40 kV, I = 40 mA, λ = 1.5406 Å). The chemical composition of samples was 

determined via inductively coupled plasma-atomic emission spectrometry (ICP-AES, 

Agilent ICP-OES 730). The scanning transmission electron microscopy (STEM) and 

high-resolution TEM (HRTEM) analyses were performed on EI Tecnai G2 F200 and 

FEI TECNAI G2 F20 microscopes. The HRTEM patterns were analyzed with the Gatan 



DigitalMicrograph program. The X-ray photoelectron spectroscopy (XPS) 

measurements of the as-synthesized samples were conducted using an AXIS Ultra DLD 

spectrometer (SHIMADZU Ltd., Japan).  

  The soft X-ray adsorption spectroscopy (sXAS) experiments were carried out at 

Shanghai Synchrotron Radiation Facility (BL08U). Total-electron-yield (TEY) mode 

(the probe depth is about 10 nm) was used to obtain the O K-edge and Mn L-edge sXAS 

spectra. All sXAS experiments were performed under ultrahigh vacuum (10−7 Torr) 

condition at room temperature. Hard X-ray absorption spectroscopy (hXAS) 

experiments at Mn K-edge (E0 = 6539 eV) were monitored at Shanghai Synchrotron 

Radiation Facility (BL14W1), operating at 3.5 GeV under “top-up” mode with a 

constant current of 220 mA. The hXAS data was collected under transmission mode 

and the energy was calibrated according to the absorption edge of pure Mn foil. All the 

data processing performed prior to analysis, including background subtraction, energy 

calibration, normalization and Fourier transformation was performed using the Athena 

program. To get the X-ray absorption near edge structure (XANES) spectra, the hXAS 

data were processed by background subtraction and normalization procedures. In order 

to present effective radial distribution function, the k space has been selected to between 

2 and 12 Å−1, and the Rbkg value has been set to 1.0 in the Fourier transformed extended 

X-ray absorption fine structure (EXAFS) spectra. Note that the phase correction was 

not applied in these FT spectra, thus the distance value are not the accurate bond lengths. 

7Li magic-angle spinning (MAS) solid-state NMR experiments were performed on a 

2.35 T Bruker AVANCE II spectrometer operating at a 7Li Larmor frequency of 38.78 



MHz and equipped with a 2.5 mm triple resonance HXY MAS probe used in double-

resonance mode. Temperature was calibrated by measuring the 1H paramagnetic shift 

difference of a mixture of ferrocene and nickelocene solids. The temperature of tested 

samples was maintained at 309 K using temperature regulation system (BVT and BCU 

unit). The mass loading of cathode materials on the electrode was 6.0-7.0 mg cm-2 for 

NMR experiments. The cycled electrode materials were scraped from Al foil in Ar-

filled glovebox and packed into 2.5 mm zirconia rotors and spun at the frequency of 25 

kHz. The 7Li pj-MATPASS (pj = projection, MAT: magic-angle turning, PASS: phase-

adjusted sideband separation)19 spectra were acquired using π/2 pluse of 1.8 μs and 

result from averaging of 5k-55k transients with a recycle delay of 40 ms. Chemical 

shifts were referenced to 1 M LiCl solution at 0 ppm.  

  Continuous-wave electron paramagnetic resonance (CW-EPR) spectra were acquired 

on a Bruker EMX plus 10/12 spectrometer in X-band (9.4 GHz), using a perpendicular-

mode microwave cavity and an Oxford ESR910 liquid helium cryostat. The microwave 

power and modulation amplitude were respectively set to 0.1 mW and 2 G; microwave 

frequency and modulation frequency were respectively set to 9.647 G and 100 kHz; 

and temperature was set to 90 K. 

3. RESULTS AND DISCUSSION 

3.1. Structure Characterizations. Synchrotron XRD (SXRD) was utilized to identify 

the crystal structures of the obtained P2/O3-NLMO and P2/O3-NLMTO, as shown in 

Figures 1a and b. As expected, the diffraction peaks of the two samples can both be 

well indexed to a mixture of hexagonal lattices with space groups of P63/mmc (P2) and 



R3̅m (O3). According to the refined results of Table S1, Table S2 and previous studies, 

20,21 we believe that most of the Li ions enter the transition-metal sites to generate the 

major P2 phase, and residual Li ions occupy the Na sites to produce a small amount of 

O3 phase. It is noted that a low-intensity peak at 9.84° (marked with star) is observed 

for P2/O3-NLMO and P2/O3-NLMTO, which can be assigned to the long range in-

plane ordering between Li+ and Mn4+ (√3𝑎  √3𝑎 -type supercell).22 The calculated 

crystallographic data of samples are presented in Tables S3. The results demonstrate 

that the relative ratio between P- and O-type phases is 98.08% (P2): 1.92% (O3) for 

P2/O3-NLMO and 97.84% (P2): 4.44% (O3) for P2/O3-NLMTO, respectively. 

According to previous work, an intergrowth structure can ameliorate complicated phase 

transitions and accompanied large volume variation upon cycling,23-25 therefore the 

slightly higher proportion of O3 phase in P2/O3-NLMTO than in P2/O3-NLMO may 

indicates alleviated structure distortion and volume change in NLMTO during cycling. 

In addition, the chemical components of the as-prepared P2/O3-NLMO and P2/O3-

NLMTO were evaluated via ICP by fixing the Mn content as a reference due to its non-

volatility. The results (Table S4) suggest that the atomic ratios of the obtained-samples 

are consistent with the expected theoretical values.  

To investigate the morphology and microstructure, detailed TEM and HRTEM 

analyses on the obtained P2/O3-NLMO and P2/O3-NLMTO were performed. The 

TEM images in Figure 1c and Figure S1a all illustrate hexagonal-shape particles with 

an average size of 0.5-1.5 μm, which is consistent with the hexagonal symmetry of the 

lattice. The HRTEM image in Figure 1d manifests two sets of clear lattice fringes, 



directly showing the intergrowth of P2 and O3 structure at atomic scale.14 The 

coexistence of P2 and O3 phases in P2/O3-NLMO is also observed in Figure S1b. Due 

to the low content of O3 phase, the major atomic structure of P2/O3-NLMTO shown in 

 

Figure 1. Synchrotron XRD patterns and the corresponding Rietveld refinement of (a) P2/O3-

NLMO and (b) P2/O3-NLMTO with P2+O3 mixed phase. (c) TEM and (d) HRTEM image of 

P2/O3-NLMTO with intergrown P2+O3 phase, (e) HRTEM image of P2/O3-NLMTO presenting 

the major P2 phase, (f) TEM image and (g) the corresponding EDS mapping of a well ground 

NLMTO sample. 

 

Figure 1e is still P2-type with a large interplanar distance of 0.55 nm corresponding to 

the d-spacing of (002) plane. Moreover, the energy dispersive spectroscopy (EDS) 
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mappings of P2/O3-NLMTO in Figures 1f and g display the homogeneous distribution 

of Ti, Na, Mn, and O elements on the sample surface. Furthermore, to confirm that Ti-

doping uniformly occurs in the bulk material, XPS depth profiles were also collected 

(Figure S2). With increasing detection depth, the intensity of Ti 2p XPS peaks remain 

the same, thus suggesting the uniform Ti4+ distribution from the material surface to the 

bulk. 

3.2. Electrochemical Properties. The electrochemical properties of the designed 

P2/O3-NLMTO and P2/O3-NLMO were gauged in Na half cells between 2.0 and 4.3 

V vs. Na+/Na. Figure 2 shows the initial galvanostatic charge profiles and cycling 

performance of the P2/O3-NLMO and P2/O3-NLMTO electrodes at a current density 

of 20 mA g-1 between 2.0 and 4.3 V (vs. Na+/Na). Similar to other reported layered 

NaxMnO2 cathodes containing pure Mn4+,26,27 the initial charging curves of P2/O3-

NLMO and P2/O3-NLMTO show a long plateau, which is likely due to the evolution 

of oxygen. Considering that the Mn4+ is unlikely to be oxidized to Mn5+ below 4.3 V, 

the initial extraction process of Na+ results from pure oxygen oxidation. Interestingly, 

the initial charging capacity of the P2/O3-NLMTO electrode (127.9 mAh g-1) is higher 

than that of P2/O3-NLMO (111.9 mAh g-1), implying an increased anionic activation 

process. The CV curves in initial cycle are shown in Figure S3. Apparently, compared 

to P2/O3-NLMO, P2/O3-NLMTO exhibits enhanced oxidation peak above 3.3 V, 

furtherly suggesting that Ti substitution activates the reactivity of oxygen. After the 

activation process, the P2/O3-NLMTO electrode exhibits an outstanding performance 

in the following cycling, as shown in Figure 2. The initial discharge capacity of P2/O3-



NLMTO is 143.2 mAh g-1 and the remained capacity after 50 cycles is 112.6 mAh g-1 

(90.7% capacity retention as compared to the second cycle). By contrast, the discharge 

capacity drops from 120.2 mAh g-1 to 95.3 mAh g-1 for the Ti-free P2/O3-NLMO 

sample. The electrochemical impedance spectra (EIS) of pristine electrodes displaying 

in Figure S4 demonstrate lower charge-transfer impedance (Rct) in P2/O3-NLMTO, 

thereby exhibiting better Na+ diffusion rate. 

  

Figure 2. Electrochemical performance and initial charge profiles (insert) of P2/O3-NLMO and 

P2/O3-NLMTO between 2.0 and 4.3 V, measured at 20 mA g-1.  

 

The voltage profiles of the materials in different cycles at 20 mA g-1 are depicted in 

Figure 3. In contrast to the initial charge profile, the second charge curve exhibits two 

stages with a slope at low voltage and a plateau region above 3.3 V, which is related 

with the oxidation of Mn3+ and O-related anionic process, respectively.28,29 Intriguingly, 

the high-potential oxygen oxidative profiles of P2/O3-NLMTO are stable in the 

following cycles, while the oxygen redox process changes greatly in P2/O3-NLMO, 

demonstrating a favorable reversibility of the cycling process after Ti substitution. 

0 10 20 30 40 50
50

75

100

125

150

175

0 50 100 150
2.5

3.0

3.5

4.0

4.5

 

 

V
o
lt
a
g
e
 (

V
)

Specific Capacity (mAh g
-1
)

2.0-4.3 V, 20 mA g
-1

Cycle number

 P2/O3-NLMO

 P2/O3-NLMTOS
p

e
c
if
ic

 c
a

p
a

c
it
y
 (

m
A

h
 g

-1
)



 

Figure 3. Representative charge/discharge profiles of (a) P2/O3-NLMO and (b) P2/O3-NLMTO 

electrodes under different numbers of cycle at a current density of 20 mA g-1 between 2.0 and 4.3 V. 

 

3.3. Charge Compensation Mechanism Studies. To study the oxygen–related 

charge compensation process of P2/O3-NLMO and P2/O3-NLMTO, spectroscopic 

studies were conducted via O and Mn soft X-ray absorption spectroscopy (sXAS) 

(Figure 4a and c). A soft X-ray in energy range from 522 eV to 550 eV excites filled O 

1s electrons to empty O 2p (K-edge), allowing direct probe of O unoccupied states.30 

The O K-edge sXAS is dominated by a broad feature peak above 535 eV, which is 

attributed to the excitation from the O 1s orbital to the hybridized orbital of transition 

metal (TM) 4sp and O 2p. The pre-edge peaks at lower energy (529.0 and 531.4 eV) 

are associated to the transition from the O 1s orbital to the unoccupied hybridized 

orbital of TM 3d and O 2p.31,32 In addition, the extra peak at 533.2 eV is assigned to 

carbonate (Na2CO3 or Li2CO3) in the surface. 
33 The TEY mode sXAS spectra of Mn 

L-edge shown in Figure 4c allow one to assign the valence state of Mn ions. The peaks 

at 642.8 eV and 640.4 eV correspond to Mn4+, whereas the peak at 641.0 eV 

corresponds to Mn3+ ions, and the peak at 639.4 eV is associated with Mn2+. 

As shown in Figure 4a, for both Ti-free and Ti-substituted samples, the changes in 
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the intensity of pre-edge peak at 531.4 eV show a similar trend, displaying an increase 

of hole state when charging to 4.3 V. Although the presence of electron holes on oxygen 

cannot be explained by O sXAS alone, the Mn L-edge spectra show no change beyond 

Mn4+ after charging to 4.3 V (Figure 4c), thus we conclude that the increased hole states 

must be located on the O anions.34 In particular, compared with the spectra of P2/O3-

NLMO, the pre-edge peak of P2/O3-NLMTO increases more obviously upon charging, 

suggesting the greater oxygen electron contribution at highly desodiated state. 

Considering that there is no valence electron in the 3d0 configuration of Ti4+, we 

perceive that Ti4+ is inactive during charging process. Compared with Mn-O bond, the 

electrons in Ti-O bond are closer to oxygen atoms, which increases the electron density 

around oxygen (as illustrated in Figure 4b) and thus promote the oxidation of oxygen 

ion.35-37 This result is consistent with the much higher capacity at high-voltage plateau 

region in P2/O3-NLMTO compared with P2/O3-NLMO.  

  Upon the reverse discharge process, the intensity of the pre-edge peak in the O K-

edge spectra decrease greatly and the broad peak above 535 eV shifts to lower energy 

for both P2/O3-NLMO and P2/O3-NLMTO samples, which reveals the elongation of 

TM-O bond owing to the expansion of Mn ions by gaining electrons. The Mn L-edge 

spectra in Figure 4c also suggest the reduction of Mn4+ to Mn3+ and Mn2+ after 

discharging. Note that the O K-edge spectra display similar peak intensity for both 

samples. This is due to the fact that the extra oxidized O2- in P2/O3-NLMTO is 

reversibly reduced during the discharge process. Such reversibility of oxygen redox 

ensures the overall capacity stability during cycle.  



   

Figure 4. (a) O K-edge sXAS spectra under TEY mode and (b) Schematic electronic structures of 

P2/O3-NLMO and P2/O3-NLMTO. (c) Mn L-edge sXAS spectra under TEY mode and (d) Fourier-

transformed Mn K-edge EXAFS spectra of P2/O3-NLMO and P2/O3-NLMTO; all spectra collected 

on pristine, fully charged (C-4.3V), and fully discharged (D-2.0V) states during the first cycle. 

 

Considering the limited detective depth of sXAS, the normalized X-ray absorption 

near-edge structure (XANES) spectra and the extended X-ray absorption fine structure 

(EXAFS) analyses were conducted at Mn K-edge to explore the bulk oxide state of Mn 

upon first cycle for the two samples. The XANES spectra at Mn K-edge and the local 

magnified region are presented in Figure S5. The shape and peak position of Mn 

XANES shows no significant changes until charged to 4.3 V, implying that Mn ions are 
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electrochemically inactive as the tetravalent state for both samples. Upon discharge, the 

spectrum of P2/O3-NLMO shifts to a lower energy position, while the spectrum of 

P2/O3-NLMTO stays unchanged, which implies the lower Mn valence in non-

substituted sample. From the Fourier-transformed Mn K-edge EXAFS spectra shown 

in Figure 4d, the two main peaks, respectively associated with Mn-O bonds and Mn-

TM bonds,38,39 are all observable in two cases. Notably, for the P2/O3-NLMO in the 

fully discharged state, an obvious peak at 1.07 Å (in dashed circle) originating from 

Jahn-Teller distortion is clearly witnessed.40 However, this peak is hardly observed in 

discharged P2/O3-NLMTO, evidencing the suppressed reduction of Mn4+ to Mn3+ by 

Ti substitution. This phenomenon can be explained by the retarded lattice oxygen loss 

during the initial charge process based on the intuitive electroneutrality principle. In 

fact, the restrained Mn3+-triggered Jahn-Teller distortions and lattice oxygen loss by 

utilizing Ti substitution have also been reported previously in Zhou’s work despite the 

fact that only P2 phase was explored.29 

 

Figure 5. Perpendicular-mode EPR spectra of P2/O3-NLMO and P2/O3-NLMTO electrodes in 
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pristine (red), fully charged (C-4.3V, green), and fully discharged (D-2.0V, blue) state. 

 

To further investigate the electronic state of Mn and O ions before and after Ti 

substitution, the EPR tests were performed under perpendicular mode to probe the 

electronic state of Mn and O ions (Figure 5). Both pristine P2/O3-NLMO and P2/O3-

NLMTO display a signal with Lorentzian shape centered at g ≈ 1.99, which is ascribed 

to Mn4+ ions with antiferromagnetically coupled Mn4+-O-Mn4+ cluster.41,42 Intriguingly, 

the symmetrical EPR signal of P2/O3-NLMTO is weaker than that of P2/O3-NLMO. 

We note that there are pure MnO6 structures in P2/O3-NLMO sample, while 30% Mn4+-

O bonding is influenced by 5% Ti substitution in Mn site in P2/O3-NLMTO, resulting 

in the subdued signal of the latter one. After charging to 4.3 V, the EPR signal 

representing Mn4+-O coupling decays for the two materials, arising from the decreased 

coupling between Mn4+ and oxidized oxygen species O2-δ.42 Meanwhile, a broad 

symmetrical line appears as a shoulder on the narrow Lorentzian line with g ≈ 1.99, 

which may be assigned to a new Mn4+-O coupling environment with much different 

electron-electron dipolar interaction. The detailed structure investigation is still in 

progress to draw an explicit explanation. Importantly, at fully discharged state, although 

the O2-δ ions were reversibly reduced, the narrow EPR signal keeps decreasing in 

P2/O3-NLMO electrode, which might be attributed to the high amount of EPR-silent 

Mn3+ ions produced during the Na+ reinsertion process. In contrast, the corresponding 

signal increases appreciably in P2/O3-NLMTO at discharged state, indicating the 

alleviated charge compensation contribution from Mn3+/Mn4+ couple. Such result is 



also consistent with the result of XANES and EXAFS analysis. 

3.4. Structure Evolution. To further monitor the structure rigidity of P2/O3-NLMO 

and P2/O3-NLMTO during cycling, ex-situ high-resolution transmission electron 

microscopy (HRTEM) analyses were performed at different states-of-charge (SoC). In 

Figures 6a and e, the two electrode materials both show smooth integrated structure in 

surface upon charging to 4.0 V. However, Figures 6b and c reveal that obvious cracks 

are formed in no-substituted P2/O3-NLMO compound when further charging to 4.3 V, 

whereas no apparent crack is observed for charged P2/O3-NLMTO (Figures 6f, g). 

This clear difference in the surface structure is indeed a result of the structure rigidity 

induced by Ti substitution. Previous reports have shown that at high desodiation level, 

layered sodium manganese oxides and lithium manganese oxides experience grain 

cracks, which is attributed to an increase of interfacial microstrain and unavoidable 

volume shrink owing to phase transition and distorted intrinsic oxygen framework.11,43-

46 We believe that the small amount of Ti4+ in the transition metal layer can greatly 

promote physical strength of the particles due to the “pillaring effect” of inactive Ti4+.47 

Furthermore, Ti-substitution increases the proportion of interlocked O3 (Table S3), 

which could alleviate the volume change and phase instability of P2 domain during 

cycling, thus effectively suppressing the formation of crack. As shown in Figure S6, 

all the diffraction patterns almost have no changes expect for the peak position, 

indicating a solid-solution process upon cycling. In addition, a detailed comparison of 

the shifts of P2(002) peak demonstrates an extremely small change of c value of P2 

domain after Ti substitution. After the subsequent discharge process, as shown in 



Figures 6d and h, microcracks are still detected on the surface of P2/O3-NLMO, in 

sharp contrast to the smooth surface of Ti-substituted sample, which prove that Ti-

substitution can efficiently suppress the irreversible structure collapse of P2/O3-NLMO 

samples. 

 

Figure 6. (a)-(d) Ex-situ HRTEM images of the P2/O3-NLMO electrodes after (a) charging to 4.0 

V, (b) (c) charging to 4.3 V in different magnification, and (d) discharging to 2.0 V. (e)-(h) HRTEM 

images of P2/O3-NLMTO after (e) charging to 4.0 V, (f) (g) charging to 4.3 V in different 

magnification, and (h) discharging to 2.0 V. 

 

In the past decade, experimental and theoretical studies have proved that the anionic 

redox in oxide cathode materials arises from the presence of oxygen lone-pair,30,48-51 

that is associated with the ‘Na-O-Li’ configuration in P2/O3-NLMO and P2/O3-

NLMTO in our case. Moreover, the local ordering of Li+/Mn4+ in TM layer may lock 

the surrounding O atoms and retard their gliding, which in turn delays the phase 

transition. Therefore, it is important to follow the fate of Li+ ions during cycling as they 

play a critical role in the O-redox reaction. 7Li NMR is a sensitive probe of the local 
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atomic environment of Li+ ions and thus is a vital method to quantitatively monitor 

changes of Li species during cycling. To this end, 2D pj-MATPASS experiments were 

performed to disentangle the multiple resonances of 7Li sites. The 2D pj-MATPASS 

spectra of P2/O3-NLMTO electrode in pristine state are plotted in Figure S7 to explain 

the process of tilt transformation and sum projection. The isotropic slices of 7Li 2D  

pj-MATPASS NMR spectra obtained after spectral shearing along the F2 dimension for 

P2/O3-NLMO and P2/O3-NLMTO under various electrochemical states are displayed 

in Figure 7. Generally, the signals resonating at ~1900 ppm and ~1500 ppm are 

tentatively assigned to Li ions within the TM layer, while the signal at ~750 ppm is 

attributed to Li ions in the Na layer.20,28,42 In addition, the signal observed at 0 ppm can 

be assigned to diamagnetic Li-containing species (such as Li2CO3 and LiF) residing on 

the surface of particles. The resulting spectra are normalized according to the number 

of scans and the mass, permitting semi-quantified comparison. As shown in Figure 7, 

the relative content of Li atoms in TM layer of the pristine electrodes increases from 

65.8% to 77.9% after Ti substitution. It is also noteworthy that cycling the electrodes 

greatly reduced the total signal of Li+ ions and also altered the distribution of Li+ ions 

among TM layers and Na layers. Although we cannot rule out the effect of faster T2 

relaxation upon cycling, these results still give useful insights when considering the 

difference in between the two series of samples. In particular, for the samples that went 

through 25 cycles, the relative amount of Li in TM layers and the total amount of Li 

atoms in P2/O3-NLMTO were almost twice that of the Ti-free P2/O3-NLMO, which 

may be attributed to the stronger Na-O-Li bonding after Ti substitution. Because Li+ 



ions in the TM layers are key stabilizers of materials and their loss upon long-term 

cycling is one of the most important reasons of capacity degradation, our results of 7Li 

pj-MATPASS NMR further confirm the positive effect of Ti substitution into Mn on the 

structural stability of P2/O3 biphasic NLMO. 

 

Figure 7. Isotropic 7Li pj-MATPASS NMR spectra of (a) P2/O3-NLMO and (b) P2/O3-NLMTO 

electrodes under various electrochemical states: pristine (black), after first cycle (red), and after 25 

cycles (pink). All spectra have been normalized according to the number of scans and the mass. 

Spectra were obtained by tilt transformation and sum projection of the 2D pj-MATPASS raw spectra. 

An example of such processing is shown in Figure S7.   

 

4. CONCLUSIONS 

In this work, we successfully ameliorate the cyclic performance of P2/O3-

Na0.8Li0.27Mn0.73O2 cathode material by a facile partial Ti-substitution strategy. The 

comparison of electrochemical performance between Ti-substituted P2/O3-

Na0.8Li0.27Mn0.68Ti0.05O2 and non-substituted counterpart clearly proves that the 

incorporation of Ti-substitution improves the initial discharge specific capacity and also 

the capacity retention after long cycles. By increasing the electron density around O 
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ions in Ti-O bonding upon charge, as well as inhibiting the problematic Jahn-Teller 

effect of Mn3+ during discharge, Ti-incorporation effectively promotes the oxygen 

electron contribution to the redox reaction without sacrificing O-redox reversibility. 

Especially, analyses based on ex-situ HRTEM and 7Li solid-state NMR 

characterizations reveal that multiple factors are important to achieve the structure 

stability for Ti-substituted materials: (1) the irreversible surface crack is eliminated 

within a voltage range of 2.0-4.3 V; (2) lithium loss in the lattice is effectively alleviated 

and lithium ions in TM layer is well maintained. Altogether, Ti-substitution is an 

efficient and broadly applicable strategy for improving the practical performance of 

Mn-based P2/O3 biphasic cathodes for sodium-ion battery.  
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