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A B S T R A C T   

Jahn-Teller distorted Mn(III) (t2g
3 eg

1) ions play a key role in the performance of manganese-based layered oxides. 
Here we show that there is an obvious relationship between the Jahn-Teller distortion of a trivalent manganese 
and the electrochemistry in a pair of Na isomer, namely orthorhombic and hexagonal P2-type Na2/3Mn0.9Ti0.1O2 
having the same composition. It is found that more reversible phase transformations, higher working voltage and 
faster Na diffusion correlated with Jahn-Teller effect are found for distorted P02-Na2/3Mn0.9Ti0.1O2 upon Naþ ions 
extraction/insertion. Such Jahn-Teller distorted Mn assisted Na migration enables that the orthorhombic Na2/ 

3Mn0.9Ti0.1O2 delivers a high specific capacity of 204.0 mA h g� 1 with a 2.7 V average working voltage, reaching 
550 Wh Kg� 1 with both better cycle stability (a capacity retention of 82.3% after 100 cycles) and enhanced rate 
capability (97.8 mA h g� 1 cycled at 10C) in Na cell in contrast with undistorted Na2/3Mn0.9Ti0.1O2. This strategy 
for understanding the Jahn-Teller effect of P2-type compounds at orbital energy level grasps new insight into 
designing high energy density positive electrode materials for Na-ion batteries.   

1. Introduction 

Recently Na-ion batteries (NIBs), with the low cost and wide distri-
bution of Na resource, have received intensive concern as an alternative 
technology to Li-ion batteries [1–3]. To realize the goal of high energy 
NIBs, developing high-capacity layered oxide cathode materials, deno-
ted as NaxTMO2 (TM ¼ transition metal), are very promising owing to 
their advantages of easy synthesis, environmental benignity and 
attractive electrochemical properties. According to the sodium coordi-
nation environment (octahedral: O and prismatic: P) and the stacking 
sequence of repeated oxygen layers within one unit cell, they can be 
mainly categorized into O3, P2, P3 phases [4]. Especially, P2-type 
layered oxides having low material cost, high working voltage and 
large capacity, are one of the most promising candidates. For example, 
P2-type Na2/3MnO2, of which manganese elements are earth abundant, 
exhibits a very large reversible capacity of 190 mA h g� 1, leading to 
realizing the possibility of high energy NIBs [5]. 

However, there exists various Na-vacancy ordering in Na2/3MnO2, 
incurring complicated stepwise voltage profiles as well as multiple phase 
transitions upon sodiation–desodiation processes [6]. Appropriate metal 

substitution for Mn such as Fe(III), Co(III), Al(III), Mg(II), Cu(II) and Zn 
(II) demonstrated to be effective to smooth the charge/discharge curves 
and suppress phase transformations [7–12]. In addition, the appearance 
of six-coordinated high spin Mn(III) (t2g

3 -eg
1) ions in Na2/3MnO2 often 

makes Jahn-Teller lattice distortion from hexagonal to orthorhombic 
systems, which is thought to be triggered by the consumption of the 
Mn3þ ions while sacrificing Mn4þ. The Jahn-Teller effect is typically 
observed among octahedral complexes and related to their electronic 
state. This geometric distortion usually accompany with two longer or 
shorter axial bonds than those of the equatorial bonds, thus reducing the 
symmetry and energy of non-linear molecular system [13,14]. The dis-
torted structure, which is similar to common P2-type phases, could be 
denoted as P02-Na2/3MnO2. Since a layered structure is derived from a 
close packing of oxygen atoms, the Mn4þ ions are classified into 
over-stoichiometric ions as they are needed to compensate the excess of 
oxygen. The stoichiometric scope of stability of orthorhombic 
Na2/3MnO2þy composition is usually y < 0.05, while the hexagonal P2 
modification is stable for 0.05 < y < 0.25 [13]. 

In this context, single-phase compounds of P02- and P2–Na2/ 

3Mn0.9Ti0.1O2 with the same composition are reported for NIBs. 
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Appropriate Ti substitution might mitigate various Na-vacancy ordering 
in Na2/3MnO2 thus enable smooth electrochemistry. Compared with the 
hexagonal P2–Na2/3Mn0.9Ti0.1O2, P02-type one having a lattice distor-
tion shows larger specific capacity, better electrochemical performance 
in terms of structural reversibility, longer cycle stability and higher rate 
performance. The orthorhombic phase undergoes more reversible 
P02� OP4–P020 structure evolution while hexagonal phase shows 
P2–P2þP20 phase transition upon sodium extraction and insertion. 
Furthermore, we identify a new mechanism of Jahn-Teller high-spin 
Mn3þO6 octahedron assisted sodium diffusion by galvanostatic inter-
mittent titration technique (GITT) measurements. Although it is well 
acknowledged that serious Jahn-Teller effect in intercation compounds 
is disadvantageous for their battery performance, elucidation of the 
relation between reasonable Jahn-Teller distortion and electrochemical 
properties is of great significance to achieve high capacity Mn(III)-based 
oxide cathodes for high energy density NIBs. 

2. Experimental section 

2.1. Materials preparation 

Stoichiometric mixtures of Na2CO3 (99.95–100.05%; 5 mol % excess; 
Alfa Aesar), Mn2O3 (98%; Alfa Aesar), TiO2 (99.5%; Alfa Aesar) powders 
were milled in a mortar by hand and was pressed into pellets under 16 
Mpa. For o-NMTO sample, the pellet was heated to 1000 �C at 1 �C 
min� 1 rate in air, then the final sample was immediately quenched from 
the heated furnace and quickly transferred into an argon-filled glove 
box. To obtain the h-NMTO sample, the pellets were heated up to 1000 
�C and slowly cooled to room temperature, finally the compounds were 
also kept in the glovebox. 

2.2. Materials characterization 

The X-ray powder diffraction pattern of the target material was 
recorded at Bruker D8 Advance with Cu Kα radiation. Rietveld refine-
ment was performed using the TOPAS software. Microstructural ana-
lyses were performed by using SEM (Hitachi SU-70) and TEM (JEOL 
2100 field emission, operated at accelerating voltage of 200 kV), 
respectively. The ex situ X-ray absorption spectroscopy (XAS) was con-
ducted at beamline 7-BM (QAS) of National Synchrotron Light Source II 
(NSLS-II) at Brookhaven National Laboratory (BNL). 

2.3. Electrochemical characterization 

The cathodes were fabricated by blending the active materials (80 wt 
%), Super P carbon black (10 wt%), and polyvinylidene fluoride (10 wt 
%) onto aluminium foil and dried at 100 �C overnight in a vacuum oven. 
The loading mass of the active material is 3–4 mg cm� 2. Electrochemical 
cells were assembled in argon-filled glovebox by using the active ma-
terial, glass fiber and Na metal as cathodes, separators and anodes in 
2032R coin cell, whereas the electrolyte solution was 1 M NaClO4 in 
propylene carbonate (PC) and fluoroethylene carbonate (FEC) (95:5 by 
volume). Constant-current charge–discharge measurements were per-
formed on an Land testing system (Wuhan China). For the electro-
chemical impedance spectroscopy (EIS), the tested potentials were 2.17 
V for h-NMTO and 2.25 V for o-NMTO, respectively, in the frequency 
range of 100 kHz to 0.01 Hz. The CV was measured on a CHI electro-
chemical workstation. The scanning rate was 0.1 mV s� 1 with a voltage 
window of 1.5–4.4 V. The galvanostatic intermittent titration technique 
(GITT) was tested at 0.1C for 0.5 h with 10 h relaxation time between 
each pulse. 

2.4. DFT calculation 

All first-principles computations based on density functional theory 
(DFT) [15,16] are performed using the Vienna ab initio Simulation 

Package (VASP) [17]. The Projector Augmented Wave (PAW) [18] 
method with an energy cut-off of 520 eV is used to describe the 
ion-electron interaction on a well-converged k-point mesh. The 
Perdew-Burke-Ernzerhof (PBE) functional in the Generalized Gradient 
Approximation (GGA) [19] is employed to calculate the 
exchange-correlation energy. A Hubbard U correction of 3.9 eV is added 
to remove the spurious self-interaction of the vanadium d-electrons as 
Materials Project [20]. The geometry optimizations are performed using 
the conjugated gradient method, and the convergence threshold is set to 
be 10� 5 eV in energy and 0.01 eV/Å in force. Visualization of the 
structures are made by using VESTA software [21]. 

The original structure of the h-Na2/3MnO2 and o-Na2/3MnO2 were 
obtained from the experiment results. The h-Na7Mn11O24 and o- 
Na8Mn11TiO24 supercells were relaxed to get the electronic structures. 
Here, to obtain the supercells with Mn-vacancy and Ti-substitute, one 
Mn-atom has been randomly removed or substituted by Ti from the 
Na12Mn12O24 supercells with o or h phase, respectively. Then, the 
supercell with Na vacancies have been ordered using the Python Mate-
rials Genomics (pymatgen) code [22]. For each phase, ten ordered 
structures obtained by sorting the electrostatic energy were chosen to 
get accurate energies by first-principles calculations. The most energy 
favorable structure for each phase was used to calculate the electronic 
structures. 

3. Results and discussions 

The influence of the cooling speed on the composition and structure 
is observed for sodium manganate, NaxMn0.9Ti0.1O2 with x ¼ 2/3. 10% 
titanium incorporation aims to eliminate the Na-vacancy ordering 
within the structure. As displayed in Fig. 1a� b, synthesis of ortho-
rhombic P02-Na2/3Mn0.9Ti0.1O2 (o-NMTO) phase requires a fast quench 
process from over 1000 �C by a solid-state reaction, while hexagonal 
P2–Na2/3Mn0.9Ti0.1O2 (h-NMTO) phase was synthesized by a slow 
cooling process after heating to 1000 �C, an uptake of oxygen occurred 
and the oxidation state of Mn ions is changed according to the previous 
literatures [23,24]. Consequently, the quenched sample having higher 
Na content adopts an distorted orthorhombic structure (Cmcm), 
whereas slowly cooled Na2/3Mn0.9Ti0.1O2 sample exhibits a hexagonal 
structure (P63/mmc) with a lower Na content. During the cooling pro-
cess, oxygen uptake takes place for charge compensation, simulta-
neously Mn(III) in P02-Na2/3Mn0.9Ti0.1O2 is inclined to be Mn(IV) with 
no distortion, which leads to creating Mn vacancy within Mn slabs 
(Fig. S1) [13]. With keeping the Na-to-Mn ratio, slow cooling of 
Na2/3Mn0.9Ti0.1O2 results in the allocation of Mn4þ between hexagonal 
and orthorhombic structure. When temperatures are below 600 �C, 
Na2/3Mn0.9Ti0.1O2 is able to uptake oxygen, thus an undistorted P2 
modification is isolated. Therefore, slow cooling of Na2/3Mn0.9Ti0.1O2 
from high temperature results in the phase transition from the ortho-
rhombic phase to a hexagonal lattice. 

X-ray diffraction (XRD) patterns and Rietveld plots of obtained P2- 
and P02-Na2/3Mn0.9Ti0.1O2 samples are shown in Fig. 1c. All diffraction 
lines of h-NMTO can be fully indexed as a P2-type layered structure 
(space group P63/mmc) without any crystalline impurity, whereas o- 
NMTO in the patterns can be indexed as a space group of Cmcm (denote 
as P02). The in-plane arrangement of the hexagonal and orthorhombic 
lattice is illustrated in Fig. S2. In general, if the bortho/aortho ratio equals 
ffiffiffi
3
p

, hexagonal setting is appropriate to describe the crystal structure. 
When Jahn-Teller effect induces distortion by a-axial shrinkage and/or 
b-axial elongation in the orthorhombic lattice, we usually employ δ in 
bortho/aortho ¼ (1 þ δ)

ffiffiffi
3
p

to define the degree of an in-plane distortion 
and express how the orthorhombic phase is distorted from hexagonal 
lattice [25]. Indeed, the ratio of lattice constant of o-NMTO is calculated 
to be bortho/aortho ¼ 1.84, namely, distortion degree δ is ca. 6.32% 
(Table S1). Obviously, the different crystallographic symmetry for Mn 
obviously influences their respective distortion degree. Specific defined 
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δ value and corresponding lattice parameters of the two compounds are 
listed in Table S1. The relation between δ and Mn(III)/(Mn þ Ti) proves 
that six-coordinated Mn(III) (t2g

3 -eg
1) is a key factor for Jahn-Teller 

distortion assuming the valence Ti(IV) coexistent with Mn(III) and Mn 
(IV). Based on the calculated structure model in the later parts, the 
chemical formula of h- and o-NMTO were Na0.58Mn0.82Ti0.080.1O2 and 
Na0.67Mn0.92Ti0.08O2, respectively, where vacancy of the Mn site is 
denoted as. Note that o-NMTO phase is stable if honeycomb-type charge 
ordering of Mn(III)/Mn(IV)þTi(IV) is possibly considered to be 2:1 [26]. 
In this case, P2- and P02-Na2/3Mn0.9Ti0.1O2 compounds having different 
distortion are successfully obtained, thus make elucidate the Jahn-Teller 
distortion on the electrochemistry of a pair of isomer become possible. 

To shed a light to the Jahn-Teller effect, the atomic and electronic 
structure have been calculated by first-principles calculations. As dis-
played in Fig. 2a, the calculated spin-polarized density of states (DOS) 
for the Mn-d orbitals in for hexagonal phase show two sets of orbitals, 
corresponding to the two degenerate sets: t2g (dxz, dyz, dxy) and eg (dz

2 

and dx
2
� y
2 ) for a MnO6 octahedral [27]. The configuration for the spin-up 

and spin-down indicates a high-spin state. The relaxed atomic structure 
demonstrates that the Mn–O bonds are equatorial sharing the same 
length of 1.91 Å as each other in h-NMTO (Fig. 2b). However, for the 

orthorhombic phase, the high energy eg orbitals are split into two sets 
with one set occupied (under Fermi level) and the other unoccupied 
(above Fermi level), indicating the Jahn-Teller effect. The elongation 
distortion of the MnO6 octahedral has also been found in the atomic 
structure with the z ligand bonds of 2.30 A while that for the other four 
bonds are 1.94 A (Fig. 2c). The spin-polarized DOS for the o-NMTO 
phase also demonstrates a high-spin state indicating the lower splitting 
energy than the pairing energy. The remove of the degeneracy of the eg 
orbitals will stabilized the o-NMTO phase with the Mn3þ electronic 
configuration of t2g

3 eg
1. 

While the high energy eg orbitals in orthorhombic phase are split into 
two groups near the Fermi level as a consequence of Jahn-Teller effect. 
However, for o-NMTO, Jahn-Teller effects to occur in Mn there must be 
degeneracy in either the t2g or eg orbitals, the octahedron will distort to 
remove the degeneracy and form a lower symmetry system. The Mn3þ

(t2g
3 eg

1) electronic configurations of o-NMTO is high spin because the 
splitting energy is less than the pairing energy, electrons will occupy eg 
before pairing in t2g. The dxy and dx

2
� y
2 orbitals have higher energy due to 

greater overlap with the ligand orbitals. While the antibonding dx
2
� y
2 

orbital expected to increase in energy due to elongation. The dxy orbital 
also destabilized because of the interactions although it is still 

Fig. 1. (a) Operando XRD patterns and (b) colour maps of the obtained precursor with elevated temperatures, indicating the formation of hexagonal and ortho-
rhombic phases. (c) PXRD patterns and fitting result by the Rietveld analysis on h-NMTO (top) and o-NMTO (bottom). The corresponding enlarged patterns between 
30 and 80� are inserted in Fig. 1c. 
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Fig. 2. (a) The calculated pDOS of Mn-3d of for h-NMTO and o-NMTO. Illustration of Jahn-Teller octahedron distortion for (b) h-NMTO and (c) o-NMTO.  

Fig. 3. (a, b) SEM, (c, d, e, f) HRTEM images and (g, h) SAED patterns of h-NMTO and o-NMTO. (i) EDS maps of o-NMTO.  
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nonbonding. As a result, Jahn-Teller elongation the z ligand bonds are 
both elongated to 2.30 Å and the four shorter equatorial bonds are the 
same length as 1.94 Å as each other in o-NMTO. Therefore, the orbital 
degeneracy is eliminated by some Jahn-Teller distortion, making the o- 
NMTO more stable. 

Scanning electron microscopy (SEM) images show that the as- 
prepared h- and o-NMTO materials both exhibit a plate-like 
morphology with a mean diameter of 5–10 μm (Fig. 3a and b). The 
distinct lattice fringes of 5.56 and 5.54 Å as shown in the high-resolution 
transmission electron microscopy (HRTEM) image demonstrate their 
high crystallinity (Fig. 3c and d), which corresponds to the d spacing 
value of the (002) plane of the h-NMTO and o-NMTO, respectively. The 
interplanar distances of h-NMTO calculated from the enlarged HRTEM 
image (Fig. 3e) are 0.250, 0.250, and 0.251 nm for the (� 110), (010), 
and (100) planes, respectively, of the P2 phase. In contrast, the neigh-
boring lattice distances of o-NMTO from the enlarged HRTEM image 
(Fig. 3f) are 0.249, 0.249, and 0.250 nm, matching well with (� 110.10), 
(020), and (110) planes, respectively. The crystal structure of the two 
phases was further investigated with electron diffraction as displayed in 
Fig. 3g� h. The selected area electron diffraction (SAED) pattern for h- 
NMTO clearly indicates hexagonal spots of electron diffractions stem-
ming from an in-plane transition metal arrangement, which can be 
separately indexed to [001] zone axes of the P2 phase. As displayed in 
Fig. 3i, the energy dispersive spectroscopy (EDS) elementary mapping 
suggest the sodium, manganese, titanium and oxygen elements are 
evenly distributed in the o-NMTO sample. XRD, TEM, and electron 
diffraction results demonstrated h-NMTO has a Mn vacancy without 
Jahn-Teller distortion while the successful single-phase formation of o- 
NMO owns a significant distortion without a Mn vacancy. 

Fig. 4a displays the galvanostatic charge/discharge curves of the h- 
NMTO and o-NMTO electrodes in the voltage range of 1.5–4.4 V at 0.1C 
(26 mA g� 1). More manganese redox reaction contributes to the extra 
initial charge capacity upon Na removal in o-NMTO because the Mn4þ is 
enriched for the hexagonal phase with metal vacant sites. Upon 
discharge, the two structures are filled with sodium forming the final 

structure with the chemical format NaMn0.9Ti0.1O2 after one full cycle, 
thus the first discharge capacity is much more than the initial charge 
capacity [10]. As a result, the o-NMO electrode delivers an average 
working voltage of 2.70 V and a specific reversible capacity of 204 mA h 
g� 1, reaching the high energy density of ca. 550 Wh Kg� 1. The delivered 
discharge capacities of h-NMTO is 198 mA h g� 1 with average voltage of 
2.48 V, leading to a relatively lower energy density of 490 Wh Kg� 1 than 
o-NMTO. Both voltage profile of the two electrodes clearly show smooth 
voltage curves, which can be ascribed to the suppression of Na-vacancy 
ordering and phase transitions after 10% Ti substitution by cyclic vol-
tammetry (CV) redox couple (Fig. S3) [28]. The capacity of o-NMTO 
slightly decreased from 204.0 to 167.8 mA h g� 1 after 100 cycles, cor-
responding to a capacity retention of 82.3%; however, the resulting 
capacity retention was approximately 60.3% (119.5 mA h g� 1) after 100 
times cycles for h-NMTO phase (Fig. 4b). The first Coulombic effi-
ciencies (CE) for h- and o-NMTO surpass 1, which is commonly seen in 
sodium deficient P2-type Mn-based positive electrode materials. Then 
the CEs approaches 1 during the following cycles. More importantly, the 
o-NMTO also shows obvious advantages over h-NMTO electrode in the 
rate capability when tested at different discharge rates (Fig. 4c). The 
capacity retention achieves 97.8%, 94.7%, 84.1%, 76.8%, 67.5% and 
48.4% when testing at a 0.2C, 0.5C, 1C, 2C, 5C and 10C rates for the 
o-NMTO phase. The improved rate capability of the o-NMTO electrode is 
related to the enhanced electrical conductivity and reversible structural 
variation. The o-NMTO electrode shows decreased electrical resistance 
than h-NMTO at the interface between the active material and electro-
lyte (Fig. S4), which is demonstrated in the electrochemical impedance 
spectra (EIS). 

The X-ray absorption near-edge structure (XANES) spectra provide 
the charge compensation information of h-NMTO and o-NMTO during 
(de)sodiation. The Mn K-edge absorption spectrum of h-NMTO shows a 
clear shift toward higher energy region as charge increases to 4.4 V, 
demonstrating the oxidization of manganese or oxygen ions by elec-
trochemical reaction (Fig. 4d). Because Mn4þ is enriched for the hex-
agonal NMTO phase with metal vacant sites, which indicates that 

Fig. 4. (a) The typical charge/discharge profiles of h-NMTO and o-NMTO between 1.5 and 4.4 V at a rate of 0.1C. (b) Corresponding capacity retention with 
Coulombic efficiency of h-NMTO and o-NMTO over 100 cycles. (c) Rate capability comparison of h-NMTO and o-NMTO samples at different rates. Ex situ XANES 
spectra at the Mn K-edge of (d) h-NMTO and (e) o-NMTO electrodes collected at different charge/discharge states. (f) Average voltage versus gravimetric capacity 
plots for reported positive materials with calculated energy density curves. 
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anionic redox might be utilized for h-NMTO [26,29]. Anionic redox 
usually shows much large polarization and possible slow Na migration 
[30] is anticipated for h-NMTO as discussed later. On discharge, the Mn 
K-edge spectrum moves to lower energy region, which is comparable to 
that of the Mn2O3 reference especially at the pre-edge position, sug-
gesting the Mn3þ/4þ redox is mainly responsible for the capacity 
contribution [31]. The o-NMTO electrode also shows similar behavior 
except for the appearance of larger edge shift at the end of first charge 
(Fig. 4e), which could be ascribed to additional capacity contribution at 
the first charge. Because of the existence of a major portion of 
Jahn-Teller active Mn3þ in the discharged electrode, the shape of the 
pre-edge referred to 1s to 3d transition at the discharged state is some-
how distinct from that of the charged sample [12]. Extended X-ray ab-
sorption fine structure (EXAFS) spectra at Mn–K edge for o-NMTO and 
h-NMTO are shown in Figs. S5a and b. The first intensive peak in the 
range of 1–2 Å can be assigned to an TM–O first coordination, and the 
second peak in the range of 2–3 Å is related to TM–TM second coordi-
nation [32]. The amplitudes and intensities of the TM� O and TM� TM 
bonds in h-NMTO, which are related to the movements of (Mn0.9Ti0.1)O6 
octahedra in the crystal framework, varied less than those of o-NMTO 
due to less capacity contribution. In the circumstances, the octahedral 
environment of O–Ti4þ� O–Mn3þ� O bond is completely formed at the 
fully sodiated state. Indeed, as Ti4þ substituted Mn4þ, the average 
valence state of Mn in P02 Na0.67[Mn(III, IV)0.9Ti4þ0.10]O2 is 3.26þ. In 
short, the manganese is oxidized toward tetravalent upon Na extraction 
then returns to trivalent during Na insertion (considering Ti–O bond is 
stable upon electrochemical oxidation, Fig. S6), where the Jahn-Teller 
distortion is dominant at the deeply discharged state. Note that Fig. 4f 
summarizes the energy density map of current layered positive mate-
rials. For o-NMTO target oxides, the calculated energy density is as high 
as 550 Wh Kg� 1 and at top level among these reported compounds [10, 
32–49]. 

Operando XRD measurements were performed on the h-NMTO and 
o-NMTO electrodes to examine their structural evolution. As displayed 
in Fig. 5a� b, the hexagonal NMTO phase exhibited a simple solid so-
lution reaction during charged to 4.4 V, then phase transformation from 

P2 to P20 phase occurred by the Jahn-Teller distortion after deep 
discharge (Fig. S7), along with coexistence of biphasic region and 
splitting of diffraction peaks like (104) and (106), forming an obvious 
voltage plateau between 1.5 and 2.3 V. The original P2 structure existed 
predominantly even upon discharging to 1.5 V, and lattice parameters 
shows slight change although with a reduced relative peak intensity 
(Table S2). Meanwhile, a new broad peak near the (002) diffraction line 
appeared at the end of charge for o-NMTO electrode, suggesting a new 
OP4 structure is formed via a first-order phase transformation due to the 
partial glides of transition metal slabs in the structure and the formed O- 
type stacking faults along the c-axis (Fig. 5c) [50]. This phase transition 
process are consistent with the results observed in Na2/3MnO2 and 
P2–Na2/3[Fe0.22Mn0.78]O2 by Komaba and Myung groups [6,7]. The 
new OP4 phase (P63/mmc) could be categorized as an intermediate 
phase between the commonly observed P2 and O2 structures (Fig. S8). 
The signature (Fig. 5d) illustrates a complete P02� OP4 phase transition 
on the basis of the gliding mechanism of the partial transition metal 
TMO2 layer as suggested by Bruce et al. [50] Upon Na ions insertion, the 
OP4 phase firstly transformed to the pristine P02 structure, then P02 
phase completely vanished and transferred to P020 structure although 
associated with the Jahn-Teller distortion of Mn3þ ions at the end of 
discharge (Fig. S9). It is worth mentioning that no obvious peak split of 
the P02 phase occurred, demonstrating the P02 structure is fully evolved 
to P020 phase at final discharged state, therefore, a simple P020 and more 
reversible evolution were observed during the second charge and 
discharge. Overall, h-NMTO exhibited a relatively simple phase trans-
formation from P2 → P2 → P20þP2 (Fig. S10), while o-NMTO underwent 
sequential and reversible structure evolution of P02 → OP4 → P02 → P020

(Fig. S11). Note that the present orthorhombic P02 structure (o-NMTO) 
and hexagonal P2 phase (h-NMTO) manifested different preference in 
phase transformation behavior although having the same composition, 
hence, it is this reversibility in the phase transition process that makes 
o-NMTO deliver more stable cycling performance. However, as the 
elongation of the Mn–O bond along one orientation in the octahedron 
often causes more stress within the hexagonal crystal structure, the 
structure evolution from P2 to P20 is not favored, which accounts for the 

Fig. 5. In situ XRD patterns collected during the first and second charge/discharge process of the (a) Na/h-NMO and (c) Na/o-NMO cells under a current rate of 0.1C 
between 1.5 and 4.4 V. 
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partial irreversible phase transition and gradual capacity decay for 
h-NMTO. 

To understand the Jahn-Teller effect on Na kinetics, GITT was 
determined at 0.1C between 1.5 and 4.4 V (vs Naþ/Na) for h-NMTO and 
o-NMTO electrodes. Owing to the suppressed Na-vacancy ordering and 
phase transitions after 10% Ti substitution. The voltage drop and equi-
librium voltage in the smooth GITT voltage profiles of the two phases 
both show sequential changes, suggesting better kinetics than the pris-
tine Na2/3MnO2. As observed in Fig. 6a� b, the equilibrium discharge 
voltage of h-NMTO is obviously lower than that of o-NMTO especially 
with voltage range of 2.0–2.5 V due to the Jahn-Teller distortion within 
this region. Also o-NMTO shows smaller voltage polarization than h- 
NMTO, indicating its good Na kinetics [51,52]. The predicted redox 
potentials of hexagonal P2-NaxMn0.9Ti0.1O2 (0.184 � x � 0.727) in 
Fig. 6c were consistent with the experimentally measured voltage pro-
files, corresponding to a total of �0.727 mol Na ions and a specific ca-
pacity of �189.2 mA h g� 1. Note that the calculated voltage of 
orthorhombic P02-NaxMn0.9Ti0.1O2 (0.174 � x � 0.744) were much 
higher than that of hexagonal phase especially within the Na domain of 
0.4 � x � 0.9, matching well with the experimental voltage curves. The 

average sodium ion diffusion coefficient of the h-NMTO was determined 
to be 1.58 � 10� 10 cm2 s� 1 (0.221 � x � 0.727) and 1.25 � 10� 11 cm2 

s� 1 at the final discharge stage. In comparison, the average sodium ion 
diffusion coefficient of o-NMTO is 2.91 � 10� 10 cm2 s� 1 (0.206 � x �
0.744) and 2.87 � 10� 11 cm2 s� 1 at the final discharging stage according 
to Fig. 6d. Note that the values for o-NMTO are twice those for h-NMTO 
at the charging stage. These results clearly verify that the Jahn-Teller 
effect might provide a beneficial increase of Naþ diffusivity for 
o-NMTO. It is well acknowledged that the spacing of the sodium layer is 
related to the activation barrier for the diffusion, Naþ diffusivity can be 
significantly increased due to the increase of the layer distance along the 
c axis [53]. On one hand, as induced by Jahn-Teller effect, the octahe-
dron elongate the z ligand bonds thus enlarging distance of Na layers. On 
the other hand, more Na ions extraction from the structure effectively 
enlarge the c-axis spacing and facilitate the Naþ diffusion at the final 
charged state. In addition, because of the introduction of OP4 interme-
diate phase, the o-NMTO partially sacrifice some Naþ diffusivity at the 
biphasic region. The proposed mechanisms of Jahn-Teller distortion 
assisted Na diffusion in o-NMTO might be applicable to other sodium 
layered structures. 

Fig. 6. The measured GITT curves of (a) h-NMTO and (b) o-NMTO as a function of capacity. (c) The calculated voltage of h- and o-NMTO versus Na Stoichiometry (d) 
The Na ion diffusion coefficient determination of h- and o-NMTO via GITT. 
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4. Conclusions 

In summary, a pair of Na isomer (Na2/3Mn0.9Ti0.1O2) with hexagonal 
and orthorhombic symmetry are precisely prepared and they enables to 
demonstrate different electrochemical properties for a high energy Na- 
ion battery. Operando XRD analysis suggests that the o-NMTO un-
dergoes more reversible phase transition of P02↔OP4↔P020 while h- 
NMTO exhibits a P2↔P2þP20 structural evolution upon Na ions 
extraction and insertion, thus providing better cycling stability for the o- 
NMTO framework during charge and discharge process. Moreover, 
Jahn-Teller distortion in o-NMTO assisted sodium kinetics which 
significantly enhance the Na diffusivity through high-spin Mn(III)O6 
octahedron. As a consequence, P02-Na2/3Mn0.9Ti0.1O2 exhibits much 
better battery performance than P2–Na2/3Mn0.9Ti0.1O2 in terms of 
higher working potential, longer cycle life and better rate capability. 
The orthorhombic Na2/3Mn0.9Ti0.1O2 compound delivers a large specific 
capacity of 204.0 mA h g� 1 and an average working voltage of 2.7 V, 
reaching an energy density of 550 Wh Kg� 1 in sodium battery. The 
elucidation of cooperative Jahn-Teller distortion on the phase stability 
and electrochemistry of Mn(III)-based oxides could provide guidelines 
to develop high capacity intercalation materials for higher energy den-
sity NIBs. 
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