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ABSTRACT

Herein, high-performance P2-Na2/3Mg1/18[Ni1/4Ti5/36Mn11/18]O2 (NMNTM) cathode 

material is designed via a dual-site modulation strategy of Mg/Ti ions in different 

crystallographic sites. Unlike the P63/mmc space group identified by X-ray diffraction, 

neutron diffraction confirms the distributions of Mg-ion in Na sites and Ti in transition-

metal sites, and a larger super cell structure with the P63 space group, indicating the 

existence of superlattice ordering in NMNTM. Electrochemically inert Mg/Ti ions do 

not smooth the charge/discharge profiles, but lead to the staircase-like voltage profiles 

upon electrochemical cycling, which is due to enhanced superlattice ordering 

confirmed by neutron diffraction. However, Mg/Ti ions effectively inhibits the P2-O2 

phase transition at high voltage ranges, indicating the phase-transition-free solid-

solution reaction. NMNTM delivers a reversible capacity of 113 mAh g-1 with largely 

improved rate capability, corresponding to 87% of theoretical capacity, and a great 

capacity retention of 80.2% after 150 cycles. Dual-site modulation of Mg and Ti ions 
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in different crystallographic sites is beneficial for achieving the synergistic effect, 

which effectively tunes the Mn3+/Mn4+ ratio to avoid the Jahn-Teller distortion by 

eliminating Mn3+ ions and resulting structure degradation benefiting from Mg ions, 

leads to pillar effect of Mg ions in Na sites, enhances structure integrity by strong Ti-O 

bond in contrast to Mn-O bond, suppresses the P2-O2 transition and promotes the Na-

ion movement, thereby improving the electrochemical performance of NMNTM. 

Keywords: Na2/3Mg1/18[Ni1/4Ti5/36Mn11/18]O2; neutron diffraction; Mg doping; Ti 

doping; sodium ion battery
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1 Introduction

As an appealing candidate for low-cost energy storage system or a great 

complementary to lithium-ion batteries (LIBs), sodium-ion batteries (SIBs) are very 

promising for large-scale energy storage applications at room temperature, owing to the 

easy availability of Na resources, enhanced safety and great electrochemical 

performance. To enhance the entire practical property of SIBs, exploring high-

performance cathode materials is one of key factors to promote the advance in SIBs. 

Currently, a series of cathode materials have been designed and investigated such as 

the polyanion compounds, Prussian Blue and Na-based transition-metal (TM) oxides 

(Layered and Tunnel types), and each one has its advantages and disadvantages. In 

contrast, Na-based layered transition-metal oxides (NaxTMO2, where TM represents a 

transition metal or their mixture, such as Mn, Ni and Fe…) features alternating arranges 

of TMO2 layers (Edge-sharing TMO6 octahedra form the TMO2 layers in ab plane) and 

Na-ion layers along the c-direction, which are very attractive group due to their diverse 

crystal structure types (such as P2, P3, O3 and P’2 types), dense structure and high 

theoretical capacity1-3. 

  In these structures, P2-type layered oxides involve relatively large space of prismatic 

sites to accommodate Na-ion during the removal and uptake of Na ions, providing 

easier Na+ diffusion and improved rate-capability compared with their O3-type 

counterparts. However, P2-NaxTMO2 cathodes usually experience a series of phase 

transitions at high voltage ranges, in particular the detrimental P2-O2 transition to cause 

a huge volume change (> 20%) and sluggish Na-ion mobility in the O2 structure, 

thereby degrading the structure integrity and the cycling capacity upon charging and 

discharging. For instance, the significant reduction in cycling stability is caused by P2-

O2 phase transition upon being charged over 4.0 V in Na-Ni-Mn-O composition 

systems 4-6. On the other hand, Mn-based P2-NaxTMO2 materials, as one of the 

important P2-type layered cathode materials, are very fascinating due to the cost-

effective, non-toxic, great abundance and good electrochemistry of Mn element, but 

Jahn-Teller effect usually occurs in Mn-based cathode materials due to the Mn3+ in 

Page 3 of 22 Nanoscale

N
an

os
ca

le
A

cc
ep

te
d

M
an

us
cr

ip
t

Pu
bl

is
he

d 
on

 2
9 

Ju
ly

 2
02

5.
 D

ow
nl

oa
de

d 
by

 Y
un

na
n 

U
ni

ve
rs

ity
 o

n 
8/

2/
20

25
 5

:1
9:

25
 P

M
. 

View Article Online
DOI: 10.1039/D5NR02365C

https://doi.org/10.1039/d5nr02365c


4

pristine materials or being induced by Mn3+/Mn4+ electrochemical reaction during the 

charge/discharge process. Jahn-Teller effect gives rise to severe lattice degradation, 

reduced Na-ion diffusivity in Mn-based cathode materials5, 7-9, thereby resulting in poor 

crystal stability and rapid property failure. For example, P2‐Na0.67MnO2 can deliver a 

high specific capacity of over 160 mAh g-1, but the cycling capacity decay is largely 

decreased during repeated electrochemical cycling, due to the Jahn-Teller effect and 

complex phase transitions10, 11.  

  To suppress the P2-O2 phase transition and alleviate the Jahn-Teller distortion 

caused by Mn3+ ions, bulk substitution has been proven to be a rational strategy to 

stabilize the structure and enhance electrochemical performance, such as Mg, Zn, Li, 

K, Al, and Ti ions12-20. An early study has found that Mg-ion can hinder phase transition 

and smooth charge/discharge profiles to realize a facile electrochemistry12, and 

subsequently a series of Mg-doped P2-NaxTMO2 cathode materials with Mg-ion in 

different crystallographic sites have been exploited and studied21-25. Li-doping 

significantly delays the phase transformation up to 4.4 V in P2-

Na0.80[Li0.12Ni0.22Mn0.66]O2 and displays smooth charge/discharge profiles, offering 

great rate capability26. In contrast, P2-Na0.67Mn0.6Ni0.2Li0.2O2 shows little change in the 

lattice parameters and stable P2 crystal structure after Li-doping, leading to sloping 

voltage profiles and excellent cycle life19. Different from reported Li-doped cathode 

materials, a recent study has found that P2-Na0.67Li0.1Ni0.3Mn0.6O2 undergoes a P2-OP4 

phase transformation when being charged to 4.5 V, and surprisingly the Ni2.8+/Ni4+ 

redox pairs participate in electrochemical reaction, instead of the well-known Ni2+/Ni4+ 

couples18. It is also shown that Zn content can affect phase transition, such as the 

suppressed the P2-O2 phase transition in Na0.67Ni0.26Zn0.07Mn0.67O2, but a P2-Z phase 

transition occurs in Na0.6Mn0.7Ni0.15Zn0.15O2 13, 27. In addition, Ti4+ has a larger ionic 

radius (0.605 Å) than that of Mn4+ (0.53 Å) and stronger bonding energy of Ti-O (666.5 

kJ mol-1) than Mn-O bond (402 kJ mol-1), therefore, the substitution of Mn with Ti can 

improve the average working voltage, enhance the structure stability and cycling 

performance20, 28. Apart from the P2-O2 phase transition at high voltage ranges, the 

existing superstructure ordering is also believed to deteriorate the electrochemical 
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performance of P2-type layered cathodes, and eliminating superstructure ordering is a 

rational approach to improve their electrochemical performance29, 30. However, several 

studies have announced that P2-NaxTMO2 materials with superstructure ordering in 

structure can also display comparable electrochemical performance to the ordering-free 

cathode materials (disordered cathode materials), through suitable element-ion to tune 

the material structure16, 23, 24, 31-33. 

  Herein, a dual-site modulation strategy in both Na and Mn sites is proposed to 

strengthen the crystal structure and enhance the electrochemical performance of P2-

Na2/3[Ni1/4Mn3/4]O2 (NNM) cathode material. P2-Na2/3[Ni1/4Mn3/4]O2 (NNM) is a 

medium Ni-content Na-Ni-Mn-O composition compared with well-studied P2-

Na2/3Ni1/3Mn2/3O2, which is cost-effective with a relatively low Na-content6. Mg ions 

are incorporated into the Na sites, which serves as stable pillars to avoid the structure 

collapse, creating a robust crystal structure upon removal of Na-ion out of the P2-

structrue host. Partial substitution of Ti4+ for Mn4+ in the TM layers can slightly 

stabilize the crystal structure and also improve the working voltage. As a consequence, 

P2-Na2/3Mg1/18[Ni1/4Ti5/36Mn11/18]O2 (NMNTM) was designed and investigated by a 

series of physical/electrochemical tests. It should be noted that Mg and Ti ions 

effectively eliminate the Mn3+ to avoid the Jahn-Teller distortion, in particular the Mg-

ion, considering the Mn3+ ions in P2-Na2/3[Ni1/4 Mn3+
1/6Mn4+

7/12]O2 (NNM). Though 

Mg and Ti ion are inert, NMNTM still shows staircase-like voltage curves during the 

charge/discharge process, which is caused by enhanced ordering by dual-site 

modulation of Mg/Ti. Unlike the typical P2-O2 phase transition in NNM cathode, 

NMNTM maintains the P2 structure within the whole voltage range confirmed by ex 

situ X-ray diffraction tests. NMNTM displays largely improved rate capability and 

cycle-life within the voltage range of 2.5-4.3 V, and the enhancement in 

electrochemical performance is ascribed to the synergistic effect of dual-site 

modulation of Mg/Ti ions, which promotes Na-ion movement by GITT tests, inhibits 

the P2-O2 phase transition, hinders the Jahn-Teller effect caused by eliminating Mn3+, 

serves as pillars of Mg ions in Na sites to avoid structure collapse and Ti-ion in the TM 

layer to stabilize crystal structure. 
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2 Experimental Section
2.1 Synthesis of Cathode Materials

Na2/3Mg1/18[Ni1/4Ti5/36Mn11/18]O2 (NMNTM) was prepared by a simple sol-gel 

approach. Stoichiometric ratio of NaNO3 (5% excess), Ni(NO3)2, Mg(CH3COO)2, 

TiO2 and Mn(CH3COO)2 were dissolved into a citric acid (CA) solution to form a wet 

sol under magnetic stirring at room temperature (Mole ratio of CA : metal ions = 2 : 

1). The wet sol was maintained at 80 °C for 5 hours and then dried at 120 °C overnight 

to obtain a dry gel. Consequently, the dry gel was sintered at 500°C for 5 hours then 

at 900 °C for 10 hours in air, respectively. P2-Na2/3[Ni1/4Mn3/4]O2 (NNM) material 

was synthesized by the same method and process with raw materials of NaNO3 (5% 

excess), Ni(NO3)2 and Mn(CH3COO)2. All the samples were stored in Ar-filled 

glovebox. 

2.2 Material Characterization and Analysis
Powder X-ray diffraction (XRD) patterns were collected by a Bruker diffractometer 

(advance D8) using Cu Ka radiation in the scan range of 10-80°. High-Resolution 

Powder Diffractometer (HRPD) was used to characterize the crystal structures of NNM 

and NMNTM materiasl, which is located at the China Advanced Research Reactor 

(CARR) at China Institute of Atomic Energy. The neutron wavelength is 1.888 Å and 

the scanning step is 0.07°. The lattice parameters were refined by Fullprof software 

based on Rietveld method. High-resolution transmission electron microscope (HRTEM) 

experiments were carried out on a Tecnai G2 F20 S-TWIN (200 kV), and Scanning 

electron microscopy (SEM) tests were performed on a Hitachi S-4800 apparatus (2 kV). 

X-ray photoelectron spectroscopy (Thermo Scientific ESCALAB 250Xi) using Al Ka 

X-ray radiation was used to analyze the oxidation state change for ex situ experiments. 

Coin cells were firstly charged to 4.3 V at 0.1 C and then discharged to 2.5 V For the 

ex situ XRD tests, and then the cells were disassembled in Ar-filled glovebox. At last, 

the cathodes were sealed by Capton films to carry out the ex situ XRD measurements.

2.3 Electrochemical Characterization
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Electrochemical performance tests were completed using CR2025 coin cells. The 

active materials (75 wt%), Super P carbon (15 wt%), and poly(vinylidene fluoride) 

(PVDF, 10 wt%) were mixed using N-methylpyrrolidinone (NMP) to generate the 

slurries at first, then they were uniformly coated onto pure Al foil current collectors 

followed by being dried under vacuum at 120°C for 12 h at least. NaClO4 (1mol L-1) in 

a mixture of propylene carbonate (PC) with adding 5% FEC as additive was used as 

electrolyte. Glass fiber membranes GF/D (Whatman) were used as separators. 

Galvanostatic charge-discharge and Galvanostatic intermittent titration technique 

(GITT) tests were performed on a NEWARE battery test station (Wuhan, China) in the 

voltage range of 2.5 - 4.3 V Vs. Na+/Na at room temperature. Cyclic voltammetry (CV) 

data were collected at 0.1 mV s-1 between 2.5 and 4.3 V on an electrochemical 

workstation (CHI660E, Shanghai Chenhua, China). 

3 Result and discussions

3.1 Material Structure Characterization by XRD and NPD

Fig. 1 Refined X-ray diffraction (XRD) results of (a) NNM, (b) NMNTM, and refined 

neutron diffraction data of (c) NNM and (d) NMNTM using P63 model. (e) Comparison 

of crystal structure change of NNM and NMNTM, (f) structure model using P63 space 

group (Rose-red sphere: Na1, Green sphere: Na2, Blue sphere: Na3 and Orange sphere: 

Na4, Purple sphere: Ti), and (g) the honeycomb ordering structure in the TM layers in 

NMNTM material using P63 model based on neutron diffraction data. 

Fig. 1a-b exhibit the X-ray diffraction (XRD) data and refinements based on Rietveld 
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method of as-prepared P2-Na2/3 [Ni1/4Mn3/4]O2 (NNM) and P2-

Na2/3Mg1/18[Ni1/4Ti5/36Mn11/18]O2 (NMNTM). All the diffraction peaks of both samples 

can be assigned to P2-type layered structure with the P63/mmc space group, and the 

absence of other diffraction peak indicates a single-phase composition after Mg and Ti 

ions co-doping26, 31, 33, 34. Table S1-S2 present the detailed crystallographic information 

of NNM and NMNTM materials. The lattice parameters were calculated by FullProf 

software, which are a = 2.8801 Å and c = 11.1795 Å for the NNM material, and a = 

2.8949 Å and c = 11.1774 Å for the NMNTM material, respectively. The substitution 

of Ti for Mn in the TM layer induce a little increase in lattice parameter a, which is due 

to the relatively large ionic radius of Ti4+ (0.605 Å) compared with Mn4+ (0.53 Å). In 

P2-NaxTMO2 framework, TMO2 layers composed of TMO6 octahedrons and Na-ion 

layers are alternatively arranged along the c-axis to form the layered structure, and Na 

ions in the Na-ion layer can serve as screening effect between adjacent TMO2 layers to 

keep the charge balance and structure stability. It has been proven that high Na-content 

in P2-NaxTMO2 usually leads to a reduced lattice parameter c due to the enhanced 

screening effect35, 36. Therefore, lattice parameter c shows a slight reduction in 

NMNTM, which is associated with Mg-doping to improve the number of positive 

charge in the Na-ion layer, resulting in decreased Coulombic repulsion between 

adjacent O2-- O2- ions37. Moreover, the thickness of TMO2 layers increases from 2.060 

Å in NNM to 2.155 Å in NMNTM, which is in good accordance with the difference in 

ionic radius of Ti4+ (0.605 Å) compared with Mn4+ (0.53 Å), as shown in Fig. 1e. The 

space for Na-ion diffusion is slightly constricted 3.529 Å in NNM to 3.433 Å in 

NMNTM after doping, and this change is mainly due to doped Mg-ion in the Na sites, 

rather than in the TM sites. Such a reduction in Na-ion layers spacing size has also been 

observed in several layered oxide materials38, 39. 

To identify the locations of Mg/Ti and the possible superlattice ordering in structure, 

neutron diffractidon tests were therefore carried out to disclose the possible superlattice 

ordering and the different distributions of doped Mg and Ti ions, due to the similar 

scattering ability of Ni and Mn to X-ray. Fig. S1 compares the neutron powder 

diffraction (NPD) data of NNM and NMNTM sample using P63/mmc and P63 space 
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groups, indicating a distinct difference in structure. Different from the unit cell 

structural model with the P63/mmc space group characterized by XRD, it is evident that 

P63/mmc model is unsuitable for explaining the NPD data, due to the existence of 

superstructure ordering in both materials24, 26, 31, 33, 40. Besides, Fig. S1 also illustrates 

the enhanced intensity of superstructure peaks labeled by green arrows, which implies 

the enhanced ordering benefiting from dual-site modulation of Mg/Ti in different 

crystallographic sites. This enhancement in superlattice ordering is similar to Mg-

doping in both the Na-ion and TM layers23, but different from the decreased ordering 

in layered oxide cathode by Li/Ti co-doping in the TM layers33. On the other hand, 

regarding the difference in coherent neutron scattering lengths (Ti = -3.37 fm and Mg 

= 5.37 fm), neutron diffraction also indicates that Mg ions enter the Na-ion layers and 

Ti ions occupy the TM sites. Note that Mg2+ in Na sites can serve as a pillars to restrict 

the structural change during the charge/discharge process, thereby significantly 

improving the cycling stability41, 42. Fig. 1c-d exhibits the refinement of NNM and 

NMNTM sample based on NPD data using a larger 3a × 3a × c type super cell 

with the P63 space group, and the detailed crystallographic sites and occupy are 

presented in Table S3-S4. The result is consistent previous studies23, 24, 31, 33, 43. There 

are three kinds of ordering structures in P2-type layered materials so far, including the 

Na+/vacancy ordering in the Na-ion layer, TM ordering and charge ordering in the TM 

layer, which impacts each other29, 30. Fig. 1f clearly illustrates the crystal structure 

model with the P63 space group, in which involves four Na sites, three TM sites and 

two O sites. Fig. 1g further exhibits the existing TM ordering in the TM layer, forming 

a honeycomb ordering arrange between Ni/Ti and Mn ions in NMNTM16, 22, 33, 44, 45. 

The calculated lattice parameters of a = 5.0102 Å and c = 11.1649 Å for the NMNT 

sample, and a = 4.9989 Å and c = 11.1634 Å for the NNM sample. Lattice parameter a 

by NPD data refinement using super cell model is 1.732 times higher than a value by 

XRD data using unit cell model (P63/mmc), which is consistent with the 3a × 3a

× c super cell (P63 space group) relative to the unit cell (P63/mmc space group). 

Therefore, in contrast to XRD, neutron diffraction is in favor of studying the possible 
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superlattice ordering in P2-type layred oxide cathodes, offering more crystal structure 

information to study the structure-property relationship of layered materials. 

3.2 Morphology and Structure Analysis

Fig. 2 (a) SEM, (b) HRTEM images and (c) element distribution mapping by EDS 

spectra of NMNTM sample.  

Fig. 2a shows the scanning electron microscopy (SEM) image of as-prepared 

NMNTM sample. NMNTM exhibits uniformly plate-like morphology with a thickness 

of several micrometers. Fig. S2 shows the SEM image of NNM material, which has the 

similar morphology and size with NMNTM material. Na, Mg, Ni, Ti, Mn and O element 

are uniformly distributed in NMNTM material according to the corresponding energy-

dispersive spectroscopy (EDS) analysis coupled with SEM tests, as shown in Fig. 2c. 

High-resolution transmission electron microscope (HRTEM) with fast fourier 

transform (FFT) images in Fig. 2b reveals a high crystallinity and a distance of about 

0.251 nm between neighboring lattice fringes, corresponding to the (100) plane of the 

P63/mmc model in NMNTM sample. 

3.3 Electrochemical Performance Analysis
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Fig. 3 Initial three charge/discharge profiles of (a) NNM and (b) NMNTM. (c) 

Normalized charge and discharge profiles of NNM and NMNTM cathodes during the 

second cycle at 0.1 C. Comparison of (d) rate capabilities at different rates and (e) 

cycling performance of NNM and NMNTM cathodes at a rate of 1 C.

Fig. 3a-b display the initial three charge and discharge curves of NNM and 

NMNTM cathodes at 0.1 C in the voltage range of 2.5 - 4.3 V at room temperature. 

NNM cathode exhibits distinct voltage plateaus over 4.0 V and smooth 

charge/discharge profiles below 4.0 V. And the voltage plateaus result from the P2-O2 

phase transition at high voltage ranges in Na-Ni-Mn-O composition systems6, 40, 46. 

NMNTM also shows long voltage plateaus in the charge/discharge profiles above 4.0 

V, but several small voltage plateaus below 4.0 V. Apart from the Ni2+/Ni4+ redox 

reaction, this change is also closely related to the enhanced ordering in NMNTM by 

dual-site modulation of Mg/Ti ions in different sites upon electrochemical cycling, 

according to neutron diffraction and ex situ XRD tests in the following discussion. It 

should be noted that single Ti-doping in the TM layer or Mg-doping in Na sites disrupts 

the superlattice ordering and smooth voltage curves in P2-type layered oxide cathode 

materials30, 34, Mg/Ti ions co-doping in different sites enhances the ordering to induce 

the staircase-like voltage curves in the study. Contrary to several reports that inert Mg 
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or Ti ions can smooth the charge/discharge curves12, 21, 30, NMNTM still exhibits step-

like voltage profiles due to the doping of Mg/Ti ions. Moreover, Fig. 3c shows the 

normalized charge/discharge profiles at the second cycle, it is shown that NMNTM 

exhibits a little higher average working voltage than NNM cathode, which is associated 

with Ti-doping in the TM layer 20.

NNM and NMNTM cathode deliver close initial specific discharge capacities of 114 

mAh g-1 and 113 mAh g-1 at 0.1 C (1 C = 130 mAh g-1 based on Ni2+/Ni4+ reaction) in 

Fig. 3a-b, respectively. Therefore, inactive Mg and Ti co-doping does not affect the 

practical discharge capacity due to the constant Ni-content in both materials. However, 

the rate capability decay of NNM cathode is severe with increasing the current density 

in contrast to NMNTM cathode, as shown in Fig. 3d. The reversible capacities of 

NMNTM are about 109, 102, 96, 86, 61, 49 and 34 mAh g-1 at the rates of 0.2 C, 0.5 

C, 1 C, 2 C, 5 C, 10 C and 15 C, respectively, which largely exceed those of 99, 85, 76, 

65, 49, 30 and 12 mAh g-1 at the same rates for the NNM cathode. And the specific 

capacities of NMNTM and NNM cathodes are back to about 109 and 101 mAh g-1 at 

0.1 C after the high rate of 15 C, respectively. The results confirm the significant 

enhancement in rate performance after dual-site modulation strategy of Mg and Ti in 

different crystallographic sites. Fig. 3e compares the cycle performance of NNM and 

NMNTM cathodes at a rate of 1 C between 2.5 and 4.3 V. The reversible specific 

capacity of NMNTM cathode is about 77 mAh g-1 at 150th cycle, which corresponds to 

a capacity retention of 80.2%. In contrast, the discharge capacity of NNM cathode 

decreases to about 50 mAh g-1 at the 150th cycle compared with 76 mAh g-1 at the 1st 

cycle, corresponding to 65.8% capacity retention. The P2-O2 phase transition at high 

voltage ranges can account for the poor cycling stability of NNM cathode. Extraction 

of more Na ions out of the Na-ion layer in the P2 phase framework can bring out the 

structural collapse or irreversible phase transition, like the typical P2-O2 transition, but 

doped Mg ions in Na sites can serve as stable pillars to prevent the structural collapse 

and stabilize the lattice crystal upon extracting more Na ions. Therefore, the enhanced 

electrochemical performance of NMNTM can be ascribed to the pillar effect of Mg-ion 

in Na sites, the inhibited P2-O2 phase transition to create a phase-transition-free 
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cathode, suppressed Jahn-Teller effect by eliminating Mn3+ in NMNTM material to 

avoid the structural distortion and also the strong bonding energy of Ti-O relative to 

Mn-O to strengthen the lattice structure in NMNTM cathode upon extracting/inserting 

Na-ion16, 25, 28, 32, 41, 42. Different from the improved electrochemical performance due to 

the reduced superlattice ordering by Li/Ti co-doping in the TM layer33, dual-site 

modulation of Mg and Ti ions enhances the ordering in NMNTM, but NMNTM still 

shows great electrochemical performance. Therefore, ordered layered cathode materials 

still can exhibit promising electrochemical performance through adequate alien-ion 

doping to tailor the crystal structure.

3.4 Electrochemistry Mechanism Analysis

Fig. 4 CV plots of (a) NNM and (b) NMNTM cathodes at 0.1 mV s-1. Ex situ XPS data 

and fitting results of (c) Ni-ion and (d) Mn-ion at different charged states for the 

NMNTM cathode. 

To reveal the electrochemical reaction mechanism, cyclic voltammetry (CV) and ex 

situ X-ray photoelectron spectroscopy (XPS) tests were employed. Fig. 4a-b compare 
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the CV plots of NNM and NMNTM cathodes at 0.1 mV s-1. A pair of strong 

oxidation/reduction peaks at ≳ 4.0 V in Fig. 4a indicate the typical P2-O2 phase 

transition that occurs in NNM cathode6, 40. The oxidation/reduction peaks in CV plots 

below 4.0 V can be ascribed to the Ni2+/Ni4+ redox couples reaction upon charging and 

discharging. On the contrary, NMNTM exhibits a couple of strong oxidation/reduction 

peaks with good overlapping at ≳ 4.0 V and three pairs of oxidation/reduction peaks 

below 4.0 V, which are related to the Ni2+/Ni4+ couples and superlattice ordering in 

NMNTM23, 40, 47, rather than the P2-O2 transition, on the basis of neutron diffraction 

and ex situ XRD tests in the following discussion. In contrast to Mn3+/Mn4+ ions in 

NNM material6, 40, Fig. 4d shows that Mn ions in NMNTM material are in +4 oxidation 

state without any Mn3+ ions, indicating that Mn3+ are effectively eliminated by Mg2+ 

and Ti4+ co-doping, in particular the Mg2+ ions, due to the same valence state of Ti4+ 

and Mn4+ in TM layers. Therefore, Jahn-Teller distortion associated with high spin 

Mn3+ ions is largely suppressed in NMNTM, which is in favor of guaranteeing a robust 

crystal structure and enhancing the cycling stability. On the other hand, there is no 

obvious oxidation/reduction peaks related to Mn3+/Mn4+ pairs at around 2.5 V in CV 

plots for both cathodes, and previous studies have declared that Mn3+/Mn4+ redox pairs 

participate in charge compensation below 2.5 V 6, 40, 47. Hence, Mn3+/Mn4+ pairs do not 

participate in the electrochemical reaction in NMNTM between 2.5 and 4.3V. The CV 

results are in good agreement with the charge/discharge profiles of NMNTM cathode 

in Fig. S3. 

Fig. 4c-d exhibit ex situ XPS data and the fitting results of Ni-ion and Mn-ion after 

charging to 4.3 V and discharging to 2.5 V for the NMNTM cathode. The main peak 

located at ~ 854.6 eV can be ascribed to the Ni2+ ion in pristine powder NMNTM 

material, but it splits into two peaks that belong to Ni3+ and Ni4+ ions upon charging to 

4.3 V16, 23, 27, 32, 48, as shown in Fig. 4c. However, the main peak position does not move 

during the charge/discharge process in Fig. 4d, indicating that Mn4+ ions do not 

participate in the charge compensation upon extracting/inserting Na-ion16, 32, 40, 48, 

consistent with CV results. Therefore, the Jahn-Teller distortion associated with high 

spin Mn3+ ions has been effectively suppressed though Mg and Ti co-doping, especially 
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Mg ions in the Na sites, which is beneficial for strengthening the lattice stability to 

enhance the cycling performance of NMNTM cathode, different from the NNM 

cathode 40. Fig. S4 exhibits the XPS data of Na, Mg, O and Ti ions in pristine NMNTM 

powder material. 

3.5 Structure evolution of NMNTM and Na-Ion Diffusion Coefficient Tests

Fig. 5 (a) Ex situ XRD results of NMNTM cathode at different charged states and (b) 

structural evolution with phase-transition-free feature. GITT plots of (c) NNM and (d) 

NMNTM cathodes upon discharging at 0.1 C in the voltage range of 2.5 - 4.3 V, and 

(e) comparison of calculated Na-ion diffusion coefficients of both cathodes. 

To unravel the structure evolution and analyze the step-like charge/discharge profiles 

of NMNTM cathode, ex situ XRD measurements were performed when being charged 

to 4.3 V and discharged to 2.5 V at 0.1 C. It can be found that NMNTM cathode 

maintains the P2 structure after charging to 4.3 V, Unlike the P2-O2 phase transition in 

NNM cathode6, 40. Ex situ XRD measurements confirm that there is no new phase 

beyond P2 structure, implying the phase-transition-free feature, as shown in Fig. 5a-b. 

Therefore, the step-like charge/discharge profiles in Fig. 3d are caused by 

superstructure ordering in NMNTM according to neutron diffraction and ex situ XRD 
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measurements. The enhanced cycling stability of NMNTM in Fig. 3f is also associated 

with the absence of phase transition upon charging and discharging. 

To study the Na-ion diffusion kinetics after dual-site modulation of Mg/Ti ions, 

Galvanostatic Intermittent Titration Technique (GITT) were performed to calculate Na-

ion diffusion coefficients, as shown in Fig. 4f-h. GITT tests were carried out during 

discharge process after a normal charge for 0.5 hours followed by a relaxation time of 

5.0 hour and then a normal charge at 0.1 C. Therefore, Na-ion diffusion coefficients 

can be calculated according to the following equation7, 32, 40, 49, 50:

𝐷𝑁𝑎 =  4
𝜋𝜏

( 𝑚𝐵𝑉𝑀

𝑀𝐵𝑆
)

2
( 𝛥𝐸𝑆

𝛥𝐸𝜏
)

2
(1)

Where mB, MB and VM correspond to the cathode mass, molecular weight and molar 

volume of NMNTM; S is the surface area here (0.785 cm2), which is replaced with the 

geometrical area here.  (s) is the testing time at each step. ΔEs and ΔEτ are the quasi-

equilibrium potential and the change of voltage E during the current pulse, respectively.

Fig. 5e compares the calculated Na-ion diffusion coefficients of both cathodes and Fig 

S5 shows the representative τ vs E profile for a single GITT titration analysis. The Na-

ion diffusion is significantly promoted in NMNTM, with Na-ion diffusion coefficients 

primarily in the order of magnitude of 10-11 cm2 s-1. This is much higher than those of 

NNM cathode, which are typically in the order of magnitude of 10-12 cm2 s-1, as shown 

in Fig. 4h. Therefore, the improved rate capability of NMNTM is connected with the 

promoted Na-ion mobility after dual-site modulation of Mg/Ti ions.  

Fig. 6 Schematic illustration of synergistic effect of doped Mg and Ti ions in different 

crystallographic sites through dual-site modulation strategy
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Fig. 6 further illustrates the dual-site modulation strategy to realize the synergistic 

effect of Mg/Ti-doping in Na and TM sites. To eliminate the Mn3+ ions in NNM (P2-

Na2/3[Ni1/4 Mn3+
1/6Mn4+

7/12]O2) containing a mixture of Mn3+ and Mn4+ ions in structure, 

Mg2+ are incorporated into the Na-ion layer to ensure the charge neutrality by tuning 

the Mn3+/Mn4+ ratio to eliminate Mn3+ ions, because Ti4+ ion share the same oxidation 

state with Mn4+ ions. Therefore, Mg and Ti ions in different crystallographic sites play 

various roles in achieving the synergistic effect during electrochemical cycling, thereby 

significantly improving the electrochemical performance of NMNTM cathode, as 

shown in Fig. 6. 

4 Conclusions

  In this study, Mg and Ti ions are employed to design a high-performance P2-

Na2/3Mg1/18[Ni1/4Ti5/36Mn11/18]O2 (NMNTM) cathode material, through a dual-site 

modulation strategy of introducing Mg and Ti ions to the Na and transition-metal sites 

(Mn sites), respectively. Neutron diffraction reveals that NMNTM adopts a larger super 

cell structure model (P63 space group) due to the superlattice ordering in structure, and 

also identifies the different locations of Mg and Ti ions in Na and TM sites, respectively. 

Besides, enhanced ordering is also confirmed by neutron diffraction, which contributes 

the staircase-like charge/discharge profiles of NMNTM. In contrast, NMNTM delivers 

a reversible capacity of 113 mAh g-1, corresponding to ~ 87% of its theoretical capacity 

and significantly improved rate capabilities of 96, 86, 61, 49 and 34 mAh g-1 at 1 C, 2 

C, 5 C, 10 C and 15 C, respectively. Moreover, NMNTM displays an enhanced capacity 

retention of 80.2%, exceeding the 65.8% cycling stability of NNM after 150 cycles. CV 

and ex situ XPS tests demonstrate that only Ni2+/Ni4+ redox couples participate in the 

electrochemical reaction while Mn4+ ions maintain the structural stability. Ex situ XRD 

measurements reveal that no new phase beyond P2 structure ais observed during the 

charge/discharge process, indicating the phase-transition-free feature of NMNTM 

cathode. The synergistic effect is stimulated by Mg and Ti ions in different 

crystallographic sites that significantly improves the electrochemical performance of 
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NMNTM, including the pillar effect of Mg-ion in the Na sites, phase-transition-free 

feature of NMNTM, suppressed Jahn-Teller effect by tuning the Mn3+/Mn4+ ratio to 

eliminate Mn3+ ions, accelerated Na-ion movement by GITT tests, and enhanced crystal 

structure stability of strong chemical bond of Ti-O compared with Mn-O in the TM 

layers upon charging and discharging. 
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