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a b s t r a c t

O3-type layered oxide cathodes have been widely investigated due to their high reversible capacities and

sufficient Na+ reservoirs. However, such materials usually suffer from complex multistep phase transitions

along with drastic volume changes, leading to the unsatisfied cycle performance. Herein, we report a

Mg/Ti co-doped O3-type NaNi0.5Mn0.5O2, which can effectively suppress the complex multistep phase

transition and realize a solid-solution reaction within a wide voltage range. It is confirmed that, the Mg/Ti

co-doping is beneficial to enhance the structural stability and integrity by absorbing micro-strain and

distortions. Thus, the as obtained sample delivers an outstanding cyclic performance (82.3% after 200

cycles at 1 C) in the voltage range of 2.0–4.0V, and a high discharge capacity of 86.6 mAh/g after 100

cycles within the wide voltage range (2.0–4.5V), which outperform the existing literatures. This co-doping

strategy offers new insights into high performance O3-type cathode for sodium ion batteries.

© 2024 Published by Elsevier B.V. on behalf of Chinese Chemical Society and Institute of Materia

Medica, Chinese Academy of Medical Sciences.

As a competitive candidate for lithium-ion batteries, sodium-ion

batteries (SIBs) have aroused much attention and been intensively

studied due to abundant resource and low cost, which endow it a

prospect in stationary energy storage systems [1–5]. Among com-

ponents of batteries, the cathode material plays the decisive part

of the electrochemical performance. Therefore, large number ef-

forts have been devoted to developing low cost and environmen-

tally friendly cathode with long cycle life. Therein, O3-type layered

oxide cathode materials are regard as a desirable cathode for prac-

tical application owing to the sufficient Na+ reservoirs, high re-

versible capacity and flexible synthesis process [6–10].

In particular, O3-type NaNi0.5Mn0.5O2 cathode material with

high capacity delivery and moderate plateau voltage has been ex-

tensively explored [11,12]. However, it is universally accompanied

by complex multistep phase transitions based on the TMO2 slab

gliding or Na+/vacancy ordering during the repeated charge and

discharge. Meanwhile, drastic volume changes within the unit cell

and the accumulation of micro-strain may trigger the generation

of internal microcracks and structure degradation [13–16]. In addi-

tion, the O3-type NaNi0.5Mn0.5O2 cathode material requires high
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migration energy barriers during the extraction/insertion due to

the sodium ion migration through intermediate tetrahedral site,

leading to slow kinetics, inferior rate capacity and rapid capacity

decline [17–19]. Therefore, it is essential to adopt an effective strat-

egy to regulate NaNi0.5Mn0.5O2 cathode materials for good struc-

tural integrity and high capacity retention.

Cation doping is deemed to be an effective strategy to mitigate

the structural changes and enhance the cyclic performance. Flexi-

ble Ti doping at Mn octahedra site in a P2-type cathode material

was verified to be able to enhance the structure stability by ab-

sorbing the electrochemical-induced strain during the cycling pro-

cess [20]. Moreover, Ti doping can smooth the charge/discharge

curves and stabilize the crystal structure, leading to ameliorative

cyclic stability [21–23]. However, Ti is more expensive than Mn

and the addition needs to be balanced between cost and perfor-

mance. In addition, Mg doping at the Ni site can suppress slip-

page of the transition metal layer, leading enhanced cycling stabil-

ity in the high voltage region [24–26]. Meanwhile, the price of Mg

is comparable to Na and does not trigger an increase in material

costs. Therefore, a Mg/Ti co-doping in NaNi0.5Mn0.5O2 cathode ma-

terial may be a very effective way to suppress complex multistep

phase transition, remain good structure integrality and enhanced

cyclic performance relying on reinforced skeleton structure of lay-

ered oxides to tolerate volume changes and micro-strain.

https://doi.org/10.1016/j.cclet.2023.108606
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Fig. 1. XRD and Rietveld refinement patterns of (a) NM and (b) NMMT samples. (c)

Schematic illustration of the crystal structure of O3-type cathode.

Herein, we employed Mg/Ti co-doping in NaNi0.5Mn0.5O2 cath-

ode material to enhance the cyclic performance and structural in-

tegrity. After doping, the enlarged slab spacing in TMO2 layer can

strengthen the whole skeleton structure of layered oxides, while

interslab spacing in Na layer decreased, which is benefit for the

structure stability. Thus, it delivered an outstanding capacity re-

tention of 82.3% after 200 cycles at 1 C in the voltage range of

2.0–4.0V (56.1% for pristine sample). In addition, it still maintains

the high capacity of 86.6 mAh/g (56.5 mAh/g for pristine sam-

ple) after 100 cycles at 0.1 C in the wide voltage range of 2.0–

4.5V. Ex-situ XRD characterization verified the structure evolution

of the Mg/Ti co-doped cathode upon charge/discharge, which only

goes through single O3 to P3 phase transition. And the particles

were almost undamaged after cycling for the Mg/Ti co-doped cath-

ode material, indicating reinforced skeleton structure. By contrast,

the NaNi0.5Mn0.5O2 cathode material undergoes complex multistep

phase transitions (O3-O′3-P3-P′3-P3′-O3′-P3′′) with drastic volume

changes. Furthermore, it is verified that there were obvious mi-

crocracks on the particles, which is mainly resulting from inferior

structural stability and corrosion of electrolyte. This research will

enable the emergence of highly sustainable energy storage devices

with outstanding performance.

The XRD patterns with corresponding Rietveld refinement re-

sults are presented in Figs. 1a and b. All diffraction peaks can

be well matched with O3-type α-NaFeO2 (space group: R-3m)

[7,18], which indicates the Mg/Ti have successfully doped the crys-

tal structure. It is worth pointing out that an additional diffrac-

tion peak located at 43° is corresponding to NiO impurity resulting

from solubility limit of nickel, which is usual in the Ni-based O3-

type cathode materials [11,12]. After Mg/Ti co-doping, the refined

lattice parameters a and c of NMMT sample increased to 2.951 Å

and 16.122 Å due to the larger ionic radius of Mg/Ti (Tables S1

and S2 in Supporting information) [27,28]. In addition, Na layer de-

creased to 3.196 Å while TMO2 layer increased to 2.178 Å (Fig. 1c).

The compressed Na layer will lead a more stable crystal structure

[12].

Fig. S1a (Supporting information) and Fig. 2a display the typi-

cal SEM images of NM and NMMT cathodes, respectively. It is ob-

served that the two samples both have an irregular plate-like mor-

phology. The HRTEM images (Figs. 2b and c) of NMMT sample ex-

hibit clear lattice fringes with d-spacing of 0.535nm and 0.216nm,

which are assigned to the (003) and (104) crystal planes [29]. A

similar interplanar distance for pristine NM sample (Fig. S1c in

Supporting information) was assigned to the (003) crystal planes.

The electron diffraction pattern (Fig. 2d) indicates the hexagonal

Fig. 2. (a) SEM, (b, c) HRTEM images of the NMMT sample. (d) SAED pattern of

NMMT sample. (e) Elemental mapping of NMMT sample. XPS spectra of (f) Ti and

(g) Mg elements for the NMMT samples. The partial density of states (PDOS) of (h)

Ni, (i) Mn, (j) Ti and (k) Mg for pristine sample and Mg/Ti co-doping sample.

lattice for NMMT sample and good crystallinity. The EDS mapping

on the NMMT particles (Fig. 2e) affirmed the uniform distribution

of the elements (Ni, Mn, Ti, Mg and Na). Meanwhile, the EDS im-

ages (Fig. S1d in Supporting information) for NM sample reveal

that Ni, Mn, Na and O elements are in existence. Furthermore,

element composition of samples was determined by inductively

coupled plasma mass spectrometry (ICP-MS), and the results are

similar to designed values (Table S3 in Supporting information).

The valence state of the elements was determined X-ray photo-

electron spectroscopy (XPS). For the Ni 2p spectra (Fig. S2 in Sup-

porting information), the peaks located at 872.1 and 854.6 eV are

allocated to Ni 2p1/2 and Ni 2p3/2, which indicate the valence of

Ni is mainly bivalent. The Mn 2p1/2 and 2p3/2 peaks at 653.8 and

642.1 eV are allocated to Mn4+ in the sample [30]. Furthermore,

there are two characteristic peaks located in 463.6 and 457.8 eV

in Fig. 2f, demonstrating that the valence state of Ti is tetrava-

lent [31,32]. The peak at 1303.0 eV of Mg 1s spectra (Fig. 2g) is

corresponding to Mg2+ [33]. Thus, the XPS spectra of Ti and Mg

further confirm the successful doping in NMMT sample. The elec-

tronic structures of NM and NMMT samples were also revealed by

partial density of states (PDOS) based on DFT theory calculations.

According to the PDOS profiles (Figs. 2h-k), the valence of Ni, Mn,

Mg and Ti are allocated to +2, +4, +2 and +4 after Ti/Mg co-

doping. They are consistent with XPS results and it is confirmed

that there is no valence change [34].

Figs. 3a and b exhibit the CV curves of NM and NMMT

electrodes at 0.2mV/s in the voltage range of 2.0−4.0V. For

NM electrode, there are four pairs of redox peaks (2.84/2.53,

3.27/3.18, 3.55/3.46 and 3.69/3.55V). By contrast, NMMT electrode

exhibits a redox peak located in 2.91/2.67V and other peaks above

3V became weaker, which may be due to suppressive multi-

step phase transition resulting from more stable structure after

Mg/Ti co-doping. The electrochemical storage performances of the

NMMT and NM cathodes were analyzed within a voltage range of
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Fig. 3. Cyclic voltammetry curves at 0.2mV/s of (a) NM and (b) NMMT electrodes in the voltage range of 2.0–4.0V. The charge/discharge curves within 2.0–4.0V for (c)

NM and (d) NMMT electrodes. (e) The rate capacity of NM and NMMT electrodes. (f) Galvanostatic charge/discharge curves at 1 C showing 200 cycles for NMMT electrode.

(g) Cyclic performance comparation at 1 C for 200 cycles within 2.0–4.0V.

2.0–4.0V (1 C=240mA/g). The charge/discharge curve at 0.1 C for

NM electrode displayed several voltage plateaus and steps (Fig. 3c),

indicating complex multistep phase transitions induced by TMO2

slab gliding along with Na+/vacancy ordering [13]. However, the

charge/discharge profile of NMMT (Fig. 3d) electrode became

smoother and the voltage plateaus above 3.0V disappeared, which

may be due to the suppressive multistep phase transitions. For

NMM and NMT electrodes, the charge/discharge curves (Fig. S3 in

Supporting information) became slightly smooth compared with

NM electrode. It is worth mentioning the charge/discharge curve

of NMMT electrode consists of a plateau accompanied by a sloping

line, it may be corresponding a single O3-P3 phase transition and

has been confirmed in the previous literature [35], which will be

discussed in the latter section. In Fig. 3e, the NMMT electrode ex-

hibited similar rate capability compared with NM electrode, corre-

sponding to discharge capacities of 124.2, 114.7, 107.2, 102.3, 96.5

and 85.4 mAh/g at 0.1, 0.2, 0.5, 1, 2 and 5 C, respectively. When

it returned to 0.1 C after 5 C rate tests, a discharge capacity of

115.1 mAh/g was delivered, demonstrating the good reversibility of

the NMMT sample. It is worth mentioning that despite the slight

compression of the sodium layer, the NMMT material exhibits en-

hanced rate capacity at 1, 2 and 5 C, which is similar to that pre-

viously reported in the literature [12]. The cyclic performance of

NM and NMMT electrodes are shown in the Fig. 3g (GCD curves

for NMMT, Fig. 3f). After 200 cycles at 1 C, the NMMT electrode

showed the capacity retention of 82.3%, higher than NM electrode

(56.1%). Meanwhile, the capacity retention of NMT and NMM elec-

trodes are 76.5% and 66.7%, so the co-doping can gain the best

cyclic performance (Fig. S3). It can also be inferred that the out-

standing cyclic performance for NMMT electrode is resulting from

suppressive multistep phase transitions and the solid-solution re-

action of a large region [18], which will be discussed later. In addi-

tion, the cyclic performance is superior to many reported O3-type

cathode materials (Table S4 in Supporting information).

High cut-off voltage can increase the reversible capacity of the

cathode materials, which is also significant in practical application.

However, high voltage regions are usually accompanied with irre-

versible phase transformation together with drastic volume change

and decomposition of electrolyte [36,37]. In addition, as most of

the sodium ions are extracted from the sodium layer, electrostatic

repulsive force is increased, resulting in a larger sodium layer spac-

ing and unstable crystal structure [38,39]. Thus, we focused on the

electrochemical performance in the wide voltage range. The NM

electrode delivered a capacity of 175.4 mAh/g in the voltage range

of 2.0–4.5V and the profile showed a characteristic of several volt-

age plateaus, especially a long platform in the voltage of 4.13V,

which is matched with P3′′ phase transition (Fig. 4a) [40]. How-

ever, the platform shifts to a higher voltage and become tilted for

NMMT electrode, manifesting the distinctive structure evolution

process. The cyclic performance at 0.1 C for 100 cycles is displayed

in Fig. S4 (Supporting information). The discharge capacity of NM

electrode declined sharply in the first five cycles, which is mainly

due to the irreversible structure evolution or degradation between

4.0V and 4.5V. After 100 cycles, the NMMT electrode maintained

a discharge capacity of 86.6 mAh/g, much higher than 56.5 mAh/g

of NM sample, although NM electrode has a higher initial capacity

(175.4 mAh/g) compared to the NMMT electrode (160.1 mAh/g). It

indicated that the Mg/Ti co-doping can effectively reinforce frame-

work in the high voltage region. Furthermore, galvanostatic inter-

mittent titration technique (GITT) was employed to evaluate cor-

responding Na+ diffusion coefficients in the voltage of 2.0–4.5V.

The GITT profiles and diffusion coefficients (DNa) are shown in

Figs. 4b and c for NMMT and NM electrodes, respectively. The DNa

for NMMT electrodes was about 10−11–10−10 cm2/s in the voltage

range of 2.0−4.5V (Fig. 4b). However, the DNa for NM electrode

decreased obviously to 10−12–10−14 cm2/s in the high voltage re-

gion of 4.0–4.5V, demonstrating a very slow Na+ transfer. The low

Na+ diffusion coefficients may be relevant to the irreversible phase

transition or highly faulted layer structure. Thus, the NMMT elec-

trode delivers an outstanding cyclic performance and faster Na+

transfer even in the high voltage range.

To further uncover the mechanism for improved electrochemi-

cal performance after Mg/Ti co-doping, the ex-situ XRD character-

ization was performed. The results and the first charge curves in
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Fig. 4. (a) Charge/discharge profiles within 2.0–4.5V. GITT profiles and DNa for (b) NMMT and (c) NM electrode. (d) The first charge profile and (e) ex situ XRD patterns at

different cut-off voltages of NMMT. (f) The structural evolution schematic for NMMT electrode.

the voltage range of 2.0–4.5V are collected (Figs. 4d and e, Fig.

S5 in Supporting information). For NMMT sample, when voltage

of charge was to 2.82V, the diffraction pattern is almost the same

with pristine sample, indicating excellent structural stability. With

further charge (3.1V), the new peaks at 16.0° and 32.2° indexed

with (003)P3 and (006)P3 peaks of P3 phase [24], which demon-

strates a two-phase reaction from O3 to P3 phase. This process

continues until 4.0V, and as the voltage increases, the relative in-

tensity of peaks for P3 phase are higher, which implies the P3

phase gradually dominates. When the voltage is 4.0V, the intensity

of (104) peak visibly reduces, while the (015) peak become obvi-

ous, indicating the complete transformation to P3 phase [41,42].

It is worth mentioning P3 phase is quite stable without further

phase transition until 4.5V, which may due to the stabilizing effect

on layered structure via suppressive TMO2 slab gliding from Mg/Ti

co-doping. In short, structure evolution for the NMMT sample dur-

ing charge process is single O3 to P3 transition [43] and structural

evolution schematic for NMMT electrode is shown in Fig. 4f.

For NM electrode (Fig. S5 in Supporting information), when

voltage of charge was 2.71V, (003) peak of O3 phase located at

16.5° splits into two peaks. The new diffraction peak with high rel-

ative intensity is in the left of original peak, which is assigned to

(001) peak for monoclinic O′3 phase with a distorted lattice [44].

Meanwhile, the (006)O3 peak also split the new peak (002) for O′3
phase, which indicates that the structure is easy to phase transi-

tion via slab gliding. Then, the O3, O′3 and P3 phases coexist and

transform in the voltage range of 3.1–3.4V [45,46]. Na+ ions have

to consume huge energy to pass through the interface between

the two phases, which is not conducive to ion transfer, thus lead-

ing to deteriorative cyclic performance [47]. Upon further charging

to 3.5V and 3.7V, materials showed the P′3 and P3′ phase. Above

4.0V, it transforms to O3′ phase, which is confirmed by the slight

shift of the (003) peak to a higher angle and the appearance of the

(104)O3′ peak [45]. Thus, the NM materials undergo the O3-O′3-P3-
P′3-P3′-O3′ complex phase transition process in the voltage of 2.0–

4.0V, which is the same to the previous report [46]. When voltage

of charge was 4.2V, the diffraction peak become wide, which is la-

beled as P3′′ phase. The P3′′ phase has a large interslab distance

and is thought to be able to highly faulted layer structure, lead-

ing a slow Na+ transfer and poor structure stability [40]. The P3′′
phase with highly faulted layer structure may be relevant to the

low diffusion coefficient of Na+ and inferior capacity retention.

Fig. 5. The SEM images of cathode materials after cycled for 100 cycles: (a) MN

and (b) MNMT. The XRD patterns of (c) NM and (d) NMMT electrodes after cycling

at 0.1 C for 100 cycles in the wide voltage of 2.0–4.5V.

Obviously, the NiMn sample undergoes a complex phase tran-

sition whether in the voltage range of 2.0–4.0V (O3-O′3-P3-P′3-
P3′-O3′) or in the high voltage region of 4–4.5V (O3′-P3′′). The

multistep phase transition with distorted crystal lattice is usu-

ally accompanied with dramatic volume variation and micro-strain

[48,49], leading microcracks on the particles, accounting for infe-

rior electrochemical properties. By contrast, the NMMT sample un-

dergoes a single O3 to P3 phase transition. It is obvious the co-

doping greatly suppresses the complex multistep phase transition.

Meanwhile, the enlarged slab spacing in TMO2 layer can lead a re-

inforced skeleton structure to tolerate micro-strain, thus resulting

in superior cyclic performance.

To further confirm enhancement of structure stability via Mg/Ti

co-doping, the SEM images were presented in the 100th cycled

cells in the voltage range of 2.0–4.5V (Figs. 5a and b). There is

many microcracks and holes on the NM particles. By contrast,

NMMT electrode is almost undamaged and maintains the original
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Fig. 6. (a) Schematic drawing of the full cells. (b, c) The charge-discharge profiles of anode and full cells. (d) Cyclic performance comparation for full cells.

morphology. The main reason is due to the complex phase tran-

sition of the NM sample during the charge and discharge process,

which is accompanied by drastic volume changes, resulting in con-

tinuous shrinkage and expansion of the unit cell, and the accu-

mulation of micro-strain ultimately leads to cracks on the particle

[50,51]. After that, excessive cracks and holes will increase the side

reactions from electrolyte, accelerating the corrosion along with

dissolution of transition metal ions, ultimately leading to struc-

tural damage and deterioration of the electrochemical properties

[52,53]. Furthermore, the XRD patterns are also provided in Figs. 5c

and d. For NM electrode, the (003)P3 peak with high relative inten-

sity is striking, and the low-intensity (001)O′3 and (003)O3 peaks

are also observed, indicating that phase composition of NM cath-

ode material is dominated by P3 phase. In other words, the phase

transition may be highly irreversible. By contrast, the XRD pattern

for NMMT electrode showed two peaks (003)O3 and (003)P3, and

the (104)O3 peak for O3 phase is obvious, indicating the material

maintain a O3/P3 biphase. This is good evidence that Mg/Ti co-

doping can improve reversibility of structure evolution.

Due to the excellent structural stability of NMMT electrode, we

assembled full cells to confirm the feasibility of practical applica-

tion, which employed hard carbon as the anode. The schematic

drawing of the full cells is shown in Fig. 6a. The hard carbon dis-

plays a reversible capacity of 273 mAh/g at 0.1 C (Fig. 6b). The

full cells (NMMT/hard carbon) show a discharge capacity of 112.7

mAh/g with smooth curve within 2.0–3.9V (118.7 mAh/g for NM)

(Fig. 6c). Meanwhile, the cyclic stability is outstanding and the ca-

pacity retention is 90.8% after 100 cycles at 0.5 C (Fig. 6d), much

surpassing pristine sample (71.9%), which manifests the large po-

tential in practical applications.

In conclusion, the O3-NaNi0.5Mn0.5O2 cathode materials is suc-

cessfully modified with an Mg/Ti co-doping strategy. The slab spac-

ing in TMO2 layer is enlarged while interslab spacing in Na layer

decreased, resulting in reinforced skeleton structure of layered ox-

ides to tolerate volume changes and micro-strain, which is bene-

fit for the structure stability and integrality. Meanwhile, the com-

plex multistep phase transition (O3-O′3-P3-P′3-P3′-O3′-P3′′) is ef-

fectively suppressed, displaying a single phase transition (O3-P3),

consequently resulting in superior cycle life. After 200 cycles (2.0–

4.0V), the NMMT sample maintains a capacity retention of 82.3%,

much surpassing pristine sample (56.1%). For a wide voltage range

of 2.0–4.5V, the NMMT sample still maintains the capacity of

86.6 mAh/g (56.5 mAh/g for pristine sample) after 100 cycles. Fur-

thermore, it is noticed that there is almost no microcracks and

holes on the particles for NMMT electrode, further demonstrat-

ing reinforced framework and good structural integrity. The XRD

patterns of NMMT electrodes after cycling also demonstrates that

Mg/Ti co-doping enhances the reversibility of the structure evolu-

tion process. In addition, the full cells deliver a high capacity re-

tention, presenting the potential in practical applications. Thus, it

is believed that cation co-doping can effectively improve cyclic per-

formance and structural integrity and also have positive effect on

commercialization process.
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