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Abstract 

Application of sodium ion batteries in grid-scale energy storage demands electrode 

materials that facilitate fast and stable charge storage from room-temperature to sub-

zero temperature range. The key issues that hinder P2-type layered oxides from 

achieving such goals are their unsatisfied charge transfer kinetics and unavoidable 

surface fading. Herein, we report a P2-type Na0.78Ni0.31Mn0.67Nb0.02O2 whereby the 

trace Nb substitution simultaneously reduces the electronic band gap and ionic diffusion 

energy barrier, thus enables fast electron and Na+ mobility (~10-9 cm s-1 at -40 °C). 

While the Nb induced atomic-scale surface pre-construction efficiently prevents the 

electrolyte penetration and surface metal dissolution. The material demonstrates a 

record high rate capability (50 C), unprecedented low temperature performance and 

ultrahigh cycling stability (98% capacity retention at -40 °C with 76% capacity 

remaining after 1800 cycles). Different from literatures, this work shows that complete 

solid-solution is not always critical for high rate performance. 
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1. Introduction 

As an alternative to lithium-ion batteries, sodium-ion batteries (SIBs) have been 

paid significant attention for grid-scale energy storage due to the greater abundance of 

sodium sources. Nevertheless, the practical application of SIBs is hindered by the slow 

Na+ transfer kinetics especially at subzero temperatures. Layered transition-metal 

oxides (NaxTMO2, TM represents transition metal) are considered as the most 

promising cathode families due to their low cost and high theoretical capacities1-11. 

Among the layered structure (mainly P2, O3, according to the count of edge-sharing 

TMO6 octahedra with the oxygen piling in ABBA or ABCABC stacking12 as displayed 

in Supplementary Fig. 1), P2-Na2/3Mn2/3Ni1/3O2, with classic composition has been 

extensively investigated, which displays a striking specific capacity of 160 mAh g-1 

within 2.0-4.5 V based on Ni2+/3+/4+ redox couples13-17. Nevertheless, such a structure 

suffers from irreversible structural changes or phase transitions (e.g. P2-O2, P2-OP4) 

at certain desodiation states17 and severe interfacial transition metal dissolutions18-23, 

thus causing wretched rate capability and capacity decay upon cycling. 

Efforts have been taken to stabilize the crystal structure during charge/discharge 

and enable fast Na+ (de)intercalation. For instance, proper cations doping (e.g. Li+, 18,25, 

Cu2+, 26,27, Mg2+, 28,29, Zn2+, 30) are proved to be efficient in eliminating the TM layers 

gliding and Na+/vacancy ordering, thereby realizing a fast solid-solution reaction. 

Surface decorations have been applied to improve the surface structural stability upon 

cycling 23,24,31,32 while increasing the Na content was reported to be capable of 

stabilizing the crystal structure at deep desodiation states. 18,33 For example, by 
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increasing the sodium content to 0.85, and combining with Li+ substitution, a plateau-

free P2-type cathode-Na0.85Li0.12Ni0.22Mn0.66O2 (P2-NLNMO) was developed, which 

enables a fast Na+ mobility (10-11 to 10-10 cm2s-1) by realizing the completely solid-

solution reaction in the whole experimental potential range. In these studies, sufficient 

Na content and complete solid-solution reaction are considered critical to achieving 

high-rate and highly stable P2-type cathodes.18 However, regardless of the great 

achievements obtained at room temperature, such structures generally encounter a 

noticeable capacity loss at sub-zero temperatures.34-36 

In this study, we report a trace Nb-doped high sodium content (0.78) P2-type 

Na0.78Ni0.31Mn0.67Nb0.02O2 (P2-NaMNNb) with significantly enhanced rate 

performance and outstanding low temperature (LT) performances. The trace Nb 

substitution can simultaneously reduce the electronic band gap and ionic diffusion 

energy barrier, thus enable fast electron and Na+ transfer especially at Na-deficient state. 

On the other hand, a cation-mixed layer is pre-constructed on the surface of P2-

NaMNNb along the direction of Na+ diffusion channels at an atomic scale (3-5 nm), 

which can inhibit the transition metal dissolution and prevent the electrolyte penetration 

upon cycling. Note that, the trace Nb (0.02) substitution enables the relatively high Ni 

content (0.31), thus maintains the voltage plateaus of Ni2+/3+/4+ at 3.7~3.3 V. 

Consequently, the P2-NaMNNb materials exhibits an eminent capacity of 96.6 mAh g-

1 at 0.5 C with a high working voltage of 3.5 V (voltage range: 2.4~4.15 V), and an 

ultrahigh rate capacity (65.8 mAh g-1 @50 C). More importantly, the P2-NaMNNb 

presents almost unchanged diffusion coefficients from 25 to -40 °C (≈10-9 cm2 s-1), 
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which results in a record high capacity retention of 98% at -40 °C (94.5 mAh g-1@ 0.5 

C) along with outstanding stability (76% capacity remaining after 1800 cycles). The 

full cell assembled with P2-NaMNNb and commercial hard carbons demonstrates a 

high energy density of 216 Wh kg-1, and extremely high power density of 6.6 kW kg-1 

(based on the total mass of cathode and anode). 

2. Results and Discussion 

2.1 Crystal structure of P2-NaMNNb 

The crystal structure of the as-prepared sample was determined by powder X-ray 

diffraction (XRD) and Rietveld refinement. The refined results of P2-NaMNNb and P2-

NaMN) (Na0.78Ni0.32Mn0.68O2) fit well with the experimental data (Fig. 1a-b). All the 

diffraction patterns can be indexed into a hexagonal structure with the space group 

P63/mmc, whereby Mn, Ni and Nb atoms are settled on the 2a site of the transition-

metal layer. There are two kinds of prismatic sites in the Na layer: Naf and Nae, sharing 

two faces or edges with the lower and upper octahedral TMO6, respectively 

(Supplementary Fig. 1). Similar to previous work33, a preferred occupancy at Nae sites 

(Nae: 0.543 mol, Naf: 0.237 mol) is observed in P2-NaMNNb to achieve lower 

electrostatic repulsion between Na elements. The doping of Nb causes slight shifts of 

(002) and (004) peaks to a lower angle (Supplementary Fig. 2), leading to an increase 

of d-spacing according to the Bragg equation. The elemental ratio of Na, Mn, Ni and 

Nb in P2-NaMNNb is determined as 0.78:0.67:0.31:0.02 by the inductively coupled 

plasma (ICP) method (Supplementary Table 1). As illustrated in Fig. 1c, the refined 

crystal structure indicates that Nb doping can expand the distance between the TM 
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layers from 3.76 to 3.89 Å, and the Na-O bond from 2.51 to 2.56 Å, which entitles the 

Na+ with enhanced de/intercalation capabilities (Supplementary Tables 2-3). 

 

Fig. 1. Structure of the P2-NaMNNb and P2-NaMN cathode material. a, b Rietveld refinements 

of X-ray diffraction of P2-NaMN and P2-NaMNNb compounds. c Schematic diagram of the effect 

of Nb doping on crystal structure. 

2.2 Atomic structure of P2-NaMNNb 

Aberration-corrected high-angle annular dark-field scanning transmission electron 

microscopy (HAADF-STEM) was carried out to intensively investigate the effect of 

Nb doping on the bulk and surface structure of P2-NaMNNb at an atomic scale (Fig. 

2a-b, Supplementary Fig. 3). As the atomic images shown in Fig. 2b-c, it is easy to 

observe grains projected along [010] zone axis, with the big bright dots for TM atom 
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columns, but light elements, such as Na and O, are invisible, which fits very well with 

the representatively simulated P2-layered atomic models using the P63/mmc space 

group as demonstrated by inset. The perfect lattices (without dislocation or defects) 

illustrate the high crystalline quality of the obtained P2-NaMNNb. In addition, indexed 

from the Fast Fourier transform (FFT) patterns (Supplementary Fig. 4) of the HAADF 

image in Fig. 2b, the space distance of the lattice fringes for P2-NaMNNb are 0.558 nm 

and 0.249 nm corresponding to (002) and (100) planes (enlarged view of the green 

rectangle of Fig. 2b), respectively (Fig. 2c). The c-axis corresponding to the (002) plane 

visibly varied when compared with that of P2-NaMN (Supplementary Fig. 7a), which 

agrees well with the results of XRD refinement. Moreover, as shown in Fig. 2b, it was 

found that the atom arrangement in the surface region (with a thickness of 3-5 nm) of 

P2-NaMNNb is different from that of the bulk, which indicates that Nb-doping might 

induce a pre-constructed surface layer. As reported, such a surface pre-constructed layer 

is expected to be beneficial to improving structural stability upon Na+ de/intercalation 

during the electrochemical test19,37-40. As the enlarged views shown in Fig. 2e-f 

(corresponding to the red and blue rectangular areas in Fig. 2d), rock-salt-like and 

spinel-like structures could be observed at the surface and the sub-surface of P2-

NaMNNb, which may be attributed to the cation disorder arrangement41. Furthermore, 

the evolution of the crystal structure was probed with the assist of line-scan intensity 

profiles (Fig. 2g-h). As depicted by the simulated lattice structure of pre-constructed 

layer (Supplementary Fig. 5), the distance between adjacent Mn (Ni/Nb)-I site of the 

sub-surface is 0.85 nm, which reduced to 0.822 nm at surface due to the electrostatic 
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attraction caused by the transition metals occupying the empty 16c octahedral sites42-45. 

Moreover, direct chemical identification (zooming-in area in Fig. 2i) by using the 

energy dispersive spectrometer (EDS) mappings and elemental line scan analyses 

further confirm the elemental distribution from bulk to surface, from which we can find 

that the concentration of Na at the pre-constructed layer is relatively low but the 

concentration of Nb at the same area is relatively high comparing to that at bulk area 

(Fig. 2i-j, Supplementary Fig. 6). It was supposed that the chemical compositions of 

the pre-constructed layer for the Nb-doped sample are Mn, Ni, Nb and O.  

The above microstructure analyses show that certain contents of Nb doping into 

the lattice of P2-NaMN could not only expand d-spacing of (00l) planes which is 

beneficial to Na+ de/intercalation during cycling, but also form a Nb-rich pre-

constructed layer (3-5 nm) which might enhance the structure stability of the cathode 

material. As reported, electron-beam irradiation can provide a feasible stimulus that 

mimics the effect of electrochemical cycling46. Several reports have adopted electron-

beam irradiation to estimate the structural stability of the battery materials47,48. Here, in 

situ E-beam irradiation was performed to further investigate the mechanism of Nb-

doping on the structure stability enhancement of P2-NaMNNb. Interestingly, we found 

the P2-NaMNNb and P2-NaMN compounds exhibit different tolerance ability to the 

electron beam irradiation (Supplementary Fig. 7-8). Under in-situ E beam irradiation, 

obvious surface reconstruction and subsequent surface amorphous, even material loss 

can be observed for the P2-NaMN. In contrast, the P2-NaMNNb exhibits impressive 

tolerability to electron beam irradiation due to the existence of the pre-constructed layer, 



8 

which implies that such a Nb-riched pre-constructed layer might be beneficial to the 

electrochemical stability of P2-NaMNNb.  

 

Fig. 2. Atomic structure of the P2-NaMNNb cathode material. a-c STEM-HAADF images of 

P2-NaMNNb projected along the [010] zone axis. d A representative STEM-HAADF image of the 

interface between pre-constructed layer and bulk phase of P2-NaMNNb. e, f Magnified views of 

the surface and sub-surface corresponding to the blue and red boxes in Fig. 2d. g, h Line profiles 

corresponding to the blue line in Fig. 2e and the red line in Fig. 2f. i STEM-EDS elemental maps of 
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P2-NaMNNb compounds. j Energy Spectrum elemental line profiles of from surface to bulk phase 

corresponding to the blue line in Fig. 2i and corresponding chemical compositions with O (orange), 

Na (green), Mn (red), Ni (blue) and Nb (cyan-blue).  

2.3 Electrochemical Performance  

The electrochemical performance of P2-NaMNNb and P2-NaMN were 

consistently tested at room temperature (RT, 25 °C) and LT (-40 °C). Cyclic 

voltammetry at RT for P2-NaMNNb and P2-NaMN in half-cell systems were tested at 

a scan rate of 0.2 mV s-1 (Fig. 3a). For P2-NaMNNb, three pairs of redox peaks were 

found at 3.12/3.2, 3.28/3.34 and 3.56/3.64 V, respectively corresponding to the 

Ni2+/Ni3+/Ni4+ redox couples respectively14-17. It is noted that, Nb doping can efficiently 

reduce the polarization voltage (ΔV) between adjacent anodic and cathodic peaks is 

reduced from 97 to 61 mV, which agrees well with the charge/discharge profiles of the 

P2-NaMNNb and P2-NaMN (Supplementary Fig. 9). The valance states of different 

elements in the selected potential range were verified through ex-situ XPS 

characterizations (Supplementary Fig. 10). Galvanostatic charge/discharge curves of 

P2-NaMNNb from 0.5 to 50 C were tested at RT to confirm the excellent specific 

capacity and unprecedented rate capability (Fig. 3b-c). The as prepared P2-NaMNNb 

demonstrates a high specific capacity of 96.6 mAh g-1 in the voltage range of 2.4–4.15 

V at 0.5 C (1 C = 184 mAh g-1), which remains 65.8 mAh g-1 at 50 C. As contrast, the 

P2-NaMN shows much poorer rate capability, with only 81% capacity retention (68.4 

mAh g-1 @ 10 C) of that at 0.5 C. The electrochemical performance at LT (-40 °C) of 

the as prepared samples was also tested to verify the application feasibility at LT (Fig. 
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3d-f). Unlike the obvious voltage polarization (264.7 mV) on CV curves for P2-NaMN, 

P2-NaMNNb performs minor voltage polarization (126 mV) at LT (Fig. 3d). 

Consequently, the P2-NaMNNb demonstrates a record high capacity retention (98% of 

that at RT) with a discharge capacity of 94.5 mAh g-1 at 0.5 C, which maintains 83.6 

mAh g-1 at 5 C, and 62.9 mAh g-1 at 10 C (Fig. 3e-f). As contrast, P2-NaMN exhibits 

an inferior discharge capacity of 69.9 mAh g-1 at 0.5 C (82% of that at RT), and delivers 

59.7 and 39.2 at 1 C and 2 C, respectively. This LT performance of P2-NaMNNb 

outperforms the cathode materials reported in literature49. Note that, the trace Nb (0.02) 

substitution enables the relatively high Ni content (0.31), thus maintains the voltage 

plateaus of Ni2+/3+/4+ at 3.7~3.3 V. Therefore, the complete solid-solution reaction is not 

always the necessities in perusing high rate performance for P2-type layered cathodes. 

The galvanostatic intermittent titration techniques (GITT) (Fig. 3g-h, 

Supplementary Fig. 11), as an effective electrochemical test method, were employed to 

assess Na+ transport kinetics of P2-NaMNNb and P2-NaMN at both RT and LT. It is 

noticeable that, the sodium diffusion coefficient (DNa
+) of P2-NaMNNb is almost 

unchanged from 25 °C to -40 °C, which is from 10-11.36 to 10-9.09 and from 10-9.81 to 10-

9.29 cm2 s-1, respectively. In contrast, the average diffusion coefficients of P2-NaMN are 

unstable (Supplementary Fig. 11), with 10-11.64 to 10-10.09 cm2 s-1 at 25 °C, and from 10-

11.43 to 10-10.06 cm2 s-1 at -40 °C. Besides, negligible average ohmic polarization (3.11 

mV) and voltage polarization (12 mV) are achieved for P2-NaMNNb at 25 °C, which 

is 9.7 and 16.1 mV at -40 °C respectively (Fig. 3i), indicating the superior Na+ transport 

kinetics even at extreme low temperature. Subsequently, the long-term stability of P2-
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NaMNNb was tested under a high rate of 5 C at 25 °C (Supplementary Fig. 12), with 

remarkable capacity retention of 80% after 500 cycles. Promisingly, even cycled under 

a severe condition of -40 °C at 2 C-rate, a high reversible discharge capacity of 69 mAh 

g−1 (76% capacity retention) is well kept for P2-NaMNNb after 1800 cycles, with 

capacity decay rates of 0.013% per cycle (Fig. 3j, Supplementary Fig. 13). Conversely, 

P2-NaMN suffered hasty capacity loss in a high rate of 5 C at LT (Fig. 3e), and only 

maintain the capacity of 77.8% after 215 cycles at RT (Supplementary Fig. 12). 

Therefore, the trace Nb incorporation into the lattice and the resulting surface 

reconstruction show significant effect in enhancing the electrochemical performance 

under normal or extreme working conditions.  
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Fig. 3. Electrochemical performance of P2-NaMNNb and P2-NaMN compounds in half cells 

in the voltage range of 2.4–4.15 V at 25 °C and -40 °C. a CV curves of P2-NaMNNb and P2-

NaMN at a scan rate of 0.2 mV s−1 at 25 °C. b, c rate performance comparison of P2-NaMNNb and 

P2-NaMN and corresponding charge/discharge curves at 25 °C. d CV curves of P2-NaMNNb and 

P2-NaMN at a scan rate of 0.2 mV s−1 at -40 °C. e, f rate performance comparison of P2-NaMNNb 

and P2-NaMN and corresponding charge/discharge curves at -40 °C. g GITT curves of P2-NaMNNb 

at 25 °C and -40 °C. h The corresponding sodium ion diffusion coefficient (DNa
+) of P2-NaMNNb 

calculated from GITT formula at 25 °C and -40 °C. i Calculated voltage polarization and ohmic 

polarization from GITT data during charge process. j long-term cycling stability at rates of 0.5 and 
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2 C at -40 °C 

2.4 Structural Evolution 

 The structural evolution was inspired for superb electrochemical performance of 

P2-NaMNNb. In/ex situ XRD patterns were collected during the charge/discharge cycle 

within the potential range from 2.4 to 4.15 V. It is worth to note that, as Na+ ions being 

extracted during the charging process, the (002) and (004) diffraction peaks sequentially 

demonstrate explicit shift to lower angles during the charge process due to the increased 

electrostatic repulsion between the oxygen anion of Na layers. In the meantime, the 

(100), (102) and (103) peaks move to higher angles, which may be attributed to the 

reduction of ionic radius caused by electrochemical oxidation of transition metals. After 

full cycle, all the characteristic diffraction peaks revert to their original initial position 

without any new phase observed (Fig. 4a-b, Supplementary Fig. 14), which manifests 

the distinguishingly reversible chemical reaction of P2-NaMNNb with very small c-

axis variation (~2%), and volume change (~1.7%). On the contrary, an obvious peak 

shows up at 16.4° for P2-NaMN, corresponding to the P2' phase (C2/c), which could 

cause inferior rate capability and severe capacity decay upon cycling13,28,50,51 (Fig. 4b, 

Supplementary Fig. 15).  

On the other hand, the water molecules from electrolytes are easy to react with air-

instable NaxTMO2 by inserting into the Na layer or exchanging Na+ with H+, which 

will form unfavorable hydration phase upon cycling, leading to suppressed Na+ 

(de)intercalation ability and insufficient electrochemical performances52-55. The 

microstructure evolution after deep cycles was also inspected. Astonishingly, the P2-
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NaMNNb with pre-constructed cation-mixed layer demonstrates a very small hydration 

peak at 11.6° after cycling, which is much stronger for P2-NaMN (Fig. 4b). The 

HAADF-STEM reveals that the thickness of the surface layer of the P2-NaMNNb 

remains 3-5 nm after 500 cycles, and the bulk structure remains almost unchanged with 

0.558 nm for the d-spacing of TM-layer and 0.250 nm for the interlayer spacing of TM-

atoms (Fig. 4c). As contrast, P2-NaMN encounters a severe surface degradation after 

200 cycles (Fig. 4d-e). The elemental information on the Na anode was also examined 

with energy dispersive x-ray spectroscopy (EDX), whereby the P2-NaMNNb shows 

negligible TM signals 0.06 at% and 0.04 at% for Mn and Ni, which is 0.3 at% and 0.25 

at% for P2-NaMN respectively. This indicates that the pre-constructed surface layers 

can effectively prevent the bulk transition metals from dissolution (Supplementary Fig. 

16). Therefore, the pre-constructed layer plays a critical role in inhibiting P2-P2' phase 

transition and surface degradation, as well as preventing water molecules from entering 

the crystal lattice, which significantly promote the rate performance and cycling 

stability of P2-NaMNNb. 
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Fig. 4. Structural Evolution a In situ XRD patterns corresponding to the charge and discharge 

curves between 2.4-4.15 V. b Comparison of (002) diffraction patterns of P2-NaMNNb and P2-

NaMN after 30 cycles at 0.5 C. c The HAADF-STEM images of the P2-NaMNNb after 500 cycles 

at 5 C. d, e The TEM images of the P2-NaMN after 200 cycles at 5 C. f Schematic of the protective 

effect of surface pre-reconstruction on the bulk structure.  

2.5 Density Functional Theory Calculations  

Density functional theory (DFT) calculations were conducted to investigate the 

(de)intercalation chemistry of Na+ in P2-NaMNNb. A reasonable 4×4×1 (Na24-
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xNi10Mn22O64) supercell with/without Nb substitution was constructed. After the 

structural optimization, electronic structure, charge density as well as the Na+ migration 

barrier are calculated. Fig. 5a shows the partial density of states (pDOS) for transition 

metal 3d orbitals and oxygen 2p orbitals. It is noticed that after Nb doping, Mn eg orbital 

spilt to two peaks and one of them moves below the Fermi level to maintain charge 

conservation and reduce the band gap from 0.500 eV to 0.332 eV according to the total 

density of states, underlining an enhanced electronic conductivity (Fig. 5b-c, 

Supplementary Fig. 17).57,58 The charge density and average bond lengths of TM-O and 

Na-O reflects that the interaction between TM and O is more intense (Fig. 5d-e) after 

Nb doping59-61. The introduction of relatively short Nb-O bond results in increasing the 

bond-length of Na-O but shortening that of TM-O, thus enhancing the bond energy of 

TM-O to maintain structure stability, which is in well accordance of the XRD 

refinement. The redox voltage potentials of P2-NaMNNb, corresponding to different 

amount of Na, are also simulated and the results are compared with experimental 

galvanostatic charge/discharge curves (Fig. 5f). It is seen that the calculated platform 

(black line) is in good accordance with the realistic blue line. Furthermore, calculated 

total DFT energies of two kinds of Na sites in P2-type structure illustrate the energy 

difference between the Nae and Naf site can be reduced in the P2-NaMNNb (from 83.6 

meV to 35.6 meV), implying that the hoping is easier when Nb is involved (Fig. 5g)62.  

To better understand the superb rate capability and LT electrochemical activity of 

P2-NaMNNb, the nudged elastic band (NEB) method is performed to evaluate energy 

barrier (Ea) for Na+ migration. Considering the energy of Nae site is lower than Naf site 
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in NaxTMO2, we design the diffusion path from Nae1 to Naf, then Naf back to Nae2 (Fig. 

5h). P2-NaMNNb encounters a small Ea of 0.22 eV for Na+ diffusion compared to 0.27 

eV of P2-NaMN. Besides, the diffusion coefficient of adjacent Na+ sites can be 

reckoned by the formula of D = a2ν*exp(−Ea / kBT), where a, ν*, Ea, kB and T stand for 

the hopping distance between two adjacent sites, hopping frequency (1013 s-1), 

calculated largest barrier via each path, Boltzmann’s constant, and the temperature, 

respectively63. The calculated DNa+ of P2-NaMNNb is 1.08 × 10-6 and 9.74 × 10-8 cm2 

s-1 at RT and LT, respectively, which is one order of magnitude higher than that of P2-

NaMN (1.60 × 10-7 and 8.59 × 10-9 cm2 s-1). Thereby, the trace Nb doping can efficiently 

boost the reaction kinetics at both RT and LT. In addition, the Ea for Na+ migration at 

Na-rich status (with the generated model of one Na vacancy) is also calculated, which 

is 0.667 eV for P2-NaMNNb, and 0.7 eV for P2-NaMN (Fig. 5i). It is worth to note 

that, as compared to the Na-rich status, the calculated DNa
+ is much smaller (0.667 vs. 

0.22 eV) at Na deficient state, corresponding to the high charge/discharge potential at 

GLD curves. Therefore, controlling the charge potential window within a relatively 

high voltage range (2.4-4.15V) would benefit the rate performance of the electrode 

material, and meanwhile avoiding the Jahn-teller effect of Mn3+. This finding further 

unveils the theoretical origin of the ultrahigh rate performance of P2-NaMNNb. 
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Fig. 5. The evolution of electronic structure. a Partial density of states (pDOS) of O 2p, Mn 3d, 

and Ni 3d and Ni 4d orbitals with x = 0. b Schematic pDOS of P2-NaMN and P2-NaMNNb with x 

= 0. c The total density of state of Na24Ni9Mn22Nb1O64. d Charge density distribution for P2-

NaMNNb (visualized by Visualization for Electronic and Structure Analysis (VESTA)), the red 

regions stand for high charge density and blue regions for low charge density. e The comparison of 

average bond length for TM-O and Na-O of P2-NaMN and P2-NaMNNb. f Comparison of 

calculated voltage potential and galvanostatic charge/discharge curves. g Calculated energy 

difference between the Nae and Naf site for P2-NaMNNb (blue background) and P2-NaMN (orange 

background). h-i Calculated Na+ ion diffusion pathways of P2-NaMNNb with single Na/(one Na 

vacancy) and the corresponding Na+ migration energy barriers of P2-NaMN and P2-NaMNNb. 
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2.6 Full battery constructions 

In order to evaluate practical application potential of P2-NaMNNb cathode in 

functional condition, a full battery was assembled with the commercial hard carbon as 

the negative electrode (Fig. 6a). The Na-storage behaviors of the commercial hard 

carbon anode were examined by galvanostatic charge/discharge and CV tests (Fig. 6b, 

Supplementary Fig. 18), which delivers a reversible capacity of 280 mAh g-1, with the 

working potential of 0.11 V versus Na+/Na. The full battery delivered a high specific 

capacity of 96.8 mAh g-1 in the voltage range of 2.3–4.14 V at 0.5 C at room temperature, 

corresponding to an energy density of 216 Wh kg-1 (based on the total mass of cathode 

and anode). The full battery also presents outstanding rate performance, with 94, 91.4, 

88, 79.4 and 57.9 mAh g-1 specific capacity at 1 C, 2 C, 5 C, 10 C, 20 C, respectively. 

Even when tested at 20 C, it still demonstrates energy density of 106.2 Wh kg-1, along 

with a specific power density of 6.6 kW kg-1 (Fig. 6c, Supplementary Fig. 19a). 

Furthermore, the capacity retention of the full battery maintained 81.4% after 400 

cycles in high rate of 5 C (Fig. 6d, Supplementary Fig. 19b). To explore the practical 

feasibility of the full battery under harsh conditions, the full cell was tested at -40 °C, 

which delivers a specific capacity of 94.1mAh g-1 and 206.8 Wh kg-1 at 0.5 C (Fig. 6e), 

with a remarkably high-capacity retention of 97.2% as compared to that at room 

temperature, and exhibit 109.7 Wh kg-1 and 1.82 kW kg-1, indicating the wondrous ion 

transport kinetics and reversibility under LT. The cycling durability at LT was also 

tested at 0.5 C, with capacity retention of 85% after 65 cycles (Fig. 6d, Supplementary 

Fig. 20). To the best of our knowledge, the low-temperature performance of P2-
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NaMNNb, both in half-cell and full-cell systems, outperforms the state-of-the art 

cathode materials for SIBs 64-67 (Fig. 6f, Supplementary Fig. 21, Table 4).  

 

Fig. 6. Electrochemical performance of the full battery at 25 °C and -40 °C. a Diagram of the 

P2-NaMNNb cathode//hard carbon anode full battery. b Cyclic voltammograms and galvanostatic 

charge/discharge curves versus specific capacity of P2-NaMNNb and hard carbon electrodes. c Rate 

performance of the full battery at 25 °C, d Cycling performance in a rate of 5 C at 25 °C. e Rate 

performance of the full battery at -40 °C. f The comparison of the energy/power density with other 

reported literatures. 

2.7 Discussion 

 The superior LT capacity retention and ultrahigh rate performance have been 

accomplished in the P2-Na0.78Ni0.31Mn0.67Nb0.02O2 materials, which may be attributed 
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to the following reasons: I) DFT calculations confirm that the trace Nb substitution 

could reduce the electronic band gap and greatly improve the overall conductivity of 

the material, and meanwhile the Na+ diffusion mobility is promoted with suppressed 

energy barrier especially at Na-deficient status. Therefore both the electronic and ionic 

mobility can be significantly enhanced, and thus trigger the unprecedented rate 

performance. II) The doped Nb induces the formation of an electrochemical corrosion-

resistant layer in atomic scale, which could prevent H2O and solvent molecule enter the 

crystal lattice, and meanwhile suppress the structural distortion and P2-P2' phase 

transition, prohibit the loss of transition metals, so that achieve stable Na+ 

(de)intercalation. III) the trace Nb (0.02) substitution enables the relatively high Ni 

content (0.31), thus maintains the voltage plateaus of Ni2+/3+/4+ at 3.7~3.3 V. Therefore, 

the complete solid-solution reaction is not always the necessities to achieve high rate 

performance for P2-type layered cathodes. IV) The relatively high Na content (0.78) 

enables the crystal structure keep tight at Na deficient status, which also benefits the 

fast Na+ (de)intercalation at Na-deficient status.    

3. Conclusions 

In summary, we have successfully constructed a high sodium content P2-

Na0.78Ni0.31Mn0.67Nb0.02O2 material with modulated bulk and surface structure. The 

trace Nb substitution for Ni could regulate the bond length of TM-O and Na-O, and 

facilitate the high Na+ mobility and low activation energy barriers especially at Na 

deficient status. Meanwhile, the Nb doping induced surface preconstruction prevents 

phase transformation and surface degradation, thus stabilizes Na+ (de)intercalation 
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reaction during the cycling process. The as obtained material thus demonstrates a record 

high rate performance reaching the reversible capacity of 65.8 mAh g-1 at 50 C (within 

2.4-4.15 V), and excellent LT performance (98% capacity retention rate up at -40 °C) 

and remarkable cycling stability (76% capacity retention after 1800 cycles at -40 °C). 

This paper holds a new feasibility to design cathode materials for high rate and LT 

applications. 

Methods 

Computational Methods. DFT calculations were performed with the Vienna ab-initio 

simulation package (VASP)68. The calculations employed the PBE exchange-correlation functional, 

which is a generalized gradient approximation (GGA) method. The GGA + U method was used 

because GGA cannot correctly reproduce the localized electronic states of the transition metal oxide 

materials. The U values for Mn, Ni, Nb were 3.9, 6.9, 1.5 eV. Plane-wave projector augmented wave 

(PAW) pseudo-potentials were used to represent the core electrons. A plane-wave energy cutoff was 

520eV using for all calculations. NEB calculation is performed to find out the energy barrier for 

Na+ migration69. Two model were constructed with single Na and one vacancy for Na+ diffusion to 

avoid electrostatic repulsion between different Na ions70. All atoms were allowed to relax within the 

fixed lattice parameters during NEB process. All the calculations were performed on 4×4×1 

supercells of a P2 type Na24-xNi9Mn22Nb1O64 structure. 

Materials preparation. The nominal chemical composition of Na0.78Ni0.31Mn0.67Nb0.02O2 and 

Na0.78Ni0.31Mn0.67O2 samples were prepared by co-precipitation and the solid phase sintering method. 

Specifically, the chemicals of Nickel acetate (Aladdin, >99.0%) and manganese acetate 

(Aladdin, >99.0%) were firstly added into distilled water with a stoichiometric ratio under magnetic 
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stirring at 25 °C for 60 min to obtain a homogeneous solution, marked as A. Weighing Na2CO3 and 

dissolve it under magnetic stirring in 50ml deionized water, marked as B. Then, B was dropped into 

A. The solution was stirred for 12 hours, then washed with water or ethanol for at least 3 times, and 

dried at 80ºC in a vacuum oven for 6 hours to obtain the carbonate precursor. Next, mixed the 

carbonate precursor, Na2CO3 and Nb2O5 in to ball mill and milling with high energy for 6 hours. 

The power was calcined at 500 ºC for 10 hours and then sintered at 900 ºC for 12 hours in Muffle 

furnace with heating rate of 5 ºC / min and cooled down to room temperature. 

Material characterizations. ICP-AES (PERKINE 7300DV) was used to investigate the 

composition of elements in samples. X-ray powder diffraction (PXRD) data were performed by 

utilizing Rigaku smartlab X-ray diffractometer with Cu Kα radiation (λ = 1.5418 Å). In-situ XRD 

studies, Be piece and Al foil were prepared as X-ray windows with a Swagelok cell during charge 

and discharge process. Rietveld refinement of X-ray diffraction were analyzed by FullProf Suite. 

The morphology of all samples are investigated by a scanning electron microscope (SEM). A 

spherical aberration-corrected (Cs-corrected) scanning transmission electron microscopy (STEM) 

performed High angle annular dark-field (HAADF) analysis and operated at 300 kV (JEM Grand 

ARM300F, JEOL). 

 

Electrochemical Measurement. The electrode slurry consisted of active material, acetylene 

black and polyvinylidene fluoride (PVDF) with the mass ratio of 8 : 1 : 1, dissolved in N-Methyl 

pyrrolidone (NMP), which was coated on an aluminum foil and dried under vacuum at 80°C for 12 

hours. The coin cells were prepared in an argon-filled glove box. Using sodium tablets as counter 

electrode and the electrolyte was 1 mol L−1 NaPF6 dissolved in 100% Diglyme, and the Glass fiber 
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(GF/D, Whatman) was used as the separator. All assembled cells were submerged for at least 12 

hours before testing the electrochemical performance. Land BT2000 battery system (Wuhan, China) 

are used to test the charge and discharge process. DNa+ is calculated by the following formula 

 

Where D is the diffusion coefficient of Na+ in cathode,  (cm3mol-1) is the molar volume,  

and  are molecular weight and relative molar weight of cathode material. S (1.13 cm2) is the 

surface area of the electrode.  is the time for the applied current during the galvanostatic 

intermittent titration.  and are the state of steady voltage and total variation of the battery 

voltage E during the current pulse. 
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