
 

Journal Pre-proof

Ultrafast Lattice Engineering for High Energy Density and High-Rate
Sodium-Ion Layered Oxide Cathodes

Bizhu Zheng , Hui Qian , Gangya Cheng , Chen Yuan ,
Yong Cheng , Ming-Sheng Wang , Xiangsi Liu , Yuxuan Xiang

PII: S2405-8297(24)00694-9
DOI: https://doi.org/10.1016/j.ensm.2024.103868
Reference: ENSM 103868

To appear in: Energy Storage Materials

Received date: 10 August 2024
Revised date: 20 October 2024
Accepted date: 25 October 2024

Please cite this article as: Bizhu Zheng , Hui Qian , Gangya Cheng , Chen Yuan , Yong Cheng ,
Ming-Sheng Wang , Xiangsi Liu , Yuxuan Xiang , Ultrafast Lattice Engineering for High Energy Den-
sity and High-Rate Sodium-Ion Layered Oxide Cathodes, Energy Storage Materials (2024), doi:
https://doi.org/10.1016/j.ensm.2024.103868

This is a PDF file of an article that has undergone enhancements after acceptance, such as the addition
of a cover page and metadata, and formatting for readability, but it is not yet the definitive version of
record. This version will undergo additional copyediting, typesetting and review before it is published
in its final form, but we are providing this version to give early visibility of the article. Please note that,
during the production process, errors may be discovered which could affect the content, and all legal
disclaimers that apply to the journal pertain.

© 2024 Published by Elsevier B.V.

https://doi.org/10.1016/j.ensm.2024.103868
https://doi.org/10.1016/j.ensm.2024.103868


  

1 

 

Ultrafast Lattice Engineering for High Energy Density and High-Rate Sodium-Ion 

Layered Oxide Cathodes 

Bizhu Zhenga,b,c, † , Hui Qiana,b,c, † , Gangya Chenga,b,c, Chen Yuana,b,c, Yong Chengd, 

Ming-Sheng Wangd, Xiangsi Liua,b,c,*, Yuxuan Xianga,b,c,* 

a Research Center for Industries of the Future, Westlake University, Hangzhou 310030, 

Zhejiang, China 

b School of Engineering, Westlake University, Hangzhou 310030, Zhejiang, China 

c Institute of Advanced Technology, Westlake Institute for Advanced Study, Hangzhou 310024, 

Zhejiang, China 

d State Key Laboratory for Physical Chemistry of Solid Surface, College of Materials, Xiamen 

University, Xiamen 361005, China 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

Keywords: Sodium-ion layered oxides, Non-equilibrium synthesis, Manganese-ion vacancies, 

Crystal structure evolutions, Local environment 

 

The authors marked with a dagger (Bizhu Zheng, Hui Qian) are designated as co-first authors. 

The asterisk symbol (Xiangsi Liu, Yuxuan Xiang) indicates co-corresponding authors. 

 

For your reference, the corresponding authors' details are as follows: 

 

Xiangsi Liu: liuxiangsi@westlake.edu.cn 

Yuxuan Xiang: xiangyuxuan@westlake.edu.cn 

  

                  



  

2 

 

Abstract: 

Sodium-ion batteries attract significant interest for large-scale energy storage owing to 

abundant sodium reserves, while challenges remain in the high synthesis energy consumption, 

long synthesis period, and poor electrochemical performance of sodium-ion layered oxide 

materials. This study presents a general high-temperature thermal shock (HTS) strategy to 

synthesize and optimize sodium-ion layered oxides. The rapid ramping, sintering, and cooling 

processes minimize volatile sodium loss during HTS, facilitating the improvement of phase 

purity and effectively optimizing the microstructure of materials in a non-equilibrium state. As 

a proof of concept, Mn-based Na0.67MnO2 treated with HTS (NMO-HTS) suppresses Mn ion 

vacancy within transition material layers, thereby increasing the redox centers and lowering the 

Mn 3d orbital energy level. Besides, the formation of transition metal layer stacking faults 

mitigates the structural transformation and Na+-vacancies ordering arrangement during cycling. 

Consequently, the energy density of the NMO-HTS increases by 21.5% to 559 Wh kg-1, with 

an outstanding rate capability of 108 mAh g-1 at 10C and an impressive capacity retention of 

93.7% after 300 cycles at 1C. In addition, we demonstrate the universality of HTS in 

synthesizing various other sodium-ion layered oxides, including nickel-based and iron-based 

cathodes, as well as in activating degraded materials. 
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1. Introduction 

Driven by the imperative to address challenges arising from the limited natural abundance 

and uneven global distribution of lithium resources, both academia and industry have directed 

efforts toward exploring cost-effective electrochemical energy storage technologies [1,2]. 

Sodium-ion batteries (SIBs), akin to lithium-ion batteries but benefiting from a broader range 

of raw material sources, stand out in the next-generation energy storage technologies with 

considerable commercial potential [3,4]. Nevertheless, the practical advantages of SIBs have 

not been conclusively demonstrated due to current limitations in their energy-intensive and 

time-consuming material synthesis processes, inadequate manufacturing supply chains, and 

inferior cycle performance [4,5]. To promote the widespread commercial adoption of SIBs, a 

critical emphasis should be placed on their low-cost characteristics. 

Given that cathode materials constitute a significant portion of the full battery cost, 

exceeding 30%, and represent pivotal components influencing the overall electrochemical 

performance of SIBs, there exists an imperative need to reduce material expenses while 

concurrently improving cathode electrochemical performance [6]. Among various cathode 

materials, sodium-ion layered oxides, characterized by a periodic alternating arrangement of 

transition metal (TM) layers and sodium layers along the crystallographic z-axis, have attracted 

considerable attention [7]. Particularly, layered oxides with P2 and O3 structures have 

demonstrated preliminary commercial applications, owing to their facile one-step sintering 

synthesis and notable practicality [8-11]. Compared to O3-type materials, P2-type materials 

exhibit fewer phase transitions during cycling, larger interlayer spacing, and faster Na+ transport 
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within the two-dimensional channel, thereby enabling superior cycling stability and rate 

performance[12-14]. 

The synthesis processes profoundly impact the crystalline structure and the ion transport 

mechanism of materials, consequently influencing the electrochemical performance of 

electrodes [15-17]. In the case of cost-effective P2/P2'-type Na0.67MnO2 (NMO), high-

temperature calcination followed by natural cooling induces an oxygen absorption reaction, as 

revealed by TGA analysis[18], leading to the formation of Mn vacancies (MVs) within the TM 

layers. The formation of MVs has been confirmed by EPR[19], X-ray diffraction[20], neutron 

diffraction[20,21], and aberration-corrected electron microscopy[22]. Moreover, magnetic 

testing and chemical titration further verified that the formation of MVs results in an increase 

in the average valence state of Mn ions, leading to the formation of the P2 phase (space group: 

P63/mmc)[23]. Conversely, fast-cooling treatments would minimize MVs and increase Mn3+ 

content, inducing a prominent cooperative Jahn-Teller effect in the crystal lattice, ultimately 

forming the distorted P2’ phase (space group: Cmcm) [18-20,24]. Beyond modulating the 

crystalline structure, the synthesis processes play a pivotal role in regulating the ion transport 

mechanisms of NMO during cycling. Prolonged solid-state sintering results in the material 

exhibiting ordered interlayer and intralayer arrangements [25]. Within the Na layers, the 

ordered arrangement between Na+ ions and vacancies in different charge states of the electrode 

is governed by the intricate interplay between TM ion distributions and electrostatic forces, 

which would elevate the energy barrier for Na+ transport [26]. Accordingly, disrupting the 

ordered interlayer spacing or introducing heterovalent metal ions into the crystal lattice can 

hinder the ionic ordering arrangement within the Na and TM layers, which impedes the Na⁺-
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vacancy ordering phenomenon and enhances Na⁺ mobility during the electrochemical process 

[27-30].  

However, the synthesis of P2-type layered oxides through conventional solid-state reaction 

and sol-gel methods typically requires high-temperature calcination lasting several tens of hours, 

demanding a substantial investment in energy and time[10,31,32]. Moreover, this prolonged 

calcination period inevitably leads to the loss of volatile components, such as sodium salts, not 

conducive to the synthesis of pure phase structures. Additionally, introducing advantageous 

structural defects into electrode materials has been extensively utilized to enhance the 

performance of energy materials [15,33-35]. Facilitating the formation of structural defects 

requires rapid quenching from high temperatures or other non-equilibrium conditions 

[20,27,34,36]. However, limited by slow heating and cooling rates and constrained reaction 

kinetics, conventional synthesis methods are hard to ensure the uniform distribution of dopants 

and the precise regulation of the phase and defect composition [37,38]. Consequently, the 

prepared cathodes usually show a capacity limited to below ~180 mAh g-1 based on TM redox 

reactions [39]. In short, the high energy consumption and lengthy period during material 

synthesis processes, as well as lower-than-expected electrochemical performance, still fail to 

meet the cost demands of SIBs for large-scale energy storage applications. 

In this work, for the first time, the high-temperature shock (HTS) technique is utilized for 

the ultrafast synthesis of sodium-ion layered oxide materials. Through sintering by Joule-heated 

strips, HTS achieves rapid ramping (~ 104 °C min-1) and cooling rates (~103 to 104 °C min-1), 

thus enabling a substantial reduction in material sintering energy and time while tuning the 

crystal structure and properties of the material in a non-equilibrium state [15,38,40-43]. By 
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employing cost-effective Mn-based P2-Na0.67MnO2 (NMO) as a representative material, we 

have investigated the effects of the HTS method versus the conventional solid-state method on 

the crystal structural, local environmental, morphological, and performance correlations in 

sodium-ion layered oxides. As illustrated in Fig. 1a, HTS enables the ultra-rapid synthesis of 

NMO materials within tens of seconds, while eliminating MVs in TM layers, leading to a higher 

practical discharge capacity and operational voltage. Besides, the non-equilibrium synthesis 

conditions induced by HTS result in the formation of TM layer stacking faults in NMO. This 

effectively mitigates the vexing interlayer Na-vacancy ordering and multiple structural phase 

transformations during charge-discharge cycling, endowing the cathode with remarkable rate 

capability and cycling stability. Beyond Mn-based materials, the HTS technique has been 

demonstrated to be successfully applicable to a variety of sodium-ion layered oxide materials, 

including Fe-based, Ni-based, degraded materials, and even facilitates the pure-phase synthesis 

of multiple heterovalent element-doped materials, which are unattainable through conventional 

synthesis methods. The presented high-efficiency and universally applicable synthesis 

methodology catalyzes the integration of sodium-ion layered oxide cathodes into the 

development of advanced SIBs. 

 

2. Experimental Section 

2.1 Materials synthesis: A series of NaxMyMn1-yO2 (0≤y, M = Li+, Mg2+, Ni2+, Al3+, Fe3+, and 

Ti4+) materials were prepared using a sol-gel method followed by different high-temperature 

sintering processes. According to the stoichiometric ratio of the target material, CH3COONa (3 

wt.% excess, ≥99.0%), Mn(CH3COO)2•4H2O (≥99.0%), CH3COOLi (3 wt.% excess, ≥99.0%), 
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Mg(CH3COO)2•4H2O (≥99.0%), Ni(CH3COO)2•4H2O (≥99.0%), Al(NO3)3•9H2O (≥99.0%), 

Fe(NO3) 3•9H2O (≥99.0%), and Ti(C2O4)2 (≥99.0%), were dissolved in 50 mL of distilled water. 

The citric acid (NaxMyMn1-yO2 : C6H8O7 = 2 : 1 in mole ratio) was added to the resulting 

solution, with NH3•H2O (28%) used to adjust the pH to 7-8. The mixture was heated to 80°C 

and stirred for 12 h to form a sol. Subsequent drying at 120°C for 12 h yielded a gel. Then, the 

mixture was calcined at 450°C for 6 h to produce the desired precursor material. For the muffle 

furnace-sintered (MF) samples, the precursor powder underwent re-grinding and compaction 

into pellets. These pellets were then subjected to calcination at 900°C for a duration of 15 hours 

under an oxidizing atmosphere, followed by rapid quenching to ambient temperature and 

subsequent storage within an argon-filled glove box. For the NMO-MF-SC sample, it was 

quenched after high-temperature sintering with a cooling rate of 2°C min-1 down to 500°C. In 

the case of the high-temperature shock (HTS) samples, the HTS treatment was executed through 

electric joule heating in an ambient air setting. The precursor powder underwent re-grinding 

and was positioned atop a 1 mm-thick nickel substrate. The sample temperature was elevated 

to predetermined set points within approximately 10 s and maintained for 60 s. Temperature 

modulation was accomplished utilizing an infrared detector and the samples were finally stored 

in an argon-filled glove box. 

2.2 Electrochemical measurements: The cathode was fabricated by applying a slurry 

composed of active materials, acetylene black, and polyvinylidene fluoride (in a weight ratio 

of 8:1:1) onto an aluminum foil substrate. N-methyl-2-pyrrolidone served as the solvent for the 

slurry. The coated substrates were subsequently dried under vacuum conditions at 120°C 

overnight. Sodium metal was employed as the anode, and a 1 M NaClO4 in PC solution 
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containing 5% FEC or NaFSI : DME : BTFE = 1 : 2 : 4 in mole ratio was used as the electrolyte. 

The assembled cells were encapsulated within 2016-type coin cell housings. The 

electrochemical performance of the cells was evaluated using a Neware CT-4008 battery testing 

system, where the cells underwent galvanostatic charge-discharge cycles. For the galvanostatic 

intermittent titration technique (GITT) analyses, cycling was performed at a current density of 

24 mA g-1, and the duration time for each applied galvanostatic current and rest was 5 and 50 

min, respectively. Temperature-dependent electrochemical tests were conducted using a 

Neware MGDW-225-40-5V20mA160CH battery testing system. For full-cell assembly, the 

synthesized NMO-HTS material was used as the cathode with a mass loading of 4.0 mg cm-2, 

while hard carbon (Canrd New Energy Technology Co., Ltd.) served as the anode with a mass 

loading of 3.13 mg cm-2. The electrolyte consisted of 1.0 mol L-1 NaClO4 dissolved in a mixed 

solvent of ethylene carbonate (EC) and diethyl carbonate (DEC) in a 50:50 volume ratio. To 

presodiate the cathode and compensate for the irreversible capacity of hard carbon during the 

first cycle, the NMO-HTS electrode was first assembled with sodium metal to form a half-cell, 

followed by a 10 s short-circuit by connecting the cathode and Na anode with a metal wire. A 

separate half-cell was assembled with the hard carbon anode and sodium metal, and subjected 

to a single-cycle of sodium pre-intercalation and deintercalation between 0.005 and 2.5 V at 24 

mA g-1. 

2.3 Material characterizations: The particle size distribution of the powder materials was 

determined using a Laser Diffraction Particle Size Analyzer (Malvern, MASTERSIZER 3000). 

The elemental stoichiometry of each sample was determined using Optima 2000-DV 

inductively coupled plasma emission spectrometry (ICP-OES, PerkinElmer). X-ray diffraction 
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(XRD) patterns were acquired using a Bruker D8 Advance diffractometer equipped with Cu Kα 

radiation (λ=1.5406 Å), covering a 2θ range of 10-80 degrees. The obtained XRD data 

underwent Rietveld refinement analysis utilizing the General Structure Analysis System 

(GSAS) software [44]. Scanning electron microscopy (SEM, Phenom Pharos G2) was 

employed for morphological characterization, complemented by energy-dispersive X-ray 

spectroscopy (EDS) for elemental analysis at an operating voltage of 15 kV. High-resolution 

transmission electron microscopy (HRTEM) images were obtained using a FEI Talos F200S 

operated at 200 keV. Solid-state nuclear magnetic resonance (SS NMR) spectra were recorded 

on a 500 MHz Solid-State NMR Spectrometer with a BRUKER 1.3 mm triple resonance 

(H/X/Y) 500 MHz CP-MAS WB DVT probe spinning at 55 kHz. For the 23Na NMR 

experiments, parameters were set to a recycle delay of 0.02 s and a 90° pulse length of 1.6 μs 

for the spin-echo pulse. A projection-magic angle turning phase-alternating spinning sideband 

(pjMATPASS) pulse sequence was employed to acquire isotropic 23Na NMR spectra. X-ray 

photoemission spectroscopy (XPS) was performed using an ESCALAB Xi+ spectrometer, 

while electron paramagnetic resonance (EPR) experiments were conducted on a Bruker 

EMXplus-6/1 instrument. The water content within the samples was determined through 

thermal gravimetric analyzer (TGA) using a Spectrum3-Spotlight400-Clarus SQ8 GC/MS 

system. The volumetric capacity (𝐶𝑣 ) of the material was calculated using the following 

formula. The compact density (𝜌) was determined by pressing ~1g of powder material into a 

10 mm diameter pellet under a pressure of 10 MPa, followed by measuring the pellet’s thickness 

for compact density calculation. 

𝐶𝑣 =
𝑚 × 𝐶𝑔

𝑉
= 𝐶𝑔 × 𝜌 
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2.4 DFT calculation details: First-principles calculations were conducted using Density 

Functional Theory (DFT) implemented in the Vienna Ab initio Simulation Package (VASP) to 

assess the density of states (DOS) for samples with varying Mn vacancy concentrations [45]. 

The Perdew–Burke–Ernzerhof (PBE) exchange-correlation functional and projector-

augmented wave (PAW) methods were employed for optimization [46,47]. To ensure 

calculation accuracy, an energy cut-off of 550 eV and a 4 × 4 × 3 k-point grid were utilized. 

Convergence criteria for forces and energies were set to 0.01/Å and 10-6 eV, respectively. The 

GGA+U method, with Hubbard U terms of 3.9 eV for Mn 3d bands, was employed to obtain 

precise DOS results. 

 

3. Results and Discussion 

3.1 Synthesis and Characterization of NMO Materials 

The synthesis of NMO materials was conducted by employing conventional solid-state 

reactions and HTS strategies on precursors. Varying synthesis temperatures from 600 °C to 

1000 °C (Fig. S1), X-ray diffraction (XRD) patterns show desired crystal structure is obtained 

at 1000 °C. Owing to the exceptionally fast ramping and cooling rate, HTS reaches the targeted 

temperature within 10 s and the whole HTS sintering process can be achieved within 70 s 

compared to 18 h by muffle furnace (MF) sintering (Fig. 1b). Meanwhile, this ultrafast HTS 

sintering process effectively reduces the volatilization of Na salts and improves the crystalline 

phase purity of NMO-HTS. As indicated by ICP-OES analysis (Table S1), the sodium content 

in NMO-HTS is higher than that in NMO-MF. A comparison of the XRD patterns and refined 

results for NMO-MF and NMO-HTS (Fig. S2-3 and Table S2) reveals that NMO-HTS has 
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pure P2’ phase (space group: Cmcm) while NMO-MF exists in the form of a mixture of P2’ 

phase and P2 phase (space group: P63/mmc). This result is consistent with previous research 

that accelerated material cooling rate is conducive to achieving the pure P2’ phase [20,23]. 

Moreover, the intensity of the diffraction peak in NMO-HTS is lower than that of NMO-MF, 

which may be attributed to the smaller particle size of NMO-HTS as shown in SEM images 

(Fig. 1e-f) and lower crystallinity under such metastable synthesis conditions provided by the 

HTS. The reduced particle size in NMO-HTS means an increase in its specific surface area, 

which is expected to improve contact with the electrolyte, enhance material utilization, and 

shorten the ion transport distance. In short, the HTS strategy enables the ultrafast synthesis of 

NMO materials in ~70 s, and this rapid sintering and annealing process significantly regulates 

the crystal structure and microscopic morphology of materials into a pure long-range crystal 

structure and small particle size. 
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Fig. 1. Synthesis and characterization of NMO materials. a) Schematic diagram of the synthesis 

process and the atom-scale structure for NMO materials by employing a muffle furnace 

sintering and high-temperature shock technique. b) Temperature curves during conventional 

muffle furnace sintering and HTS processes, with an inset showing an enlarged view of the 

temperature profile of the HTS process. c) XRD patterns of NMO-HTS and NMO-MF materials, 

with an inset showing an enlarged view of the 30°-50° range. d) Particle size measurements for 

NMO-HTS and NMO-MF materials. SEM images of e) NMO-MF and f) NMO-HTS, along 

with g) EDS images of NMO-HTS. 

 

3.2 Microstructural Differences Between NMO-MF and NMO-HTS 

High-resolution transmission electron microscopy (HRTEM) was employed to characterize the 

microstructural difference between NMO-MF and NMO-HTS, as shown in Fig. 2a-b. In the 

HRTEM images, local magnification reveals that the lattice spacings of NMO-MF and NMO-
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HTS are 0.53 and 0.56 nm, respectively, consistent with the interlayer spacing of the (002) 

plane. It is noteworthy that, in contrast to the regular stacking sequence and continuous 

extension of TM layers observed in the NMO-MF, the TM layers in NMO-HTS exhibit stacking 

fault distribution where TM layers are misaligned. Specifically, after a certain length of smooth 

continuation, the TM layers in NMO-HTS undergo a staircase-like transition, leading to the 

formation of a twisted region at each transition point, which is discernible across various 

regions at low magnification (Fig. S4). Moreover, the (002) peak extracted from the powder 

XRD spectra (Fig. S5) demonstrates that the NMO-HTS exhibits an asymmetric distribution at 

lower diffraction angles, unlike the symmetrical peak shape observed in NMO-MF. This 

asymmetry is indicative of the heterogeneous distribution of TM layer stacking faults in the 

long-range structure of NMO-HTS. We speculate that the formation of the TM layer should 

stem from the short and non-equilibrium synthesis process, preventing the orderly arrangement 

of the transition metal layers. 

 

 

Fig. 2. Characterization of the microstructure. a) HRTEM images of NMO-MF and b) NMO-

HTS, with the bottom images showing enlarged views of the areas outlined by yellow dashed 
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boxes. c) Mn K-edge EXAFS spectra of NMO-MF and NMO-HTS powder samples. d) 23Na 

SS NMR spectra of NMO-MF and NMO-HTS materials. 

 

To further explore the impact of the TM layer stacking faults on the short-range structure, 

extended X-ray absorption fine structure (EXAFS) and solid-state nuclear magnetic resonance 

(SS NMR) techniques were performed to obtain averaged short-range information 

complementary to TEM results. The comparative results from EXAFS analysis (Fig. 2c) 

indicate that the average Mn-O (first shell) and Mn-Mn (second shell) distances in NMO-HTS 

are both greater than those in NMO-MF, and their intensities are significantly lower than those 

in NMO-MF. These observations are consistent with the presence of TM layer stacking faults 

in NMO-HTS, leading to increased disorder in the interlayer structure [32]. Moreover, as shown 

in Fig. 2d, signals in 23Na NMR spectra corresponding to the P2 and P2’ phases occur at ~1170 

ppm and ~833 ppm [28,48], respectively, for both NMO-MF and NMO-HTS samples. This 

contrasts with the above XRD results, where characteristic diffraction peaks of the P2 phase are 

not detected in NMO-HTS. This disparity should arise from the differing characterization scales 

of NMR and XRD techniques, i.e. NMR reflects the influence of the nearest two TM ion 

coordination layers around Na+, while XRD is sensitive to the periodic arrangement of unit cells 

[28], suggesting that NMO-HTS also contains some local structural characteristics consistent 

with the P2 phase, even though there is an absence of apparent periodicity in the long-range 

structure. Additionally, minor signals of O3-type NaMnO2 that cannot be detected in XRD and 

antiferromagnetic sodium salts are detected at ~435 ppm and ~0 ppm respectively for both 

NMO-MF and NMO-HTS [49]. Most importantly, an obvious peak appears at ~723 ppm in the 

23Na NMR spectrum of NMO-HTS. We attribute this peak to Na+ situated within the twisted 
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region of TM layer stacking faults, where the anisotropic bulk atomic susceptibility (𝜒) and the 

low local symmetry contribute to a decreased 23Na chemical shift compared to that of the P2’ 

phase signal [15].  

 

3.3 Electrochemical Properties of NMO-MF and NMO-HTS 

Aiming to characterize the electrochemical performance of electrodes in practical application 

scenarios, the voltage range of galvanostatic charging-discharging experiment was set at 2-4 V 

to avoid the occurrence of complex anion redox reactions at high voltage [21]. Fig. 3a-b 

illustrates the initial charge-discharge curves of NMO-MF and NMO-HTS cathodes. NMO-

HTS demonstrates a high discharge capacity of 211 mAh g-1 (754 mAh cm-3) at 24 mA g-1, 

significantly surpassing that of NMO-MF (184 mAh g-1, 661 mAh cm-3). While the NMO-MF 

and NMO-HTS electrodes display similar initial charge capacities, primarily due to the reliance 

of NMO materials on Mn3+/Mn4+ redox couples for charge compensation in the low-voltage 

region (~2.3 V), and the smaller particle size of the NMO-HTS electrode increases the degree 

of sodium loss during electrode preparation (Fig. S6). Moreover, NMO-HTS exhibits a higher 

average discharge voltage of 2.65 V in comparison to NMO-MF of 2.50 V, resulting in an 

impressive specific energy density of 559 Wh kg-1 (based on the weight of the cathode) for the 

NMO-HTS cathode, which is comparable to that of state-of-the-art LiFePO4 cathodes, 

approximately 550 Wh kg-1 [50]. Given the initial sodium content of ~0.67, both NMO-MF and 

NMO-HTS electrodes exhibit a first-cycle charge capacity lower than their discharge capacity. 

As a result, pre-sodiation is necessary for full cell assembly, as shown in the Experimental 

Section. When matched with hard carbon in a coin cell (Fig. S7), the energy density of the full 
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cell achieves 248 Wh kg-1 (based on the weight of both cathode and anode). Notably, many 

small plateaus are observed in the charge-discharge curves of NMO-MF, which is distinctly 

shown in the dQ/dV plot (Fig. 3c). While these peak intensities of NMO-HTS at 2.07, 2.22, 

2.55, 2.71, and 3.05 V show significant decreases or even disappearances. Besides, several 

sharp peaks observed around 2.31, 2.92, and 3.52 V in NMO-MF merge into more suppressed 

peaks in NMO-HTS, corresponding to the alleviated Na+-vacancy ordering during cycling in 

NMO-HTS [29,51]. To assess the rate capability and cyclability of the electrodes, the 

galvanostatic cycling experiments were conducted at different current densities ranging from 

240 (1C) to 4800 mA g-1 (20C). As shown in Fig. 3d-e, NMO-HTS shows significantly higher 

capacities than NMO-MF at each current density. Specifically, NMO-HTS delivers capacities 

of 180, 149, 108, and 67 mAh g-1 at current densities of 1C, 5C, 10C, and 20C mA g-1, 

respectively. In contrast, NMO-MF barely shows capacities of 155, 107, 83, and 28 mAh g-1 at 

the corresponding current densities. Note that the application of sodium-ion batteries primarily 

targets large-scale energy storage devices, thus demanding superior high-/low-temperature 

performance. As shown in Fig. 3f and S8, within the tested temperature range from -25°C to 

45°C, the NMO-HTS electrode consistently exhibits a capacity of at least 10 mAh g-1 higher 

than that of the NMO-MF. Particularly, the NMO-HTS electrode surpasses the NMO-MF 

electrode by 23 mAh g-1 and 19 mAh g-1 at 45°C and -25°C, respectively. However, negligible 

improvement can be observed in the cycle stability of NMO-HTS compared to NMO-MF (Fig. 

3d-e), which should be partly attributed to the smaller particle size of NMO-HTS, exposing 

larger interfaces and thereby inducing more pronounced interface side reactions. 
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Fig. 3 Electrochemical performance comparison between NMO-MF and NMO-HTS materials. 

a) The 1st and b) 2nd cycle charge-discharge curves of NMO-MF and NMO-HTS electrodes, 

along with c) the dQ/dV curves of the 2nd cycle. Cycling performance of d) NMO-MF and e) 

NMO-HTS electrodes at various current densities ranging from 240 to 4800 mA g-1 within the 

voltage range of 2 - 4 V. f) Discharge capacity of NMO-MF and NMO-HTS electrodes at 24 

mA g-1 and temperatures ranging from -25°C to 45°C. g) Cycling performance of NMO-MF 

and NMO-HTS electrodes in LHCE, and h) charge-discharge curves at the 50th, 100th, and 200th 

cycles. 

 

Herein, to minimize the influence of the interfacial side reactions, we evaluated its 

extended cycling performance using an LHCE (NaFSI : DME : BTFE = 1 : 2 : 4 in mole ratio) 

[52,53], and the results are shown in Fig. 3g-h. Surprisingly, NMO-HTS shows outstanding 

electrochemical performance. At the current density of 24 mA g-1, NMO-HTS exhibits a 

capacity of 198 mAh g-1. Even under a 10-fold increase in current density, it maintains a 

capacity of 191 mAh g-1, highlighting exceptional rate capabilities. Particularly noteworthy is 
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the stable cycling performance of the NMO-HTS electrode with LHCE, maintaining a discharge 

capacity of 179 mAh g-1 after 300 cycles, corresponding to a high capacity retention of 93.7% 

(only 70.7% for NMO-MF). Furthermore, the discharge curve of the 300th cycle closely 

overlapped with that of the 50th cycle (Fig. 3h), indicating negligible voltage decay in the NMO-

HTS electrode. The outstanding capacity and voltage retention collectively result in the NMO-

HTS electrode delivering an initial energy density of 521 Wh kg-1 at 240 mA g-1, which remains 

at 483 Wh kg-1 after 300 cycles with an energy retention of 92.7% (only 69.4% for NMO-MF). 

The above results confirm that NMO materials synthesized using the HTS technique could 

suppress the Na+-vacancy ordering arrangement during electrochemical processes, exhibiting 

high energy density and outstanding rate capability. Appropriate interface modifications, such 

as electrolyte adjustment, further offer the potential to achieve long cycling performance. 

 

3.4 The Effects of TM Layers Stacking Faults in NMO-HTS  

Disrupting the interlayer spacing of the TM layer or intra-layer ordering of TM ions in NMO 

materials has been proven to suppress the Na+-vacancy ordering in Na layers, thereby enhancing 

Na+ mobility [27,29]. The galvanostatic intermittent titration (GITT) experiments were 

conducted to investigate the influence of the TM layer stacking faults on ionic transport in NMO 

materials. The GITT profiles and the calculated Na+ diffusion coefficients (DNa+) are presented 

in Fig. 4a-b. It is observed that there are many small plateaus manifest in the GITT curve of 

NMO-MF, accompanied by obvious voltage polarization, corresponding to the sluggish 

diffusion of Na+ in these plateau regions. In contrast, the TM layer stacking faults in NMO-

HTS induce increased disorder in the arrangement of TM layers and Na layers, obstructing the 
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Na+-vacancy ordering during the cycling. As a result, NMO-HTS exhibits a smooth GITT curve 

with negligible voltage polarization. Furthermore, as shown in Fig. 4b, the calculated geomean 

value of DNa+ for NMO-HTS (3.314 × 10-11 cm2 s-1) is an order of magnitude higher than that 

for NMO-MF (3.075 × 10-12 cm2 s-1), confirming the enhanced Na+ mobility in NMO-HTS. 

 

Fig. 4. Characterization of ionic motility and crystal structure evolution NMO materials. 

a) The GITT profiles and b) Na+ diffusion coefficients (DNa+) of NMO-MF and NMO-HTS 

electrodes. Ex situ XRD during the first charge-discharge cycle of c) NMO-MF and d) NMO-

HTS. The cycling curves are shown on the left of each pattern and the magnified images of the 

(002) plane are shown on the right side of each pattern. 
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Generally, the NMO electrode undergoes multiple phase transitions in the high-voltage 

(P2-O2 phase transformation) and low-voltage (P2-P2’ phase transformation), which are linked 

to TM layer gliding and TM layer distortion, respectively [14,23]. The TM layer stacking faults 

in NMO-HTS are anticipated to exert a profound influence on the structural evolution of the 

material. A series of XRD spectra of NMO-MF and NMO-HTS cathodes during the first 

charge-discharge processes are depicted in Fig. 4e-f. Upon charging, NMO-MF initially 

undergoes a transition from the P2’ to P2 phases and then is accompanied by TM layer gliding 

to form the O-type stacking at high voltages. At 4.0 V, the material primarily exhibits the OP4 

phase (intermediate phase between the P2 and O2 phases), with a small fraction of residual P2 

phase. During discharge, a notable splitting of the (002)P2 peak occurs as the voltage decreases 

to 2.0 V, indicating the formation of a P2’ phase structure (Fig. 4e). These structure evolutions 

are consistent with previous reports, and the repeated phase transitions in NMO-MF cathode 

inevitably lead to lattice defect accumulation and even structural collapse [23]. In contrast, 

NMO-HTS electrodes exhibit minor and continuous structural changes during cycling. Despite 

the diffraction peaks of NMO-HTS displaying weaker intensity than those of NMO-MF at 

pristine, they exhibit superior retention during the late stages of charging, while the (00l) and 

(10l) diffraction peaks of NMO-MF become almost unobserved. Compared to the significant 

emergence of the O-type stacking in NMO-MF, the NMO-HTS electrode manifests a broad 

peak at a higher diffraction degree besides the (002)P2 peak during charging, indicative of a 

continuously varying O/P intergrowth structure [32,54]. Moreover, this O/P intergrowth 

structure maintains a broad peak and continuously reverts to the P2 phase structure during 

discharge. At the end of discharge, the P2' phase structure is also observed in the NMO-HTS 
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cathode; however, the proportion of the retained P2 phase in NMO-HTS is higher than that in 

NMO-MF, corresponding to minor structure distorted in NMO-HTS. In short, NMO-HTS 

exhibits a higher amount of Na+ extraction/insertion, yet its structural changes are minor and 

continuous, which should stem from the hindering effect of the TM layer stacking faults on TM 

layer gliding and distortion. The higher structural reversibility of NMO-HTS also elucidates its 

superior cycling stability relative to NMO-MF in the LHCE electrolyte. (Fig. 3g). 

 

3.5 Alleviative Mn Ion Vacancies by HTS 

The different sintering processes could influence the formation of various ion vacancies within 

the materials. Firstly, XPS was employed to investigate the differences in oxygen vacancy (OV) 

content under different sintering conditions. The O 1s spectra and fitting results of NMO-MF 

and NMO-HTS are shown in Fig. 5a-b. The peak at 529.6 eV corresponds to lattice oxygen 

bonded with TM ions (TM-O), while the peak at 531.7 eV is usually associated with OVs [55]. 

The XPS O 1s spectra of NMO-MF and NMO-HTS samples exhibit similarity, with fitting 

results indicating a small proportion of OV signals in both samples, indicating the low content 

of OVs. Due to XPS providing chemical information mainly restricted to the surface of 

materials, EPR was further utilized to validate the OVs within the bulk of materials. As 

illustrated in Fig. 5c, the EPR signals centered at g = 2.003 confirm the presence of OVs in both 

samples. Consistent with the findings from XPS results, the OV content is minimal and 

comparable in the bulk of NMO-MF and NMO-HTS samples. On the other hand, the splitting 

energies observed in the Mn 3s spectra (Fig. 5d-e) could indicate the average oxidation state of 

Mn ions. The splitting energies of NMO-MF and NMO-HTS are equal to 4.9 eV and 5.1 eV, 
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respectively, suggesting the lower average oxidation state of Mn ions in NMO-HTS than that 

of NMO-MF. Additionally, X-ray absorption near edge structure (XANES) analysis (Fig. 5f) 

reveals that the Mn K-edge position of NMO-HTS is lower than that of NMO-MF, further 

confirming the lower average oxidation state of Mn in the bulk phase of NMO-HTS. Given the 

similar OV content in NMO-MF and NMO-HTS, the difference in the average oxidation state 

of Mn ions should originate from the influence of Mn vacancies (MVs) within the TM layers. 

As the MV content decreases, the average oxidation state of Mn ions will decrease to maintain 

charge neutrality in the material. Conversely, an increase in MV content will raise the average 

oxidation state of Mn ions. The occupancy of Mn ions was determined through refined XRD 

results [20], as shown in Fig. 5g and Table S2, where the percentage of MVs in NMO-MF and 

NMO-HTS samples is ~3.1% and ~0.8%, respectively. The fewer MVs in NMO-HTS should 

be partly caused by the faster cooling rate of HTS technique than the quenching treatment 

[20,23], resulting in a lower Mn oxidation state compared to the NMO-MF.  
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Fig. 5. Characterization and theoretical calculations of ion vacancies. XPS O1s spectra and 

fitting results for a) NMO-MF and b) NMO-HTS. c) EPR spectra of NMO-HTS and NMO-MF. 

XPS Mn3s spectra and fitting results for d) NMO-MF and e) NMO-HTS. f) Mn K-edge XANES 

spectra of NMO-MF and NMO-HTS. g) Mn ions occupancy obtained from XRD refinement. 

h) The lowest energy cation arrangements in the Na16□1Mn23O48 and Na16Mn24O48 

supercells are obtained through theoretical calculations. i) PDOS analysis results for NMO-MF 

and NMO-HTS, and j) corresponding schematic band diagram. 

 

Utilizing Density Functional Theory (DFT) calculations, we conducted an exploration of 

the influence of MVs within the TM layer on the electrochemical properties of the material. As 
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illustrated in Fig. 5h, the supercells of Na16□1Mn23O48 ("□" representing MVs) and 

Na16Mn24O48 were constructed respectively based on the MV content in NMO-MF and NMO-

HTS to obtain their most stable crystal structures. The Mn redox potential is linked to the Mn 

3d electronic structure [55]. The Partial Density of States (PDOS) analysis results are presented 

in Fig. 5i and corresponding schematic band diagrams are delineated in Fig. 5j. In the case of 

NMO-MF containing MVs in the bulk phase, the Fermi level aligns with the spin-up Mn 3d eg 

electron-occupied states, indicating a propensity for electron transfer reactions within the bulk 

phase and lower redox potential (average discharge voltage of NMO-MF = 2.503 V). 

Conversely, for NMO-HTS nearly without MVs, the Mn 3d eg electron-occupied states reside 

below the Fermi level, rendering it less susceptible to electron transfer reactions and thereby 

exhibiting a higher redox potential (average discharge voltage of NMO-HTS = 2.652 V). To 

corroborate these findings, we implemented muffle furnace sintering followed by a slow 

cooling process to improve the MV concentration within the bulk phase of NMO material (i.e. 

NMO-MF-SC). The resulting MV proportion within the bulk phase of NMO-MF-SC 

approximated 11.9% (Fig. S9 and Table S3), similar to previously reported values of ~13.3% 

[19]. Furthermore, as shown in Fig. S10, the Fermi level of NMO-MF-NC also aligns with its 

Mn 3d eg electron-occupied states, and its higher MV content leads to the much lower average 

discharge voltage of 2.452 V and capacity of 157 mAh g-1 (Fig. S11). Therefore, it could be 

concluded that a high concentration of MVs precipitates reduced operating voltages and 

capacities of NMO materials, thereby engendering diminished energy density. Conversely, the 

negligible MVs within the bulk phase of NMO-HTS confer upon it an improved energy density, 

consistent with the aforementioned electrochemical test results (Fig. 2). 
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3.6 Correlation Between Microstructure and Electrochemical Performance 

To further investigate the correlation between the microstructure formed by HTS and its 

electrochemical performance, we varied the HTS sintering parameters, including cooling rate 

and sintering temperature. Firstly, we modified the HTS cooling process by introducing an 

isothermal cooling step to 550°C within 120 s before quenching. XRD results (Fig. 6a) reveal 

that the slow-cooled sample (NMO-HTS-SC) mainly adopts a P2 phase. Rietveld refinement 

results (Fig. 6b and Table S4) demonstrate that MV content in NMO-HTS-SC increased to 

3.68%. As shown in Fig. 6c, the NMO-HTS-SC electrode exhibits a reduced capacity of 160 

mAh g-1 and a lower average discharge voltage of 2.482 V. On the other hand, increasing the 

HTS sintering temperature to 1050°C (NMO-HTS-1050) and 1100°C (NMO-HTS-1100) 

revealed significant changes in stacking faults. Powder XRD patterns (Fig. S12a) confirm that 

the samples retained the P2' phase structure. However, 23Na NMR spectra (Fig. 6d) show that 

the stacking fault signal at ~723 ppm diminished with rising sintering temperatures, 

disappearing entirely at 1100°C. This likely results from accelerated crystal growth and more 

ordered lattice arrangements at higher temperatures. It is worth noting that NMO-HTS-1050 

and NMO-HTS-1100 electrodes display new small plateaus in their charge-discharge curves 

corresponding to Na⁺-vacancy ordering during cycling. This phenomenon becomes more 

apparent as the degree of stacking faults decreases (Fig. 6e-f). The above results demonstrate 

that HTS sintering parameters significantly influence the microstructure of NMO materials, 

subsequently affecting their electrochemical performance. A faster cooling rate and lower 

sintering temperature help suppress Mn vacancies and promote stacking faults, respectively, 
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enabling NMO materials to achieve higher energy density while inhibiting the formation of 

Na⁺-vacancy ordering formation. 

 

Fig. 6 a) Comparison of powder XRD patterns for NMO-HTS and NMO-HTS-SC. b) Rietveld 

refinement results of NMO-HTS-SC XRD data. c) Comparison of 2nd cycle charge-discharge 

curves for NMO-HTS and NMO-HTS-SC. d) 23Na NMR spectra of NMO-HTS-1000, NMO-

HTS-1050, and NMO-HTS-1100 samples. e) 2nd cycle charge-discharge curves and f) 

corresponding dQ/dV plots of NMO-HTS-1000, NMO-HTS-1050, and NMO-HTS-1100 

electrodes. HRTEM images of g) NMO-MF-SC and h) NMO-MF-LN samples. i) Charge-

discharge curves of NMO-MF-LN and NMO-HTS electrodes. 

 

Another question is the potential correlation between MVs and stacking faults. To 

investigate this, we synthesized NMO-MF-LN by muffle furnace sintering followed by liquid 

nitrogen quenching. Unlike the slowly cooled NMO-MF-SC, NMO-MF-LN exhibited the 

typical P2' phase and a lower MV content of 0.13% (Fig. S13 and Table S5), even less than 
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0.8% in NMO-HTS, reaffirming the strong dependence of MVs on cooling rate. HRTEM 

images (Fig. 6g-h) of NMO-MF-SC and NMO-MF-LN demonstrate that notable stacking faults 

are observed exclusively in the NMO-HTS sample despite differences in MV content, 

suggesting no obvious correlation between MVs and stacking faults. Thus, we believe that the 

formation of stacking faults should be mainly attributed to the ultrafast and non-equilibrium 

sintering conditions during HTS. Moreover, NMO-MF-LN and NMO-HTS (Fig. 6i) exhibit 

similar average discharge voltages of 2.62 V and 2.65 V, respectively. This aligns with the 

theoretical calculation results (Fig. 5), where similar MV contents in both materials lead to 

analogous Mn 3d eg orbital energy levels, resulting in similar average voltages. It also suggests 

that stacking faults have minimal influence on the Mn 3d eg orbitals and discharge voltage. 

 

3.6 Universality and Expandability of HTS 

Induced by the ultra-rapid heating and cooling rate conditions, HTS has been demonstrated to 

significantly influence the interlayer arrangement of TM layers and the content of intra-layer 

ion vacancies in NMO materials. Therefore, it is reasonable to assume that HTS is also a 

powerful tool for optimizing the crystal structures of other sodium-ion layered oxide materials 

when compared to conventional sintering methods. To demonstrate the universality of HTS, we 

sintered another three materials using the same method including the 

Na0.67Li0.05Mg0.05Al0.05Ti0.05Mn0.8O2 (TM5), nickel-based Na0.67Ni0.25Mn0.75O2 (NNMO) and 

iron-based Na0.67Fe0.5Mn0.5O2 (NFMO) materials (labeled as TM5-HTS, NNMO-HTS and 

NFMO-HTS, respectively). These materials all exhibit higher capacity and voltage than the 

muffle furnace sintered counterparts (as displayed in Fig. 7b-c and Fig. S14-S19). Notably, in 
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these materials, TM5 contains four hetervalent ions doped (Li+, Mg2+, Al3+, and Ti4+), and the 

material synthesized by the muffle furnace contains observable LiTi2O4 and NaMnTiO4 

impurity peaks in the XRD spectrum (Fig. 7a). In striking contrast, HTS successfully ensures 

the introduction of four heterovalent metal ions into the TM5 material with a pure P2 phase 

structure and evenly distributed elements as indicated by XRD and SEM results (Fig. S14), 

which also demonstrates the significant advantage of HTS in improving phase purity induced 

by non-equilibrium reactions and fast reaction kinetics. Additionally, it is interesting to note 

that even if the muffle furnace sintered materials (NMO-MF, TM5-MF, NNMO-MF, NFMO-

MF) or store aging materials (labeled as a hydrated phase structure H-NMO) are subjected to 

only 10 s HTS, the re-optimization of the material structure can be achieved. The treated 

materials (NMO-MF-HTS, TM5-MF-HTS, NNMO-MF-HTS, NFMO-MF-HTS) showed 

higher capacities and voltages than muffle furnace sintered counterparts (Fig. 7b-c). However, 

they are still lower than those of direct high-temperature shock synthesized samples (NMO-

HTS, TM5-HTS, NNMO-HTS, NFMO-HTS). For the store aging materials (H-NMO), the 

sodium salt crystals (e.g. Na2CO3, NaHCO3, etc.) on the surface of the H-NMO material were 

removed and the surface of H-NMO-HTS particles became smooth after HTS (Fig. 7d-f). The 

HTS treatment effectively restores degraded materials (Fig. S20), as evidenced by the higher 

initial capacity of the H-NMO-HTS electrode (187 mAh g-1) compared to H-NMO and pristine 

NMO-MF sample while maintaining comparable cycling stability as illustrated in Fig. 7h-i. 

Therefore, these results strongly indicate that HTS technique not only enables the rapid 

synthesis of various sodium-ion layered oxide materials but also serves as an effective strategy 
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for material structural optimization and recovery, thereby enhancing the capacity and average 

discharge voltage of cathode materials. 

 

 

Fig. 7. Universality and Expandability of HTS strategy for sodium-ion layered oxides. a) Ex-

situ XRD patterns of TM5-MF and TM5-HTS samples. Comparisons of b) discharge specific 

capacity and c) average voltage among Mn-based, Ni-based, and Fe-based sodium-ion layered 

oxide cathodes synthesized via muffle furnace sintering (MF), muffle furnace sintering 

followed by HTS treatment (MF-HTS), and one-step HTS. d) XRD patterns of NMO, H-NMO, 

and H-NMO-HTS powder materials. e) SEM images of H-NMO and f) H-NMO-HTS materials. 

g) Thermogravimetric curves of NMO, H-NMO, and H-NMO-HTS materials. h) The 1st cycle 

charge-discharge curves and i) cycling performance at 240 mA g-1 of NMO, H-NMO, and H-

NMO-HTS electrodes. 
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4. Conclusion 

In summary, this study elucidates the general applicability of the HTS technique for the 

rapid synthesis, material modification, and hydration recovery of sodium ion layered oxide 

cathodes, complemented by a comprehensive investigation of their structure-property 

relationships through multiple characterization techniques and electrochemical experiments. 

Taking NMO as a model material, we systematically explore the synthesis conditions enabled 

by HTS, achieving the ultrafast synthesis of NMO. HRTEM, EXAFS, and SS NMR reveal a 

typical TM layer stacking faults in NMO-HTS. GITT and XRD further corroborated the 

capability of the TM layer stacking faults to mitigate the Na+-vacancies ordering and structural 

transformations during cycling, thereby enhancing the Na+ mobility and structural stability of 

the material. On the other hand, XPS, XANES, and XRD refinement results confirm the 

negligible presence of MVs in NMO-HTS, which increases the redox-active centers, enabling 

high practical capacity. Furthermore, DFT calculation reveals that the elimination of MV leads 

to a lower Mn 3d eg orbital energy level, facilitating an improved Mn redox potential. As a 

result, the prepared NMO-HTS cathode exhibits superior electrochemical properties compared 

to NMO-MF synthesized by conventional solid-state method, delivering high energy density 

(559 Wh kg-1), outstanding rate capability (108 mAh g-1 at 10C), and stable cycling performance 

in LHCE (93.7% capacity retention after 300 cycles). This study highlights the pivotal role of 

synthesis methods in modulating the structure and properties of sodium-ion layered oxides, 

paving the way for the development of cost-effective and high-performance cathodes for 

advanced SIBs. 
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The ultrafast synthesis of P2-Na0.67MnO2 through the high-temperature shock technique is 

accomplished in ~70 s, resulting in a remarkable 21.5% enhancement in energy density, 

superior high-rate capability, and enhanced cost-effectiveness for sodium-ion batteries. 
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