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Decoding Li+/Na+ Exchange Route Toward High-Performance 
Mn-Based Layered Cathodes for Li-Ion Batteries

Bo Cao, Zhefeng Chen, Hongbin Cao, Chen Zhu, Hongkai Yang, Tianyi Li,* Wenqian Xu, 
Feng Pan,* and Mingjian Zhang*

Li+/Na+ exchange has been extensively explored as an effective method to 
prepare high-performance Mn-based layered cathodes for Li-ion batteries, 
since the first report in 1996 by P. G. Bruce (Nature, 1996. 381, 499–500). 
Understanding the detailed structural changes during the ion-exchange 
process is crucial to implement the synthetic control of high-performance 
layered Mn-based cathodes, but less studied. Herein, in situ synchrotron 
X-ray diffraction, density functional theory calculations, and electrochemical 
tests are combined to conduct the systemic studies into the structural 
changes during the ion-exchange process of an Mn-only layered cathode 
O3-type Li0.67[Li0.22Mn0.78]O2 (LLMO) from the corresponding counterpart 
P3-type Na0.67[Li0.22Mn0.78]O2 (NLMO). The temperature-resolved observa-
tions combined with theoretical calculations reveal that the Li+/Na+ exchange 
is favorable thermodynamically and composited with two tandem topotactic 
phase transitions: 1) from NLMO to a layered intermediate through ≈60% of 
Li+/Na+ exchange. 2) then to the final layered product LLMO through further 
Li insertion. Moreover, the intermediate-dominate composite is obtained by 
slowing down the exchange kinetics below room temperature, showing better 
electrochemical performance than LLMO obtained by the traditional molten-
salt method. The findings provide guides for the synthetic control of high-
performance Mn-based cathodes under mild conditions.
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methods to synthesize lithium-rich Mn-
based layered oxides include solid-state 
method,[2] sol–gel method,[3] and copre-
cipitation method.[4] As a non-conven-
tional method, The ion-exchange method 
has a unique advantage in preparing 
thermodynamically meta-stable phases, 
which cannot be obtained by conven-
tional methods. The stoichiometric lay-
ered LiMnO2 cannot be obtained through 
the conventional methods due to its ther-
modynamically metastable nature.[5] In 
1996, P. G. Bruce et  al. reported the first 
synthesis of O3-type layered LiMnO2 
from the counterpart NaMnO2 through a 
unique Li+/Na+ exchange method using 
the n-hexanol solution of LiCl/LiBr.[6] Ten 
years later (2006), Ceder group modi-
fied the ion-exchange method to synthe-
size an O3-type layered Li(Ni0.5Mn0.5)
O2 with reduced intralayer Li/Ni mixing 
using LiNO3/LiCl as the high-tempera-
ture eutectic molten salt.[7] Nevertheless, 
the modified ion-exchange method was 
applied to the synthesis of a series of high-
performance layered Mn-based cathodes 

until recently. In 2018, Dingguo Xia group prepared an O2/
O4-hybrid layered Li1.25Co0.25Mn0.5O2 cathode with the single-
layer Li2MnO3 superstructure through ion-exchange route, 
showing an ultrahigh reversible capacity of 400  mA  h  g−1.[8] 
In 2020, Haoshen Zhou group reported an O3-type layered 
Li0.6[Li0.2Mn0.8]O2 cathode through ion-exchange route from 
a P3-type Na-containing precursor Na0.6[Li0.2Mn0.8]O2, which 
exhibited stable anionic redox chemistry and the improved 
cycling stability.[9] Similarly, Dingguo Xia group reported 
another O3-type layered Li0.700[Li0.222Mn0.756]O2 cathode 
through ion-exchange route, delivering a reversible capacity 
of over 300 mA h g−1.[10] In the same year, Eum et al. obtained 
O2-type layered Lix[Li0.2Ni0.2Mn0.6]O2 cathodes through the 
ion-exchange process from a P2-type Na-containing precursor, 
and proposed the critical role of the O2-type oxygen stacking 
sequence in improving the reversibility of cation migration and 
thus reducing voltage decay.[11] In addition, ion exchange was 
also applied to the synthesis of other layered oxides, such as 
Li2RhO3.[12] All these works were focused on the unique layered 
structures with the diverse forms of oxygen stacking arrange-
ment (O2, O3, O2-O4 hybrid, etc.) and the enhanced electro-
chemistry, while discussing less on the complex ion-exchange 
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1. Introduction

Layered Mn-based oxides are considered as promising cathodes 
due to their low cost and high energy density.[1] Conventional 
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process involving the different Li/Na exchange extents and the 
induced structural changes.[13]

Figuring out the detailed structural changes in the ion-
exchange process is crucial to implement the synthetic control 
of these high-performance layered Mn-based cathodes. Here 
taking the widely used molten salt method as an example, the 
synthetic process is analyzed in detail. Scheme 1 shows a typical  
modified ion-exchange process. Na-containing layered pre-
cursor (NaMnO) is pre-synthesized through traditional solid-
state methods or sol–gel method, then transforms to the final  
Li-containing layered cathode (Li-Mn-O) through a topotactic 
reaction via Li+/Na+ exchange (Scheme  1A). The experimental 
process contains three steps (Scheme 1B): ① mixing NaMnO 
and the eutectic molten salt (LiNO3/LiCl, 88/12  wt./wt.)  
thoroughly by grinding or ball milling; ② Calcining the mix-
ture, usually at 280 °C for several hours; ③ Washing away the 
water-soluble salts (LiNO3, LiCl, NaNO3, NaCl, etc.) to obtain 
the product LiMnO. Generally, it is considered the Li+/Na+ 
exchange occurs during the calcination step.[14] In situ structural 
studies are required to further illustrate the details of structural 
changes in each step, for establishing the relationship between 
the structural changes and the ion-exchange extents under the 
real synthetic conditions.

In this work, we employed the temperature-resolved syn-
chrotron XRD to track the Li+/Na+ exchange process and the 
induced structure changes during the ion-exchange reaction. 
Real-time observation combined with the DFT calculations 
revealed two tandem topotactic phase transformations, both of 
which are favorable thermodynamically. By tuning the synthetic 
kinetics, the ion-exchange was successfully conducted at room 
temperature and even below, producing cathodes with excellent 
electrochemical performance comparable to that prepared by 
the traditional molten salt method. The findings highlight the 
synthetic control of ion-exchange kinetics to obtain high-perfor-
mance layered Mn-based cathodes.

2. Results and Discussion

2.1. Li+/Na+ Exchange During Calcination

To study the structural changes during the heating process, 
temperature-resolved high-energy XRD patterns were col-
lected on the mixture of Na-containing precursor P3-type 
Na0.67Li0.22Mn0.78O2 (NLMO) and the eutectic molten salt  
(see details in experimental section). All XRD patterns are 
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Scheme 1.  A) The ion-exchange route to prepare the thermodynamically metastable layered LiMnO phase based on the topotactic reaction. B) The 
typical synthesis process for the molten salt ion-exchange route contains three steps: grinding, calcining, and washing.
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shown in Figure S1 (Supporting Information). Several patterns 
at different temperatures are plotted in Figure S2 (Supporting 
Information). It is clear that the whole patterns undergo great 
changes with the temperature, especially at ≈160  °C, hinting 
the phase transformation occurred during heating. In addition, 
the characteristic peaks of NaNO3 and NaCl can be observed, 
reflecting the progress of ion-exchange reaction.

To track the detailed phase transformation process, the 
region containing the main peaks (marked by the rectangle in 
Figure S1, Supporting Information) was enlarged in Figure 1A. 
Two peaks before heating, A and B, can be ascribed to the Na-
containing precursor and a small amount of Li2MnO3 purity 
(due to the excess Li source), respectively. As the temperature 
increases, Peak A linearly shifts to the lower angle due to the 
lattice expansion, and then undergoes an abrupt and big shift to 
the higher angle at ≈160 °C, hinting a swift phase transforma-
tion. Peak B from the tiny Li2MnO3 seems to linearly shift to 
the lower angle with the temperature increase, which can act as 
an ideal benchmark for the environmental temperature/condi-
tion. The quantitative analysis of the peak shift was performed 
using multiple peak fittings. As shown in Figure 1B, the whole 
heating process can be roughly divided into three sections 
according to the peak shift of Peak B, Section I (RT-100 °C), II 
(100–175  °C), and III (>175  °C). The d spacing of Peak B lin-
early increases in Region I and III, while undergoing a little 
drop and then an increase in Region II. The thermal expansion 
coefficients in Region I and III are different, 8.35  ×  10−5 and 
1.15 × 10−4 Å °C−1, respectively. Considering that Li2MnO3 does 
not participate in the ion exchange reaction and just reflects 
the change of sample environment, we can deduce that, the 
eutectic molten salt undergoes a melting process in Region 
II, which alters the sample environment and thus the thermal 

expansion coefficient of Li2MnO3. The d spacing of Peak A 
starts to decrease a little (≈0.02 Å) from 140 °C in Region II and 
experiences a great decrease from 5.16 to 5.025 Å at ≈185 °C in 
Region III. It indicates that the fast ion-exchange can be acti-
vated in the molten salt, which induces the abrupt phase trans-
formation. After the phase transformation, the d spacing of the 
new-formed layered phase continues decreasing gradually with 
the temperature, and the holding time (Figures S3 and S4, Sup-
porting Information), hinting that further ion-exchange or cati-
onic rearrangement occurred in the layered phase.[14,15] Finally, 
a stable d spacing of ≈4.91 Å is obtained after holding at 280 °C 
for ≈0.5 h (Figure S4B, Supporting Information), indicating the 
completion of the ion-exchange reaction. After cooling to room 
temperature, the d spacing decreases to 4.88 Å (Figure S5, Sup-
porting Information).

2.2. Li+/Na+ Exchange at Room Temperature

According to the in situ XRD results above, we notice a strange 
phenomenon: the mixture before heating shows an interlayer 
spacing of 5.16  Å, much smaller than that of the P3-type Na-
containing precursor (NLMO, 5.55 Å). It hints that the ion-
exchange may initiate when grinding at room temperature, 
inducing a big phase transformation and producing a layered 
intermediate phase before heating.

To validate this deduction, a series of XRD patterns were 
collected on the mixture of NLMO and the salts after low-
speed ball-milling (200  rpm) at room temperature for dif-
ferent times (Figure S6, Supporting Information; Figure 2A). 
In Figure 2A, the main peak of NLMO at ≈16 degrees continu-
ously attenuates with grinding, while the main peak of LLMO at  
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Figure 1.  A) The contour plot of in situ XRD data during the calcination in the region of 2.5–3.1 degrees. Peaks A and B represent the main peak of 
Na-containing precursor and tiny Li2MnO3 impurity. B) The peak positions of peaks A and B as a function of the temperature to track the phase transi-
tion during the calcination.
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≈18.7 degrees fast increases. After 6  h, the main peak of NLMO 
phase completely disappears, indicating the completion of the 
phase transition from P3 phase to O3 phase at room tempera-
ture. Here we can use the percentage of the peak area of the 
respective phase to represent the degree of the phase transition. 
It is plotted as a function of the time in Figure  2B. Through 
the exponential fitting, the rate coefficient k is determined as 
−1.05 h−1.[16] SEM images (Figure S7, Supporting Information) 
show that the final product by ball milling at room temperature 
(LLMO-RT) has more broken particles than LLMO obtained by 
the traditional molten salt method (LLMO-MS).

In addition, a small peak at ≈17 degrees (marked by the 
dashed ellipse in Figure  2A) is observed after grinding for  
10 minutes, corresponding to the intermediate phase observed 
in the in situ XRD studies above. Assume the extent of Li+/Na+ 
exchange is proportional to the change extent of the d spacing, we 
can deduce that, ≈60% of Na ions are replaced by Li ions in the 
intermediate phase since the final product Li0.67[Li0.22Mn0.78]O2  
(LLMO) has an interlayer spacing of 4.88  Å. The molecular 
formula of the intermediate can be deduced as [Na0.27Li0.4]
[Li0.22Mn0.78]O2.

Combining the information together, the ion-exchange pro-
cess can be implemented by both the traditional molten salt 
method and ball milling at room temperature. They experience 
the similar structural changes including two tandem topotactic 
phase transformations (Figure  2C): 1) about 60% of Li+/Na+ 
exchange quickly proceeds and induces the first topotactic phase 
transformation, producing a metastable layered intermediate 
[Na0.27Li0.4][Li0.22Mn0.78]O2. 2) the layered intermediate under-
goes the further Li+/Na+ exchange, and reaches the final product 
LLMO through the second topotactic phase transformation.

2.3. Reaction Thermodynamics by DFT Calculations

The success of Li+/Na+ exchange at room temperature hints 
that the energy barrier for Li+/Na+ exchange may be very 
low, and the reaction may be favorable thermodynamically. 
To verify this point, we constructed the structural models of  
Na-containing precursor Na0.67MnO2 and the Na/Li-containing 
precursor Na0.67[Li0.22Mn0.78]O2, and calculated the reaction 
enthalpy (ΔH) of Li+/Na+ exchange with LiCl and LiNO3, 
respectively (see Equations 1–4 below). Figure 3A presents the 
structural models for the precursors P3-type Na6Mn9O18 and 
P3-type Na6Li2Mn7O18, and the corresponding products O3-type 
Li6Mn9O18 and O3-type Li6Li2Mn7O18. The system energies of 
all the species in the formula were calculated and deposited 
in Table S1 (Supporting Information). Accordingly, the corre-
sponding enthalpies ΔH1, ΔH2, ΔH3, and ΔH4 were calculated 
according to the reaction formulas. As shown in Figure  3B, 
all the entropies are negative. Considering the total molar 
amounts of the reactants and the products kept constant before 
and after the ion-exchange reaction, the reaction entropy (ΔS) is 
0. Thus, the reaction Gibbs free energies (ΔG) are equal to the 
enthalpies (ΔH) in the ion-exchange reaction since ΔG = ΔH – 
TΔS. In addition, the configuration entropy is also considered 
here (see the detailed discussion below in Table S1, Supporting 
Information).[17] The maximum change of free energy caused 
by configuration entropy at room temperature is ≈30 meV, 
which is one order of magnitude smaller than the contribution 
of enthalpy (0.2–0.3 eV). Therefore, all these Li+/Na+ exchange 
reactions are exothermic with the negative ΔG, and thermody-
namically favorable. Moreover, the reactions with LiCl release 
more heat than the reactions with LiNO3, and the reactions 
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Figure 2.  A) Ex situ XRD of the mixture of NLMO and the molten salt after ball milling for different times in the region of 14–21 degrees. B) The degree 
of phase transition as a function of the ball milling time. The degree of phase transition is defined as the percentage of the O3 main peak area over 
the total peak areas of O3 and P3 main peaks. The curve is the fitting to the data using an exponential equation y = Aexp(kT)+y0 (wherein A is the 
pre-exponential factor, and k is the rate coefficient). C) Schematic illustration to show the detailed structural changes, containing two topotactic phase 
transformations with different extents of Li+/Na+ exchange.
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with the Na-containing precursors release more heat than the 
reactions with the Li/Na-containing precursors. These theoret-
ical results indicate that it is thermodynamically feasible to just 
use one kind of Li salt to complete the ion exchange at ambient 
conditions, consistent with our experiments above.

Na MnO 0.67 LiCl Li MnO 0.67 NaCl0.67 2 0.67 2+ → + 	 (1)

Na MnO 0.67 LiNO L MnO 0.67 NaNO0.67 2 3 i0.67 2 3+ → + 	 (2)

Na Li Mn O 0.67 LiCl Li Li Mn O 0.67 NaCl0.67 0.22 0.78 2 0.67 0.22 0.78 2[ ] [ ]+ → + 	(3)

Na Li Mn O 0.67 LiNO Li Li Mn O 0.67 NaNO0.67 0.22 0.78 2 3 0.67 0.22 0.78 2 3[ ] [ ]+ → + 	(4)

2.4. Synthetic Control of the Intermediate

To further analyze the structure of the intermediate, we tried to 
prepare the pure intermediate via tuning various synthetic con-
ditions, including Li/Na ratio, ball milling speed, the tempera-
ture etc. It is found that the formation of the pure intermediate 
is greatly hindered by the ion-exchange non-uniformity at the 
microscopic scale (micro/nano-meter level) and the metastable 
nature of the intermediate. Finally, a composite with the inter-
mediate as the main phase (LLMO-M) was obtained by finely 
tuning the Li+/Na+ exchange kinetics below room temperature 
(see details in Figure S9, Supporting Information). As shown 
in Figure 4A and Figure S9 (Supporting Information), the XRD 
pattern shows the strongest peak at ≈5.2 Å, corresponding to 
the intermediate phase. According to the percentage of the peak 
areas, the composite consists of 1% NLMO, 61% intermediate 
phase, 30% LLMO, and 8% Li2MnO3. Mn L-edge soft X-ray 
absorption spectrum (Figure S10, Supporting Information) of 
LLMO-M has a similar curve with those of NLMO and LLMO, 
hinting that, the ion-exchange process does not change the 
valence state of transition metal cations.

The local structure was examined by the electron diffraction 
map (Figure 4B) and the high-resolution TEM (HRTEM) image 
(Figure  4C). In Figure  4B, two sets of reflections are resolved 
by the line profile in the lower inset. The interlayer spacings 
can be deduced to 5.5 and 5.1 Å, respectively, according to the 
split peaks marked by the vertical black and red lines. They cor-
respond to NLMO and the intermediate phase, respectively. It 
is consistent with the XRD result in Figure  4A. In addition, 
the intensity difference for two sets of reflections indicate that 
the dominant phase is the intermediate phase, which is also 
consistent with the XRD analysis in Figure  4A. In Figure  4C, 
HRTEM image presents the clear layered fringes with a spacing 
of ≈5.1 Å, confirming the formation of the layered interme-
diate phase. The reflections marked by the yellow arrows in 
the corresponding FFT map hint the spinel-like disordering. It  
indicates that, a certain amount of Mn cations migrate into the 
Li/Na layers during the ion-exchange process, which may ben-
efit the cycling stability of the intermediate phase.

2.5. Electrochemical Performance

The electrochemical performance of LLMO-MS, LLMO-RT and 
LLMO-M was tested to examine the influences of the different 
synthesis methods and the different phase composition. Sur-
prisingly, the charge/discharge profiles in Figure 5A–C exhibits 
similar shapes, although LLMO-M has a different phase compo-
sition from LLMO-MS and LLMO-RT (Figure S11, Supporting 
Information). It implies that, the intermediate phase may 
exhibit similar electrochemical behavior as the final product. 
Differently, LLMO-MS experiences an activation process from 
the 1st cycle to the 5th cycle with the capacity increase from  
180 to 230 mA h g−1, then starts to degrade gradually. LLMO-RT  
presents a higher initial capacity of ≈300  mA h g−1 at 0.1 C  
(1C = 250  mA h g−1) than LLMO-MS (≈180  mA  h  g−1), then 

Adv. Funct. Mater. 2023, 33, 2214921

Figure 3.  A) The structural models of P3-Na6Mn9O18, O3-Li6Mn9O18, P3-Na6Mn9O18, and Li6Mn9O18 for DFT calculations. B) The histogram of the 
calculated reaction enthalpies (ΔH).
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undergoes a fast capacity decrease to ≈230  mA h g−1 by the 
10th cycle. LLMO-M delivers a moderate initial capacity of  
≈260 mA h g−1 and gradually degrades to ≈220 mA h g−1 by the 
10th cycle. The CV curves in the first five cycles were presented 
in Figure 5D–F. They all exhibit an oxidation peak above 4.5 V 
at the first charge and a pair of redox peaks at ≈3  V during 
repeated cycles, which come from O redox and Mn redox, 
respectively.[18] Differently, the redox peaks of LLMO-MS are 
much sharper than those of LLMO-RT and LLMO-M, which 
may be due to the better crystallinity through the calcination, 
reflected by the narrower peak width in the corresponding XRD 
pattern (Figure S11, Supporting Information).

The rate performance of the three samples was also com-
pared in Figure 4G. It is clear, the rate performance of LLMO-
RT and LLMO-M is comparable to that of LLMO-MS. Figure 4H 
presents their cycling stability at 1 C. LLMO-MS shows a slow 
activation process from 34 to 155  mA h g−1 in the first 100 
cycles, and maintains the constant capacity in the 100th–160th 
cycle, then starts to degrade slowly. LLMO-RT has an activa-
tion process in the first five cycles with a higher initial capacity 
of ≈175–190  mA  h  g−1, then starts fast capacity degradation  
(62% after 200 cycles). LLMO-M has the highest initial capacity 
of 213 mA h g−1 and no activation process. It undergoes a rel-
atively fast capacity decrease in the first 50 cycles, and then 
maintains a superior cycling stability in the following cycles  

(98% capacity retention from the 50th to the 200th cycle). The 
initial capacity decrease may be related to the impure phase 
components of Li2MnO3, the precursor and the final phase, 
while the excellent cycling stability should be related to the 
unique layered structure with a larger interlayer spacing and 
spinel-like cationic mixing in the intermediate phase. To explore 
the cause of the capacity decrease of LLMO-M, XRD pattern 
and HRTEM images of the LLMO-M electrode after 50 cycles  
at 1  C were collected. As shown in Figure S12 (Supporting 
Information), the superlattice peak of Li2MnO3 in LLMO-M  
disappeared after 50 cycles, which indicated the structure deg-
radation of Li2MnO3. As shown in Figure S13 (Supporting 
Information), LLMO-RT still maintains well layered structure, 
while a small amount of spinel-like lattice can be observed by 
the corresponding FFT maps. The spinel-like phase may come 
from the structure degradation of Li2MnO3. So, we can attribute 
the capacity decrease to the structure degradation of the impu-
rity Li2MnO3 partially. It is expected that better electrochemical 
performance can be achieved in the pure intermediate phase.

Overall, the cathodes prepared by mild conditions dem-
onstrate an electrochemical performance comparable to that 
obtained by the high-temperature molten salt method, and per-
form even better in the initial capacity, reflecting the advantage 
of the low-temperature ion-exchange, especially in the energy 
efficiency and cost reduction.

Adv. Funct. Mater. 2023, 33, 2214921

Figure 4.  A) Selected-area XRD pattern of the composite with the intermediate phase as the main component. The selected d region is 4.2–6.0 Å from 
the full XRD pattern in Figure S9 (Supporting Information). B) The electron diffraction pattern from the selected primary particle (the upper inset). The 
scale bars in the pattern and the upper inset are 5 1/nm and 100 nm. The lower inset presents the line profile along the dashed red line. C) HRTEM 
image and the corresponding FFT map (inset) for the selected area. The scale bars in the image and inset are 5 nm and 5 1/nm.
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3. Conclusion

In conclusion, we combined in situ synchrotron XRD and DFT 
calculations to conduct the systemic studies into the struc-
tural changes during the ion-exchange process of an Mn-only 
layered cathode Li0.67[Li0.22Mn0.78]O2. The quantitative analysis 
revealed that the Li+/Na+ exchange reaction is favorable ther-
modynamically, and can be divided into two steps: 1) the first 
60% of Li+/Na+ exchange induces the 1st topotactic phase trans-
formation from Na-containing precursor with a large interlayer 
spacing 5.55 Å to a layered intermediate phase with a medium 
interlayer spacing ≈5.16 Å; 2) the further ion exchange pro-
duce the final layered phase with a small interlayer spacing  
4.88 Å through another topotactic phase transformation. Based 
on the understanding, an energy-efficient method of room-
temperature ball milling was developed to complete the ion 
exchange reaction, and an intermediate-dominant composite 
was obtained by slowing down the ion exchange kinetics below 
room temperature. The composite exhibits better electrochem-
ical performance than the sample prepared by the traditional 
molten salt method. These findings embody the significance of 
synthetic kinetics in controlling material structure, and provide 

vital guides for the preparation of high-performance Mn-based 
cathodes at mild conditions.

4. Experimental Section
Material Synthesis: First, the Na-containing precursor 

Na0.67Li0.22Mn0.78O2 (NLMO) was prepared by a conventional sol–
gel method.[19] In a typical process, the stoichiometric amounts of 
Na(CH3COO)·3H2O and Mn(CH3COO)2·4H2O with 10% excess 
Li(CH3COO)·2H2O were dissolved in the dilute nitric acid solution. Then 
a certain amount of polyvinyl pyrrolidone (PVP) was added as a chelating 
agent. Next, the mixed solution was evaporated to obtain a viscous gel 
under vigorous stirring at 90  °C. The gel was dried at 140  °C for 3  h, 
and later annealed at 500 °C for 3 h to remove the organic constituents. 
Finally, the annealed powder was calcined at 700 °C for 10 h and slowly 
cooled down to form NLMO.

In a typical molten salt method for ion exchange, the NLMO sample 
was mixed with the molten salt LiNO3/LiCl (88:12 w/w) thoroughly in a 
weight ratio of 1:1 (equivalent to the Li+/Na+ molar ratio 2.136), and the 
mixture was heated at 280 °C for 6 h to complete the Li+/Na+ exchange. 
The powder was washed several times using deionized water, then dried 
at 80 °C overnight to obtain Li0.67Li0.22Mn0.78O2 (LLMO-MS).

In a room-temperature ball milling process for ion exchange, the 
NLMO sample was mixed with the molten salt LiNO3/LiCl (88:12 w/w) 

Figure 5.  The selected charge-discharge profiles of A) LLMO-MS, B) LLMO-RT, and C) LLMO-M at 0.1 C. 1 C is set as 250 mA g−1. The CV curves of  
D) LLMO-MS, E) LLMO-RT, and F) LLMO-M in the first five cycles at the scanning rate of 0.1 mV s−1. G) The rate performance of LLMO-MS, LLMO-RT, 
and LLMO-M. H) The cycling performance of LLMO-MS, LLMO-RT, and LLMO-M at 1 C.
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thoroughly in a weight ratio of 1:1. Then the mixture was loaded with 
some ZrO2 balls in the canner for ball milling. The rotating speed 
was set to 200  rpm. A little amount of powder was extracted for XRD 
measurement at intervals to check the extent of ion exchange. The 
reaction was stopped until the XRD pattern did not change with time.

To obtain the intermediate phase, the NLMO powder was mixed with 
0.1 m LiCl aqueous solution in a Li+/Na+ molar ratio of 1:1 at 1.2 °C. The 
temperature was controlled by a ice-water bath. After stirring for 2 min, 
the powder was washed several times by deionized water and dried at 
80 °C overnight.

In Situ High-Energy XRD Measurements: Temperature-resolved high-
energy XRD patterns were collected from the mixture of NLMO and the 
molten salt mentioned above during calcination, at Sector 17−BM of the 
Advanced Photon Source (APS) at Argonne National Laboratory. The 
wavelength of the X-ray beam was 0.24099 Å. For in situ experiments, the 
mixture was pressed into pellets with a thickness of 1 mm and a diameter 
of 7 mm and loaded into a quartz tube, which was then placed in a Linkam 
600 furnace perpendicular to the X-ray beam. The pellets were heated in 
air to 280 °C by 10 °C min−1, then maintained for 6  h, and cooled down 
to room temperature. During the calcination, a 2D X-ray detector was 
deployed to collect the XRD patterns at a rate of 2 scans  min−1. The 
focused spot size was 0.5 mm (Horizontal) × 0.5 mm (Vertical).

Material Characterizations: Ex situ XRD patterns were collected from 
a Bruker D8-Advance diffractometer with Cu-Kα radiation (λ = 1.5419 Å) 
at 45 kV and 100 mA. A Zeiss SUPRA-55 scanning electron microscope 
(SEM) was used to detect the morphology of the samples. Transmission 
electron microscopy was performed by an FEI TecnaiG2 F30 TEM 
microscope. The soft X-ray absorption spectroscopy (XAS) experiments 
for the Mn L edge were performed at beamline 02B02 of the SiP·ME2 
platform, the Shanghai Synchrotron Radiation Facility (SSRF). The 
spectra were collected using surface-sensitive total electron yield (TEY) 
and bulk-sensitive total fluorescence yield (TFY) modes simultaneously 
at room temperature in an ultrahigh vacuum chamber.

DFT Calculations: First-principles calculations were performed based 
on the density functional theory (DFT) method as implemented in 
the Vienna ab initio simulation package (VASP).[20] The core electron 
contributions were described by the Projector augmented wave (PAW) 
potentials and the valance electrons were described by the plane-
wave basis set with a cutoff energy of 520  eV.[21] The electronic energy 
convergence criterion was set at 10−6  eV. The generalized gradient 
approximation (GGA) with the Perdew–Burke–Ernzerhof (PBE) 
functional was chosen as the exchange-correlation potential.[22] In all the 
calculations, the Brillouin zone was sampled by Monkhorst-Pack k-point 
grid with the density of 1000 per reciprocal atom. In order to correctly 
characterize the localization of transition-metal d electrons, The GGA+U 
method was used to remedy the strong correlation in the calculations.[23] 
The value for the Hubbard U parameter for Mn was 4.2 eV.[24] Geometries 
were optimized until the forces on the atoms were less than 0.02 eV Å−1. 
The spin polarization was considered in all calculations. All calculations 
were performed considering a ferromagnetic ordering of Mn atoms.

The reaction enthalpies (ΔH) are calculated according to the 
following equations.

( ) ( )( ) ( )∆ = + − −H E Li MnO 0.67E NaCl E Na MnO 0.67E LiCl1 0.67 2 0.67 2 	 (5)

( ) ( ) ( ) ( )∆ = + − −H E Li MnO 0.67E NaNO E Na MnO 0.67E LiNO2 0.67 2 3 0.67 2 3 	 (6)

( )
( )

[ ]
[ ]

( )
( )

∆ = +
− −

H E Li Li Mn O 0.67E NaCl

E Na Li Mn O 0.67E LiCl
3 0.67 0.22 0.78 2

0.67 0.22 0.78 2
	 (7)

( )
( )

[ ]
[ ]

( )
( )

∆ = +
− −

H E Li Li Mn O 0.67E NaNO

E Na Li Mn O 0.67E LiNO
4 0.67 0.22 0.78 2 3

0.67 0.22 0.78 2 3
	 (8)

Electrochemical Measurements: Active materials, acetylene black carbon 
and polyvinylidene fluoride (PVDF) with a weight ratio of 8:1:1 were mixed 
thoroughly in N-methyl pyrrolidone (NMP) to obtain a well-mixed slurry. 

Then the slurry was cast on the Al foil and dried at 110 °C in a vacuum 
oven overnight. Coin cells (CR2032) were assembled with lithium foil 
as the counter electrode and the polymer membrane (Celgard 2400) 
as the separator. The electrolyte was 1  m lithium hexafluorophosphate 
(LiPF6) solution in ethylene carbonate (EC) and ethyl methyl carbonate 
(EMC) in the volume ratio of 1:1. The as-assembled cells were charged 
and discharged in galvanostatic mode by NEWARE system. Cyclic 
voltammetry (CV, at the scan rate of 0.1 mV s−1) results were collected by 
a model CHI604E electrochemical workstation.
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