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A B S T R A C T   

Spinel LiMn2O4 is one of the most promising cathode materials due to its low cost, high discharge voltage (~4.0 
V), and non-toxicity. However, it suffers from insufficient cycling performance caused by irreversible phase 
transition and Mn dissolution. In addition, the low synthesis efficiency caused by the long heating time also 
plagues its application and depletes the cost merits of raw materials. Herein, we report a heterostructured 
cathode material of electrochemically-inert layered Li2MnO3 and active spinel LiMn2O4 phases, which is syn
thesized in seconds by ultrafast Joule heating. The heterostructure is rapidly formed as a result of the non- 
equilibrium process produced by the ultrafast Joule heating rate. The inert layered phase serves as a structure 
stabilization agent to suppress the structure damage and Mn dissolution, thus promising an excellent electro
chemical performance with a high capacity retention of 83 % after 800 cycles at 5C. Our findings provide an 
efficient design and synthesis strategy for developing high-performance and low-cost cathode materials.   

1. Introduction 

With the worldwide deployment and rapid development of electric 
vehicles and renewable energy storage, Li-ion batteries (LIBs) with high 
energy density, long cycle life, and low cost are highly desired [1–4]. 
The energy density and cost of LIBs highly depend on cathode materials, 
which are mainly transition metal compounds, such as LiMn2O4, 
LiFePO4, LiCoO2, ternary materials LiNixCoyMnzO2 (x + y + z = 1), and 
Li-rich layered materials xLiMO2⋅(1-x)Li2MnO3 (M = Ni, Mn, and Co) 
[5–10]. Among them, spinel LiMn2O4 has received remarkable attention 
because of its high discharge voltage (~4.0 V) and the three- 
dimensional diffusion channels of Li+, as well as the abundance of raw 
materials, non-toxicity, and low cost [11–14]. However, its practical 
application is plagued by the energy-consuming synthesis and fast ca
pacity fading. 

Many synthesis approaches have been developed to prepare spinel 
LiMn2O4, including solid-state reaction, combustion, sol–gel, and co- 
precipitation methods [15]. All these approaches require a long-time 
heat treatment with slow heating and cooling processes (at least 
several hours) in a furnace to form a fine crystal structure, due to the 
slow reaction kinetics during the slow heating ramp [15–19]. For 

example, it took up to 8 h at 750 ◦C to synthesize LiMn2O4 from the 
precursors of acetate and carbonate using a precipitation method [17]. 
Apparently, the long-time heating leads to a high energy consumption, 
high cost, and low manufacturing efficiency. Although some rapid 
preparation methods have been reported recently, the resulting LiMn2O4 
shows insufficient cycling performance. For instance, LiMn2O4 can be 
synthesized in 6 min using a microwave method, while a low capacity 
retention of 80 % was delivered after 100 cycles at 0.2 mA / cm2 [20]. 

In addition to the preparation process, LiMn2O4 often suffers from a 
rapid capacity degradation, which can be attributed to the dissolution of 
Mn ions caused by the disproportionation reaction of Mn3+, the irre
versible phase change, and the decomposition of the electrolyte in a 
high-voltage region [5,21–24]. Extensive efforts have been made to 
address these issues, such as element doping, surface modification, and 
morphology engineering [14,25–37]. Cationic doping is an effective
way to reduce the Mn3+ content, which can enhance the lattice stability 
of LiMn2O4 during cycling. For example, Cai et al. reported an Al-doped 
spinel LiMn2O4 cathode material, and found that Al doping can suppress 
the concentration of Mn3+, resulting in improved electrochemical 
properties [25]. Similar effects were also reported for other doping 
cations, such as Li, Mg, and Ni [26–28]. Surface modification is also an 
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efficient strategy to reduce the dissolution of Mn ions and minimize side 
reactions between electrode and electrolyte. Metal oxides and phos
phates were widely used as coating materials of LiMn2O4 [29–35]. Chen 
et al synthesized Al2O3-coated LiMn2O4 via an atomic layer deposition 
method, and obtained improved cycling performance compared with the 
uncoated LiMn2O4 [35]. Besides doping and surface coating, 
morphology also plays an important role in enhancing the electro
chemical performance, and nanostructured spinel LiMn2O4 materials 
with different morphologies, such as nanotubes, flakes, and nanorods, 
have been widely investigated [14,36,37]. Although these strategies can 
improve the electrochemical performance, the preparation process is 
tedious and time-consuming. Therefore, it is highly desired to efficiently 
synthesize high-performance LiMn2O4 cathode materials. 

Recently, Joule heating has emerged as an ultrafast material syn
thesis technique [38–41]. It not only reduces energy consumption and 
increases production efficiency, but also provides a powerful approach 
to tune material structures and properties. The high heating/cooling 
rates (105 ℃/s) of Joule heating enable a super-fast reaction dynamics 
and ultrashort reaction time. In addition, the non-equilibrium nature of 
Joule heating favors the preparation of heterostructured materials. Li et 
al synthesized a series of single-phase multi-element oxide nanoparticles 
as catalysts by using Joule heating. Heterostructure can be formed by 
adjusting the synthesis temperature, composition, and calcination at
mosphere [42]. Compared with the single-phase cathode materials, the 
heterostructured cathode materials showed improved electrochemical 
performance as the result of the property and structure complementa
tion of different components. Wang et al introduced a small content of 
perovskite phase into Ni-rich layered cathode material, in which the 
pinning effect of the perovskite phase mitigated the lattice strain during 
the charge–discharge processes, and achieved a superior cycling per
formance [43]. 

In this work, a layered Li2MnO3 and spinel LiMn2O4 heterostructured 
cathode material (LS-LMO) is synthesized in seconds by ultrafast Joule 
heating. The ultrahigh heating rate of Joule heating provides a non- 
equilibrium process, enabling a fast hetero-phase formation of LS- 
LMO. The layered Li2MnO3 phase is electrochemically inert below 4.3 
V, but acts as a structural stabilizer to the spinel LiMn2O4 (LMO) during 
cycling to enhance the structural stability. The resulting hetero
structured cathode material demonstrates a superior cycling perfor
mance (83 % of capacity retention at 5C after 800 cycles). 

2. Experimental 

2.1. Synthesis of LMO and LS-LMO 

2.1.1. Synthesis of the precursor of LMO 
0.1 mol lithium acetate dihydrate (5 wt% excess, 99.9 %, Meryer) 

and 0.2 mol manganese acetate tetrahydrate (99 %, Heowns) were 
dissolved in ethanol (80 ml) to make Solution 1. 0.2 mol citric acid 
monohydrate was dissolved in ethanol (80 ml) to make Solution 2. Then 
Solution 1 and Solution 2 were titrated to 200 ml ethanol under stirring 
at 80 ◦C, and a precipitate was produced. The precipitate was collected 
and dried at 100 ◦C. 

2.1.2. Synthesis of the precursor of LS-LMO 
The precursor of LS-LMO was synthesized using the same procedure 

as that used for LMO, except that a different molar ratio of Li:Mn =
1.09:1.91 was used. 

2.1.3. Joule-heating process 
The precursor was placed on a carbon cloth (5.0 cm × 2.5 cm, 

Taiwan Carbon energy Technology) linked to a current source 
(MP50100D) in the air atmosphere. Then the precursor was calcined in a 
two-step process to produce the cathode material, including precalci
nation (~670 ℃ for ~ 9 s) and calcination (~740 ℃ for ~ 9 s). The 
temperature was tuned by adjusting the current and voltage and 

monitored by a laser infrared thermometer (Sanya Kechuang Future 
Technology). 

2.1.4. Conventional furnace process 
The precursor was calcined at 450 ◦C for 5 h and 700 ◦C for 5 h with a 

heating rate of of 3 ◦C/min, respectively, and then naturally cooled to 
room temperature. 

2.2. Materials characterization 

X-ray diffraction (XRD) patterns were collected on a D8 Advanced X- 
ray diffractometer with Cu Kα radiation at 40 kV and 40 mA. Rietveld 
refinements of the XRD pattern were obtained by using a GSAS code 
with an EXPGUI interface [44]. Morphology was examined by field 
emission scanning electron microscope (FSEM, s4800). The X-ray 
photoelectron spectroscopy (XPS, Axis Supra) was used to analyze the 
valence state of the element and the surface composition of the material. 
XPS data were calibrated against the C1s peak at 284.6 eV. The valence 
states of Mn ions were calculated by the following equation: AOS =
8.956–1.126ΔE (ΔE: the splitting energies between the Mn 3 s peak and 
its satellite peak). The microstructures of the materials were analyzed by 
transmission electron microscopy (TEM, JEM-2100F) and aberration 
corrected TEM (JEM-ARM200F). Inductively coupled plasma optical 
emission spectrometer (ICP-OES, Agilent 5110) was used to measure the 
amount of Mn deposited on the Li metal. 

2.3. Electrochemical measurements 

The electrodes were prepared by mixing LMO or LS-LMO (80 wt%), 
polyvinylidene fluoride (PVDF, 10 wt%) as the binder, and Super P (10 
wt%) as the conductive agent with N-methyl-2-pyrrolidone (NMP) to 
form a uniform slurry. Then the slurry was cast on carbon-coated 
aluminum foils and vacuum dried at 100 ℃ for 12 h. Then, the elec
trodes were cut into circular pieces with a diameter of 9 mm. The mass 
loading of the active material is ~ 1.5 mg cm− 2. CR2032 half cells were 
assembled in an argon-filled glove box using lithium foils anodes, 
microporous polypropylene membrane (Celgard 2500) separators, and 
the electrolyte of 0.8 M LiTFSI and 0.2 M LiDFBOP in FEC and EMC (3:7 
by volume). Electrochemical tests were performed on a typical NEWARE 
battery test station in a voltage window of 3.5–4.3 V at various current 
densities (1C = 148 mAh g− 1). Electrochemical impedance spectroscopy 
(EIS) measurements were performed on Solartron 1470 Electrochemical 
Interface with an amplitude of 5 mV and a frequency range of 0.01 Hz to 
1 MHz. After one cycle activation at 0.1C, galvanostatic intermittent 
titration (GITT) measurement was conducted at a constant current 
density of 0.1C with duration of 10 min and 40 min relaxation in the 
voltage range of 3.5–4.3 V. 

3. Results and discussion 

Fig. 1a schematically illustrates the Joule-heating synthesis process 
of the layered/spinel heterostructured cathode material. The precursor 
of the cathode material was prepared by using a typical combustion 
method with a Li/Mn ratio of 1.09:1.91 (see the Experimental Section 
for details). Excess Li is used for the formation of the layered/spinel 
heterostructure. Under such condition, non-equilibrium process of 
Joule-heating occurred in an ultrashort synthesis time, forming Li-rich 
oxide (Li2MnO3) in LiMn2O4 (LMO). The precursor was then calcined 
to form the layered/spinel heterostructured cathode material by a two- 
step Joule heating method, precalcination (~670 ℃ for ~ 9 s) and 
calcination (~740 ℃ for ~ 9 s) (Fig. S1, Movie S1). During the Joule- 
heating processe, the ultrafast ramping and quenching rates (102–103 

℃/s)allow an extremely short synthesis time. This is the fastest synthesis 
of LiMn2O4-based cathode materials (Table S1). As a contrast, single- 
phase LMO was also synthesized using the same calcination conditions 
with a Li/Mn ratio of 1:2. 
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The crystal structures of LS-LMO and LMO were investigated by XRD. 
As displayed in Fig. 1b, the diffraction pattern of LMO is well indexed to 
a cubic spinel structure with a space group of Fd-3 m [23]. The sharp 
Bragg peaks indicate a good crystallinity. In contrast, a similar diffrac
tion pattern is displayed for LS-LMO, but with new peaks indexed to the 
layered phase of Li2MnO3, indicating that two phases were formed. The 
phase composition of LS-LMO was investigated by XRD combined with 
Rietveld refinement (Fig. S2). The results show that LS-LMO consists of 
92.8 % spinel phase of LiMn2O4 and 7.2 % layered phase of Li2MnO3. To 
further analyze the effects of Joule heating on the formation of the 
heterostructure, the same precursor was calcined using a conventional 
furnace heat treatment method with a long time heating process. No 
layered Li2MnO3 phase was measured for the product prepared by the 
conventional method. These results show that the Joule heating process 
is critical to generate the layered/spinel heterostructure (Fig. S3). 

The chemical properties of LS-LMO and LMO were analyzed by XPS 
(Fig. 1c). The multiplet splitting of Mn 3 s is often used as a sign for the 
Mn valence [45,46]. For LMO, the valence of Mn is 3.40, lower than the 
reported values in the literature. This is attributed to the oxygen vacancy 
produced in the extremely fast synthesis process of Joule heating 
(Fig. S4) [27,34]. In contrast, the valence of Mn for LS-LMO is 3.56, 
higher than that of LMO. This should be attributed to the introduction of 
the layered Li2MnO3 phase. The higher Mn valence of LS-LMO can 
reduce the generation of soluble low-valence Mn ions due to the 
disproportionation reaction of Mn3+. 

The surface morphologies and microstructures of LS-LMO and LMO 
were investigated by SEM and TEM. A similar morphology of slightly 
agglomerated particles was displayed, with particle sizes of 50–300 nm, 
indicating that the introduction of the layered Li2MnO3 does not influ
ence the surface morphology (Fig. S5). Similar morphologies are also 
displayed in the TEM images (Fig. 2a, d), as the observations by SEM. A 
single cubic spinel phase was clearly characterized for LMO as revealed 
by the HRTEM and FFT images (Fig. 2b, c). In contrast, in addition to the 
cubic spinel phase observed for LMO, the layered phase of Li2MnO3 is 
displayed for LS-LMO (Fig. 2e, f). The layered/spinel heterostructure of 
LS-LMO was further analyzed by aberration-corrected high angle 
annular dark-field scanning transmission electron microscopy (HAADF- 
STEM). The atomic arrangements of Mn of the two phases of spinel and 
layered structures are clearly displayed in the HAADF-STEM image 
(Fig. 2g). In the layered region, the Mn ion arrangement matches well 
with the layered phase of Li2MnO3. While in the spinel region, the Mn 
ions are arranged in a diamond pattern, a characteristic of the spinel 
phase [23]. The atomic arrangements of layered and spinel phases are 
schematically illustrated in Fig. 2h and i, respectively. There is no 
disordered structure between these two phases due to the good struc
tural compatibility, referring a good structural stability during cycling. 
Clearly, the nanoscale heterostructure was successfully synthesized 
using the ultrafast Joule heating. 

The electrochemical performances of LS-LMO and LMO were inves
tigated in coin-type cells using Li metal anodes. Fig. 3a shows the 

Fig. 1. (a) Schematic of the synthesis of LS-LMO by Joule heating. (b) XRD patterns and (c) XPS spectra of Mn 3 s for LS-LMO and LMO.  
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galvanostatic charge–discharge profiles in the first cycle at a current rate 
of 0.1C within 3.5–4.3 V, and Fig. 3b shows the corresponding dQ/dV 
curves. Typical redox characteristics of LiMn2O4 are displayed for both 
LS-LMO and LMO, indicating that the electrochemical behavior of 
LiMn2O4 is not influenced by the introduction of the low-content phase 
of Li2MnO3. A higher Coulombic efficiency was obtained for LS-LMO 
(88.5 %) than LMO (84.6 %), but a similar discharge capacity of ~ 
109 mAh g− 1 was delivered, demonstrating a better reversibility of LS- 
LMO. The higher Coulombic efficiency of LS-LMO should be attributed 
to reduced irreversible phase transformation and interfacial side 
reactions. 

The cycling stability of LS-LMO and LMO was evaluated at a current 
rate of 1C after one-cycle activation at 0.1C (Fig. 3c). After 200 cycles, 
LS-LMO retained 85 % of its initial capacity, much higher than 72 % of 
LMO. To verify the practicality of LS-LMO, cycling performance was 
tested with a high mass loading (~3.0 mg cm− 2) at a current rate of 1C 
after one-cycle activation at 0.1C (Fig. S6). After 200 cycles,a high ca
pacity retention of 84% was obtained. This apparently highlights the 
advantages of the heterostructure in enhancing the electrochemical 
performance of the LMO cathode materials. The evolution of the char
ge–discharge and dQ/dV curves with cycling was investigated and 
compared (Fig. S7). For LMO, the charge/discharge polarization 

becomes larger rapidly with cycling, implying a structure degradation. 
In contrast, LS-LMO shows a negligible voltage polarization change, 
suggesting a much improved structure stability. This is consistent with 
the better cycling performance of LS-LMO. The long-term cycling per
formance of LMO and LS-LMO was evaluated at 5C after 1cycle activa
tion at 0.1C. As shown in Fig. 3d, although the initial capacity of LS-LMO 
is slightly lower than LMO due to the introduction of electrochemically 
inert layered Li2MnO3 phase, LS-LMO exhibits a drastically improved 
cycling stability, with 83 % capacity retention versus 62 % of LMO. This 
is superior to the cycling performance of most LMO cathode materials 
reported in the literature (Table S2). The superior cycling performance 
of LS-LMO is ascribed to the unique layered/spinel heterostructure. 

To have insights into the structure stability enhancement of LS-LMO, 
the structural evolution during the charge and discharge processes was 
investigated by ex-situ XRD (Fig. 4a-d). Except for some peaks indexed 
to graphite carbon and Al foil, all samples maintain cubic spinel phases 
throughout the charging process. When discharged from 4.3 to 3.5 V, all 
samples show an additional tetragonal Li1.5Mn0.97O2 phase. However, 
the tetragonal phase for LMO is first found at 4.1 V during the dis
charging process, which is higher than that for LS-LMO (3.5 V), indi
cating that the cubic-tetragonal phase transformation can be well 
suppressed by the introduced layered Li2MnO3 phase. At the discharge 

Fig. 2. (a, d) TEM, (b, e) HRTEM, and (c, f) fast Fourier transform images of (a, b, c) LMO and (d, e, f) LS-LMO. (g) The aberration-corrected HAADF-STEM image and 
atomic structure models of (h) layered and (i) spinel phases of LS-LMO. 
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state of the cubic spinel LiMn2O4 cathode, the MnO6 octahedrons un
dergo an elongation distortion along the dz2 direction as a result of the 
Jahn-Teller effect, leading to an irreversible phase transformation from 
cubic to tetragonal phase (Fig. 5a). The irreversible phase transition not 
only reduces the specific capacity but also causes a large volume change 
and structure damage [47–49]. However, for LS-LMO, the introduced 
layered Li2MnO3 phase can act as a retardant, effectively suppressing the 
elongation distortion of the MnO6 octahedrons and Jahn-Teller effect 
(Fig. 5a). Similar phenomena were also reported in other hetero
structured cathode materials [43,50]. To confirm the function of 
Li2MnO3 as a retardant to the Jahn-Teller effect and irreversible phase 
transformation, the Rietveld refinements of XRD patterns were per
formed at the discharge state of 3.5 V in the first cycle (Fig. 5b, c). The 
fraction of the cubic spinel phase is calculated to be 74.4 % for LMO, 
while 82.7 % for LS-LMO. In addition, as a sign of the Jahn-Teller 
distortion, the Mn-O bond length in the MnO6 octahedron is calcu
lated to be 2.059 Å in the dz2 direction. In contrast, a smaller Mn-O bond 
length of 2.048 Å in the dz2 direction is obtained for LS-LMO. This is 
further verified by the Rietveld refinements of XRD patterns of the 
cathodes after 100 cycles, 53.8 % cubic spinel phase for LMO vs. 78.4 % 
for LS-LMO (Figs. S8 and S9). 

The reaction kinetics of the LS-LMO and LMO cathodes were inves
tigated by EIS and GITT. The Nyquist plots of LMO and LS-LMO are 
presented in Fig. 6a and b, respectively. The corresponding equivalent 

electric circuit is shown in Fig. S10 and the fitting results are listed in 
Table S3. All Nyquist plots display four parts: the intercept with the 
horizontal axis at the highest frequency represents the ohmic impedance 
(Rs); semicircles in the high frequency and middle frequency regions are 
related to the cathode electrolyte interphase resistance (RCEI) and 
charge-transfer resistance (Rct), respectively; an oblique line in the low 
frequency region is related to the Warburg impedance (Zw) [51]. For 
LMO, Rct undergoes a continuous increase with cycling, suggesting 
continuous structural degradation and interface side reactions. In 
contrast, although LS-LMO exhibits a slightly larger Rct in the first cycle 
due to the introduction of the inactive layered Li2MnO3 phase, a 
decreased Rct is measured after 100 cycles, demonstrating a stable 
structure and interface. Furthermore, the GITT results reveal that LS- 
LMO exhibits lower DLi+ values in both charging and discharging pro
cesses than LMO, attributed to the introduced layered Li2MnO3 phase. 
This is consistent with EIS results (Figs. S11 and S12). 

In addition to the structural degradation, Mn dissolution of the LMO 
cathodes is also an important factor affecting the electrochemical per
formance. The Mn dissolution was investigated on the electrodes after 
50 and 100 cycles by ICP-OES. Much lower Mn contents were measured 
for LS-LMO than LMO, 6.7 vs. 10.4 ppb after 50 cycles and 7.8 vs. 12.7 
ppb after 100 cycles, indicating that the introduced layered Li2MnO3 
phase can effectively mitigate the dissolution of Mn (Fig. 6c). 

The microstructures and morphologies of the electrodes were 

Fig. 3. (a) First charge–discharge curves at 0.1C within 3.5–4.3 V and (b) corresponding dQ/dV curves, (c) cycling performance at 1C and at (d) 5C after one cycle of 
activation at 0.1C for LS-LMO and LMO. 
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Fig. 4. (a) First charge–discharge curve at 0.1C and (b) corresponding ex-situ XRD patterns for LMO. (c) First charge–discharge curve at 0.1C and (d) corresponding 
ex-situ XRD patterns for LS-LMO. 

Fig. 5. (a) Schematic diagram to show the introduced layered Li2MnO3 phase as a retardant to suppress Jahn-Teller effect. Rietveld-refined XRD patterns of (b) LMO 
and (c) LS-LMO when discharged to 3.5 V in the first cycle. The insets represent the corresponding MnO6 octahedra in the tetragonal Li1.5Mn0.97O2 phase. 
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examined by TEM and XPS after 100 cycles. A thick cathode electrolyte 
interphase (CEI) layer was displayed for LMO (Fig. 6d, e), verifying 
serious parasitic reactions at the electrode–electrolyte interface. While it 
is very thin for LS-LMO, implying an effective suppression of the side 
reactions by the layered Li2MnO3 phase on the surface (Fig. 6f, g). The 
drastic difference was also displayed by the XPS measurements. For 
LMO, pronounced C-O, C = O, and Li-F peaks are displayed in the C 1 s, 
O 1 s, and F 1 s spectra, suggesting that a significant amount of organic 
and inorganic species were produced due to the decomposition of the 
solvents and lithium salt in the electrolytes [51–53]. In contrast, LS-LMO 
exhibits weaker C-O/C = O and Li-F peaks, further verifying the sup
pressed side reactions (Fig. 6h, i, j, Table S4). 

4. Conclusion 

In summary, a layered/spinel heterostructured cathode material is 
synthesized in seconds by an ultrafast Joule heating method. An 
electrochemically-inert layered phase of Li2MnO3 is deftly introduced in 
the spinel phase of LiMn2O4 to form a heterostructure as a result of the 

non-equilibrium process produced by the ultrafast Joule heating rate. 
The layered phase serves as a structure stabilization agent to suppress 
the structure damage and Mn dissolution, thus promising an improved 
electrochemical performance, as revealed by the thorough structure 
characterization and analysis. Our findings provide an efficient design 
and synthesis strategy for developing low-cost and high-performance 
cathode materials. 
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