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Abstract: Cathode material LiMn2O4 thin films were prepared through solution deposition followed by rapid thermal annealing. The 
phase identification and surface morphology were studied by X-ray diffraction and scanning electron microscopy. Electrical and 
electrochemical properties were examined by four-probe method, cyclic voltammetry and galvanostatic charge-discharge 
experiments. The results show that the film prepared by this method is homogeneous, dense and crack-free. As the annealing 
temperature and annealing time increase, the electronic resistivity decreases, while the capacity of the films increases generally. For 
the thin films annealed at different temperatures for 2 min, the thin film annealed at 800 ℃ has the best cycling behavior with the 
capacity loss of 0.021% per cycle. While for the thin films annealed at 750 ℃ for different times, the film annealed for 4 min 
possesses the best cycling performance with a capacity loss of 0.025% per cycle. For the lithium diffusion coefficient in LiMn2O4 
thin film, its magnitude order is 10−11 cm2·s−1. 
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1 Introduction 
 

Thin-film lithium-ion batteries have drawn a lot of 
attention due to their many possible applications, such as 
smart cards, CMOS-based integrated circuits and 
microdevices[1−8]. Among a lot of thin films that can be 
used as cathode material for thin-film lithium-ion 
batteries, LiMn2O4 is one of the most studied cathode 
materials for its relatively high voltage plateau, 
non-toxicity, and good rechargeability[9, 10]. 

LiMn2O4 thin films have been prepared by a few 
methods such as pulsed laser deposition[11], electrostatic 
spray deposition[12] and radio frequency magnetron 
sputtering[13, 14]. The heat treatment of the thin film is 
almost conventional furnace annealing. However, it is 
difficult to produce thin film by these methods with 
accurate stoichiometry. 

Compared with the above-mentioned methods, 
solution deposition possesses several advantages of 
excellent control of stoichiometry, low cost and high 

deposition rate. While rapid thermal annealing has the 
advantages of short annealing time and relative 
simplicity. The short rise time to the desired annealing 
temperature minimizes the film/substrate interface 
reaction and results in dense and smooth film. Based on 
these considerations, LiMn2O4 were prepared thin films 
by solution deposition and rapid thermal annealing(RTA) 
and their characteristics were studied. 
 
2 Experimental 
 

Stoichiometric amount of lithium acetate and 
manganese acetate were dissolved in a small amount of 
deionized water. Then 2-methoxyethanol was added to 
adjust the viscosity and wetting property of the solution. 
Dust and other suspended impurities were removed from 
the solution by filtering through 0.2 µm syringe filters 
and thus formed LiMn2O4 precursor solution. The wet 
films were deposited by spin coating LiMn2O4 precursor 
solution onto substrates. Then the wet films were heated 
at 350  in air for 20 min to remove solvents and othe℃ r  
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organic substances at the heating rate of 10 /min. The ℃

deposition and heat treatment procedure were repeated to 
prepare the desired thickness of films. The multilayered 
films were finally annealed by rapid thermal annealing. 

Phase identification and surface morphology were 
studied by X-ray diffractometry(XRD) and scanning 
electron microscopy. The electronic resistivity of the thin 
films was measured by four probe method. For 
electrochemical measurements, LiMn2O4 thin films 
coated on Pt-coated substrate were placed in an open 
beaker cell which contained 1 mol/L LiPF6 dissolved in 
ethylene carbonate(EC) and dimethyl carbonate(DMC) 
(1:1, volumetric ratio). Lithium metal was used as both 
counter and reference electrodes. The entire cell was 
assembled in an argon-filled glove box. Electrochemical 
properties were investigated by cyclic voltammetry and 
galvanostatic charge-discharge experiments. The cyclic 
voltammetry were performed at the scan rate of 1 mV/s 
and the galvanostatic charge-discharge experiments were 
conducted between the cut-off voltages of 4.3 and 3.5 V 
under a constant current density of 100 µA/cm2.  

 
3 Results and discussion 
 

The X-ray diffraction patterns of the prepared films 
are shown in Fig.1. As seen in the figure, three peaks at 
2θ=18.61˚, 36.09˚ and 43.87˚ were observed, which 
correspond to the (111), (311), and (400) reflections of 
spinel, indicating that the prepared thin films are 
LiMn2O4. The intensities of the XRD peaks in Figs.1(a) 
and (b) increase with the increase of annealing 
temperature and annealing time, indicating that the 
crystallinity of thin film becomes better. 

The scanning electron micrographs of LiMn2O4 thin 
films annealed under various conditions are shown in 
Figs.2 and 3. As observed in the figures, the grains of 
these films increase with the increase of annealing 
temperature and annealing time, and the films annealed 

under different conditions are homogeneous and 
crack-free. No significant defects can be observed for the 
thin films annealed at 700, 750 and 800  for 2 min, and ℃

the films annealed at 750  for 1, 2, and 4 min. The ℃

grain size is between 20 nm and 50 nm, suggesting that 
the thin film is very smooth, which is favorable for 
avoiding the short circuits of thin-film batteries. 

The increase of the grain size of the films with the 
increase of annealing temperature and annealing time is 
associated with the increase of coalescence speed and 
coalescence time of grains, i.e., the film annealed at 
higher temperature or annealed for longer time has a 
higher coalescence speed or longer coalescence time than 
that annealed at lower temperature or annealed for a 
shorter time, leading to the result that the grain size of 
the former is larger than that of the latter. The growth 
mechanism can be easily verified by Fig.2 and Fig.3, 
where Fig.2(d) and Fig.3(d) (magnified by 20 000 times) 
is two and a half times the area of the films of Fig.2(a) 
and Fig.3(a) (magnified by 50 000 times). However, the 
grain number of the former is much less than that of the 
latter. 

Fig.4 displays the resistivity of LiMn2O4 thin films 
annealed under different conditions. The resistivity of the 
films decreases from 3.84×103 Ω·cm to 2.71×103 Ω·cm 
as the annealing temperature increases from 700  to ℃

850 ℃, and from 3.92×103 Ω·cm to 2.89×103 Ω·cm as 
the annealing time increases from 1 min to 8 min. The 
decrease of the electronic resistivity of the thin film is 
associated with the improvement of the crystallinity of 
the thin films. 

Fig.5 shows the cyclic voltammograms of the 
LiMn2O4 thin film annealed at 750 ℃ for 2 min. As seen 
in the figure, all the cyclic voltammograms scanned at 
different rates display two couples of redox peaks, which 
represents the mixed phases and different intercalation 
stages of lithium ion, suggesting that both the 
intercalation and deintercalation of lithium ion are  

 

 
Fig.1 XRD patterns of prepared films annealed under different conditions: (a) Annealed at different temperatures for 2 min;       
(b) Annealed at 750  for different time℃ s (peak marked with black solid circle belongs to substrate) 
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Fig.2 Scanning electron micrographs of LiMn2O4 thin films annealed at different temperatures for 2 min: (a) 700 ℃; (b) 750 ℃;   
(c) 800 ℃; (d) 850 ℃ 
 

 
Fig.3 Scanning electron micrographs of LiMn2O4 thin films annealed at 750  for different time℃ : (a) 1 min; (b) 2 min; (c) 4 min;  
(d) 8 min 
 
carried out in two steps, which can be written as the 
following two reversible reactions: 
1/2Li++1/2e+2λ−MnO2 ⇔ Li0.5Mn2O4             (1) 
1/2Li++1/2e+2λ−MnO2 ⇔ Li0.5Mn2O4             (2) 

The peak current as a function of ν1/2 is shown in 
Fig.6. The figure shows the peak current has a linear 
relationship with ν1/2, indicating that the thin film 
possesses good rechargeability. From the following 
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Fig.4 Electronic resistivity of LiMn2O4 thin films annealed under different conditions: (a) Annealed at different temperatures for 2 
min; (b) Annealed at 750  for different time℃  
 

 
Fig.5 Cyclic volatmmograms of LiMn2O4 thin film scanned at 
different rates 
 
equation[15], the chemical diffusion coefficient DLi in 
the solid phase of LiMn2O4 thin film can be determined. 

ip=0.446 3n3/2F3/2Ac0
2/1

LiD (1/RT)1/2ν1/2            (3) 

where  n is the number of redox reaction, F is the 
Faraday constant, A is the surface area of electrode (cm2), 
c0 is the lithium ion concentration in the solid thin-film 
electrode (mol·cm−3), DLi is the diffusion coefficient, and 
ν is the scan rate. 

Table 1 presents the diffusion coefficients of lithium 
ion in LiMn2O4 thin films obtained by cyclic 
voltammetry technique. The table shows that the film 
annealed under different conditions has different 
diffusion coefficient. However, the difference is not 
significant. These values are in agreement with Ref.[16]. 

Table 2 displays the discharge capacity of LiMn2O4 
thin films prepared under different conditions. As 
observed in the table, as the annealing temperature 
increases from 700  to 850℃  , the capacity of thin film ℃

increases from 34 µAh/(cm2·µm) to 40 µAh/(cm2·µm). 
While for the thin films annealed at 750  for different℃  

 
Fig.6 Peak current ip as function of v1/2

 
Table 1 Diffusion coefficients of Li+ in LiMn2O4 thin films 
annealed under different conditions 

Annealing 
temperature/℃

Annealing 
time/min 

DLi/(cm2·s−1) 

700 2 6.7×10−11

750 1 6.1×10−11

750 2 6.2×10−11

750 4 7.2×10−11

750 8 7.4×10−11

800 2 6.4×10−11

850 2 6.8×10−11

 
times, as the annealing time increases from 1 min to 4 
min, the capacity of the film increases from 36 
µAh/(cm2·µm) to 41 µAh/(cm2·µm), while as the 
annealing time increases to 8 min, the capacity of film 
decreases to 39.5 µAh/(cm2·µm), indicating that long 
annealing time does not necessarily result in a high 
capacity for the thin film. 

Fig.7 shows the capacity as a function of cycle 
number for the films annealed under different conditions. 
For the thin films annealed at different temperature for 2  
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Table 2 Capacity of LiMn2O4 thin films prepared under 
different conditions 

Annealing 
temperature/℃ 

Annealing 
time/min 

Capacity/(µAh·cm−2·µm−1)

700 2 34 
750 2 38 
800 2 39 
850 2 40 
750 1 36 
750 2 38 
750 4 41 
750 8 39.5 

 

 
Fig.7 Capacity as function of cycle number for films:     
(a) Annealed at different temperatures for 2 min; (b) Annealed 
at 750  for different time℃ s 

  

LiMn

 
min, the thin film annealed at 800 ℃  has the best 
cycling behavior with a capacity loss of 0.021% per 
cycle. While for the thin films annealed at 750 ℃ for 
different times, the film annealed for 4 min possesses the 
best cycling performance with a capacity loss of 0.025% 
per cycle. The relatively poorer rechargeability of thefilm 
annealed at 700 ℃ may be caused by its relatively poor 
crystallinity. While the relatively poorer cycling behavior 
of the film annealed at 850 ℃ might result from its 
relatively higher Mn3+ content, which is more stable than 
Mn4+ at higher heating temperature. The higher Mn3+ 

content (when Mn3+/(Mn3++ Mn4+)>50%) can deteriorate 
the rechargeability of LiMn2O4. 

Compared with LiMn2O4 powders, the capacity loss 
of LiMn2O4 thin film is very small, and shows very good 
cycling behavior. This is caused by two factors. The first 
is that the grains of thin film is much smaller than the 
powders, these small grains greatly increase the effective 
surface area of electrode, which makes the intercalation 
and deintercalation of lithium ion into and out of 
LiMn2O4 much easier, resulting in good cycling behavior. 
The second is that the thickness of thin film is very small, 
i.e., the diffusion route of lithium ion inside the thin-film 
electrode is very short, which can avoid the cathode 
entering JAHN-TELLER effect zone during deep 
discharge. Taking the discharge process as an example, 
during the intercalation of lithium ion, if the electrode is 
thick, the lithium concentration at the interfaces near 
electrolyte and current collector will be different due to 
the small diffusion rate of lithium ion inside the electrode. 
In this case, although the whole electrode may have not 
entered the JAHN-TELLER effect zone during deep 
discharge, the surface of the electrode have been already 
in the JAHN-TELLER effect zone, resulting in bad 
cycling behavior. While for the thin-film electrode, the 
electrode is very thin, which can greatly decrease the 
lithium concentration difference throughout the electrode 
and avoid the electrode entering the JAHN-TELLER 
effect zone during deep discharge, leading to good 
cycling behavior. 

 
4 Conclusions 
 

2O4 thin films prepared by solution deposition 
and rapid thermal annealing are homogeneous, dense and 
crack-free. The resistivity of the films decreases from 
3.84×103 Ω·cm to 2.71×103 Ω·cm as the annealing 
temperature increases from 700  to 850℃  ℃, and from 
3.92×103 Ω·cm to 2.89×103 Ω·cm as the annealing 
time increases from 1 min to 8 min. The capacity of thin 
film generally increases with the increase of the 
annealing temperature and the annealing time. For the 
thin films annealed at different temperatures for 2 min, 
the thin film annealed at 800 ℃ has the best cycling 
behavior with the capacity loss of 0.021% per cycle after 
being cycled 50 times. While for the thin films annealed 
at 750 ℃ for different times, the film annealed for 4 
min possesses the best cycling performance with a 
capacity loss of 0.025% per cycle. For the lithium 
diffusion coefficient in LiMn2O4 thin film, its magnitude 
order is 10−11 cm2·s-1. 
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