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Abstract 

The LiMn2O4 thin film electrode modified by hyperbranched oligomer has been prepared and studied. The 
hyperbranched oligomer can be self-polymerized for reducing the thermal-runaway hazard by the internal short 
protection mechanism in lithium ion batteries. The influence of the oligomer coating on cathode has been studied 
with the binder/carbon-free thin film. In the various C-rate charged-discharged tests, there are no significant 
differences between the cells with/without the oligomer coating. In this research, the hyperbranched oligomer 
additive acts as a protection to improve the thermal stability of LiMn2O4. Therefore, the property of thermal stability 
and its function in safety may benefit the future development of electric vehicles. 
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1. Introduction 

Lithium ion batteries have been the most popular energy devices for mobile devices (e.g., mobile 
phone, touch panel and notebook); and further, the energy devices have been designed and applied to 
electric vehicles (EVs) and hybrid electric vehicles (HEVs). [1-4] According to the different purposes, 
lithium ion batteries were usually studied and improved for the power density, energy density and cycle 
life. However, a high energy density device with humans should be considered and designed for safety 
precaution. In order to improve the stability and safety of lithium ion battery, some materials of the 
component parts have been studied to modify and substituted. For example, the commercial cathode 
LiCoO2 has been replaced with LiMn2O4 and LiFePO4 gradually, due to its toxicity, high cost, and 
instability at high voltages [5-7]. Moreover, inorganic electrolyte and electrolyte additive has been 
developed in industry application, such as polymer electrolyte and vinylene carbonate additive [8-12]. To 
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consider for safety, polyethylene (PE), polypropylene (PP) and PP/PE composite separators are usually 
utilized to separate electrodes to prevent the internal short circuit. Due to the melting points of these 
polymers are as low as 110-140 oC, searching a material for the second protection is necessary. Wang et al. 
have studied a self-polymerized membrane derivative of a branched additive to reduce the danger of 
lithium ion batteries [13]. The self-polymerized mechanism was as an internal short protection, which 
work around 200-230 oC and prevent the thermal run away of batteries [14-17]. In these simulating 
internal short examinations, the safety mechanism of oligomer additive have been tested and proven by 
the nail penetration tests [13, 17].  

In our previous research [18-20], LiMn2O4 thin film has been deposited and studied for the 
electrochemical performance of cathode in lithium battery. The LiMn2O4 thin film electrode exhibits a 
stable cyclability and a specific capacity (~ 110 mAh/g under room temperature), which are greatly 
applicable to study the simple characteristics of pure cathode active material. The present study of the 
hyperbranched oligomer additive is based on the researches of Industrial Technology Research Institute 
(ITRI) in Taiwan [13-17]. And, the hyperbranched oligomer has been coated on pure LiMn2O4 thin films 
to form the composite electrodes without the influence of binder and conductive carbon. The 
electrochemical performances of the composite electrodes have been studied, in which the charged-
discharged tests and the electrochemical impedance spectra have revealed the effects of the 
hyperbranched oligomer on pure LiMn2O4 thin film cathode. 

2. Experimental 

The LiMn2O4 thin films (labelled as LMO) were deposited on stainless steels and silicon discs by radio 
frequency sputter method detailed in our previous study [18-20]. The thin films were annealed at a 
temperature of 600 oC for 1 hour in air. In ITRI, the as-prepared oligomer solution was synthesized with 
BMI and BTA in n-methyl-2-pyrrolidone (NMP). The solution was coated on LMO electrode to form the 
hyperbranched oligomer/LiMn2O4 composite electrode (labelled as B-LMO) and dried at 60 oC for 6 hour. 
The thermogravimetric analysis (TGA) and differential scanning calorimetric analysis (DSC) of the dry 
oligomer powder were carried out on a SDT2960 thermal analyzer (TA Instrument, U.S.A.), at a heating 
rate of 10 oC/min. The surface morphologies of the thin film electrodes were observed by a field-emission 
scanning electron microscope (FE-SEM, JEOL JSM-6700) at an accelerating voltage of 3 kV and a 
current of 10 mA. The X-ray photoelectron spectroscope (XPS, ULVAC-PHI) was used to detect the 
composition on surface and inside of the thin films. In an Ar filled glove box, the LMO and B-LMO 
electrodes were packed in conventional coin cells (2032 type) with lithium foils as the counter and 
reference electrodes. The electrolyte was 1 M LiPF6/ethyl carbonate/ethyl methyl carbonate (volume ratio 
of 1:2) solution. The charged-discharged tests were carried out by using an electrochemical measurement 
system (Jiehan 5600 from Jiehan Technology, Taiwan). The cells were charged to 4.3 V and discharged to 
3.0 V under a constant current. The current density range was operated in 0.024-1.2 A/g, i.e. 0.2 C to 10 C 
for battery. The electrochemical impedance spectra (EIS) were measured on a Hioki 3522-50 analyzer 
over the frequency range of 105-10-2 Hz. 

3. Results and discussion 

3.1. TGA and DSC 

The DSC and TGA plots of hyperbranched oligomer (after drying at 60 oC) are presented in Fig. 1. In 
DSC and TGA plots, the reaction peaks observed around 80-135 oC are due to the combination of 
adsorbed water evaporation and residual solvent, where the related content is about 10 wt%. A broad peak 
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is detected around 200 oC, which is attributed to that hyperbranched oligomer is cross-linked drastically to 
polymerize as a hyperbranched polymer products. The hyperbranched polymer products can suppress the 
thermal runaway induced by internal short event in lithium battery system [13, 14, 17]. 

                                                                                     
 
 
 
 
 
 
 
 
 
 

 
 
 
Fig. 1 TGA (solid line) and DSC (dash line) plots of the hyperbranched oligomer. The weight of the detected sample is 2.28 mg. 
Fig. 2 SEM plane view images of (a) LMO, (b) B-LMO thin films, and the cross-section image of (c) LMO, (d) B-LMO thin films.  

3.2. SEM morphology  

As shown in Fig. 2a, the top view image show a clear surface morphology of the LMO thin films. The 
morphology is composed of the LiMn2O4 grains (~150 nm) exhibited sharp facets. In contrast to LMO, 
the surface morphology of B-LMO is slightly indistinct and exhibits some electron damage, in which it 
has been proven that the hyperbranched oligomer have been coated on the LiMn2O4 thin film (shown in 
Fig. 2b). According to the cross section image (Fig. 2c and Fig. 2d), it has been found that the oligomer 
layer is smooth and contacts well with the LiMn2O4 film. The thickness of LiMn2O4 and the oligomer thin 
film are 430 nm and 25 nm.  

3.3. XPS analyse 

Fig. 3 shows the XPS spectra of B-LMO, where the solid line and the dash line represent the inside and 
the surface of B-LMO thin film, respectively. The peak at the binding energy of 400.0 eV represents C

N  bonding due to maleimide groups of the BMI/BTA-based oligomer in the N1s spectra, as shown in 
Fig. 3. The peak intensity of the film on surface is more higher than the inside in N1s spectra, because 
most of the oligomer have been removed on B-LMO sample after Ar ion etching (the 3 min etching for 
deep-profile composition analysis). According to the N1s data, it has been proven that the hyperbranched 
oligomer layer exists on the surface of LiMn2O4 film and the thickness may be thinner, which is consistent 
with the SEM result.  

 
 
 
 
 
 
 

 

500 nm

(a)

(c) (d)

(b)



 Cheng-Lun Chen et al.  /  Energy Procedia   61  ( 2014 )  2158 – 2163 2161

0 10 20 30 40 50
0

20

40

60

80

100

120

C
a
p

a
c
it

y
 r

e
te

n
ti

o
n

 (
%

)

Cycle number

LMO charge

 LMO discharge

 B-LMO charge

 B-LMO discharge

5C

10C

1C1C

390 395 400 405 410

1200

1400

1600

1800

2000

2200

2400

2600

2800

3000

3200

3400

N1s

In
te

n
s
it

y

Binding Energy

inside

surface

    
 

 
 
 
 
 

 
 
 
 
 
 
Fig. 3 XPS spectra of N1s for (solid line) surface analyses and (dash line) inside of B-LMO thin film. 
Fig. 4 Charged-discharged performance of the LMO and B-LMO thin film electrodes cycled at 1 C, 5 C and 10 C, in the range of 4.3 
V to 3.0 V (vs. Li/Li+). 

3.4. Charged-discharged test 

Therefore, the B-LMO electrodes with thinner oligomer layer have been tested for cycle life and 
charged-discharged at the high rates (1 C, 5 C, and 10 C), as shown in Fig. 4. At the discharged rates of 5 
C and 10 C, the capacity retentions of the B-LMO electrode are comparable to the LMO electrode. And, 
the both electrodes show excellently fast charge-discharge cyclability (~98 % retention) after 50 cycles 
with various rates (1 C~10 C). The result indicates that there is no significant influence in capacity while 
the B-LMO electrodes are operated at the fast charged-discharged rates. 

3.5. Electrochemical impedance spectra 

For the purpose of studying the effect of the hyperbranched oligomer coating upon the LiMn2O4 
electrodes, the EISs have been used to analyze the interfacial resistances of LMO and B-LMO electrodes 
before and after cycling, as shown in Fig. 5. All of the EISs consist of semicircles at high frequency and 
an inclined line at low frequency. And, the curves can be well fitted by a equivalent circuit (insert in Fig. 
5a), where Re denotes the electrolyte resistance; Rsei and CPE1 represent the resistance and the constant 
phase element for the interface of the solid electrolyte interphase (SEI)/LiMn2O4; Rct and CPE2 represent 
the charge transfer resistance and the electric double layer; the Warburg element (W) represents the semi-
infinite diffusion in the LiMn2O4 electrode. Before cycling (Fig. 5a), the EIS of B-LMO electrode shows 
an observably larger internal resistance with a wider semicircle than the LMO electrode. It is attributed to 
the initial oligomer coating on the electrode surface, which can be seen as a resistor, Rsei (98.6 ). After 
charge-discharge cycling (Fig. 5b), the EIS of B-LMO shows a significant reduction of the semicircle in 
comparison with the B-LMO electrode without cycling, and the Rsei is decreased to 48.4 . It may be 
attributed to the formation of the oxidative SEI derivative based on maleimide, which is induced by the 
self-polymerization of the hyperbranched oligomer after charged process [13]. This SEI derivative may 
be composed of the electrolyte and the higher molecular weight hyperbranched oligomer. The data of the 
EISs indicate that the oxidative SEI derivative exhibits a lower resistance, and it may not cause a 
significant effect for the lithium ions migrating. 
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Fig. 5 The EISs of electrodes before and after 50 cycles. (a) before cycling (b) after cycling. The insert is the equivalent circuit in Fig. 
5 (a).  

4. Conclusions 

The researches have confirmed that the BMI/BTA-based oligomer functioned not only as a protection 
of internal short circuit, which also exhibits positive effects for LiMn2O4 electrode, at an elevated 
temperature especially. At a room temperature, there is no significant influence in the high rate charge-
discharge tests for the electrode with the oligomer coating. The electrochemical characteristic is attributed 
to the oligomer coating and its self-polymerization mechanism. After a charge process, the oligomer 
coating is synthesized to an oxidative SEI derivative, which can reduce the capacity fading of the 
LiMn2O4 electrode due to the operating at the elevated temperature. The results of this study indicate that 
the hyperbranched oligomer additive may benefit lithium ion batteries to apply for mobile devices, EVs, 
and HEVs.  
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