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Lithium ion batteries (LIBs), also known as energy conversion and storage systems, can provide much 

greater energy density and power density, and superior cycle life, but they are still limited by the safety 

issue which arises from their combustible organic electrolytes. Here, a novel all solid state lithium ion 

batteries (ASSLIBs) have been prepared using Li7La3Zr2O12, MnO2/RGO and LiCoO2 as the solid Li 

electrolytes, the active anode and cathode material, respectively. A coating method is used for the LIBs 

preparation. As a result, the novel type LIBs exhibit superior electrochemical performance, impressive 

cycling stability and better safety. It is indicated that the promising synthetic method used in this work 

can pave the way for designing safety LIBs with excellent electrochemical performance. 
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1. INTRODUCTION 

Lithium ion batteries (LIBs) is an energy storage device characterized as having high energy 

density and power density, long cycle life and it is of considerable interest in electric vehicles, portable 

electronics and other high power transportation applications[1-3]. However, conventional LIBs based 

on the liquid electrolytes suffer from big capacity loss and bad safety due to the 

electrolyte decomposition and formation of SEI film during the discharge process[4,5]. To overcome 

this limitation, massive effects have been devoted to find a safety and more superior alternatives to 

replace the conventional LIBs. The practical use of ASSLIBs have been strongly expected because 

these batteries have obvious advantages over traditional LIBs in terms of high safety, high energy 
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density and flexibility, as while as its nonvolatile and nonflammable characters[6,7]. Significantly, 

owing to the non liquid organic electrolytes, the LIBs can be formed into various shapes, reducing the 

space and weight, and used as wearable equipment.  

Recently the ASSLIBs with inorganic Li-ion conductors which with high lithium-ionic 

conductivity, good chemical stability and compatibility with electrode materials have attracted 

attention because of their high energy density, better safety and flexibility. A variety of Li-ion 

conductors have been investigated including NASICON-structure lithium aluminum germanium 

phosphate[8], thio-LISICON structure[9], LiOPN[10] and garnet-type Li7La3Zr2O12[11,12]. In 

particular, the composition Li7La3Zr2O12 is considered to be one of the most promising materials for 

ASSLIBs because of its high ionic conductivity, stability against lithium anodes, and large 

electrochemical window[13]. Our earlier studies [14] show that the Li7La3Zr2O12 used as the 

electrolyte for LIBs displays excellent electrochemical performance and the highest ionic conductivity 

is 2.11× 10
−4

 S cm
−1

. 

Currently the anode electrodes of most commercial LIBs are made of graphite that has low 

theoretical specific capacity (372 mA h g
-1

), which is not able to meet the increasing demand especially 

for high energy and power energy storage systems[1,15]. Therefore, it is urgent to develop new 

alternative anodes. Nanostructured transition metal oxides (such as Fe3O4[16,17], MoO2[18] and 

MnO2[19,20]) are also alternative anodes for LIBs because of their high theoretical specific capacity. 

Among them, manganese oxide (MnO2) is a widely used material featuring high theoretical specific 

capacity (1230 mA h g
-1

), environmental friendliness and nature abundance[21-23]. Unfortunately, the 

poor conductivity and high initial capacity loss of MnO2 restricts seriously its potential applications in 

LIBs[19,22]. Nowadays, researchers mainly focus on prepared nanostructures of MnO2 and combining 

conductive carbon materials (CNTs, graphene) with MnO2 due to its significant electrochemical 

properties[24-26]. M. Tour et al. reported that the Graphene-wrapped MnO2–graphene nanoribbons 

electrodes can deliver a reversible specific capacity of 890 mAh g 
–1

 at 0.1 A g 
–1

 after 180 cycles with 

varying current rates from 0.1 to 1.0 A g 
–1

 and increases about 24% compared to the initial capacity 

after 245 cycles at 0.4 A g
 –1

[22]. 

In the present work, the ASSLIBs have been prepared by the coating method using 

Li7La3Zr2O12, MnO2/RGO and LiCoO2 as the solid Li electrolytes, the active anode and cathode 

material, respectively, and investigate the electrochemical performance. When tested at room 

temperature, the (MnO2/RGO) /20µm-Li7La3Zr2O12/LiCoO2 batteries achieve 1.87 µAh cm
-2 

of 

discharge capacity at the first cycle and 0.58 µAh cm
-2

 of capacity after 20 cycles. Meanwhile, the 

thickness of the electrolyte plays an important role in the performance of the battery. In general, the 

ASSLIBs demonstrate excellent electrochemical performance, superior cycling stability and better 

safety. 

 

2. EXPERIMENTAL SECTION 

2.1 Preparation of MnO2/RGO for anode electrode materials 

MnO2/RGO materials were prepared via hydrothermal method as mentioned in our previous 

papers. Firstly, 18 mg of reduction graphene oxide (RGO) was taken into 30 ml deionized water under 
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ultrasonic for 30min. Secondly, 0.316 g (2 mmol) of KMnO4 was added to the RGO suspension and 

stirred at room temperature for 10 minutes. A certain amount of 0.4 mL HCl (3M) was added into 

mixed solution and stirred for 5 min after KMnO4 completely dissolved. Then the above mixture was 

transferred into a 50 mL Teflon-lined stainless-steel autoclave and heated at 160 
o
C for 6h. Finally, 

after cooling to room temperature, the product was centrifuged with deionized water and ethanol, 

which was followed by drying at 60 °C. The resulting sample was denoted as MnO2/RGO. 

 

2.2 Preparation of Li7La3Zr2O12 Electrolyte 

Li7La3Zr2O12 was prepared by high temperature solid-state method. The starting materials of 

LiOH·H2O, La(OH)3, ZrO2 and Al2O3 were mixed in the molar ratio of 7.7:3:2:0.15 and milled for 24 

in isopropanol in a planetary ball mill with zirconia balls and grinding bowls at 400 rpm min
-1

. Then 

the samples were dried at 60 
o
C. Finally, the mixture was sintered at 900 

o
C in air for 12 h (heating and 

cooling rate: 5 
o
C min

−1
). 

 

2.3 Preparation of all solid state lithium-ion battery (ASSLIBs) 

In our work, the ASSLIBs mode is shown in Fig1. The aluminum foil, copper foil, MnO2/RGO, 

Li7La3Zr2O12 and LiCoO2 are used as the positive collector, negative collector, negative electrode, 

electrolyte and positive electrode, respectively. The ASSLIBs prepared in air by the coating method. 

The positive or negative electrodes were prepared by mixing active materials, acetylene black and 

PVDF according to the mass ratio of 80:10:10. Then, the electrolyte was prepared from a NMP slurry 

of the Li7La3Zr2O12 and PVDF in the 90:10 weight ratio. The slurry was cast onto the positive or 

negative working electrodes. Then the positive electrode and negative electrode were pressed together 

to form a full battery. 

 
 

Figure 1. All solid state lithium ion batteries. 

 

In our work, the solid electrolyte thickness were 20 µm, 40 µm, 60 µm, the ASSLIBs were 

marked as (MnO2/RGO)/20µm-Li7La3Zr2O12/LiCoO2, (MnO2/RGO)/40µm-Li7La3Zr2O12/LiCoO2, 

(MnO2/RGO)/60µm-Li7La3Zr2O12/LiCoO2. 
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2.4 Electrochemical performance test 

The X-ray powder diffraction (TD-3500X) with Cu Kα radiation operating at 30 kV, 20 mA is 

usually used to analyze the phase components and crystal structure. The galvanostatic charge and 

discharge cycling experiments were carried out a Neware battery tester (BTS-610). 

 

 

 

3. RESULTS AND DISCUSSION 

The electrochemical performance of the ASSLIBs is strongly affected by the thermal and 

chemical stability between the electrodes and electrolyte. Here, the thermal and chemical stability 

between the electrodes and electrolyte were examined by X-ray diffraction (XRD) and are shown in 

Fig.2 and Fig.3. Briefly, the solid electrolyte Li7La3Zr2O12 and the working electrode materials 

(MnO2/RGO or LiCoO2) were mixed according to the mass ratio of 1:1 and then calcined at 25-200
 o
C 

for 6h, finally detected the phase composition of the mixture based on XRD measurements.  

The X-ray diffraction patterns for the mixture of Li7La3Zr2O12 with MnO2/RGO after heat-

treatment are shown in Fig.2. It is observed that all diffraction peaks are well matched with cubic 

phase Li7La3Zr2O12 (JCPDS, 45-0109) and MnO2 (JCPDS, 44-0141), and do not indicate any 

additional diffraction lines corresponding to any impurity phases in the temperature range of 25-200
 

o
C. Otherwise, the intensity of the diffraction peaks improves with the increase of calcination 

temperature, indicating that the crystalline of the mixture is gradually increased. Hence, our XRD 

results prove that the Li7La3Zr2O12 and MnO2 have a better thermal and chemical stability in the 

temperature range of 25-200
 o

C. 

 

 
 

Figure 2. The XRD patterns of the mixture of Li7La3Zr2O12 and MnO2/RGO sintered at different 

temperature. 
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The phase compositions of the mixture of Li7La3Zr2O12 and LiCoO2 after sintering at different 

temperatures are shown in Fig.3. The XRD patterns match well with the standard pattern known as a 

garnet phase Li7La3Zr2O12 (PDF 45-0109) and tetragonal phase LiCoO2 (JCPDS, 50-0653). No 

diffraction peaks belonged to impurity phase is observed. These results suggest that Li7La3Zr2O12 and 

LiCoO2 also have excellent chemical stability ranging from 25
 o
C to 200 

o
C. 

 

 
 

Figure 3. Powder XRD result of the mixture of Li7La3Zr2O12 and LiCoO2 sintered at 25-200 
o
C. 

 

The electrochemical performances of (MnO2/RGO)/Li7La3Zr2O12/LiCoO2 were examined using 

galvanostatic charge and discharge technologies. The superior cyclic stability of the ASSLIBs is firstly 

demonstrated under a current density of 2 µA cm
-2

. As shown in Fig.4, the discharge capacities of 

(MnO2/RGO)/20µm-Li7La3Zr2O12/LiCoO2, (MnO2/RGO)/40µm-Li7La3Zr2O12/LiCoO2, 

(MnO2/RGO)/60µm-Li7La3Zr2O12/LiCoO2 are to 1.87 µAh cm
-2

, 1.60 µAh cm
-2

 and 1.07 µAh cm
-2

 at 

the first cycle, respectively. According to our previous study[27], it shows that the Li-ion conductivity 

of Li7La3Zr2O12 is 2.11×10
-4

 S cm
-1

 at 25 °C, much higher than 3.5×10
-6 

S cm
-1

 of Li2O-B2O3-

P2O5[28],1.8×10
-4

 S cm
-1 

of Li2S-GeS2[29], 6.4×10
-6 

S cm
-1 

of LiPON[30], and 2.46×10-5
 S cm

-1
 of 

Li1+xMxTi2-x(PO4)3[31] in table 1, so the first discharge capacity of(MnO2/RGO)/20µm-

Li7La3Zr2O12/LiCoO2 is higher than previous reports[32,33] from table 2. The results shows that the 

electrochemical capacity increases with the decrease of the thickness of the inorganic solid electrolyte. 

Then the second discharge capacities are sharply dropped. The high irreversible capacity losses of the 

three batteries are probably associated with the charge transfer and interfacial resistance. Starting from 

the second cycle, the reversible capacity of (MnO2/RGO)/20µm-Li7La3Zr2O12/LiCoO2, 

(MnO2/RGO)/40µm-Li7La3Zr2O12/LiCoO2, (MnO2/RGO)/60µm-Li7La3Zr2O12/LiCoO2 gradually 

decreases to 0.58 µAh cm
-2

, 0.41 µAh µcm
-2 

and 0.24 µAh cm
-2

 after 20 cycles, respectively.The 

capacity attenuation rates of the 20 cycles are 3.6%, 3.9% and 4.1%, respectively.As the thickness of 
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the inorganic solid electrolyte increases, the capacity attenuation is greater. It is noteworthy that the 

cycling performance of (MnO2/RGO)/20µm-Li7La3Zr2O12/LiCoO2 is superior to that of 

(MnO2/RGO)/40µm-Li7La3Zr2O12/LiCoO2 and (MnO2/RGO)/60µm-Li7La3Zr2O12/LiCoO2. The 

increasing trend of the capacity of ASSLIBs with the electrolyte thickness decreases is likely due to 

the lower charge transfer and interfacial resistance. 

 
 

Figure 4.  Comparative cycling performance of (MnO2/RGO)/20µm-Li7La3Zr2O12/LiCoO2, 

(MnO2/RGO)/40µm-Li7La3Zr2O12/LiCoO2, (MnO2/RGO)/60µm-Li7La3Zr2O12/LiCoO2 at a 

current density of 2 µA cm
-2

. 

 

Table 1. The ionic conductivity of different inorganic solid electrolytes 

 

Inorganic solid electrolyte Li-ion conductivity/ S.cm
-1

 References 

Li7La3Zr2O12 2.11×10
-4

 This work 

Li2O-B2O3-P2O5 3.5×10
-6

 [28] 

Li2S-GeS2 1.8×10
-4

 [29] 

LiPON 6.4×10
-6

 [30] 

Li1+xMxTi2-x(PO4)3 2.46×10
-5

 [31] 

 

 

Table 2. The first discharge capacity of different kind of solid state lithium ion batteries 

 

Solid state lithium ion batteries First discharge 

capacity/µAh cm
-2

 

References 

(MnO2/RGO)/20µm-Li7La3Zr2O12/LiCoO2 1.87 This work 

LiMn2O4/ Li2O-V2O5-SiO2/SnO 1.5 [32] 

Li-Mn-O(Amorphous)/ Li2O-Al2O3-TiO2-P2O5/Cu 0.25 [33] 

 

The rate capability of (MnO2/RGO)/20µm-Li7La3Zr2O12/LiCoO2 was examined (Fig. 5). The 

stable discharge–charge capacity of 0.922, 0.392 and 0.106 µAh cm
-2

 can be delivered at varied 
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currents of 2, 5 and 10 µA cm
-2

, respectively. After the current density was 2 µA cm
-2

, the cell capacity 

can recover to 0.249 µAh cm
-2

. Obviously, the (MnO2/RGO)/20µm-Li7La3Zr2O12/LiCoO2 battery has 

better capacity retention. 

 
Figure 5. The rate performance of (MnO2/RGO)/20m-Li7La3Zr2O12/LiCoO2 battery at different 

current densities. 

 

 

4. CONCLUSIONS 

In summary, the (MnO2/RGO)/20µm-Li7La3Zr2O12/LiCoO2, (MnO2/RGO)/40µm-

Li7La3Zr2O12/LiCoO2, (MnO2/RGO)/60µm-Li7La3Zr2O12/LiCoO2 batteries were successfully 

fabricated by controlling the thickness of the solid electrolyte (Li7La3Zr2O12) via the coating method. 

As a consequence, superior cycling performance (1.87 µAh cm
-2 

at 2 µA cm
-2

 for first cycle, 0.58µAh 

cm
-2

 over 20 cycles) and excellent rate capability (0.106 µAh cm
-2

 at 10 µA cm
-2

) were achieved. 

Furthermore, the electrochemical performance of the batteries increased with decreasing the thickness 

of the Li7La3Zr2O12. Such a simple and scalable route to construct ASSLIBs may be further extended 

to other electrochemical energy storage applications. 
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