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Abstract: We proposed that Mn-doped TiO

2

 nanosheets (Mn-TiO

2

 NS) as cathode catalyst improved the electrochemical 

performance of lithium-air batteries. Firstly, rutile Mn-TiO

2

 NS were calcined by a facile hydrothermal treatment method. Secondly, 

polyvinylidene fluoride (PVDF) was dissolved in an N-methyl-2-pyrrolidone (NMP) solvent. KB and Mn-TiO

2

 NS were mixed with 

a PVDF/NMP solution to fabricate a cathode slurry. Lastly, the cathode slurry was coated onto circular carbon paper (diameter=15 

mm) and dried at 60 °C for 3 h in the oven to obtain the air cathode. As expected, lithium-air cells based on KB and Mn-TiO

2

 NS 

electrode exhibit an improved overpotential of 1.24 V and a high discharge capacity of 9374.23 mAh·g

-1

 at the current density of 250 

mA·g

-1

. It suggests that Mn-TiO

2

 NS is a promising catalyst for Li-O

2

 batteries. 
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With the deterioration of environment and the depletion of 

traditional fossil fuel, the development of renewable energy is 

the general trend of the future. Rechargeable Li-O

2

 batteries 

possess advantages of being a next-generation battery system, 

due to a similar theoretical specific energy density (11680 

Wh·kg

−1

) to gasoline (13000 Wh·kg

−1

)

[1-4]

. Despite remarkable 

progress in lithium-air batteries, there still exists great 

challenges to realize its high-rate and long-term cycling perfor- 

mance, such as low round-trip efficiency, high discharging and 

charging overpotential and poor cycle stability

[5,6]

. All of the 

issues are inherently linked to the sluggish kinetics of oxygen 

reduction reaction (ORR) and the oxygen evolution reaction 

(OER). Therefore, it is vital and urgent to improve the kinetics 

of ORR and OER. So developing efficiently catalysts are one 

of the keys to achieve high performance Li-O

2

 batteries, such 

as carbon materials

[7-10]

, transition metal oxides

[11-17] 

and 

precious metals

[18-20]

. Among the reported cathode catalysts, 

transition metal oxides have received great attention due to 

their defective structure, low cost, and catalytic ability. 

Recently, TiO

2

 was reported as catalyst substrates

[21,22]

, and 

effective catalysts

[23, 24]

 for Li-O

2

 batteries due to its excellent 

chemical stability. Zhang et al

[22]

 investigated TiO

2

 nanotubes 

as a support for electrocatalysts (RuO

2

 and Pt). Agyeman et 

al

[1]

 demonstrated that TiO

2

 could reduce the side reactions 

and electrolyte decomposition to improve cycle life of a Li-O

2

 

batteries. In the present paper, it was proposed that Mn-doped 

TiO

2 

nanosheets (Mn-TiO

2

 NS) prepared by simple hydro- 

thermal method improved ORR/OER overpotential, discharge 

capacity and cycling stability for Li-O

2

 batteries. 

1  Experiment 

TiO

2

 nanospheres were prepared through a typical sol-gel 

process. Firstly, 20 mL of anhydrous ethanol (>99.7%, Sigma- 

Aldrich) and 0.1 mL of KCl (≥99.0%, Aladdin Industrial) 

solution (0.1 mol/L) were mixed, which were marked as 

solution A. Then, 0.2 g hexadecylamine (HDA, 98%, Sigma- 

Aldrich) was dissolved in solution A to prepare solution B. 

After that, 0.5 mL of titanium (IV) isopropoxide (TIP, >97%, 

Sigma-Aldrich) was added drop by drop to solution B under 

1000 r/min stirring for 2 min to make a white suspension and 
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kept static for 18 h. The precipitation in the white suspension 

was filtered and washed by anhydrous ethanol three times, and 

then it was dried in air at 40 °C to prepare TiO

2

 particles (TiO

2

 

PS). Secondly, 0.1 g of as-prepared TiO

2

 PS was transferred to 

a Teflon-lined stainless-steel autoclave filled with the solution 

which consists of 20 mL of anhydrous ethanol, 17 mL of 

ammonium hydroxide (25%~28%, Xilong Chemical) and 3 

mL of deionized water. After that, the sealed autoclave was 

put in an electric oven at 130 °C for 72 h. The obtained 

products are TiO

2

 nanosheets (TiO

2

 NS), which was 

transferred from cooled autoclave, and washed with deionized 

water and the pH was adjusted to 6 by rinsing with diluted 

HNO

3

 solution. After that, the Mn ions were doped into TiO

2

 

NS via dissolving TiO

2

 NS into 200 mL of manganese nitrate 

tetrahydrate (98%, Alfa Aesar) solution (0.09 mol/L) under 

constant stirring for 2 h. And then, the excess Mn ions were 

washed out by deionized water and dried in air at 60 °C. 

Finally, the prepared Mn-doped TiO

2

 nanosheets were 

obtained (Mn-TiO

2

 NS). 

The morphology and structure of the TiO

2

 PS, TiO

2

 NS and 

Mn-TiO

2

 NS were observed by field emission scanning 

electron microscope (FESEM, JEOL JSM-7800F) and energy 

dispersive analysis of X-rays (EDS) analysis. The crystal 

structure of TiO

2

 PS, TiO

2

 NS and Mn-TiO

2

 NS were studied 

by X-ray diffraction (XRD, Bruker AXS D8 ADVANCE). The 

effect of dopant was investigated by Raman spectroscopy 

(HORIBA LabRAM HR 800) and X-ray photoelectron 

spectroscopy (XPS, Thermo Fisher Scientific Microlab350). 

The surface area properties were determined by N

2

 

adsorption/desorption (BELSORP, Bel Japan, Inc.). All the 

samples were degassed for 3 h at 300 °C under vacuum before 

surface area measurements. 

CR 2032-type coin cells with a plural of Φ=1 mm holes on 

the cathode cap were assembled in a glove box under an Ar 

atmosphere with O

2

 and H

2

O less than 0.5 µL/L using a 

lithium metal foil anode, a glass fiber separator, an oxygen 

cathode and an electrolyte containing 1 mol/L lithium bis 

(trifluoromethanesulfonyl) imide (LiTFSI) in tetraethylene 

glycol dimethyl ether (TEGDME). The as-fabricated Mn-TiO

2

 

NS (Φ15 mm) were used as O

2

 cathodes for the Li-O

2

 cells. 

For comparison, the carbon cathodes pure KB, KB+TiO

2

 PS 

and KB+TiO

2

 NS were prepared by casting a mixture of KB 

(Ketjin Black) and TiO

2

 PS, TiO

2

 NS and Mn-TiO

2

 NS 

catalyst, as well as PVDF with a total mass ratio of 9:0:1 and 

6:3:1 on a carbon paper (HCP120, Shanghai Hesen Electric) 

current collector and dried at 60 °C to form the air cathode 

(TiO

2

 PS, TiO

2

 NS electrodes and Mn-TiO

2

 NS electrode). 

In order to compare the stabilities of the four electrodes, the 

galvanostatic discharge-charge tests were conducted within a 

voltage window of 2.2~4.4 V with a multichannel battery 

testing system (LAND CT 2001A) in a testing dry air 

circumstance box (dried by silica gel and calcium oxide, 25 °C 

controlled by air-conditioner). Cyclic voltammetry (CV) and 

A.C. impedance tests were carried out by an electrochemical 

workstation (CHI660D). The A.C. impedance spectra were 

recorded in a frequency range from100 kHz to 0.1 Hz. 

2  Results and Discussion 

2.1  Physical and chemical characterizations of catalysts 

The morphologies of the as-prepared TiO

2

 PS, TiO

2

 NS and 

Mn-TiO

2

 NS are shown in Fig.1. It can be seen in Fig.1a that 

the particle is typically spherical. After the hydrothermal and 

calcination processes, the TiO

2

 particles (TiO

2

 PS) are 

transformed into TiO

2

 nanosheets (TiO

2

 NS) in Fig.1b. 

Additionally, it is seen in Fig.1c that the morphology of 

Mn-TiO

2

 NS is similar to that of TiO

2

 NS. In order to further 

find out the amount of Mn, TiO

2

 NS and Mn-TiO

2

 NS, 

samples were analyzed by EDS (Fig.2a and 2b). As shown in 

Fig.2b and Table 1, Ti peaks, O peaks and Mn peaks are 

detected, which implies the existence of Mn element. 

The XRD results of the TiO

2

 PS, TiO

2

 NS and Mn-TiO

2

 NS 

are presented in Fig.3. All of the samples are made of the 

anatase phase. However, when Mn ions are doped into TiO

2

, 

manganese oxide such as MnO, Mn

2

O

3

, Mn

3

O

4

 and MnO

2

 is 

not discovered, suggesting that the product is not a mixture of 

manganese oxide and TiO

2

, and Mn ions have been inserted 

into the lattice of TiO

2

. Since impurity ions could act as a 

strong barrier to the phase transition during calcination. 

Similar inhibition effects on the TiO

2

 phase transition have 

been reported by other groups

[22]

. The effect of Mn doping on 

 

 

 

 

 

 

 

 

 

 

 

 

Fig.1  FESEM images of the synthesized TiO

2

 PS (a), TiO

2

 NS (b), and Mn-TiO

2

 NS (c) 

a b 

c 
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Fig.2  EDS spectra of the synthesized TiO

2

 NS (a) and Mn-TiO

2

 NS (b) 

 

Table 1  EDS analysis of TiO

2

 NS and Mn-TiO

2

 NS (wt%) 

Element TiO

2

 NS Mn-TiO

2

 NS 

O 27.93 18.60 

Ti 72.07 77.95 

Mn 0 3.45 

Total 100 100 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

Fig.3  XRD patterns of the synthesized TiO

2

 PS, TiO

2

 NS and Mn- 

TiO

2

 NS and standard anatase TiO

2

 

 

the microstructural change in nanocrystalline material was 

further studied by Raman spectra. According to literature 

data

[25]

, anatase features in the Raman spectra has six Raman 

active modes: A

g

, B

g1

, B

g2

, E

g1

, E

g2

, E

g3

 (519, 399, 519, 144, 

197 and 639 cm

−1

), as shown in Fig.4a. Among those active 

modes, the E

g1

, E

g2

 and E

g3

 modes are important, since they 

are O-Ti-O bending type vibrations and sensitive to local 

oxygen vacancies. 

Due to Mn doping, the structural is distorted, and it is 

expected that the phonon state of TiO

2

 lattice will be disturbed 

moderately. The expanded view of this mode is shown in 

Fig.4b. The three modes of TiO

2

 correspond to anatase TiO

2

, 

which conforms to the result of XRD. Fig.4b demonstrates 

that the Raman E

g1

, peak of Mn-TiO

2

 blue shifted and widen 

in comparison with TiO

2

 PS and TiO

2

 NS. These changes in 

the Raman peak are caused by the transformation of the 

structure and the generation of defects on the lattice site of 

TiO

2

 on Mn doping. From the above description, it can be 

speculated that titanium ion is partially replaced by man- 

ganese ion. Formation of the Mn-O bonds leads to the 

generation of defects on the lattice site of TiO

2

 and oxygen 

vacancies. Meanwhile, the symmetry of O-Ti-O bond is 

destroyed, which makes the Raman peak intensity of Mn-TiO

2 

NS weaken and E

g1

 and E

g3

 mode slightly shift.  

According to Fig.2~Fig.4, manganese ions replace some 

titanium ions to generate a new structure, instead of the simple 

mixture manganese oxide and TiO

2

. 

In order to get more insights into the influence of the 

hydrothermal and doping processes on TiO

2

 samples, nitrogen 

adsorption-desorption measurements were conducted to 

characterize the specific surface areas of TiO

2

 PS, TiO

2

 NS 

and Mn-TiO

2

 NS. Fig.5 shows the adsorption and desorption 

isotherm curves. The isotherm curves of TiO

2 

NS and Mn-  

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

Fig.4  Raman spectra (a) and corresponding expanded view (b) of 

the synthesized TiO

2

 PS, TiO

2

 NS and Mn-TiO

2

 NS 
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Fig.5  Nitrogen adsorption and desorption curves of TiO

2

 PS, TiO

2

 

NS and Mn-TiO

2

 NS 

 

TiO

2 

NS exhibit the typical adsorption hysteresis, indicating that 

these two samples are mesoporous structures. Their specific 

surface areas were calculated using the BJH method to be 83.2 

and 149.0 m

2

·g

−1

, respectively. Both of the two samples have 

higher specific surface areas than TiO

2

 PS (13.1 m

2

·g

−1

). 

Furthermore, Mn-TiO

2

 NS has a larger specific surface area 

than TiO

2

 NS. The Mn-TiO

2

 NS and TiO

2

 NS have the same 

structure but different specific surface area, because of the 

doping of manganese ions. The different valances of Mn 

increase the repulsive force between Mn-TiO

2

 NS, and thus 

Mn-TiO

2

 NS have a larger specific surface area than TiO

2

 NS. 

2.2  Electrochemical performance of catalysts 

The electrochemical performance of pure KB, KB+TiO

2

 PS, 

KB+TiO

2

 NS and KB+Mn-TiO

2

 NS electrode was further 

investigated in Li-air batteries. To study the catalytic activity 

of KB+Mn-TiO

2 

NS electrode, CV tests (Fig.6) were carried 

out in a Li-air battery with the potential (vs Li/Li

+

) varying 

from 2.0~4.5 V and a scan rate of 0.5 mV·s

-1

. Compared with 

pure KB, KB+TiO

2

 PS and KB+TiO

2

 NS electrodes, the 

KB+Mn-TiO

2

 NS electrode delivers much higher oxygen 

reduction triggering onset potential and lower oxygen 

 

 

 

 

 

 

 

 

 

 

 

 

 

Fig.6  CV curves of KB, KB+TiO

2 

PS, KB+TiO

2 

NS and KB+Mn- 

TiO

2

 NS cathodes at a scanning rate of 0.5 mV·s

-1

 in dry air 

atmosphere 

releasement onset voltage during the cathodic/anodic sweep. It 

can be attributed to the nanosheets structure and the amount of 

Mn associated with oxygen vacancies in the Mn-TiO

2

 NS, 

which can increase the electronic conductivity and reduce 

kinetic barrier for ORR and OER process. Based on the above 

reason, it is expected that the nanosheets structure and the 

amount of Mn associated with oxygen vacancies in the 

Mn-TiO

2

 NS may lead to a better catalytic activity for 

ORR/OER in non-aqueous Li-O

2

 batteries. 

Fig.7 shows that the EIS plots of the four kinds of Li-O

2

 

batteries in the air condition. Each curve consists of two parts, 

a small semicircle at the high-frequency region attributes to 

the charge-transfer resistance and a slope line at the 

low-frequency region associated with the ion diffusion process 

within the electrode

[26]

. The first crossing of semicircle and 

X-axis represents to the battery internal resistances, while the 

second represents to the interfacial resistance and charge 

transfer resistance. As shown in Fig.7, the KB+Mn-TiO

2

 NS 

electrode presents the minimum internal resistances, 

interfacial resistance and charge transfer resistance. It 

demonstrates that the Mn-TiO

2

 NS catalyst can improve the 

charge transfer efficiency in Li-air batteries, which is 

consistent with the CV result. 

Fig.8 shows the first charge-discharge curve of the four 

kinds of electrodes measured between 2.20 and 4.5 V at a 

current density of 250 and 500 mA·g

-1

. The Li-air battery of 

the KB+Mn-TiO

2

 NS electrode is the highest average 

discharge voltage plateau of about 2.66 and 2.58 V, which is 

higher than that of the pure KB electrode (2.60 and 2.48 V). In 

addition, The KB+Mn-TiO

2

 NS electrode shows a much lower 

discharge and charge overpotential (1.24 V), and a much 

higher specific capacity (9374.23 mAh·g

-1

) than the KB 

(1719.35 mAh·g

-1

), KB+TiO

2

 PS (5479.81 mAh·g

-1

) and 

KB+TiO

2

 NS (5515.60 mAh·g

-1

) based Li-O

2

 battery. It is 

referred that the Mn-TiO

2

 NS electrode provides more active 

sites for chemical adsorption of oxygen and reduces the 

activation energy of oxygen reduction for Li-O

2 

batteries. 

 

 

 

 

 

 

 

 

 

 

 

 

 

Fig.7  Nyquist plots of Li-air cells with KB, KB+TiO

2 

PS, KB+TiO

2 

NS and KB+Mn-TiO

2 

NS cathodes under open circuit 

condition 
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Fig.8  Initial discharge of Li-air cells with KB, KB+TiO

2 

PS, KB+ 

TiO

2 

NS and KB+Mn-TiO

2 

NS cathodes capacity measured at 

the current densities of 250 mA·g

-1

 (a) and 500 mA·g

-1

 (b) 

 

2.3  Cycle performance and discharge product analysis 

In Fig.9 and Fig.10, the cycling stability of the KB, 

KB+TiO

2

 PS, KB+TiO

2

 NS and KB+Mn-TiO

2

 NS was 

manifested at the current density of 500 and 250 mA·g

-1

 with a 

fixed capacity of 1000 mAh·g

-1

, and the KB+Mn-TiO

2

 NS 

electrode demonstrates a favorable cycling performance for 

the Li-O

2

 batteries. As shown in Fig.9, the discharge/charge 

terminal voltage for the KB+Mn-TiO

2

 NS electrode remains 

stable 26 cycles (2.0 and 5.0 V), while for the other electrodes, 

their discharge terminal voltage drops quickly after 20 cycles. 

The Mn-TiO

2

 NS electrode has a certain improvement in OER 

performance. This is consistent with what has been 

demonstrated by CV. 

To give insights into the reaction mechanisms and clarify 

why the electrochemical performance of KB+Mn-TiO

2

 NS 

electrode is superior to that of KB electrodes, the 

microstructures of discharged products of KB+Mn-TiO

2

 NS 

and KB electrodes were investigated by FESEM. As shown in 

Fig.11, the fibrous material is an un-cleaned glass fiber 

diaphragm in FESEM image. After discharge, the KB 

electrode surface is covered with a layer of membrane. 

However, the discharge product is circular structure in the 

KB+Mn-TiO

2

 NS electrode. It is inferred that KB+Mn-TiO

2

 

NS electrode adsorbs oxygen more easily than KB electrode 

for Li-O

2

 batteries. 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

Fig.9  Voltage profiles for Li-O

2

 batteries with KB (a), KB+TiO

2 

PS (b), KB+TiO

2 

NS (c), and KB+Mn-TiO

2 

NS (d) electrodes cycled at a 

current density of 500 mA·g

-1

 and a fixed capacity of 1000 mAh·g

-1
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Fig.10  Voltage profiles for Li-O

2

 batteries with KB (a), KB+TiO

2

 PS (b), KB+TiO

2

 NS (c), and KB+Mn-TiO

2 

NS (d) electrodes cycled at a 

current density of 250 mA·g

-1

 and a fixed capacity of 1000 mAh·g

-1

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

Fig.11  FESEM images of KB (a, b) and KB+Mn-TiO

2

 NS (c, d) electrodes before (a, c) and after (b, d) discharge 

 

3  Conclusions 

1) Mn-TiO

2

 was synthesized by a calcination treatment 

method and presented favorable catalytic activity towards both 

the ORR and the OER for nonaqueous Li-O

2

 batteries. The 

assembled batteries employing Mn-TiO

2

 NS as a catalyst 

deliver a high discharge capacity of 9374.23 mAh·g

-1

 at the 

current density of 250 mA·g

-1

. 
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2) Mn-TiO

2

 NS electrode has the largest specific surface 

area and the lowest charge transfer resistance among all the 

samples for Li-O

2

 batteries. More importantly, the 

overpotential of Mn-TiO

2

 NS electrode is lower than that of 

the TiO

2

 NS and TiO

2

 PS electrode for Li-O

2

 batteries. 

Mn-TiO

2

 NS electrode can not only facilitate continuous 

oxygen flow and charge transport during cycle, but also 

provide enough reaction sites for Li

2

O

2

 deposition and 

decomposition for Li-O

2

 batteries. These results suggest that 

the Mn-TiO

2

 NS catalyst is a promising material for Li-O

2

 

batteries or other energy storage devices. 
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