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A gel/LiMo catalyst was prepared as a cathode material via the solegel process and applied

calcination at different times. The influence of calcination times, properties and the

electrochemical performance of the catalyst were investigated by utilizing cyclic voltam-

metry, potentiodynamic polarization and electrochemical impedance spectroscopy tech-

niques. The surface of the catalysts, which were prepared in different combinations were

physically characterized using X-ray diffraction, scanning electron microscopy (SEM) and

transmission electron microscopy (TEM). The SEM and TEM images showed that among the

different catalysts, the gel@LiMo catalyst has a different crystal structure. The gel/LiMo

catalyst shows good electrochemical performances in an organic solution and has a good

structural stability. The catalysts also illustrated great electrochemical performances in the

oxygen reduction and evolution reactions.

Copyright © 2015, Hydrogen Energy Publications, LLC. Published by Elsevier Ltd. All rights

reserved.
Introduction

During the last two decades, lithium air batteries have been

the subject of intense study because of their high energy ca-

pacity in electric and hybrid vehicles [1e3]. Lithium air battery

is to be known as one of the most attractive metal-air battery

systems due to its the highest energy density per weight unit.

In lithium air batteries, the discharge reaction occurs between
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lithium and oxygen yielding Li2O or Li2O2, and the theoretical

specific energy density of this reaction is 5200 Wh kg�1.

Practically, the storage of oxygen is not required, since air can

be used directly in the battery. Therefore, the theoretical

specific energy density (excluding oxygen) is 11,140 Wh kg�1

[4] which is higher than Li-ion batteries [5] and other devel-

oped batteries [6,7]. Generally, lithium air batteries with a high

energy density contain a lithium anode, an air cathode sup-

plying the oxygen and a non aqueous electrolyte. During
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discharge in lithium air batteries, the following reactions take

place at both the anode and the cathode:

Cathode (discharge reaction):

2Liþ þ 2e� þO2 / Li2O2 (1)

4Liþ þ 4e� þ O2 / 2Li2O (2)

Anode (discharge reaction):

Li / Liþ þ e� (3)

The reversible cathode reaction occurs in lithium air bat-

teries but the disadvantages of this process is that these re-

actions are slow. Hence, charge and discharge reactions in

lithium air batteries should be enhanced by using effective

catalysts.

The air cathode preparation method can be performed by

the different strategies, such as rolling, spreading, casting,

coating and spray. Several novel methods have also been

developed, in recent years, to enhance the battery perfor-

mance [8]. The air cathode wasmade with a newmethod by S.

D. Beattie et al., they prepared the slurry of NMP/PVdF/carbon

mixture and rolled onto the nickel foamby sonicated and then

removed the NMP by heating [9]. Yanming et al. improved a

free-standing-type air electrode by a chemical deposition re-

action, they deposited Co3O4 on the nickel foam without

binder and carbon matrix [10]. Petru et al. reported that partly

wetted air cathodes, which have nonuniform distribution, can

develope the capacity of lithium-air batteries [11]. Crowther

et al. [12] and Zhang et al. [13] suggested approaches named as

mineral spirits and filtration, respectively [6]. Some good re-

sults are increasingly being obtained with the application of

advanced materials and new methods [14].

Platinum nanoparticles shows a unique catalytic proper-

ties because of high electronic conductivity and stability [15].

In addition; platinum composites with low cost metal and

their oxides such as vanadium, molybdenum, cobalt, chro-

mium, and iron oxides also exhibit good catalytic efficiency

towards ORR along [16,17].

The researches were focused on to improve the multi-

component materials using nonprecious metals for the more

active, stable and cheaper electrocatalysts. Many transitional

metal oxides, MnO2 [18], Fe2O3 [19] Pd/MnO2 [20,21] and PteAu

nanoparticle [22] have been reported as effective catalysts for

this purpose. However, formation of lithium oxides and per-

oxides during the discharge reactions affect the cathode

negatively. To prevent the negative effect, lithium-air batte-

ries need good cathode materials. According to literatures,

there are several criteria for the good cathode material, one of

them is the crystal structure [23] and the another one the

particle size. Studies reveals that the optimumparticle size for

a cathode material may vary depending on the type of com-

posite used such as lithium transition metal oxides in which

Liþ ions diffuse more rapidly in nanometer size particles [24]

than in large particles [25]. Also, the calcination temperature

has an effect on the preferred particle size [26,27]. Transition
metals and their oxides are skilled to form chemical bonds

with O2 using their d orbitals [16], because of this properties,

they have also been investigated as nonprecious metal elec-

trocatalysts for ORR [28,29]. Recently studies, molybdenum

oxides are highly popular because of their unique electronic

and molecular structures in many catalytic applications [30].

This can be attributed to the non-stoichiometric lower valence

compositions between MoO2 and MoO3 simply given as MoOx

[16,31].

The purpose of this study is to prepare lithium molybde-

num bifunctional catalysts, calcined at 500 �C at different

calcination times for MoO3. That is why, gel, LiNO3 and MoO3

were used to set a matrix for bifunctional structure and to

enhance the oxygen reduction (ORR) and evolution reactions

(OER), respectively. When lithium ions move into the spinal

matrix, the electrocatalytic activity rises toward the

enhancing of the OER [32]. The appropriate calcination time

for MoO3 was determined and the prepared catalysts were

characterized by using SEM, XRD, TEMand cyclic voltammetry

techniques.
Experimental

Gel preparation

The gel/Li and gel/LiMo catalysts were prepared by the solegel

process: LiNO3 (Alfa Aesar, 99%) andMoO3 (Merck for analysis)

were used as metal ion sources (in the mole ratio of Li:Mo

(1:1,5)), glycine (C2O2NH5, Merck, 98.5%) as a chelating agent

and glycerol (Panreac, M ¼ 92,10) as a dispersant agent. Acti-

vated carbon was used to enhance the electrical conductivity.

Glycine, glycerol, ammonia, lithium and MoO3, which was

calcinated during 8 h before the catalyst preparation, were

mixed in a pressure resistant Schlenk tube. Then 120 �C was

applied during 12 h to obtain a viscous mixture. After that the

viscous mixture was statically aging for 24 h at room tem-

perature. Following this process, one part of the gel was rolled

and left to paste on a stainless steel plate (SS) at 170 �C for 8 h

in order to make an electrode. This catalyst preparation

method has been illustrated in our previous paper [32].

Preparation of catalysts

The working electrode was a circular disc cut from a stainless

steel (SS) rod using stainless steel cutting machine. The metal

disc was coated with polyester except its bottom surface with

the surface area of 0.126 cm2. The prepared gels were rolled up

on SS and kept on hold in an oven at 125 �C for 4 days. In this

study, the gels prepared in the absence of MoO3 were called

gel/Li and the gels prepared with uncalcined and calcined

MoO3 at 500 �C at different calcination times (5, 8, 15 h) were

called gel/LiMo and gel@LiMo, respectively.

Electrolyte

The electrochemical analyzes were performed in lithium

perchlorate (10%), ethylene carbonate (45%) and dimethyl

carbonate (45%) (LED) solution. The electrolytes were prepared

from analytical grade chemical reagents and used without

http://dx.doi.org/10.1016/j.ijhydene.2015.05.050
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Fig. 1 e Cyclic voltammograms of gel (B), gel/Li (C), gel/

LiMo(,) and gel/LiMo-C (-) electrodes at 100 mV s¡1 scan

rate in LED solution.
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further purification. Freshly prepared solutions were used for

each analysis. During the experiments, the test solutions were

opened to the air, and the experiments were performed under

static conditions. The temperatures of solutions were kept at

25 �C (within ±1 �C) by controlling the cell temperature.

Electrochemical measurements

Gamry (interface 1000) model electrochemical analyzer (serial

number: 02009) was used for electrochemical measurements

under computer control. All electrochemical experiments

were carried out with the three electrode technique. The

auxiliary electrodewas a platinumsheetwith a surface area of

2 cm2. The quasireference electrode (QRE) such as Ag and Pt

which doesn't contaminate the test solution with undesirable

species is often employed for non aqueous solvents. There-

fore, the platinum wire (with 1.188 V vs. SHE) was used as the

reference electrode. All potential data given in this study re-

fers to this electrode. The polarization curves were obtained

potentiodynamically between the potential ranges from open

circuit potential to �3.0 V with the scan rate of 0.10 V s�1. The

electrochemical impedance spectroscopy experiments were

conducted in the frequency range of 100 kHze0.003 Hz at open

circuit potential by applying alternating current signal of

0.005 V peak-to-peak.

The cyclic voltammetry experiments were conducted at

the scan rate of 100 mV s�1 between �3.0 V and 1.5 V using

Gamry (interface 1000) model electrochemical analyzer. The

crystalline phases of gel/LiMo and gel@LiMo catalysts were

identified by X-ray diffraction (XRD, Rigaku, Rint-2000) using

Cu K_ line at the scanning rate of 4� min�1 from 10� to 90�. The
surface morphology of gel/LiMo and gel@LiMo catalysts were

observed by scanning electron microscopy (SEM). Nitrogen

adsorptionedesorption measurements for gel/LiMo and

gel@LiMo catalysts were carried out using Gemini VII 2390

analyzer at 77 K. Also, surface area, pore size and pore volume

for these catalysts was computed using experimental points

at a relative pressure of P/P0 ¼ 0.4e1.0 by the Bru-

nauereEmmetteTeller (BET) method. TEM observation was

obtained using a JEOL JEM 2100F HRTEM 80 kVe200 kV (in five

stages: 80.0 kV, 100.0 kV, 120.0 kV, 160.0 kV and 200.0 kV). As

for the oxygen evolution reaction (OER) and the oxygen

reduction reaction (ORR), the curves were carried out using

lithium metal, gel@LiMo and Whatman GF/D as the anode,

cathode and separator, respectively with Swagelok type test

cell (MTI corporation).
Fig. 2 e Cylic voltamograms obtained from gel/LiMo-C

catalysts (-) and calcined gel@LiMo at different times (5 h

(▫), 8 h (B), 15 h (C)) at 500 �C in an oxygenated

environment in LED solution.
Results and discussion

Electrochemical measurements

Cyclic voltammetry
The cyclic voltammograms of electrodes, prepared of gel,

gelþLiNO3 (gel/Li), gelþLiNO3þMoO3 (gel/LiMo) and activated

carbon supported gelþLiNO3þMoO3 (gel/LiMo-C) obtained in

LED solution are shown in Fig. 1. Addition of metal in the gel

increased the oxygen reduction reaction and catalytic effi-

ciency. When the metal salts and metal oxides are added in

the cathode material, the electrocatalytic efficiency of the
lithium air battery can be improved [9]. Metals added catalysts

shown higher current density than including only gel elec-

trodes. When the metals added catalyst supported with car-

bon,which is called as gel/LiMo-C, The highest current density

was observed. By adding carbon in the cathode material,

electrical conductivity, porosity and performance are

enhanced [33]. The current density rises due to the widening

of peaks and the lineage of peak potentials to positive and

negative directions in the anodic and cathodic area,

respectively.

Cyclic voltammograms obtained for gel/LiMo-C and gel@/

LiMo catalysts at different times at 500 �C in an oxygenated

environment in LED solution are seen in Fig. 2. When vol-

tammograms of catalysts are examined, it is shown from Fig. 2

that the gel/LiMo-C (prepared with non-calcined MoO3) cata-

lyst has the lowest current densities. The current density

values in the anodic direction with the gel@LiMo catalysts for

15 h and 8 h are close to each other and the highest density

http://dx.doi.org/10.1016/j.ijhydene.2015.05.050
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can be found with the gel@LiMo catalyst in 8 h in the cathodic

direction. It has been reported that MoO3 hexagonal structure

(h-MoO3) converts to a-MoO3 (orthorhombic) structure which

is more stable at a temperature above 450 �C [34].

After this section, we used gel@LiMo catalyst, which was

prepared with 8 h calcinated MoO3.

Cathodic polarization curves
The cathodic polarization curves obtained from SS electrode,

gel/Li and gel@LiMoO3, which was prepared with 8 h calci-

nated MoO3, catalysts in oxygenated LED solution are shown

in Fig. 3. The increase in current density observed from the

open circuit potential to �3.00 V in cathodic polarization

curves for each electrode is related to the reduction of oxygen

to superoxide anion and the formation of LixOx species. The

current density is affected by adding metal oxide to the gel in

order to activate the catalyst surface [35]. From the catalytic

point of view, the gel@LiMo catalyst showed higher catalytic

activity than the other gel/Li catalyst. The lowest current

density is seen at the SS electrode. The open circuit potentials

of the SS electrode, gel/Li and gel@LiMo catalysts in the same

environment were obtained as �0.185 V, �0.146 V and

�0.104 V, respectively. The open circuit potential of the

gel@LiMo catalyst shifted to more positive potentials

compared to the gel/Li catalyst. The formation of superoxide

anion and the conversion to LixOx species are realized in the

gel@LiMo catalyst in lower potentials than the gel/Li catalyst.

This comes from the gel@LiMo catalysts have a higher cata-

lytic activity than the gel/Li and the SS electrode.

EIS measurements
Fig. 4 shows the Nyquist, Bode and the phase angle-frequency

curves obtained at the open circuit potential of SS electrode,

gel/Li and gel@LiMo catalysts in an oxygenated environment

in LED solution. As seen in Fig. 4a, the Nyquist plots exhibited

a capacitive loop in the high frequency region and a straight

line in low frequencies for catalysts. The capacitive loop in the

high frequency is related with charge transfer resistance (Rct)

and diffuse layer resistance (Rd) while the straight line in low
Fig. 3 e Current-potential curves obtained from gel/Li (-)

and gel@LiMo (B) catalysts and SS (C) electrode in

oxygenated LED solution.
frequencies corresponds to the diffusion process and repre-

sents the Warburg impedance, which is related to the solid-

state diffusion of Liþ in the electrode [36,37]. In the evalua-

tion of Nyquist plots according to the theory, the difference in

real impedance at lower and higher frequencies is commonly

considered as a charge transfer resistance. The charge trans-

fer resistance must be corresponding to the resistance of the
Fig. 4 e Nyquist (a), Bode, (b) and the phase angle-

frequency (c) curves obtained at the open circuit potential

of SS electrode (B), gel/Li (C), gel@LiMo (▵) catalysts in an

oxygenated environment in LED solution.

http://dx.doi.org/10.1016/j.ijhydene.2015.05.050
http://dx.doi.org/10.1016/j.ijhydene.2015.05.050


i n t e r n a t i o n a l j o u r n a l o f h y d r o g e n en e r g y 4 0 ( 2 0 1 5 ) 8 8 8 9e8 8 9 6 8893
metal-OHP (outer Helmholtz plane) interface. The contribu-

tions of all resistances correspond to the metal/solution

interface. That is why charge transfer resistance (Rct), diffuse

layer resistance (Rd), accumulation resistance (Ra), film resis-

tance (Rf), etc., must be taken into account. The difference in

real impedance at lower and higher frequencies is considered

as the polarization resistance (Rp) [38,39]. However, in this

study, the polarization resistance (Rp) was calculated from

Bode plots due to the straight line in low frequencies.

Rp values obtained from Bode plots for SS electrode, gel/Li

and gel@LiMo catalysts in Fig. 4 (b) were found as 789.0 kU,

11.7 U and 6.6 kU, respectively. The lowest Rp was obtained

with the gel@LiMo catalyst which has the lowest slope in Bode

plots. The decrease of Rp values may be associated with the

rapid electron transfer in themetal-solution interface towards

the working environment. An increase in the catalytic activity

of the electrodes and the electrochemical reactions occurring

at the interface are easier in the gel@LiMo catalyst. Also, this

condition represents the decrease in the polarization resis-

tance as a result of the acceleration of the charge transfer

kinetics, falling in the charge transfer resistance (Rct). At the

same time, the decrease of a single loop observed in high-

frequency in the gel@LiMo catalyst can be explained by the

deviation from the semicircle given in EIS theory, frequency

scattering and surface roughness. The phase angle-frequency

plots are supported by the Nyquist and Bode plots. As to the

phase angle curves, for SS electrodes a plot outgoing to 45� is
observed. This shows that the charge transfer resistance is

quite high in the SS electrode. Apposed to that, the gel/Li and

gel@LiMo catalysts are illustrated with closed single loops in

the phase angle plots. The lowest phase angle is shown with

the gel@LiMo catalyst. This also shows that, the charge

transfer resistance of gel@LiMo is lower than the gel/Li

catalyst.

Further, the EIS data and to arrange themequivalent circuit

models, shown in Fig. 5, were used. The fitting parameters are

listed in Table 1 in Fig. 9: Rs is the solution resistance between

the working and reference electrodes, R1 is the charge transfer

resistance (Rct), R2 is the pore resistance (Rpor) pointing the

rough regions and pores, W isWarburg impedance. CPE1, CPE2
and Zw represent the capacitance of the surface layer, the

capacitance of the double-layer and Warburg impedance,

respectively [40e42]. As it is seen in Table 1, as Rp values

decreased in order of SS, gel/Li, gel@LiMo catalysts, and CPE

values increased in the same order. The CPE2 value related to

porosity of the gel@LiMo catalyst was higher than that of the

SS and gel/Li catalysts. These results illustrated that adding

MoO3 to the gel/Li further increased the ORR activity and

porosity in the electroactive sites of the surface. The phase

shift “n”, explained as the degree of surface inhomogeneity,
Fig. 5 e Equivalent electrical circuit for gel/Li (C) and

gel@LiMo (▵) catalysts and SS(o) electrode used to fit the

experimental data.
was lower than 1.0, which indicates that the gel@LiMo catalyst

had a porous structure.

Characterization of catalyst

SEM images of the SS electrode, gel/Li and gel@LiMo catalysts

are shown in Fig. 6. In Fig. 6a, only sanding marks are seen on

the surface of SS. A glance at Fig. 6b reveals that the gel/Li

catalyst which contains structures with stacked small parti-

cles (after 125 �C and 4 days) is porous. Referring to Fig 6c, it is

observed that the surface morphology of the gel/Li catalyst

changes with the addition of MoO3 into the gel/Li matrix. The

gel@LiMo catalyst has a honeycomb-like surface which is

brighter andmore porous 8 h after calcination. This particular

morphology is evaluated as themost favorable one in terms of

the catalyst performance since it has a high electrocatalytic

activity. The SEM results are consistent with the XRD mea-

surements data.

It is known that the calcination time greatly affects crys-

tallinity, structural and electrochemical properties of the

active ingredient. As a result of this, it is crucial to choose a

suitable calcination time. The XRD pattern of the gel/LiMo and

gel@LiMo samples at different times are displayed in Fig. 7. In

Fig. 7a and b, the peak intensity which is associated with the

hexagonal structure ofMoO3 (h-MoO3) is observed in the range

of 20e30� at 2q angle (JCPDS e 21-0569). When the calcination

time increases, the peak intensity gets smaller which means

that longer calcination time could change the crystallinity of

MoO3 found in samples. It is observed that the peak intensity

of h-MoO3 structure decreased at the end of 8 h calcination

time (Fig 7c). In the literature, the decrease in peak intensity

has been connected to a phase transformation from hexago-

nal phase to more stable orthorhombic MoO3 (a-MoO3) phase

as a result of increasing calcination time [34,43]. The increase

observed in peak intensity at 15 h (Fig 7d) may be due to a

distortion in the crystal structure of a-MoO3.

Nitrogen adsorption isotherms of gel@LiMo catalysts at

77 K are shown in Fig. 8. The data shows that the gel@LiMo

catalyst corresponds to type-III isotherms which indicates

presence of macropores and weak adsorption [44]. The pore-

size distributions of the gel@LiMo catalyst were determined

on the basis of the desorption isotherms by the BET method.

The BET surface area, the total pore volume and the pore size

for the gel@LiMo catalyst were 68,5792 m2/g, 0.2017 cm3/g and

~6 nm respectively. As is known, the cathode material with

macropores may facilitate the oxygen diffusion at the non-

aqueous electrolyte due to the large active surface area [45].

TEM images of the gel@LiMo samples are given in Fig. 9. The

black dots seen stacked on top of each evince that h-MoO3

returns to the a-MoO3 (orthorhombic) form [34].

As seen in Fig. 10, OER and ORR curves of the gel@LiMo

catalyst were determined at a current density of

0.05 mA cm�2. The voltage gap between oxygen reduction and

evolution reactions are occurred due to overpotential in the

battery system. The overpotential occurred because the

cathode pores had been clogged by LixOx species at discharge

process. Had the overpotential been lower the charge and

discharge curves would have been close to each other. As seen

in the figure, the voltage gap is 0.57 V. In literature, Yang et al.

investigated the voltage gap of 50%Pt/C and SCCO-Cu

http://dx.doi.org/10.1016/j.ijhydene.2015.05.050
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Table 1 e EIS parameters for the SS electrode, the gel/Li and gel@LiMo catalysts.

R1

U cm2
CPE1

Y0(�106$sn$U�1)
n1 R2

U cm2
CPE2

Y0(�106$sn$U�1)
n2 W

SS 6236 23.86 0.811 611 � 103 17.27 0.907 7.984 � 10�6

gel/Li 138.5 691.9 0.325 16 � 103 578.2 0.853 29.47 � 10�6

gel@LiMo 151.9 693.1 0.302 1091 2217 0.847 139.2 � 10�6

Fig. 6 e SEM images of SS (a), gel/Li (b), gel@LiMo (c).
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catalysts, they found 0.68 and 0.98 V, respectively [46,47]. Our

another study, we researched gel@LiCu catalyst voltage gap

and we found that 0.63 V [32]. LieMo bifunctional catalyst

improved the oxygen reduction and evolution reactions. For
Fig. 7 e XRD results obtained from gel@LiMo catalysts

prepared with calcined MoO3 for 0 h (a), 5 h (b), 8 h (c),

15 h (d) at 500 �C.
non-aqueous lithiumeoxygen battery, LiO2 and Li2O2 are the

intermediate and main discharge product with a stable elec-

trolyte, and during discharge/charge processes, the suitable

oxygen reduction/evolution reactions (ORR/OER) can be

explained as:
Fig. 8 e Nitrogen adsorptionedesorption isotherms of

gel@LiMo catalysts.
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Fig. 9 e TEM images of gel@LiMo catalysts in 50 nm.
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Li !Liþ þ e�

Liþ þ e� þ O2!LiO2

Liþ þ e� þ LiO2!Li2O2

forward direction and backward direction indicate discharge

and charge processes, respectively.
Conclusions

A macroporous gel@LiMo catalyst was prepared by solegel

method and its performance was studied in oxygen reduction

and evolution reaction in the lithium air battery. The prepared

catalyst was tested with cyclic voltammetry, electrochemical

impedance spectroscopy cathodic polarization curves and

dischargeecharge curves. The best combination and calcina-

tion time were determined with cyclic voltammetry. The
Fig. 10 e OER and ORR curves of gel@LiMo catalyst at a

current density of 0.05 mA cm¡2.
gel@LiMo catalyst exhibited the best electrocatalytic activity

and electrochemical performance at 8 h calcinated MoO3. The

overpotential behavior was analyzed using cathodic polari-

zation curves. The gel@LiMo catalyst has the highest current

density at the lowest overpotential as well as the lowest po-

larization resistance at a specific overpotential comparedwith

the other catalysts. In the SEM and TEM images it is seen that

at 8 h the surface structure of the gel@LiMo catalyst had been

transformed into a shaped morphology which has wide and

large surface area. A phase transformation from a hexagonal

phase to a more stable orthorhombic MoO3 (a-MoO3) phase

was observed in the XRD pattern of the gel@LiMo samples at

8 h. The N2 adsorption and desorption isotherms were taken

to calculate the surface area, pore volume and pore size. It was

determined by BET method that gel@LiMo catalyst had a

macroporous structure. The porous structure improved the

catalytic efficiency. These results prove that the gel@LiMo

catalyst showed good electrocatalytic efficiency at oxygen

reduction and evolution reactions. It suggested that the pre-

pared gel@LiMo can be used as a cathode catalyst for the

lithium-air battery.
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