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A B S T R A C T

A new carbon supported lithium-copper cathode catalyst (gel@LiCu) is composed of activated carbon (@)
supported gel, LiNO3 and CuCl2 mixture is investigated in the oxygen reduction reaction. The gel@LiCu
cathode, which is selected from different configurations of electrodes, is found to have the best material
for the cathode. The molar ratio of lithium-copper (1.0:1.5) and the amount of glycine given in terms of
grams are determined in order to find the most active material. The catalytic activity of the gel@LiCu
electrode is evaluated by cyclic voltammetry, potentiodynamic polarization and electrochemical
impedance spectroscopy techniques. The morphology and the phase structure of the gel@LiCu electrode
are characterized with scanning electron microscopy (SEM), transmission electron microscopy (TEM) and
X-ray diffraction (XRD) spectrometer. The catalyst shows good catalytic activity for oxygen reduction
reaction (ORR), as well as oxygen evolution reaction (OER).
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1. Introduction

In recent years, batteries have been keenly investigated because
of the development of transportable electric vehicles. New
technology items run with high-capacity batteries. Lithium air
batteries, which use oxygen molecules of the atmosphere, have
higher energy than other battery types and they have been studied
as promising candidates for high-energy density secondary
batteries [1–5]. The rechargeable lithium - ion (Li-ion) batteries
have been used for portable electronic appliances such as mobile
phones, music players, etc. As the electrical devices have been
developed, the energy density of Li-ion batteries has become
insufficient [6]. Li-ion batteries have other disadvantages as well.
For instance the specific capacitiy of lithium ion batteries are
limited by the weight of the anode and cathode materials such as
typically graphite (170 mAh g�1) for the anode and metal oxide
such as LiCoO2 (130 mAh g�1) for the cathode [7,8]. The cathode
materials used for Li-ion batteries are restricted in nature.
Therefore, most of the cathode materials are prepared by high-
temperature solid-state reactions, which results in consumption of
energy and CO2 emission [9]. What is more, cathodes of
conventional lithium-ion batteries are not renewable (or reusable)
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[10]. It seems that the solution for these challenges requires
developing a new concept of the lithium battery. In 1996, Abraham
and Jiang first reported the Li-air battery using an organic
electrolyte [3]. Lithium air batteries are attracting more and more
attention because of their energy and power density.

There are four types of Li-air batteries; aprotic, aqueous, solid
state and mixed aqueous/aprotic. We used the aprotic type for our
battery tests. The aprotic type consists of four parts; a lithium
metal anode, a solid electrolyte interface, an aprotic electrolyte and
an air cathode [11]. The battery functions as follows:

2Li þ O2 fi
charge

discharge
Li2O2 (1)

when Li2O2 is formed at the cathode during discharge, and

4Li þ O2 fi
charge

discharge
2Li2O (2)

when Li2O is formed at the cathode, which has also been reported
under certain conditions [12–15].

During the charge process both the above reactions turn vice
versa, which plays an important role in the lithium oxide
decomposition (mainly lithium peroxide) and the oxidation of
peroxide anions (oxygen evolution reaction, OER). These batteries
have several restrictions of use in electrical devices, such as slow
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Fig. 2. Cyclic voltammograms of gel (�), gel/Li (*), gel/LiCu(&) and gel@LiCu(&)
electrodes at 100 mV s�1 scan rate in LED solution.
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kinetics of the ORR and OER during discharge and charge,
respectively [16,17]. Recent studies show that the battery
performance can be affected by catalysts [18,19].

Porous structures are preferred in the cathode section of
lithium air batteries. Carbon materials have been widely studied as
cathode materials for Li-air batteries due to their large pore
volume, high surface area and electrical conductivity[20–22]. The
cathode catalysts are usually carbon black or carbon loaded with a
noble metal, which is used to catalyze the air reactions [23]. Pores
of carbon materials can act as a path for oxygen access and an
electrolyte reservoir, and they can also be holders of the discharge
product (Li2O2) on space for non-aqueous Li-air batteries [24].

Many studies have been performed to improve OER kinetics and
reduce charge overpotential [25–28]. Different types of materials
such as carbon-based materials [26,28], noble metals [18,29],
metal oxides [30,31] and nitrides [32,33], perovskites [34,35], and
pyrochlores [36,37] have been used as catalysts in nonaqueous LiO2

batteries. Shao-Horn et al. [38] have studied the effects of Pt–Au
nanoparticles on the voltage gap between the ORR and OER as a
bifunctional catalyst. They have found that Au enhances the ORR
and Pt decreases the OER voltages.

Transition metals tender cheaper cost alternative catalysts.
Copper is used as the renewable cathode material, because it
reduces the oxygen of air and it shows a high capacity in lithium air
batteries. The copper nanoparticles play two different roles in the
catalyst. First, copper nanoparticles improve the conductivity of
the catalysts. Second, the metallic copper can accelerate the ORR at
its surface, starting from the copper corrosion in aqueous solution
[39,40]. The concept of Li–Cu cathode using in Li-Air battery may
provide a new direction for the study of future lithium batteries
[9]. CuSO4, CuV2O6, CuO-V2O5, Cu6Sn5, perovskite loaded with
copper nanoparticles, Co3O4 microspheres loaded with copper and
Li-Cu have been used as cathode materials in different studies
[9,23,39,41–44]. When lithium ions move into the spinal matrix,
the electrocatalytic activity enhances toward the OER [45–47].

The aim of this study is to prepare a lithium-copper cathode
catalyst, including activated carbon, which has a high catalytic
efficiency when used in lithium air battery cells. Therefore, gel,
LiNO3 and CuCl2 were used to build a matrix for bifunctional
metals and to improve the ORR and OER performance, respectively.
Black  gel 

Electrode  

Glycine,  
LiNO3  CuCl2

Glycerol 

Black-brown 
solution 

120 °C , 12  ho urs  stirr ing  

Statically aging  at  RT 24  h  

Heating at  170° C , 8 h Rolled on SS  

Fig. 1. Scheme for preparation of cathode catalyst.
2. Experimental

All used chemicals, which were purchased from Merck
Millipore Co., Ltd. Germany were of analytical or chemical grade
purity. The catalysts were prepared by the sol-gel method using
glycine, glycerol, LiNO3 and CuCl2. The flow chart of catalyst
preparation is shown in Fig. 1. Glycine, glycerol, ammonia, lithium
and copper salts were mixed in a pressure resistant Schlenk tube.
Then different temperatures and times were applied to obtain a
viscous mixture. 12 hours and 120 �C were selected as the most
suitable temperature and time. After that the viscous mixture was
statically aging for 24 hours at room temperature. 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 hours in order to make an
electrode. Gel was prepared from glycine and glycerol, which were
used as the chelating agent and the polymerization precursor,
respectively.

The catalysts were characterized by using cyclic voltammetry
(CV), potentiodynamic polarization and electrochemical imped-
ance spectroscopy (EIS) techniques. Gamry (interface 1000) model
electrochemical analyzer (serial number: 2,009) was used for
electrochemical measurements under computer control. A double-
wall one-compartment cell with three electrode configuration was
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Fig. 3. Current-potantial curves of SS (*), gel@Li (&) and gel@LiCu (�) electrodes
under oxygen atmosphere at 1 mV s�1 scan rate in LED solution.
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used. Platinum electrodes were used as both counter and reference
electrodes with 1.188 V (vs. SHE) reference potential. All the
experiments were repeated at least three times. The electrolyte
which was a mixture of lithium perchlorate, ethylene carbonate
and dimethyl carbonate by a weight ratio of 45:45:10 respectively
was named the LED solution. EIS measurements were made in a
frequency interval of 105Hz and 0.01 Hz and by applying 0.005 V
amplitude to the system. Surface images were taken with scanning
electron microscopy (SEM, Coxem CX-200) and Transmission
Electron Microscopy (TEM, Jem Jeol 2100 F 200 kV HRTEM). N2
Fig. 4. Nyquist (a), Bode (b), phase angle-frequency (c) curves of SS (�), gel@Li (D)
and gel@LiCu (*) electrodes at open circuit potantial under oxygen atmosphere in
LED solution.
adsorption isotherms of the catalysts used in the investigation
were obtained at 77 K using analyzers of the surface area and
porosity (Gemini VII 2390). Pore size, pore volume and surface area
were calculated according to the Brunauer-Emmett-Teller (BET)
method. Gel@LiCu, lithium metal and whatman GF/D were used as
cathode, anode and separator, respectively, measuring oxygen
Fig. 5. Nyquist (a), Bode (b), phase angle-frequency (c) curves of gel@LiCu electrode
at open circuit potantial (*), -1.7 V(&) and -1.0 V (&) in LED solution.
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evolution reaction (OER) and oxygen reduction reaction (ORR)
curves with Swagelok type test cell (MTI corporation). Surface
characterization was made with X-ray diffraction (XRD, Rigaku,
Rint-2000) using Cu Ka radiation and X-ray Fluorescence
(XRF - PAM Analytical Advanced), using rhodium to check the
chemical structures on the surface.

3. Results and discussion

Fig. 2 shows the cyclic voltammograms of electrodes, prepared
from gel, gel + LiNO3 (gel/Li), gel + LiNO3 + CuCl2 (gel/LiCu), activat-
ed carbon(@) supported gel + LiNO3 (gel@Li) and activated carbon
(@) supported gel + LiNO3 + CuCl2 (gel@LiCu) obtained in LED
solution. Apparently, the current density of the gel electrode
was lower than the current density of the gel/Li electrode. The
current density increased as a result of addition of metal salts to
the gel mixture. In lithium air batteries, the electrocatalytic effect
of the cathode material can be enhanced by the addition of metal
salts and metal oxides to the media [48]. In the voltammograms
obtained with the gel@LiCu electrode the current density rose up
to maximum. It has been proved that addition of carbon improves
the electrical conductivity and performance of the materials [11].
The current density increases due to the widening of peaks and the
alignment of peak potentials to positive and negative directions in
the cathodic area.

During the gelling process, the efficiency of the electrodes,
prepared with different amounts of glycine and various molar
ratios of LiNO3:CuCl2 in the gel mixture, was determined. The best
amounts of glycine and ratios of LiNO3:CuCl2 were selected as 0.2 g
and 1.0:1.5, respectively. Hence, 0.2 g was preferred in the
preparation of the gel mixture. The binding in the gel was weak
when the glycine amount was more than 0.2 g. On the other hand,
in gels with high glycine content, a sticky and adsorbate material
was formed and the porosity was low on the electrode surface.
Glycine and carboxylate groups are used together as coupling
agents in the synthesis of nano particles and inorganic materials. In
Fig. 6. SEM images of stainless steel (a),
this case, glycine could be used both as a chelating agent, carbon
source and a binder between chemicals in the gelling process [49].

In lithium air batteries, the contribution of binder, type of
catalyst and carbon amount of the cathode material are important
in preserving the electrode efficiency and preventing the blockage
of its surface by Li2O2. The surface area and the catalytic properties
of the cathode are significant for the electrochemical reactions in
lithium air batteries. The wide surface area should be more
electroactive for the convenient distribution of the catalyst
particles. Furthermore, catalysts have large surface area and more
active zones due to intercalating of lithium ions [50–52]. Therefore,
the catalytic effect of the electrochemical reaction increases [8].

The current-potential curves were obtained in the oxygen-
passing cell by using electrodes, which either include CuCl2
(gel@LiCu) or don't (gel@Li). As seen in Fig. 3, the highest current
density was procured with gel@LiCu electrode, while the lowest
current density was observed with SS electrode. The current
density obtained with the gel@LiCu electrode was higher than with
other electrodes. The high current density shows that the prepared
electrode is effective on the cathodic reaction in the working
media. The open-circuit potentials of the SS, gel@Li and gel@LiCu
electrodes were measured as -0.185 V, -0.146 V and -0.037 V
respectively. Thus, the open-circuit potential of the gel@LiCu
electrode tends to be more positive.

The Nyquist (a), Bode (b) and phase angle-frequency (c) curves
that were obtained in the open-circuit potential of the SS, with
gel@Li and gel@LiCu electrodes in the oxygen atmosphere are
given in Fig. 4. As seen in Fig. 4 a, a single loop was formed in the
high-frequency regions of the Nyquist curves while an angular part
was formed in low frequency regions. Even though the single loop
in the Nyquist curves disclose transfer resistance and diffuse layer
resistance, the angular part shows that the event was diffusion
controlled [53]. The Bode (b) and phase angle-frequency (c) curves
support the Nyquist curves, which are seen in Fig. 4. The single loop
observed in the high-frequency regions became smaller when
CuCl2was added in the gel. In Fig. 4, the polarization resistance (Rp)
 gel (b) and gel@LiCu (c) electrodes.
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Fig. 7. N2 adsorption-desorption isotherm of gel@LiCu catalyst.
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value for gel@LiCu electrode is determined as 6.3 kV. The addition
of CuCl2 in the gel mixture increased the efficiency of the catalysts
and decreased the polarization resistance.

Fig. 5, the Nyquist (a), Bode (b) and phase angle-frequency (c)
curves obtained in LED solution under oxygen atmosphere by
applying -1.7 V, -1.0 V and open circuit potentials to the gel@LiCu
electrode. The polarization resistance decreases with applying the
negative potential as seen in Fig. 5a. The obtained low resistances
show that the electrochemical reaction proceeds efficiently on the
surface at more negative potentials. The phase angle changes with
potential at the frequency of 1.103Hz. This phenomenon could be
related to the increasing of permeability and diffusion effect at
more negative potentials [54].

The SEM images of all the electrodes are given in Fig. 6a and b. In
Fig. 6a only emery traces are visible on the stainless steel surface.
Fig. 6b shows that the gel prepared on stainless steel (kept for
4 days at 125 �C) is composed of close packed structures (one on
the other) consisting of porous and small particles. In order to
reach the efficient electrode performance, cathode active materials
should have homogenous single phase, small particle size, porous
structure and wide surface area [55–58].

The SEM image, which was obtained with the gel@LiCu catalyst
is given in Fig. 6c. It can be observed that structure with a laminar
layer was formed and, the surface was porous.
Fig. 8. TEM images of gel@LiCu cata
The N2 adsorption–desorption isotherms for the gel@LiCu
catalyst are shown in Fig. 7. Our sample fits to the type III, which
gives adsorption isotherms on macroporous adsorbents with weak
affinities [59]. The BET surface area, the total pore volume and the
pore size for the gel@LiCu catalyst were 1.0886 m2g�1 and
0.0105 cm3 g�1 and �39 nm, respectively. The TEM images of the
gel@LiCu catalyst are seen in Fig. 8. Fig. 8 a and b revealing
presence of copper agglomerates and copper nanoparticles. The
presence of copper in these catalysts provided high catalytic
efficiency. These formations were supported by the N2 adsorption
isotherm and the SEM images. Pore size is an indicator for catalytic
efficiency. The pore size of gel@LiCu catalyst, 39 nm, is bigger than
the pore size of some studied catalysts, carbon aerogel pore size
range 20–40 nm and it is about 10 times larger than the pore size of
the activated carbon. According to the literature [60–62], the
oxygen supply and electrolyte accessibility to the reaction site can
be much easier through the pores of carbon aerogel.

As seen in Fig. 9, OER and ORR curves of gel@LiCu catalyst were
determined at a current density of 0.1 mA cm�2. On charge, positive
overpotential is needed extra energy. On discharge, lithium
peroxide increases the interval resistance of the cell and reduces
reaction kinetics which is called negative overpotential. The
voltage gap between the charging and discharging potentials is
large because of dissociation of lithium peroxide. The use of a
catalyst can decrease the overpotential and bring the potential
closer to standart value[8]. The voltage gap (DV) between
discharge and charge curves was 0.63 V as pointed out in Fig 9
for the gel@LiCu catalyst. In this case, oxygen evolution and
reduction reactions were improved with Li-Cu bifunctional
catalysts. The XRD data of our lithium-copper catalyst were
analyzed in the range of 20� < 2u < 30� on an X-ray diffractometer
(XRD Rigaku, Rint-2000) using CuKa radiation. The following
reference numbers in the ICDD-PDF database were used for
identification of crystalline phases: 4–836 (Cu), 5–667 (Cu2O),
35–690 (CuCl2), 25– 269 (Cu2(OH)3Cl) [63]. The diffraction peak
was obtained at approximately 2u = 25� without any diffraction
line concerned to crystalline forms. The X-ray diffraction spectrum
of the gel@LiCu powders establishes the non-crystalline (amor-
phous) state of these materials [64]. XRD spectrum shows a broad
peak at 25 u . This means that the gel had an amorphous structure
including copper and chloride. The copper content of the catalyst
was analyzed by using X-ray Fluorescence (XRF). The XRF shows
that the catalyst included (wt%): Cu:10.5817 � 0.01; Cl:2.4148
� 0.007; C:0.240 � 0.001.
lyst (a) 200 nm and 500 nm (b).



Time  (h)

0 1 2 3 4 5 6

E 
(V

 v
s 

Li
+ /L

i0 )

2.4

2.6

2.8

3.0

3.2

3.4

ΔV

Fig. 9. OER and ORR curves of gel@LiCu catalyst at a current density of 0.1 mA cm�2.

M. Farsak et al. / Electrochimica Acta 148 (2014) 276–282 281
4. Conclusion

A mesoporous gel@LiCu catalyst was prepared and tested in
oxygen reduction reaction for potential use as the cathode of
lithium-air battery. The prepared catalyst efficiency was tested
with cyclic voltammetry, EIS and discharge-charge curves. The
composition and condition of the catalyst were optimized using
cyclic voltammetry technique. The most suitable amount of glycine
was determined as 0.2 g and the most efficient mol ratio of Li:Cu
was selected as 1.0:1.5. The gel@LiCu catalyst exhibited low
polarization resistance for efficient reduction of the oxygen on the
surface. The SEM and TEM images show that the gel@LiCu
electrode has a laminar and more porous structure. The porous
form enhanced the catalytic efficiency of electrodes. This
assumption was supported by cyclic voltammetry and EIS
measurements. The results obtained from all the measurements
proved that the gel@LiCu catalyst showed good efficiency towards
oxygen reduction reaction and oxygen evolution reaction. It may
be presumed that the prepared gel@LiCu could be used as a
cathode catalyst for the lithium-air battery.
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