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a b s t r a c t

The electrochemical performance of aqueous rechargeable lithium battery (ARLB) with LiV3O8 and
LiMn2O4 in saturated LiNO3 electrolyte is studied. The results indicate that these two electrode materials
are stable in the aqueous solution and no hydrogen or oxygen produced, moreover, intercalation/de-
intercalation of lithium ions occurred within the range of electrochemical stability of water. The
electrochemical performance tests show that the specific capacity of LiMn2O4 using as the cathode of
ARLB is similar to that of ordinary lithium-ion battery with organic electrolyte, which works much better
than the formerly reported. In addition, the cell systems exhibit good cycling performance. Therefore, it
has great potential comparing with other batteries such as lead acid batteries and alkaline manganese
batteries.

© 2011 Elsevier Ltd. All rights reserved.

1. Introduction

In the mid of 1990s, Dahn firstly put forward ARLB assumption,
which has offered a brand-new research of the lithium ion bat-
tery [1–6]. Due to the safety problems of the organic electrolyte,
it has much more restriction in the application of the traditional
lithium ion battery. ARLB can solve the safety problems in some
extents, which can assemble the battery without gas protection
and humidity control. And the inorganic electrolyte is cheaper;
the ion conductivity is two orders of magnitude higher than the
organic electrolyte. Especially, the ARLB is the green environmental
protection battery indeed [7–12].

There exist two problems in the ARLB system, such as lower
specific capacity and bad cycle ability, and the reasons are not clear
yet [13–16]. Therefore, in this paper, the preparation of the elec-
trode materials and the electrochemical performances of the ARLB
system are studied.

2. Experimental

2.1. Preparation

LiMn2O4 and LiV3O8 were synthesized using solid-step-
sintering method as follows. Li2CO3 and MnO2 were mixed with

∗ Corresponding author. Tel.: +86 29 8266 3034; fax: +86 29 8266 7872.
E-mail address: zhaomshu@mail.xjtu.edu.cn (M. Zhao).

molar of 0.51:2, and ground, pressed; then heated at 350 ◦C for
12 h and 800 ◦C for 24 h to prepare LiMn2O4, labeled as A. The other
LiMn2O4 sample was prepared by the above similar method, but
the difference was used with C12H22O11 (sucrose), which added
with 20 wt% of the total mass of Li2CO3 and MnO2, marked as B.
LiV3O8 was synthesized with Li2CO3 and V2O5, mixed with molar
of 1.02:6, and pressed, then sintered at 680 ◦C for 12 h and 350 ◦C
for 8 h.

The synthesized materials were, respectively, mixed with acety-
lene black and polyvinylidene fluoride (PVDF) with the mass
of 80:10:10, which were dissolved in 1-methyl-2-pyrrolydon
(NMP). Then the black viscous slurry was ball-milled and dried
at 80 ◦C for 2 h; then deposited onto Ni mesh and pressed
into the thickness of 0.12 mm, and dried under vacuum at
100 ◦C for 10 h to obtain the electrode. The inorganic elec-
trolyte was neutral saturated LiNO3 aqueous solution. The ARLB
system was fabricated in a 250 ml beaker, which were assem-
bled with three electrodes. One was the working electrode
using active materials electrode, the other was the counter
electrode which made use of anode electrode, and another
was reference electrode using with saturated calomel electrode
(SCE).

2.2. Characterization techniques

The crystal phase structures of the samples were characterized
using the Bruker D8-Advanced XRD with Cu Ka radiation. The parti-
cle morphology was studied with a JEOL JSM-7000F instrument. The
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Fig. 1. The X-ray diffraction pattern of the materials. (a) LiMn2O4 and (b) LiV3O8.

electrochemical properties were made using Arbin BT2000 instru-
ment, and the testament software was Arbin MITS PRO.

3. Results and discussion

Fig. 1(a) shows the XRD patterns of LiMn2O4 samples having
the spinel structure without any impurity phases, which belong to
Fd3m face cubic crystal system (ICSD, no. 087775). In this crystal
structure, lithium atom occupies the tetragonal 8a position, man-
ganese atom occupies 16d position, and oxygen atom is in the
position of 32e. In Fig. 1(b), there is a characteristic peak of (1 0 0)
existing at 13◦ for LiV3O8, which shows that it has a layer structure.

Fig. 2 illustrates the SEM photos of the materials. The appear-
ance of LiMn2O4 (B) grains is regular. Seen from Fig. 2(b), the grain
size of the particles is less than 0.2 �m. However, in Fig. 2(a), the
particles of LiMn2O4 (A) have agglomeration. In Fig. 2(c), LiV3O8 has
an obvious layer structure overlapping into column like, and there
are many smaller granular grains on the surface of large particles.

Fig. 3 shows the cyclic voltammeter curves of the samples in
saturated LiNO3 aqueous electrolyte at a scan rate of 2 mV s−1. In
Fig. 3, the hydrogen evolution reaction locates at ESCE = −1.0 V and
the oxygen evolution occurs at ESCE = 1.7 V. For LiV3O8, one cou-
ple of symmetrical redox peaks locates at ESCE = −0.5 V (red.1) and
ESCE = 0.2 V (ox.1) which correspond to the intercalation and de-
intercalation of lithium ions, then the average redox potential is
−0.15 V (vs. SCE). As the hydrogen evolution reaction occurs at
the more negative potential, LiV3O8 is more stable without hydro-
gen evolution in this solution, which can be used as the anode for

Fig. 2. The SEM photos of the materials. (a) LiMn2O4 (A), (b) LiMn2O4 (B), and (c)
LiV3O8.
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Fig. 3. The cyclic voltammeter curves of materials in saturated LiNO3 aqueous elec-
trolyte at a scan rate of 2 mV s−1.

the ARLB. Meanwhile, there is a pair of corresponding redox peaks
locates at ESCE = 0.5 V and ESCE = 1.25 V which ascribes to the de-
intercalation and intercalation of lithium ion to LiMn2O4. These
potentials are lower than those of the oxygen evolution reaction,
so LiMn2O4 can be acted as the cathode for the ARLB.

The 1st charge–discharge curves of LiV3O8//LiMn2O4 ARLBs are
illustrated in Fig. 4. In Fig. 4, the potential difference is related
to SCE, and these ARLB systems have two voltage plateaus. And
the average charge and discharge voltages of LiV3O8//LiMn2O4
(A) ARLB are 0.92 V and 0.88 V, respectively. Meanwhile, those of
LiV3O8//LiMn2O4 (B) ARLB are 0.95 V and 0.92 V separately. These
data are accordance with the CV results.

The 1st charge and discharge specific capacities of LiMn2O4 (A)
are 134.3 mAh g−1 and 113.5 mAh g−1. As well, those of LiMn2O4 (B)
are 127.46 mAh g−1 and 120.28 mAh g−1. Moreover, the columbic
efficiency of LiMn2O4 (B) is much larger than that of LiMn2O4
(A). Compared with other literature, the above results are good,
for example, in Ref. [17], the 1st discharge specific capacities of
LiV3O8//LiMn2O4 ARLB is 55.1 mAh g−1, and in Ref. [18], that of
LiV3O8//LiCoO2 is 60 mAh g−1, and higher than data in Refs. [4,19].
It is assumed that the higher 1st specific capacity in this paper is
due to the much higher conductivity of the aqueous solution, the
much smaller size of the particle, the larger specific surface, and the
shorter distance of lithium ion’s intercalation and de-intercalation.
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Fig. 4. The 1st charge–discharge curves of LiV3O8//LiMn2O4 (A) ARLB and
LiV3O8//LiMn2O4 (B) ARLB.
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Fig. 5. The curves of discharge cyclic performance of LiV3O8//LiMn2O4 ARLB sys-
tems. (a) LiV3O8//LiMn2O4 ARLB systems and (b) the capacity retention and the
columbic efficiency of LiV3O8//LiMn2O4 (B) ARLB.

The discharge cyclic performance at 0.2 C rate between
0.25 V and 1.4 V of the ARLB systems is shown in Fig. 5. For
LiV3O8//LiMn2O4 (A) ARLB, the discharge specific capacity after 25
cycles is 100.29 mAh g−1, and the capacity retention is 88.1%. While
after 42 cycles, the discharge specific capacity is 90.33 mAh g−1,
and the capacity retention is 78.7%. For LiV3O8//LiMn2O4 (B) ARLB,
the discharge specific capacity after 24 cycles is 110.66 mAh g−1,
and the capacity retention is 92%, and more importantly, the
columbic efficiency is 94%. While after 42 cycles, the discharge spe-
cific capacity is still 100.16 mAh g−1, and the capacity retention is
83.27%, specially, the columbic efficiency is 85.96%. In Fig. 5(b),
the coulombic efficiency in the latter cycles is below 100%, the
main side reaction maybe an interaction between the lithium ions
and electrode surface, especially between the aqueous electrolyte
and electrode surface. Electrode surface state will basically play an
important role on the kinetics of charge transfer reaction, and it
means that the interaction between the surface of LiMn2O4 active
materials and LiNO3 aqueous electrolyte determine the activation
energy in the process of the electrode reaction [20]. But, the irre-
versible capacity loss in organic electrolyte solutions is attributed to
the formation of protective solid electrolyte film (SEI) on the surface
of electrode material, due to the decomposition of the electrolyte
in the surface of electrode active materials [21–24]. We cannot
identify what kind of interaction is presented between them and
perhaps the interaction between the lithium ion and organic sol-
vent is so strong that this interaction may not affect the activation
energy in many cases, then may not increase the charge transfer
resistance [20].

Moreover, it can also be seen from Fig. 5 that the recycle perfor-
mance of the LiV3O8//LiMn2O4 (B) ARLB is better than that of the
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LiV3O8//LiMn2O4 (A) ARLB. It can be inferred that C12H22O11, which
was used as the additive to prepare LiMn2O4 (B), has influenced
the electrochemical performance of LiMn2O4 used for ARLB. During
the sintering preparation process, it is presumed that, C12H22O11
(sucrose) discomposes to carbon along with gas, and avoid parti-
cles to aggregate; moreover, resulting in carbon adhering to the
surface of LiMn2O4 particle, and increasing its surface conductiv-
ity. Meanwhile, the gas generation leads LiMn2O4 particle loose,
thus this LiMn2O4 (B) active materials electrode in the LiNO3
solution decreases the charge transfer resistance without the pres-
ence of any other transition metal such as copper adsorption [20],
then improves the electrochemical properties of this ARLB system
using LiMn2O4 (B) as the cathode materials. And these reasons of
C12H22O11

′
s effects are needed to be studied systematically in our

research.
In this paper, the cyclic performance of these ARLB systems

is better than that of other ARLB systems in some literatures, for
example, in Ref. [2], VO2//LiMn2O4 only has 25 cycles, and in Ref.
[4], the discharge capacity of ARLB decays 15% after 10 cycles, while
decays 60% after 25 cycles. But to my knowledge, Prof. Xia of Fudan
Univ., China reported better data in aqueous lithium ions battery
[25].

4. Conclusions

In this paper, the recycle CV results show that whether LiMn2O4
or LiV3O8 can exist stably in the saturated LiNO3 aqueous solution.
Importantly, the 1st specific capacity and the cycle performance of
the LiV3O8//LiMn2O4 ARLB are better than those of reported data
in some references. Moreover, the effects of C12H22O11 on the elec-
trochemistry performance of LiMn2O4 used for ARLB are needed to
be studied systematically.
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