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1 Introduction

Rechargeable lithium ion batteries with nonaqueous elec-
trolyte solutions have been widely used for powering
consumer electronic devices such as cellular phones and
laptop computers [1]. However, it is apparently more
difficult to make larger lithium ion batteries inherently safe.
This is mostly due to the reactivity of the electrode mate-
rials with the nonaqueous electrolyte solution constituents.
In comparison with cells containing organic electrolyte
solutions, rechargeable lithium ion batteries with aqueous
electrolyte solutions have many advantages such as low
cost of both materials and manufacturing, intrinsic safety
and environmental friendliness. This has attracted many
researchers [2—12] since its inception [13—15]. This type of
battery consists of intercalation compounds for lithium ions
as active electrode materials and an aqueous electrolyte
solution. Because the stability window of aqueous elec-
trolyte solutions is much smaller than that of non-aqueous
solutions, the selection of intercalation materials which
de/intercalate lithium ions at a suitable electrode potential
is a key factor for the performance of the aqueous battery
cell. There are few compounds with flat charge/discharge
curves that can be used as positive and negative electrode
materials. In addition, the combination of negative and
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positive electrodes of a rechargeable lithium battery in
aqueous electrolytes is of importance in order to obtain
good electrochemical performance.

In our earlier work, we reported on the electrochemical
performance of an aqueous rechargeable lithium battery
(ARLB) using a LiV;0g (negative electrode) and LiCoO,
(positive electrode) in saturated LiNO5; aqueous electrolyte
[11], and LiMn,O, (positive electrode) in 2 M Li,SO,
aqueous solution [16]. These cells exhibit good cycling
performance. Here we report on the electrochemical per-
formance of a rechargeable lithium battery using LiV;0g as
negative electrode, Li[Ni;;3Co;,3Mn 3]0, as positive
electrode material, and a 2 M Li,SO4 aqueous solution as
electrolyte, the results demonstrate the feasibility of this
concept.

2 Experimental

Crystalline LiV30g was prepared by melting a mixture of
Li,CO3 and V,Os in an appropriate molar ratio at 680 °C
and by cooling it slowly down to room temperature [11].
The Li[Ni;;3Co,3Mn;,3]O, sample was prepared according
to the literature [17]. The crystal structures of all samples
were determined by X-ray powder diffraction (XRD) using
a Bruker Analytical X-Ray Systems with CuK, radiation
source filtered by a Ni thin plate.

A three-electrode electrochemical cell was employed for
cyclic voltammetry (CV) in an unbuffered 2 M Li,SO4
solution; its pH was about 7. A saturated calomel electrode
(SCE) and Ni-mesh were used as reference and counter
electrode, respectively. The preparation of the negative and
positive electrodes was conducted in the same way
by pressing a powder mixture of the sample, acetylene
black and poly(tetrafluoroethylene) (PTFE) in a weight
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ratio of 80:10:10. Galvanostatic charge and discharge
measurements of two-electrode glass cell consisting of
Li[Ni;3Co,3Mn; 3]0, cathode and LiV;0g anode were
conducted with a cycler (LAND Electronic Co.) at a con-
stant current density controlled by a personal computer. All
electrochemical measurements were performed at ambient
temperature.

3 Results and discussion

XRD patterns of the oxides, LiV3;0g and Li[Ni;3Co;,3Mn; 3]
O,, are shown in Fig. 1. In Fig. la, the peak at about
260 = 13° is assigned to the diffraction by (100) planes indi-
cating the layered structure of LiV;Og. These layers consist of
VOg octahedral and VOs trigonal bipyramids which share
corners with the octahedral. The observed diffraction lines
in Fig. 1b agree well with other XRD patterns [17]. Li[Ni; ;3
Co4,3Mn, 3]0, has a rhombohedral structure belonging to the
R3m space group of a hexagonal «-NaFeO, structure. The
lattice is formed by oxygen atoms in ABC stacking with
alternating layers containing mixtures of nickel, cobalt, and
manganese atoms.

(a) Liv;04
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Fig. 1 XRD patterns for (a) LiV30g and (b) Li[Ni;;3Co;,3Mn;3]0,

The CV curve (second scan) of LiV50g in 2 M Li,SO,4
aqueous electrolyte at a scan rate of 1 mV s~ is shown in
Fig. 2a. A pair of peaks corresponding to intercalation and
deintercalation of lithium ions can be observed at —0.17
and 0.2 V, respectively. The hydrogen evolution potential
shifts to —0.80 V due to the considerable overpotential of
the electrode. This shows that LiV;Og can be used as
negative electrode material for an ARLB without evident
hydrogen evolution.

The second CV scan of Li[Ni;;3Co13Mny 3]0, in 2 M
Li,SO,4 aqueous electrolyte is shown in Fig. 2b. A pair of
redox peaks located at 0.48 and 0.68 V corresponds to the
intercalation and de-intercalation of lithium ions in Li[Ni 3
Coy,3Mn;5]0,, respectively. The oxygen evolution poten-
tial shifts up to 1.29 V. This shows that it is possible to
extract lithium ions from the host before the evolution of
oxygen. Li[Ni;;3Co,,3Mn;;3]O, can be used as positive
electrode material for an ARLB without evident hydrogen
evolution at the nickel mesh electrode operating in the
oxygen evolution potential range. The above results show
that an ARLB can be built using LiV3Og as the negative
electrode and Li [Ni;;3Coy,3Mn;,3]O, as the positive.

The second charge and discharge curves of the LiV;0g//
Li[Ni;;3Coy,3Mn; 3]0, cell in the aqueous electrolyte are
shown in Fig. 3. The average discharge voltage of this cell
is 0.83 V. It was found that the discharge capacity of the
cell was 46.9 mAh g~', while that for the charge was
67.4 mAh g~'. The coulombic efficiency of the cell was
about 69.6%, which is perhaps due to the poor stability of
Li[Ni;;3Coy/3Mn;/3]0, compared with LiCoO, [1]. How-
ever, the lower coulombic efficiency requires further study
since other factors such as formation processes may also be
effective.

Cycllng behavior of LiV30g//Li[Ni]/3CO1/3MH]/3]02
ARLB in the first 10 cycles at 0.2 mA cm ™2 is shown in
Fig. 4. The capacity decreases gradually in the first six cycles
and then becomes stable. The capacity of the first cycle is
55.2 mAh g~ ' and of the tenth cycle is 30.2 mAh g~'. After
10 cycles the capacity remained at only 54.7% of the original
capacity. The cycling performance of this ARLB system is

Fig. 2 Cyclic voltammograms 8
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Fig. 3 The second charge and discharge curves of the ARLB cell at
0.2 mA cm ™
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Fig. 4 Cycling behavior of LiV30g//Li[Ni;;3Co;,3Mn;,3]0, ARLB in
the first 10 cycles at the current density 0.2 mA cm ™2

not comparable with our other reported ARLB systems using
LiCoO, or LiMn,O, as positive electrodes [11, 16]. The
capacity fading mechanism is probably related to the cathode
structure since Li[Ni;;3Co;3Mn;,3]0, is not stable under
storage in air [1] and it was found that the crystallinity
decreased after 10 cycles. Further studies of these changes
are underway.

4 Conclusion

An ARLB containing LiV3Og as negative electrode, Li[Ni; 3
Coy3Mn, 3]0, as positive electrode and a 2 M Li,SO4

aqueous electrolyte solution has been constructed for the first
time based on the good stability of intercalation and deinter-
calation of lithium ions of LiV;0g and Li[Ni; 5Co;3sMn; 3]05.
The average discharge voltage of the ARLB is 0.83 V; the cell
can be repeatedly charged and discharged. The capacity is
below 50% of the theoretical in organic electrolyte solutions.
Initial results suggest that this type of ARLB might be a good
candidate as a new energy storage and conversion system.
Further research is needed to improve the electrochemical
performance such as specific capacity, energy density and
cycleability to a level that is comparable with those of the
present aqueous rechargeable batteries such as Ni-MH.

Acknowledgement Financial support from National Basic Research
Program of China (973 Program No.:2007CB209700) and Alexander
von Humboldt Foundation is gratefully appreciated.

References

1. Wu YP, Dai XB, Ma JQ, Cheng YJ (2004) Lithium ion batteries:
practice & applications. Chemical Industry Press, Beijing
2. Kohler J, Makihara H, Uegaito H, Inoue H, Toki M (2000)
Electrochim Acta 46:59
3. Eftekhari A (2001) Electrochim Acta 47:495
4. Lee JW, Pyun SI (2004) Electrochim Acta 49:753
5. Rao MM, Jayalakshmi M, Schaf O, Wulff H, Guth U, Scholz F
(2001) J Solid State Electrochem 5:50
6. Abou-El-Sherbini KS, Askar MH (2003) J Solid State Electro-
chem 7:435
7. Jayalakshmi M, Mohan Rao M, Scholz F (2003) Langmuir
19:8403
8. Wang GX, Zhong S, Bradhurst DH, Dou SX, Liu HK (1998)
J Power Sources 74:198
9. Wang P, Yang H, Yang HQ (1996) J Power Sources 63:275
10. Rao MM, Jayalakshmi M, Schaf O, Guth U, Wulff H, Scholz FJ
(1999) Solid State Electrochem 4:17
11. Wang GJ, Fu LJ, Zhao NH, Yang LC, Wu YP, Wu HQ (2007)
Angew Chem Int Ed 46:295
12. Wang GJ, Zhao NH, Yang LC, Wu YP, Holze R, Wu HQ (2007)
Electrochim Acta 52:4911
13. Li W, Dahn JR, Wainwright DS (1994) Science 264:1115
14. James G (1994) Science 264:1084
15. Li W, Dahn JR (1995) J Electrochem Soc 142:1742
16. Wang GJ, Zhang HP, Fu LJ, Wang B, Wu YP (2007) Electro-
chem Commun 9:1873
17. Kim MG, Shin HJ, Kim JH, Park SH, Sun YK (2005) J Elect-
rochem Soc 152:A1320

@ Springer



	An aqueous rechargeable lithium battery based on LiV3O8 �and Li[Ni1/3Co1/3Mn1/3]O2
	Introduction
	Experimental
	Results and discussion
	Conclusion
	Acknowledgement
	References



<<
  /ASCII85EncodePages false
  /AllowTransparency false
  /AutoPositionEPSFiles true
  /AutoRotatePages /None
  /Binding /Left
  /CalGrayProfile (None)
  /CalRGBProfile (sRGB IEC61966-2.1)
  /CalCMYKProfile (ISO Coated)
  /sRGBProfile (sRGB IEC61966-2.1)
  /CannotEmbedFontPolicy /Error
  /CompatibilityLevel 1.3
  /CompressObjects /Off
  /CompressPages true
  /ConvertImagesToIndexed true
  /PassThroughJPEGImages true
  /CreateJDFFile false
  /CreateJobTicket false
  /DefaultRenderingIntent /Perceptual
  /DetectBlends true
  /ColorConversionStrategy /sRGB
  /DoThumbnails true
  /EmbedAllFonts true
  /EmbedJobOptions true
  /DSCReportingLevel 0
  /SyntheticBoldness 1.00
  /EmitDSCWarnings false
  /EndPage -1
  /ImageMemory 524288
  /LockDistillerParams true
  /MaxSubsetPct 100
  /Optimize true
  /OPM 1
  /ParseDSCComments true
  /ParseDSCCommentsForDocInfo true
  /PreserveCopyPage true
  /PreserveEPSInfo true
  /PreserveHalftoneInfo false
  /PreserveOPIComments false
  /PreserveOverprintSettings true
  /StartPage 1
  /SubsetFonts false
  /TransferFunctionInfo /Apply
  /UCRandBGInfo /Preserve
  /UsePrologue false
  /ColorSettingsFile ()
  /AlwaysEmbed [ true
  ]
  /NeverEmbed [ true
  ]
  /AntiAliasColorImages false
  /DownsampleColorImages true
  /ColorImageDownsampleType /Bicubic
  /ColorImageResolution 150
  /ColorImageDepth -1
  /ColorImageDownsampleThreshold 1.50000
  /EncodeColorImages true
  /ColorImageFilter /DCTEncode
  /AutoFilterColorImages false
  /ColorImageAutoFilterStrategy /JPEG
  /ColorACSImageDict <<
    /QFactor 0.76
    /HSamples [2 1 1 2] /VSamples [2 1 1 2]
  >>
  /ColorImageDict <<
    /QFactor 0.76
    /HSamples [2 1 1 2] /VSamples [2 1 1 2]
  >>
  /JPEG2000ColorACSImageDict <<
    /TileWidth 256
    /TileHeight 256
    /Quality 30
  >>
  /JPEG2000ColorImageDict <<
    /TileWidth 256
    /TileHeight 256
    /Quality 30
  >>
  /AntiAliasGrayImages false
  /DownsampleGrayImages true
  /GrayImageDownsampleType /Bicubic
  /GrayImageResolution 150
  /GrayImageDepth -1
  /GrayImageDownsampleThreshold 1.50000
  /EncodeGrayImages true
  /GrayImageFilter /DCTEncode
  /AutoFilterGrayImages true
  /GrayImageAutoFilterStrategy /JPEG
  /GrayACSImageDict <<
    /QFactor 0.76
    /HSamples [2 1 1 2] /VSamples [2 1 1 2]
  >>
  /GrayImageDict <<
    /QFactor 0.15
    /HSamples [1 1 1 1] /VSamples [1 1 1 1]
  >>
  /JPEG2000GrayACSImageDict <<
    /TileWidth 256
    /TileHeight 256
    /Quality 30
  >>
  /JPEG2000GrayImageDict <<
    /TileWidth 256
    /TileHeight 256
    /Quality 30
  >>
  /AntiAliasMonoImages false
  /DownsampleMonoImages true
  /MonoImageDownsampleType /Bicubic
  /MonoImageResolution 600
  /MonoImageDepth -1
  /MonoImageDownsampleThreshold 1.50000
  /EncodeMonoImages true
  /MonoImageFilter /CCITTFaxEncode
  /MonoImageDict <<
    /K -1
  >>
  /AllowPSXObjects false
  /PDFX1aCheck false
  /PDFX3Check false
  /PDFXCompliantPDFOnly false
  /PDFXNoTrimBoxError true
  /PDFXTrimBoxToMediaBoxOffset [
    0.00000
    0.00000
    0.00000
    0.00000
  ]
  /PDFXSetBleedBoxToMediaBox true
  /PDFXBleedBoxToTrimBoxOffset [
    0.00000
    0.00000
    0.00000
    0.00000
  ]
  /PDFXOutputIntentProfile (None)
  /PDFXOutputCondition ()
  /PDFXRegistryName (http://www.color.org?)
  /PDFXTrapped /False

  /Description <<
    /ENU <>
    /DEU <>
  >>
>> setdistillerparams
<<
  /HWResolution [2400 2400]
  /PageSize [2834.646 2834.646]
>> setpagedevice


