


two phases form and their lattice constants are between x = 0.25

and 0.5. For instance, Li[Ni0.5Mn0.5]O2 was proposed to consist of

Li[Ni0.25Li0.17Mn0.58]O2 (major phase) and LiNi0.45Mn0.55O2

(minor phase).20 In the XRD pattern, these electrochemically-

active two phases with the same structure were difficult to refine.

For the sake of simplicity, therefore, the compositions of the two

phases were not classified. The lattice constants, R factors, and

relative percentages of two phases for Li[Ni0.25Li0.15Mn0.6]O2 are

listed in the ESI, Fig. S4.w On the other hand, the phase obtained

at pH = 10 at 200 1C for 5 h could be separated into a major

layered a-NaFeO2 structural phase and a minor o-LiMnO2 phase.

Fig. 1 shows TEM images of the pure nanowire

Li[Ni0.25Li0.15Mn0.6]O2 phase that could be obtained with

diameters of B30 nm and lengths 41 mm. The high-resolution

TEM image shows that the distances between the neighboring

lattice fringes had an approximate d-spacing value of 4.7 Å,

which corresponds to the (003) plane of the hexagonal layered

phase. The Brunauer–Emmett–Teller (BET) surface area of the

Li[Li0.15Ni0.25Mn0.6]O2 nanowires was 65 m2 g�1. SEM and

TEM images for hydrothermal treatment of the Ni0.3Mn0.7O2

precursor as functions of pH, heating temperature and time are

shown in the ESI, Fig. S5.w With a pH value of 10, the layered

Li[Ni0.25Li0.15Mn0.6]O2 phase at 200 1C shows nanoplate shape

with a basal plane of around 100 nm and thicknesses of

B10 nm, while the spinel phase at 150 1C presents a typical

cubic octahedron morphology. At hydrothermal heating at

200 1C, the morphologies of the layered Li[Ni0.25Li0.15Mn0.6]O2

phase have been effectively changed with the pH. With decrease

to a pH value of 7, the parts of the plate-shape phase have

disappeared and a new wire-shape phase could be partially

observed. The morphology evolution depending on the pH at

200 1C can be explained as follows; during hydrothermal heating

at 200 1C at different pH, the layered Ni0.3Mn0.7O2 phase

undergoes a metastable phase transformation via exfoliating to

a nanosheet and dissolving into the molecular clusters. The

exfoliated nanosheets can be self-assembled to a more stable

phase at each pH condition. The anisotropic reactivity of the

surfaces and the high chemical-potential environment play a key

role in the highly preferential growth along a specific direction.28–30

The surface of a nanosheet with an edge-shared octahedral

layer has been negatively charged. In the hydrothermal con-

ditions at pH 2, a positively charged Li-ion can be immediately

adsorbed onto the negatively charged nanosheet. The

exfoliated nanosheets have been self-assembled along with

the normal direction (003) of the basal plane by way of

pillaring the Li-ion in acidic conditions. Because of the release

of energy from the metastable phase, the exfoliated nanosheet

clusters were locally formed in highly chemical-potential

environments for the precipitation of nanowires with a hexa-

gonal a-NaFeO2 structure. The interfacial free energy of the

(003) plane of the Li[Li0.15Ni0.25Mn0.6]O2 nanowires per-

pendicular to the c axis was much higher than that of

the other surfaces or anisotropic structures. Therefore,

Li[Ni0.25Li0.15Mn0.6]O2 can grow with an anisotropic crystal

structure as one-dimensional nanowires in high chemical-

potential surroundings, which were created by the release of

the stored energy in the prenucleated metastable phase during

heating at the appropriate temperature.31

Fig. 2(a, b, and c) shows voltage profiles and cycling properties

of Li[Ni0.25Li0.15Mn0.6]O2 nanowires after 1, 30, 50, and 80 cycles

between 2 and 4.8 V at a rate of 0.3 C (=120 mA g�1), in addition

to the corresponding TEM and XRD patterns after 80 cycles

[Fig. 2(e) and (f)]. The first charge and discharge capacities were

367 and 311 mA h g�1, respectively, showing a coulombic

efficiency of 85%. Assuming that Li[Ni2+0.25Li0.15Mn4+0.6]O2 is

fully charged to [][Ni4+0.25Li0.15Mn4+0.6]O1.78, the first charge

capacity in Fig. 2a agrees with the theoretical capacity of

331 mA h g�1. The extraction of the Li+ ions remaining in the

3a Li layer and the concomitant oxygen leads to an irreversible

capacity loss in the initial cycle, as clearly demonstrated in

the cycling plot. The differential peaks of the nanowires during

Fig. 1 (a) TEM image of the Li[Ni0.25Li0.15Mn0.6]O2 nanowires

prepared at pH 2 and (b) and (c) expanded images of (a).

Fig. 2 (a) Charge and discharge curves of the Li[Ni0.25Li0.15Mn0.6]O2

nanowires between 4.8 and 2 V at a rate of 0.3 C (=120 mA g�1) after

1, 10, 30, 50, and 80 cycles in coin-type half-cells; (b) plot of cycle life

and coulombic efficiency of the nanowires as a function of the cycle

number at a rate of 0.3 C (=120 mA g�1), (c) rate capabilities of the

nanowires and nanoparticles with the Li[Ni0.25Li0.15Mn0.6]O2 compo-

sition at different C rates in coin-type half-cells (the charge and

discharge rate were the same), (d) differential curves of the nanowire

electrode in coin-type half-cells after 1, 2, and 80 cycles, and (e and f)

TEM image and XRD pattern the Li[Ni0.25Li0.15Mn0.6]O2 nanowire

electrode after 80 cycles, respectively.
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the first cycles atB4.2 andB4.6 V are attributed to the oxidation

of Ni2+ to Ni4+, and to the irreversible removal of Li2O from the

phase. In addition, the differential curves after 1, 2, and 80 cycles

show that the peaks below 3.5 V can be attributed to the reduction

of Mn4+ to Mn3+. After the first cycle, the charge and discharge

curves show reversible phase transitions. These oxygen deficient

materials hereafter react reversibly with lithium. During the second

discharge cycle, we assume that lithium was simply returned to the

vacant Li sites, and that Ni4+ was fully reduced to Ni2+ at 2.5 V,

the oxidation state of Mn in Li[Ni0.25Li0.15Mn0.6]O1.78 was esti-

mated to be 3.18. Accordingly, the capacity below ca 3.5 V was

due to the reduction of Mn4+ to Mn3+. This is consistent with

previous results in which the smoothly sloping voltage profile fits

into the layered (LiNiMnO2) component at approximately 4.2 to

3.5 V (Ni4+ to Ni2+), and then the Li2MnO3 to layered MnO2 at

o3.5 V (Mn4+ to Mn3+).15,20

Such extensive removal of Li2O from cathode can lead to a

physical damage of the electrode surface during cycling, an

increase of the cell impedance. When using bulk particles, the

phenomenon results in a severe capacity decrease at higher current

rates.25 In the nanostructured electrode, however, better rate

capabilities were due to the decreased distance over which Li+

must diffuse in the solid state. Fig. 2b and c show the cycle life

performance and rate capabilities of the nanowires at different C

rates between 4.8 and 2 V in coin-type half cells. After 80 cycles,

the capacity retention is 95%, with a discharge capacity of

294 mA h g�1. The rate capabilities of the nanowires are also

far superior to those of their nanoplate counterpart with over

50% capacity loss at a 7 C rate cycling and shows the discharge

capacity of 256 mA h g�1. On the other hand, the nanoplate

counterpart shows the discharge capacity of 130 mA h g�1 at a

7C rate. The average size of the nanoplates was approximately

100 nm (ESI, Fig. S5w), and their BET surface area was

18 m2 g�1. The high surface area of the nanowire electrode more

effectively reduces the local current density for a given total

operating current than nanoparticles at higher currents.

However, the differences in the detailed local structure between

the nanoplates and nanowires need to be studied further.

Compared to Li0.88[Li0.18Co0.33Mn0.49]O2, the nanowires prepared

by the template method, which showed 247 mA h g�1 at a rate of

0.2 C, and 230 mA h g�1 at a rate of 5 C,8 and the nanowires

prepared using the template-free method had a value of

276 mA h g�1 at the same rate. Furthermore, the capacity

retention was 90% after 80 cycles. Besides contribution from the

surface area, the improved rate capability and capacity retention

are believed to be due to the Ni2+ ions acting as pillars between

the transition metal layers, thus stabilizing the layered structure.

Fig. 2e and f show the TEM image and Rietveld refinement

results of the nanowire electrode after 80 cycles. With

no-collapsed and well-distributed nanowire morphology, the

Li[Ni0.25Li0.15Mn0.6]O1.78 composition remained unchanged

after cycling and the Li ions simply filled into the 3a lithium

layer. This result shows that the c/a ratio remained nearly constant

at 4.99 (before cycling it was 4.998). This means that the original

layered phase with a R-3m space group was maintained after

cycling in contrast to Li[Mn(2�x)/3CoxLi(1�x)/3]O2, which showed a

layered-to-spinel phase transition after cycling.18,27 Compared

to the pristine sample, the c/a ratio of the cycled electrode

remained constant.

In conclusion, the template-free synthesis of

Li[Ni0.25Li0.15Mn0.6]O2 nanowires using Ni0.3Mn0.7O2 and

LiNO3 was performed at 200 1C for 5 h, and produced a wire

with a diameter of B30 nm. The nanowires showed a

significantly improved capacity and rate capabilities compared

to previously reported bulk- and nanoparticles. This improve-

ment was attributed to the shorter Li–ion diffusion distance,

and Ni2+ ions acting as pillars to stabilize the structure.
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2 A. S. AricÒ, P. G. Bruce, B. Scrosati, J.-M. Tarascon and
W. Schalkwijc, Nat. Mater., 2005, 4, 366.

3 Y. Kwon and J. Cho, Chem. Commun., 2008, 1109–1112; H. Lee
and J. Cho, Nano Lett., 2007, 7, 2638.

4 X.Li,F.Cheng,B.GuoandJ.Chen,J.Phys.Chem.B, 2005,109, 14017.
5 J.Luo,Y.Wang,H.XiongandY.-Y.Xia,Chem.Mater., 2007,19, 4791.
6 F. Jiao, K. M. Shaju and P. G. Bruce, Angew. Chem., Int. Ed.,
2005, 44, 6550.

7 S. Lim and J. Cho, Chem. Mater., 2008, 20, 4560.
8 D. H. Park, S. T. Lim, S.-J. Hwang, C.-S. Yoon, Y.-K. Sun and
J.-H. Choy, Adv. Mater., 2005, 17, 2834.

9 Y. Lee, M. G. Kim and J. Cho, Nano lett., 2008, 8, 957.
10 B. Ammundsen and J. Paulsen, Adv. Mater., 2001, 13, 943.
11 (a) Z. Lu and J. R. Dahn, J. Electrochem. Soc., 2002, 149,

A815–811; 2003, 150, A1044–811.
12 K. Numata, C. Sakaki and S. Yamanaka, Solid State Ionics, 1999,

117, 257.
13 M. M. Thackeray, C. S. Johnson, J. T. Vaughey, N. Li and

S. A. Hackney, J. Mater. Chem., 2005, 15, 2257.
14 T. A. Arunlumar, Y. Wu and A. Manthiram, Chem. Mater., 2007,

19, 3067.
15 S.-H. Park, S.-H. Kang, C. S. Johnson, K. Amine and

M. M. Thackeray, Electrochem. Commun., 2007, 9, 262.
16 C. S. Johnson, N. Li, C. Lefief and M. M. Thackeray, Electrochem.

Commun., 2007, 9, 787.
17 Y.-S. Hong, Y. J. Park, X. Wu, K. S. Ryu and S. H. Chang,

Electrochem. Solid-State Lett., 2003, 6, A166.
18 Y. J. Park, Y.-S. Hong, X. Wu, M. G. Kim, K. S. Ryu and

S. H. Chang, J. Electrochem. Soc., 2004, 151, A720.
19 A. R. Armstrong, M. Holzapfel, P. Novak, C. S. Johnson,

S.-H. Kang, M. M. Thackeray and P. G. Bruce, J. Am. Chem.
Soc., 2006, 128, 8694.

20 Y.-S. Hong, Y. J. Park, K. S. Ryu, S. H. Chang and M. G. Kim,
J. Mater. Chem., 2004, 14, 1424.

21 J. Cho, Y. Kim and M. G. Kim, J. Phys. Chem. C, 2007, 111,
3192–3196; Y. Kim, Y. Hong, M. G. Kim and J. Cho, Electrochem.
Commun., 2007, 9, 1041.

22 S. Ching, D. J. Petrovay and M. L. Jorgensen, Inorg. Chem., 1997,
36, 883.

23 R. Chen, P. Zavalij and M. S. Whittingham, Chem. Mater., 1996,
8, 1275.

24 M. Tsuda, H. Arai and Y. Sakurai, J. Power Sources, 1997, 110, 52.
25 M. M. Thackeray, S.-H. Kang, C. S. Johnson, J. T. Vaughey,

R. Benedek and S. A. Hackney, J. Mater. Chem., 2007, 17, 3112.
26 Y. J. Park, Y.-S. Hong, X. Wu, K. S. Ryu and S. H. Chang,

J. Power Sources, 2004, 129, 288.
27 Y.-S. Hong, Y. J. Park, K. S. Ryu and S. H. Chang, Solid State

Ionics, 2005, 176, 1035.
28 Z. A. Peng and X. Peng, J. Am. Chem. Soc., 2001, 123, 1389.
29 B. Mayer and Y. Xia, Adv. Mater., 2002, 14, 279.
30 D. J. Lockwood, Nanoparticles: Building blocks for nanotechnology,

Kluwer Academic Publishers, New York, NY, 2004.
31 I. V. Markov, Crystal Growth for Beginners, Fundamentals of

Nucleation, Crystal Growth and Epitaxy, World Scientific
Publishing Co., River Edge, NJ, 1st edn, 1995.

220 | Chem. Commun., 2009, 218–220 This journal is �c The Royal Society of Chemistry 2009


