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Figure 1. SEM images of LL (a) - (c), PM (d) - (f), LS_SS (g) - (i), LS_WC
(j) - (l) at different magnifications. The scale bar is the same for each column.

85% and 15%, respectively (detailed refinement parameters in Table
S1). From the ICP results, the mole ratio is accurate as what was
designed.

The electrochemical performances between LL and PM are com-
pared in Figure 3, which shows the first 10 cycles of each material (3a
LL, and 3b PM), at a rate of 17 mA/g. Figure 3c and 3d show a de-
tailed capacity comparison in terms of both cycling and rate capability.
By comparing the voltage profile of LL and PM, they show similar
plateau around 4.5 V, which is well known for Li-excess material. PM
shows a small plateau around 2.5 V at discharge, however, which is
representative of the activation of part of the spinel phase. The first
cycle irreversible capacity is 97 mAh/g and 79 mAh/g for LL and PM
materials, respectively. Subsequent LL cycles consistently show 10–
15 mAh/g of irreversible capacity, while PM capacity retention was
much improved. The columbic retention after 10 cycles is 85% and
almost 100% for LL and PM materials, respectively. Contrary to our
expectations, LL material showed better rate performance than PM,
from C/10 to 2C. This is mainly because the initial capacity of LL
was higher than PM. Rates higher than 2C were not tested, but from
the trend indicated in Figure 3d, at faster rates, e.g. 10C, PM material

may deliver larger capacities compared to LL material. In summary,
the cycling retention can be improved by physical mixing LL with
spinel. Future work on the influence of activating more spinel in the
material will be investigated.

Making layer and spinel into composite.— As shown in the pre-
vious section, by physically mixing layer and spinel phase, the first
cycle irreversible capacity can be reduced and the cycling retention
can be increased. It is proposed that making layer and spinel into a
composite may further improve the performances.

The SEM images of LS_SS ((g) - (i)), and LS_WC ((j) - (l)) are
shown in Figure 1. The primary particles of LS_SS more closely re-
semble the spinel phase, with the size of several microns. By changing
the synthesis method but maintaining the same designed stoichiom-
etry, the primary particle size of LS_WC was much reduced, from 1
µm to 500 nm. Using ICP-OES, the stoichiometry of LS_SS material
was determined to correlate with its designed target, while LS-WC
material contained extra Li with unknown reason from wet synthesis.

The XRD of LS_SS material shown in Figure 2 suggests it consists
of both layer and spinel phases, based on the appearance of doublet
peaks. On the other hand, LS_WC material shows only single peaks,
which can be perfectly fit to a layered structure with larger d spacings.
However, from the electrochemical voltage profile, plotted in Figure
S2, with higher charging plateau compared to LL, it is believed that
there is existence of composite and uniformly distributed layer and
spinel phases that result in clean XRD patterns.

The electrochemical performances of these two materials were
compared in Figure 4. As shown in Figure 4a, the orange arrow points
toward increasing cycle numbers for LS_SS; the cycling rate was
8.5 mA/g. The capacity of LS_SS material was shown to increase
upon cycling, evidence of so-called “activation”, which proceeds to
high capacities. The non-uniform TM distributions as well as the
large particle size (Figure S3) was the main reason contributing to the
activation process. Rate testing was performed after activation (four
cycles at 8.5 mA/g), as shown in Figure 4b. This figure shows that
LS_SS material can deliver up to 118 mAh/g at a rate of C/2.

In contrast to LS_SS material, LS_WC, with a much smaller par-
ticle size, was shown to deliver higher capacity and better cycling
retention. The long plateau at 4.9 V in Figure 4c is believed to be due
to a combination of side-reaction and the presence of extra Li. The
rate performance demonstrated in Figure 4d shows that a capacity of
160 mAh/g can be achieved at a rate of 2C. Long-term cycling per-
formance shown in Figure 4e was carried out at C/8 for the first six
cycles, and 1.2C for both charge and discharge at the following cycles,
the material is able to deliver around 125 mAh/g after 200 cycles.

General discussions.— Our approach to realize high power and
high energy density materials was presented by physically mixing

Figure 2. XRD spectra of LL (black), PM (red), LS_SS (green) and LS_WC (blue).
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Figure 3. Electrochemical performance of LL and PM.
(a) LL at 17 mA/g for 10 cycles, (b) PM at 17 mA/g for
10 cycles, (c) cycling comparison, (d) rate comparison.

Figure 4. Electrochemical performance of
LS_SS and LS_WC. Cycling (a) and rate (b) of
LS_SS; cycling (c) and rate (d) of LS_WC, (e)
250 mA/g cycling of LS_WC.
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Li-excess (high capacity) and high voltage spinel phase (high power)
materials, as well as making integrated composite structures. Both
of the layered and spinel phases consist of oxygen cubic close-
packed frameworks, which make them structurally compatible. Phys-
ical blending can improve the first cycle irreversible capacity and
cycling retention to a certain degree, as shown in our results. It would
not, however, solve the intrinsic structure problem in Li-excess ma-
terials upon cycling. In addition, how to activate all spinel phase in
the physical mixture still requires further studies. By making spinel
into layered structure forming composite, as shown, the performance
can be further improved with smaller voltage depression upon cycling
(Figure S4); a detailed mechanistic study is still underway. It shows by
carefully engineering, layer-spinel composite can provide high energy
high power material with long cycle life as well as possibly improve
the voltage stability.

Conclusions

In this study, we have obtained new electrode materials by both
making physical mixture and composite structures with Li-excess
and spinel structures, in order to improve the electrochemical per-
formances of pure Li-excess layered oxide materials. The composite
synthesized by wet chemistry method gives the best results, with a
capacity of 125 mAh/g delivered after 200 cycles, at a rate of 1.2 C.
More in-depth studies on the mechanism will be carried out in future
work.

Acknowledgment

The authors thank the funding through NASA SBIR/STTR pro-
gram under contract number NN10CB59C. D. Q. acknowledge the

precious discussion with Dr. Ganesh Skandan and the assistance from
Mr. Haodong Liu.

References

1. Z. Lu and J. R. Dahn, Journal of the Electrochemical Society, 149, A815
(2002).

2. Y. J. Park, Y.-S. Hong, X. Wu, K. S. Ryu, and S. H. Chang, J. Power Sources, 129,
288 (2004).

3. A. D. Robertson and P. G. Bruce, Electrochemical and Solid-State Letters, 7, A294
(2004).

4. Y. S. Meng, G. Ceder, C. P. Grey, W. S. Yoon, M. Jiang, J. Breger, and Y. Shao-Horn,
Chem. Mater., 17, 2386 (2005).

5. M. M. Thackeray, S.-H. Kang, C. S. Johnson, J. T. Vaughey, R. Benedek, and
S. A. Hackney, Journal of Materials Chemistry, 17, 3112 (2007).

6. S. H. Kang and M. M. Thackeray, Journal of the Electrochemical Society, 155, A269
(2008).

7. M. Jiang, B. Key, Y. S. Meng, and C. P. Grey, Chem. Mat., 21, 2733
(2009).

8. C. R. Fell, K. J. Carroll, M. Chi, and Y. S. Meng, Journal of the Electrochemical
Society, 157, A1202 (2010).

9. B. Xu, C. R. Fell, M. Chi, and Y. S. Meng, Energy and Environmental Science, 4,
2223 (2011).

10. B. Xu, C. R. Fell, M. Chi, and Y. S. Meng, Energy and Environmental Science, 4,
2223 (2011).

11. C. R. Fell, D. Qian, K. J. Carroll, M. Chi, J. Jones, and Y. S. Meng, Chem. Mater.
2013.

12. K. J. Carroll, D. Qian, C. Fell, S. Calvin, G. M. Veith, M. Chi, L. Baggetto, and
Y. S. Meng, Phys. Chem. Chem. Phys. 2013.

13. C. S. Johnson, N. Li, J. T. Vaughey, S. A. Hackney, and M. M. Thackeray, Elec-
trochem. Commun., 7, 528 (2005).

14. J. Cabana, C. S. Johnson, X. Q. Yang, K. Y. Chung, W. S. Yoon, S. H. Kang,
M. M. Thackeray, and C. P. Grey, J. Mater. Res., 25, 1601 (2010).

15. Y. Cho, S. Lee, Y. Lee, T. Hong, and J. Cho, Advanced Energy Materials
2011, n/a.

16. E.-S. Lee, A. Huq, H.-Y. Chang, and A. Manthiram, Chem. Mater. 2012.

) unless CC License in place (see abstract).  ecsdl.org/site/terms_use address. Redistribution subject to ECS terms of use (see 137.110.94.48Downloaded on 2014-06-18 to IP 

http://dx.doi.org/10.1149/1.1480014
http://dx.doi.org/10.1016/j.jpowsour.2003.11.024
http://dx.doi.org/10.1149/1.1783114
http://dx.doi.org/10.1021/cm047779m
http://dx.doi.org/10.1039/b702425h
http://dx.doi.org/10.1149/1.2834904
http://dx.doi.org/10.1021/cm900279u
http://dx.doi.org/10.1149/1.3473830
http://dx.doi.org/10.1149/1.3473830
http://dx.doi.org/10.1039/c1ee01131f
http://dx.doi.org/10.1039/c1ee01131f
http://dx.doi.org/10.1016/j.elecom.2005.02.027
http://dx.doi.org/10.1016/j.elecom.2005.02.027
http://dx.doi.org/10.1557/JMR.2010.0206
http://ecsdl.org/site/terms_use

