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Uniform AIPO, nanoshells are successfully achieved on
different core materials by controlling its formation kinetics
in solution. The application of this coating protocol on
LiCoO, shows an obvious improvement in its battery
performance.

Core shell structure has drawn great attention from the scientific
community due to their unique physicochemical properties.! It’s
widely acknowledged that the introduction of a surface coating layer
can not only act as an effective protecting layer on the surface, but
also endow the core material new properties in various applications
covering catalysis, biomedicine, energy conversion, and energy
storage.” For example, the shell-isolated metal nanoparticles have
been confirmed to show an amplified Raman signal, which promise
a much higher detection sensitivity as a powerful spectroscopy
technique.® Meanwhile, it is reported that a surface protection layer
is crucial to improve the thermal stability of the core materials.*

Generally, a successful construction of core-shell structure relied
on the capability of a good control on the shell formation. Recent
progresses in wet chemistry have witnessed the rapid development
of different approaches for the deposition of uniform nanoshells.
Typically, surface coatings made of metals or metal oxides have
been achieved by means of solution-based synthetic routes.? ® On
the contrary, despite of those important achievements, it is still an
open challenge to form a uniform shell of metal phosphates. The
precipitation of metal phosphate in solution is usually very fast due
to their low solubility-product constants, resulting in a self-
nucleation process to form independent particles instead of core-
shell structures. Recently, the technique of atomic layer deposition
(ALD) showed promising potential in forming thin nanoshells.®
Unfortunately, it is a high-cost procedure characterized by a tedious
operation with very limited processing capability. For the
construction of core-shell structured materials in a large quantity, it
is of great importance to develop new synthetic protocol so that
metal phosphate nanoshell can form in a simple and easy way.

We have special interest in the formation of a uniform nanoshell
of AIPO,, which is an important metal phosphate with wide
applications in catalysis, ceramics and high temperature oxidation
resistance.®® 7 Typically, the coating of cathode materials by AIPO,
has been widely applied in the practice of lithium ion batteries
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(LIBs). For different kinds of cathode materials, typically LiCoO,, it
is proved that an obviously-improved battery performance can be
achieved by treating their surface with AIPO,® The existence of
AIPO, turned out to be very helpful to alleviate the side reactions on
the interface during the highly unstable charge-discharge process,
probable due to the strong P=O bond in PO,*.° For an optimal
protection of the cathode materials, it is reasonable to expect that a
nanoshell with full AIPO, coverage on the cathode material should
provide better protection. However, the fast formation of AIPO, in
solution makes the coating process extremely hard to achieve.® The
so-called coating procedure for LiCoO, usually exists as an
adsorption process to introduce the preexisting AIPO, nanoparticles
onto LiC00,.% It is highly demanded that new synthetic protocol be
developed so that uniform AIPO, nanoshells can be easily achieve
for better cathode materials in LIBs.

In this contribution, we reported our progress on the
controlled formation of AIPO, nanoshells on various substrate
materials. For the first time, we demonstrated that a uniform
AIPO, coating layer can be achieved in solution by means of
the Kkinetics control during the precipitation of AIPO,. The
application of this coating protocol to LiCoO, produced a core-
shell structure of LiCoO,@AIPO,, which showed much
improved battery performance as far as the cyclability of the
cathode material is concerned.

Taking polystyrene (PS) as an example, we firstly prepared
PS nanospheres with a diameter around 460 nm (figure 1a), and
then they were used as seeds for further surface treatment (See
supporting information for experimental details). To prevent the
direct precipitation of PO,* and AI**, we started from an acidic
environment with a relatively-low pH value around 2.5, which
gradually increase due to the slow decomposition of urea added
in the solution, resulting a well-controlled formation of AIPO,.
Figure 1b showed the transmission electronic microscopy
(TEM) image of the PS sample after the surface treatment. A
thin shell could be seen around each PS particles and a higher
magnification TEM (HMTEM) in the inset in 1b clearly
revealed the existence of a nanoshell, forming a typical core
shell structure. A thorough examination on the scanning
electron microscopy (SEM) images before and after coating
(figure Sla-b) revealed that no phase separation happened and
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nanospheres existed as the only morphology, indicating that all
the formed AIPO, existed as the shell on the surface.

Fig. 1 TEM images of the pristine PS (a) and surface coated samples
(b-d). The AIPO, thicknesses were controlled by using different
amounts of PS seeds: b) 40 nm (55 mg), the inset is a HMTEM
image, ¢) 10 nm (130 mg), d) 90 nm (23 mg).

We found that it was easy to control the thicknesses of the
nanoshells by simply changing the amount of PS seeds while
the concentrations of the other reactants remain unchanged. A
thinner layer would be achieved when more PS seeds (130 mg
compared to 55 mg in figure 1b) were used. Figure 1c showed
that the surface layer turned 10 nm in thickness while the shell
was still continuous and uniform on the surface. On the
contrary, thicker layers of 90 nm were prepared when only 23
mg PS seeds were used as shown in figure 1d. Meanwhile, we
were also able to control the shell thicknesses by changing the
concentrations of AI(NO3); when a fixed amount of PS was

used.
..
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Fig. 2 (a-d) STEM images and (e-g) XPS characterizations of the
hollow nanospheres prepared by removing the PS cores of the
PS@AIPO, samples: (a) TEM morphology; (b-d) elemental
mappings: b) Al, ¢) P, d) O; (e-g) XPS spectra: ) Al 2p, f) P 2p, g)
O 1s.
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To have a better understanding on the surface shell, the
sample in figure 1b was subject to a high temperature treatment
in air so that the PS core could be totally removed. The SEM
and TEM characterizations (figure Slc-d) further confirmed
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that all these particles were hollow nanospheres with an evenly-
distributed shell. Several particles were randomly picked for
detailed elemental analysis with their morphology shown in
figure 2a. Their elemental mappings were recorded under the
scanning TEM (STEM) mode, which showed a homogeneous
distribution of Al, P, O (figure 2b-d, figure S2a), confirming the
formation of an AIPO, shell. Moreover, the characterization by
X-ray photoelectron spectroscopy (XPS) also confirmed the
existence of Al, P, and O (figure 2e-g). It could be concluded
that an AIPO, shell had formed through our synthesis control.
The X-ray diffraction (XRD) characterization on these hollow
nanospheres showed that the AIPO, was amorphous (figure
S2b).

In addition to the organic core of PS, we found that our
synthetic protocol could be well expanded to coat a large
variety of core materials, typically metals and metal oxides.
Figure S3 showed representative TEM images for different
samples we tested including Ag (figure S3a), Coz0, (figure
S3b), TiO, (figure S3c), and LiCoO, (figure S3d). It was
noteworthy that all these core materials were commercially
purchased with no further surface modification. Despite of their
aggregation in solution due to the high surface area of
nanoparticles, we could still achieve a uniform coating for all
the exposed surfaces as revealed in figure S3.

Further synthesis efforts revealed that the formation of
nanoshells could be mainly ascribed to a control on the growth
kinetics of AIPO,, which was achieved by using urea as a
special release agent to mediate the precipitation. Scheme 1
showed two simplified chemical reaction equations related to
our synthesis. First, a fast AIPO, precipitation should be
prevented, otherwise the AIPO, would nucleate itself into
separate particles. As shown figure S4, a mixture of PS and
AIPO, spheres formed from the un-controlled reaction between
AP and PO,*. To slow down this reaction, we started the
reaction in an acidic environment with the pH value controlled
at around 2.5, which was able to drive the reaction 1 to go
leftwards and no AIPO, formed at the beginning. Second, the
gradual increase of the temperature would lead to a gradual
decomposition of urea.’® The pH value would accordingly
increase as a result of the slow releasing of hydroxide ions. The
reaction 1 then gradually shifted rightwards and AIPO, forms
without a fast precipitation process, resulting in a uniform
coating layer instead of separate AIPO, particles.

(1)
(2)

AT HPO42" AIPO4+H T

CO(NH2)2 + 3H20 —= 2NH4 "+ CO7+20H -

Scheme 1 Two chemical reaction equations related to the
formation of AIPO,4 nanoshells. We started the reaction at a pH
of 2.5, and the final pH value turned around 7 due to the
gradual decomposition of urea.

Considering the importance of surface AIPO, to different
cathode materials,’* we expected that a uniform AIPO,
nanoshell could be more favourable due to a much better
protection on the electrode surface, which was of special
importance when high working voltage was enforced, typically
4.5 V for LiCoO, due to the increasing demand on a high
energy density. Our preliminary experiments on the cyclability
of LiCoO, did show a much improved battery performance
could be achieved from our synthesis trials on a core-shell
structure of LiCoO,@AIPO,. Figure S5b-c showed the LiCoO,
samples after coating procedure. The existence of a surface
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shell could be identified due to our synthesis control as
introduced before. The XRD patterns of LiCoO, before and
after coating showed no discernible changes (figure S6a),
indicating the coating process does not change the structure of
the pristine LiCoO,. For comparison, a sample with partially-
covered surface was also prepared (figure S5d). Figure 3
showed the battery performance of different samples we tested
at 0.1C rate between 2.75 and 4.5 V. The surface treatment did
show small changes (figure 3a) on the charge/discharge profiles,
probably due to the polarization caused by the surface layer.
Interestingly, an obviously improved cycling stability could be
observed. After 100 cycles, the capacity retention for the
pristine LiCoO,, partially coated one, and uniformly coated one
were 128.5mAh/g, 153.4mAh/g, and 176.5mAh/g respectively
(figure 3b, figure S6b), highlighting the importance of a
controlled surface treatment in our synthesis. The detailed
mechanism for such an improvement in cyclability is under
way for a better understanding on the charge/discharge process.
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Fig. 3 (a-b) Electrochemical performances of the pristine
LiCoO,, partially-coated one, and the uniformly-coated one,
respectively: a) charge-discharge profiles, b) cycle-life
performance profiles, which are operated at 0.1 C with a
voltage window between 2.75 and 4.5V at room temperature.

In summary, a simple and effective synthetic protocol has
been developed for the formation of a uniform AIPO, nanoshell.
By controlling the initial pH value and using urea as a special
releasing agent in the solution, the growth kinetics of AIPO,
could be successfully mediated so as to avoid its fast
precipitation, leading to the formation of core shell structured
materials. We also demonstrate that such a synthesis route can
be expanded to a large variety of core materials including metal,
metal oxides and organics. Our preliminary results on the
surface modification of LiCoO, by AIPO, reveal that such a
uniform coating could be highly favourable as long as a stable
cathode material of LIBs was concerned.

This work was supported by the major State Basic Research
Program of China (973 program: 2013CB934000, 863 program:
2013AA030800), the National Natural Science Foundation of
China (Grant no. 21373238), and the Chinese Academy of
Sciences (XDA09010001).

Notes and references

@ Key Laboratory of Molecular Nanostructure and Nanotechnology and
Beijing National Laboratory for Molecular Sciences, Institute of
Chemistry, Chinese Academy of Sciences (CAS), Beijing 100190, P. R.
China. E-mail: anmin_cao@iccas.ac.cn; wanlijun@iccas.ac.cn.

® College of Chemistry and Molecular Engineering, Peking University,
Beijing 100871, P. R. China.

t  Electronic Supplementary Information (ESI) available: Experiment
details, SEM, and TEM. See DOI: 10.1039/c000000x/

This journal is © The Royal Society of Chemistry 2012

ChemComm

1 (a) R. G. Chaudhuri and S. Paria, Chem. Rev., 2012, 112, 2373; (b) S. Wei,
Q. Wang, J. H. Zhu, L. Y. Sun, H. F. Lin and Z. H. Guo, Nanoscale,
2011, 3, 4474.

2 (a) Q. Zhang, I. Lee, J. B. Joo, F. Zaera and Y. Yin, Acc. Chem. Res., 2012,
46, 1816; (b) L. R. Hirsch, A. M. Gobin, A. R. Lowery, F. Tam, R. A.
Drezek, N. J. Halas and J. L. West, Ann. Biomed. Eng., 2006, 34, 15; (c)
R. H. Coridan, K. A. Arpin, B. S. Brunschwig, P. V. Braun and N. S.
Lewis, Nano Lett., 2014, 14, 2310; (d) X. H. Xia, J. P. Tu, Y. Q. Zhang,
X. L. Wang, C. D. Gu, X. -B. Zhao and H. J. Fan, ACS Nano, 2012, 6.,
5531.

3J. F. Li, Y. F. Huang, Y. Ding, Z. L. Yang, S. B. Li, X. S. Zhou, F. R. Fan,
W. Zhang, Z. Y. Zhou, D. Y. Wu, B. Ren, Z. L. Wang and Z. Q. Tian,
Nature, 2010, 464, 392.

4 S.H.Joo, J. Y. Park, C. K. Tsung, Y. Yamada, P. Yang and G. A. Somorjai,
Nat. Mater., 2009, 8, 126.

5 (a) N. Lee, H. R. Cho, M. H. Oh, S. H. Lee, K. Kim, B. H. Kim, K. Shin, T.
-Y. Ahn, J. W. Choi, Y. -W. Kim, S. H. Choi and T. Hyeon, J. Am. Chem.
Soc., 2012, 134, 10309; (b) W. Zhang, Z. -X. Chi, W. -X. Mao, R. -W.
Lv, A. -M. Cao and L. -J. Wan, Angew. Chem. Int. Ed., 2014, 53, 12776.

6 (a) K. B. Gandrud, A. Pettersen, O. Nilsen and H. Fjellvdy, J. Mater. Chem.
A, 2013, 1, 9054; (b) S. Knohl, A. K. Roy, R. Lungwitz, S. Spange, T.
Maider, D. J. Nestler, B. Wielage, S. Schulze, M. Hietschold, H. Wulff, C.
A. Helm, F. Seidel, D. R. T. Zahn and W. A. Goedel, ACS Appl. Mater.
Interfaces, 2013, 5, 6161.

7 (a) M. Machida, S. Minami, K. lkeue, S. Hinokuma, Y. Nagao, T. Sato and
Y. Nakahara, Chem. Mater., 2014, 26, 5799; (b) H. Tian, Y. -M. Wang, L.
-X. Guo, J. -H. Ouyang, Y. Zhou and D. C. Jia, Int. J. Appl. Ceram.
Technol., 2014, 1.

8 (a) J. Cho, Y. -W. Kim, B. Kim, J. -G. Lee and B. Park, Angew. Chem.,
2003, 42, 1618; (b) B. Kim, J. -G. Lee, M. Choi, J. Cho and B. Park, J.
Power Sources, 2004, 126, 190; (c) J. -G. Lee, B. Kim, J. Cho, Y. -W.
Kim and B. Park, J. Electrochem. Soc., 2004, 151, A801.

9 (@ Y. -C. Lu, A. N. Mansour, N. Yabuuchi and Y. Shao-Horn, Chem.
Mater., 2009, 21, 4408; (b) K. T. Lee, S. Jeong and J. Cho, Acc. Chem.
Res., 2013, 46, 1161.

10 (a) M. Adachi-Pagano, C. Forano and J. -P. Besse., J. Mater. Chem.,
2003, 13, 1988; (b) A. M. Bernhard, D. Peitz, M. Elsener, T.
Schildhauer and O. Kré&eher, Catal. Sci. Technol., 2013, 3, 942.

11 C. Li, H. P. Zhang, L. J. Fu, H. Liu, Y. P. Wu, E. Rahm, R. Holze and
H. Q. Wu, Electrochim. Acta, 2006, 51, 3872.

J. Name., 2012, 00, 1-3 | 3



