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a b s t r a c t

In this work Substrate Induced Coagulation (SIC) was used to coat the cathode material LiCoO2, commonly
used in Li-ion batteries, with fine nano-sized particulate titania. Substrate Induced Coagulation is a self-
assembled dip-coating process capable of coating different surfaces with fine particulate materials from
liquid media. A SIC coating consists of thin and rinse-prove layers of solid particles. An advantage of
vailable online 18 November 2010

eywords:
ip-coating
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ithium cobalt oxide

this dip-coating method is that the method is easy and cheap and that the materials can be handled by
standard lab equipment. Here, the SIC coating of titania on LiCoO2 is followed by a solid-state reaction
forming new inorganic layers and a core–shell material, while keeping the content of active battery
material high. This titania based coating was designed to confine the reaction of extensively delithiated
(charged) LiCoO2 and the electrolyte. The core–shell materials were characterized by SEM, XPS, XRD and
i-ion battery
itania

Rietveld analysis.

. Introduction

Currently, LiCoO2 is the preferred cathode material for Li-ion
atteries because it is easy to prepare, offers a good cycling sta-
ility and a good rate capability. Extensively delithiated (charged)
i1−xCoO2 (when x ≥ 0.5) is prone to oxygen loss in the presence
f an organic solvent, particulary when cells reach an operating
emperature of 50 ◦C or more [1,2]. The high oxidizing power of
elithiated LiCoO2 causes oxidative decomposition of the elec-
rolyte with the formation of polymeric films on the electrode
urface [3]. It has been suggested in the past that surface coatings of
iCoO2 with different oxides improve the cycling stability as well as
he safety of overcharged and overheated Li-ion batteries, surpress
hase transitions in the crystal structure and lead to a decrease in
he disorder of cations in the cystal sites [4–7].

Cho et al. found that a better cycling stability for LiCoO2 cor-
esponding to a smaller lattice expansion along the c-axis, when
oated with differernt metal-oxides [8]. The authors believe that

xides such as ZrO2, Al2O3, TiO2 or B2O3 react with LiCoO2
nd form a layer of LiCo1−xAl (or Zr, Ti, B)xO2 that is thought
o suppress the expansion (and phase transition from hexago-
al to monoclinic) during charging. Zhang et al. also reported
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that core–shell structured electrode materials can improve cycling
behaviour [9]. Another group used Li2SiO3-coated LiCoO2 in
all solid-state cells to decrease the interfacial resistance on
the electrode/electrolyte interface [10]. Other researchers have
tried to improve Li2SiO3 rate capacity and cycling stability by
coating the material with metal oxides such as MgO [11,12],
SnO2 [13], vanadium oxides (V2O5/V2O5 hydrates) [14], yttria-
stabilized zirconia [15], Sb2O3-modified Li1.1CoO2 [16], a mixture
of SrO/Li2O/La2O3/Ta2O3/Ta2O5/TiO2 [17], ZrO2 [18,19], La2O3 [20],
CeO2 [21], Al2O3 [22–25], and AIPO4 [26,27]. Another group studied
the effect of Al doping on the cycling performance of LiCoO2 [28].

The use of titania coatings using an in situ dipping and
hydrolysing method to modify LiCoO2-based electrodes with
an improved cycling performance of LiCo1/3Ni1/3MN1/3O2 is
described in [29,30,31]. Another group investigated the effects of
La2O3/LiO2/TiO2 coatings on the electrochemical performance of
LiCoO2 cathodes [32] and MgO/TiO2/SiO2 [33].

The Substrate Induced Coagulation (SIC) coating process pro-
vides a self assembled and almost binder free coating with small
particles. Most research so far has been used to coat a variety of
surfaces with highly conductive carbon blacks [34,35,36]. Layers
deposited by this technique have been used in electromagnetic
wave shielding, in the metallization process of through-holes in

printed wiring boards, and in the manufacture of conducting poly-
mers (such as Teflon) [37,38,39]. An advantage of this dip-coating
process is that it can be used for any kind of surface, provided
the substrate is stable in water and that the particles used for the
coating form a meta-stable dispersion. Recently, a non-aqueous SIC

dx.doi.org/10.1016/j.jpowsour.2010.11.043
http://www.sciencedirect.com/science/journal/03787753
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Fig. 1. Core–shell battery material form

oating process of carbon black was developed by investigating the
tabilities of non-aqueous dispersions [36]. These dispersions were
sed to prepare LiCoO2-composite electrodes for Li-ion batteries
ith an improved conductivity while keeping the content of active

attery material high [35].
Core–shell active materials based on LiCoO2 have been prepared

ecently by the SIC of metal oxides to control oxdative processes at
he cathode side [40]. This invention proposes that doping or partial
ubstitution of Co in LiCoO2 with other elements such as Al, Mg or Ti
esults in a structural stabilization especially for exensively delithi-
ted (overcharged) material. Additionaly, the inventors found an
mproved cycling performance for Al2O3-coated LiCoO2. Recently,
he wetting characteristics and colloidal behaviour of nano-sized
nd dispersed titania have been investigated to find suitable con-
itions for an SIC process for titania [41] and alumina [52].

In this work we present the preparation of core–shell cathode-
aterials based on nano-sized TiO2-coated LiCoO2 by SIC (see

ig. 1) followed by a solid-state reaction. We analyse the mate-
ials thoroughly using a surface analysis techniques such as SEM
nd XPS and the bulk method XRD including Rietveld analysis.

. Experimental

.1. Preparation of core–shell battery materials by substrate
nduced coagulation

The mechanism of the SIC process was described first by Bele
t al. [39]. The first step in the SIC process is to condition the sub-
trate surface with a thin layer of polyelectrolyte or polymer. The
ubstrate is then dipped into a metastable dispersion, which is sta-
lized with a surfactant. The stability of the dispersion is optimized
y adding electrolyte. Coagulation is induced by destabilization of
he dispersion through interaction of the dispersed particles with
he polyelectrolyte or polymer on the substrate surface.

The materials for the SIC process in this work were chosen in
espect of their possible behaviour in a Li-ion battery. Polyviny-
alcohol (PVA) was used as a conditioner to pretreat the cathode

aterials surface. In previous work the surface was pretreated with
elatin [39,38]. This is not suitable for application in Li-ion bat-
eries as the presence of a protein may affect the redox-reaction
ecause residues might lead to undesired side products, and as
resence of sodium should be avoided. The conditioner – a 0.2 wt%
VA/solution – was prepared by dissolving 200 mg PVA (Mowiol
0-98, Hoechst) in 100 ml water at 60 ◦C. The solution was used at
oom temperature. The substrate, LiCoO2 (Selectipur SC 15, Merck,
.72010.1000), was conditioned by stirring 25 g in 50 ml of the
VA solution for 5 min. The conditioned powder was separated by
ltration and washed 3 times with water. The dispersions were

tabilized by the addition of Aerosol OT (dioctyl sulfosuccinate or
is-2-ethylhexyl sodium sulfosuccinate, C20H32O7SNa or AOT). For
he preparation of the titania dispersion 1 g of titania (titanium
ioxide P25, diameter 21 nm, Degussa) was added to a 2.7 mmol l−1

OT and 40 mmol l−1 LiCl (Merck) solution in an elongated beaker.
Core-shell particle

ix(Ma , Mb)O2 phases after SIC coating.

The dispersion was stirred for 5 min, sonicated (ultrasound) for
15 min, and stirred with a homogenizer for 10 min at >15 000 rpm.
The beaker was covered with aluminium foil to stop the froth over-
flowing the container. The PVA-conditioned LiCoO2 was stirred in
the titania dispersion for 5 min, and separated from loose titania by
filtration using a glass frit, so that the loose titania went through
the filter with the supernatant. The powder was washed 3 times
with water, filtered, and dried for 24 h at 60 ◦C. Although multi-
ple coatings are possible using SIC – it has been shown previously
that a carbon layer on electrodes produced by SIC can be prepared
with a definded thickness by multible SIC coating [42] – the cath-
ode material was single coated to keep the active battery material
content high. The powder was dried under vacuum overnight and
calcined for 3 h at 750 ◦C to perform a solid-state reaction on the
lithium cobalt oxides surface.

2.2. Methods

2.2.1. Scanning electron microscopy (SEM)
Micrographs of the core–shell cathode material were taken

using a CAMSCAN CF44 FESEM (field emission SEM) (Camscan,
Cambridgeshire, UK). The samples were first coated using a carbon
arc sputter coater, then imaged at various kinetic energies ranging
from 7 to 15 kV. The sample was tilted 30 ◦C to the electron beam
in the chamber to reduce effects of sample charging.

2.2.2. X-ray diffraction (XRD)
X-ray diffraction was used to get information about the crystal-

inity of the materals. The data was used for Rietveld refinement
to characterize the phases after the solid-state reaction. The X-
ray diffraction patterns used for the Rietveld refinement [43] were
recorded using a Bruker-AXS D5005 with a secondary graphite
monochromator and a scintillation counter using copper K˛ radia-
tion. The patterns were measured in a range of 10–90◦ 2-� using a
step-width of 0.02◦ and a speed of 20 s step−1. The Rietveld refine-
ment of metal-oxide coated samples was done performed over the
range of 20–90◦ while using the package TOPAS R from Bruker-AXS.

2.2.3. X-ray photoelectron spectroscopy (XPS)
X-ray photoelectron spectroscopy measures the binding energy

of electrons in a solid. An electron’s binding energy is characteris-
tic of the atom from which it was emitted and can be obtained by
observing the photo-electron spectrum. Furthermore, the photo-
electron peaks exhibit second order effects, often referred to as
chemical shifts, which reflect the oxidation state of the parent atom
and the electronegativities of surrounding atoms. As the area under
each peak is proportional to the concentration of the parent atom,
XPS can also provide atomic concentrations of elements on the

surface [44]. X-ray photoelectron spectra were recorded using a
Physical Electronics PHI 5400 spectrometer, with a Mg K˛ radiation
source (h� = 1253.6 eV) operating at 15 kV and 300 W. The X-ray
source was not monochromated. Survey spectra were recorded for
the region 0–1100 eV at a pass energy of 93.9 eV and resolution of
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.4 eV step−1. Multiplex spectra were recorded for selected pho-
oelectron peaks at a pass energy of 29.35 eV and resolution of
.125 eV step−1. During each analysis, the sample stage was cooled
ith liquid nitrogen to provide a base pressure of 5 × 10−8 Torr

nside the sample chamber. Because of the insulating properties
f some of the samples, these became charged during analysis,
ausing the photoelectron peaks to shift to artificially high bind-
ng energy. The amount of charge shift was determined from the
bserved binding energy of the C–H component to the C 1s peak,
hich has a value of 284.8 ± 0.2 eV before charging [45]. The charg-

ng can be compensated by a neutralizer, which floods the surface
f the sample with low-energy electrons. All binding energies listed
n this report have been corrected for charging. Atomic concentra-
ions were obtained from the experimental peak area using the
tomic sensitivity factor of each element [46].

. Results and discussion

.1. Morphology of titania coating on lithium cobalt oxide

The morphology of uncoated LiCoO2 is shown in Fig. 2 and did
ot change after heating. However, after a SIC coating the titania
ayer seems to be quite dense and covers much of the LiCoO2-
article surface, as seen in Figs. 3 and 4. The calcined core–shell
aterial is shown in Fig. 5. At higher magnification, it can be seen

hat calcination leads to a change in the morphology of the coating

Fig. 2. Uncoated cathode material LiCoO2. Scale bar is 5 �m.

ig. 3. SEM image of LiCoO2 coated with TiO2 by aqueous SIC. Scale bar is 20 �m.
Fig. 4. SEM image of LiCoO2 coated with TiO2 aqueous SIC. Scale bar is 10 �m.

shown in Fig. 6. A magnification of the calcined titania layer dis-
played in Fig. 7 shows that the coating appears not to be completely
dense.

3.2. Phases of core–shell battery material

Fig. 8 displays the X-ray difraction pattern (blue line) and
the Rietveld analysis (red line) fitted to the XRD pattern of the
core–shell material after the solid-state reaction. Due to the results
optaind from Rietveld analysis a single SIC coating followed by a
calcination step leads to three phases: 87.88% LiCoO2, 5.19% spinel
Co3O4 and 6.93% Li2TiO3. The content of LiCoO2 in the bulk might
be higher than the calculated value by Rietveld methods, since the
depth of penetration of the X-rays might be lower than the grain
size of a significant fraction of the sample, resulting in artificially
increased ratio of the phases agglomerated at the grain surface. The

hexagonal lattice constants given in Table 1 of the bulky LiCoO2
remain unchanged after the calcination and are in good accor-
dance with data reported in the literature (e.g. Takahashi et al.,
a = 281.56(6) pm, c = 1405.42(6) pm [47]). Thus, it can be concluded

Fig. 5. SEM image of LiCoO2 coated with TiO2 aqueous SIC and then calcined. Scale
bar is 20 �m.
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Fig. 6. SEM image of LiCoO2 coated with TiO2 aqueous SIC and then calcined. Scale
bar is 10 �m.

Fig. 7. SEM image of LiCoO2 coated with TiO2 aqueous SIC and then calcined. Scale
bar is 2 �m.

Fig. 8. X-ray diffraction pattern (blue line) and Rietveld analysis (red line) of calcined
titania-coated LiCoO2. The grey line shows the difference between the measured and
the calculated pattern. (For interpretation of the references to color in this figure
legend, the reader is referred to the web version of the article.)

Table 1
Phases of calcined titania-coated LiCoO2.

Phase Space group Lattice parameter

LiCoO2 R3̄m (166) a = 281.62(1) pm
c = 1404.95 pm

Co3o4 F 4̄3m (216) a = 807.0(1) pm

a = 508.6(8) pm
Li2TiO3 C2/c (15)
b = 878(1) pm
c = 971(2) pm
ˇ = 99.9(1)◦

that the reaction of the titania coating with LiCoO2 does take place
only at the surface of the grains, and should therefore have lit-
tle effect on the electrochemical bulk capacity of the electroactive
material. Li2TiO3 crystallizes with its own, easily identifiable, struc-
ture type. The lattice constants of this compound, also given in
Table 1, are in good agreement with the data obtained from a single
crystal structure determination (a = 504.1(2) pm, b = 880.6(2) pm,
c = 972.7(2) pm ˇ = 100.008(50)◦, Dorrian and Newnham [48]). The
third component, Co3O4, is a spinel type compound with a cubic lat-
tice constant of a = 807.0(1) pm. This value is close to reported data
for Co3O4 (e.g. a = 808.21(1) pm, Liu and Prewitt [49]) and does not
correspond to a compound TiCo2O4 (a = 844.3(1) pm, Hirota et al.
[50]). Kosova and Devyatkina also found a small amount of Co3O4,
after coating LiCoO2 with Al2O3 [4]. It may be plausible that a certain
fraction of lithium remains in the crystal lattice of the spinel type
compound, thus forming a compound LixCo3−xo4. However, the
value of x probably is small, since the Rietveld refinement did not
show unusually high displacement parameters for the metal sites
of the spinel structure. This would be the case if lithium replaces
cobalt in a large fraction of the structure. Given these findings, the
reaction between titania and LiCoO2 can be roughly expressed by
the following equation:

12LiCoO2 + 6TiO2 → 6Li2TiO3 + 4Co3O4 + O2

The evolution of oxygen during the reaction is a consequence
of the partial reduction of Co3+ to Co2+ during the formation of the
spinel component. A layer of LiCo1−xTixO2, as proposed by Cho et al.
was not detected [8].

3.3. Surface composition of core–shell battery materials

The binding energies of electrons in elements in the titania coat-
ing for both the calcined and uncalcined samples, as well as titania
and uncoated LiCoO2, were measured by XPS.

The titania-coated sample showed a higher surface concen-
tration of both O and Ti on the materials surface compared to
titania-coated and calcined LiCoO2, whereas the Co concentration
was decreased as shown in Table 2. Calcining the sample leads to a

further decrease of the Co surface concentration. Li has only a sin-
gle core–shell, the 1s, and so only produces a single photoelectron
peak, the intensity of which is very low because of its low sensi-
tivity factor. In the spectra of the titania coated materials, the Li 1s
peak was obscured by the satellite peak from the Co 3p/Ti 3s peak.

Table 2
Element surface concentrations (atom%) for pristine LiCoO2, pristine TiO2, coated
LiCoO2, and coated LiCoO2 after heating optained by XPS.

Element LiCoO2 TiO2 TiO2 coated LiCoO2 TiO2 coated LiCoO2,
calcined

C 27.8 15.1 15.7 20.1
O 47.1 60.5 59.5 55.9
Ti – 24.4 13.1 8.3
Co 12.9 – 11.7 9.0
Li (12.2) (–) (–) (6.8)
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Fig. 9. X-ray photoelectron spectrum of the O 1s regions of LiCoO2 (black, dashed
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Fig. 11. X-ray photoelectron spectrum of the Ti 2p regions of titania (green, dashed
2

ashed), and calcined titania-coated LiCoO2 (red, solid). (For interpretation of the
eferences to color in this figure legend, the reader is referred to the web version of
he article.)

he satellite arises because the X-ray source was not monochro-
ated, so some low-intensity Mg K�3,4 radiation is emitted along
ith the principal Mg K�1,2 radiation. Because of this overlap, it
as not possible to determine the area under the Li 1s peak and,

onsequently, the surface concentration of Li. As a result, it is not
ossible to determine the trend in the surface concentration of
i. Because of this overlap the surface concentration is not accu-
ate and indicated by brackets in Table 2. Peaks of carbon (C) are
ound in all samples found because of adventitious hydrocarbon
ontamination.

A detailed analysis of the O 1s and Co 2p spectra of uncoated
iCoO2 are given by by Daheron et al. [51].

Fig. 9 shows the X-ray photoelectron spectra of the O 1s region of
he uncalcined (blue, dashed) and the calcined sample (red, solid),
t least three components in resulting from both LiCoO2 and TiO2
ere detected. The spectra of LiCoO2, the unheated, and the heated

ample show a doublet at 795.0 and 779.5 eV in the Co 2p region
nd an additional component at lower binding energy at 789.7 eV.

ig. 10 shows the Co 2p regions where the unheated sample (blue,
ashed) as well as the heated (red, solid) shows just one for each
eak in the doublet. In the Ti 2p region – displayed in Fig. 11 – a
oublet was found for the unheated sample (blue, dashed) at 465.0
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ig. 10. X-ray photoelectron spectrum of the Co 2p regions of LiCoO2 (black, and
ouble-dotted), titania coated LiCoO2 (blue, dashed), and calcined titania-coated
iCoO2 (red, solid). (For interpretation of the references to color in this figure legend,
he reader is referred to the web version of the article.)
and dotted), titania coated LiCoO2 (blue, dashed), and calcined titania-coated LiCoO2

(red, solid). (For interpretation of the references to color in this figure legend, the
reader is referred to the web version of the article.)

and 459.5 eV and at lower binding energies at 464.0 and 458.3 for
the heated sample (red, solid). The photoelectron peaks in the spec-
tra of the calcined sample were split if the spectrum was recorded
with the neutralizer off. This splitting disappeared when the spec-
tra were recorded with the neutralizer on. This can just happen
if parts of the sample are charging and others are not. This implies
that parts of the sample were more insulating than others. It is pos-
sible that this is because the particles are not evenly or completely
coated. This effect was only observed for the calcined sam-
ples. No neutralizer was needed during measurements for LiCoO2
and TiO2.

4. Conclusion and outlook

Substrate Induced Coagulation (SIC) is a suitable method to pre-
pare core–shell battery materials with a thin and dense layer of
nano-sized particles as depicted by SEM. It was shown by XPS and
XRD data that the materials form new crystalline phases on the
surface after a solid state reaction was initiated. The reaction of
titania with the battery material takes place only at the surface
and should therefore have little effect on the electrochemical bulk
capacity and the electroactive material. It was clearly shown by the
Rietveld refinement of XRD powder patterns that after a single SIC
coating the content of the active material is kept high. We therefore
belive that the presented core–shell battery material might show
an improved cycling performance. The electrochemical properties
of this material will be adressed in future research.
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