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Aluminum-based coatings are commonly used in lithium-ion batteries to modify the surface of
LiCoO, particles, to limit cobalt dissolution in the electrolyte at high voltage. It was shown that the
formation of a LiCo;_,Al, O, solid solution occurs at the interface between the coating and the core
material. In this paper, we investigated the surface properties of LiCo;_,Al, O, materials by X-ray
photoelectron spectroscopy. We explored the surface acid—base properties of these materials by
adsorption of gaseous probe molecules (NH; and SO,) followed by XPS analyses. We showed that
the basic character of the LiCo,_,Al O, surface strongly decreases when x increases, which makes
these materials less reactive than LiCoO, toward acidic species (such as HF) that are present in
LiPFg4-based electrolytes. This is a possible explanation for the efficiency of Al-based coatings to
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protect LiCoO, against cobalt dissolution in the electrolyte.

Introduction

LiCoO, is the most widely used positive electrode
material of today’s lithium-ion batteries. The reason for
this success is that lithium ions can be deintercalated from
LiCoO, with a very good reversibility and a high electro-
chemical potential (up to 4.2 V vs Li*/Li), giving rise to
batteries with a good cyclability and a high voltage.'
The theoretical capacity of LiCoO, is 272 mA h-g~ .
However, only ~140 mA h-g~ ! capacity is reached in
practical cells. This value corresponds to the deintercala-
tion of half of the Li* ions from LiCoO, to LiysCoO,
upon charging the battery up to a 4.2 V cutoff voltage.

To obtain higher capacities with LiCoO, as positive
electrode material, the cells have to be charged at higher
voltages than 4.2 V, to remove more Li" ions from the
structure. However, while increasing the charge cutoff
voltage, the repulsive interactions between the CoO, slabs
result in an anisotropic expansion of the rhombohedral
LiCoO» lattice in the c-direction. This causes repeated
stress and can lead to structural degradation of the
LiCoO, host material, associated to a poor thermal
stability and subsequent safety concerns.® Moreover,
the voltage increase leads to dissolution of cobalt in the
electrolyte.* Both phenomena result in an increased ca-
pacity fading upon cycling. Indeed, the dissolved cobalt
can be transferred by diffusion/migration to the negative
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electrode and be reduced as metallic cobalt, because the
standard redox potential of Co>"/Co” is much higher
than that of Lit intercalation into graphite. The electro-
deposited cobalt can then act as a catalyst for decom-
position of the electrolyte and of the passivating film
initially formed at the surface of the graphite electrode,
which plays a crucial role in the safety and life span of the
battery.

It was shown that substitution of Co** ions by A
ions in the structure of LiCoO, was effective to limit
anisotropic structural modifications undergone upon
lithium extraction by restricting the increase of the inter-
layer distance>® and by suppressing phase transforma-
tions occurring at high potential.” For this reason,
compounds of the LiCo;_ Al O> solid solution have been
the subject of several structural and electrochemical
studies, and their performances as positive electrode
materials for Li-ion batteries have been investigated.
Although they show lower reversible capacities due to
the presence of electrochemically inactive AI*" ions,
LiCo;_,Al,O, compounds show higher lithium interca-
lation potentials than LiCoO,%? and are effective to limit
cobalt dissolution at a 4.5 V potentiel (vs Li"/Li).* More-
over, one of the reasons that make these compounds
interesting electrode materials is that aluminum is much
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less expensive than cobalt. However, electrochemical
performances of these materials were shown to be less
interesting than expected.

Recently, it was shown that modifying the surface of
LiCoO, particles by application of a metal oxide or
phosphate coating (Al,O3, MgO, SnO,, ZrO,, AIPO,,
etc.) can significantly improve the capacity retention
upon cycling at high voltages without loss of the initial
reversible capacity.'®”'? Particularly, aluminum-based
coatings (Al,O3 or AIPO,4) have shown their efficiency
to improve the electrochemical performances of LiCoO,
as positive electrode material upon cycling at higher
potentials than 4.2 V.'>'* However, although it is admitted
that these coatings act as a protection for the electrode
against cobalt dissolution in the electrolyte at high poten-
tial, the exact mechanisms that lead to improvement of the
electrochemical properties of LiCoO, are not totally un-
derstood. Further investigations to understand these
mechanisms are all the more necessary given the fact
that Al-based coatings are more and more used to pro-
tect other layered oxide electrode materials, such as
LiNi;_,—,Mn,Co,0,.">'°

Several studies have shown that the coating modifies
the reactivity of the active material particles surface
toward the electrolyte, with a beneficial effect on electro-
chemical performances and thermal stability upon cy-
cling."”~?° Several studies have shown that nanoparticles
of coating precursor deposited at the surface of LiCoO,
can react with it during the thermal treatment process,
which modifies the microstructure and composition
of the surface.?">> The appearance of a LiCo;_,Al,O,
solid solution between the material and the Al-based
coating (Al,O5; or AIPOy) has been proposed by several
authors.'>*72* However, its formation could not be
evidenced by X-ray diffraction (XRD) because of the
very low thickness of the coating at the surface of the
particles and its weak weight ratio in the material. In
two recent studies carried out by some of us®> and by
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Figure 1. (a) Schematic view of the formation of the solid solution
at the coating/core material interface, (b) Al 2p, Co 3p, and Li 1s core
peaks of LiCoO,, Al,O3- and AlIPO4-coated LiCoO,, bulk Al,O3 and
LiCO()_35A1()_1502 (* L12C03) (ref 25)

Shao-Horn et al.,*® the existence of the LiCo,_,Al,0,
solid solution was clearly evidenced by X-ray photoelec-
tron spectroscopy (XPS). Figure 1 shows the XPS spectra
of bare LiCoO,, Al,O5- and AIPO,4-coated LiCoO, mate-
rials, compared with the spectra of bulk Al,O5 and of the
LiCoq.55Aly 1505 solid solution.”> For coated materials,
the Al 2p core peak consists of two components. The first
one at ~ 74.3 eV corresponds to a common binding
energy value for aluminum atoms in an oxygen environ-
ment, such as aluminum oxide or hydroxide*”*® or phos-
phate, that cannot be differentiated based only on the
position of the Al 2p peak. The second one observed
at~ 73.3 eV is significantly away from the binding energy
values observed for common aluminum- or cobalt-con-
taining oxides, including y-LiAlO, and CoAl,O4 (74.0
and 74.3 eV, respectively) that could be expected to form
at the surface of the LiCoO, particles during the thermal
treatment process. On the contrary, it is in good agree-
ment with the Al 2p peak observed for the solid solution
LiCog g5Alp.150,, showing the formation of the solid
solution at the interface between the coating and the core
material.*>

The possible role of this solid solution in the protection
mechanisms of the electrode against cobalt dissolution in
the electrolyte has never been investigated, but we expect
that it plays a specific role in improvement of electro-
chemical performances of LiCoO,.

Therefore, in this work we have extensively studied the
LiCo;_,AlO, solid solution (0 < x < 1) by XPS. These
compounds were first synthesized by the citrate precursor
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Table 1. ICP-OES Measurements To Check the Li:Co:Al Stoichiometry
of LiCo;—,Al, O, Samples

ratios
sample Co/Li Al/Li Li/(Co+Al) composition”
LiC00vg5A10.1502 0.825 0.146 1.03 Li1.03C00.85A10.]502
LiCOO_75A10.2502 0.706 0.243 1.05 Li1_05C00V74A10_2602
LiCOO_SOAlo,SOOZ 0.473 0.489 1.04 Li]A04COOA49A10_5102
LiC00_25A10.7502 0.237 0.743 1.02 Li1.02C00.24A10‘7602

“Based on a ratio O/(Co + Al) = 2.

method and characterized by XRD. Then, we have
investigated the evolution of the chemical bonds nature
and the surface acid—base properties of these materials as
a function of the Co/Al substitution in an experimental
study coupling adsorption of gaseous probe molecules
(NHj; and SO,) and XPS analyses.

Experimental section

1. Materials Synthesis. The LiCo;_,AlLO, (0 < x = 1)
materials were prepared by a citrate precursor method, close
to the procedure described by Tirado et al.®® Li,CO; (Alfa
Aesar, min. 99%), CoCO; (Alfa Aesar, min. 99%), and
AI(NO3);-9H,0 (Alfa Aesar, ACS 98—102%) were dissolved
in aqueous solutions of citric acid (0.1 M), with the following
ratio between the components: Li:(Co + Al):citric acid = 1:1:1
and Al:(Co + Al) = x, 0 =< x = 1. After heating the solution for
3hat80°C,ammonia was added until pH = 7. The solution was
then evaporated in a rotary evaporator. The obtained product
was precalcinated at 200 °C and then heated at 450 °C for 12 h
under O, gas. After grinding, the product was heated at 800 °C
for 24 h under O,. The Li:Co:Al stoichiometry of the Li-
Co;_,Al,O; powders was controlled by inductively coupled
plasma—optical emission spectroscopy (Varian ICP-OES 700-
ES). The results are given in Table 1.

For x = 1 (LiAlOy,), this procedure led to the tetragonal phase
y-LiAlO,. The rhombohedral phase a-LiAlO, was obtained by
solid-state reaction of Li,CO3 (Alfa Aesar, min. 99%) with a
y-AlL,O; powder having a large specific surface area of
105 m*.g~ ! (Baikowski Internat. Corp.), with a ratio Li/Al = 1.
The finely ground mixture was heated at 600 °C for 80 h
under O,.

2. NH3 and SO, Adsorption. NH; and SO, gases were
analytical grade of purity (>99.9 wt %) and supplied by Air
Liquide. First, LiCo;_,Al,0, samples were pretreated for 4 h at
350 °C under helium flux for dehydroxylation and elimination
of other physisorbed species. After helium pretreatment, the
samples were exposed to NH; or SO, for 1 h at 80 °C and then
submitted to 1 h of desorption under helium flux at 80 °C. XPS
analyses were performed on samples after desorption without
any contact with atmosphere.

3. Characterization Techniques. X-ray diffraction (XRD)
data were collected with a PANalytical X’pert Pro diffract-
ometer using the Co Ko radiation (A ~ 1.79 A). Refinements of
the XRD patterns were performed by the Rietveld method using
Fullprof program.>

XPS measurements were carried out with a Kratos Axis Ultra
spectrometer, using a focused monochromatized Al Ka radia-
tion (hv = 1486.6 eV). The XPS spectrometer was directly
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connected through a transfer chamber to an argon drybox, to
avoid moisture/air exposure of the samples. For the Ag 3ds), line
the full width at half-maximum (fwhm) was 0.58 eV under the
recording conditions. The analyzed area of the samples was
300 x 700 um?. Peaks were recorded with a constant pass energy
of 20 eV. The pressure in the analysis chamber was around
5.107° mbar. Short acquisition time spectra were recorded
before and after each normal experiment to check that the
samples did not suffer from degradation during the measure-
ments. The binding energy scale was calibrated from the hydro-
carbon contamination using the C 1s peak at 285.0 eV. Core
peaks were analyzed using a nonlinear Shirley-type back-
ground.?' The peak positions and areas were optimized by a
weighted least-squares fitting method using 70% Gaussian,
30% Lorentzian lineshapes. Quantification was performed on
the basis of Scofield’s relative sensitivity factors.>?

Results and Discussion

1. XRD Characterization. It is worth noting that the
LiCo;_,Al,O, solid solution has already been the subject
of several structural studies.®”?->*373¢ All these papers
report that LiCo;_,Al,O, compounds have the same
structure as LiCoO, (R3m space group). However, de-
pending on the authors and the synthesis procedure, the
observed solubility limit of aluminum in the LiCoO,
structure is different. Chiang et al. have concluded that
LiCo;_,Al,O, compounds are a mixture of two phases
for x = 0.5.>* On the other hand, Nasir Khan et al. have
observed single-phase compounds up to x = 0.7 ** and
Tirado et al. up to x = 0.8.” However, the two papers do
not report the same variation of cell parameters @ and ¢ vs
x in the solid solution. The former authors observe a
linear variation of ¢ and a nonlinear variation of ¢ as a
function of x, whereas the latter observe a linear variation
of @ and a nonlinear variation of ¢. Finally, Akimoto et al.
could obtain LiCog19Alg 7,0, single crystals having the
same structure as LiC00,.>¢

Besides, on the basis of 2’Al NMR spectroscopy re-
sults, several authors have first concluded that AI>"/Co® "
substitution in octahedral sites occurs simultaneously
with a partial occupation of tetrahedral sites by A"
ions.*”*® But further >’Al NMR studies have shown in
contrary that AI*" ions substitute for Co>" ions only in
octahedral sites, with a statistic Al /Co’ T distribution.?
The absence of AI*" ions in the tetrahedral sites and the
statistic AI**/Co®" distribution in octahedral sites was
later confirmed by powder neutron diffraction *°> and
single crystal XRD studies.>® For all these reasons,
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Figure 2. XRD patterns (Co Koa) and Rietveld refinements of Li-
Co;-,Al O, samples prepared from citrate precursors and of a-LiAlO,
prepared by solid-state reaction (* Al,O3 impurity).

we carefully characterized our synthesized LiCo;_,Al, O,
materials by powder XRD, and Rietveld refinements
were carried out taking into account a statistic AI*"/
Co** distribution in octahedral sites.

Figure 2 shows the powder XRD patterns and the
corresponding Rietveld refinements of the various Li-
Co;-,Al,O, compounds (0 = x < 1) prepared from
citrate precursors, including the tetragonal phase y-LiA-
10, which is the stable form of LiAlO, at ambient
temperature and pressure.’” Figure 2 also shows the
a-LiAlO, rhombohedral phase, which is a high-pressure
and temperature metastable phase that was prepared in
other synthesis conditions (see Experimental Section).
The results of Rietveld refinements from these patterns
are given in Table 2. For x < 0.50, the LiCo;_,Al,O,
samples are single-phase compounds. Rietveld analysis
confirmed the same rhombohedral structure as LiCoO,,***!
where cobalt and aluminum are randomly distributed in
3assites (0,0,0) of the R3m space group, lithium is located
in 3b sites (0,0,1/2) and oxygen in 6¢ sites (0,0,z) with z =~
0.26. The Co/Al ratios were also taken into account in the
Rietveld refinements. The slight deviations observed as
compared to the expected values confirmed by ICP-OES
(for example 70/30 instead of 75/25) can be attributed to a
slight imprecision of the refinement for crystallographic
sites occupancy. The same structure is also observed

(39) Lei,L.;He,D.;Zou, Y.; Zhang, W.; Wang, Z.; Jiang, M.; Du, M. J.
Solid State Chem. 2008, 181, 1810-1815.
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298.
(42) Marezio, M.; Remeika, J. P. J. Chem. Phys. 1966, 44, 3143-3145.
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for a-LiAlO», in good agreement with literature.** For
“x = 0.75” the sample prepared from citrate precursors
was a mixture of the rhombohedral phase R3m and of the
y-LiAlO, tetragonal phase (P4,2,2 space group, with Li,
Aland O in 4a (x;,x1;,0), 4a (xa1,xa1,0) and 85 (x0,Y0,20)
sites, respectively®’). The measured cell parameters of
the y-LiAIO, phase in the “x = 0.75” sample were the
same as pure y-LiAlO,. Rietveld refinement allowed
us to estimate a LiCog33Alg 60, composition for the
rhombohedral phase, with a 77 wt % proportion of
LiCog 33Al5.60, and 23 wt % of y-LiAlO, in the mixture.
This corresponds to a global Co/Al = 28/72 atomic
ratio in the whole “x = 0.75” sample, which is rather
close to the expected 25/75 value (24/76 as measured by
ICP-OES).

Figure 3 shows the variation of ¢ and ¢ cell parameters
of all samples as a function of x. For 0 < x < 0.50, a linear
evolution of the cell parameters is observed, in good
agreement with a LiCo;_,Al, O, solid solution. For the
two-phase compound “x = 0.75”, the cell parameters
values observed for the rhombohedral phase have been
reported in the figure at x = 0.62, as determined by the
Rietveld refinement. It is worth noting that, although
LiCoO, and a-LiAlO, have the same crystal structure,
with very close cell parameters and atomic positions,
there is an immiscibility gap between LiCo;_,Al,O,
(x = 0.6) and a-LiAlO,, and there is no linear evolution
of a and ¢ between the LiCo,_,Al, O, solid solution
and o-LiAlO». This result was already observed by pre-
vious works,?” but to our knowledge the physical and
chemical explanation of this phenomenon has not been
given yet. This point will be discussed on the basis of XPS
results.

2. SEM Imaging. To complete the characterization of
these samples, scanning electron microscopy (SEM) was
used to image the particles. The images obtained for
LiCo0O,, LiCo(sAlys0, and a-LiAlO, are shown in
Figure 4. In our synthesis conditions, LiCoO» particles
consist of platelets with an average size of ~500—700 nm.
The average particle size significantly decreases when
cobalt is replaced by aluminum in the structure, although
the synthesis conditions are unchanged. For LiCog s-
Al 5O, the average size is ~100 nm. For a-LiAlO, (in
other synthesis conditions) the average size is lower than
50 nm. This is certainly the reason why broad diffraction
peaks are observed in the XRD pattern of a-LiAlO, as
compared to other samples (see Figure 2).

3. XPS Study. Li 1s, Co 2p, Al 2p, O 1s,and C 1s XPS
core peaks have been recorded. The corresponding bind-
ing energies and atomic percentages are reported in
Table 3. The Al/Co ratios measured at the surface of
LiCo;_ Al O, samples by XPS are rather close to those
measured in the bulk by ICP-OES. For example for x =
025, AI/CO XPS — 0.41 and AI/CO ICP-OES — 034, and for
x = 0.50 AI/CO XPS — 1.08 and AI/CO ICP-OES — 1.03.
Therefore, no particular segregation of aluminum to the
surface is observed, although the affinity of aluminum for

(43) Marezio, M. Acta Crystallogr. 1965, 19, 396—400.
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Table 2. Structural parameters obtained from Rietveld refinements of XRD patterns of LiCo;_,Al, O, samples
cell parameters
sample space group 3a site occupancy a (A) ¢ (A) position Rprage Ry
LiCoO, R3m 1 Co 2.816 14.057 z = 0.261 3.9 4.6
LiCog g5Alp.1502 R3m 0.80 Co, 0.20 Al 2.812 14.098 z =0.261 2.8 4.0
LiCog.75Al.250, R3m 0.70 Co, 0.30 Al 2.809 14.123 z = 0.261 32 4.7
LiCog.50Aly.5002 R3m 0.52 Co, 0.48 Al 2.804 14.161 z =0.262 43 4.7
. > R3m 0.38 Co, 0.62 Al 2.803 14.178 z = 0.262 6.7
LiCop 25l 750 P4,2,2 5.166 6.272 X = —0.189 19.9 15
XAl — 0.182
xo = 0.210
yo = —0.155
zo = 0.039
y-LiAlO, (tetragonal) P412,2 5.166 6.277 x; = —0.190 6.7 10.0
XAl = 0.176
Xo — 0.209
Yo — —0.164
B zo = 0.025
o-LiAlO, R3m 1 Al 2.810 14.152 z = 0.263 2.3 9.2
sl T T T » ™
a” e
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Figure 3. Evolution of the cell parameters of LiCo;_,Al, O, samples as a
function of x. For x = (.75 a mixture of two phases indicated by arrows is
observed.

oxygen is greater than that of cobalt.** As a result, the Al
content at the surface of the sample does not exceed the
solid solution limit around x =~ 0.6, in good agreement
with XRD results.

3.1. Co 2p Core Peaks. Figure 5 shows the Co 2p core
peaks of samples of the LiCo;_,Al,O> solid solution (0 <
x < 0.50). Due to spin—orbit coupling each spectrum is
splitin two parts (Co 2p3/, and Co 2p;»), with an intensity
ratio close to 2/1. Each part consists of a main line and a
satellite peak. The Co 2ps,; component shows of a main
line at 780 eV with a satellite peak at 790 eV, and the Co
2p1,» component a main line at 795 eV with a satellite peak
at 805 eV. The presence of a main line together with a
satellite peak (shakeup) results from a ligand-to-
metal charge transfer during the photoemission process. A

Figure 4. SEM images of LiCoO,, LiCogsAlysO, and o-LiAlO,
(rhomboedral).

detailed explanation can be found in a previous paper.*’
When aluminum substitutes for cobalt in LiCo;_, Al O,,
the Co 2p spectrum shape of LiCoO, remains almost
unchanged. In particular, the binding energy and the rela-
tive area of the satellite peak (~9—10%) are not modified.
This shows that the oxidation state of cobalt is not affected
by the Co/Al substitution. Indeed, the position and the
relative area of the satellite peak are the most efficient tool to
access the oxidation state of cobalt. A satellite peak at 10 eV
above the main line (i.e., 790 e¢V) and a relative area of
9—10% are characteristic of Co>" in LiC00,.*

3.2. Al 2p, Co 3p, and Li 1s Core Peaks. Figure 6 shows
the Al 2p, Co 3p, and Li 1s core peaks of LiCo;_,AlO,
samples (0 < x < 0.50) and the a-LiAlO, rhombohedral

(44) Henrich, V. E.; Cox, P. A. The Surface Science of Metal Oxides;
Cambridge University Press, 1994.

(45) Dahéron, L.; Dedryvere, R.; Martinez, H.; Ménétrier, M.; Delmas,
C.; Gonbeau, D. Chem. Mater. 2008, 20, 583-590.
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Table 3. Binding Energy (eV) and Atomic Percentage (%) of Li, Co, Al, C, and O Elements of LiCo;_,Al, O, Samples

LiCOOz LiCO]_'VAl_v02 “LiCOO.75A10.2502” }/-LIAIOZ (l-LiAlOz
x=0 x =0.15 x = 0.25 x = 0.50 (LiCog.38Aly 620, + y-LiAlO,)  (tetragonal) (rhombohedral)
B.E.(eV) % B.E.(eV) % B.E.(eV) % B.E.(eV) % B.E. (eV) % B.E.(eV) % B.E.(eV) %
Lils 54.5 8.9 54.5 8.2 54.5 9.9 54.5 8.2 55.0 13.0 554 16.2 54.9 12.6
55.3 6.8 55.2 6.9 55.6 4.5 55.1 5.4 55.7 1.6 55.6 3.6
Co 2p 779.7 10.6  780.0 10.3  780.0 8.3 780.1 6.0 780.8 3.1
Al 2p 73.4 3.7 73.2 3.4 73.3 6.5 73.9 14.3 74.0 182 73.7 13.9
74.9¢ 3.5
Cls 285.0 16.1 285.0 142 2850 17.2 2850 17.0 285.0 11.5 285.0 10.6 285.0 9.1
286.2 2.7  286.2 2.1 286.4 2.2  286.4 2.7 286.2 1.6 286.0 1.3 286.6 1.6
288.9 1.5 288.7 1.0 288.8 1.0 288.5 1.7 288.9 1.1 289.2 0.8 289.1 0.7
290.0 34 290.0 3.5 2899 2.7 289.8 3.1 290.0 0.7 290.1 1.8
Ols 529.6  22.0 529.8 253 529.7 254 529.7 28.1 530.3 34.0 530.7 45.1 530.2 31.3
531.6 228 5319 248 5319 254 531.6 213 531.6 19.1 532.2 7.8 5317 21.8
AE(O 1s—Al 2p) 456.4 456.5 456.4 456.4 456.8 456.4
AE(Co2p—0O1s) 250.1 250.2 250.3 250.4 250.5
“ Al,O5 surface impurity.
Co2p 2psn

x=0
LiCoO,
810 805 800 795 790 785 780
Binding energy (eV)

Figure 5. Co 2p core peaks of LiCo;_,Al, O, samples as a function of x in
the solid solution.

phase. As for Co 2p, the Co 3p spectrum consists of a main
line and a shakeup satellite (at 61 and 71 eV, respectively.
The 3ps3»—3pip, splitting is too small to be observed).
The Li 1s spectrum consists of two peaks: the first one
observed at 54.5 eV is assigned to Li" ions in the Li-
Co;_,Al O, crystalline network. The second one observed
at~55.5eVisassigned to lithium carbonate Li,CO5; which
is present at the surface of the material.

The Al 2p core peaks of LiCo;_,Al,O, samples (0 <
x < 0.50) consist of one peak at ~73.3 eV. As mention-
ed above, this rather low binding energy value can
be considered as a characteristic signature of the
LiCo;-,AlO, solid solution. It allowed to evidence the
presence of the solid solution at the interface between the
coating and the core material of Al,O3- or AIPO4-coated
LiCoO» particles, resulting from the reaction of the coat-
ing with the core material during the thermal treatment
process (see Figure 1).>> The Al 2p core peak of a-LiAlO,
shows one component at 73.7 eV assigned to o-LiAlO,

x=0.15

Co 3p sat.

x=0 %

75 70 65 60 55
Binding energy (eV)

Figure 6. Al2p, Co 3p,and Li s core peaks of rhombohedral LiCo;— ,Al,O,
samples as a function of x in the solid solution (* Li,COs, ¢ ALO;).

itself and an additional weak component at 74.9 ¢V assigned
to the Al,O; surface impurity detected in XRD patterns.
3.3. O Is Core Peaks. Figure 7 shows the O 1s spectra
of the LiCo;_,Al, O, solid solution (0 < x < 0.50), of the
a-LiAlO, rhombohedral phase and of the y-LiAlO,
tetragonal phase. The O 1s spectrum of LiCoO» consists
of two peaks. The narrow one at 529.7 eV is characteristic
of O™ anions of the crystalline network. The second one
at higher binding energy (~531.7 eV) can be assigned to
surface Li,CO5 and to weakly absorbed species. More-
over, it can be also attributed to oxygen anions of the
extreme surface of LiCoO,, which have a deficient co-
ordination.*® The spectra of the other samples of the
LiCo;-,AlO; solid solution (0 < x < 0.50) are rather
similar. The variation of the high binding energy compo-
nent intensity depends on the amount of adsorbed species.

(46) Dahéron, L.; Martinez, H.; Dedryvere, R.; Baraille, I.; Ménétrier,
M.; Denage, C.; Delmas, C.; Gonbeau, D. J. Phys. Chem. C 2009,
113, 5843-5852.
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Figure 7. O 1s core peaks of LiCo;_,Al,O, samples as a function of x in
the solid solution, of the a-LiAlO, rhombohedral phase and of the
y-LiAlO, tetragonal phase (* adsorbed species and surface oxygen, see
text).

The O 1s spectra of a- and y-LiAlO, phases are rather
different. The spectrum of a-LiAlO, consists of a peak at
530.2 eV assigned to the material and a second peak at
531.7 eV assigned to surface species (including an Al,O;
surface impurity, detected in XRD patterns). The spec-
trum of y-LiAlO, consists of a peak at 530.7 eV assigned
to the material and a weak peak at 532.2 eV assigned to
adsorbed species. This binding energy difference between
the two LiAlO, phases can be attributed to a difference in
the local atomic environment around aluminum: indeed,
in the a-LiAlO, rhombohedral phase AI’' ions are
located in octahedral sites whereas in the y-LiAlO, tetra-
gonal phase they are located in tetrahedral sites.

Additional information about these materials can be
provided by the analysis of binding energy differences
between Co 2p, Al 2p, and O 1s core peaks, which are
denoted as AE(Co 2p—O 1s) and AE(O 1s—Al 2p) in
Table 3. Indeed, at a first level of approximation, the
chemical shift of an XPS core peak binding energy can be
correlated to the variation of the atomic electron density
of the element.*’*® An increase of the electron density on
the photoionized atom leads to the lowering of its core
peak binding energy. Therefore, the variation of the
binding energy difference between the core peaks of two
bonded atoms allows to display the variation of the ionic-
covalent character of the chemical bond. Moreover, the
measurement of a binding energy difference is much more
precise than an absolute binding energy value, since it
does not depend on the calibration choice of the binding

(47) Kim, K. S. J. Electron Spectrosc. Relat. Phenom. 1974, 3, 217.
(48) Kim, K. S.; Baittinger, W. E.; Amy, J. W.; Winograd, N. J. Electron
Spectrosc. Relat. Phenom. 1974, 5, 351.
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Figure 8. (a) Schematic view of molecular orbitals of LiCoO, with cobalt
in an octahedral symmetry in a ligand field approximation. (b) Perturba-
tion induced by mixing with 0*7* o135, 3p)—0(p) Of aluminum.

energy scale. As a result, a variation of £0.1—0.2 eV is
significant.

As shown in Table 3, the binding energy difference
AE(O 1s—Al2p) = 456.4 eV remains unchanged over the
whole LiCo;_,Al,O, solid solution (0 = x =< 0.50) and
also for the a-LiAlO, phase having the same rhombohe-
dral structure. On the contrary, the binding energy
difference AE(Co 2p—O 1s) increases gradually from
250.1 eV in LiCoO5 to 250.4 eV in LiCog 50Aly 500, and
to 250.5 eV in LiCog33Aly 60, (sample “x = 0.757).
This results shows that the electron density on cobalt
decreases while that on oxygen increases, i.e. that the ionic
character of the Co—O bond increases as compared to
LiCo0O,, when aluminum substitutes for cobalt in the
solid solution.

This observation can be tentatively explained from
orbital mixing considerations. Indeed, as LiCoO, is a
12g6 low-spin configuration oxide,*’ its electronic struc-
ture can be schematically described by a simple molecular
orbital model with an octahedral symmetry in a ligand
field approximation, as shown in Figure 8a. In this model,
the e, Co 3d orbitals point directly toward the oxygen
ligands, resulting in a strong overlap with O 2p. orbitals
to form o-type bonds. The 75, Co 3d orbitals do not point
directly toward the oxygens, resulting in a weaker overlap
with O 2p,.2p, orbitals to form 7-type bonds. At a first
level of approximation, the oc,—o bond can be repre-
sented by a set of two orbitals, one bonding and the other
antibonding. The occupied 0cog)—op) Orbital (1) has a
dominant O 2p character; that is, the electrons are mainly
localized on the oxygen. The unoccupied 0*co(d)—op)
orbital (1,) has a dominant Co 3d character. These two
orbitals are originally orthogonal but can mix through the
interaction with a third orbital, according to molecular
orbital perturbation theory.”® The perturbation is in-
duced by the molecular orbital 6*7™* o135 3p)—02p) (¥3)-
as shown in Figure 8 (b). The unoccupied 5 orbital has

(49) van Elp, J.; Wieland, J. L.; Eskes, H.; Kuiper, P.; Sawatzky, G. A.;
de Groot, F. M. F.; Turner, T. S. Phys. Rev. B1991, 44, 6090-6103.

(50) Inagaki, S.; Fujimoto, H.; Fukui, K. J. Am. Chem. Soc. 1976, 98,
4054.
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a dominant Al 3s,3p character and its energy is higher
than that of 0*cow).o@p) orbital (). According to
orbital mixing rules,” the perturbed 1/, orbital (lowest
occupied) results from the in-phase combination of v,
1,, and ¥; and its energy is lower that that of the
unperturbed orbital 1, resulting in an increased O 2p
character. This mixing leads thus to an increase of the
electronic density on oxygen and a decrease on cobalt, i.e.
an increase of the ionic character of the Co—O bond in
LiCo;_,Al,O, as compared to LiCoO,. On the other
hand, the perturbation induced by cobalt on the AI—O
bond is not significant because the energy difference
between o 7 Al(3s,3p)—0(2p) and O*ﬂ*Al(3s,3p)7O(2p) is very
large, which explains why the binding energy difference
AE(O 1s - Al 2p) remains unchanged for the solid solution
as compared to a-LiAlO,. The difference between the
chemical nature of the Co—O and the Al—O bonds is
certainly the explanation for the nonlinear evolution of
cell parameters ¢ and ¢ between the LiCo;_,Al, O, solid
solution and a-LiAlO».

Note that a significant difference is observed in con-
trary between AE(O 1s—Al 2p) values of a- and y-LiAlIO,
phases (456.4 and 456.8 eV, respectively). This difference
can be attributed to the difference of local atomic envi-
ronment around aluminum in the two structures, and is
similar to the difference observed between a- and y-Al,O3
phases. Indeed, in a-Al,O3 aluminum is located only
in octahedral sites and AE(O 1s—Al 2p) = 456.5 eV,
whereas in y-Al,O5 aluminum is located in both octahedral
and tetrahedral sites and AE(O 1s—Al 2p) = 456.8 eV.>

4. Surface Acid—Base Properties. As mentioned
above, one of the main problems encountered with Li-
ion cells charged at higher voltages than 4.2 V is dissolu-
tion of cobalt from LiCoO» in the electrolyte. It is well-
known that LiPF¢-based electrolytes can reach a rather
high concentration of HF acid, which is partly respon-
sible for dissolution of cobalt.’® The enhanced cobalt
dissolution process may result from the enhanced sensi-
tivity of LiCoO, toward acidic attack in the electrolyte at
high voltage. Now, it was shown that LiCo;_,Al,O,
compounds are less sensitive to cobalt dissolution at
high voltage. Since dissolution phenomena are linked to
acid—base interactions at the electrode/electrolyte inter-
face, we decided to explore the surface acid—base proper-
ties of these materials as compared to LiCoO,. In this
way, we carried out adsorption experiments of gaseous
probe molecules (NH;3 or SO,) followed by XPS analyses.

Indeed, transition metal oxides surfaces consist of
coordinatively unsaturated metallic cations (Lewis acidic
sites) and oxygen anions (Lewis basic sites), with possible
adsorbed hydroxyl groups (Bronsted acidic sites).**
The acid—base properties of such surfaces can thus be
analyzed by adsorption and thermodesorption of gaseous

(51) Rotole,J. A.; Sherwood, P. M. A. J. Vac. Sci. Technol. A 1999, 17,
1091-1096.

(52) Lee, M.-H.; Cheng, C.-F.; Heine, V.; Klinowski, J. Chem. Phys.
Lett. 1997, 265, 673-676.

(53) Aurbach, D.; Markovsky, B.; Salitra, G.; Markevich, E.; Talyossef,
Y.; Koltypin, M.; Nazar, L.; Ellis, B.; Kovacheva, D. J. Power
Sources 2007, 165, 491-499.
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Figure 9. N s core peaks of LiCo;— Al O, samples (0 < x < 0.50) after
adsorption of NHj3 at 80 °C.

acids and bases in conjonction with XPS analyses, which
allows the identification of Bronsted and Lewis sites and a
quantitative determination of their concentration. Only
the strongest acidic and basic sites can be evidenced,
because the weakest sites cannot retain the gaseous probes
under the ultrahigh vacuum conditions (~10~° mbar) of
XPS analyses. This experimental approach has been widely
used in the field of catalysts to understand the relationships
between their physical and chemical properties and their
catalytic performances.>*

NH; and SO, were chosen as basic and acidic gaseous
probes, respectively, because of their rather strong basicity
or acidity. Moreover nitrogen and sulfur are not present in
the pristine samples. NHj; reacts with Lewis acidic sites by
donation of its free electron pair on nitrogen which forms a
dative bond with a Lewis acid on the surface, resulting in
a N Is binding energy ~ 399—401.5 eV depending on the
resulting charge transfer and the acidic strength of the site.
On the other hand, the reaction with a Bronsted acidic site
involves a proton transfer from the surface to form NH, "
(N 1s~401.5—402.8 ¢V). Similarly, three kinds of environ-
ments can be observed for sulfur after adsorption of
SO,: (i) sulfur dioxide, with a corresponding S 2p binding
energy ~ 166 eV, (ii) sulfite (S 2p ~ 167.5 eV), and
(iii) sulfate (S 2p ~ 169 eV).>*

4.1. Adsorption of NHj;. Figure 9 shows N 1s core
peaks of LiCo;—,Al, O, (0 < x < 0.50) after adsorption
of NH;. For all samples the spectra consist of two
components at 399.5 and 402.5 eV, which are assigned
to Lewis and Bronsted acidic sites on the surface, respec-
tively. The weak intensity of the component assigned to
Bronsted sites shows that hydroxyls groups are in mino-
rity at the surface (note that the presence of —OH groups
is linked to the synthesis method, and it is possible to

(54) Guimon, C.; Gervasini, A.; Auroux, A. J. Phys. Chem. B2001, 105,
10316.
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Table 4. N/Metal and S/Metal Ratios Measured by XPS after Adsorption
of NH; or SO, at 80 °C on LiCo;_,Al O, Samples (0 < x < 0.50),
Compared with Various Oxides in the Same Experimental Conditions

sample N/metal S/metal
y-AlLO5 0.006 0.025
SnO, 0.051 0.023
TiO, anatase 0.063 0.080
LiCoO, 0.06 0.75
LiC00_75A10>2502 0.07 0.64
LiC00_50A10.5002 0.06 0.36

obtain LiCoO, samples without any Bronsted sites at the
surface®®). The N/(Co + Al) ratio measuring the concen-
tration of basic probes adsorbed at the surface is around
0.06—0.07 for all samples. These rather weak values are
close to the N/Metal values measured for other oxides
such as TiO, or SnO, in the same experimental condi-
tions, as shown in Table 4. No clear evolution with Al
content can be evidenced in the LiCo,_,Al, O, series.

4.2. Adsorption of SO,. Table 4 shows the S/(Co + Al)
ratio measuring the concentration of acidic probes ad-
sorbed at the surface of the same samples. The S/Co ratio
measured for LiCoO, is 0.75, which is a large value as
compared to other oxides. Indeed, for TiO,, SnO,, or
AlO; in the same experimental conditions, S/Metal
values around 0.02—0.08 are observed. The large concen-
tration of acidic probes adsorbed at the surface of LiCoO,
shows the strong surface basicity of this material as
compared to common oxides.

The S/(Co + Al) ratio decreases significantly when
aluminum substitutes for cobalt in the LiCo;_,Al,O,
solid solution. Indeed, the value measured for LiCoq sA-
lp. 505 (0.36) is lower by a factor two than that for LiCoO».
This strong decrease cannot be assigned to the size of the
particles. Indeed, as shown above, Al/Co substitution
induces a sharp decrease of the particles size leading to an
increase of the specific area. One would thus expect an
increase of the S/(Co + Al) ratio with the decrease of the
particles size. On the contrary, the S/(Co + Al) ratio
decreases from LiCoO, to LiCog sAly sO,, which shows
that the surface of LiCo;_,Al, O, is much less basic than
that of LiCoO, (the decrease of the S/(Co + Al) ratio
would certainly be stronger with similar particle sizes for
all samples).

We believe this is a very important result that could
explain the efficiency of aluminum-based coatings on
LiCoO, to prevent cobalt dissolution in the electrolyte
in Li-ion batteries. Indeed, as stated above, cobalt dis-
solution phenomena are closely linked to the presence of
acidic species in the electrolyte (HF for example). We
have shown that the surfaces of common oxides which are
used as coatings for positive electrode materials in Li-ion
batteries, such as Al,Os, SnO,, or TiO,, are much less
basic than LiCoO,, which is certainly one of the reasons
that make them effective coating materials. Moreover,
the LiCo;_,Al O, solid solution is present at the interface
between the Al-based coating and the core LiCoO,
material, and we have shown that the surface of this solid
solution is much less basic than LiCoO»,, and thus much
less sensitive to acidic attack in the electrolyte. We can
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Figure 10. S 2p core peaks of LiCo,_,Al,O, samples (0 < x < 0.50) after
adsorption of SO, at 80 °C.

thus conclude than the coating deposited at the surface of
LiCoO, particles not only acts as a physical barrier
against cobalt dissolution, but that the formation of the
LiCo;_,AlO, solid solution by reaction of the coating
with LiCoO, during the thermal treatment process results
in an additional protective layer. A great advantage of
this solid solution is that it is less sensitive to cobalt
dissolution, but also that it allows easy Li" ions diffusion
(contrary to Al,Os, for example) since LiCo;_,Al,O,
compounds are also interesting positive electrode materi-
als. As a result, the presence of the solid solution is
probably more efficient than the coating itself to obtain
a positive electrode material with interesting electroche-
mical performances and a low tendency to cobalt dissolu-
tion in the electrolyte.

Additional information about the surface reactivity of
LiCo;_,Al, O, samples can be provided by the analysis of
S 2p core peaks after adsorption of SO,, as shown in
Figure 10. Due to spin—orbit coupling each S 2p signal
consists of a 2p3,>-2p;» doublet with a 1.2 eV splitting.
For LiCoO, one doublet is observed with an S 2p;),
component at 169 eV, which shows that the SO, gaseous
probes have been adsorbed at the surface in the form of
sulfates. For LiC00A75A10A2502 and LiC00A5A10A5Oz sam-
ples, an additional doublet is observed with the S 2p;),
component at 167.5 eV, which shows the presence of
sulfites at the surface together with sulfates. For Li-
Cog.75A1p.2505 the sulfites account for 7% of the total
adsorbed sulfur, and for LiCoq sAly 5O, the sulfites ac-
count for 22%. This result shows that the Al/Co substitu-
tion not only decreases the surface basicity of LiCoO, but
modifies more widely its surface chemical reactivity. The
presence of sulfates at the surface of the material implies
an oxidation process of the gaseous probe in addition to
chemisorbing. Indeed, in the SO, molecule the oxidation
state of sulfur is +IV whereas it is +VI in sulfate.
Oxidation of SO, into sulfate should thus result in
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Figure 11. Co 2p core peaks of LiCo;_,Al,O, samples (0 < x < 0.50)
after adsorption of SO, at 80 °C.

reduction of LiCoO,. A possible reduction process of
cobalt can be checked from Co 2p spectra. Figure 11
shows the Co 2p spectra of the same samples. The overall
shape of the spectra is not much affected by adsorption of
SO, gaseous probes, and the positions of the peaks and
their width are similar to those observed for pristine
materials in Figure 5. However, besides the Co 2p;),
satellite peak at 790 eV which is characteristic of Co**
ions of LiCoO,, an additional weak satellite at 785—786
eV can be noticed. This satellite is characteristic of Co®"
ions, which shows the partial reduction process of cobalt
following adsorption of SO, and its oxidation into sul-
fate. However, the intensity of this satellite is very weak
and so an important part of the electrons transferred
to the LiCoO, substrate may be in the form of free
carriers, which are distributed in the whole sample
whereas only the surface is analyzed by XPS. The increas-
ing proportion of sulfites at the surface of the material as a
function of the Al/Co substitution may be explained by
the decreasing number of reducible Co®" ions that are
replaced by electrochemically inactive A" ions. How-
ever, chemisorption processes are complex and result also
from geometrical properties of the substrate surface, such

Dahéron et al.

as the distance between surface oxygens, which depends
on the surface orientation. The formation of a bidentate
sulfate by interaction of the sulfur atom of SO, with two
surface under-coordinated O*~ anions is possible at the
surface of LiCoO, because the distance between two
lattice oxygens is 2.8 A for (001) surface and 2.6 A for
(110) surface, which is close to the 2.4—2.6 A distances
between oxygens of SO, in bulk sulfate powders.
However, the number of accessible oxygen on a (110)
surface is lower than for (001). As it was shown that the
size and morphology of the LiCo;_ Al O, particles vary
as a function of x, this could also influence the sulfate/
sulfite proportion at the surface. Anyway, these results
show a variation of the surface chemical reactivity of
LiCo;_,Al, O, compounds as compared to LiCoO,. This
may have an influence on electrode/electrolyte interfacial
reactivity in Li-ion batteries. This study points out
that investigation of surface properties and surface
reactivity of positive electrode materials is of great inter-
est for a better understanding of electrode/electrolyte
interactions.

Conclusion

In this work, we have investigated by XPS the surface
properties of LiCo;_,Al,O, materials as compared to
LiCoO,. We showed that the Co—O bond becomes more
ionic due to the Al/Co substitution. Moreover, we could
evidence that the initial great surface basicity of LiCoO,
decreases significantly in LiCo;_,Al, O, compounds as a
function of x, which makes these materials less sensitive to
acidic attack in the electrolyte than LiCoQO». Therefore,
this result shows that the Al-based coating not only acts as
a physical barrier against cobalt dissolution, but that the
LiCo;_,Al,O; solid solution formed at the surface of
LiCoO, particles during the preparation of the coating
participates to the protection mechanism by making the
surface of the electrochemically active material less basic
and thus less sensitive to acidic attack by HF.
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