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LiNiosC0016Mg0.040, layered oxide samples were synthesized by a chemical route that led
to a crystalline phase at a relatively low temperature and allowed the control of the
homogeneity and the microstructural properties of the final compounds. The structural
properties of the synthesized sample were investigated by performing XRD Rietveld
refinement. The role of the doping metal (Mg?") on the electrochemical characteristics of
this layered oxide was investigated via its use as cathode material in a lithium cell and
observation of its structural evolution upon cycling by in-situ energy dispersive X-ray
diffraction (EDXD). The thermal stability of the delithiated LixNipsC00.16Mg0.0402 cathodes
was evaluated using differential scanning calorimetry (DSC). The results demonstrate that
the Mg?* doping greatly reduces the unit cell volume change during cycling, because of a
very limited variation of the c¢ lattice parameter. This improved structural retention also
reflects an improvement of the stability of the doped cathode in its fully charged state.

Introduction

Intense research is worldwide devoted to the synthe-
sis and characterization of positive electrode materials
for lithium ion batteries.! Most of the efforts are
concentrated on two-dimensional layer-structured, al-
kali transition metal oxides because LiCoO:; is still the
cathode of choice for the majority of the commercial
rechargeable Li-ion batteries.?2 The goal is to develop and
optimize cathodic materials, different from LiCoO,, that
may operate as cheaper substitutes. In this respect, an
interesting candidate is LiNiO, a compound that has
the same crystal structure as LiCoO,, but a lower cost
associated with potentially appealing electrochemical
performances. Unfortunately, the practical use of this
nickel oxide compound is affected by a poor structural
stability upon cycling. This generates safety concerns
about exothermic decomposition phenomena of LiNiO,
in its charged state, which is associated with the
instability of nickel in the high oxidation state.3=>

Attempts to stabilize the LiNiO; structure have been
directed to metal substitution for nickel. Promising
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results have been obtained with LiNiyCo;-yO> mixed
compounds,®” where the addition of Co stabilizes the
desired two-dimensional layered structure,® this sub-
stantially improving the cycle life and the rate of the
electrodes. However, these performances are not ac-
companied by improvements in safety because also
LixNiyCo1-yO, compounds are unstable in their charged
state (x = 0.5).3 Under this condition, thermal runaway
of the cell may occur with release of oxygen into the
electrolyte, which in turn may lead to violent reac-
tions.*5

It has been suggested®1° that doping with extra M
metals (M = Al, Mg, ...) may consistently improve the
thermal stability of the electrode. However, the correla-
tion between this enhancement in stability and struc-
ture retention of the doped LiNiggCo0¢.16MJo.040; elec-
trode materials has not been so far fully ascertained.
In a previous work,! we have demonstrated this cor-
relation by monitoring in-situ the structural evolution
of LiNiyCo:-y—,Al,O, by using an in-house recently
developed method, which is based on the energy dis-
persive X-ray diffraction (EDXD) technique.’? In this
work, we apply the same technique to the LiNigg-
C00,16M90,0402 case.
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Experimental Section

A chemical route based on an optimized polymeric precursor
decomposition process'®* was used to prepare LiNiggCo0o 16~
Mgo.0402 oxide. Details of this synthesis have already been
reported elsewhere for LiNipgC00.16Al0.0402.1* LiCH3COO-
2(H,0) (Aldrich 99%), Ni(CH;COO),-4(H,0) (Aldrich 98%),
Co(CH3CO0O0),:4(H,0) (Aldrich 98%), Mg(CH3;COO),-4(H.0)
(Aldrich 99%), and citric acid, in stoichiometric amounts, were
dissolved in ethylene glycol. The solution obtained was heated
at 120 °C to form a gel, the transparency of which was an
indication of the reached homogeneity of the system. Subse-
qguently, the gel was dried at 120—140 °C for about 48 h and
then calcined at 750 °C in air for 15 h to obtain the crystalline
phase of the LiNiggC00.16Mgo.0402 oxide.

To investigate the evolution of the thermal process occurring
during heat treatment of the sol complex (i.e., the LiNiosCo0o.16-
Mgoos complex), simultaneous thermogravimetric and dif-
ferential thermal analyses (TGA/DTA) were performed, using
a thermoanalyzer (STA 409, Netzsch) in air flow (80 cm® min=1)
at a heating rate of 10 °C min~* between 25 and 1200 °C. The
chemical composition of the final powder was determined by
ICP-AES (inductively coupled plasma-atomic emission spec-
troscopy) analysis after dissolution of the powder in HCI. X-ray
diffraction (XRD) analysis of the samples was carried out after
thermal treatment by means of a Philips xX’Pert MPD powder
diffractometer equipped with a Cu Ka radiation source and
graphite monochromator. The Rietveld refinement was per-
formed using the Fullprof'® software. The morphology of the
powder was observed using a scanning electron microscope
(SEM).

The cathodic membranes were prepared by mixing the
active material with PVdF (poly(vinylidenefluoride) Solvay
Solef 6020) as a binder with a Super P (MMM Belgium) weight
ratio of 82:10:8 in NMP (1-methyl-2-pyrrolidone) to form a
slurry. The slurry was cast on an Al foil and dried at about
120 °C under vacuum for 24 h. The electrochemical cells were
assembled by combining the cathodic membranes with a glass
fiber separator (Whatman GF/A) soaked with an EC:DEC
(1:1) LiClO4 1 M liquid electrolyte and with a high-purity
lithium foil (Cyprus Foote) anode. The real-time structural
evolution of the LiNiogC0016Mg0.0402 cathodic material was
observed in-situ by energy dispersive X-ray diffraction, EDXD.
The advantages of this technique in comparison with the
conventional (angular dispersive) laboratory X-ray powder
diffraction have been outlined in previous works.216-1% They
can be summarized as follows.

(1) The first advantage is the use of high-energy (up to
60 keV) polychromatic radiation as the primary beam. The
integrated intensity of this beam, in typical operating condi-
tions, is about an order of magnitude higher than that of the
monochromatic radiation (generally the 8.04 keV Cu Ka
fluorescence line) used in the angular dispersive mode, so that
the acquisition time is proportionally reduced. Furthermore,
the higher energy of the primary beam results in a lower X-ray
absorption, which is the main cause of signal reduction in this
kind of in-situ measurement.

As a consequence of these two facts, batteries having
standard design can be utilized, preventing problems coming
from the unusual geometry and extreme thinness required
when lower energy X-ray beams are utilized.

(2) The experimental apparatus is fixed, no movement being
required to perform the reciprocal space scan. Indeed, the scan
is carried out electronically, instead of mechanically, and, for
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Figure 1. TG/DTA analyses of gel precursors in the synthesis
of the LiNio,soCOo,leMgo,mOz Sample.

this reason, no misalignments or change in the diffracting
volume, which would compromise the results, may occur.
Therefore, the diffraction patterns can be collected in a fast
and reliable way, and the lattice parameters versus the
intercalation degree curves are sampled densely, so that even
the minimal details can be detected. In fact, the curves of
Figure 5 have the aspect of continuous lines, rather than of a
collection of isolated points.

To run the EDXD in-situ test, the cycling current was fixed
at | = 41.1 uA both in charge and in discharge. The cathodic
and anodic limits were fixed at 3.1 V and from 4.5 to 5.0 V,
respectively. The latter was raised by 0.1 V per cycle to observe
the effect of the progressive increase of the delithiation degree
on the LiNipgC00.16Mgo0.040> lattice structure. The diffraction
patterns were collected sequentially at a constant acquisition
time of 20 min (corresponding to a Ax = 0.05) and, to obtain
the values of the a and c lattice parameters, were refined using
a home-developed software based on the Levenberg—Mar-
quardt NLLS algorithm.

The stability of the cathode was compared to that of a
commercial LixNiggCo020, sample via differential scanning
calorimetry (DSC).

For this test, the two cathodes were cycled galvanostatically
in lithium cells using a EC:DEC LiPFs electrolyte at a C/5 rate
for two cycles, and then they were kept potentiostatically at
4.2 V until the current was less than C/20 to reach an amount
of extracted lithium of about 0.5 equiv. After the cycling, the
cells were opened in a drybox, and the cathode powders were
separated from the Al-foil current collector and hermetically
sealed in DSC sample pans.

The DSC experiments were run using an 821 Mettler Toledo
calorimeter at a ramp rate of 5 °C min~! and over a range
extending from room temperature to 400 °C. Exothermic and
endothermic reactions as a function of the temperature are
plotted as positive and negative heat flow, respectively. Only
the active materials were considered to calculate the specific
heat, and the curves were normalized to weight.

Results and Discussion

The optimal heat-treatment conditions for the syn-
thesis of the LiNipgoC00.16Mg0.0402 samples were deter-
mined by thermal analysis. Figure 1 shows the TGA/
DTA traces of the precursor (Li—Ni—Co—Mg—citric
acid—glycol). The total weight loss was observed to be
about 70% and terminated at about 700 °C. The main
weight loss (60%) appeared in a temperature range
between 250 and 400 °C. In this range, the weight loss
was associated with several exothermic and endother-
mic peaks in the DTA curve that are due to thermal
decomposition mainly of the organic matrix. An exo-
thermic peak centered at about 680 °C was attributed
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Figure 2. SEM picture of the LiNiggoC00.16Mgo.0402 sample.

to the crystallization of the LiNig goC00.16Mg0.0402 hex-
agonal phase. At higher temperatures, no further reac-
tions or weight losses were observed.

The chemical route here reported allows the formation
of LiNip goC00.16M0.0402 at a lower temperature than the
one required for the solid-state reaction synthesis.?° This
is an important aspect because high-temperature pro-
cesses are generally to be avoided because they may lead
to lithium deficiency in the final compound, due to the
evaporation of lithium oxide.? In addition, high-temper-
ature synthesis favors grain size growth.®

Figure 2 shows the SEM micrograph of the oxide
formed by the decomposition at 750 °C of the precursor.
Submicronic grains can be observed, but they result
from a partial sintering of nanometric particles. There-
fore, the synthesis allowed us to obtain powders with a
very high porosity and a very high specific surface area.

The chemical composition of the powder, determined
by ICP-AES, was found to be Li:Ni:Co:Mg = 0.99:0.80:
0.16:0.04.

Figure 3 shows the XRD pattern, the Rietveld fit
curve, and the difference plot of the LiNiygC00.16MJ0.0402
sample. A well-crystallized phase, isostructural with the
parent compounds LiNiyCo;-yO,, was observed. This
result confirms that the addition of small amounts of
dopant metals does not influence the basic LiNiy,Co:-yO>
structure (R3m space group).1%2! On the basis of litera-
ture works on similar compounds,2425 we chose a model
for refining the structure in which Mg and Ni ions were
consented to occupy both the interslab (3b) and the slab
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Table 1. Rietveld Refinement Results for the
LiNio_goCOo_leMgo_o402 Samplea

Space group

R3m

Cell parameters
a=2.8671(5) A
c=14.188(3) A

Ions parameters

Tons Site  Wyckoff position  Isotropic temperature Occupancy

Xy z factors Bis(A%)

Li" 3b 0 0 0.5 0.8(3) 0.942(8)
N, 3a 0 0 0 0.646(4) 0.742(8)
Nty 3b 0 0 05 0.803) 0.058(8)
Co¥ 3 0 0 0 0.646(4) 0.16
Mg 3a 0 0 0 0.646(4) 0.04

0" 6 0 0 025795) 1.20(8) 2.00

Profile parameters
Profile function: pseudo-Voigt pV = 7L+ (1-n)G
where L=Lorentian, G=Gaussian and 7=7)+X-(20)
10o=0.66(7) X =10.003(2)
U=0.103) V=0.0242) WwW=0.032(6)

Constraints

n(Ni*'3,) + n(Ni*'3,) = 0.80

n(Li*3) + n(Ni*'3) = 1

Biso(Ni''3,) = Biso(C0™) = Biso(Mg™)
Bio(Li") = Biso(Ni*'35)

Reliability factors for points with Bragg contribution
Rb=427  Rwp=125

2 The standard deviations were multiplied by the Scor param-
eter.15

(3a) sites, while Co ions were fixed in the 3a sites. Using
this configuration, we found that Mg ions occupy only
the 3a sites. As a consequence, we changed our model
accordingly, as reported in Table 1, where the Rietveld
refinement results are summarized. The cell parameters
a=b = 2.8659(6) A and c = 14.186(3) A are in good
agreement with literature data,'12324 and the rather
high value of the ratio c/a = 4.95 confirms the well-
ordered layered character of the structure. The results
on site occupancy showed that only a small amount of
Ni ions were present in 3b sites, with Mg ions only in
the 3a site, as mentioned above. Contrasting conclusions
were drawn in the literature, for example, by Cho?® and
Pouillerie et al.?* Our results confirm what was asserted
by the former author.

The EDXD technique was used to describe the struc-
tural “breathing” of the sample lattice upon the lithium
extraction—insertion process. Figure 4 shows the se-
guence of 427 diffraction patterns acquired during the
cell cycling in the form of a 3D map as a function of the
scattering parameter g (momentum transfer).

In this picture, the shift of the diffraction peaks
during the lithium extraction—insertion process is
clearly visible as the anodic limit is increased, particu-
larly in the 4.2—4.6 V range (108, 110, and 113 peaks).
The collected patterns were fitted to obtain the values
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Figure 3. X-ray diffraction pattern of the LiNio.80C00.16M00.0402 powder sample. The experimental (dotted) and fitted (line) curves
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Figure 4. Sequence of 427 diffraction patterns of LiNiog0C00.16Mgo0.0402 collected upon cell cycling. In the first two cycles, the
anodic limit was set at 4.5 V, while in the following cycles, it was increased by 0.1 V steps to 5.0 V.

of hexagonal lattice parameters (a = b, c). Figure 5
shows the evolution of the lattice parameters as a
function of time, together with the calculated unit cell
volume. In the same figure, the profiles of the electro-
chemical Li extraction—insertion process are also shown.
As expected,3°3! the a parameter decreases during the
Li-extraction and increases during the Li-insertion. On
the other hand, the ¢ parameter shows a more complex
trend, because, during the Li-extraction, it first in-
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creases until a certain threshold value and then it starts
to decrease (and vice versa during the opposite
Li-insertion cycle). The variation of the a parameter
is found to be about 0.04 A in all cycles except the
first, so that Aa/a < 1.5%. This result is in agreement
with data reported in previous works on Al-doped
(LiNi1-x-yCoyAl,0,) and undoped (LiNiggC00202) 0x-
ides.11.16 On the other hand, in the LiNio,soCOo,]_sMgo,mOz
case, the progressive increase of the anodic limit does
not seem to influence the ¢ parameter as was instead
observed in both LiNio,aCOo_zOz and LiNio_aoCOo,le-
Alg 04011116

Indeed, Figure 5 shows that the variation of ¢ is
limited to about 0.13 A, corresponding to a Ac/c < 1%.
Such variation does not increase as the amount of the
extracted lithium ions is increased. In particular, the
expansion of ¢ in a cycle whose upper limit is set at 4.7
Vis in LiNipgoCo00.16Al0.0402 about twice as large as that
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Figure 5. Time evolution of the cell voltage, lattice param-
eters (a and c), and unit cell volume of the LiNigg0C00.16MJ0.0402
electrode. The latter were obtained by refining the diffraction
patterns acquired upon the Li extraction—insertion process
and reported in Figure 4.

in LiNipg0C00.16MQ0.0402. This results in a very limited
lattice expansion, as was clearly visible by looking at
the unit cell volume curve, whose variation is <3% (~5%
in LiNio,goCOo,16A|o_0402 and ~6% in LiNio,goCOo,zoOg).11’16

Such a difference can be explained by considering that
all of the Mg?* ions are expected to migrate from the
slab 3a to the interslab 3b sites upon cycling with high
anodic voltage limits,?432 while AI®* ions should not
move from the slab 3a sites. The presence of cations
other than Li" in the interslab sites (“pillaring” ions)
results in an increased binding force between adjacent
O—M-0 slabs, which is responsible, in turn, for the
reduced lattice expansion in the z direction (i.e., the ¢
parameter variation is lower). In Mg-doped samples, the
Mg?* ions migrating in the interslab sites stabilize the
structure as explained above. On the other hand, Al-
doped samples present in the interslab sites (if any) only
a small quantity of electrochemically active Ni2* (Ni3*
ion migration from the slab to the interslab is expected
to be harder than Mg?™ migration3?) acting as pillaring
ions, so that the c lattice parameter variation upon
cycling is higher.

The reduced stretching of the ¢ parameter upon
cycling makes the intercalation—deintercalation process
more reversible because it limits the structural strains
that are one of the main causes for capacity loss upon
prolonged cycling. It also allows the use of the doped
oxide in a larger range of potential than that suitable
for the undoped oxide, thus improving the capacity of
the lithium ion cell. Furthermore, the ionic radius of
Mg?* (0.72 A)®3 is comparable to that of Lit (0.76 A),33
and, Mg?" being an electrochemically inactive ion, it
does not change upon cycling. This fact consents a good
Li*™ diffusion regardless of the oxidation state of the

(32) Pouillerie, C.; Croguennec, L.; Delmas, C. Solid State lonics
2000, 132, 15.
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Figure 6. Differential scanning calorimetry (DSC) of com-

mercial LiNipgCo0020, and of the LiNiogoC00.16MJ0.0402 sample
in the charged (delithiated) state. Heating rate =5 °C min.

electrode. On the other hand, in Al-doped samples, Ni
pillaring ions in the interslab sites can be oxidized at
high voltage to Ni4* ions, whose ionic radius (0.48 A)33
is much smaller. In this case, the Lit ion diffusivity is
expected to be reduced at high voltage, spoiling the rate
capability of a system with such an electrode.

In Figure 6, the comparison between the DSC curves
obtained on delithiated commercial LixNiggCog-0> and
on delithiated LixNipgC00.16Mg0.0402 powders is shown.
The DSC profile of LixNiggC0020> in its charged state
shows a large exothermic peak at 215 °C, which
confirms the instability of this material. This peak is
associated with the reaction of molecular oxygen, re-
leased at high voltage by the cathodic material, with
the electrolyte, which is understood as being one of the
main causes of safety problems of Li-ion cells.34=37 On
the contrary, the DSC curve of the doped sample is quite
flat over the entire temperature range, revealing only
a small endothermic peak at 210 °C, probably associated
with the electrolyte decomposition.3”:38 The thermal
stability behavior can be attributed to the different
cationic mixing between LiNiggC0020, and LiNigg-
C00.16MQg0.0402, particularly in the charged state, in
which, as discussed above, a migration of Mg2* ions from
the slab to interslab space is expected.?432 The presence
of Mg?" in the Li* site is thought to improve the
interaction between Li* slabs and O—M-O layer,
reducing the release of oxygen.

This is a further clear demonstration that the partial
substitution of cobalt with Mg?2" stabilizes the oxide
structure, inhibiting the thermal reaction otherwise
occurring in the undoped LixNiggC0020, parent com-
pounds.

Conclusions

LiNio8C00.16Mgo0.0402 was synthesized using a chemi-
cal route based on an optimized polymeric precursor
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16.



3564 Chem. Mater., Vol. 16, No. 18, 2004

decomposition process. The quality of the synthesis
procedure was tested by TGA/DTA, SEM, ICP-AES, and
XRD. In particular, Rietveld refinement on the XRD
pattern showed little Ni ions disorder with Mg ions
occupying 3a slab sites only. The in-situ EDXD struc-
tural characterization performed in this work has shown
that doping with small amounts of Mg?* dramatically
reduces the expansion—contraction of the c lattice
parameter with respect to the undoped (LiNip sCo0p20>)
and to the Al'dODEd (LiNi0'8C00,16A|0.0402) mixed Ni—
Co cathode during the lithium insertion—extraction
process. Such reduction results in an overall unit cell
volume variation <3% (~5% in LiNigg0C0p16Al00402 and
~6% in LiNig goCo002002). This interesting result is likely

D’Epifanio et al.

due to the migration of Mg?* ions from the slab (3a) to
the interslab (3b) sites. A confirmation that such migra-
tion is the cause of the high thermal stability of LiNigg-
C00.16Mg0.0402 comes from DSC studies on the sample
in its charged state, which does not exhibit the exother-
mal peak associated with the reaction involving oxygen
release.

Due to these favorable properties, doped Ni—Co
cathodes, for example, of the LiNipg0C00.16MJ0.0402 type,
may be regarded as an alternative to LiCoO,, for the
development of long-life, reliable, and safe lithium ion
batteries.
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