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A series of “Lijsz2(Nig.425Mng.425C00.15)1-2202_-F,” materials was prepared by a coprecipitation route
and their structure was characterized using X-ray diffraction (XRD), as well as ’Li and °F Magic Angle
Spinning (MAS) NMR spectroscopy. Two hypotheses were considered: (i) formation of layered
oxyfluoride materials and (ii) formation of a mixture between the layered material and LiF. Structural
parameters were refined by the Rietveld method, using XRD diffraction data. The refinement results did
not allow us to choose between these two hypotheses: no significant change in crystallinity and
structural parameters was observed irrespective of the fluorine ratio. ’Li and 'F MAS NMR analyses
showed signals with isotropic positions characteristic of LiF, but envelopes characteristic of very strong
dipolar interactions with the electron spins of the material, demonstrating that LiF was not incorporated
into the layered oxide structure but was instead present as a coating.

© 2008 Elsevier Inc. All rights reserved.

1. Introduction

Currently, LiCoO, is the most widely used positive electrode
material in commercial lithium-ion batteries. However, because of
its high cost and limited cyclability and chemical stability at high
voltage, various partial substitutions for Ni in LiNiO, were
investigated [1-7]. Recently, Li;.x(Ni,Mn,Coq_3y)1_xO2 systems
have been suggested to be the most promising alternative to
LiCoO, [8-12]. These systems consist of Ni2* 3*, Mn*" and Co>*
ions. Mn*" is electrochemically inactive so that it provides
significant structural stability during electrochemical cycling
(no detrimental effect of the Jahn-Teller distortion associated with
Mn>*), while Ni?* and Co>" are electroactive through Ni****/4* and
Co>*** redox couples [9,13,14]. The electrochemical performance
of the Li(Niy;3sMnq;3C04;3)0, system was found to be highly
dependent on the current density and cut-off voltage, with a
rather fast reversible capacity fading when cycling is, for instance,
performed in a large potential window [15]. In order to improve
the electrochemical performance, two approaches were devel-
oped: (i) ionic substitution to increase the structural stability of
the layered oxide [16-19] and (ii) surface modification to stabilize
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the layered oxide surface through an impedance decrease [20].
The LiF addition to Li;.+,(Ni,Mn,Co;_5y)1 _xO, materials was shown
to improve their cycling performance and thermal stability [21].
But conflicting explanations are proposed in the literature: most
of the authors considered that fluorine substitution for oxygen is
effective since changes in cell parameters were, for instance,
observed using X-ray diffraction (XRD) [22-25], while others
recently showed by XPS analyses that fluorine exists as an LiF
surface layer [26].

In this paper, we report attempts for the synthesis of “Lij+
(Nig.425Mng 425C00.15)1_7202_F,” materials by the coprecipitation
route. Their structural properties have been studied by XRD and
NMR spectroscopy. The aim of this paper was to determine
whether fluoride ions are actually incorporated within the layered
lattice.

2. Experimental

A series of materials with nominal “Lij.z2(Nig425Mng 425
C0015)1-2202_;F;” (z=0, 0.1, 0.2) compositions was prepared
following the solid-state syntheses reported by Kim et al. [22,23]
using LiF as the fluorine precursor. The first step of the synthesis
consisted in the formation of Li(Nig.425Mng.425C00.15)02 using the
coprecipitation route and then in the addition of LiF aiming the
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target StOiChiOmetry Li1+Z/2(Ni0.425MI‘10.425C00.15)1,leoz,ze. A
mixed (1 M) aqueous solution of Ni(NOs),-6H,0 (98% Prolabo),
Mn(NOs),-4H,0 (98% Prolabo) and Co(NOs),-6H,O (>98%
Fluka), prepared with the 42.5/42.5/15 Ni/Mn/Co molar ratio,
was added dropwise into a basic solution (LiOH 1M (98% Alfa
Aesar)/NH4,OH 3 M (28% Prolabo)) under magnetic stirring. The
nominal Li/M ratio was adjusted to 1.02 to compensate for lithium
loss due to the high temperature of the synthesis (M being for
transition metal ions). A green-brown mixed hydroxide precipi-
tated. Water was evaporated at 80 °C under primary vacuum using
a rotavapor device. The resulting precipitate was dried overnight
in an oven at 105 °C; then it was heated in air in a tubular furnace
up to 500 °C for 5 h to decompose nitrates and finally calcinated in
air at 900°C for 12h (heating and cooling rates: 2 °C/min). As
described just after, the Li(Nig425Mng425C0015)02 phase was
characterized in detail by XRD and an ICP titration before being
used as a precursor for the synthesis of the fluorinated phases. The
second step consisted of mixing in an agate mortar the prepared
Li(Nig.425Mng 425C00.15)02 powder with LiF powder (99.9% Prola-
bo) according to the chemical equation: 1—z/2 Li(Nig425Mng 425
C00.15)02 + ZLiF — Liq+2/2(Nig.425Mng 425C00.15)1-2202—-F, (2 = 0, 0.1,
0.2). The resulting mixture was heated in a gold crucible in air at
875°C for 5h (heating and cooling rates: 2°C/min) and finally
ground in an agate mortar. According to these expected chemical
formulae Lij.z2(Nip.425MnNg.425C00.15)1-7202_/F;, irrespective of
the z value, the average oxidation state of the transition metal
ions is expected to remain equal to 3. Indeed, the only fluorine
substitution for oxygen would theoretically lead to the reduction
of M according to (10%~+1M>*=1F +1M?"). Nevertheless, in Li;.,»
(Nig.425Mng 425C0015)1-720,_,F, the presence of extra-lithium
ions—that would be theoretically compensated by the oxidation
of M ions (3M3**=1Li*+2M**)—leads in fact to charge compensa-
tion without any modification of the transition metal ion
oxidation state (as JM>*+10% = 1Li*+1F").

The average oxidation state of the transition metal ions was
determined by iodometric titration with Na,;S,0s. Lithium and
transition metal ions were titrated using ICP measurements
(Thermo Iris Interpid II XP). Synthesized powders were solubilized
in an acidic solution. Fluorine and transition metal ions were
titrated using an electron microprobe (CAMECA SX 100). Powders
were pressed into @13 mm pellets and metallized by gold-
palladium plasma.

(003)
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Powder XRD analyses were performed using a Siemens D5000
diffractometer and CuKo radiation. The diffraction patterns were
recorded in the 10-80° (26) range using 0.02° (20) step of a 2s
duration for routine characterization. For structural study using
the Rietveld method, data were collected in the 5-120° (26) range
with steps of 0.02° (20) and a constant counting time of 8s.

Materials were characterized by ’Li and 'F MAS NMR at 116.6
and 282.4 MHz, respectively, using an Avance 300 MHz Bruker
spectrometer and a (90-7-180) rotor-synchronized Echo-MAS
sequence (30 kHz spinning speed). The “Li and °F chemical shifts
were externally referenced to LiCl (1 M) and CFCl3 at 0.0 ppm,
respectively.

3. Results and discussion
3.1. Structural characterization: XRD analyses

The XRD patterns of “Li]+Z/2(Ni0_425Mn0.425C00V15)1_Z/202_ZFZ"
materials are compared in Fig. 1. Unexpectedly, these three
diffraction patterns are very similar irrespective of the fluorine
ratio (z = 0, 0.1 and 0.2). All the diffraction peaks could be indexed
in the R3m space group: no extra peaks associated with LiF could
be observed. According to XRD, pure ¢-NaFeO,-type phases are
thus obtained. The widths of the diffraction lines are very similar
for the three materials. The full widths at half maximum (FWHM)
of the (003) and (104) diffraction lines are about 0.10° and 0.16°,
respectively, with an intensity ratio Iigo3)/I(104) close to 1.06. The
splitting of the (018)/(110) doublet is also very similar for the
three materials.

The chemical composition of the resulting powders was
analyzed by the ICP titration and microprobe. The experimental
results were found to be in very good agreement with the nominal
compositions (Table 1) and redox titration showed an average
oxidation state of the transition metal close to 3; we thus
considered the nominal compositions for the refinements of the
XRD data by the Rietveld method.

XRD patterns were first analyzed by full pattern matching:
only the cell and the profile function parameters were refined. The
profile function was described by a pseudo-Voigt and the profile
function parameters were found to remain almost constant with
increasing fluorine substitution (U~0.11, V~0.03 and W~0.002).

"Li1.10(Ni0.425Mn0.425C00.15)0.9001.8F0.2"
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Fig. 1. XRD patterns of the “Lij.z2(Nip.425Mng.425C00.15)1-2202_-F;” samples prepared by coprecipitation.
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Table 1

Results of the chemical and redox analyses for the “Lij.z2(Nig.425Mno.425C0015)1-2202_;F," samples (z =0, 0.1, 0.2) obtained by iodometric and ICP titrations and

microprobe analyses

Material Oxid. state ICP analysis Microprobe analysis

(Li/M)en. (Li/M)exp. (Ni/Mn)exp. (Co/Mn)exp. (F[M)en. (F/M)exp.
Li(Nig.425Mng 425C00.15)02 3.02 1.00 1.04 0.98 0.34 0 0
“Li1.05(Nio.425MnNg 425C00.15)0.9501.9F0.1" 3.03 1.11 1.01 0.35 0.11 0.09
“Liy10(Nio.425MnNp.425C00.15)0.9001.8F0.2” 3.02 1.22 1.26 1.02 0.35 0.22 0.15
Table 2

Structural parameters determined for “Li;+z/2(Nio.425MnNg.425C00.15)1-2202_-F;” (z = 0, 0.1, 0.2) by the refinement of their X-ray diffraction data by the Rietveld method

Material Hyp. (*) Qhex (A) Chex (A) v (A3) Z(O-F)Gc OCC(Ni3b) pr (oﬁ) Rs (oﬂ)
Li(Nio.425Mno.425C0015)02 1=2 2.8793(3) 14.282(3) 102.54(3) 0.2573(8) 0.072(8) 15.1 4.80
“Liy.05(Nig.425Mng 425C00.15)0.9501.9F0.1” 1 2.8790(2) 14.282(2) 102.52(2) 0.2575(5) 0.063(6) 12.6 3.58
2 2.8790(2) 14.282(1) 102.52(2) 0.2575(5) 0.073(6) 12.6 3.25
“Li110(Nio.425Mn0.425C00.15)0.9001.5F0.2” 1 2.8785(2) 14.281(2) 102.48(2) 0.2579(2) 0.051(3) 13.2 4385
2 2.8785(2) 14.281(2) 102.48(2) 0.2579(6) 0.070(6) 13.0 459

(*) Hypothesis 1: fluorine substitution for oxygen occurs; the chemical formula considered for the layered oxide is Lij+z2(Nig.425MNg.425C00.15)1—2/202_F;.
Hypothesis 2: fluorine substitution for oxygen does not occur, fluorine is present as LiF in the material; the chemical formula considered for the layered oxide is

Li(Nio.425Mno.425C00.15)02.

Comparison of the cell parameters (Qpex, Chex and volume)
reported in Table 2 shows that within the 3¢ standard deviation,
their variation with fluorine substitution is not significant, despite
jonic radii (1.33 and 1.40A, respectively) and electronegativities
(4 and 3.5, respectively) significantly different for F~ and 0%~. The
question that thus arises at this step is, is the fluorine substitution
for oxygen effective? Structural refinements of the powder XRD
data by the Rietveld method were performed considering first that
fluorine substitution for oxygen is effective. The material structure
was thus described by the following cation distribution:
(Liz_yNiy)ap(LiBF™M 20 i Nig 42501 2/2)_yMo 42501 —2/2)C0015(1_2/2))3a
(05_F,)sc, allowing an Li/Ni"' exchange in addition to the
fluorination effect.

Then, for comparison, the analysis by the Rietveld method was
also performed considering that fluorine substitution for oxygen
did not occur and thus that the material was a mixture of two
phases, the layered oxide Li(Nig425Mng 425C00.15)05 and LiF. In that
case, the Rietveld analysis was performed considering the cation
distribution (Li1,yNiy)3b(Linio_425,yMn0.425C00415)3u(02)GC for the
o-NaFeO,-type materials (again allowing partial Li/Ni" exchange).

Whatever the hypothesis, the following constraints were
considered:

(i) the oxygen, fluorine, lithium, cobalt, manganese and nickel
total contents were fixed to the theoretical values, which are
0.425(1—z/2) for Ni distributed among the 3a and 3b sites,
0.425(1-2z/2) for Mn in the 3a site, 0.15(1—z/2) for Co in the
3a site, (1+z/2) Li with at least (z/2) Li in the 3b site and
finally 2—z and z for O and F, respectively, in the 6¢ site;

(ii) the three different sites (3b, 3a and 6¢) were constrained to
be fully occupied and

(iii) the atomic displacement parameters were constrained to be
equal for all the ions present in a given site.

Note that the hypothesis of an Li/Ni!! exchange between the 3a
and 3b sites was made in agreement with previous results
obtained in our group for the Lijsx(Nig.425Mng425C0015)1-xO02
materials [11]. The results obtained from these two refinements
for each composition are gathered in Table 2 in comparison with
the ones obtained for the unfluorinated material. The refinement

following the first hypothesis (i.e., effective fluorine substitution
for oxygen) would imply that the nickel content in the interslab
space (i.e., coming from the Lis,/Ni}, exchange) slightly decreases
with increasing fluorine content (from 0.072(8) for z=0 to
0.051(3) for z=0.2). On the contrary, refinement following the
second hypothesis would imply no variation in the Ni content in
the interslab space (~0.07). Fig. 2 shows that, irrespective of the
hypothesis considered, the quality of the Rietveld refinement was
good. Using XRD only, it was therefore not possible to discrimi-
nate between these two hypotheses; indeed the electron density
difference between fluorine and oxygen, as well as overlithiation,
is compensated for by slight differences in the cation distribution
between the 3a and 3b sites but again no significant difference is
observed in the quality of the refinement and in the structural
parameters between the two hypotheses.

3.2. “Li and °F MAS NMR spectroscopy analyses

7Li and '°F MAS NMR spectroscopy studies were performed to
further characterize these materials, as this technique is very
sensitive to both structural and electronic environments of the
probed nucleus. Differences are thus expected for Li and F signals
depending on their presence in the paramagnetic material Li;.,;
(Nig.425Mng 425C00.15)1 2202 ;F,, characterized by single electrons
for Ni and Mn ions that would interact with Li and F, or in a
diamagnetic impurity such as LiF.

The “Li MAS NMR spectra obtained for these three materials
are given in Fig. 3. The very broad signal corresponds to Li in the
lamellar oxide material; its width (~600ppm) results from
dipolar interactions with the electronic spins of nickel and
manganese, despite MAS. It is furthermore shifted to around
250 ppm due to the transfer of electron spin density from the
transition metals to lithium (Fermi contact shift) [27]; the
distribution of transition metals around Li leads to a distribution
of Fermi contact shifts, which obviously also contributes to the
residual width of the signal. The other signal is sharp and
separated into spinning sidebands and its isotropic position is
identical to that observed for Li in pure LiF (—1.4ppm) (also
reported in Fig. 3). This signal is clearly visible for the two samples
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Fig. 2. Comparison of the experimental (+) and calculated (-) X-ray diffraction
patterns considering (a) the formation of the Lij.z2(Nig425Mno425C0015)1-z72
0,_.F, phase (z = 0.2) and (b) a mixture “0.9Li(Nig_425Mng 425C00.15)0,+0.2LiF". The
difference (Iops—Icaic) is also given. The 90-120° (20) range is not represented to
enlarge the figure.

containing fluorine, but traces of a similar signal also appear for
the fluorine-free material. This corresponds to traces of Li,CO3 as
commonly observed for that kind of materials due to the slight Li
excess used for the synthesis [11], with an NMR chemical shift
very close to 0 ppm.

Fig. 4 gives the 'F MAS NMR spectra of Lij.za(Nigazs
Mn0'425C00'15)172/202721:2 materials (Z= 0, 0.1, 02), with that of
LiF. The broad signal observed for the three samples is an artefact
from the probe as it contains PTFE in non-spinning parts. Note
that the actual shape of this signal is somewhat sample-
dependent since its proper phasing is not necessarily compatible
with that of the signals from the samples. This makes it
impossible in practice to subtract this signal from the experi-
mental signal. An additional signal, sharp and separated into
spinning sidebands, is observed in the fluorine-containing
samples, with an isotropic position at —204 ppm. This signal has
the same position as that of fluorine in LiF.

d=-1.4 ppm
’Li NMR MAS
"L 1.10(Nig 425MN.455C04,15)9. 0001 870 2"
Li(Ni 5,426MN 425C0 15)0,
LiF
T T T T T T
1500 1000 500 0 -500 -1000

Chemical Shift (ppm)

Fig. 3. Li MAS NMR spectra (116.6 MHz, 30 kHz spinning; intensity scaled to the
sample mass except for the LiF reference) of Li;+j2(Nio.425MnNo 425C00.15)1-2/202_-F;
materials (z = 0, 0.1, 0.2) synthesized by coprecipitation. The weak 0 ppm signal for
the unfluorinated sample corresponds to traces of lithium carbonate (see text). (*)
spinning sidebands.

19F NMR MAS
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"Li 1,1O(Ni0v425Mn0v425000v15) 0 BFO.Z"
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Fig. 4. "°F MAS NMR spectra (282.4 MHz, 30 kHz spinning; intensity scaled to the
sample mass except for the LiF reference) of Liy.z/2(Nig.425Mng.425C00.15)1-2/202_-F;
materials (z = 0, 0.1, 0.2) synthesized by coprecipitation. (*) spinning sidebands.

An important feature from the NMR spectra is the striking
difference in the line shape (spinning sidebands envelope) for the
’Li and '°F signals in the LiF standard compared with those of the
sharp signals in the materials. Indeed, for both nuclei, the global
width (number of spinning-side bands) is much larger for the
fluorinated materials than for the LiF standard. The line shape of a
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solid-state MAS NMR signal can be caused by anisotropies in
chemical shift or (nuclear) dipolar interactions, as well as in
quadrupolar interactions. However, the first two interactions can
hardly lead to such a width (over 300 kHz for “Li and over 450 kHz
for F), and the shape is clearly not that of a quadrupolar
interaction (no quadrupolar interaction is anyway possible for
19F). The other possible origin for the global width is the (much
stronger) dipolar interaction with electron spins [28,29]. This
indicates that the Li and F nuclei responsible for the signals are
rather close to the electronic spins of the layered oxide so that the
through space dipolar interaction they exert leads to a broadening
of the spinning sidebands envelope of the NMR signals, as
observed for Li,COs3 in intimate contact with Li(Ni,Co,Al)O, by
some of us [30]. However, it is important to note again that they
have identical shifts to those for the LiF standard, showing that no
electron spin is transferred to the Li and F nuclei, as would have
been the case if they were present within the structure of the
compound. The second hypothesis is thus supported by “Li and '°F
MAS NMR: fluorine substitution for oxygen did not occur; the
material is a mixture of two phases, Li(Nig 425Mng 425C0015)0, and
LiF, and LiF is present as a surface layer. Note that these results are
in good agreement with those recently reported by Li et al. [26]:
they showed using F(1s) XPS spectra and Ar ion etching that LiF
added to LiNij;3Mn4,3C0430, exists on the surface of the active
material. In addition, an interesting feature is revealed by careful
observation of Figs. 3 and 4: the more the LiF, the less intense the
spinning sidebands are in relative magnitude. Indeed when the LiF
amount increases, the LiF layer present on the surface of the
paramagnetic material becomes thicker and as a consequence the
amount of Li* ions relatively farther from the paramagnetic ions
increases, leading to relatively narrower NMR line shapes, as was
already discussed by some of us for an Li,COs layer that was
present at the aged Li(Ni,Co,Al)O, surface [30].

Based on the particle size of the materials, the thickness of the
LiF layer that should result if no LiF is incorporated in the
materials is about 4-5nm (in case of 0.9 Li(Nig425Mng4>5
C00.15)02+0.2 LiF), which is perfectly compatible with its non-
observation by XRD.

4. Conclusion

In this work, “Li]+Z/2(Nio'425Mn0V425C00_15)1 ,leoz,zFZ” materials
were prepared by coprecipitation. XRD patterns showed that all
“Li]+Z/2(Ni0_425MI’10.425C00_15)1_zlzoz_ze" materials were pure.
Rietveld refinements of the XRD data showed similar structural
parameters and cationic distributions irrespective of the fluorine
amount and the hypothesis made (fluorine substitution for
oxygen or not). ‘Li and '°F MAS NMR revealed that there was no
fluorine substitution for oxygen but a formation of LiF coating. The
effect on the electrochemical performance of this coating, as well

as that of similar ones obtained with different preparation
conditions, will be reported elsewhere.
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