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“Li and*H magic-anglespinning(MAS) NMR spectrawererecordedor Li(Ni,Co,Al)O, samplesThe ’Li MAS NMR signalof
the layer on the pristine materialis closeto that of Li,CO; in closecontactwith it. Its lineshapegdueto dipolar interactionwith

electronspinsof the material is drasticallydifferentfrom thatof pureLi,CO;. Upon hydration,this layer grows,while *H NMR
suggestshat somelithium in the materialis replacedby protons.Upon electrochemicatycling, the original layer is replacedby

adifferent one, the solid electrolyteinterphasewith distinct ’Li and*H NMR signaturesshowingits largely organicnature.

The so-called solid electrolyte interpha&El) layer on carbon-

based negative electrodes of Li-ion batteries is of paramount impor-

Experimental

Two samples (called S1 and S2) with the same

tance, and its characterization has been widely discussed using varj( 1-y—,Ca,Al,)O, composition but with variants in the prepara-

ous techniques. Among therfl,i NMR is able to detect the signal

tion conditions have been studied.

corresponding to the SEI, although it does not allow one to analyze X-ray diffraction (XRD) patterns were recorded with a scan step

its nature!3

of 0.02° (X, for 40 s on a Siemens D5000 diffractometer,

On the positive electrode side, the presence of an SEl is an issuequipped with a copper anticathot®u Ke) and a diffracted beam
more recently addressed, but of equal importance with the underlymonochromator. They showed no evidence of impurity phase in the

ing evidence that it plays a key role in the mechanisms leading tgPristine materials.

performance degradation of the batteries upon a$jifour knowl-
edge, a singl€Li static NMR characterization of such layers by

Wang and co-workers has been reported so far, showing that, similay.

f

to the negative electrode, the SEI is observed as a featureless sign
not so clearly separated from that of Li in the active material, which
nevertheless allows its amount to be determinddhis, however,
does not allow its nature to be discussed.

Li magic angle spinningMAS) NMR is increasingly used to
study the local structure of positive electrode materials for Li-ion
batterie’ In Ni-based materials, the presence of low-sfi$)
Ni®* ions with a 596 egl electronic configuration leads to strong

A series of mixtures of lithium carbonate with sample S1 was
prepared, with increasing degree of intimacy) 61 powder was
mixed with 2 wt % L,LCO; using a pestle and mortar for 15 min.

i) S1 powder was mixed with 2 wt % LCO; using a planetary
tinder (Fritsch)for 15 min. A tendency of preferential aggregation
of the Li,CO; powder was observed on the agate balls, so that the
actual mixture may be poorer in J€O;. (iii) S1 powder was
mixed with 2 wt % L,LCO; using a pestle and mortar for 15 min,
and heated to 750°C under oxygen for 12 h.

XRD showed that the material remained unchanged and showed
evidence of LjCO; in all three cases.

Hydrated samples were prepared from S1 as follows: the S1

paramagnetic interactions of two kinds. First, the dipolar interactionpowder was placed in a stove containing water-saturated air at 60°C
between the nuclear spins of the probed Li ions and the electronidor one and four days. XRD showed the presence €0; on the
spins in their environment leads to a very strong broadening of thelydrated samples.

NMR signals. It is, at least partly, averaged out by fast spinning of S1 was used as actlve. material in the posm\(e electrode of a
the sample at the magic angle. Second, if the local structure offerattery with a carbon negative electrode and 1 M lsitFpropylene
the possibility for some density of electron spins to be transferred&%/bsogatg’ ethylene carbonat_e, and 3 vol dimethyl carbofize .
- . . ; . . ) as electrolyte, which underwent an accelerated aging
from the Nl ions to the Li ones, a Fermi contact |nteract|op arises, oot as follows. The cell was cycled once between 4.1 and 3.0 V,
which shifts the resonance line away from normal chemical shiftinan charged to 4.0 VV and kept at this voltage for one month at 40°C.
values for Li". These interactions have been widely discusad,  After a discharge down to 3.0 V, the cell was dismantled and the
though the contact shift mechanisms have only recently been adpositive electrode washed with DMC.
dressed using theoretical calculatidhs. Li NMR spectra were recorded using Bruker Avance 5084.4
Using ‘Li MAS NMR, Tucker et al. showed evidence of the MH2z) and 300(116.6 MHz)spectrometers. Standard Bruker MAS
formation of Li-containing SEI species on substituted Li®y probes were used with 4 mm o.d. 2|2con|a rotors, the material being
spinel-type materials upon moisture contaminatdn. mixed with dry S|I|ca(typ|ca_lly 50 wt %). The spinning speed used
g %4 and 'H MAS NMR observation of was :.LS kHz for the experiments at 194.4 MHz, V\{he(eas .10 kHz
In this paper, we report di an _ : _ spinning allowed a comparable separation of the spinning sidebands
the surface layer on Li(Ni,Co,Al)Omaterials. We discuss the line-  at 116.6 MHz. Single pulséreacquisition delay 14s) and Hahn
shape of the signal observed, as well as its changes upon hydratioecho sequences were used, with a 90° pulse duration qf.Zhe
and preliminary results on the SEI of electrochemically agedecho delay was equal to one rotor period, to synchronize the rota-
materials. tional and spin echoes. The recycle delay varied in the 2-500 s
range. Approximate T1 longitudinal relaxation times were measured
by the inversion-recovery method, using the duration for which
a zero intensity signal was recorded, as equal toXTlh 2. All
spectra are referred 2 1 M aqueous solution of LiCl, set at 0 ppm.
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Figure 2. H MAS NMR spectra of(a) the empty rotor(b) silica, (c) pris-
tine Li(Ni;_y_,Ca,Al,)O, (S1) material,(d) hydrated S1(e) pristine elec-
Single pulse trode based on S1, anf) the aged electrode based on 800 MHz, syn-
(b) chronized echo, spinning 10 kHz, recycle delay B0rse spectra are plotted
with an absolute intensity scale.

82 . . . .
W because the corresponding short free induction decay detection

(FID) is lost in the dead time of the spectromef{&d-12 us).

In addition to this broad signal, a much narrower one is also
observed, both in single pulse and echo conditions. Its isotropic
position is close to 2 ppm, and it includes a large number of well-
separated spinning sidebands. That the broad signal is not observed
U in single pulse condition, using a preacquisition delay of is}

makes the narrow signal easier to analyze in such condition. Be-
S1 cause it exhibits no Fermi contact shift, it must result from Li ions
not bonded, either directly or via oxygen, to the paramagnetic ions.
i _ Considering the amount of Ni ions present in the material, this can
1600 1200 800 400 O -400 -800 -1200 -1600 correspond only to Li ions not present in the active material; this is
therefore an evidence for an interphase layer present on its surface.
8 {ppm) The magnitude of this signal, and therefore the amount of the layer,
is different for the two samples studi€Hig. 1b), whereas the sig-
nals corresponding to Li in the two samples are identiEaj. 1a).
This is expected, considering the preparation détadt we cannot
comment herejn which the two samples differ, and that they have
identical bulk compositions.
The'H MAS NMR spectrum of S1 is shown in Fig. 2; it exhibits
soiivery weak signal in the 0 to 10 ppm region, broades., with
ore spinning sidebangthan that recorded for the residual protons

Figure 1. 'Li MAS NMR spectra of two different Li(Ni_,_,Ca,Al,)O,
samples ina) echo andb) single pulse condition&l16.6 MHz, spinning 10
kHz, recycle delay 2)s Spectra are plotted with an absolute intensity scale.

The “absolute scale” spectra for sets of identical NMR experiment
are plotted taking into account the number of scans and mass

Sanle- found in any sample, like, for example, silica, or even the empty
H NMR spectra were recorded on a Bruker Avance 300 Spec-qtor, but not significantly more intense. It therefore seems that the
trometer, with the same MAS probe and rotors as’for To avoid  signal from the few residual protons in the probe is broadened by the
parasitic signals from the probe, due to the relatively small amountstrong hyperfine interactions with the paramagnetic compound.
of protons in the samples, a Hahn echo sequence was used with jore important, another set of weak signals is also observed in the
100 s delay(10 kHz spinning speggthe 90° pulse was 2.4s,and 10 1o —20 ppm region. This is an unusual chemical shift range for
the recycle time was 30 s. The spectra are referred to tetramethylsbrotons, and may correspond to species inserted in the active mate-
lane (TMS) (0 ppm). rial, in substitution for Li" ions, which are submitted to a Fermi
Results and Discussion contact interaction from the electron spins of the materiaf {Ni

) ) ) The other spectra shown in Fig. 2 are discussed in the following.
Figure 1 shows thdLi MAS NMR spectra of two different

Li(Ni;_, ,Ca,Al,)O, compoundsiwith the same compositiorin Lithium carbonate-active material mixturesTo try to under-

the echo and single pulse conditions. One observes a very broad arfi@nd the lineshape of the narrow signal described in Fig. 1, we
shifted signalca. 400 ppm)in echo conditions. It arises from those investigated théLi MAS NMR spectra of a series of mixtures of
lithium ions present in the active material, due to the dipolar and!ithium carbonate with the active material, prepared as described in
contact shift interactions discussed in the Introduction. That, everfhe Experimental section. Figure 3 thus shows the corresponding
under relatively fast MAS conditions, the line is not separated intoSingle pulse spectra, in comparison with those gfd@; and of S1;
spinning sidebands is due to the magnitude of the dipolar interacthe approximate T1 of each signal is also given. The spectrum of
tion, and to the existence of a wide distribution of possible environ-Li,CO; exhibits a lineshapg¢envelope of the spinning sidebands
ments for Li in terms of number of Ni ions as first and second characteristic of a first-order quadrupolar interactifiri.is a spin
neighbor, leading to a distribution of overlapping signals. This sig- 3/2 nucleus so that, when present in a crystallographic site around
nal is so broad that it cannot be observed in single pulse conditionswhich the electrical field gradient does not present a strictly spheri-
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ously, this is due to a strong dipolar interaction with the electron

spins present in the compound. Exerting through space, with®a 1/
T1 = 15 sec planetary grinding dependence on the distance, this interaction can take place between
two different materials, contrarily to the Fermi contact shift one,

which requires some orbital overlap between Li and the paramagnet.
This clearly does not happen for this signal, which remains at the
position of pure LJCO;.

Another consequence of the proximity of lithium carbonate with
the paramagnetic material is the drastic shortening of T1, which is a

T1=40sec manual grinding
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Thus, according to the NMR observation, the lithium-containing
8 (ppm) layer present on the pristine material is fully compatible with lithium

) - ) ) ) ) carbonate in intimate contact with the active material. However, it is
E'?ﬁ.re 3 (':-' '\,:'IA)SON'\:; 55‘:;;?;'-Skgs?gg?:%;’ggoﬁt\’méx&;e; \SI\[I)IT:;I?]Z difficult to discriminate between lithium carbonate and lithium hy-
10 k}-ilz)yplzott%d vflithz(a) an arbitrary andb) an absolute intensity scales. The droxide in such conditions.

T1 values(inversion-recoveryare indicated. Evolution of the layer upon hydratioa-Figure 4 shows single
pulse MAS NMR spectra of the pristine S1 material and after one
and 4 days of hydration. The lineshape of the signal is hardly

. changed for the hydrated samples, although its magnitude is consid-
cal symmetry, the three NMR transitions d_o not occur at _the Sameerably larger. Besides, the T1 of Li in the layer of the hydrated
frequency, and do not exhibit the same lineshape, leading t0 theympjies is longer than that on the pristine material since the full

MAS spectrum sh_own in Fig. 3. In this spect_rpm, the |sotrop!C SIg- signal intensity is not obtained with a recycling delay of 2 s, con-

nal results essentially from the central transitionl(2,1/2), while trarily to the pristine material. Expansion of the isotropic liiveset)

thg spinning sidebands result essentially from the two satellite trangpows a very slight change in the signal, with an additional contri-

sitions (~3/2, —1/2 and 1/2, 3/2). The T1 dLi in this material is  pytion slightly shifted to the low part-per-million values. We believe

Io.ng,.showmg that no specific interaction is able to induce the lon-thig suggests the presence of lithium hydroxide on the growing

gitudinal relaxation of the magnetization. layer, converting into lithium carbonate, which is detected by XRD

When the mixture of LiCO; becomes more and more intimate on the hydrated sampldand is not on the pristine material due to
with the Li(Ni, Co, Al) material, the lineshape clearly evolves from its much smaller amount

the quadrupolar one of LCO; to a broad and featureless one for the The'H NMR spectrum of the hydrated sampgig. 2) shows a

original layer on the material. Figure 3b shows the same set ofsignal similar in shape to that of the pristine material, but slightly

spectra in an absolute scale, showing that the spectra of the mixturegore intense, both for the positively shifted sign@lerresponding

are clearly not a mere superposition of that of pure lithium carbonateo residual protons from the probe as discussed above plus protons

and that of the original layer on Sthe amount of LiCO; detected  from the surface layer of the matediaind for the negatively shifted

by NMR in the planetary ground mixture is smaller; this is due to one (corresponding to intercalated protons, as discussed above

some loss of LiCO; on the agate balls as described in the Experi- This suggests that the Li-containing layer is created by the replace-

mental section). Th&.i MAS NMR lineshape of lithium carbonate, ment of some Li ions in the material by protons, while the proton
which is clearly detected by XRD in the mixtures, is therefore content of the surface layer is low, in particular when compared to
strongly affected by its proximity with the active material. Obvi- the electrochemically aged material, as discussed in the following.



pristine electrode. This clearly shows that the layer in the aged elec-
trode (SEI) is mostly organic in nature, contrary to that of the pris-
tine compound. Note also that the position of the smaller negatively
shifted signal is altered in the aged electrode, which we believe is
due to the difference in the actual oxidation state of the cations in
the cycled material, leading to a different contact shift interaction on
the intercalated protons.

Synchronized echo

Conclusion

We have observed the interphase layer present at the surface of
Li(Ni;_y_,Coq/Al,)O, using’Li MAS NMR, with a combination of
single pulse and echo experiments, as wellFh$1AS NMR. In the
presence of the paramagnetic active material, the signal of Li in the
layer is dominated by a very strong dipolar interaction with the
electron spins of the material, which renders its lineshape very dif-
ferent from that of the same compound in the absence of paramag-
netic material. Its chemical shift is nevertheless not affected. How-
ever, the narrow chemical shift range of solid mineral or organic
compounds possibly present in the layer does not allowaapsori
discrimination. Therefore, it is difficult to deduce readily the nature
of the layer from its MAS NMR signal. However, we show that, for
the pristine material, this signal is similar to that observed for
Figure 5. "Li MAS NMR spectra of the S1 based electrode before and after lithium carbonate in close contact with the paramagnetic compound,
an accelerated aging te§t94.4 MHz, synchronized echo, spinning 15 kHz, and that this layer grows upon hydration of the matefidl. MAS
recycle delay 2)s NMR shows a very weak proton signal in the surface layer of both

the pristine and hydrated compounds, confirming that this layer is
inorganic in nature. It also suggests the presence of protons interca-

It therefore seems that hydration essentially leads to the growtt{ated in the material, whose amount increases upon hydration, thus
of the initial Li-containing layer, with only a small change in its releasing I|th|u_m ions that form the growing layer. After an aging
nature. It is likely that the part of the layer further apart from the €St th? layer is partly replaced by a different one, the SEI with a
paramagnetic material exhibits a longer T1, like that observed fordistinct’Li NMR lineshape, whileH MAS NMR clearly shows that
the mixtures in Fig. 3. lonic mobility properties may also influence the layer of the aged material is mostly organic in nature, contrary to

T1, so that the T1 issue is probably much more complex than just 4hat on the pristine compound. We therefore believe that a system-
signature of the proximity with the paramagnet. atic investigation using the NMR characterization described here

should allow some understanding of the surface layer present on the
Effect of electrochemical aging-Figure 5 shows théLi MAS pristine positive electrode materials of Li-ion batteries, as well as of

NMR echo signals for the electrode based on the S1 material beforéhe SEI formed during battery operation.

and after the aging test. Both the signal of the material and that of

the surface layer are considerably altered.

The change in the signal of Li in the active material resides  Financial support from USABC for this work and from @en

mostly in its magnitude. This is most probably because the materialyqyjtaine for the NMR equipment is gratefully acknowledged.
is not fully reintercalated with Li during the discharge. The presence

of Li vacancies must allow for a significant ionic mobility, which
affects the spin refocusing process, and consequently decreases the
magnitude of the echo signallhe necessary rotor synchronization
prevents one from using shorter refocusing delays in the echo se-!:
quence.
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