Electrode/Electrolyte Interface Studies in Lithium Batteries Using NMR
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asy access to portable energy
sources has become necessary for
the last decades and rechargeable
batteries are now omnipresent in
everyday tools and devices thanks to
their storage capacity and relatively
low weight. More recently, the
possible use of lithium-ion batteries
in full electric and hybrid electric
vehicles has attracted considerable
attention. However, great challenges
still remain in this area of research
and the importance of interfaces has
become especially obvious in the field
of electrochemistry and its applications
to energy storage devices.? The solid
electrolyte interphase (SEI) between the
negative electrode and the electrolyte of
a Li-ion battery is known to factor into
the overall battery behavior in terms of
irreversible capacity loss, charge transfer
kinetics, and storage properties.>¢
More than ten years of research in this
field have led to excellent control and
optimization of the SEI layer on carbon
electrodes. Surface formulation and/or
coatings of the positive electrode have
been shown more recently to influence
the battery performance as well.”!!
Interfacial reactions and the growth of a
passivation layer at the electrode surface
upon cycling have been also highlighted
for different positive electrode materials
and have been identified to be of
paramount importance as they can
lead to performance degradation of the
battery upon aging and cycling.!>!* The
existence of surface reactions at the
positive electrode/electrolyte interface
has been clearly demonstrated but the
experimental conditions of formation,
growth and modification, as well
as its subsequent influences on the
electrochemical performance, remain
unclear. The chemical, physical, and
structural properties of the interfacial
layer at the positive electrode in
particular are still not well known, and
thus this more recent research area is of
great interest.!*8
This article gives an overview of the
NMR approach developed to extract and
interpret information on the electrode/
electrolyte interphase in lithium
battery materials to probe evolution of
electrochemical behavior and/or failure
mechanisms along electrochemical
cycling of lithium batteries. Such
approach focuses on ex situ analysis of
electrode materials. Recent studies have
shown that in situ/operando NMR signals
can be obtained during electrochemical
processes'®?! but these works mainly
focus on the interpretation of bulk
electrochemical mechanisms and
therefore, are not discussed in the
present article.
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First are summarized the results
of works dealing with the extraction
and interpretation, from NMR data,
of chemical information based on the
chemical shift of various nuclei, and of
quantitative information based on the
integrated intensities of NMR signals.

The theory required to interpret NMR
spectra of paramagnetic samples and to
extract information on the interaction of
surface layers with the electrode material
bulk is then briefly described in order
to make it accessible to the non-NMR
audience. An earlier review article gives
a more comprehensive description of
the chemical and physical information
that can be extracted from the presence
of unpaired localized electrons.?
This second part is then followed by
illustrative examples obtained from
stored or cycled electrode materials.

Insofar NMR can be used to detect
lithium, phosphorus, hydrogen, carbon,
and fluorine among others, it appears
as an appropriate method to study
species present on surfaces of electrode
materials, resulting from electrolyte
decomposition. Among the numerous
techniques to study the evolution of
SEI on graphitic electrodes, Greenbaum
et al.?® used electrochemical impedance
spectroscopy (EIS) and solid-state ’Li
NMR techniques to characterize the
films formed on graphite anodes in
low-temperature  electrolytes  with
different mixtures of alkyl-carbonates
and low-viscosity solvent additives
such as aliphatic esters. A quantitative
determination of SEI Li content was
obtained by integrating the ’Li NMR
signals associated with Knight-shifted
intercalated Li and unshifted Li
species residing in the SEI. A compact,
barrier-type, protective film is formed
in alkyl-carbonate based solutions,
whereas porous, and less protective
films are formed with DME additives.
The same group investigated the SEI
on LiNi,Co,,0,?* while Tucker et al.*
showed the presence of Li-containing
species on the particles surface of
substituted LiMn,0O, spinel-type
materials upon moisture contamination
using ‘Li MAS NMR. The positive
electrode cycled at room temperature
builds up an interphase displaying
similar NMR spectra with respect to that
of stored positive electrodes, although
in lower amount. By comparing relative
integrated intensities assigned to the
SEI and to lithium ions inserted in the

cathode (in that case at 580 ppm), the SEI
growth can be quantitatively monitored
by NMR methods. More recently, “Li
MAS NMR analyses of the charged
silicium electrodes demonstrated that
the major part of the lithium lost during
the charge of batteries is not trapped in
Li Si alloys but instead at the surface of
the Si particles, likely as a degradation
product of the liquid electrolyte.?® Based
on the different shifts observed for
LiSi alloys,® it was demonstrated that
the main cause of capacity fade of Si-
based negative electrodes is the liquid
electrolyte degradation in the case of
nano-Si particles formulated with the
carboxymethyl cellulose (CMC) binder.
This degradation leads to the formation
of a blocking layer on the active material,
which further inhibits lithium diffusion
through the electrode porosity.
Diamagnetic  species  containing
Li, which NMR signals rise at approx.
0 ppm are frequently observed on
numerous systems but not really
investigated beyond a semi-quantiative
analysis of the integrated intensity using
’Li NMR due to the narrow chemical
shift range,?” typically between 2.8 ppm
for Li,O and -1.1 ppm for LiCl (Fig.1).
The discrimination between several
diamagnetic lithiated species present
at the same time in the interphase
might prove difficult. The interest of
employing °F or 3'P NMR resides in the
much wider chemical shift that can be
used to identify fluorine or phosphorus
containing products (Fig. 2), ranging in
“F NMR from -72.4 ppm for PF  to the
products of its hydrolysis at -76.7 ppm
(PO,F*), -83.8 ppm (PO,F,), -153.7 (HF)
and -204 ppm for LiF?® and ranging in
3P NMR from -146 ppm for PF, to -10.1
ppm (PO,F*), -21.6 ppm (PO,F,). It
becomes then possible to detect typical
LiPF, decomposition products already
observed by other techniques.!® 2%-32
First, F NMR results drew attention
to the presence of a fluorine-containing
compound in the interphase, distinct
from the background signal of the PVDF
binder. The complementary use of “Li
and F NMR appeared indeed extremely
useful to identify LiF as one of the
decomposition products of LiPF, (usual
salt of Li-ion battery electrolytes) despite
LiF invisibility in the mid-IR (~700 to
1400 cm™) range.*® Its formation in
the solid electrolyte interphase (SEI) at
both graphite and LiCoO, electrodes
in lithium-ion rechargeable batteries
was monitored quantitatively.?” This
study allowed establishing correlations
between the amount of LiF formed on
the cathode with both the number of
cycles and the Li loss percentage from

(continued on next page)
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the cathode while no correlation was
found for LiF vs. cycle number for the
anode.

In addition to this wider detection
range and in order to investigate
the organic components of the SEI,
BCNMR provides a way to follow the
decomposition reaction of organic
carbonates yielding the organic part of
the SEl as performed on the carbonaceous
anodic electrode in C/LiCoO, batteries.**
NMR signals assigned to lithium-based
carbon derivatives showed that the
Li-salt reacts with solvent, leading to
accumulation of decomposition products
on the electrode particles surface.®
Furthermore, the use of *C enriched
ethylene-carbonate and diethyl-
carbonate solvents allowed following
the decomposition pathway, indicating
the presence of carbonyl groups in SEI
layer, demonstrating a nucleophilic
attack mechanism on the carbonyl
carbon by one or more radical, alkoxy,
carbanion, or fluorine-containing ionic
species formed from solvent and/or salt
decomposition. These results suggest
a new family of electrolyte breakdown
products, predominantly consisting of
binary, ternary, and/or quaternary ether-
type compounds (i.e., orthocarbonates
and orthoesters), as well as fluorine-
containing alkoxy compounds.*

Most of these studies, done on
diamagnetic materials, rely only on
the interpretation of the chemical shift
to determine the chemical nature of
the species formed from electrolyte
decomposition, and on the monitoring
of the integrated intensity to follow
the progress of that reaction. In the
case of transition metal compounds,
NMR detection is more complicated,
especially due to fast relaxation time
leading to broadening of the signal
caused by the presence of paramagnetic
centers. However the resulting NMR
spectra contain valuable additional
information on the interaction between
surface species and active electrode
material bulk.

Magic angle spinning (MAS) NMR
is generally used to characterize bulk
materials. The Fermi contact interaction
along with the electron-nucleus dipolar
interactions and their respective
effects on the ®’Li NMR spectra have
been widely discussed in the case of
lithium ions present within the host
matrix of the insertion material.?23¢
The corresponding mechanisms have
also recently been investigated using
theoretical calculations.?”* Like the
Chemical Shift Anisotropy (CSA), the
electron-nucleus dipolar interaction
scales with the field. At high field, even
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Fig. 1. ’Li spectra showing chemical shift for various inorganic compounds that may be present in a

SEI layer. (Reprinted with permission from Ref. 27)
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Fi6. 2. Typical "°F and *'P NMR spectra of the LiPF -containing solutions and of the products of LiPF,
hydrolysis. (a) Signals a, b, ¢, and d are assigned to PF,, PO,F*, PO,F,, and HF, respectively. (b) Signals
a, b, ¢, and d belong to H,PO,, PO,F%, POF,, and PF,, respectively. (Reprinted with permission from

Ref. 28, license number 2713681279312)
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a fast spinning frequency does not allow
averaging the interaction. Therefore,
a very broad and unresolved signal is
typically seen for lithium ions within
the structure of the host matrix (Fig. 3).
This signal is usually shifted due to
the strong Fermi-contact interaction
and according to the distribution of
transition metals carrying localized
unpaired electrons.?>#%4! Much narrower
signals, superimposed to the bulk
signal, were observed by Tucker et
al.*® and Meénétrier et al.** between 0
and 1 ppm. This narrow signal can be
assigned to Li present outside the active
material in a surface layer. No departure
of the isotropic resonance from the
diamagnetic chemical shift range is
observed in this case, indicating that
the detected surface layer, composed
of diamagnetic lithium-containing
species, is not chemically bonded with
the bulk active material, and therefore
it is presumed to be predominantly
physisorbed. NMR is a quantitative
technique and thus all lithium nuclei in
the sample are detected using ®’Li NMR.
However, since the quantity of lithium
in surface species is much smaller than
the quantity of lithium within the bulk
of host material, it becomes difficult
to obtain accurate information on
“surface” lithium from the complete
spectrum.

Exerting through space, with a 1/
dependence on the distance, this strong
dipolar interaction is a very efficient
relaxation mechanism for the NMR
magnetization. Based on the extremely
fast relaxation observed for lithium
in the bulk material compared to that
of lithium in diamagnetic secondary
phase(s), a single pulse with a long pre-
acquisition delay suppresses the broad
signal from bulk lithium making the
signal assigned to surface lithium much
more pronounced and easier to analyze.
The weaker interaction felt by Li in the
interphase allows resolving the NMR
signal into spinning sidebands even at
high field. Since the size of the dipolar
coupling depends on the gyromagnetic
ratio, g, larger dipolar couplings are seen
for nuclei with larger values of g,. Thus,
’Li with its much larger gyromagnetic
ratio than °Li (g,,/g,, = 2.6) results in
MAS spectra with much larger spinning
sideband manifolds and easier to
interpret.

Using first this method in a study of
the so-called interphase layer present
at the surface of Li(Nj Loyt Co Al)
O,, Ménétrier et al.** mentioned "the
mﬂuence on the lineshape of MAS NMR
spectra of the strong through-space
dipolar interaction between the electron
spins of the paramagnetic material
and lithium nuclei in the surface layer,
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Fic. 3. 7Li MAS NMR spectra for LiNi, ,Mn, ,O, stored in ambient atmosphere for two months acquired
(a) with a Hahn-echo pulse sequence, (b) with a single pulse sequence, and (c) Li,CO, as a reference.

(Reprinted with permission from Ref. 48)
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resulting in broadening of the sidebands
manifold over a wide frequency range. In
that case, this discrimination method in
’Li NMR, along with 'H NMR was used to
understand the evolution of the nature
of the surface layer upon hydration of the
material. In particular, results indicated
the presence of protons intercalated in
the material, which amount increases
upon hydration, thus releasing lithium
ions that form the growing layer.
More recently, this method proved
appropriate and straightforward to
probe the surface of electrode materials
as ’Li and F MAS NMR analyses
revealed unambiguously the presence of
fluorine as a LiF * Coating on the surface
of the Li(Ni, ,,,Mn,,,.Co, )0, particles,
rejecting the formation of fluorine-
SUbStitUted Lil.l(NiOAZS 0425C00 15)0.901.
«F,, materials**** claimed to be obtained
by several authors based on changes in
cell parameters observed using X-ray
diffraction.

Following this precursor work, a ’Li
MAS NMR study of physisorbed surface
layers on LiNi, ,Mn, /ZOZ has been
performed?**#8 on a series of samples
obtained by mixing the material with
lithium carbonate or from contact of the
material with ambient atmosphere, as
well as with electrolyte. The progressive
narrowing of the sidebands manifold of
MAS NMR spectra reflects the decreasing
intimacy or increasing distance of surface
lithium with bulk material (Fig. 4) and
therefore can yield extremely useful
information complementary to the

chemical information obtained from
XPS or FTIR.
However, when considering such

a signal, it appears that it cannot be
considered as a single lithium site but it
is rather a superposition of resonances
corresponding to a distribution of
lithium ions. They are ranging from
locations close to the surface of the bulk
material, on the inside of a secondary
phase dispersed on the bulk material
grains, to locations on the outside of
this surface phase. Then the observed
signal should evolve according to two
parameters: the thickness of the surface
phase and its intimacy with the bulk.
Spin-lattice  (T,) relaxation time
measurements can be wused as a
probe of surface layers, allowing the
discrimination of interphases from
different origins. The b and T, values
obtained using a stretched exponential*®
can describe the growth of a layer on the
surface of the grains of active material
and an evolution of the intimacy
between the surface layer and the active
material. For instance, T, increases and
b decreases as the thickness increases,
reflecting the decreasing influence
of the paramagnetic phase on the
relaxation time with the distance and
the subsequent wider distribution of
T, values, respectively. This method

(continued on next page)
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O, weight ratios. The ratios are indicated in the

figure. (b) schemes showing the amount 07‘( lithium species on the surface of active material. The white rectangles represent an idealized section
of the surface of one particle of active material and the black disks represent particles or aggregates of diamagnetic lithium-containing species.
(Reproduced by permission of The Royal Society of Chemistry)

of  characterization  using NMR
measurements seems promising but
has been applied so far only on samples
obtained by mixing paramagnetic
electrode material and known amount
of diamagnetic lithiated species or by
soaking the material in electrolyte. It
would require further development.
The formation and the growth of
surface species coming from reaction
with LiPF, electrolyte have been
subsequently followed by combining
analyses of spectra lineshapes and
integrated intensities in ’Li MAS NMR in
the case of LiNi, ,Mn, O, and LiFePO,,
two materials amongst promising
candidates for positive electrodes for
lithium batteries. Concerning the layered
nickel manganese oxide, the reaction
with electrolyte is extremely fast during
the first moments of exposure and slows
down for longer exposure times, evolving
like a passivation reaction (Fig. 5a).
Nevertheless, integrated NMR intensities
are not proportional to specific surfaces
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of materials. Moreover, the clear overall
decrease of the spectra line shapes
for longer contact times suggests that
the additional species have a weaker
interaction with the paramagnetic bulk
of active material (Fig. Sb). The slow
NMR evolution observed after the initial
important increase can be assigned
to the stacking of lithium containing
species on the top of the initial deposits,
instead of further covering of material
surface by decomposition products. The
formation of discrete deposits instead
of an homogenous layer was proven by
TEM experiments (Fig. 5c) confirming
the ability of NMR experiment to
provide topological information about
the electrode/electrolyte interphase.
’Li NMR combined with 'H NMR*
and XPS*%° experiments on soaked
samples displaying initial surface Li,CO,
showed that these species react with
the electrolyte, vyielding fluorinated
products such as Li PF,, LiF, and Li PO F,
for short contact times. Only for a longer

exposure to electrolyte appear organic
products coming from the electrolyte
solvents decomposition.

Similar “Li MAS NMR experiments
on LiFePO, samples®’ permitted also to
observe the growth of an interphase, the
reaction being significantly aggravated
in the case of the non-carbon coated
material in spite of the smaller grain size
and the higher specific surface area of
the carbon coated LiFePO,. These results
demonstrated the clear influence of the
carbon coating as a protection against
parasitic reaction with the electrolyte.
The interphase grows continuously
on olivine particles as no passivation
state is reached after one month of
contact with the electrolyte contrasting
with the behavior of LiNi, ,Mn,,0,. In
addition, the integrated intensity of the
corresponding “Li NMR signal being
much lower, it allowed confirming that
the two materials display a completely
different surface chemistry, not only in
terms of chemical nature of the reaction
products, as shown in previous XPS and
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FiG. 5. (a) Evolution of the normalized integrated intensities of "Li MAS NMR spectra, for different LiNi, ,Mn, ,0, samples soaked in LiPF, (EC/DMC 1M)
electrolyte for various amounts of time. LMN-1 and LNM-3 were stored in argon and exhibit specific surfaces of 8 m?/g and 4 m?/g, respectively. LMN-2 was
stored in air and displays a pristine Li,CO, interphase. (b) Half-height width of "Li NMR spectra normalized to the height for LMN-1 soaked in LiPF, (EC/
DMC 1M ) electrolyte for various amounts of time. Estimated errors are reported as vertical bars. (c.) TEM pictures for LMN-1 after 2 weeks of contact with

the electrolyte.

FTIR studies,”!*!8 but also in terms of the
surface reactivity towards electrolyte.
This result combined with EIS confirmed
the very limited role of the interphase
on the electrochemical performances
of LiFePO, electrodes as opposed to the
behavior of most oxides.

These first steps in the characterization
of the electrode/electrolyte interface
using MAS NMR spectroscopy suggest
that a systematic investigation using
the NMR characterization should allow
some further understanding of the
surface layer present on the pristine
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positive electrode materials of Li-ion
batteries, as well as of the SEI formed
during battery operation.’Li MAS NMR
permitted to follow the evolution of the
interphase along the electrochemical
cycling of LiNi, ,Mn,,,0,.5>5 The good
correlation between the evolution of
surface phenomena probed by NMR
and bulk properties showed in particular
the influence of surface species on the
electrochemical behavior. In particular,
for air-stored LiNi; ,Mn, ,0, the overall

" 1272 X
electrochemical behavior, which

depends normally on bulk properties,
is here strongly driven by the evolution
of surface phenomena. On the other
hand, for LiNij Mn, O, protected from
air contact, the low amount of surface
species and its progressive removal
along the continuous decrease of
electrochemical performances suggested
that the interphase is needed to some
extend to protect the electrode from
degradation. Semi-quantitative Li NMR
experiments performed upon cycling

(continued on next page)
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indicated the formation of lithiated
interphase species in reduction and their
partial removal in oxidation, indicating
a dynamic character of the interphase
upon cycling. Limitations of the method
resides in the small chemical shift range
of Li and XPS experiments were required
to gather complementary chemical
information about the composition of
interphase species. In order to achieve
further characterization of interphase
species, “F and *'P MAS NMR is currently
under progress as the wider chemical
shift range enables to separated different
fluorinated and/or phosphored species
such as LiF and fluorophosphates (LiPF,,
Li PF,, RPOF).

’Li NMR is a powerful tool to study the
surface layer on Li-ion battery electrode
materials, especially coupled with
techniques giving chemical information
such as XPS or FTIR. The use of other
nuclei such as “F or P as probes of
elements contained in the interphase is
another straightforward way to gather
additional insight on the evolution of
the chemical composition of inorganic
products of electrolyte decomposition.
Concerning the organic part of the
interphase, the use of *C NMR has
proved also to be of great interest to
understand the decomposition or
reaction pathway of organic solvents
even though the need of isotopic
enrichment and the sensitivity of 3C
NMR to the presence of paramagnetic
centers complicate the detection.

In the case of materials containing
transition metals with unpaired
electrons, in addition to the chemical
composition and quantification, it is
possible to extract physical or topological
information from electron-nucleus
dipolar interaction. Especially in the
case of 'Li NMR, the advantage of this
method lies in the efficient separation
of surface signal from paramagnetic
bulk signal, allowing the extraction of
surface information including intimacy
between bulk material and surface
phase.

The detection and observation of
electrode/electrolyte interphase using
NMR technique is now applied to a wide
range of cathode and anode materials for
lithium-ion batteries and is becoming
an efficient characterization tool in this
research area. More investigations are
necessary however to further explore
the possibilities of this new interface
characterization technique.

Although the technique is being
developed for interface characterisation
of Li-ion battery materials, it is clear MAS
NMR is applicable to surface or interface
characterization in many systems in
which surfaces and/or interfaces are of
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premier importance such as for instance
other electrochemical systems (Ni-MH
batteries, supercapacitors, fuel cells) as
well as in photovoltaic and catalysis
domains. ]
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