In Situ NMR Studies of Lithium lon Batteries

by Nicole M. Trease, Thomas K.-J. Koster, and Clare P. Grey

uclear Magnetic Resonance

(NMR) is a useful tool to probe

the structural changes that occur
in electrode materials on electrochemical
cycling.! Most NMR studies of materials
for lithium ion batteries have been
performed ex situ: the battery is cycled to
a specific state of charge, taken apart to
extract a sample, and then NMR of this
sample is performed. This has been an
extremely successful approach because
it allows fast magic angle spinning
(MAS) methods to be used along with
other modern NMR methods, providing
considerable insight into the different
structural processes that can occur
and on the mobility of the various
species. However, the approach does
not capture short-lived metastable or
reactive phases, which may react further
before an ex situ NMR spectrum can be
acquired. Furthermore, the wish to be
able to quickly monitor the different
local structural changes as a function of
current and potential, to complement
in situ X-ray powder diffraction
measurements, or to investigate the
electronic structure, to complement in
situ X-ray absorption experiments, has
motivated studies in this area. In situ
NMR has now been implemented by a
number of groups and despite a number
of challenges provides a non-invasive
means to study electrochemically
induced structural changes, as briefly
reviewed for “Li in situ NMR studies of
lithium ion batteries (LIBs).

A major challenge in in situ NMR
spectroscopy of a LIB is to separate
the resonances from the different
components. Most lithium NMR
experiments have been performed with
’Li rather than °Li since the former is a
more sensitive nucleus, although with
enrichment °Li experiments should also
be possible. Resonances from lithium in
diamagnetic environments such as the
electrolyte and lithium ions in the SEI
(surface electrolyte interphase) appear
at approximately + 10 ppm. In contrast,
the resonances from Li environments
in paramagnetic phases can be shifted
by as much as -500 to + 3000 ppm as
a result of the (hyperfine) interaction
with the unpaired electrons of the
paramagnets. Metallic lithium is shifted
to approximately 250 ppm, by a shift
mechanism called the Knight shift,
which is now caused by the interaction
of the nuclear spins with the unpaired
electrons located at the Fermi level of the
conduction band. To date, most in situ
NMR studies have been run as half-cells
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utilizing Li metal as one of the electrodes.
This is convenient because the ’Li shift
of metallic lithium appears in a shift
range, which is distinct from those of
many other materials that have been
investigated to date. ’Li is a quadrupolar
nucleus with spin I = 3/2. Although, it
has only a small quadrupole moment,
the ’Li resonances can still be broadened
by the quadrupolar interaction, but
this can yield information on the local
structure around a given nucleus. The
sharper central transition, involving
the -1/2 to +1/2 Zeeman levels is the
easiest transition to detect for non-
integer spin quadrupolar nuclei. The
-3/2 to -1/2 and +1/2 to +3/2 satellite
transitions are also observable for ’Li
and appear at + v /2 from the central
transition resonance, where v, is the
quadrupole frequency, a function of the
quadrupolar coupling constant. Both
the shift positions of ’Li NMR signals
and quadrupolar parameters have been
used to extract information on the
structural changes that occur in LIBs
during the electrochemical processes.

Since graphitic carbon is the most
common anode material in commercial
Li-ion batteries, with a capacity of 372
mAh/g, it seems appropriate that the first
’Li in situ NMR studies were carried out
on these electrodes. The first "Li in situ
NMR experiments were performed on
carbon-based materials by Gerald et al.
in Argonne National Laboratory, using
a home-built “near electrode imager”
probe, where cylindrical batteries were
studied and a solid copper rod was
used as both the current collector and
part of the NMR detector circuit. To
overcome difficulties in fabricating
symmetric electrodes to fit around the
rod, they later modified the design,
to study flat batteries with a “battery
imager” NMR probe, where a solid
copper disk was used instead of a rod.>?
This methodology made use of a non-
standard NMR “Toroid” coil. In addition
to spectroscopy measurements, this coil
also allowed imaging experiments to
be performed, since the response for a
sample in the coil is not uniform and
depends on the distance from the center
of the coil. Thus, the concentration
of species as function of the distance
from the current collector could be
monitored as a function of the reaction
time and state of charge. The difficulties
(albeit not insurmountable) and/or
disadvantages of this design are the poor
signal-to-noise obtained to date and the
difficulty of combining this design with
a standard LIB.

A simpler approach was taken by
groups in Orléans and Amiens (Letellier,
Chevallier, Morcrette, Tarascon, and
coworkers) who used Bellcore-type
plastic batteries’ that could be placed
directly into a conventional static NMR
probe (Fig. 1). No specially designed
probe was required. The method was
employed to probe structural changes
in graphitic®® and amorphous carbon®1°
electrodes. As lithium is intercalated
into graphitic carbon, different staged
compounds of graphite are formed until
the fully lithiated stage 1 compound
is formed at LiC,. Distinct ’Li NMR
peaks are seen for the different stages.
Due to the metallic nature of LiC, the
’Li resonances are affected by a Knight
shift, and with each stage (increased
Li content) the peaks shift to higher
frequency: ‘Li NMR resonances appear
at 2, 6.8, 12.2, 45, and 42.6 ppm for
stage 4’ (LiC,)), stage 3’ (LiC,,), stage 2’
(LiC,,), stage 2 (LiC,,), and stage 1 (LiC)),
respectively. The lithium environments
in each of the LiC, phase are associated
with a characteristic quadrupolar
coupling constant and their satellite
transitions are observable. The Knight
shifts for stage 1 and stage 2 are similar
and difficult to distinguish based on
shift alone, but these structures can be
distinguished from each other based
on the quadrupolar coupling, as they
have different A values of 22.6 kHz and
17 kHz, respectively. The in situ NMR
spectra of a graphitic carbon are shown
in Fig. 2.

In contrast, in the ’Li in situ NMR of
disordered carbons, distinct crystalline
LiC_ peaks are no longer seen, only a
quasi-metallic (Knight shifted) Li C,
peak appears, which shifts gradually to
higher frequency (out to 104 ppm) as
more lithium is inserted into the carbon.
On lithium removal the peak shifts back
to O ppm. The larger Knight shift of the
fully lithiated material, in comparison
to that seen for LiC,, indicates that the
lithium in the disordered carbon has
become more metallic. This is consistent
with the higher lithium content of this
material, which contains 1.5 times
more lithium than does the LiC, stage
1 compound.

Lithium metal, by definition, must
have the highest capacity of all lithium
based anode materials and will also
give the highest cell voltage. However,
safety issues due to dendrite and moss
formation on the anode, which can
cause short-circuits, have prevented

(continued on next page)
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Fic. 1. In situ NMR set up using Bellcore-type plastic batteries. (a) Schematic of plastic bag cell
battery. (b) Set up of bag cell in NMR magnet. (Reprinted with permission from Ref. 4. Copyright 2009

American Chemical Society.)

its widespread wuse in commercial
rechargeable batteries. Dendrite
formation and subsequent growth

are dependant on numerous factors
including the electrolyte salt and
solvent, the rate at which the battery is
cycled, the temperature and the pressure
on the cell. In situ NMR provides a simple
means to study the conditions under
which dendrites form and to monitor
their growth. Bhattacharyya et al. found
that upon multiple cycles a second "Li
metal peak appeared, shifted slightly
from the original metallic peak, which
is assigned to the formation of mossy
or dendritic lithium.!! This shift was
attributed to bulk magnetic susceptibility
(BMS) effects caused by the temperature
independent paramagnetism of the
lithium metal. This results in an
orientation dependence between the
metal anode strip and the direction
of the static magnetic field: when the
lithium metal strip was placed horizontal
in the NMR coil, a 7Li peak appeared at
250 ppm, while when it was vertical in
the coil, this peak shifted to 270 ppm, as
shown in Fig. 3. The shift was thought
to arise from the fact that the dendritic
or mossy lithium grows perpendicular to
the surface of the electrode.

The key to using this method to
investigate dendrite formation is the
extent that the radio frequency (rf)
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field, used to excite the Li spins, can
penetrate into the lithium metal (the
“skin depth”). The skin depth depends
on the type of metal (i.e., its resistivity
and permeability) and also the Larmor
frequency. Only the spinsin the 115 ym
can be excited at 77 MHz, the number
dropping as the field strength of the
magnet increases. Since the dendrites are
an order of magnitude thinner, the spins
in the lithium dendrites can be observed,
while those at >15 pm from the surface
of the lithium metal anode cannot. A
simple way to study dendrite growth is
to use a symmetric lithium metal bag
cell, i.e., a cell comprising two lithium
electrodes. The mass of lithium metal is
now constant, assuming side reactions
are negligible, and any increasing in the
intensity of the metal peak is then due
to the formation of Li microstructure
formation. Li in situ NMR provides
a quantitative and non-destructive
means to study lithium microstructure
(dendrites, moss, etc.) formation, which
is not necessarily true for techniques
such as optical and scanning electron
microscopies. Utilizing this approach
Bhattacharyya, et al., investigated the
effects of different organic and ionic
liquid electrolytes on dendrite formation
in symmetric lithium bag cell batteries.!!
They compared the rate and current at
which dendrites formed from different

electrolytes. In Fig. 4 is the NMR and
electrochemical data for a symmetric
Li metal bag cell with an ionic-liquid
electrolyte (C,mimBF, + LiBF)) and a
vinylene carbonate (VC) additive, which
has been shown to be a poor electrolyte
for preventing dendrite formation,
once the VC has been consumed. They
cycled the bag cell for multiple charge-
discharge cycles at a 0.5 mA cm? current
rate. It is clear from the shifted Li metal
peak in Fig. 4a2, and the increase in Li
metal signal I (Fig. 4d) that dendrites
formed quickly (after 220 mins) at
relatively low current rates. Dendrites
are seen by NMR before they become
apparent in the electrochemistry.

Silicon represents a promising anode
material for lithium ion batteries, as
it offers very high specific capacities
of about 3600 mAh/g. Although
several companies have announced
batteries containing this material, the
large volume change in silicon upon
lithiation, which leads to mechanical
stress and particle rupture, and concerns
associated with the formation of a
stable SEI, have to date prevented a
commercialization of this material.
Attempts to solve this problem include
the use of silicon nano particles, the use
of suitable binders and additives, and
the limitation of the voltages over which
the anode is charged and discharged.'>!?
Many studies have been carried out to
better understand the chemical processes
that underlie the discharging/charging
processes in silicon based anodes.!+!®
Starting with crystalline silicon, the Si-Si
bonds are broken by insertion of lithium
ions, resulting, in the initial discharge,
in the formation of an amorphous phase
Li Si. At very low voltages (<50 mV), a
metastable phase Li Si, crystallizes.
Upon charging, lithium ions are
removed from the lithiated phase and
Si-Si bonds are newly formed, resulting
in completely amorphous silicon at full
charge. As the electrochemical cycling of
silicon involves a number of amorphous
phases, the use of classical X-ray
diffraction techniques to study these
reactions is strongly limited. Instead,
NMR is an ideal technique for the study
of silicon based anodes and both in and
ex situ studies have been performed.*!®

’Li shifts in lithiated silicon and
crystalline lithium silicides depend
strongly on the coordination of the
lithium ions. Whereas lithium ions near
isolated Si anions (i.e., nearby Si anions
that are not bonded to other Si ions/
atoms) appear in the “Li NMR spectra at
shifts of about 6 ppm, lithium ions near
small silicon clusters and Si-Si dumbbells
produce signals at larger shifts of up to
19 ppm. In an in situ NMR study of a Li/
Si battery, Key et al. showed that during
the initial discharge, the carbon in the
Si/C composite electrode first reacts
with the lithium. This is followed by
the formation of small silicon clusters
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FiG. 2. ’Li in situ NMR of (top) graphitic carbon and (bottom) disordered carbon for the first cycle. The batteries were cycled with a C/20
(intercalate 1 lithium in LiC, in 20 h) rate, yielding cycling times of 40 h for graphite and 60 h for the disordered carbon. The initial spectra
are at the bottom of each spectra; lithium is inserted/ intercalated moving up the spectra and then removed, until the lithium has been removed
in the top spectra. The Li C phases and the Li electrolyte/SEI regions are marked. The * indicates the satellite transitions of the different staged
compounds. (Reprinted from Ref. 8, with permission from Elsevier, Copyright 2006.)

below 300 mV (broad peak at 8-20
ppm, Fig. 5). This continuing process is
accompanied by further breakage of the
silicon network and the occurrence of
isolated silicon atoms (0-8 ppm). These
results are in good agreement with
ex situ NMR results. However at deep
discharge (voltages below 100 mV, but
more pronounced below 30 mV) the
in situ experiment revealed a process
that was not obvious from the ex situ
experiments. A new signal appeared
at -10 ppm, which occurs at about the
same time as the reflections from the
crystalline Li Si, phase are seen in the
X-ray diffraction patterns. From the
deviation between the chemical shifts
of the new phase in the battery (-10
ppm) and Li Si, prepared by solid state
reaction (ball-milling) (6 ppm) it can be
concluded that Li, Si, is not a line-phase
but can accommodate small lithium
non-stoichiometries in its structure.
The overlithiated Li Si, formed at the
end of the discharge easily reacts with
the electrolyte, so it was not observed
in the ex situ experiments; during the
time between battery disassembling and

(continued on next page)
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Fic. 3. ’Li NMR resonance of lithium metal at two different orientations with respect to the magnetic

field, B,. When the Li metal strip is placed vertically in the NMR coil (perpendicular to B,) a peak is

seen at 250 ppm, this peak shifts to 270 ppm, when the strip is horizontal in the NMR coil (parallel to
B,). (Reprinted from Ref. 11, with permission, copyright 2010.)
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the NMR experiment the overlithiated
Li,Si, had completely reacted. This
reaction can explain the fast increase of
open circuit voltage (OCV) to about 0.2
V after the battery has been discharged
to O V. In situ NMR shows that during
this “self-charge” (clearly a self-
discharge process in a full cell) process,
the -10 ppm resonance disappears. In an
attempt to resolve the inconsistencies
between ex situ and in situ data, batteries
were discharged to 0 V and disassembled
immediately before the ex situ NMR
experiment. In this case, it was possible
to observe the signal with the negative
chemical shift in the ex situ NMR
experiment. However, the example
clearly shows that care must be taken in
interpreting ex situ experiments, since it
will never be clear whether any reactive
or metastable phases may have already
reacted.

The method is a relatively
straightforward approach for following
the changes that occur to the lithium
ions/atoms in a lithium ion battery,
as long as the relevant NMR signals
are reasonably sharp and they do not
overlap with the signals from other
components in the cell. Resolution will
be a concern in many systems, although
methods for separating different signals,
based on, for example, relaxation times
or possibly double resonance NMR
experiments (which select specific types
of species), may help to resolve the
signals from different environments.
Magnetic susceptibility effects, which
can be largely ignored in MAS are not
negligible, particularly for paramagnetic
materials, and they can complicate
spectral assignment. Magnetic resonance
imaging (MRI) may help with this
problem as it may be possible to locate
wherein the cell the different shifted
components originate from.!” Further
analysis of the sources of the BMS and
optimization of cell design/orientation
may help minimize this problem.
Despite the challenges, there are many
systems that will be amenable to the
methodology. Increased utilization of
the in situ methodology by more NMR
groups will help speed up the process of
finding practical solutions to overcome
some of the challenges and hurdles
and will broaden the type of systems
that can be investigated. In addition
to the study of the electrode materials,
as described above, applications to
the study of electrode-electrolyte
interfaces, to investigate capacitive
and  pseudocapacitive = phenomena
can be readily envisaged. Similarly,
monitoring changes in electrolyte
concentrations and speciation, Li metal
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FiG. 4. ’Li in situ NMR for a symmetric Li metal bag cell. (al-a3) NMR spectra at different time

intervals showing the growth of dendritic peaks. Electrochemical data for galvonostatic cycling are
shown in (b) voltage and (c) current versus time. (d) Change in the experimental intensity, Ly of
the lithium metal peak. (e) Change in the mass of the lithium microstructure, calculated from (d).
(Reprinted from Ref. 11, with permission, copyright 2010.)

and/or SEI formation, all represent very
straightforward experiments where the
in situ approach should yield valuable
information.

Research was supported by the
NECCES, an Energy Frontier Research
Center funded by the U.S. Department of
Energy, Office of Basic Energy Sciences,
under Award DE-SC0001294 (NMT and
CPG) and by the Assistant Secretary for
Energy Efficiency and Renewable Energy,
Office of FreedomCAR and Vehicle
Technologies of the U.S. DOE under
Contract No. DE-ACO03-76SF00098,
via subcontract No. 6517749 with the
Lawrence Berkeley National Laboratolgy
(TK and CPG). |

Nicole M. Trease obtained her PhD
in chemistry from The Ohio State
University, in 2009 on theoretical and
experimental quadrupolar NMR with
applications to glass structure. In 2009,

she joined the Department of Chemistry
at Stony Brook University, Stony Brook,
NY, as a postdoctoral research associate.
Her research interests include carbon
and lithium anodes, supercapacitors
and the development of in situ NMR
techniques. She may be reached at
nmtrease@gmail.com.

Traomas K.-J. Koster obtained his
PhD in chemistry from the University
of Miinster, Germany, in 2009 on
the characterization of polymer and
composite electrolytes. In 2010, he
joined the Department of Chemistry
at the University of Cambridge, UK, as
a postdoctoral research associate. His
research interestsinclude supercapacitors
and silicon based materials for lithium
ion batteries. He may be reached at
tkjk2@cam.ac.uk.

Clare P. Grey recently joined the
Chemistry Department at Cambridge
University as the Geoffrey Moorhouse
Gibson Professor of Inorganic Chemis-
try (2009). She received a BA (1987) and
a DPhil (1991) in chemistry from the
University of Oxford. She spent a year at
the University of Nijmegen, as a Royal

The Electrochemical Society Interface ¢ Fall 2011



Society postdoctoral fellow (1991), and
two years as a visiting scientist at Du-
Pont CR&D in Wilmington, DE (1992-
1993) before joining the faculty at Stony
Brook University (SBU) in the U.S. as
an assistant professor (1994). She was
promoted to associate (1997) and then
full professor in 2001. She currently
maintains a part-time position at SBU,
where she is the Associate Director of
the Northeastern Center for Chemical
Energy Storage, a Department of Energy,
Energy Frontier Research Center. Her re-
cent awards include the 2007 Research
Award of the ECS Battery Division,
the 2010 Ampere Award, and the 2010
RSC John Jeyes Award. She was elected
as Fellow of the Royal Society in 2011.
Her research interests include the inves-
tigation of materials for energy storage
and conversion. She may be reached at
cpg27@cam.ac.uk.

1. C. P. Grey, and N. Dupre, Chem.
Rev., 104, 4493 (2004).

2. R.E.Gerald, R. J. Klingler, G. Sandi,
C. S. Johnson, L. G. Scanlon, and J.
W. Rathke, J. Power Sources, 89, 237
(2000).

3. R. E. Gerald, J. Sanchez, C. S.
Johnson, R. J. Klingler, and J. W.
Rathke, J. Phys.-Condes. Matter, 13,
8269 (2001).

4. B. Key, R. Bhattacharyya, M.
Morcrette, V. Seznec, J. M. Tarascon,
and C. P. Grey, J. Am. Chem. Soc.,
131, 9239 (2009).

5. J. M. Tarascon, A. S. Gozdz, C.
Schmutz, F. Shokoohi, and P. C.
Warren, Solid State Ion., 86-8, 49
(1996).

6. M. Letellier, F. Chevallier, C.
Clinard, E. Frackowiak, J. N.
Rouzaud, F. Beguin, M. Morcrette,
and J. M. Tarascon, J. Chem. Phys.,
118, 6038 (2003).

7. M. Letellier, F. Chevallier, and M.
Morcrette, Carbon 45, 1025 (2007).

8. M. Letellier, F. Chevallier, and F.
Beguin, J. Phys. Chem. Solids, 67,
1228 (2006).

9. E Chevallier, M. Letellier, M.
Morcrette, J. M. Tarascon, E.
Frackowiak, J. N. Rouzaud, and
F. Beguin, Electrochem. Solid-State
Lett., 6, A225 (2003).

10. M. Letellier, F. Chevallier, F. Beguin,
E. Frackowiak, and J. N. Rouzaud, J.
Phys. Chem. Solids, 65, 245 (2004).

11. R. Bhattacharyya, B. Key, H. L.
Chen, A. S. Best, A. F. Hollenkamp,
C. P. Grey, Nat. Mater, 9, 504
(2010).

12. M. Holzapfel, H. Buqa, L. ]J.
Hardwick, M. Hahn, A. Wursig,
W. Scheifele, P. Novak, R. Kotz, C.
Veit, F. M. Petrat, Electrochim. Acta,
52,973 (2006).

The Electrochemical Society Interface * Fall 2011

(a) _. ;

L -1—'"_r"_r—'-|—'=-—'—l|=|—-=' _—'

0 -10 -20 -30 -40 -50
PPM
Capacity=0 mAhig Capacity=1731 mAh/g %7 Capacity=4114 mah/g
V=28V 45 V=008V | veov
' A =10
A
(al) ) (a2) (a2) "l
a5 J
b 16|\ 7 \
Uks o i, o in A
F a . 1:‘ - il L
40 20 0 -20 40 40 20 0 -20 -40 40 20 0 -20-40
PPM PPM PEM
(b) 0s (© \_
0.6 {4000
- 0.4 | o~
g f
3 0.2 {3000
= z
g 2000 2
=%
3 | &
I 1000
2BY - ——

1 075 05 025 0

aev) Voltage (V)

FiG. 5. Stacked (a) and contour (b) plots of ’Li in situ NMR spectra of a Li/Si battery during the first
discharge and beginning of the first charge with corresponding electrochemical curve (c). al-a3 show
deconvoluted spectra at particular voltages. (Reprinted with permission from Ref. 4, copyright 2009,

American Chemical Society.)

13. N.S.Hochgatterer, M. R. Schweiger,
S. Koller, P. R. Raimann, T.
Wohrle, C. Wurm, and M. Winter,
Electrochem. Solid-State Lett., 11,
A76 (2008).

14. M. N. Obrovac, and L. Christensen,
Electrochem. Solid-State Lett., 7, A93
(2004).

15. T. D. Hatchard, and J. R. Dahn, J.
Electrochem. Soc., 151, A838 (2004).

16. ].Li, and]. R. Dahn, J. Electrochem.
Soc., 154, A156 (2007).

17. J. H. Trill, C. Q. Tao, M. Winter,
S. Passerini, and H. Eckert, J. Solid
State Electrochem., 15, 349 (2011).

18. B.Key, M. Morcrette, J. M. Tarascon,
and C. P. Grey, J. Am. Chem. Soc.,
133, 503 (2011).

19. S. Chandrashekar, N. M. Trease, H.
J. Chang, L.-S. Du, C. P. Grey, A.
Jerschow, 7Li MRI of Li-ion battery
electrodes. To be submitted.

73




