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’Li in situ 1D NMR imaging of a lithium ion
batteryf

S. Klamor,®® K. Zick,© T. Oerther,© F. M. Schappacher,” M. Winter®® and
G. Brunklaus*®

The spatial distribution of charge carriers in lithium ion batteries during current flow is of fundamental
interest for a detailed understanding of transport properties and the development of strategies for future
improvements of the electrolyte—electrode interface behaviour. In this work we explored the potential of
“Li 1D in situ NMR imaging for the identification of concentration gradients under constant current load in
a battery cell. An electrochemical cell based on PTFE body and a stack of glass microfiber discs that are
soaked with a technically relevant electrolyte suitable for high-temperature application and squeezed
between a Li metal and a nano-Si—graphite composite electrode was assembled to acquire Li 1D in situ
NMR profiles with an improved NMR pulse sequence as function of time and state of charge, thereby
visualizing the course of ion concentration during charge and discharge. Surface localized changes of Li
concentration were attributed to processes such as solid electrolyte interphase formation or full lithiation

www.rsc.org/pccp

Introduction

The increasing demand for mobile energy storage solutions
suitable for safe and durable operation of electric vehicles has
fostered many research activities in the field of rechargeable
batteries."™ Currently, rechargeable lithium ion batteries con-
stitute an industrial state-of-the-art technology that above all
has enabled modern portable electronic devices such as digital
cameras, mobile phones, handheld devices or laptop compu-
ters.”® Lithium ion batteries are in majority based on non-
aqueous liquid organic electrolytes tightly squeezed between
two electrodes capable of Li ion intercalation while providing
high volumetric and gravimetric energy density as well as low
self-discharge rates.® The presence of quite distinct electrode-
electrolyte interfaces and less defined surfaces of particles in
the bulk electrode depending on the electrode porosity and
processing facilitates rather complex electrochemical processes
inside such batteries, particularly in view of parasitic side
reactions, rendering the actually occurring reaction mechan-
isms poorly understood.” Detailed understanding of those
phenomena that govern degradation and materials failure
upon continued operation, however, is essential in achieving
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of the composite electrode. The method allows the extraction of lithium ion transport properties.

sustainable improvements of efficiency, cycle life and costs,
and ideally enables routes to prevent such ageing effects.® ™"

A proper choice of the electrolyte including a mixture of
solvents, necessary additives, and lithium salts positively affects
achievable performances of manufactured battery cells and
critically determines its (chemical) compatibility with respect
to the presence of active or other inactive materials and hence
accessible temperature ranges.'> Moreover, sacrificial decompo-
sition of these non-aqueous electrolytes at low potentials results
in passivating surface film formation (the so-called solid electro-
lyte interphase (SEI)),"*'* which ideally should avoid electron
conduction or tunneling while still permitting Li ion diffusion.
Even though this chemical process irreversibly consumes Li ions
in the first charging and discharging steps, an effective SEI
formation is mandatory for achieving a defined but low cell
impedance, long-term cycling stability and reliable electro-
chemical performance of the cell."”>*” Since the properties and
chemical composition of the SEI depend on the nature of the
electrolyte mixture, they may be tailored by applying specific
electrolyte components, such as Li salts and electrolyte additives.
Commercially available electrolytes typically contain mixtures of
cyclic carbonates including diethyl carbonate (DEC), dimethyl
carbonate (DMC), ethylene carbonate (EC) or ethyl methyl car-
bonate (EMC) with suitable Li salts such as lithium hexafluoro-
phosphate (LiPF,).'® These mixtures operate quite well at room
temperature but suffer from degradation at slightly “‘elevated”
temperatures above 35 °C.'°"** Notably, mere replacement of
LiPF¢ by lithium difluoro(oxalate)borate (LiDFOB) resulted in
increased thermal stabilities.>* >
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For several decades, silicon has been considered as promising
negative electrode material in lithium ion batteries, mainly because
of its high specific capacity of practically ca. 3500 mA h g~ *,*’ thus
providing considerably higher energy densities compared to
pristine graphite’’ ' and its high abundance in the earth
crust. Key problems associated with the use of Si as so called
“alloy anode” are the large volume changes of ca. 300% and
the related poor interfacial stability of Si with the electrolyte
thus resulting in poor cycling stability and Coulombic effi-
ciency.*> Measures to improve the performance include the
use of nano-silicon, the mixture of Si with materials that show
little volume expansion, for instance carbon and proper
choice of electrolyte additives, such as fluoro ethylene carbo-
nate (FEC) which improve the SEI formation and cycling
stability.>*> In general, further advances in the design of
materials for energy storage could be expected from a more
thorough understanding of microstructural properties that
significantly influence the material function and durability
including interfaces, phase boundaries or geometric features
(e.g., tortuosity or curvature) — especially when metallic parti-
cles or Li “alloys” thereof are involved.*® In particular, "Li
magnetic resonance imaging (MRI) techniques combined
with “Li in situ solid state NMR represent powerful tools to
specifically identify localized (electrode surfaces or solid/
liquid interphase) or transient (Li ion concentration gradi-
ents) material specific processes in batteries under constant
current load, thus allowing for evaluation of distinct electro-
chemical systems and giving insight in actually occurring
physical or chemical processes. The great potential of "Li
NMR in situ techniques for the investigation of ‘“‘energy
materials” is clearly evidenced by the impressive number of
recent reports where changes within electrode materials and
electrolyte, ion transport properties, local ion distributions or
concentration gradients were identified.*”**

Inspired by very recent ’Li 1D NMR imaging measurements of
a simplified electrochemical cell (Li//LiPFs(EC/DEC)//Li) at con-
stant current to quantify mass transport in thickened electrolyte
mixtures®”> and the observation of gradients of diffusion coeffi-
cients,*" we have examined the applicability of in situ 'Li 1D
NMR imaging for analysis of electrochemical cells that in view of
current progress in battery technology were designed with more
realistic components. Therefore, our set-up is based on a nano-
silicon-graphite composite electrode vs. lithium metal electrode
that are separated by glass microfiber filters as host medium for
the electrolyte mixture while tuning the contact interfaces by
light pressure (Fig. 1).

The resulting cell was then investigated via 'Li 1D NMR
profiling®® thereby demonstrating changes of local Li ion concen-
tration upon lithiation of a nano-Si-graphite composite electrode
as function of time and surface chemical reaction processes that
likely occur in commercially available Li ion batteries. Notably,
transient local concentration gradients reflecting SEI formation
and different state-of-charge (SOC) conditions could be identified,
in addition to improved spatial resolution and signal-to-noise
ratio (SNR) due to optimization of the applied pulse program for
the “Li 1D NMR imaging measurements.
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Fig. 1 Design of the cylindrical PTFE cell with a metallic lithium electrode
vs. nano-Si—graphite composite electrode, including a concentration
profile from ’Li 1D NMR Imaging of the as-made cell prior to lithiation.

Experimental

The experimental setup of the electrochemical cell was designed to
compromise the conflicting demands concerning chemistry, typical
charging procedures and requirements for a 'Li NMR 1D imaging
application. Thus, a cylindrical cell with an outer diameter of
10 mm was made from polytetrafluoroethylene (PTFE) taking
geometric limitations of the available NMR hardware into account.

Although, PTFE might react with Li in contact with the
electrolyte and electrodes to amorphous carbon and lithium
fluoride (LiF),*® no black residues indicating formation of
carbon after the application of a constant current load could
be detected in the cell so that negligible contribution of this
process is assumed under the described electro-chemical mea-
surements conditions and applied time interval. The electrical
wiring was achieved via copper-based electrodes with two
O-rings on each side to ensure sufficient and durable sealing
with respect to moisture and ambient atmosphere.

Electrode preparation

The composite electrode (nano-Si-C-CA-binder) was prepared
according to a typical recipe: 60 wt% graphite (C) (TIMREX®
SFG6, Imerys), 20 wt% nano-silicon powder (nano-Si) (Nano &
Amorphous Materials, 50-70 nm), 12 wt% conductive agent (CA)
(Super C65, Imerys) and 8 wt% gellan (binder) (Phytagel Sigma
Aldrich). Gellan was dissolved in deionized water for 1 h, while
the electrode components were dispersed for 20 minutes with
19000 rpm using a Dispermat®™ device (VMA). The resulting shurry
was then cast on a copper current collector (Carl Schlenk AG™), using
a doctor blade with a gap width of 220 pm. Subsequently, the
obtained electrodes were dried at 70 °C for 15 min, punched in discs
with diameter of 6 mm and finally dried in vacuum at 120 °C for 24 h.

Electrolyte mixture & cell assembly

The electrolyte consists of 1 M lithium difluoro(oxalato)borate
(LiDFOB) in a ethylene carbonate (EC) and diethyl carbonate
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(DEC) mixture (mass ratio of (3:7), and 10 wt% fluoroethylene
carbonate (FEC). The electrochemical cell was assembled by at
first placing metallic lithium foil (Rockwood Lithium®) on the
bottom of the cell, then stacking 13 dried glass microfiber
filters (Whatman® GF/D) with a diameter of 6 mm on top. The
electrolyte mixture was added so that the separator was fully
soaked but avoiding supernatant residues on the topmost
separator. Finally, the composite electrode was placed on top
and the cell was closed with a defined pressure to ensure an
open circuit voltage (OCV) of 2.9 V with 8.5 mm distance
between the two electrodes. The cell was assembled in a dry
room (residual water content less than 20 ppm), ca. 24 h prior
to insertion into the NMR Imaging probe.

Electrochemical measurements & SEM

After successful wiring and insertion to the NMR probe, the cell
was treated under a constant current (CC) load of 20 pA,
corresponding to a charging rate of ~C/13 based on the
electrode mass loading taking graphite and silicon as active
material into account. The CC experiment was performed over a
time of 18 h to allow for a lithiation of the composite electrode
and subsequent Li plating. The electrochemical treatment was
performed applying a Solartron SI 1287 potentiostat/galvanostat.
The discharged cell was disassembled in a glove box (MBraun)
under argon atmosphere; the lithiated electrode was carefully
washed with dimethyl carbonate (DMC) and transported to the
SEM without contact to ambient atmosphere. A ZEISS Auriga
scanning electron microscope was used to investigate the parti-
cle morphology and the surface of the electrode materials. In
order to prevent the electrodes from damage or changes of the
original structure, the investigations were carried out at low
accelerating voltages and without sputtering.

NMR & ’Li imaging experiments

’Li 1D NMR imaging measurements were performed on a Bruker
Avance III HD 500 MHz spectrometer equipped with Bruker
micro-imaging accessory including a GREAT-60 amplifier and
a Bruker DIFF50 probe with a z-gradient of max. 28.5 T m "
(at Bruker, Rhein-stetten/Germany). The “Li 1D NMR images
were recorded with a 10 mm coil operating at a constant
temperature of 23 °C. In addition, PFG NMR diffusion data
was obtained at the MEET battery research center with a
Bruker Avance III 200 MHz spectrometer operating a Bruker
GREAT-60 unit and Bruker DIFF30 probe with a z-gradient of
max. 17.1 T m™'. Diffusion measurements to determine the
free diffusion constants of 'H, “Li, and '°F, respectively, of
the electrolyte mixture (both pristine liquid and soaked in
Whatman® GF/D separators) were carried out at a constant
temperature of 23 °C. All one-dimensional profiles were
acquired by a 1D ’Li spin-echo imaging sequence that is
comprised of a classic Hahn echo®” (pi/2-tau-pi-tau) and two
magnetic field gradient pulses (with amplitude g, duration J,
separated by 4).*® Ideally, the excitation and refocussing pulses
generate a rectangular profile, that is, with defined starting and
ending point in space,*® provided that local spin density fluctua-
tions due to concentration gradients or otherwise produced
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Fig. 2 Schematic description of a spin echo pulse sequence with a pulsed
gradient. The time between the 90° and 180° pulses is denoted as t;
gradient strength and gradient duration are described by g and ¢ while the
time scale between both gradient pulses is given by 4. For improved
results, the single rectangular 180° pulse is replaced by a composite pulse
{(90°) (270°)}; note that a phase presetting delay of 0.3 ps is required to
avoid receiver problems. In contrast to the initially applied phase cycling,
the modified phase cycling selects detectable single-quantum coherences
(Ap = £1) based on the 90° pulse, taking merely the sign reversal effect of
the 180° pulse into account for the setting of the receiver phase. Note that
any further coherence selection (Ap = +2) with the 180° pulse did not
improve the quality of the 1D profile. The data was recorded with the phases

01 = X=Xy, =Y, = XX, =YY, 92 = (X) and @receiver = X,—X,—Y.y,—X.Xy,—y). The
gradient stabilization time (d2) was 100 ps, the dephasing time (d18) was set
to 1.28 ms (cf. ESI}).

heterogeneity can be ruled out. Though shaped pulses are often
applied in imaging applications (e.g:, to boost the signal intensity),
rectangular pulses in principle allow for shorter pulse lengths and
thus improved pulse excitation profiles.’® In such cases, the
robustness of the refocussing n-pulse with respect to any radio-
frequency offsets may be improved by the use of composite
n-pulses such as (1/2),,(37/2),+. that are rather simple but essential
components of so-called symmetry based NMR sequences (Fig. 2).>*

The 90° pulse length was set to 12 ps (corresponding to an
rf-field of 20.8 kHz), 128 transients were recorded at a repetition
time of 3 s and a gradient strength of 0.75 T m ™. The distance
between the 90° and composite 180° pulse was about 1.5 ms
yielding an echo time of 3 ms. Since metallic lithium and lithium
ions “immobilized” within the electrode or SEI have significantly
shorter transverse relaxation times (7, < 1 ms) than rather
“freely” diffusing lithium ions in the electrolyte (7, >» 1 ms),
the concentration profile will be dominated by more mobile
lithium species.”” In principle, likely monitoring of lithium ions
that enter the electrolyte/electrode interface could be feasible
provided that sufficiently large gradient strengths (more than
3 Tm™ ") are tolerated by the probe and cell setup so that reduced
echo times were available. The pulse phase cycling that allows for
single-quantum coherence selection (representing the detectable

This journal is © the Owner Societies 2015
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Fig. 3 ’Li 1D NMR imaging measurements before and after pulse program
optimization, resulting in a more rectangular profile in agreement with the
anticipated flat Li* distribution in the in situ cell in the absence of applied
current or convection.

NMR signal) was reduced and solely done with the 90° pulse since
the 180° pulse of the echo simply inverts the sign of the coherence
and thus does not require further selection. In fact, consideration
of artefact correction based on the well-known four-step CYCLOPS
phase cycling of the 180° pulse did not improve the quality of the
’Li NMR profile. The benefit of the applied NMR pulse program
compared to a previously used version without further optimiza-
tion is documented in Fig. 3.

Clearly, a more rectangular profile anticipated for the utilized
battery cell design could be achieved except for the often observed
curvature of the concentration profile at or near interfaces (e.g
among liquid electrolyte and a solid electrode surface) that reflect
variations of the radiofrequency field strength and sensitivity along
the zdirection.” Each single concentration profile comprises 128
scans with a recycle delay of 3 s (384 s per profile). In view of the
total duration of the experiment of about 18 h and the rather low
current of 20 pA applied during discharge, the recorded concen-
tration profiles approximately represent steady states of the cell.
Note that a spatial resolution of 35.2 pm per pt was achieved.

Data processing

The NMR data was acquired and processed with Bruker Topspin 3.0
software while additional data processing was performed with
Origin Pro 9.1 (Origin Lab). The obtained “Li concentration profiles
were smoothed using Savitzky-Golay filter (with 25 points), a
permissible and appropriate mathematical method to improve the
signal to noise ratio without distorting the original signal.>® For the
sake of clarity particular steps of the acquired concentration profiles
are omitted considering only spectra recorded after every 30 minutes
in the Results and discussion section.

Results and discussion

The voltage of the cell designed for the in situ "Li NMR imaging
experiment during discharge under a constant current of

This journal is © the Owner Societies 2015
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Fig. 4 Voltage vs. time plot of the Li/Si—C electrochemical cell during the
in situ “Li NMR imaging measurements under discharge at a constant
current of 20 pA. After 13 hours of lithium uptake into the nano-Si-
graphite composite Li plating could be monitored. Selected 1D NMR
profiles during the course of the measurement are shown in the insert
indicating the concentration of Li ion (intensity [a.u.]), spatial position
(z [mm]), and time or SOC (time [h]).

20 pA is shown in Fig. 4. Several plateaus between 2 and 0 V
could be observed that indicate electrochemical processes
occurring inside the cell including partial decomposition of
the electrolyte due to SEI formation and structural changes of
the electrode during lithium intercalation into graphite and
lithium alloying with Si (which is known to be particularly
complex in the presence of nano-structured electrode compo-
nents).>* Note that the experimentally achieved capacity of the
considered cell corresponds well to the theoretical capacity
of 263 + 6 pA h calculated from the mass loading of 0.22 +
0.01 mg determined for the electrode thus indicating a suffi-
cient functionality of the electrochemical setup.

The first plateau around 1.6-1.5 V (Fig. 4 and 5) is attributed
to partial decomposition of the liquid electrolyte, mainly LiD-
FOB forming a decomposition surface layer on the anode,
which is in agreement with previous results.>*” Further
plateaus around 1.2 and 0.5 V indicate (continued) consump-
tion of the carbonate solvents due to SEI formation (see dQ/dV
plot in Fig. 5).*>*7% The dominating reaction represented by
the following plateaus below 0.25 V are the intercalation of
lithium ions into graphite at different stages (Li,Cs), resulting
into LiCg in case of full lithiation.">**** Upon cycling, the at
first rather crystalline nano-structured silicon embedded in the
composite electrode typically cracks due to volume expansion.®!
It is known, that crystalline Si converts into an amorphous state
during lithiation.®®®” The change to an amorphous state, how-
ever, proceeds without any visible plateaus in the voltage curve.
During constant current discharge silicon is expected to form the

Phys. Chem. Chem. Phys., 2015, 17, 4458-4465 | 4461
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Fig. 5 Overview of the Li concentration profiles acquired during lithiation
of the nano-Si—graphite composite electrode under constant current
discharge with 20 pA, reflecting localized changes of the Li ion distribution.
Note the initial increase in Li concentration during SEI formation, most
likely due to partially impaired ion flux into the composite electrode. The
corresponding section (cut-out) of the dQ/dV plot indicating the partial
decomposition of electrolyte components resulting in SEI formation is
shown on the bottom (the other dQ/dV part is omitted for clarity).

LiysSiy phase below ca. 40 mV,*”°%°%% which in principle is

also monitored by characteristic “Li (or >°Si) solid state NMR
chemical shifts.”>”*

The electrochemical processes occurring during the con-
stant current discharge such as electrolyte decomposition and
SEI formation can be independently monitored by the 1D "Li
NMR imaging profiles that reflect the local lithium ion dis-
tribution and thus the course of the lithium concentration. The
first 1D profile of the cell prior to discharge (blue profile in
Fig. 4) resembles a flat Li concentration distribution anticipated
for a homogeneous spread of the electrolyte mixture within the
separator stack, except for the typically observed slight curvature
towards the edges of the profile due to susceptibility effects at
the Li metal-electrolyte and Si-C electrode-electrolyte inter-
faces (Fig. 5).

Since the ’Li self-diffusion coefficients (independently
obtained from PFG NMR measurements) of both pristine liquid
electrolyte mixture [D = 1.53 x 107 '° m? s '] and the one
soaked within the separator stack [D = 1.33 x 107" m> s7]
differ about 15%, possible contributions from convection can-
not be excluded, though in practice disturbing effects were not
identified. When switching on a constant current of 20 pA, the
“Li NMR Imaging profiles start to change along the electric field
(in z-direction) and the occurrence of concentration gradients
could be monitored. Notably, at early stages of the experiment,
an increase of the local Li ion concentration at the nano-Si/
graphite electrode surface of (2 £ 0.5%) indicates the accumu-
lation of charge carriers during and shortly after the formation
of a decomposition layer (SEI), most likely due to a temporarily
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Fig. 6 Overview of 3 Li concentration profiles acquired during lithiation of
the nano-Si—graphite composite electrode at the pristine condition (t = 0 h),
under constant current discharge with 20 pA (t = 1.5 h) and at the fully
lithiated state of the composite anode (t = 13 h), reflecting localized changes
of the Liion distribution taking uncertainties into account (shown as shadow
to the corresponding Li ion profiles). The SNR ratio was calculated based on
the mean value of 15 points of the noise and determined for every data point
of every Li concentration profile. Note that uncertainties for the 2D figure
due to the application of an additional smoothing with 25 point were also
considered for the shown error bars.

impaired flux of Li ions into the anode. This observation
suggests that during partial decomposition of electrolyte com-
ponents Li ions in a diamagnetic environment accumulate at
the interphase between electrolyte and electrode forming a
temporary bottleneck. After completion of the protective layer
at the anode (resulting from partial decomposition of electro-
lyte components) and onset of Li intercalation into graphite at a
cell voltage of 250 mV,”” the Li concentration profile at the
anode site flattens again hinting at the recovery of rather
unperturbed Li ion flux into the anode.

Fig. 6 illustrates significant differences in local Li concen-
tration during SEI formation compared to the Li ion distribu-
tion of both the pristine cell and after 13 hours (completely
lithiated anode) taking uncertainties due to the signal to noise
ratio (SNR) and smoothing function into account. Indeed, local
changes reflecting the partial decomposition of the electrolyte
are clearly visible while the impact of rf-inhomogeneity on the
signal intensities on the anode side can be excluded since
otherwise the increase would also be present in the other
profiles at different SOCs (Fig. 6).

A schematic model of the electrochemical processes result-
ing in local changes of Li ion concentration due to SEI for-
mation is shown in Fig. 7 indicating a local agglomeration of Li
species at the composite electrode-electrolyte interphase. After
that, the Li concentration profiles revealed a decrease of mass
density at the nano-Si-graphite composite electrode accompa-
nied by an increased mass density at the Li metal electrode.
When the electrode was lithiated and in the presence of plated
Li, a clear increase in Li ion concentration and therefore a
higher mass density at the Li metal electrode at the expense of a
lower mass density at Si/graphite electrode was found (Fig. 5).

This journal is © the Owner Societies 2015
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Fig. 7 Schematic model explaining the Li* agglomeration during the SEI
formation at the Si/graphite electrode observed in “Li NMR imaging
profiles at a voltage of around 0.7 V vs. Li/Li*.

Notably, at the end of the discharge step after 18 h, the
corresponding Li ion concentrations at the Li metal and the
composite Si/graphite electrode differ by (15 + 0.6)% thereby
documenting that significant changes of the local ion concen-
tration predominantly occur in the proximity of electrode
surfaces while the middle part of the cell (where the electrolyte
reservoir is) remains rather unchanged, in good agreement
with the boundary of the Maxwell-Stefan
equation.*>”*

A SEM image of the composite electrode after full lithiation
clearly confirms the presence of a decomposition layer on the
surface of the electrode (Fig. 8), thus corroborating partial
decomposition of the electrolyte during the discharge process
(commonly denoted as SEI formation”*).

For further refinement of molecular models describing ion
transport in multicomponent systems, the quantitative knowl-
edge of diffusion coefficients and other transport properties is
required. However, the extraction of e.g. transport numbers

conditions

from Li concentration profiles is fairly difficult to achieve and
with reasonable effort rather limited to simpler cases.”” In case
of a concentrated electrolyte comprised of a binary salt and a

Fig. 8 SEM image of a pristine nano-Si—graphite composite electrode
(left). Particles with a size of 3 um represent graphite, while the smaller
spherically shaped particles can be attributed to nano-Si (50—-70 nm). The
smallest particles are the conductive carbon black additive. The composite
electrode after SEI formation and the first discharge (harvested from the
used electro-chemical cell) is shown at the right.
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mixture of two solvents a simplified approximation of 1 M LiPF¢
in a 1:1 mixture of EC/DEC, thickened with 15 wt% PMMA)
transport parameters could be successfully estimated from ’Li
1D NMR Imaging profiles of a electrochemical model cell.*?
Though in principle, concentration profiles may be derived
from the Maxwell-Stefan and mass balance equations, taking
only the z-direction into account,”>”®”” the theory is strictly
valid for fluids only and may not represent a good approximation
for rather viscous electrolytes that are preferred to avoid leakage
of batteries. In addition, the Maxwell-Stefan diffusivities do not
correspond to Fick’s diffusion coefficients and thus are not
straightforward accessible. Nevertheless, adopting the reported
model,* describing the time-dependent Li concentration profile
by a partial differential equation and taking components of the
electrolyte mixture (carbonates and Li salt) and the presence of
the separator stack into account, we obtain eqn (1):"”""

OcLipFoB 9 LIDFOB oo
Qevorop _ O pLi . 1+
> 5 (1= cLipros Vi, ) * dlncripros
Crot P OcLiDFOB
x — 0 Dy -
JE—— LiDFOB 62
EC-DEC-FEC
| (1 - )
F
1)

where o is the salt activity coefficient, ¢ and /5 are the Bruggeman
coefficient and the porosity of the glass microfiber separator, while
the transport number of Li ions that are coordinated to cyclic
carbonates is £F¢PECTEC) To solve this equation numerically,
quite reasonable starting values of the parameters are required.
Due to the complexity of the electrochemical cell based on
technically relevant components in view of real lithium ion battery
application including three carbonate moieties (solvents), less-
defined surface and inter-phases at the nano-Si-graphite compo-
site electrode compared to Li metal and hence complex pathways
of Li ion flux into the electrode (particularly in view of the presence
of binder),” local changes of the charge carrier concentration or
even partial molar volumes, the required parameters are not
always accessible and up to now could not unambiguously be
extracted with numerical methods.?*"®? Also, excess-electron
induced reactions and resulting intermediate species from
electrolyte decomposition and its role for the formation of
passivating layers during battery operation were considered in
the framework of density functional theory (DFT) computa-
tions, but the approach is limited to idealized systems.®" Since
appropriate models with respect to the complexity of both the
applied electrolyte mixture and composite electrode and the
electrochemical conditions are not yet available, we refrain
from a fully quantitative analysis of the recorded ’Li 1D NMR
profiles containing the spatial distribution of Li ions as a
function of time and the state of charge. Finally, 'H, "°F and
“Li self-diffusion coefficients of the pristine and the electrolyte
mixture soaked in the separator stack were derived from PFG
NMR (ESIt). Compared to the reported changes in the Li
concentration profile with similar setup and current densities*>
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the relative concentration changes in our case are less pro-
nounced, which may be due to the application of glass fiber
separator material where essentially the amount of electrolyte
per volume soaked in the separator is lower than the volume
unit filled with pure electrolyte. In addition, it appears reason-
able that a different relative permittivity based on the chosen
electrolyte composition also affects observable signal intensities
in the measured Li concentration profiles.

Summary and conclusion

In this work we have demonstrated the potential of “Li 1D NMR
imaging towards real battery application to identify lithium ion
concentration gradients under constant current conditions.
A home-made PTFE cell based on a stack of glass microfiber
separators soaked with an electrolyte mixture that is relatively
stable at elevated temperatures squeezed between a Li metal
electrode and a nano-Si-graphite composite electrode was
constructed and showed sufficient electrochemical perfor-
mance. “Li 1D in situ NMR profiles could be obtained with an
improved NMR pulse sequence as function of time and state of
charge, thereby, visualizing the course of lithium ion concen-
tration during discharge. Surface localized changes of Li
concentration were attributed to processes such as SEI for-
mation or full lithiation of the composite electrode, in principle
allowing extraction of transport properties depending on the
applied currents. Molecular understanding of transient surface
processes is of significance for further improvement of perfor-
mance and cycling stability of future Li ion batteries, particularly
to unravel the impact of electrolyte additives on the electrolyte
decomposition, the SEI, as well as the interface and surface
behaviour and of course in the lithium ion mobility. This study
strongly focussed on ‘real” battery components with respect to
current industrial lithium ion battery applications. Simpler
electrolyte mixtures or electrode compositions that would facil-
itate access to more quantitative analysis or detailed separation
of lithium incorporation or release processes are planned for
the future.
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