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CONSPECTUS: Driven by the intrinsic safety and potential to achieve higher @ e
energy densities, solid-state Li-metal batteries are intensively researched. The ideal

solid electrolyte should possess a high conductivity, should have electrochemical g‘y 2
stability both toward the Li-metal anode and to high voltage cathodes, should - High voltage oxidation

suppress dendrites, should provide flexibility to deal with the volumetric changes of

the electrodes, and should be easy to process. This challenging combination is to

date not fulfilled by any solid electrolyte, be it organic, inorganic, or even a hybrid

of the two. Pushing the development of solid electrolytes toward reversible room ol
temperature operation when used in tandem with Li-metal anodes demands an inteface diffusion
understanding of critical processes that determine the properties of the solid

electrolyte. These include the complex Li-ion transport as well as the Li-metal

plating processes. This already presents the first experimental hurdle as the ability g canoce scive parices
to directly and noninvasively monitor the Li-ion kinetics, Li densities, and Li

chemistries, under in/situ or operando, is not trivial.

The scope of this Account is the investigation and improvement of solid electrolytes, with the emphasis on the possibilities offered
by solid-state NMR and neutron depth profiling as direct probes for the study of critical processes that involve Li ions and Li metal.
Solid-state NMR allows us to unravel the complex interface chemical environment and the diffusion processes both in the bulk solid
electrolyte and in the interface environment. These studies shed light on the role of interface composition, wetting and space-charge
layers, on the macroscopic battery performance. Another technique that enables probing Li directly is operando neutron depth
profiling, which allows us to determine the Li density as a function of depth. It provides a noninvasive and effectively nondestructive
tool to examine delamination, irreversible reactions and dendrite formation during plating/stripping. Results demonstrate that it is
very challenging to maintain the contact between Li metal and the SE during cycling, especially for the “anode-less” or “anode-free”
configuration under low-pressure conditions. A perspective is provided on the potential improvement of the Li-ion transport,
dendrite suppression, and preventing Li-metal-solid-electrolyte delamination as well as on the potential role of solid-state NMR and
NDP techniques to guide these developments.
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Figure 1. (a) Schematic figure showing how various interface aspects affect the Li-ion transport over the interfaces in an inorganic SSB. (b) 2D
®Li—SLi exchange spectra of the mixture of Li;PS;Br and LisPS;Cl nanopowders measured at 25 °C. (c) Temperature dependence of the diffusion
coefficient obtained from fitting the increase in cross peak intensity as a function of mixing time to a diffusion model. Reproduced with permission
from ref 4. Copyright 2019 American Chemical Society. (d) NMR measuring the spontaneous lithium-ion transport between the Li;PS;Br SE and
the Li,S cathode before and after cycling. (e) Comparison of the Li-ion bulk and interface conductivities. Bulk Li-ion conductivity of LigPSsBr is
determined by "Li ssNMR spin—lattice relaxation (SLR) experiments and the conductivity over the LizPS;Br—Li,S interface from 2D/1D NMR
exchange experiments for different cathode mixtures. Reproduced with permission from ref 24. Copyright 2017 The Authors. Published by Springer
Nature under a Creative Commons Attribution 4.0 International License. (f) 2D ®Li—°Li exchange spectra of the mixture of LigPSsCl and Li,S—Lil
powders measured at a spinning speed of 10 kHz at 100 °C and a mixing time of 10 s. Reproduced with permission from ref 28. Copyright 2021
The Authors. Published by Springer Nature under a Creative Commons Attribution 4.0 International License. (g) Determination of equilibrium
potential of Lij,Al,Ge, (PO,); (LAGP) and Li,V,05 by GITT and galvanostatic discharging. (h) Representative solid-state 2D NMR °Li
exchange spectra for LiV,05-LAGP. Reproduced with permission from ref 3. Copyright 2020 Elsevier.

the grain boundary with two-dimensional °Li—°Li exchange Tackling this requires a tremendous effort in finding suitable
NMR on a mixture of LigPS;Br and LisPS;Cl, Li exchange energy conversion and storage systems. Among them, Li-ion
between particles of these two materials across grain
boundaries was observed, allowing direct and unambiguous

quantification of this often limiting process in solid-state p
electrolytes. cycle life.” However, the use of liquid organic electrolytes in Li-

batteries have rapidly dominated the market due to their

advantageous volumetric/gravimetric energy density and long

ion batteries raises safety issues, in particular for relatively large

1. DIRECT MEASUREMENT OF LI-ION KINETICS AND systems as employed in electrical cars and grid storage.7 The

LITHIUM DISTRIBUTIONS IN SES safety issues of Li-ion batteries with liquid electrolytes have
Environmental issues have arisen from the continuous use of motivated the development of solid-state electrolytes, already
conventional energy resources, which are limited in supply.’ since the early days of Li-ion batteries.*”’
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Intensive research efforts have led to several families of
excellent inorganic solid Li-ion conductors, solid electrolytes
(SEs), including the sulfides (Li,S—P,Ss, Li,S-SiS,, Li,S-GeS,),
oxides (Li;La;Zr,0,, and LijLa,/; 5, TiO;) and phosthates
(LiPON, Li; AL Ge, ,(PO,)s, Liy,, Ti, x(PO4)3)-10’ ' The
organic solid electrolytes (SEs) mainly refer to polymer
electrolytes, where polyether based structures are the most
well-known and extensively studied family. This is because poly
ethylene oxide (PEO)-based polymers can directly complex
with lithium salts and function as polymer electrolytes, without
the addition of a liquid plasticizer.12 However, to date, neither
of these individual SEs fulfill the challenging combination of
high conductivity, electrochemical stability, flexibility, and ease
of processing, prerequisites for high-performance long cycle life
solid-state batteries (SSBs). This has initiated the investigation
of hybrid SE (HSE) concepts, where HSEs are usually a
combination of inorganic and organic SE materials.""*

Typical inorganic SSBs introduce interfaces (grain bounda-
ries) between SE particles as well as between SE and electrode
particles. For specific combinations of SE and electrode, the
latter have been shown to form the bottleneck in Li-ion
transport, due to contact lost (strain induced due to electrode
volume changes) and decomposition reactions (resulting in a
higher resistance and/or strain due the formation of
decomposition products) at the interfaces."”'> The difficulty
in selective detection and monitoring of Li-ion mobility makes
quantification of the diffusional barriers posed by interfaces,
understanding the role of interface properties and processes on
the Li-ion transport a challenging task. A related challenge is
detecting the quantitative distribution of Li in Li-metal anodes
in contact with SEs, especially during battery operation. This
has motivated the use and development of several microscopic
and spectroscopic characterization approaches, mostly under
ex-situ or in situ conditions as operando characterization is
even more challenging.16 Initially, solid-state electrolytes were
suggested to open the door to safe application of Li metal by
suppressing dendrite formation.'” However, direct evidence
has shown that lithium dendrites/filaments tend to grow along
the grain boundaries and also through crystallites of the
inorganic SEs, thus posing a hurdle to safe commercialization
of Li-metal SSBs."¥~*'

In this Account, recent investigations on fundamental
studies of Li-ion transport and Li plating for SEs using solid-
state Nuclear Magnetic Resonance (ssNMR) and Neutron
Depth Profiling (NDP) will be reviewed. Through the ability
of solid-state NMR to selectively probe Li, we demonstrate
how it can be used to reveal and quantify the Li-ion diffusion
through solid-state batteries. Next we demonstrate the use of
operando Neutron Depth Profiling (NDP) providing a
nondestructive view on Li migration, and Li density
distribution as a function of depth under realistic (dis)charge
conditions. By providing a direct view on Li, we underline the
important role that both ssNMR and NDP can play in
understanding critical processes, supporting the development
of SSBs and their materials.

2. LI DIFFUSION OVER INTERFACES AND INTERFACE
STRUCTURE PROBED BY SOLID-STATE NMR

NMR measurements are based on the interactions of the
nuclear magnetic moment with an electromagnetic field in the
radio freguency (RF) range while a strong magnetic field By is
applied.”” The NMR signal shift and line shape are determined
by the internal interactions, e.g., chemical shifts, Knight shifts,
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and Fermi contact shifts, as well as dipolar and quadrupolar
interactions.”” Recently ssNMR was demonstrated to enable
selective measurement of the equilibrium Li-ion exchange
current density over SE—electrode interfaces,”>** providing
added value to conventional electrochemical impedance
spectroscopy used to measure conductivities."*** ssNMR
has proven powerful in resolving subnano domains of the
interfacial environments' and in addition allows us to monitor
the Li-ion transport pathways through SEs by isotope
replacement, thus making it possible to disentangle the
complex Li-ion transport pathways in HSEs."** To demon-
strate this, we discuss the use of ssNMR in probing the Li-ion
transport over different types of interfaces in the following
sections. The solid-state NMR measurements reported in this
work were mainly performed on a Bruker Ascend 500 magnet
(By = 11.7 T) with a NEO console located at the Radiation
Institute Delft of the Delft University of Technology, and part
of the research infrastructure of the battery research group in
Delft.

2.1. Inorganic—Inorganic Interfaces, the Impact of Grain
Boundaries on Li-lon Transport

The high conductivity of several recently developed inorganic
SEs, fulfills one of the prerequisites for SSBs. Much less
established, however, is the role of grain boundaries between
SE particles and between SE and electrode particles, the impact
of interfacial coatings and that of space charges, and how these
affect the conductivity. Making use of the ability of %’Li NMR
to distinguish between various Li-ion environments in the
different phases, the equilibrium diffusion of Li ions over
various grain boundaries in cathodic solid-state battery
mixtures was quantified. In this way, it is possible to establish
how the nature of the interface impacts the Li-ion kinetics, and
what role this plays in the performance of SSBs, as illustrated
by the following studies (Figure la).

Solid Electrolyte—Solid Electrolyte Interface. To
measure the Li-ion diffusion over the grain boundaries within
SEs with NMR, between different SE particles separated by a
grain boundary, is intrinsically challenging as it does not
provide contrast in chemical shift of the Li species. For this
reason, LigPS;Cl and LisPS;Br were thoroughly mixed,
exploiting the difference in Li chemical shift of the Cl- and
Br-containing variants of the argyrodite (due to the difference
in Li-ion shielding by the difference in electronegativity of the
halogens), as observed in Figure 1b, where both resonance
signals are clearly distinguishable.* The exchange spectroscopy
(EXSY) experiment is a homonuclear spectroscopy experiment
under equilibrium conditions where magnetization transfer
from one site to another site can be observed. Because the Li
ions carry the magnetization, this allows us to quantify the
spontaneous diffusion between chemically inequivalent sites.
Note that magnetization transfer could also occur through spin
diffusion; however, these will not be transmitted through grain
boundaries and would practically be independent of temper-
ature, unlike the results presented here. Because the experi-
ment is under equilibrium conditions, the measured Li-ion
exchange represents the exchange current density over the
interface. An EXSY experiment measures the %’Li spectrum at ¢
= 0 s, then waits a “mixing time” T;, and subsequently
measures the ®’Li spectrum again at t = T, (Figure 1b). The
off-diagonal resonances appearing, quantify the amount of Li
ions that spontaneously moved between these observed Li
environments during tmix.24 It is important to note there is no

https://doi.org/10.1021/acs.accounts.1c00618
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net transport of Li ions, as the measurements are performed
under equilibrium conditions, and thus the exchange can be
used to determine the self-diffusion, from which the
conductivity can be determined. Exchange between the
LigPSsBr and LigPS;Cl phases was quantified by fitting the
evolution of the cross-peak intensity as a function of T, to a
diffusion model derived from Fick’s law as shown in Figure 1c,
yielding an effective activation energy of 0.27 eV over the
interface/grain boundary. This is comparable to the activation
energy obtained for bulk diffusion measured by NMR
relaxometry for the LigPSsCl argyrodite,”> demonstrating that
the grain boundaries do not present a rate-limiting step for
long-range Li-ion diffusion. This can be related to the large
ductility of argyrodite and can also be expected to depend on
the preparation of the pressed pallet.

Solid Electrolyte—Electrode Interface. From the pre-
vious paragraph it was concluded that the grain boundaries
between ductile argyrodite particles does not form an
additional bottleneck for Li-ion transport. However, the SE—
electrode interface poses very different challenges, such as the
possible presence and formation of decomposition reactions as
well as contact loss upon cycling, impeding Li-ion transport
over the interface. Making use of the different "Li chemical
shift in the LisPSsBr argyrodite SE and the Li,S cathode, 2D
exchange experiments were able to quantify the diffusivity over
the interface under different cathode preparation conditions, a
snapshot of which is shown in Figure 1d.”*** As can be seen in
Figure le, the effective conductivity over the SE—electrode
interface in a pristine cathodic mixture is orders of magnitude
lower than the bulk conductivity of SE. Nano sizing the SE
through mechanical milling, as well as mechanical mixing of
the LigPSBr argyrodite and the Li,S cathode, is required to
achieve a sufficient ion contact area, and thus a sufficiently
large equilibrium flux, and from that the estimated
conductivity, over the interface to even measure the Li-ion
exchange. However, upon cycling, the 2D exchange experi-
ments show that the interface conductivity is drastically
lowered, which can be associated with contact loss and
formation of poorly conducting decomposition products, such
that it would dominate the overall resistance of the solid-state
battery (Figure 1d). In addition, the activation energy for Li-
ion transport increases, most likely the result of the poorly
conducting decomposition products (Figure le). An additional
consequence of the narrow electrochemical stability window of
the LisPS;Br argyrodite is that the redox activity of the
argyrodite and its decomposition products, that is, the P>*/P
redox at the negative electrode and the $?7/S redox at the
positive electrode, will lead to additional capacity during
battery cycling.”” This exposes the interface challenges arising
in electrode composites for SSBs and brings forward the need
of interface designs to prevent the large increase in impedance
during cycling, where volumetric changes (both induced by
electrode volumetric changes upon (de)lithiation and due to
SE decomposition arising from redox instabilities) appear
responsible.

Impact Interface Coating on the Solid Electrolyte—
Electrode Interface. As discussed above, a key challenge for
SSBs is to design electrode—electrolyte interfaces that combine
(electro)chemical and mechanical stability while allowing facile
Li-ion transport. Typically, this presents conflicting demands.
The SE—electrode interface area, ionic contact area, should be
maximized to facilitate high currents, while it should be
minimized to reduce the parasitic interface reactions and
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enhance stability. Addressing these issues would benefit from
establishing the impact of interface coatings on local Li-ion
transport over grain boundaries. As shown in our recent
work,”® Li-ion transport between three phases, i.e., between SE
(LigPSsCl), electrode coating (Lil), and the electrode (Li,S) in
the cathodic mixture, can be measured using exchange NMR
(Figure 1f). This allows us to disentangle the quantitative
impact of an interface coating on the Li-ion transport in the
cathodic mixture of the SSB. In this case, the LizPS;Cl (average
particle size SO ym) was not ball milled, as typically required to
achieve sufficient ion contact area, and also the Lil-Li,S
particles are relatively large (average particle size S ym). The
high diffusivity and very low activation energies for Li-ion
transfer from Li,S to Lil and from LigPSCl to Lil, 0.142 and
0.117 eV, respectively, are similar to that for overall Li-ion
transfer between Li,S and LigPS;Cl in the presence of the Lil
coating. This indicates that Lil facilitates the Li-ion transport
and thus functions as a bridge between electrode and
electrolyte. These NMR experiments demonstrate that the
presence of the Lil coating in this case enhances the interface
transport to such an extent that the commonly applied strategy
of nanosizing of the cathodic mixture can be abandoned. SSBs
using this coating demonstrate facile sulfur activation, while at
the same time minimizing SE decomposition by use of micron-
sized particles in the cathodic mixtures, enabled by facilitating
easy Li-ion transport over the SE—cathode interface.

The Role of Space Charges at Solid Electrolyte—
Electrode Interfaces. It has been proposed that space-charge
layers at the electrode—SE interfaces can hinder diffusion, thus
raising the internal resistance in SSBs.”” However, the
influence of space-charge layers on the ionic charge transport
in SSBs is challenging because of the difficulty to distinguish it
from other contributions to the overall diffusion over the
interface. To address this, the impact of the space-charge layer
was measured between a Li V,0; electrode and a
Li;, AL Ge, (PO,); (LAGP) SE. This was achieved by
changing the potential of the Li,V,Oys, through its composition,
and selectively measuring the ion transport over the Li,V,05—
LAGP interface, again by 2D exchange NMR.’

A space-charge layer is formed due to the difference in
chemical potential of Li between the electrode and the SE. For
instance, if the Li chemical potential is lower in the positive
electrode, Li ions will be driven from the SE to the positive
electrode (assuming that the SE is unable to accommodate the
electron). The charge separation stops when the potential
difference compensates the difference in Li chemical potential.
Tuning the chemical potential of the Li,V,0; positive
electrode was accomplished through its composition. As can
be observed in Figure 1g, a large spontaneous Li-ion exchange
current density was observed using °Li EXSY 2D exchange
NMR between the LiV,0q electrode and LAGP SE under the
condition that the space-charge layer is “swiched off” (Figure
1h), which is achieved by matching the Li chemical potential of
LiV,05 and LAGP. When the space-charge layer is “turned
on”, by increasing the Li chemical potential (lowering its
intercalation voltage) in Li,V,Os the Li-ion exchange is
reduced and the activation barrier increases. Under the
assumption that preparation of the two electrode mixtures
leads to comparable interfaces, this indicates that the charge
distribution due to the space-charge layer at the interface
between electrodes and SEs can contribute significantly to the
interface resistance in SSBs.”

https://doi.org/10.1021/acs.accounts.1c00618
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Figure 2. (a) Schematic figure illustrating the interfacial barrier between the organic—inorganic components in a SSB with a HSE. (b) SEM
measurements showing the morphology of the HSE and the LAGP particles. (c) Ionic conductivity determined by impedance spectroscopy
measurements of the HSE and solid polymer electrolyte (SPE) at different temperatures. (d) 1D °Li MAS spectra of the HSE and HSE cycled
between °Li metal and their quantification of the different species. (¢) 1D °Li MAS spectra of the SPE cycled between °Li metal and HSE cycled
between Li metal. (fg) "H—°Li CP spectra as a function of contact times for (f) pristine HSE electrolyte and cycled HSE between °LiFeQ, and
Li,TisOy,, and (g) CP build-up plots. Reproduced with permission from ref 1. Copyright 2019 American Chemical Society.

These results present an overview of how various interface
aspects can affect the Li-ion transport, summarized in Figure
la, demonstrating that interfaces represent one of the main
challenges for SSBs. In the case of agyrodite SE, while grain
boundaries are not rate limiting, the interfaces between the SE
and Li,S cathode particles are. To overcome this, the interface
area between the argyrodite SE and Li,S cathode is required to
be sufficiently large, highlighting the importance of particle size
and intensive mixing of the cathode and SE. During battery
cycling, however, the initially beneficial large ionic interface
area turns into a pitfall when cycled outside the electro-
chemical stability window of the SE. Volumetric changes occur
and decomposition products are formed, turning the interface
into a barrier for Li-ion diffusion. To mitigate this, we have
demonstrated how a suitable interface material or coating can
lower the grain boundary resistance, which allows reducing of
the ionic contact area between SE and electrode particles (and
thus larger SE and cathode particles), reduces the over-
potentials, and thus diminishes decomposition reactions. But
when a stable and Li-ion conducting interface can be achieved,
differences in chemical potentials between SE and electrodes
can result in space-charge layers that can form an additional
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barrier to Li-ion transport. Summarizing, these results signify
that the “interface problem” is multifaceted and that interface
research and design strategies are paramount for the
development of long functioning SSBs.

2.2. Inorganic—Organic Interfaces in Hybrid SEs, the Role
of Phase Boundaries

An alternative for inorganic SEs are hybrid solid electrolyte
(HSE) concepts,”® which combine an organic polymer
electrolyte with an inorganic SE, where the polymer phase
has the potential to enhance the electrolyte—electrode
interface contact and can provide intrinsic flexibility to
maintain this during cycling, offering practical application
potential.**~** To date, polymer electrolytes exhibit a relatively
low Li-ion conductivity; however, inorganic fillers can be used
in two distinct ways to increase the ionic conductivity, as has
been examined by ssNMR.*"** First, the ionic conductivity of
the polymer electrolyte can be enhanced by introducing a
nanosized inorganic filler, which effectively lowers the glass-
transition temperature through the large inorganic—organic
interface area, thereby increasing the PEO chain mobility.”>**
Second, when micron-sized conductive inorganic SE particles
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are introduced as inorganic filler, the polymer SE dominantly
acts as a flexible host. The latter is effective, especially for lar%e
amounts of inorganic solid filler, usually beyond 50 wt %,
but has the potential drawback that the organic—inorganic
interfaces lead to a high barrier for Li-ion transport as indicated
in Figure 2a.

The most intensively investigated HSEs are based on PEO,
incorporating different ion conducting fillers. Structural
analysis using synchrotron nanotomography revealed for a
PEO-Li;La;Zr,0,, (LLZO) HSE that the inorganic LLZO
particles are highly aggregated in the polymer electrolyte
matrix.”> In combination with atomic force microscopy, this
elucidated the origin of the heterogeneous interfacial proper-
ties, where the PEO molecular weight was shown to dictate the
electrochemical performance.”” In addition to the micro-
structure, it is important to determine the Li-ion transport
pathway through such heterogeneous electrolytes, to ration-
alize the overall conductivity and provide guidance for the
design of optimal HSEs. Through high-resolution ssNMR in
combination with selective isotope labeling, Hu et al.*® were
able to track the Li-ion pathways within a PEO-LLZO HSE by
monitoring the replacement of Li in the composite electrolyte
by °Li from the °Li-metal electrodes during battery cycling.
They found in the case of an HSE with high weight fraction of
the inorganic filler (50%) that the lowest path of resistance for
Li-ion transport is through the LLZO ceramic phase, instead of
through the PEO-LLZO interface regions or through the PEO
bulk.”® The ion transport pathways shift from the LLZO
ceramic component to the PEO polymer phase when the
LLZO content is decreased from 50 to 5 wt %.”* Even the best
conductivity achieved, ~107> S/cm, is insufficient for room
temperature operation of the HSE in a SSB. The conductivity
of the PEO is insufficient at low LLZO content, and at high
LLZO content LLZO agglomeration blocks the ion transport
pathways though the PEO phase, whereas diffusion from one
LLZO &article to another is impeded by its large activation
energy.

Recently, we developed an HSE that makes optimal use of
the high conductivity of the inorganic SE and the flexibility of
the polymer matrix." As observed in Figure 2b,c, an HSE
composed of PEO-succinonitrile(SN)-LiTFSI and LAGP was
prepared, resulting in a room temperature conductivity of 1.73
X 107*S/cm at 25 °C. To reveal the role of the LAGP phase in
the Li-ion transport of the HSEs, ssNMR was employed. The
HSE was cycled between two °Li-metal sheets, and thus the "Li
in the solid electrolyte that takes part in the Li-ion transport
will be partially replaced by °Li. Subsequently, °Li NMR is
used to locate °Li in the solid electrolyte and reveal the
diffusion pathway. As can be observed in Figure 2d,e, after
cycling the HSE between °Li metal, a clear increase in the °Li
signal in both the LAGP and the interface environment
(located at —0.75 ppm) was observed. This shows that Li-ion
transport is mediated by both the organic and inorganic phase
and that the interface between the phases does not pose a
significant barrier. This tandem Li-ion transport, through both
organic and inorganic phases, allows activation of micron-sized
inorganic particles, where even low filler amounts (10 wt %)
can achieve conductivities that allow room temperature
operation, offering a promising route for HSEs.'

The key toward activating high conductivity of the inorganic
SE component lies in the nature of the interface between the
inorganic and organic phases,26 of which relatively little is
known. To further resolve the interface structure, 1D 'H—°Li
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cross-polarization (CP) ssNMR experiments were carried out.
In this experiment, transfer of polarization occurs from the
protons ('H), in this case present in the polymer phase, to any
®Li environment in its close vicinity (within a few atomic bond
lengths). For both the pristine HSE, and that cycled between
SLi enriched LiFePO, and Li,TisO,, the 'H—°Li CP MAS
NMR spectra reveal one Li environment at —0.75 ppm, which
increases in intensity as the contact time increases (Figure Zf).1
This indicates that the observed °Li environment is in close
spatial proximity (within a few atomic bond lengths) to the
polymer phase of the HSE. In addition, as it only appears in
the presence of the LAGP phase, we conclude that it must
represent the interface environment between the LAGP and
the polymer phase in the HSE. Therefore, °Li CP MAS NMR
analysis enables nondestructive access to the interface
environment between the polymer and inorganic fillers,
which is difficult, if not impossible, by any other traditional
characterization method." The observation that the CP
intensity buildup is weaker for the cycled HSE (Figure 2g)
may indicate that locally the °Li ions are more mobile after
cycling, which weakens the "H—°Li dipolar interaction, making
the CP less eflicient. The ability to selectively access Li ions at
the interfaces is yet another example of the versatility of
ssNMR which especially comes into play for HSEs.

In future experiments, we aim for further characterization of
interface environments with respect to Li-ion transport,
considering a comprehensive evaluation of salt concentration
and interface modifications. Overall, the presented results
illustrate the use of ssNMR in monitoring the transport of Li
ions across interfaces through isotope enrichment and 2D
exchange experiments, and identifying the interface environ-
ments through CP experiments, which we expect to play an
important role in revealing structure—performance relation-
ships in future HSE studies. Because most elements (nonzero
spin nuclei) can be selectively probed by solid-state NMR, the
presented approaches can be expected to be more generally
applicable, for instance for other battery chemistries such as
Na®, Mg**, and A’* batteries.

3. LI PLATING/STRIPPING IN SE LI-METAL BATTERIES
PROBED BY OPERANDO NDP

The difficulty in developing large capacity positive electrodes
has led to a renewed interest in Li-metal anodes. It combines
the ultimate capacity (3860 mAh/g compared to 370 mAh/g
for standard graphite anodes) with the lowest redox potential
(—3.04 V versus standard hydrogen), making Li metal the ideal
anode with respect to the battery energy density.”’ "’
Especially, the combination with SEs is believed to open the
door to safe application of Li metal under the assumption that
dendrite formation can be suppressed.'”

However, direct evidence from in situ X-ray tomography has
shown that lithium dendrites/filaments tend to grow alon:
grain boundaries of inorganic solid-state electrolytes,'®"”* or
even through SE crystallites,” demonstrating that inhomoge-
neous lithium metal deposition causes short-circuiting even in
SSBs.**" The same challenges appear present in HSEs in
combination with Li-metal anodes, as short circuits and an
increase in overpotential are observed in symmetrical Li-metal
cells with HSEs,>* reflecting both dendrite growth and
delamination.

SE research would benefit from the development of
quantitative and noninvasive operando techniques that detect
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Figure 3. (a) Schematic figure illustrating Li dendrite formation in a SSB with a HSE. (b) Principle of operando NDP for Li-metal plating and
stripping. (c,d) Electrochemical performance, Li distribution, Li mass, and Li efficiency from operando NDP of the Cu/Gel polymer electrolyte
with LiNO, additive/Li battery at 1 mA/cm? for 1 to 7 h. Reproduced with permission from ref 52. Copyright 2019 American Chemical Society.

Li, while operating under realistic battery conditions. Recently,
operando "Li ssNMR has been shown to be very promising in
this context. It can distinguish differences in the Li-metal
microstructure based on differences in the bulk magnetic
susceptibility and is able to quantify the amount of “dead” Li
metal and Li in the SEI during cycling.”*~* Another technique
directly probing Li is operando NDP, where enabling the use
of pouch cells opened the door to the study of the Li-metal
density as a function of electrode depth under realistic battery
operation.*® Neutron-based characterization techniques have
unique advantages as it enables us to probe the bulk material
homogeneously (because of the low attenuation in most
materials), low-energy deposition in the material of interest
and due to the complementary scattering cross sections as
compared to X-ray and electron sources, which for instance
enables the observation of light atoms (e.g, H, Li, O). NDP is
isotope specific, where only a few elements offer a sufficiently
large enough cross section for the capture reaction of a thermal
or cold neutron (e.g, '°B and °Li). It can be considered a
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noninvasive and nondestructive technique due to the low
amount of capture reactions in the thermal or cold neutron
beam. With respect to Li metal, this technique allows operando
monitoring of the formation of inactive Li (in the SEI and as
“dead” Li metal, which cannot be distinguished) and the Li
density evolution upon plating-stripping.” NDP introduced in
this work was performed at the thermal neutron beamline A of
the 2MW pool-type research reactor at the Reactor Institute
Delft (RID) of the Delft University of Technology, a facility
that is directly accessible for the battery research group in
Delft.

3.1. Dendrite Penetration

Recently, as observed by X-ray tomography, it appears that the
mechanism of dendrite growth is very different in solid
electrolytes than in liquid electrolytes,**™** where one
important factor appears to be the applied pressure that
typically exceeds the yield strength of Li metal (~0.8 MPa).
Dendrite growth is believed to induce preferential deposition
on local inhomogeneities like grain boundaries and voids
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Chemical Society.

present at the Li-metal electrolyte interfaces, resulting in local
hotspots of high current. The larger molar volume of Li metal,
when compared to Li in SEs,"”*” has been suggested to cause
local expansion, causing cracks filled with Li-metal deposits.**
The quick polarization before a short circuit typically occurs in
SSBs due to dendrite induced decomposition (leading to
poorly conducting species that raise the resistance), which
underlines the interlinked problem of dendrite formation and
the instability of most SEs toward the low reduction potential
of Li metal (Figure 3a). Indeed most SEs are predicted to be
unstable toward Li metal,>® which is especially exacerbated
through the high surface area of dendrite filaments in SSBs.
Operando "Li ssNMR is a direct probe of Li under realistic
cell conditions and has been demonstrated to distinguish
differences in the Li-metal microstructure quantitatively.”~*
NMR relies on the radio frequency field to excite the Li nuclei,
which has a limited penetration in metals. This so-called skin
depth is given by the relationship: d = (1/sqrt(mu,))sqrt(p/
u.f), where y, is the permeability of vacuum, g, is the relative
permeability of the metal, p is the density of the metal, and fis
the applied radio frequency field.** For instance for a 500 MHz
(114 T) applied magnetic field and the "Li radio frequency
field, the skin depth is 11 ym in Li metal. If the Li-metal
features are much smaller than this, this implies that most of
the Li metal will be observed by NMR and that quantitative
analysis can be realized.* In previous in situ/operando ssNMR
studies on Li-metal plating/stripping, the counter anode is a
Li-metal strip,Mf’51 which gives rise to resonance at ~245 ppm
when placed perpendicular to the fixed magnetic field By and
~270 ppm when the strip is parallel to By, a consequence of
the bulk magnetic susceptibility.”’ As a consequence, differ-
ences in Li-metal microstructures can be distinguished with
ssNMR, so far only exploited for liquid electrolytes. The
pressure required for typical SSB configurations is challenging,
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in the context of which HSEs may actually be less challenging
as these typically require a lower pressure.

Similarly, it is challenging to apply pressure in batteries for
operando NDP measurements. NDP has been used to study
the Li-ion transport in Li-metal gel polymer batteries,
providing a direct view on the Li-metal plating and stripping.*”
The schematic experimental setup of NDP is shown in Figure
3b. NDP utilizes the exothermal neutron capture reaction with
°Li resulting in the following reaction: °Li + Dyery — He?*
(2.06 MeV) + *H* (2.73 MeV). When this takes place within a
battery, the charged particles produced (*He** and *H") that
have a well-defined starting energy, will lose part of their
kinetic energy due to transmission through the electrode and
the current collector/window toward the detector, which is
quantified by the stopping power.”> The stopping power is
directly related to the composition and density of the materials,
in many cases a known quantity (which can change during
battery cycling making data analysis more complex). There-
fore, by measuring the energy loss of the *He** and *H" ions,
when they exit the electrode, the depth of the capture reaction
can be determined.””*’ There are only a few stable atoms that
have a sufficiently large capture cross section (including '°B
and °Li) to determine depth profiles. The maximum depth that
can be probed, as well as the resolution, depends on the
stopping power of the material of interest. Here the general
trend is that a higher density results in a higher stopping
power, leading to a smaller maximum depth that can be probed
in combination with a better depth resolution.”® In principle,
there is no lateral limitation for the sample, where typically
sample surfaces of a cm® are used which matches typical lab
scale batteries.

As shown in Figure 3¢, NDP allows direct measurement of
Li-ion concentration profiles perpendicular to the electrode/
electrolyte interface with a resolution of approximately 100 nm
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up to a micrometer (depending on the measurement
conditions) under realistic battery operation.”” This makes it
possible to measure for instance Li-ion gradients that can
reveal the origin of the restricted power density in batteries.
Additionally, NDP can be used to monitor dendrite formation
at Li-metal anodes through the electrolyte by the increasing Li-
concentration within the electrolyte region. Both aspects
provide crucial information for improved battery design.”” As
an example, shown in Figure 3c,d, the lithium anode plating
and stripping in the gel polymer electrolyte with LiNO,
additive was monitored with operando NDP from 1 up to 7
mAh/cm® The evolution of Li density as well as the Li
efficiency during cycling have been shown, illustrating the
unique ability of NDP in monitoring electrochemical Li
plating/stripping.”” It should be stressed that the Li efficiency,
defined as the ratio of the stripped to the plated amount of Li
within the maximum depth probed by the NDP, provides
complementary information to the electron efficiency as
quantified by the Coulombic efliciency. The difference
between the Coulombic efficiency and Li efficiency quantifies
the amount of irreversible reactions that do not involve Li-ion
transfer, such as direct electrolyte reduction and chemical
dissolution of Li from the SEL’

Recently, the application of NDP has been extended to SSBs
utilizing inorganic electrolytes. Hu et al.** used NDP to study
the interfacial behavior of a garnet type SE (LLZO) in contact
with metallic Li through in situ monitoring of the Li plating/
stripping processes. The NDP measurement demonstrates
predictive capabilities for diagnosing short circuits in SSBs.
Han et al.>® investigated the origin of dendrite formation by
monitoring the dynamic evolution of the Li concentration
profiles in three important SEs (LiPON, LLZO, and
amorphous Li;PS,) during lithium plating using operando
NDP. Their findings demonstrate the ability of NDP in
studying the different driving forces for dendrite formation in
these SEs.>

A challenging aspect of operando measurements of solid-
state batteries is that the stopping power of the window facing
the detector needs to be low and thus the window needs to be
very thin, which complicates application of high and stable
pressure, as typically required for SSB concepts. In this context,
HSEs that often operate under lower pressures, within the
limits of existing operando cells,”**” are of initial interest for
operando NDP studies. Recently, this allowed us to monitor
the delamination of Cu/HSE/Li-metal cells, and the impact of
the presence of a lithium-philic ZnO layer on the Cu to
prevent this, as presented in the next paragraph.

3.2. Delamination

Investigating the Li-metal—SE interface under operando
conditions is challenging, in the first place because the charged
particles, which result from the capture reaction, need to pass
the Li metal and the current collector window. As a
consequence, a thick Li-metal film cannot be used, and an
anode-less configuration is preferred, in which case the Li
inventory is initially stored in the positive electrode (dis-
charged state) (Figure 4a). In this case, the SE is directly facing
the current collector, which also functions as a window sealing
the battery from the surrounding environment. When the Li
plating is examined during battery charging, the battery
polarization is very high, Figure 4b. This is the result of
delamination of the SE from the current collector upon
repeated lithium—metal plating/stripping, resulting in early cell

341

death. To improve the HSE/Cu interface, we explored the
introduction of a 100 nm thin ZnO film deposited via atomic
layer deposition on the copper current collector, effectively
making the current collector lithium-philic.” The “anode free”
configuration using this ZnO@Cu electrode resulted in more
reversible cycling, Figure 4b, offering a suitable SSB
conﬁzguration for investigating operando Li-metal plating in a
SSB.

The results of the Li-metal plating in the solid-state Cu/
HSE/Li and ZnO@Cu/HSE/Li batteries are provided in
Figure 4c, yielding the normalized lithium—metal density
(normalized to the bulk Li-metal density), as a function of
depth, during five cycles at a current density of 0.0 mA/cm’.
For the bare copper current collector in the Cu/HSE/Li
battery, the average Li density, as well as the thickness of the
deposits, rapidly increase upon cycling, reflecting the buildup
of inactive Li metal and Li species at the HSE side over cycling.
This situation improves for the ZnO@Cu current collector,
reflecting better affinity between Li metal and the ZnO-
covered current collector, consistent with the improved
electrochemical cycling shown in Figure 4c. Integrating the
Li-density depth profiles, results in the evolution of the plated
lithium mass during cycling. The ratio of the stripped capacity
and the plated capacity represents the Li-efficiency, comple-
mentary to the Coulombic efficiency (electron efficiency). The
presence of the ZnO film on the copper current collector
increases the Li efficiency from ~45% to 80%, reflecting a
more-efficient plating/stripping process as examined with
NDP.”

These initial operando NDP studies of Li metal demonstrate
the challenge of Li-metal anodes in SSBs as well as the
complementary data provided by NDP as compared to
available techniques. Lithium dendrites may grow along the
phase boundaries of the organic and inorganic phases, causing
a short circuit. In addition, especially for the “anode-less” or
“anode-free” configuration it is very difficult to maintain the
contact between Li metal and the HSE during cycling. Both
the large volumetric changes of the Li-metal anode and SE
decomposition can be held responsible for interface degrada-
tion and delamination. In future work, thin Li metal sputtered
on the Cu current collector will enable more detailed operando
NDP studies toward the Li-metal—SE interface, aiming at more
fundamental understanding of the failure mechanisms.

4. CONCLUSIONS AND PERSPECTIVE

Understanding Li-ion transport and Li-metal plating in SSBs is
challenged by the difficulty to quantify the Li distribution and
its chemical form, in particular during realistic battery
operation. Taking advantage of noninvasive and nondestructive
state-of-the-art ssNMR and operando NDP techniques appears
to have much potential to provide more insight in the behavior
of Li and Li ions in SEs and SSBs. ssNMR has revealed and
quantified ionic transport across grain boundaries and provided
insight in the nature of the interface, and its role in the Li-ion
transport. 2D exchange NMR allows monitoring the
spontaneous equilibrium Li-ion diffusion between different Li
environments, and cross-polarization experiments as one of
several other NMR methods can access the interface structure.
Moreover, isotope replacement can be used to track the Li ions
in different SE phases and reveal the transport pathways. It is
found that the bottleneck for charge transport in the studied
SSBs is located at the interface between SE and electrode.
Adjusting the interface properties is the key to solve this
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problem, where many phenomena play a role, including
composition, chemical bonding, wetting, and space-charge
layers. Another challenge where ssNMR demonstrates large
added value is the study of Li-metal anodes. To achieve
inherent safe operation of Li-metal SSBs requires that Li-metal
dendrite formation can be avoided or blocked. At low current
densities and slow battery charging, SEs appear to satisfy these
conditions; however, still our understanding of the onset and
growth of dendrites is limited, due to the difficulties in
studying these processes under realistic operation conditions.
Anode-less or anode-free configurations set high demands on
interface stability, which requires much more understanding of
the role interfaces in electrochemical Li-metal plating and
stripping. The ability of ssNMR to distinguish between
different Li-metal morphologies and to quantify “dead” Li-
metal under operando conditions is very promising, although
development of operando cells is required to extend the
application of this technique to higher pressures relevant for
SSBs. Operando NDP also offers a multitude of possibilities for
Li-metal anode research, enabling nondestructive monitoring
of the Li-metal density as a function of electrode depth,
providing insight into the onset of delamination and dendrite
formation during cycling. With their ability to selectively probe
Li, both techniques can be expected to play an important role
in understanding processes in Li-based batteries, as explicitly
demonstrated for Li-metal SSBs. This battery system itself
poses significant challenges, where both techniques in
combination with other advanced characterization techniques
will provide guidance in material and interface design and
development, aiming to achieve safe, high-energy-density
energy storage system.
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