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Transition-metal interdiffusion and solid electrolyte
poisoning in all-solid-state batteries revealed by cryo-TEM

Scanning transmission electron microscopy investigations
under cryogenic conditions into the degradation of
thiophosphate-based all-solid-state batteries not only reveal
interphase formation, due to side reactions between solid
electrolyte and cathode material during cycling, but also
transition metal dissolution and solid electrolyte poisoning.
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Using scanning transmission electron microscopy, along with elec-
tron energy loss spectroscopy, under cryogenic conditions, we
demonstrate transition-metal dissolution from a layered Ni-rich
oxide cathode material and subsequent diffusion into the bulk of
a lithium thiophosphate solid electrolyte during electrochemical
cycling. This problem has previously only been considered for
liquid-electrolyte-based batteries.

Solid-state batteries (SSBs) hold great promise as a next-generation
energy storage technology for powering future portable electronics
and electric vehicles. This is due in part to their potentially
superior energy and power densities and improved safety over
conventional batteries." However, commercial implementation is
plagued by detrimental interfacial side reactions occurring at the
cathode and anode, causing performance decay and ultimately cell
failure.”® Many efforts have been made to reveal the underlying
degradation mechanisms and to prevent or alleviate such intrinsic
problems.®® The solid and gaseous degradation products formed
during cycling at the interface between the cathode active material
(CAM) and superionic solid electrolyte (SE) are usually probed
using techniques such as X-ray photoelectron spectroscopy (XPS),
time-of-flight secondary ion mass spectrometry (ToF-SIMS) and
differential electrochemical mass spectrometry (DEMS).>*™** The
latter techniques, however, have limited spatial resolution capabil-
ities. To gain detailed insights into the composition and structure
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of the CAM/SE interface (decomposition interphase), transmission
electron microscopy (TEM) appears to represent the method of
choice.” Unfortunately, sulfide-based SEs are prone to beam
damage (degradation),"* and they are also highly reactive towards
ambient atmosphere (moisture/oxygen), thereby complicating
specimen preparation procedures.”® To overcome these hurdles,
sample handling under inert atmosphere and microscopy investi-
gation, including TEM lamella sample preparation, at cryogenic
temperature are required. Following this, here we study the
evolution of the cathode interface/interphase in bulk-type SSB cells
using a non-coated LiNig g5C01Mng 050, (NCM851005) CAM and
an argyrodite LigPSsCl SE via scanning TEM (STEM) in combi-
nation with energy-dispersive X-ray spectroscopy (EDS) and elec-
tron energy loss spectroscopy (EELS).

The cathode was prepared by slurry casting (see ESI,{ for
details) and tested in pellet-stack cells with a Li,TisO;, anode.
The areal CAM loading was around 9.4 mg cm™ 2. Representa-
tive voltage profiles for the first and second cycles at a rate of
0.1C are depicted in Fig. 1a. They are typical of Ni-rich NCM
CAMs. In the initial cycle, specific charge and discharge capa-
cities of about 233 and 192 mA h g~" were achieved, corres-
ponding to a Coulomb efficiency (CE) of 82%. The cells
delivered a similar capacity of gqis ~ 191 mA h g ' in the
second cycle, and the CE increased to 98%. After the first
two cycles, the rate capability was tested (Fig. 1b). To this
end, the C-rate was increased in a stepwise manner from 0.2C
(qais ~ 179 mA h g~") to 2C (gais ~ 99 mA h g~ %) (Fig. S1, ESIY),
followed by cycling at 1C for 150 cycles. As can be seen from the
data, there was no significant capacity fading over the first 160
cycles despite the absence of a protective surface coating on the
CAM secondary particles. The CE stabilized above 99.9% during
long-term cycling, with some decay towards 99.8% after around
100 cycles due to continuous (but relatively minor) SE
decomposition.

For cryo-TEM analysis, cycled cells in the discharged state
were disassembled and specimens from the cathode side were
prepared by focused-ion beam (FIB) slicing. An illustration of
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Fig. 1 Cycling performance of the slurry-cast cathode in pelletized SSB
cells at 45 °C. (a) First- and second-cycle voltage profiles at 0.1C are
shown as dashed and solid lines, respectively. (b) Specific discharge
capacities over 160 cycles, including a rate capability test in the beginning
of cycling (see ESIt for details), and corresponding Coulomb efficiencies.

the workflow process is shown in Fig. S2a-e (ESIf). Low-
magnification images of a FIB-cut lamella are presented in
Fig. S3a and b (ESIY), showing no signs of cracking or delami-
nation. The interface region of interest (ROI) between CAM and
SE, indicated by arrows in Fig. 2a, was probed using STEM
[primarily in high-angle annular dark-field (HAADF) mode] and
EDS. As shown in the inset of Fig. 2a, a mostly amorphous
decomposition layer of approximate thickness 10 nm had
formed after cycling. Such an interphase was not visible for
the pristine cathode (Fig. S4a, ESI). EDS mapping was con-
ducted to reveal the elemental distribution across the CAM/SE
interface (Fig. 2b). Both Ni and O are evenly distributed
throughout the CAM particle (Fig. 2c and d), whereas the S
and Cl maps show a non-uniform distribution (Fig. 2e and f).
Increased signal intensity is evident near the interface region,
which is corroborated by the O, S and Cl overlap map in Fig. 2g.
The ion accumulation at the ROI originates from the (electro)-
chemical SE decomposition during cycling (also considering
oxygen release from the CAM at high states of charge), leading
to the formation of LiCl, polysulfides and oxygenated phos-
phorus and sulfur species, to name some degradation products,
as determined by XPS and ToF-SIMS in recent years.”'>!678
This is in contrast to the pristine cathode, where clear spatial
separation of elements points towards the presence of a well-
defined (“clean”) CAM/SE interface (Fig. S4b-f, ESIt).

EELS was conducted on three different spots, the CAM (P1),
the CAM/SE decomposition interphase (P2) and the SE (P3), as
can be seen in Fig. 3a. The corresponding energy loss spectra
are depicted in Fig. 3b. For P1 and P2, the O K-, Mn L-, Co
L- and Ni L-edges are clearly visible, and even for P3, weak
signals pertaining to the transition metals (TMs) can be
observed. This result suggests that TM dissolution occurs
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Fig. 2 Cross-sectional cryo-STEM/EDS analysis of the cycled cathode.
(a) HAADF overview image showing both CAM and SE, with the interfacial
ROI denoted by arrows. The inset is a high-magnification annular bright-
field image of the decomposition interphase. (b) HAADF image of the
CAM/SE interface and (c—g) elemental maps from EDS for Ni, O, S and Cl of
the area indicated by the rectangle in (b).

during battery operation (apparent detection of TM species in
the decomposition interphase and within the argyrodite SE).
Note that the O K-edge is also detected for P3, either due to the
presence of impurities or oxygen incorporation from the
CAM, which is the only source of oxygen in the electrode. Wang
et al. recently reported signs of TM dissolution into a Li;Sip 3-
PSe,Cly g SE, in agreement with our findings."®

Chem. Commun., 2023, 59, 4600-4603 | 4601
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Fig. 3 (a) High-magnification HAADF image of the CAM/SE interface, with
the highlighted areas probed by EELS, and (b) corresponding energy loss
spectra. (c) Low-magnification HAADF image of the bulk SE in the cycled
cathode and (d) corresponding energy loss spectra collected from the
areas denoted in (c). The O K- and TM L-edges are indicated by dashed
lines in the spectra.

To gain further insights into the morphological evolution of
the cathode, low-magnification STEM images were taken prior
to and after cycling. As is evident from the data in Fig. S5a and
b (ESIT), the SE appearance changes from uniform to non-
uniform with cycling. Brighter and darker areas/spots are
visible all over the SE, hinting at different relative densities.
For this reason, EELS was conducted on two representative
areas, denoted as P4 (bright) and P5 (dark) in Fig. 3c. The
K- and L-edges that can be assigned to O and Ni, Co and Mn,
respectively, are apparent in the corresponding spectra in
Fig. 3d. Because the areas probed were more than 500 nm away
from the CAM secondary particles, this provides evidence for
TM dissolution and subsequent diffusion into the bulk of the
SE. In conventional liquid-electrolyte-based Li-ion batteries
(LIBs), TM dissolution has been shown to be detrimental to
the cycling performance by poisoning of the graphite anode,
among others.”®>* However, a similar effect in SSBs has not
been reported yet. To compare the oxidation numbers for all of
the TM species in the different areas, the EELS data were
analyzed in some more detail. In particular, the Ls/L, ratios
from the integrated peak areas were calculated (see ESIt for
details and Fig. S6) for Mn, Co and Ni.>*** The results are given
in Table S1 and depicted in Fig. S7 (ESIt). For the CAM (P1 in
Fig. 3a), Ni/Co and Mn were determined to be in +3 and +4
state, respectively, as usually observed for Ni-rich NCM-type
materials.?® Both Ni and Co remained on average in +3 state in
the CAM/SE interface region (P2 in Fig. 3a), whereas the slightly
increased Ls/L, ratio for Mn suggests partial reduction towards
mixed +4/+3 states. In contrast, for the SE at a distance around
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100 nm away from the interface (P3 in Fig. 3a), the Lj/L, ratio
increased for all three TMs, especially for Co and Ni. This is
indicative of distinct reduction of Co and Ni from originally +3
to +2 state. The data also suggest partial reduction of Mn to
mixed +3/+2 states.”>?”?® In the bulk SE (P4 and P5 in Fig. 3c),
i.e., several hundreds of nanometers away from the interface,
areas of different appearance/contrast were detected by STEM
(Fig. S5a and b, ESIt), as described above. As expected, analysis
of the L;/L, ratios revealed differences in the oxidation num-
bers. Mn was found to be present in states ranging from +4 to
+2 and Ni from +3 to +2. By contrast, Co was closer to +2 state.
Taken together, the results corroborate the inhomogeneous
nature of the SE after cycling. More in-depth characterization,
including phase identification, is very challenging though.
Nevertheless, it can be assumed that TM-containing oxide
and sulfide species are formed.>®'**°

In addition, the difference in energy loss between the O
K-edge and the pre-edge (referred to as AE hereafter) can be
considered. As shown in Table S1, AE decreased from 12.0 eV
for P1 (CAM) to 8.7 eV for P5 (bulk SE) [AE = 10.8 eV for P2
(CAM/SE interface region)], thus confirming TM reduction
upon dissolution/diffusion.*°

Apart from that, we also noticed sulfur diffusion into the
CAM secondary particles. Fig. 4a-d shows a high-magnification
HAADF image of a fractured NCM851005 particle and elemen-
tal maps from EDS for Ni and S. The spectra collected from the
different areas denoted in Fig. 4d reveal an increased sulfur
signal for the grain boundary region (Fig. 4e), corroborating
sulfur accumulation in the particle interior. We hypothesize
that this is related to the mechanical degradation of the CAM
and the (electro)chemical SE oxidation during cycling, leading
to a loose grain boundary structure and formation of mobile
species. Similar observations (Cl/P accumulation) have been
made recently.*"*?

In summary, we have demonstrated that not only interphase
formation occurs at the CAM/SE contact points in thiophosphate-
based SSBs, but also distinct TM dissolution and diffusion into the
bulk of the SE. Although the dissolution (and migration/deposi-
tion) of TM species from NCM materials in liquid-electrolyte-based
LIBs is a well-known and understood phenomenon, to our
knowledge, it has not received attention in prior research on
solid-state cells. Our data emphasize the highly dynamic nature
of thiophosphate-based SSBs, with (electro)chemically driven solid-
state interdiffusion reactions occurring during cycling. Taken
together, the findings uncover a previously unknown degradation
mechanism that needs to be considered in future SSB research
and development. It may well be that TM interdiffusion is respon-
sible, at least to some degree, for electro-chemo-mechanical
degradation and fracture processes. Further studies are needed
to clarify this (including elucidating the driving force for TM
dissolution/diffusion) and also to determine if protective surface
coatings on the CAM particles are capable of suppressing SE
poisoning by preventing direct contact between CAM and SE.
Apart from that, it is unclear if similar effects would occur in
SSBs using organic, hybrid or other types of inorganic SEs (oxide,
halide etc.).

This journal is © The Royal Society of Chemistry 2023
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Fig. 4 (a) High-magnification HAADF image of a cycled CAM particle

showing intergranular fracture and (b—d) corresponding elemental maps
from EDS for Ni and S. (e) Spectra collected from the areas Al and A2
indicated in (d).
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