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The distribution of degradation products, before and after cycling,
within common sulfide-based solid electrolytes (B-LizPS,, LigPSsCl and
Li;oGeP,S;,) was mapped using Raman microscopy. All composite
electrodes displayed the appearance of side reaction products after
the initial charge-discharge cycle, located at the site of a LiNig gMng >
Cop 20, particle.

The development of sulfide-based lithium superionic conductors
(>107* S cm™') has addressed the challenge of low ionic
conductivity, spurring the development of all-solid-state bat-
teries (ASSB).'” Despite the suitable ionic conductivity of
sulfide-based materials, they can be challenging to handle due
to interfacial instability against active materials (electrodes and
conductive binder) within the cell. The limited electrochemical
window of sulfide solid electrolytes (of ca. 2-3 V vs. Li/Li’) can
trigger chemical and electrochemical decomposition within the
cell that leads to limited cell life.> Previously, solid electrolyte
decomposition has been analysed ex situ from recovered pellets
or powders after reaction by X-ray photoelectron spectroscopy,
powder X-ray diffraction and time-of-flight secondary ion mass
spectrometry.*® Furthermore, Raman microscopy has been
widely used for analysing ASSB electrodes, both in situ and
ex situ, due to the ability to spatially map the chemical composi-
tion down to micron scale resolution. Raman mapping enables
facile analysis, as well as direct chemical visualisation of the
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evolution of interfaces within practical electrode composites,
after or during electrochemical treatment.””®

To study the interfacial behaviour within more representa-
tive cell types, the scalable method of tape-casting (wet slurry
fabrication) was adopted for electrode stack preparation’®'*
and analysed by ex situ Raman microscopy. Previously, Raman
spectroscopy has been used to map the charge heterogeneity of
positive electrodes’ and in situ Raman analysis has highlighted
the decomposition behaviour of LigPSsCl at the interface of
both LiCoO, and lithium metal.’

LiNiy ¢Mn, ,C00,0, was charged and discharged against
lithium metal using one of three sulfide-based solid electrolytes
(B-LizPSy, LigPS5Cl or Li;oGeP,S;;) from 3 to 4.2 V (vs. Li/Li").
Charging capacity among the cells showed slight variation
between them: 159 mA h g~* for B-LizPS,;, 172 mA h g~ for
LigPS;Cl and 183 mA h g ' for Li;(GeP,S;, (Fig. 1). The
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Fig. 1 First charge/discharge profile of LiNiggMng2Cop,0, cycled
between 3.0 V and 4.2 V vs. Li/Li*, comprising either B-LisPS,, LigPSsCl
or LijpGeP,S3; as the solid electrolyte.
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variability derives from small differences in ionic conductivities
and contact resistances between the three studied solid electro-
lytes and the active material LiNiy¢Mng,C04,0,. Li;oGeP,Sy,
has the highest reported ionic conductivity amongst the three-
sulfide solid electrolytes investigated (~107> S cm™') and
showed almost similar charging capacity (when charged to
4.2 V limit) compared to LiNiy ¢Mn, ,C0,,0, within a conven-
tional liquid carbonate electrolyte (Fig. S1, ESIt).">*® For the
discharge, although each electrode has varying voltage hyster-
esis, all electrodes show a comparable discharge capacity of
around 110 mA h g~' (compared to 160 mA h g~' within a
liquid electrolyte, Fig. S1, ESIT).

Considering the narrow electrochemical window of all sul-
fide solid electrolytes,>* the interfacial decomposition between
solid electrolytes and the active material account for some of
the irreversible capacity within the 1st cycle. Since the decom-
position of solid electrolytes forms various insulating side
products, Raman microscopy was used to identify the chemical
nature and type of these products before and after electroche-
mical cycling.

Raman spectra from all components (LiNiy ¢Mng2C0¢05;
conductive additive: vapour grown carbon fibres (VGCF); bin-
der: polyisobutene; solid electrolyte - Fig. S3 and S4, ESI{) of
the positive solid-state electrode were collected. Peak assign-
ments are listed within Table 1 and used for the generation of
chemical distribution maps. All the samples are recovered and
measured under an inert argon atmosphere to avoid air
contamination.

Fig. 2 shows typical pristine and cycled spectra for each of
the three solid electrolytes containing composite electrodes
(refer to Section 1.2 in the ESI} for the composition). Although
bands from LiNi, ¢Mn, ,C04,0, and sulfide solid electrolytes
overlap in the 400-700 cm ™" region, all pristine electrodes show
a clearly distinguishable peak at 420 cm™" ascribed to (PS,)*~
from the sulfide solid electrolyte, distinct from the A, peak of
LiNig ¢Mng ,C00,0, (597 em™!). The VGCF carbon additives
have two distinctive peaks similar to graphitic carbon, the
D band and the G~ and G' bands, which are located at ca.
1330 cm™ ', 1580 and 1610 cm™ ' respectively."” In addition,
uncycled LigPS5Cl and Li;(GeP,S;, electrodes show a negligible
amount of S, (x = 4-8) product at 473 cm ™', which is commonly
observed as the chemical decomposition product between
sulfide solid electrolytes and metal oxides when they are mixed

Table 1 Raman peak positions and assignments of solid
electrolyte compounds

Wavenumber/cm ™" Assignment Ref.

348 vs (GeSy) 13 and 14
356 vs (GeSy)*~ 13 and 14
380 A from P,S, 9 and 15
420 vs (PS4)*~ 9

473 S-S bending from S, 9

597 A, from LiNip ¢Mng ,C0p 20, 16

1330 D band (VGCF) 17

1430 5(CH;)-S 18-20
1580, 1610 G, G" band (VGCF) 17

This journal is © The Royal Society of Chemistry 2023

View Article Online

ChemComm

—
Q)
N’

— B-Li,PS, pristine
—— After cycling

(PS,)*

Intensity / a.u.

400

Raman Shift / cm™!

T
600 1200 1400 1600

I
200

(b)

(PS,)* — LigPS;Cl pristine

—— After cycling
D G

/l\.ﬁ(CH3)-S G*

‘\MSXLiNiMM no,zcz:::)yz// v

T

P,S

'

Intensity / a.u.

T ¥ T T
200 600 1200 1400 1600

400
Raman Shift / cm™
(c)
(PS,)* —Li;(GeP,S,, pristine
3 GeS,)*
- G(e: ! S 5(CH,)-S
5 2 * LiNiggMn, ,Co,,0, D %M
= -
c
Q
o
E M
I T T T T T T T T T
200 400 600 1200 1400 1600

Raman Shift / cm™

Fig. 2 Representative Raman spectra from contour mapping of uncycled and
cycled composite electrodes: (a) B-LizPS4, (b) LisPSsCl, and (c) LiigGeP,Si.

together.? After galvanostatic testing, all the electrodes mea-
sured showed the presence of new bands, relating to the
formation of decomposition products.

In all three cases the main Raman band in the solid
electrolyte (v4(PS,)*”) remains detectable, indicating that
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decomposition is interfacial rather than a bulk degradation
process. Firstly, B-Li;PS, decomposed to the compounds, P,S,
(where x is ca. 5) (380 cm ™) and S, (473 em ™ ").? For LigPS;Cl, it
initially decomposed to LizPS,, before forming both P,S, and
S,. B-LizPS, has the (PS,)*~ vibration at a similar wavenumber
to LigPSsCl, which can make the appearance of P,S, challenging
to differentiate from LigPSsCl; however, S, compounds were
found from the spectra at 473 cm *.° For Li;,GeP,S;,, Ge-S
bonding decomposes into GeS, and S,, found in the spectra in
Fig. 2c at 348 cm™ ' and 473 cm ™.

All spectra show a broad band centred at 1430 cm ™, which
cannot be easily assigned by examining the spectra of the
individual components (Fig. S3, ESIT). To investigate the origin
of this peak, Raman spectra of various slurry mixtures were
collected before and after removal of the solvent (Fig. S5 and S6,
ESIt). Although slurry samples have strong fluorescence back-
ground from organic materials (binder: polyisobutene and
solvent: toluene)," samples containing carbon have a broad
1430 cm™* band, which is also observed when the dry powders
are combined. This suggests that the 1430 cm " band arises
from reaction of the carbon additive with the solid electrolyte
during the electrode preparation. Previously, side reaction
between toluene and f-LizPS; or LigPSsCl has been
reported.>>** To determine whether this is also the case with
other sulfide electrolytes, Li;GeP,S;, was mixed within
toluene, and GeS, (348 cm ') was detected after drying the
slurry (Fig. S6, ESIt). Contributions from the binder through
vulcanisation reactions or binder degradation were also con-
sidered, but these reactions require mild heating (~150 °C
and/or UV irradiation)***®> and other observations of binder
degradation generally occur after electrochemical testing.>®*”
Taking this all into account and the absence of the prominent
700 cm™ " band of polyisobutene in any spectra leads to the
conclusion that the band appears from reaction between the
electrolytes and the carbon additive. Indeed, the band at
1430 cm ' has been previously reported from the reaction
between few-layer graphene and Sg.'® This peak is also present
in the spectrum of methanethiol (CH3SH) and other linear
dithiols">?® suggesting that the bands arise from CH; surface
functional groups and S linkers, and can be denoted as 3(CH;)-S.

The representative contour mapping image of the B-LizPS,
based pristine electrode is shown in Fig. 3 and LisPS;Cl and
Li,oGeP,S;, contour mappings are available in the ESIt (Fig. S7
and S9). The existence of components from each mapping point
was obtained from the spectra and the intensities were normal-
ised. Red colour on the contour scale indicates a relatively intense
relevant Raman peak representing the clear presence of a specific
component. Black means the absence of the relevant Raman peak
above the signal to noise for a specific component at the desig-
nated area or spot. From Fig. 3, the location and distribution of
LiNiy ¢Mn, ,C0,,0, and B-LizPS; of carbon, based upon their
distinctive peaks (listed in Table 1), can be observed. No signifi-
cant Raman signals of decomposition products resulting from the
contact of all materials with the solid electrode were observed.

Fig. 4 shows the Raman contour mapping of electrodes after
electrochemical cycling. The main bands of B-Li;PS, electrolyte
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Fig. 3 Raman contour mapping image of the pristine B-LisPS, positive
electrode containing active material, carbon additive (VGCF) and electro-
lyte. Raman contour maps of bands pertaining to (a) LiNiggMng2C0g 205,
(b) B-LisPS4, (c) the carbon additive and (d) 8(CH3)-S. Red contours
represent the presence of intense bands, blue contour trace presence
and black, band not detected.

do not overlap with LiNiy ¢Mn, ,C00,0, or the carbon bands,
and thereby each component is distinguishable. Moreover,
Fig. 4 shows the distribution of decomposition products of
B-Li;PS4, P,Ss and S, from the map. These decomposition
products are located between LiNiy ¢Mng,C0,,0, and B-LisPS,,
suggesting that this sulfide SE decomposition is an interfacial
reaction. Li;(GeP,S;, and LigPSsCl have similar decomposition
behaviour (Fig. S7-S10, ESIt). In particular, polysulfide (S,)
species were detected on both B-LizPS; and LigPSsCl solid
electrolytes in the vicinity of LiNipe¢Mng,C00,0,. A similar
observation was made with Raman measurements on the
LiCoO, and LigPSsCl solid-solid interface,” highlighting the
oxidative stability of the electrolyte breakdowns when in contact
with partially de-lithiated positive electrode materials. Though
the negative effects of carbon additives on degradation have
been frequently reported,**° from this initial study no correla-
tion of the degradation products with carbon position was
observed. Mapping studies, using a variety of carbons will be
probed, as well as in situ mapping investigations to further
understand the origin and location of composite electrode
degradation. Moreover, to exclude any laser heating effects
during electrode mapping, the laser power was minimised to
43 pW. All electrode components were also found to be stable at
greater laser intensities (Fig. S11, ESIT).

In summary, Raman maps display the distribution of each
component within the solid-state electrode at 1-2 micron
resolution and show interfacial decomposition between the
solid electrolyte and LiNiy ¢Mng,C04,0,. In addition, during
the electrode preparation, carbon contamination from sulfide
solid electrolyte was found, forming surface §(CHj;)-S. This
result highlights the importance of choosing appropriate

This journal is © The Royal Society of Chemistry 2023
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Fig. 4 Raman contour mapping images of the B-LizsPS, composite elec-
trode after electrochemical cycling. (a) LiNiggMng2C0q 20, (b) B-LisPS4,
(c) carbon additive (VGCF), (d) 8(CHz)-S, (e) P,S, and (f) S,.

binder/solvent candidates and lowering the carbon amount
present. Both chemical and electrochemical degradation within
sulfide solid electrolytes and LiNiy¢Mng,Co0,0, produces
electrically resistive side reaction products, resulting in the
lowering of the cell performance, highlighting the need to
suppress interfacial decomposition via surface protection.
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