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Protective Nanosheet Coatings for Thiophosphate-Based

All-Solid-State Batteries

Leonhard Karger, Barbara Nascimento Nunes, Yuriy Yusim, Andrey Mazilkin,
Ruizhuo Zhang, Wengao Zhao, Anja Henss, Aleksandr Kondrakov, Jiirgen Janek,*

and Torsten Brezesinski*

Superionic sulfide solid electrolytes (SEs) are of considerable interest for
application in solid-state batteries, but suffer from limited stability. When in
combination with state-of-the-art cathode active materials (CAMs), severe
degradation at the CAM/SE interface occurs during electrochemical cycling.
To improve upon the interfacial stability, inert coatings can be applied to the
CAM particles, with the goal of preventing direct contact to the SE. In this
study, different methods of depositing coatings, including hexagonal boron
nitride, tungsten sulfide and exfoliated ((CH;(CH,);),N),Nb¢O;, in the form
of nanosheets onto the free surface of a Ni-rich LiNi,Co,Mn,0, (NCM) CAM
are examined and compared with one another. While dry coating is shown to
produce relatively uniform coatings (good surface coverage), the secondary
particle morphology of the NCM makes ball milling as a mechanical
deposition method less attractive. In contrast, deposition from dispersions in
organic solvents yields protective coatings with a lower degree of surface
coverage. The different materials are electrochemically tested in liquid- and
solid-electrolyte-based lithium-ion batteries. A stabilizing effect from
nanosheet coating is only observed for the cells with lithium thiophosphate

SE.

1. Introduction

Engineering of stable interfaces at both anode and cathode
is one of the main challenges in making bulk-type solid-state

batteries (SSBs) competitive with the
established lithium-ion battery (LIB)
technology.'*!  Among the existing
superionic conductors, lithium thio-
phosphates stand out due to high ionic
conductivity at room temperature and
favorable mechanical properties for
electrode/separator manufacturing and
battery operation.¥! When used as a
catholyte, their reactivity toward energy-
dense cathode active materials (CAMs),
such as layered LiNi,Co Mn,O, (NCM
or NMC) or LiNi Co,AlL,O, (NCA),
necessitates protective barriers to pre-
vent degradation upon electrochemical
cycling.l>7) Coating of the CAM particles
is a promising strategy to achieve stable
cathode interfaces (i.e., between NCMs
and lithium thiophosphates).!5#!
Commonly employed coatings for SSB
application are (lithiated) metal oxides
of niobium or zirconium, which can
be applied by different techniques, such
as sol-gel chemistry,” ¥ dry coating,*”]
nanoparticle deposition['®8] or atomic layer deposition
(ALD)."201 Nanosheet coatings consisting of single or few
atomic layers combine various beneficial properties, including
high mechanical strength,?!l chemical stability??! and gas
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blocking ability.[?!] Furthermore, nanosheets are extremely thin
(down to the theoretical limit of a single layer),[?#?] thus barely
affecting the battery’s energy density (by introducing additional
mass in the form of inactive material).

In recent years, some nanosheet materials have already been
tested as CAM coatings in LIBs.I2673% Graphene takes a promi-
nent position owing to its high stability and thoroughly re-
searched properties and processing (including synthesis). Re-
duced graphene oxide is typically used to produce such car-
bon coatings due to facile deposition upon reduction, although
some authors argue that surface modification or gaseous re-
ducing agents are required, making the techniques experimen-
tally challenging.[31-34] Alternative methods relying on surfactant-
stabilized graphene dispersions and allowing for controlled de-
position have been reported.[*] Hersam and coworkers elaborate
on this approach by employing Pickering emulsions for prepar-
ing conformal graphene shells, ultimately aiming at high volu-
metric density cathodes by avoiding low-density carbon black,
and decreasing porosity.[?l Graphene coating is found, among
others, to attenuate oxygen release from the cathode with cy-
cling to high cutoff potentials (note: in the SSB case, oxygen loss
would contribute to the decomposition of the thiophosphate solid
electrolyte).[27:36:37]

Apart from graphene, other nanosheet coatings and prepara-
tion methods have been reported. For example, layered double
hydroxides were deposited from aqueous dispersions onto NCM
and NCA both before and after calcination.[?®38] Graphitic car-
bon nitride can also be deposited from aqueous dispersions or
by chemical vapor deposition (CVD).*! Transition-metal chalco-
genides, such as MoS, and WSe,, have been shown to in-
crease the stability of CAMs.[?] Recently, Maiti et al. utilized
CVD-grown WSe, for improving the cycling performance of
NCM851005 (85% Ni content) and high-voltage LiNi,;Mn, O,
(LNMO). Stabilization is ascribed to reduced transition-metal
leaching from the CAM particles, while the coating apparently
dissolves to some degree into the electrode, which in turn helps
to form a protective layer on the anode.[?! Overall, nanosheet
coatings have been employed successfully in LIBs and shown to
facilitate charge transport!?®) and/or mitigate cathode and elec-
trolyte degradation.?*3!l Consequently, they may also have ad-
vantageous properties for application in SSBs. However, to date,
no such studies have been performed that examine nanosheet-
coated CAMs in batteries using superionic solid electrolytes.

Herein, we investigate the coating of polycrystalline
LiNi; 4sCo,;Mn, ;sO, (NCM851005, referred to as NCM in
the following) with commercially available nanosheet materials.
The focus is on improving the protective properties while avoid-
ing the synthesis of conductive materials, such as graphene. This
precautionary measure is taken to mitigate (electro)chemical
degradation (oxidation) of the solid electrolyte. We first con-
centrate on establishing a coating method for hexagonal boron
nitride (h-BN), which is isostructural to graphite/graphene,
but electronically insulating.[*”) h-BN is attractive as a coating
material because of its high chemical stability, reacting only
under extreme conditions (e.g., boiling sulfuric acid).[??] Dry-
and liquid-phase deposition routes are compared with regards
to coating content and distribution on the particle surface,
as well as structural integrity of the CAM. Specifically, h-BN
coating is compared to that achieved with WS, and exfoliated
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((CH;(CH,)5)4N),Nb;O,,. The latter materials are known as
functional coatings and can be readily obtained in nanosheet
format.1=%] WS, is found to undergo side reactions with the
NCM particles upon mild annealing, and electrochemical testing
shows that nanosheet coating leads to stability improvements
in SSBs, but not in LIB cells. This highlights the differences
in stabilization strategies for batteries with liquid and solid
electrolytes and emphasizes the need for further studies.

2. Results and Discussion

2.1. Coating Methods

Liquid-phase stabilization of h-BN (e.g., from liquid-phase exfoli-
ation) can be achieved with similar solvents or solvent-dispersant
systems as for graphene.[*>46*] Much of the work on h-BN stabi-
lization has been focused on aqueous dispersions.!*®*8] However,
water is known to leach lithium from layered Ni-rich oxide CAMs
and to adversely affect their surface structure and electrochemi-
cal properties (formation of rock salt-type NiO, etc.).[*>>% Further-
more, the dispersant may decompose and lead to the formation
of surface carbonates during the annealing process after coating.
Note that hybrid coatings containing carbonate species have re-
cently been shown to have a profound effect on the cycling per-
formance of thiophosphate-based SSBs.!'11251-# To avoid false
interpretation of carbonate coating rather than stabilization in-
duced by the nanosheet materials, we focus on methods that do
not rely on aqueous dispersions and organic dispersants.

Dry coating is a facile approach to avoid solvent exposure and
dispersant chemistry altogether. Ball milling at a rotational speed
of 100 rpm and with small ZrO, balls was chosen to limit the en-
ergy input. Further exfoliation of the nanosheets may be achieved
under ball-milling conditions, since the CAM particles, in princi-
ple, can act as an abrasive agent, as reported for the exfoliation of
nanosheet materials with common salts.[>>¢] The material ob-
tained was probed using scanning electron microscopy (SEM),
see Figure 1b,g ] [Figure 1a,fk is showing the pristine (uncoated)
NCM]. Investigation of the surface of the secondary particles re-
vealed the deposition of small circular nanosheets and, in some
instances, shearing of individual sheets. This is sometimes ob-
served during exfoliation of individual nanosheets and suggests
that low-energy ball milling helps to further increase the avail-
able surface by shearing of few-layer sheets.l>’] However, the sec-
ondary particle structure was only partially retained, as there was
clearly chipping and fracturing of the NCM CAM.

To improve the mixing of nanosheets and NCM and reduce
mechanical strain, it was attempted to perform wet milling us-
ing acetonitrile (with NCM:acetonitrile = 1:1 by weight). As seen
in Figure 1c,h,m, this exacerbated the problem of particle disinte-
gration, which may be due to dissolution of residual lithium from
the polycrystalline sample. It was also attempted to mechanically
mix the materials using a laboratory grade blender (Kinematica),
but they tended to stick to the sides of the jar and agglomerate
rather than being mixed uniformly. Therefore, although there is
some decent deposition, the particle disintegration does not allow
employing mechanical mixing for nanosheet coating of polycrys-
talline CAMs.

While water is detrimental when working with Ni-rich
cathodes,[*! organic solvents may be used to suspend the
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Figure 1. Schematic representation of nanosheet coating by dry ball-milling, wet ball-milling, solvent evaporation and spontaneous adsorption. a—o) Low-
and high-magnification SEM images for the comparison of coating attempts using h-BN nanosheets (highlighted by red circles). a,f,k) Uncoated NCM
particles, b,g,l) dry ball-milling assisted coating, c,h,m) wet ball-milling assisted coating, d,i,n) solvent evaporation-based coating and e,j,0) spontaneous

adsorption-based coating.

nanosheets and deposit them onto the particles. Two methods
of attaching nanosheets to the surface were tested, namely evap-
oration under agitation and spontaneous aggregation. In the
first case, 10 mg of h-BN nanosheets were dispersed in 10 mL
of acetonitrile via sonication for 30 min, after which 1.0 g of
CAM was added. The mixture was then vigorously stirred for
10 min at room temperature, followed by removal of the solvent
in vacuo with continuous stirring. In the second approach, the
h-BN nanosheets were suspended as described. Afterward, NCM
was added, and the mixture was vigorously stirred overnight to
allow the nanosheets to spontaneously adhere to the particle sur-
face. The suspension was then left to separate, and the modified
CAM was harvested as the sediment. Lastly, the residual solvent
was decanted, and the powder was dried again under vacuum.
The coated samples were also probed using SEM, as shown in
Figure 1d,e,i,j,n,0. As evident, in both samples, the secondary par-
ticle structure was retained, and there are no signs of deagglomer-
ation or chipping. Aggregates of nanosheets are clearly visible on
the particle surface. However, in the case of “evaporation under
agitation”, the nanosheet content appears to be slightly higher.
This is also corroborated by the observation that even after stir-
ring overnight the supernatant was still somewhat turbid, indi-
cating that not all of the nanosheets attach to the surface. Fur-
thermore, the evaporation-based processing takes less time, and
the sample is exposed to solvent for a shorter duration, which is
why this route was used in the following coating experiments.
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Taken together, the “evaporation under agitation” approach
worked best with this specific set of materials. However, dry coat-
ing also yields high loadings (good surface coverage). In addition,
the nanosheets appear to attach closely to the particle surface,
whereas more fluffy aggregates are formed upon wet processing.
For CAM morphologies that have a higher mechanical strength,
such as single- or quasi single-crystalline, dry coating may indeed
be the better choice, as particle (surface) integrity plays a crucial
role in the cyclability.’®>°! As a preliminary test, we have exam-
ined the dry coating of a single-crystalline NCM831205 (83% Ni
content). The results indicate that h-BN deposition onto the CAM
surface is indeed possible. However, the coating coverage was not
very uniform (see Figure S1, Supporting Information), and de-
termining the optimal process parameters would require further
study. Nevertheless, dry coating as such seems promising for the
emerging single-crystal CAMs, for which surface-based degrada-
tion is also a major contributor to capacity fading.>!

2.2. Comparison of h-BN, WS, and Niobate-Type Nanosheet
Coatings

To study a broader range of materials, the “evaporation un-
der agitation” approach discussed above was applied to coat-
ing of the NCM CAM with 1 wt.% of h-BN, WS, and exfoli-
ated ((CH,(CH,);),N),Nb,O;, nanosheets (hereafter referred to
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Table 1. Structural parameters from Rietveld refinement for the uncoated
and nanosheet-coated NCMs and corresponding ICP-OES analysis of the
coating content.

Sample NCM hBN-NCM WS,-NCM Nb-NCM
Ryp [%] 11.74 10.18 10.63 8.75
Rerage (%] 167 151 139 147
VIAY 101.01(1) 101.04(1) 101.05(6) 101.32(2)
a Al 2.8682(1) 2.8683(6) 2.8687(1) 2.8712(1)
cIA] 14.1770(9) 14.1782(12) 14.1787(10) 14.1897(12)
Sample hBN-NCM WS,-NCM Nb-NCM
Probed element B \ Nb
Assumed stoichiometry BN WS, NbgO4;4~
Coating content [wt.%)] 0.45(6) 1.11(2) 0.91(3)

as hBN-NCM, WS,-NCM and Nb-NCM, respectively). For ensur-
ing good contact with the secondary particle structure, the sam-
ples were heated at 400 °C in oxygen, which has been shown pre-
viously to be an optimal post-deposition treatment temperature
for oxide coatings!'*!*?%l in thiophosphate-based SSB cells. The
organic cation in ((CH;(CH,);),N),Nb;O;, decomposes during
heating, yielding some kind of lithiated niobate-type (Li,NbO,)
coating.[]

The hBN-NCM, WS,-NCM and Nb-NCM samples were in-
vestigated by SEM, inductively coupled plasma-optical emission
spectroscopy (ICP-OES) and powder X-ray diffraction (PXRD), as
shown in Table 1 and Figure 2a-h. The pristine NCM as a refer-
ence was treated under the same conditions as the other sam-
ples, but in absence of nanosheets. Structural analysis indicated
that all materials are single phase and the lattice parameters do
not change much with coating. Exemplary PXRD patterns col-
lected from WS,-NCM and hBN-NCM and Rietveld fits to the
patterns are shown in Figure S2 (Supporting Information). The
greatest difference to the reference CAM was found for Nb-NCM,
which exhibits slightly larger lattice parameters and unit-cell vol-
ume. This could point toward structural degradation, since an
increase in lattice parameters is typically associated with the for-
mation of Ni;, point defects (cation intermixing). This, in turn,
may be due to lithium loss from the NCM and possibly “absorp-
tion” by the niobate-type coating. ICP-OES revealed that the coat-
ing content is lowest for h-BN, with only about half of the nomi-
nal amount deposited onto the CAM particles. However, for both
WS,-NCM and Nb-NCM, it was close to the targeted content, in-
dicating effective coating (note: 0.91 wt.% would theoretically cor-
respond to 0.97 wt.% LiNDbO;). For the WS, nanosheets, it was
even higher than the targeted loading, which may be because of
the presence of oxygen impurities, as the nanosheets can read-
ily oxidize at room temperature. In such a case, the actual sto-
ichiometry to be considered would be WS,_,O,, causing exces-
sive tungsten content when aiming for 1 wt.% WS, coating due
to the lower molecular weight. The low- and high-magnification
SEM images in Figure 2c-h confirm successful deposition of
nanosheets onto the surface of the secondary particles, with h-
BN having a relatively lower affinity to the CAM. As expected, the
different nanosheet materials were attached in a surface-parallel
manner.
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Figure 2. SEM images at different magnifications of a,b) uncoated NCM,
¢,d) hBN-NCM, e,f) WS,-NCM and g,h) Nb-NCM.

2.3. Electrochemical Testing in Battery Cells

The electrochemical properties of the uncoated and nanosheet-
coated NCM samples were evaluated in LIB half-cells and pellet-
stack SSB cells. With regards to the cells with LP57 electrolyte, the
tests were conducted in the potential window of 3.0-4.3 V versus
Li*/Li at a constant temperature of 25 °C and at C-rates rang-
ing from C/10 to 10C. The first-cycle charge/discharge curves at
C/10 were similar for the different CAMs, as can be seen from
Figure 3a, suggesting that surface coating has no notable effect
on the original NCM structure/morphology. In addition, except
for Nb-NCM (g4 = 195 mAh g™'), all cells delivered a similar
first-cycle specific discharge capacity of q,;,, = 208 (+2) mAh g'.
As indicated by PXRD analysis, this observation may be at-
tributed to a larger fraction of nickel substitutional defects in Nb-
NCM due to formation of lithium niobate during post-deposition
anneal. It should be noted that the latter may also add to the cell
resistance (impedance buildup).("]

Unlike LIBs, the SSB cells with argyrodite Li;PS;Cl (referred
to as LPSCI) electrolyte were tested at 45 °C in a potential range
between 2.28 and 3.68 V versus In/InLi (x2.9-4.3 V vs Li* /Li). As
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Figure 3. First-cycle charge/discharge curves of the uncoated and
nanosheet-coated NCM CAMs a) in LIB half-cells with LP57 electrolyte and
b) in SSB cells with LPSCI electrolyte at a rate of C/10. c) Differential ca-
pacity curves of the cells shown in b). For each material, three (LIB) or two
cells (SSB) were tested and the data averaged.

expected based on the LIB data, the different CAMs revealed sim-
ilar electrochemical behaviors in the initial cycle at C/10 rate (see
Figure 3b). Except for Nb-NCM (g;; = 184 mAh g=1), the coated
samples achieved a higher initial specific discharge capacity that
the uncoated NCM (g, = 204 (+1) mAh g~! vs 185 mAh g'].
As shown in Figure 2c-h, the nanosheets did not fully cover the
particle surface, especially when considering areas where the pri-
mary grains meet, resulting in a somewhat non-uniform coat-
ing. When tested in LIBs, liquid electrolyte can easily access the
exposed surfaces and penetrate into microcracks, leading to mi-
nor or even no improvements in cycling performance (see also
Figure S3, Supporting Information). By contrast, when tested in
SSBs, the coatings strongly reduce the contact area between the
bare CAM and the LPSCI electrolyte, which helps to prevent in-
terfacial side reactions from occurring, and therefore positively
affects cyclability.
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Figure 4. Cyclability of uncoated and nanosheet-coated NCM CAMs in
SSB cells with LPSCl electrolyte. a) Rate performance testing with two cy-
cles each at C/10, C/5, C/2 and 1C, followed by 50 cycles at C/5. b) Relative
stability (capacity retention) with 100% referring to the first cycle at C/5 af-
ter the rate capability test. The error bars represent the standard deviation
from two independent cells.

Differential capacity plots can provide thorough information
about the phase transitions occurring during cycling. As seen
from Figure 3¢, the only difference between the uncoated and
WS, /h-BN nanosheet-coated samples is an additional feature at
the end of discharge (at #2.9 V vs In/InLi). This is commonly re-
ferred to as the so-called “kinetic hindrance” region, and is more
apparent for Ni-rich CAMs exhibiting a high lithium diffusivity
(e.g., because of low Ni;, defect concentration or cycling at ele-
vated temperatures).[*"-%3] However, in the present work, the pri-
mary particle (grain) size and defect concentration are similar
for the different materials tested. The same holds for the tem-
perature during cycling. This leaves the protective coating as a
reason for the facilitated lithium diffusion (by preventing unfa-
vorable side reactions and impedance buildup during cycling).
Additional features that may originate from redox activity and/or
degradation of the nanosheets upon battery operation were not
observed. By contrast, Nb-NCM revealed smaller peaks, which is
indicative of a different mechanism of improved capacity reten-
tion and further agrees with the lower specific capacity compared
to the uncoated NCM.

Figure 4a shows the cyclability of the uncoated and nanosheet-
coated NCM CAMs in SSB cells at different C-rates. In agree-
ment with the results from SEM imaging and ICP-OES analy-
sis regarding surface coverage, WS,-NCM and Nb-NCM exhib-
ited much improved cycling performance and relative stability
(see Figure 4b; Figure S4, Supporting Information). After 50 cy-
cles at C/5, hBN-NCM, WS,-NCM and Nb-NCM showed capac-
ity retentions of 63%, 85% and 87%, respectively, compared to
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Figure 5. EDS analysis of FIB-cut WS,-NCM with a) overview and b)
zoomed-in HAADF STEM images and c—h) corresponding elemental
maps from EDS analysis.

64% for the uncoated CAM. Interestingly, the niobate-type coat-
ing also resulted in increased Coulomb efficiency, from 80% for
the uncoated material to 85% for Nb-NCM, in the initial cycle (see
Figure 3b). As mentioned previously, residual lithium is proba-
bly being consumed to some degree by the nanosheets during
post-processing in the formation of Li,NbO,, which itself is a
well-established coating material in LIBs and SSBs.I**! For that
reason, this kind of coating will be investigated in more detail in
the future.

Overall, protective nanosheet coatings impart stabilization to
the cathode interface in thiophosphate-based cells, thus achiev-
ing relatively similar levels of effectiveness to state-of-the-art coat-
ing materials and techniques.l'1¢-2°] However, it remains to be
seen if they will be capable of outperforming tailored sol-gel or
ALD coatings, which may find application in future generations
of bulk-type SSBs.

2.4. Analysis of WS,-NCM

From the electrochemical testing, WS,-NCM was found to deliver
the highest specific capacities (note: similar stabilization was
achieved with the niobate-type nanosheets in SSB cells). Since
WS, is reactive toward ambient oxygen,[®~’] it is necessary to
characterize the actual coating species given that the nanosheets
may transform into some oxidized state during deposition and/or
post-deposition anneal.

Figure 5a-h shows results from high-angle annular dark-field
scanning transmission electron microscopy (HAADF STEM)
and energy-dispersive X-ray spectroscopy (EDS) of a focused
ion beam (FIB)-cut lamella of the WS,-NCM sample. HAADF
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Figure 6. ToF-SIMS data for fragments (PO,~ and PO; ™) characteristic of
interfacial degradation products. a) Representative mass spectra collected
from the uncoated NCM and WS,-NCM composite cathodes before and
after cycling. b) Corresponding boxplots of normalized intensities contain-
ing ten data points each.

STEM imaging (see Figure 5a) indicated sparse distribution of
nanosheets on the particle (apparent from the large differences in
contrast). Upon closer inspection (see Figure 5b), the nanosheets
were found to not perfectly follow the curvature of the substrate,
unlike conformal coatings, but instead they seem to have rela-
tively loose contact with the CAM surface. Despite post-annealing
in oxygen, WO, formation was not clearly recognizable from the
EDS maps presented in Figure 5c-h. However, some minor oxy-
gen signal appeared in the area of the nanosheet coating, which
points toward partial WS, oxidation. Apart from that, when prob-
ing other areas of the particle surface using fast Fourier trans-
form (FFT) analysis of TEM lattice fringes (see Figure S5, Sup-
porting Information), some of the reflections matched with the
tetragonal WO, phase, thus confirming oxidation of WS,.

To further elucidate the interfacial stabilization mechanism,
the uncoated NCM and WS,-NCM composite cathodes—Dbefore
and after 50 cycles in SSB cells—were studied by time-of-flight
secondary ion mass spectrometry (TOF-SIMS). Surface analysis
via TOF-SIMS enables the detection of decomposition products,
such as phosphates and sulfates, which has been described in
detail by Walther and coworkers.[>3%%] Because the WS, coating
contains sulfur, the analysis of sulfate/sulfite fragments can lead
to misinterpretation of data, and therefore they were not consid-
ered. Representative mass spectra collected before and after cy-
cling are shown in Figure 6a. To ensure good statistics and data
reliability, 10 mass spectra per sample were measured and sum-
marized in box plots (see Figure 6b). As evident, the amount
of PO,~ fragments (PO, and PO;~) after 50 cycles was signif-
icantly higher for WS,-NCM compared to the uncoated sample.
This result is somewhat surprising and not in apparent agree-
ment with the cycling performance in Figure 4, showing that un-
coated NCM suffers from much faster capacity fading than the
coated counterpart. Rather, the data suggest that the decompo-
sition interphase [similar to the cathode electrolyte interphase
(CEI) in liquid-electrolyte-based batteries), which is formed by
side reactions at the interface between the NCM (oxygen source)

© 2024 The Authors. Advanced Materials Interfaces published by Wiley-VCH GmbH

85U8017 SUOWILLIOD BAITED) 8|l (dde 8y} Ag peusenob aJe S9[ile O ‘8sn J0 Se|nJ o} Akeid8uljUO /8|1 UO (SUONIPUD-PUE-SWLBIW0D" A8 |1 Ale.d|1puluo//:SAny) SUORIPUOD pue Swis | 8y} 8es *[yZ0zZ/y0/TT] uo ArigiTauliuo A8|IM 4 Imnsu| Jeynss|fey Aq Z90T0EZ0Z IWPe/Z00T OT/I0p/uoo A3 |1m A eiq 1 pul|Uo//Sdny Wolj pepeojumod ‘0 ‘0SE.96TZ


http://www.advancedsciencenews.com
http://www.advmatinterfaces.de

ADVANCED
SCIENCE NEWS

ADVANCED
MATERIALS
INTERFACES

Open Access,

www.advancedsciencenews.com

and the LPSCI (phosphorus source), is not necessarily detrimen-
tal to the cyclability of the thiophosphate-based SSBs. A possible
explanation for this finding may be that the decomposition inter-
phase exhibits favorable transport properties, especially with re-
gards to partial ionic conductivity. According to Homma et al.,[%]
the ionic conductivity of a mixture of different materials depends
on the actual composition. Consequently, it can be inferred that
the coating directly affects the mixing ratio of degradation prod-
ucts and/or WS, catalyzes the formation of other species. Ad-
ditionally, a signal of low intensity appeared at m/z = 78.96 in
the pristine state. This feature has been previously linked to the
presence of PSO~ fragments.’! Upon cycling, the electrolyte un-
dergoes some (electro)chemical degradation, accompanied by the
formation of oxygenated sulfur and phosphorus species, among
others. The reliability of the presented data (i.e., trend in signal
intensities) was also verified by another normalization technique
(see Figure S6, Supporting Information). In this case, the inten-
sities were not normalized to the total ion signal, but rather to the
NiO,™ fragment, the latter representing the NCM.

The results hint at an underlying stabilization mechanism that
is distinct from the classical “inert” cathode interface/interphase
associated with oxide nanocoatings.!'?] Another explanation that
would be consistent with the observations would be mitigation
of transition-metal dissolution, as proposed by Maiti et al. for
WSe, coating (LIB application).[?] Indeed, leaching is not lim-
ited to liquid electrolytes, but has also been reported recently for
thiophosphate-based SSBs.l”") Regardless, higher surface cover-
age of the NCM particles would likely help to unravel the mech-
anism more easily. However, in this work, we were limited to
partial surface coverage due to mechanical stability issues of the
CAM secondary particles, as discussed above. Nevertheless, these
relatively poorly coated materials demonstrated substantial im-
provements in cycling performance, which renders the tailoring
of nanosheet coatings, e.g. by focusing on mechanically more ro-
bust single-crystalline CAMs, all the more intriguing.

3. Conclusion

Lithium thiophosphate solid electrolytes are promising supe-
rionic materials for use in solid-state batteries owing to their
high room-temperature ionic conductivity that is readily accessi-
ble by cold-pressing. However, their enhanced reactivity toward
oxidation necessitates the application of protective coatings to
stabilize the cathode/electrolyte interface. Here, we have exam-
ined whether nanosheet materials lend themselves as protec-
tive coating agents in liquid- and solid-electrolyte-based lithium—
ion batteries. First, we have evaluated various coating meth-
ods and found that deposition from dispersions in organic sol-
vents is best suited for surface modification without harming
the cathode active material. Next, we have compared different
kinds of nanosheets in conventional and solid-state batteries.
Our findings demonstrate that significant stabilization through
nanosheet coating can only be achieved in thiophosphate-based
solid-state cells, which is likely related to the relative immobil-
ity of the solid electrolyte when compared to organic liquid elec-
trolytes. However, for the chemically inert coating, h-BN, no sta-
bilization was observed, while the “more reactive” coatings, WS,
and Li NbO,, had a major effect on cycling performance. Overall,
the concept of nanosheet coating may be a promising addition to
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established surface-modification strategies, especially in the con-
text of solid-state batteries. Nevertheless, the main challenge that
needs to be addressed is achieving uniform and conformal sur-
face coverage.

4. Experimental Section

Coating  Procedure: The CAM was received from BASF SE
(NCM851005, dsq ~ 4 um) and the coating materials, h-BN (90 nm)
and WS, (200 nm), from Sigma—Aldrich as commercial products. The
latter materials were used without further processing, while the niobate-
type nanosheets were synthesized in house. 10 mg (in case of Nb, for
[Ks_xH,NbgO1;]) of nanosheet precursor was weighed into 10 mL of dry
isopropanol (WS,, h-BN) or dry ethanol (Nb) and sonicated for 30 min in
an ultrasonication bath. To this mixture, 1 g of CAM was added, followed
by stirring for 10 min, after which the solvent was removed under vacuum
with continuous agitation. The obtained powders were calcined in a tube
furnace under flowing oxygen atmosphere (two atmosphere exchanges
per hour) at 400 °C for 1 h and then sieved using a 32 um stainless steel
mesh.

Preparation of ((CH3(CH,)3)4N) 4NbsO,5:  First, bulk
K4NbgO4;-3H,0 was prepared by a solid-state method, in which
Nb,Os and K,CO; (2:3 molar ratio) were ground and heated at 1100 °C
for 10 h.[71.72] The material was then subject to ion exchange (K* to H*)
by stirring 3.0 g of K,NbgO;7-3H,0 in 150 mL of 0.2 mol L™! H,SO, for
3 days. Next, the solid was filtered, washed with water and dried at 70 °C.
The nanosheets were obtained by exfoliation of bulk K,_,H,NbsO;;
(0.5 g) using 100 mL of 81073 mol L™ tetrabutylammonium hydroxide
for 7 days (see Figure S7, Supporting Information).l”374] Once the stirring
is suspended, the non-exfoliated material tends to precipitate out, while
the exfoliated layers remain in the form of a stable suspension. The
suspension of nanosheets was collected, followed by drying at 70 °C.

Microscopy:  SEM imaging of the as-prepared samples was performed
using a LEO-1530 microscope (Carl Zeiss AG). TEM was performed on a
Themis Z (Thermo Fisher Scientific) double-corrected transmission elec-
tron microscope operated at an acceleration voltage of 300 kV. Lift-out
samples were prepared on a STRATA (FEI) dual-beam system equipped
with a gallium-ion source. The samples were milled at 30 kV, followed by
final polishing at 2 kV to reduce surface damage. Prior to milling, the sam-
ple surface was protected by deposition of a carbon layer. STEM images
were recorded using a HAADF detector. Elemental analysis was performed
by EDS employing a Super-X detector. JEMS software was used to index
the FFT patterns. The TEM image presented in Figure S7 (Supporting In-
formation) was acquired on a Tecnai G2 F20 TMP equipped with a field
emission gun operating at 200 kV (featuring TWIN objective lenses and a
point resolution of 0.27 nm).

Powder XRD and Pattern Refinement: XRD data were collected from
powder samples in 0.03 mm glass capillaries (Hilgenberg) on a STADI P
(STOE) diffractometer in Debye—Scherrer geometry with monochromatic
Mo-K,; radiation (4 = 0.7093 A, 50 kV, and 40 mA) and a Mythen 1K de-
tector (DECTRIS). The different datasets were analyzed using TOPAS Aca-
demic V7. First, Le Bail fitting was done (Chebyshev polynomial with 10
terms for background correction); lattice parameters, zero-shift, axial di-
vergence and crystallize size were extracted as Gaussian and Lorentzian
contributions. The results of the Le Bail analysis were used as initial param-
eters for Rietveld refinement, during which the site occupancies, Debye—
Waller factors and oxygen coordinates were refined in parallel until conver-
gence was achieved.

Chemical Analysis: ICP-OES measurements were conducted using a
Thermo Fisher Scientific ICAP 7600 DUO. The CAMs were dissolved in an
acid digester using a graphite furnace. Mass fractions were obtained from
three independent measurements per sample. About 10 mg of material
was dissolved in a mixture of hydrochloric acid and nitric acid at 353 K for
4 h. The digested samples were diluted prior to analysis, which was done
with four different calibration solutions and an internal standard (Sc). The
concentration range of the calibration solutions did not exceed a decade.
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Two or three wavelengths of each element were used for quantitative anal-
ysis.

Electrochemical Testing: The sieved CAMs were mixed with Super C65
carbon black additive and polyvinylidene difluoride binder (PVDF, Solef
5130, Solvay) in a ratio of 94:3:3 by weight and cast onto a 0.03 mm-thick
aluminum foil using an Erichsen Coatmaster 510 film applicator (140 pm
slitthickness of the stainless-steel doctor blade). The electrodes were dried
under vacuum at 120 °C for at least 10 h, calendared at 14 N mm~" (Sumet
Messtechnik) and cut into circular 13 mm-diameter discs. LIB coin cells
were assembled using the cathodes, a glass fiber GF/D separator, LP57
electrolyte (1 M LiPFg in a 3:7 mixture of ethylene carbonate and ethyl
methyl carbonate) and a lithium-metal anode in an Ar-filled glovebox with
a crimping pressure of 1t. The uncoated and coated CAMs (~10 mg cm~2
areal loading) were tested electrochemically at 25 °C and at C-rates ranging
from C/10 to 10C (with 1C = 190 mA g~ 1).

SSB cells were assembled according to a previously described
procedure.l’®) For the cathode, 10-12 mg of a composite containing
69 wt.% CAM (~10 mg cm~2 areal loading), 1wt.% Super C65 and 30 wt.%
LPSCl solid electrolyte was used. LPSCI (100 mg) and In/InLi were used as
separator and anode, respectively. InLi alloy was prepared in situ by press-
ing In and Li foils together, with the In foil initially facing the separator
layer. The cells were cycled under constant current mode at 45 °C while
maintaining a uniaxial stack pressure of 81 MPa. An initial rate test of five
cycles at C/10, C/5, C/2 and 1C was followed by 50 cycles at C/5.

SIMS Analysis:  ToF-SIMS was conducted using a M6 Hybrid SIMS
(IONTOF GmbH) equipped with a 30 kV Bi-cluster primary ion gun for
analysis. In general, during ToF-SIMS measurements, charged fragments
are obtained as a result of a collision cascade that results from the im-
pact of the high-energy primary ion beam. All samples were prepared in
the same way and under the same conditions in a glovebox, attached to
the sample holder using non-conductive adhesive tape and transferred to
the instrument using the LEICA EM VCT500 shuttle (Leica Microsystems).
Accordingly, composite cathodes with WS,-coated NCM were compared
to those using uncoated material. The samples were analyzed before and
after cycling. To probe the interfaces in the composite cathodes, the cur-
rent collector was removed. The instrument was operated in spectrometry
mode using Bi;* as primary ions (0.60 pA) in negative mode, providing
high mass resolution [FWHM m/Am >13 000 @m/z = 62.97 (PO,7)].
The analysis area was set to 100 - 100 um?, which was rasterized with
128 - 128 pixels and a primary ion dose of 1.0 - 102 ions cm~2. To ensure
data reliability, 10 mass spectra were measured per sample. Evaluation of
the ToF-SIMS data was done with the software SurfaceLab 7.2 (IONTOF
GmbH).

Supporting Information

Supporting Information is available from the Wiley Online Library or from
the author.
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