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All-solid-state batteries (SSBs) are attracting widespread attention as next-generation energy storage
devices, potentially offering increased power and energy densities and better safety than liquid
electrolyte-based Li-ion batteries. Significant research efforts are currently underway to develop stable

and high-performance bulk-type SSB cells by optimizing the cathode microstructure and composition,
Received 16th October 2019 th Electronicall ducti dditi in th iti lectrod h iti
Accepted 17th Decernber 2019 among others. Electronically conductive additives in the positive electrode may have a positive or

negative impact on cyclability. Herein, it is shown that for high-loading (pelletized) SSB cells using both

DOI: 10.1039/c9ral0253a a size- and surface-tailored Ni-rich layered oxide cathode material and a lithium thiophosphate solid
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Introduction

All-solid-state batteries (SSBs) are widely considered a serious
contender to replace conventional Li-ion technology, potentially
offering improved power and energy densities." However,
several barriers must be overcome before market entry can be
achieved, some of which relate to interfacial issues between the
active and inactive electrode constituents and the solid elec-
trolyte (SE) that adversely affect the cycling performance and
stability.>® At the positive electrode side, detrimental side
reactions can be somewhat suppressed by applying a protective
surface coating to the cathode active material (CAM), such as
LiNbO;.+7

In general, cathode composites for SSBs must offer sufficient
percolation pathways for effective electronic and lithium ion
transport.>*° On the one hand, the transport properties can be
improved by using highly conductive SEs showing negligible
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electrolyte, the cycling performance is best when low-surface-area carbon black is introduced.

grain boundary resistance (especially for processing by cold
pressing), with lithium thiophosphates being the most prom-
ising materials at present.'»"> On the other hand, they can be
altered by tailoring the CAM secondary particle size, as shown
recently for cathode composites of Liy.,(Ni;_,_,Co,Mn,);_,O,
(NCM) and B-LizPS,.*°

The purpose of this study is to examine the possibility of
further increasing the cycling performance of pelletized SSB
cells by addition of an electronically conductive additive (1 wt%)
to the cathode composite layer. In particular, three carbons of
different specific surface area and morphology, namely Super
C65, Ketjenblack (KB) and carbon nanofibers (CNF) with Sgpr =
65,1400 and 24 m” g~ ', respectively, as well as titanium carbide
(TiC) nanopowder have been tested and the results compared to
the cyclability of additive-free cathode composite containing
LiNbO;-coated NCM622 (60% Ni) CAM and argyrodite LigPSsCl
SE. Differences in capacity fading can be linked directly to
differences in interfacial degradation, as revealed by electro-
chemical impedance spectroscopy and X-ray photoelectron
spectroscopy. The motivation to study TiC as an additive
emerged from the fact that it exhibits both a reasonably high
electronic conductivity and a higher oxidative stability than
carbonaceous materials.***

Materials and methods

Materials

Small particle size NCM622 [Li.(Nip.6C0¢ Mg )1 x05] (ds0 =
2.9 pm, doy = 6.0 pm) was supplied by BASF SE.'>"” Prior to use,
a 1 wt% LiNbOj; coating was applied to the cathode material.**
Super C65 carbon black (Timcal), Ketjenblack EC-600JD (Akzo-
Nobel), conical carbon nanofibers (100 nm x 20-200 um; Sigma

This journal is © The Royal Society of Chemistry 2020
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Aldrich) and TiC nanopowder (<200 nm; Sigma Aldrich) were
used as electronically conductive additives. All materials were
dried at 300 °C overnight in a vacuum and then stored in an Ar-
filled glovebox ([O,] and [H,0] < 0.1 ppm; MBraun).

LigPSsCl solid electrolyte was synthesized by high-energy
milling of a mixture of Li,S (99.9%; Sigma Aldrich), P,Ss
(99%; Sigma Aldrich) and LiCl (>99%; Alfa Aesar), with the
former being used in a less than stoichiometric amount (by
10 mol%) and the latter being pre-dried in a vacuum. Finally,
the recovered powder was heated at 300 °C for 5 h in a vacuum.

Electrode preparation

Cathode composite was prepared by mixing NCM622 and Lig-
PS;Clin a7 : 3 ratio by weight plus 1 wt% conductive additive at
140 rpm for 30 min under an Ar atmosphere in a planetary ball
mill (Fritsch) using 10 zirconia balls of diameter 10 mm. Anode
composite was prepared by following the same protocol, but
using a mixture of carbon-coated Li,TisO;, (NEI Corporation),
Super C65 carbon black and LigPSsCl in a 3 : 1 : 6 weight ratio.

Cell assembly and electrochemical measurements

A customized setup comprising two stainless steel dies and
a PEEK sleeve was utilized in the electrochemical testing of the
SSB cells. For the preparation of circular pellets of 10 mm
diameter, LigPS5Cl (100 mg) was compressed first at a pressure
of 125 MPa. Then, cathode composite (11 mg) was pressed at
375 MPa onto the solid electrolyte, followed by anode composite
(65 mg) onto the other side. Galvanostatic measurements were
performed at 25 °C and at a C/10 rate (1C = 180 mA gncum )
between 1.35 and 2.85 V with respect to Li Ti5O;,/Li;TisOq,
using a MACCOR battery cycler. Prior to charge, the cells were
kept at an open-circuit voltage (OCV) for 1 h. Note that a pres-
sure of 55 MPa was maintained during the measurements.

Electrochemical impedance spectroscopy (EIS) was per-
formed using a VMP3 multichannel potentiostat (BioLogic). The
spectra were acquired in the frequency range between 100 mHz
and 7 MHz with an AC voltage amplitude of 10 mV at OCV (in
the discharged state) and fitted using an equivalent circuit with
three (RQ) elements in series.'*°

X-ray photoelectron spectroscopy (XPS)

The SSB cells were disassembled in an Ar-filled glovebox. Parts
of the cathode layer were mounted onto a sample holder using
conductive Cu tape and then transferred under inert conditions
to the XPS chamber. XPS was performed using a K-Alpha XP
spectrometer (Thermo Fisher Scientific) with monochromatic
Al-Ko radiation (400 pm spot size). The kinetic energy of
photoelectrons was measured using a 180° hemispherical
energy analyzer at a constant pass energy of 50 eV. Data
acquisition and processing were performed using Thermo
Avantage software. The spectra were fitted with one or more
Voigt profiles and by use of a smart background function. All
data are referenced to the C 1s (C-C, C-H) binding energy at
285.0 eV (Fig. S1t).
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Scanning electron microscopy (SEM)

Imaging and mapping data were collected on a MERLIN scan-
ning electron microscope (Carl Zeiss) at an acceleration voltage
of 30 kv and probe current of 20 nA. The SSB cells were dis-
assembled in an Ar-filled glovebox and the pellets mounted
onto a sample holder using conductive Cu tape to reduce the
carbon signal for energy dispersive X-ray spectroscopy (EDS)
mapping. Sample transfer under inert conditions to the
microscope was done using a customized holder.

X-ray diffraction (XRD)

The phase composition of the LigPSsCl solid electrolyte was
examined in borosilicate glass capillaries (0.48 mm inner
diameter, 0.01 mm wall thickness; Hilgenberg) by powder XRD
using a STADI P diffractometer (STOE) equipped with a Cu-Ko.
radiation source (curved Ge (111) monochromator) and
a MYTHEN 1K detector (DECTRIS). XRD patterns were collected
in moving PSD mode in the range between 10 and 70° 26 with
a step size of 0.012° and an exposure time of 6 s per step.
Rietveld analysis was done using TOPAS-Academic V5 software.

Results and discussion

The LisPSsCl SE was prepared by high-energy milling and
subsequent heating at 300 °C in a vacuum. The experimental
XRD pattern and the corresponding Rietveld plot (Ry, = 6.4,
GoF = 1.5) are shown in Fig. 1. The value of the refined a lattice
parameter is in good agreement with that of Deiseroth et al. for
argyrodite LigPS;Cl prepared at 550 °C [9.859(2) A].** SEM
imaging showed that the as-synthesized powder consists of
particles of various shapes and non-uniform size (inset of
Fig. 1). The ionic conductivity of cold-pressed pellets was
determined by EIS to be 1.8 mS cm™" at 250 MPa (Fig. S27)
despite the presence of small impurities, such as Li,S.

A LiNbO; surface coating was applied to the NCM622 to
prevent side reactions (as much as possible) at the interface of
CAM and SE from occurring during cycling operation. EDS
mapping confirmed the presence of niobium (Fig. S37). In

F-43m ,
a=9.85049(12) A"

Intensity

10

Fig. 1 Rietveld analysis of the XRD pattern for the LigPSsCl solid
electrolyte. Asterisks denote impurities. The inset is a low-magnifica-
tion SEM image of the as-prepared solid electrolyte powder.
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addition, the SEM images in Fig. 2a and b indicate that the
coating has no immediate impact on the primary and secondary
particle morphology (the top surface appears to be relatively
smooth). Moreover, as reported recently, protective surface
coatings containing (lithium) carbonate species are capable of
considerably improving the overall performance of SSB cath-
odes.””* In the present work, the Li,CO; content was quantified
by acid titration and found to be 0.3 wt%.>

SSB cells made of (high-loading) pellet stacks, with LigPS5Cl
and Li,TisO;, serving as the separator and anode, respectively,
were prepared by cold pressing. According to cross-sectional
SEM and EDS, the cathode thickness is in the range between
60 and 90 um and the different electrode constituents are
distributed in a uniform manner across the respective layers, as
shown in Fig. 2¢, d and S47 for pristine pellet stacks using Super
C65, KB, CNF and TiC as conductive additive.

The cells were cycled at 25 °C in the voltage range from about
2.9 to 4.4 V with respect to Li'/Li (1.35-2.85 V vs. Li Ti5Oq,/
Li;Tis01,). As can be seen from Fig. 3a, the initial voltage
profiles at a C/10 rate are typical of Ni-rich layered oxide CAMs,
with small but distinct differences in the specific (dis)charge
capacity and coulombic efficiency. The cells using Super C65
delivered the largest first cycle discharge capacity of 173 mA h
gnem |, with the coulombic efficiency being around 86%. The
additive-free cells and those with KB and CNF revealed
comparable discharge capacities of 162-165 mA h gNCM’l.
Except for KB, the coulombic efficiency was 85-86%. The larger
irreversibility seen for the KB cells (78% coulombic efficiency)
hints at more pronounced side reactions during the course of
the first cycle, presumably because of SE decomposition. These
reactions already occur at relatively low voltages, as indicated by
the reduced slope of the charge trace. The lowest initial charge
and discharge capacities (159 mA h gycy ') were found for the
cells using TiC additive, corresponding to a coulombic effi-
ciency of 85%.

For higher C-rates, a capacity drop was observed, which is
similar for all of the cells, except for KB, where especially ata 1C

100

(2]
o

Fraction / at.%

Fig. 2 (a and b) Top-view SEM images at different magnifications of
the LiINbO3z-coated NCM622 secondary particles. (c) Low-magnifica-
tion cross-sectional SEM image of a pristine SSB cathode using Super
C65 as conductive additive and (d) the corresponding elemental map
of carbon.
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Fig. 3 (a) Initial voltage profile, (b) specific discharge capacity and (c)
coulombic efficiency of SSB cells with and without conductive addi-
tive. All data are averaged from two independent cells.

rate the specific discharge capacity was lower by about 20 mA h
gnem - (Fig. 3b). This is indicative of relatively poorer charge
transfer kinetics, most probably because of accelerated degra-
dation at the interface between SE and KB (note that the BET
surface area of KB is significantly higher than that of the other
additives tested in this work). Capacity fading was apparent
with further cycling, the capacity retention being around 85%
for the additive-free, Super C65 and TiC cells after 50 cycles. In
contrast, addition of KB and CNF led to final discharge capac-
ities corresponding to capacity retentions of only 73 and 81%,
respectively, thereby indicating faster performance decay. This
result is in agreement with the coulombic efficiency, which
except for KB and CNF, stabilized above 98% after 4 cycles
(Fig. 3c), suggesting the formation of robust interfaces.

SEM was performed to determine if any morphological
changes occurred to the SSB pellets upon cycling. To this end,
the cells after 50 cycles were disassembled, followed by transfer
to the microscope without exposure to laboratory air. As is

This journal is © The Royal Society of Chemistry 2020
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evident from the cross-sectional images and the corresponding
EDS mapping results in Fig. 4 and S5,f the separator and
cathode microstructures were preserved quite well and the
different electrode constituents were still uniformly distributed.
Hence, chemomechanical degradation (i.e., particle fracture,
crack formation etc.) does not seem to be the primary factor
causing the capacity fading.

To gain more insight into the SE degradation, EIS was con-
ducted on the cycled cells. The spectra were fitted using an
equivalent circuit previously reported for SSBs (Fig. S67),
(R101)(R2Q5)(R3/Q3)Q4, with R; and R, representing the bulk and
grain boundary SE resistance, respectively, and R; the interfa-
cial SE/cathode (including SE/additive) resistance.'®® For the
additive-free cells and those using Super C65 and TiC, R;3
amounted to around 100 Q. The cells with CNF showed slightly
higher interfacial resistance of 120 Q and for KB, it even
increased to 170 Q. This trend is consistent with the evolution of
coulombic efficiency during cycling (Fig. 3c).

As established in the literature, direct contact between
electronically conductive electrode constituents and lithium
thiophosphate SEs leads to electrochemical degradation of the
latter and consequently to impedance buildup (because of
interphase layer formation) and performance decay.”** To
examine the chemical nature of the decomposition products,
XPS was conducted on the cathode side of the pellet stacks
before and after cycling, with particular emphasis given to the S
2p and P 2p core-level regions. Regarding the S 2p data, the
pristine composites showed a single doublet at 161.4-161.5 eV
(2ps2), characteristic of the PS,*” unit of LigPSsCl (Fig. S77).
Significant changes in S 2p line shape were noticed after 50

Fraction / at.%

Fig. 4 (a) Low-magnification cross-sectional SEM image of a cycled
SSB pellet stack using Super C65 as conductive additive and (b—d) the
corresponding EDS maps. Only the cathode composite and solid
electrolyte separator layers are shown for clarity. (e and f) High-
magnification cross-sectional SEM images of cycled SSB cathodes
without and with conductive additive (carbon nanofibers), respectively.

This journal is © The Royal Society of Chemistry 2020
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cycles (Fig. 5), with appearance of new peaks at higher and/or
lower binding energies, providing clear evidence of interfacial
SE decomposition. A new doublet was found at 163.6 eV (2ps,),
indicative of -S-S- bond formation (polysulfides, elemental
sulfur etc.). Moreover, in the case of KB, an additional doublet
arose at 163.2 eV (2p;p), suggesting the formation of thio-
phosphate species of general type P,S, (x > 5).2?® The additive-
containing cathodes also exhibited the appearance of peaks at

S 2p
No additive

P 2p

PSJZ}*

Super C65
; @ Li,S
CNF
2
k%)
c
)
= SO,

170 166 162 158 138 134 130 126
Binding Energy / eV  Binding Energy / eV

Fig. 5 Detailed XPS spectra of the S 2p and P 2p core-level regions of
cycled SSB cells with and without conductive additive. The data were
acquired from the cathode side of the pellet stacks.
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binding energies larger than 167 eV because of the presence of
SO, species.”*” For Super C65, CNF and TiC, the doublet at
about 167.5 eV (2p3),) can be assigned to sulfite species. In the
case of KB, the doublet was shifted by 1.5 eV to the higher
binding energy side, revealing sulfate formation.”” From these
data, we conclude that the addition of electronically conductive
additives either triggers or enhances the formation of oxygen-
ated decomposition products, a hypothesis corroborated by
recent studies on thiophosphate-based SSBs with and without
carbon additive.'®?*

At the lower binding energy side, a new doublet at about
160.6 eV (2ps/,) was observed when using Super C65, CNF or no
additive in the cathode composite, stemming from the forma-
tion of Li,S.?>* Interestingly, the peaks related to PS,*>~ were
shifted by 0.4-0.5 eV to higher binding energies relative to the
pristine state when Li,S was apparent. This may be due to
charging or electronic interface effects during the measurement
because of the insulating nature of Li,S.*** Nevertheless, the
distinct mechanisms leading to Li,S and SO, formation are yet
to be resolved. We also note that the Ti 2p peaks showed some
shift in binding energy after cycling (Fig. S87), which appears to
be indicative of TiO,C, formation, in agreement with data re-
ported in literature.**?*

Similar to the S 2p data, a single doublet at 131.8 eV (2ps,)
was found in the P 2p spectra of the pristine cathode compos-
ites (Fig. S7t). After 50 cycles, the P 2p signal showed clear
broadening towards higher binding energies, the new doublet
around 133.1 eV (2p;,,) being characteristic of species with
P-S-P bonding (Fig. 5).>”*® Notably, PO, formation was pre-
vented from occurring. Such species are usually observed when
non-coated oxide CAMs are being used and have been hypoth-
esized to be considerably detrimental to the cyclability of SSB
cells.'®?%2” Hence, this result underlines the effectiveness of the
LiNbO; surface coating. Overall, it can be assumed that the
various SE decomposition products identified by XPS do not
benefit but rather adversely affect the cell performance.
However, defining the effect of individual degradation mecha-
nisms and products on impedance buildup, for example, is very
challenging and needs further study.

Conclusions

In summary, we have studied the influence of electronically
conductive additives on the cyclability of pelletized SSB cells
using LiNbO;-coated NCM622, Li TisO;, and argyrodite Lis-
PS;Cl as cathode, anode and solid -electrolyte/separator,
respectively. Electrochemical testing showed that the addition
of 1 wt% Super C65 carbon black to the cathode composite
leads to increased capacity and rate performance compared to
additive-free cells, virtually without affecting the coulombic
efficiency (reversibility). Such cells were still capable of deliv-
ering areal capacities of about 1.5 mA h cm ™~ at a C/10 rate after
50 cycles. In contrast, application of Ketjenblack, carbon
nanofibers and titanium carbide was found to worsen the cell
cyclability. High-surface-area Ketjenblack, in particular, exerted
a strong negative effect on the cycling performance and
stability.
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XPS analysis revealed that decomposition of the solid elec-
trolyte occurs during cell operation, irrespective of whether or
not an additive is being used, despite the presence of a protec-
tive surface coating on the NCM622 particles. Apart from that,
XPS also showed that the coating is effective in inhibiting the
formation of PO, species. However, several open questions
remain regarding the degradation pathways, the effect of the
additive composition or the main functions of the protective
coating layer, to name a few, and warrant further examination.

Taken together, our research data demonstrate that the
addition of a common carbon black additive may help to
enhance the cycling performance of thiophosphate-based bulk-
type SSB cells [also when using a high-performance (tailored)
cathode material].
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