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In liquid electrolyte-type lithium-ion batteries, Nickel-rich NCM (Li;(Ni,_,_.Co,Mn,),_,0,) as cathode active material allows
for high discharge capacities and good material utilization, while solid-state batteries perform worse despite the past efforts in
improving solid electrolyte conductivity and stability. In this work, we identify major reasons for this discrepancy by investigating
the lithium transport kinetics in NCM-811 as typical Ni-rich material. During the first charge of battery half-cells, cracks form and
are filled by the liquid electrolyte distributing inside the secondary particles of NCM. This drastically improves both the lithium
chemical diffusion and charge transfer kinetics by increasing the electrochemically active surface area and reducing the effective
particle size. Solid-state batteries are not affected by these cracks because of the mechanical rigidity of solid electrolytes. Hence,
secondary particle cracking improves the initial charge and discharge kinetics of NCM in liquid electrolytes, while it degrades the
corresponding kinetics in solid electrolytes. Accounting for these kinetic limitations by combining galvanostatic and potentiostatic
discharge, we show that Coulombic efficiencies of about 89% at discharge capacities of about 173 mAh gyen | can be reached in
solid-state battery half-cells with LiNipgCog Mng O, as cathode active material and LigPS5Cl as solid electrolyte.
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List of symbols and abbreviations R, charge-transfer resistance at the anode|electrolyte inter-
. . face
A 1 h 11 1 i . .
A :u(;l;etlrcoec af;:llf; ;Elri?fitrllzeefeifrt(r)zgenfztre?iz‘i area R charge-transfer resistance at the cathode|electrolyte inter-
0 - face
a; activity of component i DO . .
cC current collector Rp; diffusion resistance of component i
. . Ry¢ resistance of high-frequency processes
C, capacitance at the anode|electrolyte interface . . . .
C capacitance at the cathodelelectrolyte interface SSEl; solid solution electrode that can dissolve component i
d . . T temperature
Cht capacitance of high-frequency process . . - . .
. - . . . t time during open-circuit-potential relaxation
Cint intercalation (differential) capacitance . L
ey . . tq duration of galvanostatic discharge
Co equilibrium concentration of component i . . .S
- concentration of component i Tpol duration of galvanostatic polarization pulse
1 . cep . . % potential
D; chemical diffusion coefficient of component i o .
~ T . cpp . . . Voc open-circuit potential
D, chemical diffusion coefficient of component i determined corr L . .
using techniques based on finite diffusion Voc' () correctgd open-circuit potenthlal felaxatlon .
P h . S . ) . . Voc (@) open-circuit potential relaxation in case of finite diffusion
2 chemical diffusion coefficient of component i determined s . ial relaxation i P infini
using techniques based on semi-infinite diffusion oc(t) open-circuit potential relaxation in case of semi-infinite
~ . em N S iffusi
Dig chemical diffusion coefficient in the liquid electrolyte diffusion
f . P . ; . w enhancement factor
D; lattice diffusion coefficient of component i determined O .
. . P Zp.i diffusion impedance of component i
using techniques based on semi-infinite diffusion ’ e e -
F Farady’s constant Zp1E diffusion impedance of the liquid electrolyte
. P . Zw Warburg coefficient
AV, 0 potential- and time-dependent self-discharge
7 current Bio Yk electrode geometry related parameters
. . . T 1 i i
L diffusion layer thickness - ;e a:f;;?r;et;;?fnion time
L diffusion layer thickness inside the liquid electrolyte app bp
M; counter and reference electrode containing component i
n number of transferred electrons Lithium-ion batteries (LIBs) have the potential to fulfill the
gas constant increasing demands in electrochemical energy storage devices.'
Ro resistance of ultra-high-frequency processes The transition from fossil fuels to regenerative power sources,

especially for the emerging electric vehicles, poses numerous
requirements for such LIBs."* Apart from a high energy density
and the ability for fast charging, high safety, low cost and long cycle
life are of particular importance, also under rough environmental
conditions.® Substituting the liquid electrolyte in LIBs by a solid-
state lithium-ion conductor, enabling the use of lithium metal as
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Figure 1. (a) Exemplary representation of a galvanostatic polarization and
relaxation measurement. (b) Concentration gradient of mobile component i
inside a particulate solid solution electrode after applying a galvanostatic
discharging current for the polarization time #,.. Calculated via Eqg. 21 in
Ref. 43.

anode, would promise to solve most of these issues.* As cathode
active material (CAM), Ni-rich Li;;,(Ni;_,_.Co,Mn,);_,0, (NCM
or NMC) is considered superior to the classical LiCoO, because of
the lower criticality of used elements and even higher energy
density.>® For lithium-ion batteries with liquid electrolyte (LEBs),
NCM is a well-established CAM, achieving stable cycling at high
currents and good utilization of active material.”™ However, its use
in all solid-state batteries (ASSBs) has shown to be intricate.'®™!?
Especially, if highly lithium-conductive sulfide- or thiophosphate-
based solid electrolytes are used, stability, rate capability and
discharge capacity is insufficient.'®'>'*'® To prevent parasitic
(electro)chemical side reactions at the solid electrolyte]NCM inter-
face, protective coatings of NCM have widely been investigated and
have shown to significantly improve cycling stability and discharge
capacity.'>'"""” However, the performance of NCM in ASSBs is
still far away from corresponding LEBs, indicating more funda-
mental problems of this combination of materials.

As has been investigated in previous studies, apart from parasitic
(electro)chemical side reactions, there are also mechanical aspects to be
considered.”>** Volume changes in the electrodes upon (de)lithiation
and the rigidity of solid electrolytes cause a loss of contact with the
CAM during cell operation.'®*"** Changes in the electrochemically

active interface area between electrode and electrolyte can lead to
kinetic limitations that could result in a low rate capability and low
discharge capacity. Even for LEBs, it was revealed that slow kinetics
limit the full utilization of active material**’ Therefore, we feel
motivated to investigate this aspect in ASSBs, too.

Consequently, in this work we investigate the lithium insertion
and extraction kinetics in electrochemical half-cells with Ni-rich
LiNiy gCop 1Mng 10, (further only termed NCM for simplicity) as
CAM, comparing liquid and solid electrolytes. If electrolytes with
high ionic conductivity and anodes out of lithium-metal alloys are
used, the internal resistivities associated with the cathode typically
dominate.'®%® Thus, we focus upon the kinetics of the cathode.
Lithium ions need to be transferred between the electrolyte and the
NCM and to be transported inside the NCM material. The exchange
current density j, as well as the chemical diffusion coefficient Dy;
are characteristic for the respective rates and determine the internal
resistivities that are directly influencing the discharge capacity.”*™"

Experimentally measured diffusion coefficients for solid solution
electrodes (including intercalation and insertion electrodes) vary by
orders of magnitude even for nominally identical materials.*>~® It
has been shown that other relaxation processes in the cells, for
example the interfacial electrode kinetics, strongly affect the
measurement of Dy;.”*° Also, non-ideal electrode geometries that
strongly influence surface area and diffusion length are discussed to
influence the measurements.*®*° Furthermore, self-diffusion has to
be distinguished from chemical diffusion, since the former describes
random lithium diffusion in an empty lattice while the latter includes
the repulsive or attractive interaction of inserted and locally stored
lithium and, therefore, has a different dependence on the state-of-
charge (SOC).**? In order to allow correct conclusions on the
diffusion kinetics, we need to discuss beforehand system-related
parameters that influence the measurement. Most important, we
differentiate between semi-infinite and finite diffusion in order to
distinguish diffusion on the short and the longer time scale. While
the former describes diffusion near the sample surface, reflecting
mostly surface-related material characteristics at short observation
times, the latter relies on diffusion throughout the whole sample
volume at longer observations times and depends on additional
properties of the material. If the morphology of the electrode
deviates from ideal geometries or the contacting is non-uniform,
as it is mostly the case, significant differences between semi-infinite
and finite diffusion kinetics are expected. To the best of our
knowledge, this distinction has yet not been treated systematically
for solid solution electrodes.

Most commonly, electrochemical small-signal methods are
employed for the characterization of chemical diffusion, such as
galvanostatic and gotentiostatic intermittent transient techniques
(GITT and PITT),** %45 or electrochemical impedance spectro-
scopy (EIS)**4%*446 and combinations of these.?” In principle, all of
these electrochemical small-signal methods are intrinsically con-
nected via Fourier transformations, underlining that if basic condi-
tions are fulfilled, all should deliver the same result with the same
system-related uncertainties. In this work, we employ a galvanostatic
polarization and relaxation technique and corroborate our results by
EIS. We utilize and compare models for both semi-infinite and finite
diffusion. The resulting diffusion coefficients are discussed in terms
of structural and morphological properties of the investigated
samples. In addition to the evaluation of diffusion kinetics, we
analyze the charge transfer kinetics and develop an understanding of
the chemo-mechanical evolution of the cathode during operation,
which demonstrates the reasons for the inferior performance of
typical NCM-based materials in ASSBs contrary to LEBs. We
validate our results by charge-discharge measurements on electro-
chemical half-cells and reveal the detrimental effects of kinetic
limitations on active material utilization as well as rate capability in
ASSBs. However, by accounting for these kinetic limitations, we
show that high discharge capacities are possible also in ASSBs with
Ni-rich NCM as CAM and highlight that thiophosphate-based solid
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electrolytes can efficiently be used even if their stability window is
by far exceeded.

Methods

Determination of diffusion-related quantities by galvanostatic
polarization and relaxation.—In the following we consider the
general electrochemical cell CC|M;|electrolyte|SSEL|CC with cur-
rent collectors (CC), a counter and reference electrode (M;)
containing component i that has a constant chemical potential of i,
an electrolyte conducting ions of component i, and a solid solution
electrode that can dissolve component i (SSEI;) by intercalation or
insertion. From the solution of Fick’s law under galvanostatic
boundary conditions the concentration ¢; of the diffusing species i
at the surface of the solid solution electrode is obtained (Eq. 1) for an
applied current [ starting at fpg = 0.3%% With ¢, being the
equilibrium concentration of the component 7, n is the number of
transferred electrons, Faraday’s constant F, the electrochemically
active surface area A, the diffusion layer thickness L, D; the chemical
diffuiizon coefficient of component i and the relaxation time constant
T=F5 N N and (; are parameters depending on the electrode
geometry with v, = 1 or 3, 7, = 1 or 0.9 and ; = kr or the kth
solution of the equation tan (&) = J; for a flat plate or a spherical
particle, respectively.

’711 IL Y2 > 1 ( 2 tpol)
¢ =co+ tpol + —| = —2) —exp|-—
CT T wFALT™ T wFAD,| 3 k; i (e

(1]

Equation 1 includes the sum of two time-dependent functions.
The linear part describes the filling or depletion of empty sites in the
whole volume of the solid solution electrode (finite diffusion) and
becomes significant for long polarization time f,,,;. The part in the
square brackets describes the expansion of the diffusion layer (semi-
infinite diffusion) and is significant at short f,,. The geometry-
related constants <, and B, do not differ significantly between
different geometries and, thus, the expansion of the diffusion layer is
treated in good approximation as for a flat plate throughout the
manuscript, disregarding its actual shape.?

Setting the applied current to zero after the polarization time ),
leads to an equilibration of the concentration ¢; again over time. This
equilibration can be measured as a relaxation of the open-circuit-
potential Voc(f) of the solid solution electrode vs the counter
electrode (Fig. 1a). If only small changes in ¢ are induced during
the polarization step, ¢;(¢) and Voc(¢) are related by Eq. 2.4

RT ci(t) — co

Voct) = Vo — W
oc (1) 0 F o

(2]

HegebyS W is the enhancement factor, which takes the form

= ()ln % for a predominantly electronic conductor, with the
activity a; of dissolved component i in the solid solution
electrode.*> However, it has to be considered that different solutions
for Vpc(7) exist, depending on tp01.4] If 2,01 is sufficiently long, so that
the diffusion layer expands through the full electrode volume during
the polarization step (Fig. 1b), the exponential function in Eq. 1
becomes negligible. The subsequent relaxation of Voc(f) (in the
following termed as Vi-(r) for the finite case) then contains
information on both semi- 1nﬁn1te and finite diffusion.*' This
condition is fulfilled for z,, > . “'n this case VOC(t) 1s given by
Eq. 3, with the Warburg coefficient Zy =

)12F7Acg \/D, ’

: 2 > 1 t
Vo) = Vo — SIZw Ty, —23Xp(—k2 2_) 3]
™ =1 k T

However, if t,, < Z, the diffusion layer does not extend
throughout the whole electrode volume and, consequently, Voc ()
only contains information about semi-finite diffusion (in the
following termed as semi-infinite relaxation V34(¢)) and is then

given by Eq. 4.*' This relation is employed for the characterization
of diffusion kinetics by the conventional galvanostatic intermittent
titration technique (GITT).*?

Jipar 11 (4]

Both Eqgs. 3 and 4 can be approximated for short relaxation times
t by discarding 2nd and higher order terms leading to Eq. 5 for finite
relaxation and Eq. 6 for semi-infinite relaxation, respectively.

VSA() = Vo — ——1Zy [T —
~ T

2
VEe(t) = Vp — 7lzw[f - fT] [5]

Vod () = Vy — IZW{ Jpol + VT — — [6]
N /4lp01

It is important to note that Eqs. 5 and 6 have the same time-
dependent behavior and, thus, one could not reliably differentiate
between a finite and a semi-infinite relaxation even from a good fit of
the experimental data points. Furthermore, by comparing Egs. 5
and 6 one can see that even if the condition 7,5 > T is not met and
semi-infinite relaxation occurs, one would still obtain an apparent
relaxation time constant 7,,, = 41, according to Eq. 5. This could
then lead to the intriguing conclusion that the condition #,, > i
would be met, leading to an underestimation of the actual value of 7
and an overestimation of D;. To avoid such pitfall, one has either to
make sure that the experimentally determined 7,y is independent on
fpol OF that 1,5 > ~. We emphasize that only negligible changes in ¢,
are assumed to be induced during the polarization step, which means
that the polarization current / has to be chosen in accordance to #,q.

Another quantity of interest is the diffusion overpotential or
resistance Rp; that adds up to the internal resistances (IR-drop) of a
full electrochemical cell. By setting t = 0 in Eqgs. 3 or 4 one obtains
the diffusion overpotential during the polarization step, depending
on either the passed polarization time #,, for the semi-infinite case or
the relaxation time 7 for the finite case. We note that the diffusion
overpotential does not significantly vary between both cases and can
be generalized (Eq. 7) by using the experimentally accessible
apparent relaxation time constant Tpp.

1

Rpi=Vod'(t = 0) =

7ZW J Tapp [7]

Under real experimental conditions, the relaxation of Voc () of a
solid solution electrode is not exclusively caused by the equilibration
of the concentration gradient within the material, but has several
influences that superimpose diffusion-related response. Most promi-
nently, RC-relaxation of other sample-internal resistances and
capacitances, such as e.g. interfacial charge-transfer resistances
and double-layer capacitances, or chemical diffusion of the con-
ducting salt in the liquid electrolyte play a role in the short time scale
of Vo (). These effects are revisited and discussed later in this work.
However, also on the long time scale Vpc(¢) can be influenced by
additional effects, which we will further subsume as self-discharge
f(V. 1) (Eq. 8).

Voc(t) = V§Y () + f(V, 1) 8]

These effects involve e. g. the electronic conduction of the
electrolyte, redox shuttle effects or parasitic side reactions at the
surface of the solid solution electrode. In good approximation
f(V, t) goes linear with time and can take values up to some tens
of mV per day for typical materials.*” Such slow processes would
then interfere mostly with the linear (finite diffusion) part of
V“C1 to), leading to an error in the determination of the relaxation
time 7,,p. To circumvent such error, one can exploit that the sign of
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V(S)'Ci/ fo) depends on the direction of the preceding polarization
current, while f(V, t) only depends on the potential of the electrode.
Therefore, if a relaxation measurement Vg'cl/ f(t) after galvanostatic
polarization with current I is followed by a second relaxation
measurement VSE/ f(t) with opposite direction of the polarization
current, one can eliminate the parasitic effect of self-discharge by
subtraction of both relaxation curves according to Eq. 9 retaining
the corrected potential relaxation V53 (1, £) (see Fig. SI-1 is available
online at stacks.iop.org/JES/167/100532/mmedia), assuming f(V, t)
does not significantly alter during the measurement. This will allow a
precise determination of long relaxation times 7,,p. On the other hand,

f(V, 1) can be isolated by addition of V5/ (I, t) and VY (—1, 1)).

VEE (I, 1) = 2Vsd, 1)
=V +F (V.0
— VYT (=L 1) + F(V. D] 9]

Overall, the presented galvanostatic polarization and relaxation
method enables the measurement of the chemical diffusion coeffi-
cient D; of component i in solid solution electrodes from the
Warburg coefficient Zy, (semi-infinite diffusion) and also provides
access to the relaxation time constant 7 which allows separate
characterization of finite and semi-infinite diffusion. To the best of
our knowledge, this rigorous formal analysis has not been reported
before.

Electrochemical impedance spectroscopy.—In this work, elec-
trochemical impedance spectroscopy is used to find the appropriate
time scale for which the electrochemical response of the cell is
dominated by diffusion inside the solid solution electrode, to support
the galvanostatic polarization and relaxation experiments and also to
quantify interfacial charge-transfer related properties of the solid
solution electrode. The solid solution electrode is modelled by a
generalized Frumkin and Melik-Gaykazyan (FMG) impedance
element that accounts for interfacial charge-transfer (R, Cg),
diffusion (Zp;) and storage (Ci,) inside the material. . Despite
the formally correct treatment of solid-state diffusion by a finite-
space Warburg element, we chose the FMG-model since it accounts
for a non-uniform garticle size and, thus, allows improved fitting of
real electrodes.*** Other elements in the equivalent circuit are
related to diffusion in the liquid electrolyte (Zp1g), charge-transfer
at the anode (R,, C,), a high-frequency arc that incorporates contact
or grain-boundary resistances (Rps, Cy) and a resistor R, that
accounts for ultra-high frequency effects such as mainly migration
in the solid electrolyte and electric resistances of the current
collectors.’®! The equivalent circuit shown in Fig. 2 is used for
all investigated cells, but some elements are discarded for individual
cells, e.g. Zp 1 is neglected if a solid electrolyte is used.

Experimental

Sample preparation.—Commercial NCM powder (LiNigg
Cog.1Mn( ;0,) was provided by Volkswagen AG with an average

cCc SSEl; electrolyte M; CC
(stainless steel) (NCM) (solid or liquid) (LiorInLi) (s.s.)
Rup Cine an: Ret Rf
H s 1=
R, ZpLE
Chy Car - Ca

Figure 2. Schematic setup of electrochemical cells and general equivalent
circuit for fitting the EIS measurements. The respective impedance elements
are color coded so that they can be easily recognized in Fig. 3.

secondary particle radius of ~3 um and a specific surface area
of ~0.2m> g~' (determined by Kr-physisorption BET isotherm).
LigPSsCl solid electrolyte powder was purchased from NEI. Prior to
use, both powders were dried overnight in a Biichi oven at 200 °C
under vacuum and transferred into an Ar-filled glovebox for further
usage.

Electrochemical half-cells with liquid electrolyte (LEB) were
prepared in a coin-cell-type arrangement. Cathodes were printed on
aluminum foil from a slurry consisting of 90 wt% NCM, 5 wt%
polyvinylidene difluoride binder (Solef 5130 PVDF, Solvay) and
5 wt% carbon (Super P, TIMCAL) in N-methyl pyrrolidone (Sigma-
Aldrich). Subsequently, the electrodes were dried overnight in a
Biichi oven at 120 °C under vacuum. CR2032 coin-type half-cells
were assembled inside an Ar-filled glovebox by sequentially
stacking the cathode sheet (14 mg of active material, @ 12 mm), a
GF/A glass microfiber separator (thickness 0.26 mm, @ 17 mm,
Whatman) and the Li-metal anode (thickness 1 mm, @ 15 mm,
Albemarle Germany GmbH). 50 ul LP47 (1M LiPFg in a 3:7
mixture (wt:wt) of ethylene carbonate and diethyl carbonate were
poured on top of the separator.

Electrochemical half-cells with solid electrolyte (ASSB) were
prepared in a press cell-type arrangement. Details on the cell setup
have been reported elsewhere.”® Cathode composites were thor-
oughly mixed by hand grinding 70 wt% NCM and 30 wt% LigPSsCl
(corresponding to a volume ratio of 46:54) inside an Ar-filled
glovebox. We avoided the use of conductive carbon in the composite
since it is a major source of degradation for thiophosphate-based
solid electrolytes.’® Cells were assembled by stacking 12mg of
cathode composite and 60 mg of LigPSsCl as separator, followed by
uniaxially pressing with 30 kN (~380 MPa). The resulting pellet had
a diameter of 10 mm and a thickness of approximately 470 pm
(420 pm separator and 50 um cathode composite) and the residual
porosity of the cathode composite was measured to be around 14%.
Afterwards, an indium foil (thickness 100 yum, @ 9 mm) and a
lithium foil (thickness 100 ym, @ 6 mm) were added to the stack. A
pressure of ~70 MPa was applied, which was maintained during
electrochemical tests.

Electrochemical half-cells with liquid electrolyte and thin-film
cathode (TF-LEB) were prepared in a pouch cell-type arrangement.
Thin films of LiNig33C0033Mng 330, were deposited by a sol-gel
technique. Details on the preparation will be reported elsewhere.>
Pouch-type cells were assembled inside an Ar-filled glovebox by
sequentially stacking the thin film-coated substrate (180 ug of active
material, geometrical surface area of 0.8 cmz, film thickness
350 nm), the GF/A glass microfiber separator and the Li metal
foil. 50 pl LP30 (1 M LiPFg in a 1:1 mixture (wt:wt) of ethylene
carbonate and diethyl carbonate were dropped on top of the
separator.

Electrochemical characterization.—Galvanostatic polarization
and relaxation measurements were carried out with a Biologic
VMP-300 or VMP-3 potentiostat in a two-electrode setup (ASSB,
LEB and TF-LEB cells) which is schematically shown in Fig. 2. The
anode was thereby used as a reference electrode, which was lithium
metal for the LEB and TF-LEB samples and an In/InLi two-phase
alloy for the ASSB samples. The composition of the In/InLi alloy is
calculated to be Ing ¢7Lig 33 or Ing s7Lig 43 in case of fully lithiated or
de-lithiated NCM, respectively. Therefore, the composition of the
anode for ASSB cells lies well within the two-phase region of In and
InLi with a constant potential of around 0.6V vs Li*/Li>*
Throughout the study, cells were operated at 25 °C. For the
characterization of semi-infinite diffusion, a polarization (charging)
current of 4 mA gnem | Was applied for 2 h followed by a relaxation
step for 2h. After the relaxation step, this polarization/relaxation
sequence was continued until the potential of NCM reached
approximately 4.3V vs Lit/Li (3.7V vs In/InLi). The whole
procedure was repeated with a discharge current (4 mA gnewm )
until the potential of NCM reached 2.6 V vs Li"/Li 2.0V vs In/
InLi). For the characterization of finite diffusion, a single charging
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step (4 mA gnem ) with various polarization times fp, Wwas
performed starting at a potential of around 3.9 V vs Li*/Li, followed
by relaxation of Voc for #,, and subsequently followed by a
discharging and relaxation step with the same parameters. This
measurement was repeated for the TF-LEB cells for different
potentials with #,,; = 5 h.

Following the 2 h relaxation step for the characterization of semi-
infinite diffusion by galvanostatic polarization and relaxation,
electrochemical impedance spectroscopy (EIS) was performed on
LEB and ASSB cells. The measurements were carried out in
potentiostatic mode with a Biologic VMP-300 or VMP-3 potentio-
stat by applying a single sinusoidal input signal with an amplitude of
10 mV superimposed to Vpc. The frequency range was 1 MHz to
10 mHz for the ASSB or 1 MHz to 1 mHz for the LEB and TF-LEB,
respectively. Galvanostatic or potentiostatic charge and discharge of
ASSB and LEB cells was carried out with a MACCOR battery
cycler.

Scanning electron microscopy imaging.—ILEB and ASSB
samples were charged to 4.3V vs Li"/Li (3.7 V vs In/InLi) and
disassembled inside an Ar-filled glovebox afterwards. Recovered
cathode composites of LEB samples were rinsed with ethylene
carbonate followed by drying overnight in a Biichi oven at 120 °C
under vacuum. Control samples were made by disassembling
untreated cells. Cross-sectional scanning electron microscopy
(SEM) was performed on a XEIA3 FIB-SEM system (Tescan
GmbH). Images were taken with an acceleration voltage of 3 kV
and emission current of 250 A and back-scattered electrons were
detected.

Results and Discussion

Semi-infinite diffusion and interfacial processes.—Galvanostatic
polarization and relaxation measurements were performed on electro-
chemical half-cells with either liquid electrolyte or solid electro-
lyte. Exemplary measurements of the relaxation of V¢ are shown
in Fig. SI-1. The V¢ vs time curves were fitted with Eq. 5 to obtain
the Warburg coefﬁc1ent Zy from which the apparent chemical
diffusion coefficient Dy; = DLIi of lithium in NCM was calcu-
lated. DLII represents the chemical diffusion coefficient evaluated
assuming semi-infinite conditions and corresponds to the actual
chemical diffusion coefficient of lithium D;; in NCM not corrected
by changes in the electrochemically active surface area A from the
nominal surface area A,. Therefore, any changes during battery
cycling that have an effect on the electrochemically surface area,
i. e. the interface area between electrolyte and NCM, will be
reflected in Dy;'. Ag = 0.2 m? g~! was measured by Kr-physisorp-
tion for the pristine NCM powder. Hereby we note that we assume
the NCM to be predominantly an electronic conductor, i. e. the
ionic conductivity is by far lower than the electronic conductivity
as has been confirmed experimentally.*?

To obtain more information about the diffusion of lithium, EIS
spectra were taken after each relaxation step. Exemplary EIS data
are depicted in Figs. 3a and 3b for both the LEB and the ASSB
sample, respectively. EIS spectra measured at different potentials are
shown in Fig. SI-2. It can be seen that the contribution of the solid
electrolyte (Ry and Ryy) to the total impedance is small because of the
high conductivity of LigPSsCl of >1 mS cm™'.*® Therefore, we do
not expect any significant 1nh0m0%eneltles of cathode lithiation e.g.
due to the reaction zone effect.” Lithium diffusion inside the
NCM phase becomes only dominant, if other processes are fully
relaxed. In the ASSB cell this is the case already at frequencies
around 0.1 Hz, but for the LEB frequencies below 3 mHz are
needed, since the relaxation of the liquid electrolyte occurs with a
relaxation time constant of around 40s. The diffusion impedance
with typical values for the liquid electrolyte (D} ~ 106 cm® s~
and Lig = 130 pm) fits well to the experimental data, as it is
expected to dominate over solid state diffusion in the intermediate
frequencies regime. *>” Therefore, the first few hundreds of seconds
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Figure 3. EIS data (circles) of (a) LEB and (b) ASSB cells obtained at
around 4 V vs Li*/Li and fitted (lines) with the equivalent circuit shown in
Fig. 2. One data point per decade in frequency is shown as a filled square.
The respective contributions of the different circuit elements are highlighted
for clarity.

of the relaxation of Ve were not included in the fit to assure that
exclusively lithium diffusion inside the NCM is investigated. Dy;" is
plotted against the Vo of NCM that was reached after the respective
relaxation step. At low frequencies the differential storage capaci-
tance Cj,, adds up to the imaginary part as can be especially seen in
the measurement for the LEB, since we chose a lower minimum
frequency limit here (1 mHz).

For the calculation of Dy;' the enhancement factor W is needed,
which was obtained from the Vo vs ¢; curve according to Eq. 2
(Fig. SI-3), whereas the lithium concentration ¢;; in NCM was
estimated from galvanostatic coulometric titration, assuming fara-
daic efficiency of 100%. As can be seen, W differs between the
measurements by around a factor of 2, which we conclude to be
caused by non-faradaic processes that typically occur during the first
cycle. Overall, W only differs insignificantly between the LEB and
ASSB cells, so it can be concluded that the active material is equally
well connected electronically despite carbon was not added to the
ASSB cathodes. We note that D;' determined by EIS is in perfect
agreement with the data from galvanostatic polarization and relaxa-
tion. D;;' measured by galvanostatic polarization and relaxation is
shown in Fig. 4a) for both the LEB and the ASSB samples, while
Dy from EIS measurements is shown in Fig. SI-4 for comparlson

In the beginning of the first charging process Dy; is approxi-
mately at the same level for the LEB and the ASSB, indicating that
the wetting/contacting of the NCM by electrolyte is similar in both
cases. Indeed, NCM secondary particles appear to be nearly fully
covered by the LigPS5Cl solid electrolyte (Fig. 5c). We note that
carbon and PVDF in the cathode of the LEB may block some of the
surface area of the NCM. At low potentials Dy increases steadily
for both electrolytes as has been measured for NCM in several
reports based on semi-infinite diffusion. It has been shown by first-
principles simulations that such an increase can be explained by the
formation of lithium ion vacancies that enables the transport of Li*
via a divacancy-hopping mechanism that is much faster than the
hopping through the oxysgen dumbbell that occurs in highly lithiated
NCM at low potentials. Also, recent studies by NMR spectro-
scopy suggest fast lithium diffusion at intermediate lithiation and
slow diffusion at the high- and low-potential limits.*°

At around 3.7 V vs Li*/Li and continuing, Dy; saturates for the
ASSB. However, at around 3.8 V vs Li*/Li, D;;' shows a further
strong increase for the LEB, whereas it remains at a constant level
for the ASSB. This discrepancy cannot be explained by the lithium
transport mechanism itself, and thus, is related to morphological
changes that affect the electrochemically active interface area A. The
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Figure 4. (a) The apparent diffusion coefficient ﬁi{i experimentally determined from galvanostatic polarization and relaxation measurements and (b) R, from
EIS measurements for LEB (blue) and ASSB (green) samples obtained during the first charge (dark colors) and the following discharge (light colors).
(c) Schematic illustration of the effect of cracking of secondary particles of NCM on the effective particle size and electrochemically active surface area when in

contact to a liquid or solid electrolyte.

commonly employed NCM-based electrodes consist of pm-sized
secondary particles that themselves consist of randomly oriented
primary particles with sizes of a few hundreds of nanometers
(Fig. 5a). The observation of micro- and/or nanocrack formation in
secondary particles of NCM has frequently been reported.®'~®’
While pristine NCM secondary particles are densely packed, they
show cracks along the primary particle boundaries already after the
first cycle charge (Figs. 5b and 5c). These cracks can be observed at
the secondary particle’s surface and eventually penetrate the full
particle volume and can be infiltrated by the liquid electrolyte
leading to a microstructural degradation of the material >>*"%® We
note, that especially cracks with sizes of few nanometers can be
penetrated by the liquid electrolyte but are hardly resolved by SEM.
It also appears from the SEM images that cracking of NCM is more
prominent in the LEB as compared to the ASSB cathodes. Although
the high bulk modulus of NCM prevents any significant compression
during charging and, thus, any effect on the anisotropic strain
development in the NCM,° certain coatings are observed to prevent
serious cracking.®® This may suggest that also the solid electrolyte
can have an effect on cracking but a more sophisticated study is
needed to confirm this hypothesis. The results can also be influenced
by other factors such as the higher overpotentials during charging of

the ASSB. Nonetheless, NCM is reported to suffer cracking also in
ASSB cells with LigPSsCl solid electrolyte such as presently used,
and we cannot exclude statistical effects.%’

Interestingly, during the first charge starting at around 3.8 V vs
Li*/Li and continuing until the upper cutoff potential is reached,
acoustic signals evolve from LiNiO, electrodes that can be attributed
to plastic deformation and cracking.”® Cracks in the secondary
particles of NCM increase the surface area accessible for the liquid
electrolyte, but not for the solid electrolyte as illustrated in Fig. 4c).
As a consequence, the semi-infinite diffusion kinetics is by orders of
magnitude faster for the LEB than for the ASSB. Furthermore,
Oswald et al. found an increase in the double-layer capacitance at the
LiNiy ¢Cop,Mny 0, | electrolyte interface indicating an increased
surface area because of cracking, even when the battery was only
cycled up to 3.9V vs Li*/Li.”" At high potentials a drop of Dy; is
observed for both the LEB and ASSB. This is most likely related to
the shrinking interlayer spacing between the TM-O, slabs (TM =
transition metal). The interlayer spacing collapses drastically at low
degrees of lithiation, especially in high-Ni NCM materials such as
presently used.®*7*7 )

The measurement of D;;' during discharge reversibly follows the
measurement during charge for the ASSB. This further corroborates
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Figure 5. Cross-sectional SEM images of (a) a pristine NCM secondary particle
and an NCM particle after the first cycle charging step in a (b) LEB or (c) ASSB
cathode composite. Arrows highlight cracks inside the secondary particles.

that the morphological evolution of the cathode has basically no
effect on the diffusion kinetics of the ASSB and the contact-loss
induced by volume contraction of the NCM is minimal at least
during the first cycle. This is in contrast to a significant discrepancy
between Dy;' measured during charge and discharge found for the
LEB, which is explained by the fact, that the cracks in the secondar
particles typically remain in the material even during re-lithiation.
Similar observations have also been made in earlier studies that
explicitly measure Dy during the first charge-discharge cycle.”*
Consequently, a higher electrochemically active surface area re-
mains in the LEB leading to significantly faster lithium insertion/
extraction kinetics than in the ASSB, also in the following charge/
discharge cycles. The effects of this phenomenon on the battery
performance are discussed in detail below. We also note that cells
are often treated by several charge-discharge cycles before the
diffusion coefficient is measured by similar techniques. This can
lead to incorrect values if the actual surface area after cracking is not
properly taken into account.

In correspondence to Dy;, the interfacial charge-transfer resis-
tance at the NCM | electrolyte interface R, (Fig. 4b) shows different
behavior for the LEB and ASSB cells. A steep decrease of R is
observed for the LEB between 3.7-3.8 V vs Li*/Li, corresponding to
the sharp increase of Dj;. Also the discrepancy between the
measurements_during charge and discharge is present as observed
earlier for Dy;'. Similarly, Chiang et al. observed a reduction of the
charge-transfer resistance by one order of magnitude when com-
paring the measurement during discharge with the measurement
during charge on single LiNip33C0033Mng330, secondary
particles.”* Furthermore, the expected parabolic shape of R,
resulting from its dependence on the lithium ion concentration at
the NCM]electrolyte interface, can clearly be observed with a
minimum at around LigsNipgCog1Mng;0,, corresponding to
around 3.9V vs Li*/Li”*'*7 Other than D;;', R, shows
significantly higher values for the ASSB during discharge than
during charge. This was already subject of past studies and is a
consequence of irreversible reactions at the CAM | electrolyte
interface.'®'>7 However, since Dp;' clearly does not show such
difference between charge and discharge, we conclude that the
irreversible reaction is not related to contact loss, but is rather caused
by the formation of a high-impedance insulating layer at the
interface.>

0

Finite diffusion—diffusion at long polarization times.—
Galvanostatic polarization and relaxation measurements were per-
formed with a charging current, subsequently followed by a
measurement with a discharging current. According to Eq. 9 this
procedure allows the reliable determination of the diffusion-related
relaxation at long relaxation times. By fitting the V¢ vs time curves
as described in the previous section, the apparent relaxation time T
was extracted. A series of measurements were taken for various
values of the polarization time #,,. Exemplary measurements are
shown in Fig. SI-6. 7,5, Vs £, is depicted in Fig. 6a, clearly showing
a correlation. This is due to the intriguing fact that only semi-infinite
diffusion is observed for short #,,,;, Where 7., & 4101 holds and thus
Tapp dO€S NOt contain any direct information on the finite diffusion of
lithium.

For the ASSB, 7, follows the predicted trend 7,,, = 41,0, and
seems to significantly deviate only for #,, > 50 h, giving a lower
boundary for the real relaxation time 7 > 200 h. As discussed in the
methods section, the condition 7, = 4f,, is a consequence of
Egs. 5 and 6 and, if fulfilled, implies that diffusion in NCM has to be
considered as semi-infinite under the given conditions. At
tpol = 50 h, finite diffusion is achieved only in the smaller sized
particles of NCM, but 7 still keeps increasing with #,,], because the
diffusion in the larger sized particles is still semi-infinite. Therefore,
this also defines an upper boundary for the chemical diffusion
coefficient Dy; < 10713 cm?s™!, if an average particle radius_ of
3 pum (Fig. SI-5) is considered as the diffusion layer thickness. lefi is
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the chemical diffusion coefficient evaluated assuming finite condi-
tions and does not depend on other parameters, rather only on the
length of the pathway for lithium diffusion. However, the diffusion
pathway needs to cross primary particle boundaries and can
eventually become tortuous due to Particle cracking (Fig. 5), which
would explain the lower value of Dy ; as compared to Dy , especially
for the ASSB. A schematic representation of the influence of
different diffusion pathways on the measured values of DLfi and
D} is provided in Scheme 1.

For the LEB, we observe that 7,,, deviates for small #,, from the
trend predicted for exclusively semi-infinite diffusion. This can be
attributed to a lower effective particle size caused by cracking and,
thus, shorter effective lithium diffusion pathways in accordance to
the observation that the liquid electrolyte penetrates the cracks in the
secondary particle of NCM (as illustrated in Fig. 4c). This shows
that finite diffusion is established much earlier in LEB cells than in
ASSB cells, highlighting that full utilization of active material in the
LEB can be achieved at much higher rates. However, no clear
saturation of T,,p VS #,01 is observed, which we expect at sufficiently
high 7,,.. We believe that the effective particle size becomes rather
undefined in this case, leading to a broad di~s¥ribution of effective
lithium diffusion pathways. Consequently, D;; cannot be reliably
determined in this case.

To address this issue, we prepared a thin film of
LiNig 33C0033Mng 330, as one-dimensional diffusion model system
and employed it as cathode in a liquid electrolyte half-cell (TF-
LEB). On the one hand thin film electrodes have a well-defined and
uniform thickness and on the other hand NCM-333 is less prone to
severe volume changes, leading to less fracture.®* As seen in Fig. 6a
for the TF-LEB, 7, follows the trend predicted for semi-infinite
diffusion at short f,1. From 5 ~ 2 h, 7, reaches a constant value
of Typ =T~ 8h, corresponding to Dj; ~ 4 - 107 cm?s™! at
around 3.9V vs Li*/Li. It has to be taken into account that the
thin film electrode is chemically and morphologically different from
the particulate NCM and, thus, different values for D}fi are expected.
We note that the presently employed NCM thin film shows no
preferential orientation as can be seen in the X-ray diffraction pattern
(Fig. SI-7). Overall, this demonstrates the slow diffusion of lithium
into NCM and highlights the significant differences between semi-
infinite and finite diffusion kinetics.

A series of such experiments were performed with the TF-LEB at
different potentials and with a constant 75, = 5 h and the resulting
Dy; is shown in Fig. 6b. It is important to note that this #,, only
allows a reliable measurement for Dy; > 10~4 cm? s~!. D} shows a
local minimum at around 3.75 V vs Li*/Li as also predicted by Wei
et al. from first-principles calculations.”® In Fig. 6b, also the
enhancement factor W is shown, which has been determined as
described in the previous section. W links D~fi with the self or lattice
diffusion coefficient DJ; via D;; = W D{,.** Accordingly, D{; was
calculated from Dy; and appears to be constant for potentials >3.7 V
vs Li*/Li, showing a drop for potentials <3.7 V vs Li*/Li. A widely
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Figure 6. (a) Relationship between 7, and #,, for ASSB (green), LEB
(blue) and TF-LEB (purple) and the prediction relation 7,5, = 4#,1 in case
of semi-infinite diffusion only (straight line) from Eqgs. 5 and 6. Dashed lines
are provided as a guide to fthe eye. The inset shows the measurements for the
ASSB at longer #,01. (b) Dy; (purple), W (black) and D,fi (inset) for a TF-LEB
sample measured with fpo = 5 h.

constant Df, was also observed by Jang et al. for LiCoO, in a
corresponding range of lithiation.*® This shows that the chemical
diffusion in this range is dominated by the electrostatic repulsion
between the inserted lithium ions, while the drop of both D and Dy
at high degree of lithiation (low potential) might be associated to the
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change in the transport mechanism between oxygen dumbbell
hopping (ODH) and tetrahedral site hopping (TSH).>® W, D~]fi
(Fig. 6b) and D;;' (Fig. 4a) reach a peak value at around 3.9V vs
Li*/Li which corresponds to Lig sNig sCop1Mng0,, where a max-
imum was found also for Liy 5sCoO, that results from order/disorder
transitions.*®

Implications of diffusion kinetics on battery performance.—
From the results of the semi-infinite and finite lithium diffusion
inside NCM, it can be concluded that the kinetics in the LEB are
significantly faster than in the ASSB as a consequence of the ability
of the liquid electrolyte to infiltrate evolving micro- and nanocracks
in the secondary particles of NCM. Beyond that, it is of interest to
elucidate the impact of this phenomenon on the battery performance.
In Fig. 7 typical charge-discharge characteristics of LEB (blue) and
ASSB (green) half-cells are shown for a galvanostatic charge and
discharge with 20 mA gnem | in a voltage range between 2.6-4.3 V
vs Li*/Li. It can clearly be seen that the LEB not only shows higher
overall specific capacities after the first charge (207 mAh gnem |
(LEB) vs 186 mAh gNCM_1 (ASSB)), but also a higher Coulombic
efficiency in the first charge-discharge cycle (85% (LEB) vs 72%
(ASSB)) as well as a better capacity retention. However, capacity
fading is quite notably for both the LEB and the ASSB cells even in
the first cycles as shown in the inset of Fig. 7. In both cases, the
chemo-mechanical evolution of NCM is believed to play a major
role in the long-term cycling performance.'®®*%* Nonetheless,
different effects of chemo-mechanics, i.e. cracking, on the capacity
retention of LEB and ASSB cells are expected, but the investigation
of this is beyond the scope of this paper. As demonstrated by
Kasnatscheew et al. the main part of the first-cycle capacity-loss in
NCM-based cells is due to kinetic limitations during discharge, even
in cells with liquid electrolyte.”* Therefore, we will focus on the
first-cycle capacity-loss in the following.

It is worth to note that Fig. 7 reveals generally higher over-
potentials in the ASSB caused by higher internal resistances.
However, during the first charge the difference in overpotentials
between LEB and ASSB seems to become more significant at around
3.8 V vs Li*/Li, corroborating the findings shown in Figs. 4a and 4b.
The high overpotentials in the ASSB also lead to the missing plateau
at around 4.2 V vs Li*/Li, which is only present for the LEB.

To quantify the capacity-loss due to slow kinetics, we performed
a potentiostatic step at the lower cutoff potential (2.6 V vs Li*/Li)
for 24 h at the end of the galvanostatic discharge of LEB and ASSB
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Figure 7. First-cycle galvanostatic charge and discharge profiles with

20 mA gNCM’1 in the range between 2.6-4.3 V vs Li*/Li for a LEB (blue)

and a ASSB (green) The corresponding specific discharge capacity for the
first 20 cycles is shown in the inset.

cells. The extracted current was recorded over time and is shown in
Fig. 8a). The experiment was repeated for various galvanostatic
discharge currents. It can be seen that the re-lithiation of NCM
occurs significantly faster in the LEB than in the ASSB. Obviously,
this can be attributed to the faster kinetics in the LEB as a
consequence of the higher electrochemical surface area and lower
effective particle size as discussed in the previous sections.
Comparable observations were made by Strauss et al. when
comparing NCM-electrodes made with either small, medium-sized
or large secondary particles.”” While the initial secondary particle
size had no effect on the first-cycle capacity-loss on LEBs, the
Coulombic efficiency of ASSBs dropped from 70% (small particles)
to only 50% (large particles).”” Based on our results we conclude
that the initial particles size has no fundamental influence on the
kinetics in LEBs, since cracking determines the effective particle
size and surface area, other than for ASSBs, where the initial particle
size is decisive.
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Figure 9. Double-logarithmic plot of the discharge time #; and the
galvanostatic discharge current for LEB (blue) and ASSB (green) samples.
Regimes of finite or semi-infinite diffusion control are indicated.

To underline the drastic importance of such kinetic limitation for
the ASSB performance, the recovered capacities after the galvano-
static discharge with various currents are shown in Fig. 8b). Even
after a very slow discharge with 4 mA gnem | about half of the
capacity-loss during the first cycle can be recovered (reversible
Capacit?/-loss) leading to an overall discharge capacity of 173 mAh
gnem and a Coulombic efficiency of 89%. In addition, we note
that the current during the potentiostatic step only reached around
10% of its initial value after 24 h and, therefore, even more capacity
should be recoverable. The resulting irreversible capacity-loss of
<20 mAh gNCM’l can be attributed to parasitic reactions, such as
the self-limiting formation of a solid-electrolyte interphase (SEI).
Although the electrochemical stability window of the presently used
LigPSsCl solid electrolyte is by far exceeded at the NCM |
electrolyte interface,” the irreversible capacity-loss appears rather
mild and proves the practical applicability of such materials for
ASSBs, if the kinetic limitations are overcome. At higher discharge
current, the reversible capacity-loss increases drastically, further
highlighting the detrimental effect of kinetic limitations on the rate
capability of ASSBs. We note that the stability window is also
exceeded at the In/InLi | electrolyte interface.”> However, we do not
see any significant impedance contribution throughout the whole
experiment (Fig. 3b) and Figs. SI-2c and SI-2d), which would be
expected at around 1 Hz.>!

In Fig. 9, the discharge time #; vs the discharge current is shown
in a double logarithmic plot. 7; is the time the cell can be
galvanostatically discharged at a certain current from the fully
charged state until the lower cutoff potential is reached. From basic
considerations a slope of —1 would be expected for finite and a slope
of —2 for solely semi-infinite diffusion during the discharge.? It can
be seen that for moderate 7; only the LEB clearly shows finite
diffusion during discharge while even at very long ¢, this cannot be
clearly stated for the ASSB, as also expected from Fig. 6a. This
emphasizes that the full volume of the NCM particles cannot be
utilized in the ASSB during battery cycling and can be considered
inactive, contributing negatively to the gravimetric capacity. The
differences between the ASSB and the LEB especially come into
play at higher discharge currents. For shorter #;, solely semi-infinite
diffusion is observed for the ASSB and at very short #; the slope is
becoming smaller than —2 indicating a tendency towards charge-
transfer limitation rather than diffusion limitation. To address the
issue of the low rate capability of ASSBs, an increase of the NCM |
solid electrolyte interface area and a shortening of pathways for
lithium diffusion appears to be necessary. Another alternative is to

create secondary particles of NCM with oriented primary particles to
assist transport into the particle volume.**"®

Conclusions

Chemical diffusion coefficients of lithium in LiNiggCoyg
Mn 0, (NCM) electrodes were measured by techniques utilizing
semi-infinite or finite diffusion for battery half-cells using either
liquid or solid electrolytes. For cells with liquid electrolyte, evolving
cracks in the NCM can be infiltrated by the electrolyte, leading to
significant increases in the electrochemically active interface area
that result in a higher apparent diffusion coefficient, a shortening of
pathways for lithium diffusion and also improved charge-transfer
kinetics at the liquid electrolyte | NCM interface. In total, the faster
kinetics is found to be essential for the superior performance of
liquid electrolyte-based cells compared to solid electrolyte-based
cells. Solid electrolytes lack the ability to benefit from the cracking
of NCM nparticles and the slower kinetics lead to drastic losses in
capacity, shown to be crucial even at low cycling rates. However, the
chemical diffusion coefficients determined in solid electrolyte cells
appear more reliable than in liquid electrolyte cells as they are not
vastly overestimated by the increase of NCM surface area during
measurement.

By accounting for the slow kinetics with a constant potential step
at the end of the galvanostatic discharge step, we show that a
Coulombic efficiency of more than 89% and a discharge capacity of
more than 173 mAh gnen ' can be achieved for the first charge-
discharge cycle in all-solid state battery half-cells. Based on these
results, a pathway for further improvements on overall capacity and
rate capability of all-solid state batteries is discussed.
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