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ABSTRACT

The effect of prelithiation using passivated lithium metal powder (PLMP) pressed onto SiCx anodes is
reported for NMC-811|| SiCx cells with high energy mass loadings. The effect of prelithiation degree and
storage time after cell assembly on the formation and growth of the solid electrolyte interphase (SEI) was
elucidated by impedance spectroscopy (EIS) and operando solid-state ’Li nuclear magnetic resonance
(NMR) spectroscopy, which allowed determining the optimal storage period for the prelithiated cells. The
galvanostatic intermittent titration technique (GITT) was used to compare apparent Li* diffusion co-
efficients in prelithiated and non-prelithiated SiCx electrodes. Furthermore, we show that the electro-
chemical performance of NMC-811|| SiCx cells can be dramatically improved by prelithiation using PLMP.
In particular, cycle life at 80% state of health (SoH) is almost tripled, increasing from 80 to 228 cycles.
Moreover, X-ray photoelectron spectroscopy (XPS) and energy dispersive X-ray (EDX) analysis show that
the composition of the cathode electrolyte interphase (CEI) is also markedly modified compared with
non-prelithiated reference cells. In particular, the amount of LixPF,O, species is reduced as prelithiation
using PLMP promotes a more effective SEI layer on the SiCx electrode, richer in LiF and Li3POy4, and richer

in organic components that probably also contribute to the enhanced cycling stability.
© 2023 The Authors. Published by Elsevier Ltd. This is an open access article under the CC BY license

(http://creativecommons.org/licenses/by/4.0/).

1. Introduction

The performance requirements of lithium-ion batteries have
increased proportionally to the increasing demand, especially for
those designed for electric vehicles (EVs). As of 2021, the targets for
high-performance cells for EV applications were defined as
350 Wh/kg at the cell level and 235 Wh/kg at the pack level (at C/3)
by the Department of Energy and the United States Advanced
Battery Consortium LLC, with beyond 1000 cycles of operation to a
state-of-health (SoH) of 80% [1,2]. Thus, despite the considerable
advances in battery research in the last two decades, more research
effort is needed to improve the electrochemical performance and
cycle life of state-of-the-art (SoA) high gravimetric and volumetric
energy density batteries.
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Silicon (Si) provides a high theoretical specific capacity of 4200
mAh/g [3] owing to the Si—Li alloying mechanism. Thus, it is a
promising candidate for boosting the cell energy density, especially
when combined with nickel-rich cathodes, such as lithium nickel-
cobalt-aluminum oxide (NCA) with a practical capacity of 180 mAh/
g at 4.3 V (vs. Li|Lit) [1,4] and lithium nickel-manganese-cobalt
oxide (NMC-811), with 200 mAh/g at 4.2 V [5]. Despite enabling a
high specific capacity, the Si—Li alloying mechanism has a major
drawback, as Si particles undergo large volume changes (up to
300%) during lithiation and de-lithiation [6]. Such large volume
changes cause Si particles to be pulverized, which eventually causes
delamination of the active material [7]. Both pulverization and
delamination mechanisms lead to irreversible capacity losses and a
fast decay of capacity due to the losses of active material, either as
isolated Si particles or delaminated electrode layers [8,9]. Another
crucial issue associated with silicon-based electrodes is the
continuous consumption of Li™ ions and other electrolyte species
during the (re)formation of the solid electrolyte interphase (SEI)
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layer. Besides the loss of Li™, the continuous thickening of the SEI is
another cause of the capacity decay related to internal resistance
rise, which also increases self-heating and aging [10]. A common
approach to limiting the effects of the volume change of Si particles
and the resulting cracking and pulverization is to decrease the Si
particle size [11]. However, the resulting increase in surface area
goes hand in hand with the consumption of Li and electrolytes.
Consequently, much lower initial coulombic efficiency (ICE) values
are often reported for Si electrodes (ICE = 25%—75% [11]) compared
to state-of-the-art (SOTA) graphite electrodes (ICE > 90%). Several
approaches have been proposed for limiting the irreversibility, such
as using fluoroethylene carbonate (FEC) as an electrolyte additive
[12,13] or preparing silicon carbon (SiCx) composites mixed with
graphite. Unfortunately, such approaches are not sufficient to
overcome the limitations of Si-containing electrodes, especially in
terms of cycle life.

Prelithiation, on the other hand, is a promising approach for
increasing the cycle life by providing a Li reservoir in the cell as well
as improving the ICE of Si-containing electrodes. Prelithiation can
be performed by short circuiting the anode with a lithium electrode
either using a sacrificial lithium electrode in-situ or ex-situ [14], or
by using sacrificial Li salts such as 3,4-dihydroxibenzonitrile
dilithium salt (LiDHBN) [15] or dilithium squarate (LiC404) [16],
or by direct contact with Li metal foil [17,18] or passivated Li metal
powder (PLMP) [19,20] with the negative electrode. Each pre-
lithiation method has its advantages and disadvantages. Pre-
lithiation using sacrificial salts allows precise control of the
prelithiation degree and could be compatible with current Li-ion
battery production processes, but is made difficult by the volume
of undesired gas formation during cell formation cycles [16,21—-23].

With PLMP, Wang et al. observed a 10% increase in the delivered
discharge capacity after prelithiation of NMC-111 (10.0 mg/cm?) I
graphite (6.0 mg/cm?) full cells at 0.33C for 50 cycles [24].
Furthermore, Rezqita et al. showed the effect of electrochemical
prelithiation for low mass loading electrodes in a NMC 532
(2.85 mg/cm?) || SiCx (0.55 mg/cm?) cell [25]. Forney et al. reported
that prelithiation with PLMP dramatically increased the ICE of NCA ||
Si-carbon nanotube (CNT) full-cells that retained 93% of their initial
capacity after 50 cycles at C/5 [11]. Apart from the previously
mentioned studies, there is still a gap in the literature about the
influence of prelithiation in practical applications utilizing high-
energy electrodes with high mass loadings relevant for EV appli-
cations. Therefore, we selected SiCy and NMC-811 electrodes since
the desired specific energy (350 Wh/kg) and the energy density
(800—1000 Wh/L) for EVs can be achieved with this cell chemistry
[1]. Moreover, the direct contact method using PLMP was selected to
assess its applicability and challenges. The effect of prelithiation on
the performance of NMC-811 (21.0 + 0.3 mg/cm?, 4.0 mAh/cm?) ||
SiCx (6.6 mg/cm?, 4.2 mAh/cm?) cells is reported here. In particular,
we report on the progression of SiCy lithiation and SEI formation
prior to cycling with storage time after cell assembly and its effect on
cycling performance, along with the effect of prelithiation using
PLMP on passivation films on the SiCy and NMC-811 electrodes.

2. Experimental methods
2.1. Material preparation

2.1.1. Electrodes used

The cathodes were made using 95% NMC-811 (T81R, Targray) as
the active material, 3% polyvinylidene fluoride (PVDF Solef® 5130,
Solvay) as the binder, and 2% carbon black (C-NERGY Super C-65,
IMERYS) as a conductive additive. Initially, a PVDF solution in N-
methyl pyrrolidone (NMP) was prepared. Afterwards, Super C65
and NMC-811 powder were added to the solution under continuous
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stirring. Finally, the slurry was cast on aluminum foil (Hydro,
20 um) and NMC-811 electrodes with a mass loading of 21.0 mg/
cm? (4.0 mAh/cm?) were prepared. Dried electrodes were then
calendered to 3.2 g/cm® (thickness: 85 + 2 um). The NMC-811
electrodes had a specific capacity of 200 mAh/gnvcs11 and were
dried at 120 °C for 16 h under vacuum before cell assembly.

The negative electrodes contained 94% of a SiCx composite as the
active material, 1% C-65 as a conductive additive, and a mixture of
carboxymethyl cellulose (CMC, 2%) and styrene-butadiene rubber
(SBR, 3%) as binders. The electrodes were cast on a 10 pm-thick
copper foil and calendered to 3.2 g/cm?>. The active mass loading of
the SiCy electrodes was 6.6 mg/cm? (4.2 mAh/cm?). The SiCy elec-
trodes had a total specific capacity of 636 mAh/g and they were
dried at 80 °C for 24 h under vacuum before cell assembly.

2.1.2. Electrolyte preparation

The electrolyte used in this study was composed of 1 M lithium
hexafluorophosphate salt (LiPFg, ENCHEM, purity: 99.8%) dissolved
in ethylene carbonate (EC, Merck, battery grade), dimethyl car-
bonate (DMC, BASF, purity: 99%), diethyl carbonate (DEC, Soulbrain,
purity: 99.98%), and fluoroethylene carbonate (FEC, Solvay, purity:
99.9%) (wt. 3:3:3:1) solvents with an additive mixture of 2 wt%
vinylene carbonate (VC, BASF, battery grade) and 0.5 wt% lithium
bis(trifluoromethanesulfonyl)imide (LiTFSI, 3 M, battery grade).

2.1.3. Prelithiation of SiCy electrodes

The anodes were prelithiated using passivated lithium metal
powder (PLMP). The amount of PLMP used was 2.5 wt% with respect
to the weight of the NMC-811, corresponding to 48.2% of the NMC-
811 capacity. The particle size of PLMP (China Energy Lithium)
varied between 20 pm and 50 pm, diameter, with a ca. 1 pm-thick
LiCOs3 passivation layer that was not taken into consideration for
the capacity calculation. The PLMP was spread onto electrode sur-
faces with a spatula and activated by pressing by hand with a mylar
foil in an argon-filled glovebox (H,0 < 0.5 ppm, O, < 0.5 ppm).

2.2. Electrochemical investigations

2032 type coin cells were assembled using the SiCx anodes
(dried under vacuum at 60 °C for 24 h, diameter: 13 mm) coupled
with NMC-811 positive electrodes (dried under vacuum at 120 °C
for 16 h, diameter: 12 mm) in an argon-filled glovebox
(H20 < 0.5 ppm, O3 < 0.5 ppm) using microporous Celgard 2500
separators (dried under vacuum at 60 °C for 24 h) wetted with
100 L of electrolyte. In addition, three-electrode Swagelok™-type
were assembled in the glovebox, using Li metal (99.99%, Rockwood
lithium) as the reference electrode to observe the evolution of the
negative and positive electrode potentials of the reference and
prelithiated cells during electrochemical cycling.

A Bio-logic VMP III potentiostat was used for open circuit
voltage (OCV) measurements and for electrochemical impedance
spectroscopy (EIS) measurements (frequency range: 1 MHz to
0.01 Hz, amplitude: 10 mV) for the reference and prelithiated NMC-
811 || SiCx cells. All EIS measurements were performed under OCV
conditions using 2032-type coin cells at 40 °C in a climatic chamber
(KB400, Binder GmbH). For all reference cells and the cells with
prelithiated anodes, OCV measurements were started right after
cell assembly (t = 0 h). To allow for temperature stabilization at
40 °C, the impedance measurements were performed an hour after
connecting each cell to the VMP setup (t = 1 h in the graphs).

Distribution of relaxation times (DRT) analysis with a regulari-
zation parameter of 107> (1) was done using the RelaxIS software to
determine the number of R-CPE elements required to define the
equivalent circuit, and the most suitable modified Randles circuit
was determined as Z = Rpyk + Rsg-CPE 14+ Rep-CPE 2 + W
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(diffusion), with R: resistance elements, CPE: constant phase ele-
ments, and W: Warburg element [26]. Impedance data were fitted
with the equivalent circuit using RelaxIS software. Areal normali-
zation was done by multiplication of the impedance data with the
area of the electrodes (unit: Q/cm?).

Galvanostatic cycling of NMC-811|| SiCx cells was carried out on
a MACCOR series 4000 battery cycler in 2032-type coin cells with a
Celgard 2500 separator. The cells were placed in a climatic chamber
(KB400, Binder GmbH) at 20 °C. The cut-off voltages were 2.8 V and
4.2 V. Formation consisted of one cycle at C/10, followed by three
cycles at C/3. Afterwards, the cells were cycled at 1C with a constant
current, constant voltage charging step (CCCV, 1C, 0.05C), and a
cycle at C/10 was performed every 20 cycles to investigate the ca-
pacity retention of the cells at low current.

The galvanostatic intermittent titration technique (GITT) was
used to investigate the effect of prelithiation on Li* ion diffusion
kinetics of the SiCy electrodes. The method is based on applying
pulses of T = 10 min, at C/10, until the cell is charged. Each pulse was
followed by a 20 h rest period. The potential of the positive and
negative electrodes was measured vs. a Li metal reference electrode
using three-electrode Swagelok™ cells. For this measurement, the
temperature was kept at 20 °C and the prelithiation degree was set
to 2.5 wt%. The apparent diffusion coefficients of Lit in SiCyx elec-
trodes were calculated for the reference and prelithiated cells using
equation (1) [4] and confirmed using equation (2) [27]. In equation
(1), mg stands for the mass of active material in the electrode, while
Mg, Vi, A, and T stand for the molar mass of SiCy (92% Gr & 8% Si),
molar volume (Mg/p) of SiCy, electroactive surface area of the elec-
trode (= = 12 mm), and pulse time, respectively. It should be noted
that electroactive surface area was calculated by excluding the active
carbon (1 wt% C-65) and binder (5 wt% CMC-SBR) ratios in the
electrode. AEs and AE; are the differences between the end of the
pulse potential and the equilibrium potentials before the next pulse,
respectively. In the second equation, [ is the applied pulse current, F
is the Faraday constant (96485 s A/mol), and Z, is the charge number
of the ionic species, which is ‘1’ for the Li* ion, respectively.

D, 4 [ms-Vum *[AE)? (1)
=gz Mg.A | |AE:
_4[1L.Vm 2 AE, ’ (2)
L= n|ZAFA| |AE.

2.3. Nuclear magnetic resonance spectroscopy

Li insertion into the SiCx electrode was followed by in-situ solid-
state “Li nuclear magnetic resonance (NMR) spectroscopy for 3
weeks after prelithiation of the electrode. The symmetrical pouch
cells (2 cm x 6 cm) were assembled in a glovebox (H,0 < 0.5 ppm,
0, < 0.5 ppm) without the positive electrode (NMC-811) and sepa-
rator and only contained two prelithiated (2.5 wt% Li) SiCx electrodes
(12= mm). The PLMP powder was placed on the anodes and acti-
vated by applying pressure ot the electrodes inside a glovebox. The
prelithiated cell was wetted with 40 pl electrolyte before sealing the
pouch cell. The measurements were performed using a Bruker
Avance Il spectrometer equipped with a widebore magnet operating
at 200 MHz (4.7 T). A home-built, broadband probe with a double-
resonance Helmholtz-type coil was used for the static 'Li NMR
measurements. All spectra were referenced to the ’Li resonance of an
aqueous 1 M LiCl solution (set to 0 ppm) and were recorded at a ’Li
Lamour frequency of 77.8 MHz. The recycle delay (d1) was alternated
between 0.5 s and 4 s, and 512 scans were averaged for each
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spectrum. The first measurement was conducted 15 min after cell
assembly, and the following measurements were conducted every
hour for the first 12 h (20 °C). Afterwards, the cell was placed at
40 °C, and measurements were repeated once every day for the
following 11 days until the Li metal peak disappeared. In addition,
two NMR measurements were conducted after 2 and 3 weeks of
storage at 40 °C. All measurements were conducted at room tem-
perature (23 °C). Since the spin-lattice relaxation time T1 for lithi-
ated silicon is around 0.2 s and that of lithium intercalated into
graphite is between 1 and 4 s, two measurements were conducted at
each measurement time by varying recycle delays (d1) of 0.5 s and
4 sin order to distinguish between the overlapping lithiated graphite
(Gr) and lithiated Si peaks so that the differences between the
spectra allow obtaining information about the lithiated phases.

2.4. Scanning electron microscopy

An Auriga field emission scanning electron microscope (FE-SEM)
with a Schottky field emission gun (Carl Zeiss) was used to investi-
gate the surface morphology of the pristine SiCx and NMC-811
electrodes as well as the cycled electrodes in reference and pre-
lithiated cells. All cycled cells were disassembled in a glovebox
(H20 < 0.5 ppm, O3 < 0.5 ppm). The cycled electrodes were washed
three times with 100 uL DMC and transferred to the SEM chamber in
a vacuum-sealed sample holder to avoid exposure to air. An in-lens
secondary electron detector was used to obtain all images at an
accelerating voltage of 3 kV (working distance: 3 mm). The
elemental distribution of the electrode surfaces was analyzed after
300 cycles at 1C rate by energy-dispersive X-ray spectroscopy (EDX)
using an X-Max 80 mm? detector (Oxford Instruments) at a 20 kv
operating voltage. The NMC-811 and SiCx electrodes cycled in the
prelithiated and reference cells were retracted from the cells in a
glovebox (H,0 < 0.5 ppm, O < 0.5 ppm) and rinsed using diethylene
carbonate (DEC) to remove the salt impurities. Afterwards, all elec-
trodes were dried under vacuum prior to measurement and placed
in a vacuum-sealed, airtight sample holder for transfer to the device.

2.5. X-ray photoelectron spectroscopy

X-ray photoelectron spectroscopy (XPS) measurements were
performed for non-prelithiated and prelithiated SiCx electrodes
after 300 cycles in order to understand the influence of the pre-
lithiation on the SEI and CEI compositions. The cells were dis-
assembled in an argon-filled glovebox (H,O < 0.5 ppm,
0, < 0.5 ppm) and the electrodes were washed 3 times with 100 uL
DMC and completely dried before they were attached to the XPS
sample holder using a double-sided conductive carbon tape. The
samples were transferred to the XPS device (Thermo VG Scientific,
type K-Alpha; calibrated on copper, silver, and gold reference
samples) in an air-tight sample holder to avoid exposure to air. All
measurements were conducted the same day to limit the aging of
the samples. The XPS measurements were performed using a
monochromatic Al Ka source, and the pass-energies of the survey
spectra and high-resolution core spectra were 200 eV and 30 eV,
respectively. The charging of samples was compensated by a charge
neutralizer. The XPS data fitting was carried out using CasaXPS
software, and the F 1s peak (685.0 eV) was taken as the internal
reference for spectra adjustment.

3. Results and discussion
3.1. Impedance evolution upon prelithiation

EIS measurements were performed on the prelithiated NMC-
811 || SiCx coin cells (2.5 wt% Li) to investigate the SEI growth
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over a 4-wees storage period at 40 °C. The impedance spectra of the
prelithiated cell are compared to a reference cell in Fig. 1a. As can be
seen, for the reference cell, only minimal changes in impedance
were observed in 4 weeks. On the contrary, significant changes are
seen in the prelithiated cell. According to the equivalent circuit
shown in the inset, Fig. 1b shows the evolution of the bulk resis-
tance (Rpyk), SEI resistance (Rsgr), and charge-transfer resistance
(Reh-tr) for the prelithiated (2.5 wt% Li) cell and that of the reference
cellsat t =1 h and t = 4 weeks. It can be seen from Fig. 1b that the
total cell resistance (Rotal = Rpulk+ Rsei+ Reh-tr) Of the prelithiated
cell increases with storage time.

Bulk resistance is the smallest contributor to the total imped-
ance. It slightly increases for 2 weeks and stays constant for the rest
of the rest period. As reported by Choi et al., Rpyx does not change
much with the state-of-charge (SoC), and it gives information on
the state-of-health (SoH) of the cells since it is mainly affected by
electrolyte depletion over cycling, micro-crack formation in parti-
cles, binder decomposition, gas evolution, and current collector
dissolution in the cells [28]. Hence, the slight increment in Ry can
be attributed to micro-crack formation as a result of Li insertion in
SiCx electrodes as well as electrolyte consumption due to SEI for-
mation reactions that occur after cell assembly [29]. The first semi-
circle in the middle frequency region (from 15 Hz to 10 kHz) cor-
responds to Rsgr and increases for both reference and prelithiated
cells over 4 weeks of storage, whereas the second semi-circle at
lower frequencies (in the 0.1 Hz—300 Hz region) typically corre-
sponds to Rep-tr [30] and does not change much as compared to the
SEI resistance upon storage. The change in Rsg in the non-
prelithiated cell can be explained by the reaction of LiPFg with
protic impurities such as water or hydrolytic electrolyte decom-
position due to hydroxyl (-OH) and carboxylic acid (-COOH) sub-
stituents on the CMC binder and carbon present in the negative
electrode [31]. However, the change in Rgg is much smaller in the
reference cell since reactions contributing to passivation films prior
to cycling are limited compared to the prelithiated cell. Rsg in-
creases for the prelithiated cell during the first 7 h after cell as-
sembly and stays constant for 2 days before starting to increase
again. The change in the SEI and the consequent total resistance
became more dramatic after one week of storage at 40 °C indicating
that the SEI film gets continuously thicker and more resistive after
assembly. The SEI film is a normally dynamic interphase that gets
thicker and thinner as the electrode potential varies [32] with an
overall increase over cycling. Here, since the prelithiated cell is not
cycled, the SEI thickness continuously increases with storage time.
Besides the thickness, the composition of the SEI also affects the

(a)
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Rsgr. Thus, the analysis of SEI components was done using XPS and
EDX and is presented in the following.

3.1.1. NMR analysis of the prelithiated SiCy electrode

The effect of storage after cell assembly was investigated by in-
situ solid-state “Li nuclear magnetic resonance (NMR) spectroscopy
for the prelithiated SiCx electrode. Due to the Knight shift, lithium
metal and lithium ions are well separated in ’Li NMR spectra.
Changes in the lithium metal peak (~245—275 ppm) and changes in
the electrolyte and SEI peaks (—10 to 10 ppm) were observed along
with the formation of the lithiated Gr and Si—Li alloy peaks
(—40—45 ppm) [33]. Neither the Li metal peak nor the electrolyte
peak changed during the first 12 h after pressing the PLMP onto the
electrodes and electrolyte addition (Fig. S3). As can be seen from
Fig. 2a, the Li metal peak begins to gradually diminish 24 h after the
cell assembly as a result of Li insertion in the SiCy electrode and the
SEI formation reactions onto Li. Shellikeri et al. reported, by visual
observations, that their Li powder completely disappears in 24 h
after applying it to the anodes when soaked into the electrolyte
[34]. However, Fig. 2a shows that the Li metal peak is only halved
after 4 days of storage and that it took more than 7 days for all Li
metal to completely disappear from the electrode surface. As re-
ported by Barmann et al. for similar Si/Gr electrodes prelithiated
using PLMP, Li insertion into the electrode, the reaction of PLMP
with the electrolyte and Li de-insertion from the electrode to
contribute to the SEI formation compete on the wetted surface of
the electrode after electrolyte contact [35]. However, it took longer
for these competing reactions to proceed compared to what had
been reported insofar in the literature for the prelithiated elec-
trodes, likely due to differences such as electrode properties and
electrolyte amount [34,35].

The peaks related to the lithiation of the prelithiated SiCy elec-
trode were first observed 2 days after cell assembly (Fig. 2b) and
distinguished via the use of two different recycle times (d1). The
outer lines correspond to both Si—Li and Gr-Li phases, whereas the
inner lines of each spectrum correspond to the Si—Li phases, as
shown in more detail in Fig. S4. According to the NMR spectra, both
Si-site and Gr-site lithiation started 2 days after the cell assembly,
whereas a more visible difference could be observed after 6 days of
storage. This agrees with the decrease of the Li metal peak during
the first 6 days of storage after cell assembly. The formation of LiCzg
and Liy5Si4 results in chemical shifts between 0 and 5 ppm, while
LiCy7, LiCys, and Liy3Sig give peaks between 5 and 10 ppm [35].
Considering the overlap and the possible formation of small
deceptive peaks due to fitting, assigning each lithiation stage would

Prelithiated cell

(b)

40°C 100
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20 = ™ 2 Rbulk lelk = -
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Fig. 1. (a) Nyquist plots of prelithiated (2.5 wt% Li) and reference NMC-811|SiCx cells at 40 °C. (b) Change of Ryyik, Rsgj and Repyr for the prelithiated cell (2.5 wt%Li).
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Fig. 2. Evolution of ’Li NMR spectra of prelithiated (2.5 wt% Li) SiCy electrodes with storage time (a) Evolution of the Li metal peak (b) Evolution of the Li ions peaks. The two NMR
spectra shown for each rest time are obtained with d1 = 0.5 s (inner lines) and d1 = 4s (outer lines) recycle delays. Arbitrary Y-axis was normalized separately for the Li metal peak
(a) and the Li ions peak (b) for easier observation. (Tsiorage: 40 °C, Tmeasurement: 23 °C).

not be an appropriate way to evaluate these data. However, Li7Si3
(15—20 ppm), Li12Siz7 (~20 ppm), LiCg (~40 ppm), LiC12 (~45 ppm),
and Liys, 5Sig (~-10 ppm) have more distinguishable chemical shifts
[35] that show that fully lithiated phases coexist with partially
lithiated phases within the SiCy electrode. It can also be seen from
Fig. 2b that the Li ion peak (—10 to 10 ppm) gradually gets wider
during the 7 days of storage after cell assembly due to continuous
consumption of electrolyte and growth of the SEI This is in
agreement with the SEI resistance evolution shown in the previous
section. However, following the evolution of the SEI after 10 days of
storage was not feasible since the peak related to the electrolyte
was masked by the growing LiPFs peak (—200 to 50 ppm) as elec-
trolyte was continuously consumed throughout the storage period.
To sum up, the PLMP was completely consumed by lithiation of the
SiCx electrode and SEI formation reactions approximately 9 days
after cell assembly. The further SEI growth is likely due to Li de-
insertion as the electrolyte reacts with the lithiated electrode
(Fig. S2) during the prolonged storage period. The effects of storage
time on cycling performance will be discussed further in the
following.

3.2. Li* ion diffusion kinetics in prelithiated and unlithiated SiCy
electrodes

Li* diffusion during the first lithiation of SiCy electrodes
(charge of the cell up to 4.2 V) were analyzed by the galvano-
static intermittent titration technique (GITT) using a three-
electrode cell consisting of a SiCx anode, an NMC-811 cathode,
and a Li reference electrode, used to monitor the potential of
each electrode during cycling. The apparent Li* diffusion co-
efficients were calculated using equations (1) and (2). The
changes of the apparent Li* diffusion coefficients of the reference
and prelithiated SiCy electrodes with their potential vs. Li/Li™ are
shown in Fig. 3a and b, respectively. The electrode potentials
where lithiation of graphite occurs are marked with green Ro-
man numbers, and the regions where pronounced Si—Li alloying
is expected are marked with blue asterisks. The calculated Li*
diffusion coefficients were 2—3 times lower for the prelithiated
SiCx electrode compared to that of the reference SiCy electrode,

resulting from overall slower Kinetics linked to previous insertion
and phase changes (trapped Li*, grain boundaries) as well as
more extensive SEI growth. The relative change of coefficients
with regard to the electrode potential, on the other hand,
showed a similar trend for the reference and prelithiated cells.
The initial plateau (Epegative < 0.25 V vs. Li/Li", Dy ~
2 x 10~ m?/s) corresponds to the most ‘dilute stage’ of lith-
iation of graphite (LixCs, 0 < X < 0.22), where Si—Li alloying is
low [36] and is not discussed here. Three peaks (I, II, and III)
corresponding to different graphite stages are observed for both
cells with onset potentials (Enegative) of 0.192 V, 0.102 V, and
0.063 V (vs. Li/Li*) as reported in Fig. S7 for the reference cell.
Despite being slightly lower, these values are in agreement with
what was reported by Yao et al. for Si-Gr electrodes [36]. A
considerable acceleration in Li* diffusion is observed when the
potential decreases to 0.192 V (cell voltage: 3.702 V, Fig. 4), as
LiC3p begins to form at the ‘I' mark [36]. Furthermore, after this
first peak, a continuous increment in the Li* diffusivity is
observed starting from Epegative < 0.18 V vs. Li/Li* due to more
Si—Li alloying (Enegative < 0.18 V vs. Li/Li*) [37], which culminates
with a small peak at 0.126 V (vs. Li/Lit). At approximately 0.11 V
(vs. Li/Li*), in addition to ongoing Si—Li alloying, LiCy; is formed
by further lithiation of LiCyg [36,37], resulting in a dramatic in-
crease in Lit diffusivity.

Region Il marks the beginning of the phase change from LiC;; to
LiCe; however, the upper cell cut-off voltage of 4.2 V was reached by
the reference cell when the negative electrode potential had only
decreased to 0.081 V (vs. Li/Lit). Thus, complete lithiation of
graphite (LiCg) and formation of crystalline Li;5Si4, expected below
0.06 V (Enegatives VS. Li/Li*), were not observed for the reference SiCyx
electrode [36,37]. Unlike the reference cell, the prelithiated elec-
trode reached 0.044 V (vs. Li/Li*) at the end of the charge step, and
Fig. 3b shows the formation of LiCg from LiC;5 at around 0.075 V (vs.
Li/Li*) at the ‘lI' mark. An increase in coefficients is then seen
starting from 0.06 V (Epegative VS- Li/Li*) corresponding to the for-
mation of crystalline Li;5Sig. Thus, we can conclude that fully
lithiated phases form in the prelithiated SiCx electrode. The calcu-
lated apparent Lit diffusion coefficients ranged between
761 x 1074 m?/s (Enegative: 0.78 V vs. Li/Li") and 1.74 x 10" m?/s
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Fig. 3. Change of apparent Li* diffusion coefficients in SiCx composite electrodes as a function of the anode potential during the first lithiation (a) Reference NMC-811||SiCx cell, (b)

NMC-811|SiCx cell with prelithiated (2.5 wt% Li) SiCx electrode (Tmeasurement: 20 °C).

(Enegative: 0.11 V vs. Li/Li*) for the SiCx electrode in the reference
cell, which is coherent with the values reported in the literature for
graphite and Si-containing electrodes [38,39].

3.3. Cycling performance

The voltage profiles of NMC-811 || SiCx cells, including a Li metal
reference electrode to monitor the potential of each electrode and
kept at rest for 7 days after cell assembly, are shown in Fig. 4a and b
for a reference and a prelithiated cell, respectively, along with the
corresponding potential profiles of each electrode.

As can be seen, in the first charge at C/10, the potential of the
prelithiated anode starts at ca. 0.5 V. The end-of-charge potential of
the prelithiated anode is lower at 0.002 V vs. Li/Li™. It indicates that
the effective prelithiation level was not high enough to compensate
for the capacity difference between anode and cathode and the
irreversibility in the first cycle and did not induce lithium plating at
C/10. During the first discharge, however, the anode stays more
lithiated, with a markedly lower potential at the end of discharge
(and correspondingly a lower end of discharge potential for the
cathode). The end of charge potential of the prelithiated SiCy
electrode decreased below 0V (vs. Li|Li") after the constant current
(CC) charge step during the second formation cycle (at 0.33 C),
which also happened in the fifth cycle for the reference SiCx elec-
trode when the C-rate was increased to 1 C. Since the reference
electrode senses the potential in between the anode and the
cathode in the T-cell, it is likely that an uncompensated ohmic drop
explains this, as the potential then reaches values above 0 V during
the constant voltage step as the ohmic drop decreases. It is, how-
ever, possible that plating occurs to some degree and then partic-
ipates in lithiating the anode during the CV step. Over cycling at 1C
(Fig. 4c and d), one can see that the evolution of the potentials is
different, with the end of discharge potential of the non-
prelithiated anode starting at 0.80 V and stabilizing toward 1.23 V
after ca. 300 h (i.e. corresponding to full delithiation). In contrast,
the prelithiated anode end of the discharge potential starts at
0.56 V and reaches only 0.87 after 600 h. This is a priori very
favorable for limiting both the loss of active material in the anode
since Si volume changes are then less marked upon cycling, which
limits the pulverization phenomenon as well as the loss of lithium
inventory due to the SEI formation. The loss of lithium inventory
can be well seen with the fast reduction of the potential range of the

cathode in the reference cell. Fig. 4e compares the voltage profiles
of the two cells and highlights that, due to prelithiation, the initial
capacity is increased and the capacity fading is less pronounced.

Fig. 5a and b compare the capacity retention over cycling of
NMC-811||SiCx coin cells with the same prelithiation degree (2.5 wt
% Livs. NMC-811) cycled at 20 °C after different rest periods ranging
from 7 h to 4 weeks at 40 °C and a reference non-prelithiated cell,
and Table 1 lists their ICEs, highest specific discharge capacities at
1C, and their cycle life at 80% SoH.

As can be seen, the rest time after cell assembly strongly affects
the electrochemical performance of the prelithiated cells in terms
of ICEs, irreversible capacity loss, and delivered discharge capacity.
Starting the cycling after 7 h seems to be advantageous in terms of
ICE with 83.8%. vs. 79.9% for the reference cell. Nevertheless, the
cycle life is then similar to the reference, with 82 cycles to reach 80%
SoH. With longer rest times, the capacity retentions improve
markedly up to one week (Fig. 5a). The cycle life of the cells rested
for 1 and 3 days increased by 31% and 68%, respectively. The most
remarkable improvement is observed for the cell rested for 7 days,
with a cycle life almost tripled (228 cycles). For these cells, lower
capacities during the initial 30 cycles at 1C rate can be attributed to
the higher resistances (as seen in Fig. 1b) compared to the reference
cell, causing a lower rate capability. Besides these initial cycles, the
capacity is superior compared to the reference cell throughout 300
cycles for all cells with rest times between 1 day and 7 days. Since
prelithiation increases cell resistance prior to cycling, its effects on
internal resistance change throughout long-term cycling were also
investigated via the difference between the average charge and
discharge voltages (AV) [40] that is plotted in Fig. 5¢ and d. The
increase in total cell resistance after the formation cycles is higher
for all prelithiated cells compared to the reference cell. This can be
attributed to Rpyx and Rsgp values that were already higher for the
prelithiated cells compared to the reference cell prior to cycling.
Despite the initially higher increment in the cell resistance, AV
reached values similar to those of the reference cell after 300 cycles
for prelithiated cells that were kept at rest for 7 days or shorter
periods (Fig. 5¢). Thus, we can conclude that impedance rise due to
electrolyte depletion and electrode degradation over cycling is
moderated in the prelithiated cells since the anode was cycled over
a narrower potential range (especially towards delithiation, where
the volume changes are the highest), which resulted in a slower rise
of impedance over long-term cycling. In terms of capacity at C/10,
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(1-4)) (Table 1) also dramatically deteriorated with the rest time for rest times | longer than 1 week. The AV evolution over 300 cycles (Fig. 5d) shows that, not only were the cell
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76.5% of the initial discharge capacity was retained after 297 cycles
by the cell that was rested for one week.

3.4. Post-mortem analysis

3.4.1. SEM/EDX analysis

The surface morphology changes of SiCx and NMC-811 elec-
trodes after 300 cycles were investigated by scanning electron
microscopy (SEM) (Fig. 6), to observe the influence of the pre-
lithiation on the SEI and the CEI development. Clear evolutions
were observed for both non-prelithiated SiCx (Fig. 6¢) and pre-
lithiated SiCy (Fig. 6e) electrodes after 300 cycles: The pristine SiCy
electrode is mainly composed of flake-like graphite particles with
sharp edges and smaller composite SiCx particles. After 300 cycles,
the amount of graphite particles on the surface is strongly reduced,
and the surface is composed mainly of whitish particles for both
reference and prelithiated SiCy electrodes, a likely result of the
expansion and covering by SEI film of the SiCy particles. Addition-
ally, it can be seen from Fig. 64, ¢, and d that the SiCy surface in both
the reference and prelithiated cells becomes rougher over cycling.
As shown by Benning et al. using AFM, the surface roughness of SiCyx
particles was tripled following the SEI formation during the first
lithiation [41]. They have shown that the SEI formation starts
around individual particle clusters at the initial stage of cycling, and
reduction products of Li salts and of the solvent begin to fill be-
tween the particles, ending up forming a thick layer covering the
top of the electrode surface, which increases the surface roughness
as cycling proceeds [41]. A lower interstitial porosity due to SEI
accumulation is observed for the prelithiated electrode (Fig. 6e)
indicating that the growth of SiCy particles was more pronounced
compared to that of the non-prelithiated SiCx electrode (Fig. 6c).
Thicker SEI around the larger aggregates of SiCy can be expected to
act as a buffer for overall volume changes for the prelithiated
electrode. Considering the SEM images and results of the galva-
nostatic charge discharge tests (Fig. 5), where improvement of the
cycling stability was obvious for the prelithiated cells, it can be
concluded that prelithiation affects the SEI and consequently the
cycling performance. The SEI composition and how it is affected by
prelithiation will be further discussed in the next sections via EDX
and XPS analysis.

Moreover, the surface morphology of NMC-811 particles from
both types of cells is also compared. Fig. 6b shows the pristine
NMC-811 electrode, and the enlarged (25kx) inset shows the sur-
face of secondary NMC811 particles with interstices between pri-
mary particles well visible. After 300 cycles, a layer of passivation
film (CEI) is seen on the NMC-811 particles, either cycled in a
reference cell (Fig. 6d) or paired with a prelithiated anode (Fig. 6f).
The CEI appears much thinner for the prelithiated cell, as the par-
ticle boundaries are still well visible, whereas for the reference cell,
the CEI layer is thicker and covers the boundaries between primary
particles. The differences in surface morphology of the cycled NMC-
811 electrodes are likely to be caused by possible cross-talk (ma-
terial migration) between the positive and negative electrodes and/
or the higher average potential seen by the electrodes over cycling.

The EDX results are shown in Fig. 7 for a pristine SiCy electrode
and after 300 cycles for both a reference electrode and a pre-
lithiated one (2.5 wt% Li). Homogeneously distributed sodium,
coming from the sodium carboxymethyl cellulose (CMC) binder,
was excluded in the figures for easier visualization of the outer
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surface composition. As can be seen from Fig. 7a, on the surface of
the pristine electrode, carbon occupies most of the surface, and
some domains are much richer in Si and poorer in carbon. After 300
cycles for both the reference electrode (Fig. 7b) and the prelithiated
electrode (Fig. 7c), the proportion of area with visible Si is much
higher, which confirms that the Si—C (or Si) particles have
expanded as a result of the repetitive volume changes upon cycling.
The possible contributions of the electrolyte components to the
inorganic and organic layers of the solid electrolyte interphase (SEI)
are given in Fig. 7 on the negative electrode in the reference cell
[42—44]. [42—44]. The surface passivation films are dominated by
phosphorus (P) and fluoride (F) elements for both electrodes after
300 cycles. The source of phosphorus is the conductive salt LiPFg in
the electrolyte, which produces LiF and LixPOyF, as reduction
products [45,46]. The distribution of P and F atoms on the reference
SiCx electrode (Fig. 7b) indicates the presence of a LiPFg-derived
(LixPOyF,—based) passivation film on the negative electrode after
300 cycles, especially on the Si-rich surfaces [47]. For the pre-
lithiated SiCx electrode, phosphorus products seem to be distrib-
uted homogeneously on the surface, showing that LiPFg contributes
to passivation of the negative electrode; however, the intensity of
phosphorus in the surface film is much lower compared to that of
the SiCyx electrode in the reference cell.

A considerable increase in the F element was observed on the
surface of the prelithiated SiCx electrode after 300 cycles. Besides
LiPFg [43,44], LiTFSI [43], and FEC [44,48] are potential fluorine
sources in the electrolyte formulation used that can form LiF as a
reduction product. In addition to reduction products such as LixCFy,
Li;SO,CF;5 [49] and LiTFSI (1 wt% in the electrolyte used) is expected
to form LixS, LixSyO,;, and LiF upon reduction, which would
contribute to the inorganic part of the solid-electrolyte interphase
[43]. However, sulfur was not detected; thus, it can be said that the
contribution of LiTFSI to the inorganic part of the SEI was not
prominent besides the formed LiF. Furthermore, Okuno et al. used
density functional theory (DFT)-based molecular dynamics (MD)
and the blue-moon ensemble technique to show that formation of
LiF requires almost no activation energy if Li* ions were present
nearby when FEC was in the reduced state [13] and Takenaka et al.
showed by hybrid Monte Carlo (MC)/molecular dynamics (MD)
reaction simulations that, on carbon-based electrodes, the amount
of LiF generated in the presence of the PF6™ anion was small
compared to the amount of LiF produced by the FEC additive [50].
Furthermore, it was shown by Okuno et al. that lithium atoms in the
lithiated Si bond with the F in the LiF aggregate, which acts as a glue
for the organic SEI film components and improves the stability of
the passivation film on the negative electrode [13]. A robust SEI is
necessary to limit continuous electrolyte and cyclable Li con-
sumption in the cells in order to prevent, or at least limit-the ca-
pacity decay upon cycling. Despite the fact that LiF is known to be a
resistive and insoluble component in SEI, its effectiveness with a Si-
containing electrode has been shown by multiple studies [13,51]. To
understand why, we must consider that the prelithiated electrode
stays for one week at a relatively low potential (i.e. below 0.5 V vs.
Li/LiT) without reaching a potential as low as that reached during
cycling. Thus, results in more extensive reactivity of FEC into LiF and
organic compounds as the potential is not low enough to achieve
full SEI formation (which would be even more protective). This is
coherent with the EIS and cycling results that show an increase in
impedance with rest time and an optimum reached at one week of

impedances much higher during the formation cycle, but also reached a much higher value after 300 cycles. Thus it can be concluded that, rest time between cell assembly and
cycling is crucial for the prelithiated cells and it should be optimized before operation to obtain maximum performance in terms of ICE, delivered specific discharge capacity and
cycle life. It is likely that resting the cells for too long induces increased reactions with the electrolyte as the anode is maintained as a low potential for a longer time, without -for
most electrode parts-ever reaching a potential low enough for reaching a more complete SEI formation, which induces continuous SEI growth and is detrimental to cell performance

in terms of impedance growth and loss of lithium inventory.
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Table 1
Initial Coulomb efficiency (ICE), cumulated Coulomb inefficiencies between cycle 1 and 5, and cycle life (80% SoH) information of reference and prelithiated (2.5 wt% Li) NMC-

811 SiCx cells cycled after different storage time at 40 °C.
Reference 7 Hours 1 Day 3 Days 1 Week 2 Weeks 3 Weeks 4 Weeks

ICE 79.9% 83.8% 82.9% 82.6% 81.4% 81.6% 78.4% 77.8%
Irr (1-4) 26.2% 23.0% 25.4% 23.3% 25.5% 25.9% 30.5% 56.6%
Irr (1-5) 34.9% 34.9% 36.4% 32.0% 36.0% 37.6% 47.4% 62.95%
Max. specific discharge capacity at 1C (mAh/g) 146.8 146.6 152.4 1529 152.2 1484 118.9 108.6
Cycle life (80% SoH) Cycle 80 Cycle 82 Cycle 105 Cycle 134 Cycle 228 Cycle 48 Cycle 39 Cycle 11

SRTAY T |
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S
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Fig. 6. SEM images of (a) Pristine SiCy electrode, (b) Pristine NMC-811 electrode, (c) non-prelithiated SiCy electrode after 300 cycles, (d) NMC-811 electrode cycled in the reference
cell, (e) prelithiated SiCy electrode after 300 cycles, and (e) NMC-811 electrode cycled in the prelithiated cell (Magnification: 5kx, EHT: 3 kV, Signal A: InLens).

10




E. Esen, M. Mohrhardt, P. Lennartz et al.

Materials Today Chemistry 30 (2023) 101587

Inorganic Organic
LITFSI  — LiF + LiS + Li,S,0,
+Li,CF, + Li,SO,CF;
Pristine LiPFs  — LiF +Li,POF, + ROCO + ROR +RCO;4
electrodes FEC — LiF + (CH,OLi), + (CH,OCO,Li),
ve i + polyVC products
DMC, DEC g + CH;0CO,Li + CHyCH,0CO,Li
EG A + (CH,0CO,Li),
After 300 cycles
mm C
- Si
= |
=m P
After 300 cycles

Fig. 7. Elemental composition via EDX of (a) pristine SiC electrode (before cycling), (b) non-prelithiated SiCy electrode after 300 cycles, and c) prelithiated SiCy electrode after 300
cycles. Green color shows carbon element on the surface while red, blue and violet colors represent silicon, fluorine, and phosphorus, respectively (For interpretation of the
references to color in this figure legend, the reader is referred to the Web version of this article).

rest in terms of ICE and cycle life. During this rest time, a FEC-
derived SEI grows and seems favorable for achieving final passiv-
ation during the formation cycle (with a high ICE and protective SEI
for further cycling), whereas after one week, extensive reactivity
and possibly disappearance of Li metal and redissolution of SEI
compounds (as potential would then increase) would result in too
high reactivity and a dramatic impedance increase.

3.4.2. XPS analysis

XPS analysis was done after 300 cycles for the NMC-811 and SiCx
electrodes cycled in the reference and prelithiated cells to investi-
gate the CEI and SEI compositions. The elemental composition of
the Li, F, P, C, O, Si, and N on the top layers of the SEI and CEI is
shown in Table 2. Cls data that includes graphite and organic
components hydrocarbon (C1 ~285 eV) [52], polyether carbon (C2
and C3: 286 eV—287.2 eV) [52], and semi-carbonates (C5 ~290 eV)
[53] are not discussed in detail as overlapping bands make it
difficult to evaluate the data. The percentage of detected S atoms
was low (<0.5%) for all electrodes, especially in the prelithiated
cell; thus, it is concluded that the contribution of LiTFSI reduction

Table 2

products in the passivation films, as Li,S or Li;SO4, was scarce for
both the reference and the prelithiated cells. The elemental dis-
tribution of the top layer (uppermost 5—10 nm) is shown in Fig. 8
for all investigated electrodes. At first glance, the main difference
is the higher percentage of Li1s and the lower percentage of P2p for
the prelithiated SiCy electrode, as F1s, O1s, and C1s% are similar for
the two SiCx electrodes. Since multiple SEI and CEI components
contain F, Li, C, and O elements, each peak was fitted (Figs. S8—S11)
in order to distinguish the contribution of the different chemical
species in the SEIs and CEls. The assignment of the peaks is shown
in Table 3.

3.4.2.1. SiCy electrode. The main conductive salt (1 M) LiPFg is the
only P source in the electrolyte, which mostly contributed the SEI
films on both electrodes as LiF since the P2p ratio was low for both
SiCx electrodes. The fluorinated phosphates (LixPFy0,) (P2) are
rather low for both electrodes but 8% higher than the poly-
phosphates in the SEI films on the prelithiated SiCy. Furthermore,
LisPO4 (Li2) was detected on the top surface of the SEI film in the
prelithiated cells, while it is not present in the SEI of the reference

Elemental composition (%*) of the top layer (5—10 nm) of NMC-811 and SiC, electrodes cycled in reference and prelithiated cells. (300 cycles, Teyciing: 20 °C, *concentrations of

all detected elements were normalized to 100 atomic %).

Elemental composition (%) C N S 0 F P Li
(5-10 nm) F1 F2 P1 P2 Lil Li2
Reference SiCy 358+32 05+0 04+02 23.0%5+22 21.6+3.1 50+05 13.7 £+ 2.2
82.5% (+1.4) 17.5% (+1.4) 55.1% (+8.5) 44.9% (+8.5) 100% 0%
Prelithiated SiCx 428 +14 0.05+0.07 0.7+0.1 254+0.1 142 + 1.1 24 +0.1 14.6 + 0.5
64.1% (+£2.0) 35.9% (+2.0) 46.9% (+5.2) 53.1% (+52) 94.0% (+2.5) 6.0% (+2.5)
NMC-811 Cycled in 388+24 045+007 01=+0 21.8 +0.1 234+18 3.1+0.1 122 + 0.6
reference cell 83.1% (+5.6) 16.9% (+5.6) 39.7% (+2.0) 60.3% (+2.0) 19.2% (+1.8) 80.8% (+1.8)
NMC-811 Cycled in 447 +1.0 01+0 02+0 236 + 0.6 236 + 0.6 32+05 4.7 + 0.6
prelithiated cell 99.4% (+0.2) 0.6% (+0.2) 47.6% (+1.5) 52.4%(+1.5) 33.3%(+6.6) 66.7% (+6.6)
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SiCx electrode. The main difference in the SEI films is the Fls
contribution. LiF (Li1) is 1.3 times higher for the prelithiated SiCy
electrode compared with the reference cell, which is coherent with
the EDX results. Meanwhile, the F1 signal related to fluorinated
carbons LixPOyF;, LixPF,0, and LixPFy for the reference SiCy is twice
that of the prelithiated SiCx electrode. It should be noted that these
P-containing compounds in the SEI form are a result of the reaction
of LiPFg with electrolyte solvents such as EC, and as shown by Lucht
et al. they are accompanied by acidic species such as difluor-
ophosphoric acid (F,PO,H) [58]. Furthermore, they showed that the
formation of such acidic products severely damages the passivation
film on the anode as they react with SEI components such as
lithium ethylene dicarbonate (LEDC), leading to capacity decay
during cycling [58,59]. Thus, having less of these components hints
to the superiority of the SEI formed on the prelithiated SiCy
electrode.

3.4.2.2. NMC-811 electrodes. The content of Cl1s is 6% higher for the
NMC-811 electrode cycled against the prelithiated SiCx electrode. It
suggests a CEI with fewer inorganic components. Furthermore, the
percentages of F1s and P2p are similar for both NMC-811 elec-
trodes. However, for the reference NMC-811, 16.9% of the F1s signal
is related to LiF, whereas almost no LiF was detected for the CEl in
the prelithiated cell. The Li1 and Li2 fractions confirm that the
reference NMC-811 electrode contains more LiF (Li1) and Li3POg4
(Li2, 3.2 times) in the CEI Additionally, since there are 8% fewer

Table 3

polyphosphates and 8% more LixPF,0,, it indicates that the refer-
ence CEI is richer in inorganic components. A CEI layer richer in
resistive inorganic components could contribute to the faster ca-
pacity decay of the reference cells throughout long-term cycling.

3.4.2.3. Depth profiling. The change of the elemental distribution
was measured by XPS for all electrodes from the top surface to
96 nm depth by sputtering depth profiling (ca. 16 nm per sputtering
step), and the results are shown in Fig. 9. For both reference and
prelithiated SiCy electrodes, F1s and Lils signals increase notably
after the first ablation (~-16 nm), while O1s, Cls, and P2p per-
centages decrease. This indicates an increase in inorganic compo-
nents such as LiF, LisPOy4, and LixPOyF, near the electrode surface. I
The increase in F1s and Lils signals is more marked for the refer-
ence SiCx electrode, accompanied by a sharper decrease in carbon
signal (C1s) compared to the prelithiated cell. It seems to indicate
that the SEI is more inorganic near the surface of the reference
electrode. It is coherent that the more organic SEI of the prelithiated
SiCx electrode is more flexible, less brittle, and thereby more
protective.

For the reference NMC-811 electrode, the trend of the change in
elemental composition after first etching (16 nm) is similar to that
of the SiCy electrodes, showing an increased fraction of inorganic
components with etching. The main difference for the NMC-811
electrode cycled against the prelithiated SiCx is a much lower F1s
signal compared to the reference cell, indicating a lower percentage

Assigned organic and inorganic components of the passivation films on NMC-811 and SiCx electrodes after 300 cycles.

Fls F1 (~687.6 eV)
Fluorine-carbon (~687 eV) [54]
LixPOyF, (~687.2 eV) [55]
LixPFyO, + LixPF (~688.2 eV) [43]
Lils Li1 (~55.8 eV)
LiF (~55.9 eV) [53]
P2p P1(~134.8 eV)
Poly-phosphate P—O—P (~134 eV) [55,56]
O1s 01 (~528 eV) 02 (~532.4 eV)
Li,0O (~528.8 eV) [55] Poly-ether (~531.3 eV) [53]
Cls C1-C5 (285 eV — 291 eV)

F2 (~685.5 eV)
LiF (685 eV) [43]

Li2 (~54.5 eV)

LisPOy4 (~55.4 eV) [53]

P2 (~136.7 eV)

LixPF,0, (~136 eV) [43]

03 (~533.0 eV)

Oxyfluorinated carbon (~533.0 eV) [54]
C—O0 species (~533.0 eV) [55]

Hydroxyl groups (~533.2 eV) [57]

04 (~534.4 eV)
Epoxides (~534.4 eV) [57]

Graphite/hydrocarbon (~284.8 eV) [52], poly-ether carbon (~286.5 eV) [52], semicarbonates (R-CH,0CO,Li from LiPFg) [52], Li,CO3 [53]
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Fig. 9. Depth profiling of (a) non-prelithiated SiCy electrode and (b) NMC-811 electrode cycled in reference cell, (c) prelithiated SiCy electrode and (c) NMC-811 electrode cycled in

the prelithiated cell. (300 cycles, ablation rate: 16 nm per etching, Tmeasurement: 23 °C).

of inorganic components such as LiF, LixPFy, and LixPOyF,. The
gradual decrease of the F1s signal is continuous throughout the
etching process. It is thus likely that the prelithiation has generated
more organic compounds that have been deposited onto both
electrodes and helped form more robust SEI and CEIL

4. Conclusion

For prelithiated SiCy electrodes, EIS showed that the SEI contin-
uously grows during storage time and that its resistance increases
very significantly after 7 days of storage. This corresponds to the
disappearance of Li metal, observed by NMR, that is inserted into the
anode and consumed by the SEI formation. Once the lithium dis-
appears, after 7 days, the anode self-discharge leads to less favorable
growth of SEI, which increases the cell resistance and decreases its
performance in terms of cycle life and ICE. Thus, the building of SEI
for 7 days and the total disappearance of Li metal are optimal for cell
performance. GITT showed that Li diffusion inside the prelithiated
SiCyx electrode is slower compared to the reference SiCx electrode due
to thicker SEI formation, but fully lithiated species such as LiCg and
Liq5Si4 are then formed in the prelithiated SiCy electrode during the
first charge. In addition to providing a Li reservoir and shifting the
potential range at which the anode is cycled within a lower potential
range, differences in both SEI and CEI compositions have been
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observed by EDX and XPS, which probably contribute to the higher
cell performance of the prelithiated cells. In particular, a SEI layer
richer in fluorinated phosphates is formed on the non-prelithiated
SiCy electrode, whereas the SEI on the prelithiated SiCx electrode is
richer in inorganic components such as LiF and LizPOg4. It is also
shown that prelithiation of the negative electrode affected the
passivation film on the positive electrode, as LiF was not observed
and Li3PO4 was much less on the NMC-811 electrode cycled against
the prelithiated SiCx electrode.
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