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Pre-Lithiation of Silicon Anodes by Thermal Evaporation of
Lithium for Boosting the Energy Density of Lithium lon Cells

Egy Adhitama, Frederico Dias Brandao, Iris Dienwiebel, Marlena M. Bela, Atif Javed,
Lukas Haneke, Marian C. Stan, Martin Winter, Aurora Gomez-Martin,* and Tobias Placke*

Silicon (Si) is one of the most promising anode candidates to further push
the energy density of lithium ion batteries. However, its practical usage is still
hindered by parasitic side reactions including electrolyte decomposition and
continuous breakage and (re-)formation of the solid electrolyte interphase
(SEI), leading to consumption of active lithium. Pre-lithiation is considered a
highly appealing technique to compensate for active lithium losses. A critical
parameter for a successful pre-lithiation strategy by means of Li metal is to
achieve lithiation of the active material/composite anode at the most uniform
lateral and in-depth distribution possible. Despite extensive exploration of
various pre-lithiation techniques, controlling the lithium amount precisely
while keeping a homogeneous lithium distribution remains challenging.
Here, the thermal evaporation of Li metal as a novel pre-lithiation technique
for pure Si anodes that allows both, that is, precise control of the degree of
pre-lithiation and a homogeneous Li deposition at the surface is reported. Li
nucleation, mechanical cracking, and the ongoing phase changes are thor-
oughly evaluated. The terms dry-state and wet-state pre-lithiation (without/
with electrolyte) are revisited. Finally, a series of electrochemical methods are
performed to allow a direct correlation of pre-SEI formation with the electro-

1. Introduction

The exploration of the true potential of
lithium ion batteries (LIBs) is constantly
increasing as it is one of the main drivers
to a decarbonized society and renew-
able energy transition.! To increase the
energy density of current LIBs to meet
future energy demands, for example, for
electro-mobility, there is a great interest
to turn from the conventional interca-
lation/insertion mechanism in today’s
graphite-based LIBs technology toward
the “alloying” mechanism with silicon (Si)
which is regarded as the most promising
anode material? (it should be noted that
the formation of defined stoichiometric
intermetallic phases of Li with numerous
Li storage metals, such as Al, Sn, Ge, Si,
etc.lis most often called “alloying” in the
relevant battery science literature). Besides
the outstanding electrochemical properties
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such as high gravimetric capacity (up to
3579 mAh g7), low average de-lithiation
potential (=0.4 V vs Li|Li*), low voltage hys-
teresis, and thus high energy efficiency,
Si features further favorable material characteristics as it is the
second most abundant element in earth’s crust and is environ-
mentally benign.!
Nevertheless, the nature of alloys such as Li,Si, suffers from
a large volume expansion during battery operation leading to
mechanical degradation, which induces a loss of active material
(e.g., contact loss or particle detachment) and thus continuously
exposes the highly reactive surface to the electrolyte.l® This is a
major cause of continuous active Li losses since the trapped Li
are enclosed within the pulverized materials.”! It occurs even in
the first few cycles which is indicated by drastic capacity fading.
The severe mechanical fluctuation also leads to the continuous
growth of the solid electrolyte interphase (SEI), which is most
likely disjointed and (re-)formed in a dynamic process, causing
further active lithium consumption and electrolyte decomposi-
tion upon cycling.®l On the cell level, the severe expansion of
the whole electrode might lead to penetration of the separator
or even bending of the whole cell, increasing safety risks. This
serious challenge necessitates stringent safety precautions to pre-
vent any cell failure and extend the shelf life at the same time.>>)
Several strategies have been proposed to alleviate such
challenges toward a practical implementation, for example, by
the advanced design of Si particles,'”) development of electrolyte
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for effective SEI formation,™ and improvement of the electrode
(e.g., by the development of novel binder systems).1“12l How-
ever, the exacerbation of huge volume expansion is still inevi-
table. Further efforts have been reported by conducting the
pre-lithiation technique, which rather than dealing with volume
expansion, is aimed at compensating for active lithium losses.
In this respect, the pre-formed SEI, which is induced by pre-
lithiation in combination with already partially lithiated active
materials will eventually improve the cell's cycle life.'3] Pre-
lithiation can be described as a technique to store a certain
amount of active lithium in the electrode prior to battery cell
operation.3 Of note, it is highly important to point out that
the Li amount has to be adjusted with precise accuracy to pre-
vent over-lithiation by considering a suitable “safety factor”
for the negative electrode, as reported by Chevrier et al.l*®]
With respect to the negative electrodes, several pre-lithiation
techniques have already been explored namely chemical pre-
lithiation,™! electrochemical pre-lithiation,®l and direct contact
pre-lithiation.”! Each technique has its specific benefits and
drawbacks, especially when considering its suitability toward
mass production and implementation into state-of-the-art man-
ufacturing processes.[13318]

Chemical pre-lithiation opens up the possibility to control
the Li amount precisely by adjusting the reaction time. How-
ever, the utilized active reagents and reaction conditions seem
to introduce challenges in handling due to their rather high
reactivity. Alternatively, electrochemical pre-lithiation is a sim-
pler technique and already established in lab-scale research
(i-e., by using a Li metal counter electrode), as it is close to
the existing formation LIB technology. In addition, electro-
chemical pre-lithiation also can be performed via electrolysis of
low-cost lithium salts, such as lithium chloride. Both these
electrochemical pre-lithiation techniques might even be real-
ized within roll-to-roll manufacturing processes, however, still
face various challenges for practical implementation, which
for example includes highly demanding conditions (e.g., addi-
tional washing and/or drying steps, optimized electrolytes) to
guarantee homogeneous pre-lithiation, effective SEI formation,
and high safety during manufacturing.®*! On the other hand,
the technique that is the most commonly used pre-lithiation
technique reported in the literature for LIBs is direct con-
tact pre-lithiation by using passivated Li metal powder as a Li
source.”>"l The main benefit of this method is that the degree
of pre-lithiation can be controlled with higher accuracy. More-
over, no additional step is needed because in an ideal case Li
metal powder is dissolved completely prior to battery cell opera-
tion. However, besides huge concerns regarding the safety in
terms of handling Li metal powder, the major drawbacks of this
method are inhomogeneous lateral and in-depth Li distribu-
tion leading to challenges with non-uniform SEI formation.l’
From the redox potential perspective, ensuring a sufficiently
high homogeneity of Li distribution is critical since it ensures
a homogeneous alloying reaction. If the Li distribution is inho-
mogeneous, the reaction appears unevenly since there might be
local spots where it is lithiated and there are locations where it is
not, giving rise to potential discrepancies within the electrodes.
The instability of this situation (due to many variations of lithi-
ated spot and non-lithiated spot) induces pseudo-driving force
for their self-discharge and unintentional aging behavior.[3%20]
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Further, when pre-lithiation reaches maximum Si capacity,
highly uniform Li distribution will induce homogeneous Lij5Siy
phase formation and shift the potential level of Si anodes close
to the potential level of Li. Therefore, the open-circuit voltage
(OCV) will likely be close to 0 V versus Li|Li*. The condition
where the anode output voltage is lower than =1.0 V is typically
the condition for electrolyte reduction.?!! The electrolyte then
decomposes and an SEI layer is formed. This is a vivid method
to create an SEI before the battery cells are assembled. Hence,
we introduce this term as “pre-SEI formation.” Normally, bat-
tery cells (e.g., conventional LiNi,Mn,Co,0, (NMC-xyz)||Si/
graphite cells) are always assembled in the fully discharged
state, and the active Li content is stored within the positive elec-
trode (cathode). During the 1st charge of the cell, the formation
of the SEI at the negative electrode (anode) will consume Li*
ions from the cathode, thus decreasing the amount of active Li
content within the cell and leading to capacity loss. With pre-
SEI formation, these complications could be prevented as Li*
ions in the cathode will not be sacrificed for forming SEI.

In this work, a novel pre-lithiation technique for Si thin
films by Li thermal evaporation is reported for the first time.
This pre-lithiation technique facilitates uniform Li distribution
and thus homogeneous (pre-)SEI formation at the anode. The
presented pre-lithiation strategy overcomes the current limita-
tions of the previously-mentioned pre-lithiation techniques,
that is, by the ability to precisely control the degree of pre-
lithiation and a highly homogeneous Li metal deposition at the
electrode surface. This study contributes as a foundation of the
next level understanding of Li,Si, phase change in regard to
the pre-lithiation, SEI formation, and the avoidance of Li loss
during cycling in a wider sense. The Li nucleation phenomena
and subsequent multi-step phase transformations caused by
vapor-deposited Li are deeply investigated by varying the degree
of pre-lithiation. The impact of the addition of the typical car-
bonate-based liquid electrolytel?”! on the reaction mechanism is
explored, so the terms “dry-state” and “wet-state” pre-lithiation
are revisited. Finally, an electrochemical characterization to vali-
date active lithium losses which allows a direct correlation of
an effective SEI formation to the Li distribution is performed.
These phenomena are comprehensively studied for amorphous
Si thin films to prevent binder and conductive carbon interfer-
ence in data interpretation.?’]

2. Results and Discussion

2.1. Li Deposition Using Li Thermal Evaporation Technique:
Pre-Lithiation of Si Electrodes in Dry-State

Pure amorphous (a-) Si thin films (thickness: =300 um) depos-
ited on dendritic copper foil via magnetron sputtering were
used as model electrodes to directly investigate the impact and
reaction mechanisms of the proposed pre-lithiation approach.
The possibility to deposit Li metal using a physical vapor dep-
osition (PVD) method namely “Li thermal evaporation” was
explored (see Figure S1, Supporting Information). Li metal foil
was used as the Li source with precise control depending on
the desired thickness. By increasing the temperature inside
an ultra-high vacuum chamber (for further details, check the
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Figure 1. a) Schematic illustration of the deposited thin lithium metal on Si particle. Top view micrographs by SEM and elemental mapping by EDX
of the b) Si + 245 nm Li, ¢) “Si + 975 nm Li” samples. Side view micrographs by cryo-FIB and elemental mapping by EDX of the d) Si + 245 nm Li,
e) “Si+ 975 nm Li” samples. The images were taken directly after Li deposition.

Experimental Section), the Li foil immediately melts and rapidly
spreads across the electrodes. Two layers of Li with the thick-
ness of 245 nm (further referred to as “Si + 245 nm Li”) and
975 nm (“Si + 975 nm Li”), respectively, were deposited on top
of Si thin film electrodes, as schematically depicted in Figure 1a.
These values correspond to =40% (“Si + 245 nm Li”) and =100%
(“Si + 975 nm Li") pre-lithiation degrees which were confirmed
by Li stripping of pre-lithiated Cu foil as well as the de-lithiation
profiles of pre-lithiated Si as shown in Figure S2a,b, Supporting
Information. It is important to note that once the Li is depos-
ited on the Si surface, it reacts to create a binary lithium-silicide
(Li,Si,) intermetallic phase.7¢2

Highly uniform Li deposition was successfully achieved
as confirmed by top-view images by using scanning electron
microscopy (SEM) combined with energy-dispersive X-ray spec-
troscopy (EDX) analysis for the elements Li, O, and Si, as shown
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in Figure 1b,c. To check the homogenous in-depth Li distribu-
tion within the electrode, cryo-focused-ion beam (FIB) analysis
was performed at the temperature of —150 “C to avoid sample
damage. The corresponding cross-sectional EDX images for the
different samples are shown in Figure 1d,e. As can be seen, Li is
evenly distributed within the electrode regardless of the degree
of pre-lithiation, proving that the Li on the interface was suc-
cessfully infiltrated to the Si pores. Noteworthy, as Li is a light-
weight element, the Li EDX-signal might overlap with those of
other heavier elements. Therefore, although the Li-enriched
area evidenced by EDX analysis shown in Figure 1b—e can give
a general idea about the Li distribution, conclusions about Li
quantification must be interpreted with caution. In this case,
the “Si + 975 nm Li” sample shall appear more abundant and
brighter compared to the “Si + 245 nm Li” sample. The EDX
mapping also shows that the pre-lithiated electrodes contain
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Figure 2. a) SEM image of pre-lithiated “Si + 975 nm Li" electrode (the sample was tilted 54°). b) Cryo-FIB image in the Li nucleation area of pre-
lithiated “Si + 975 nm Li” electrode. SEM micrographs giving evidence of the slow alloying process in the dry-state pre-lithiation detected for the
“Si+975 nm Li” electrode: c) top-view, and d) tilted 54°. €) Observation of stage 3 by SEM and elemental mapping by EDX in the “Si + 975 nm Li” electrode.

rich concentrations of oxygen, suggesting the presence of a
native layer of Li,O. This was attributed to the spontaneously
formed thin oxide layer under glove box or dry room atmos-
pheres at the Li metal-air interface. Generally, after Li deposi-
tion on top of Si, the apparent morphology of Si particles is less
spherical in comparison to the pristine Si thin film as shown
from SEM images in Figure S3a—d, Supporting Information.
Interestingly, the lower magnification SEM images revealed
the presence of Li metal islands in the “Si + 975 nm Li” elec-
trodes (Figure 1c; Figure S3d, Supporting Information (right)).
In the classical theory, such Li metal islands can be ascribed to
the Li nucleation where it is a new solid-phase associated with
energy barrier related to the thermodynamic costs of forming
the island cluster.’]

During Li deposition, it is believed that the nucleation of a
single Li atom on the Si surface occurs at first. As the number
of Li atoms increases to a thick 975 nm, the electrochemical
potential drops to =0 V at which is sufficient to drive the nuclea-
tion of Li. This condition allows the newly deposited Li atom on
the surface to meet another Li atom without having interaction
with Si particle and subsequently, these atoms join together to
form a Li metal island (Figure 2a). This Li metal island covers
the surface of the “Si + 975 nm Li” electrode with void space in
between as revealed by the cryo FIB image shown in Figure 2b.
In more detail, Figure S4a,b, Supporting Information shows
a side-view comparison between the area where the Li metal
island takes place and the area without the Li metal island. The
sample was further stored in the dry-state (condition without
electrolyte addition) for 2 weeks before being measured with
SEM and EDX as shown in Figure 2c—e to observe its behavior.
It seems clear that the Li nucleation phenomena in the dry-
state might experience three distinct observable stages: i) First,
the formation of Li islands, followed by ii) the slow reaction of
the Li islands with Si by an alloying lithiation mechanism, and
finally iii) the complete reaction of deposited Li with the Si as
indicated in Figure 2e where O and Si are present.

Figure S5, Supporting Information shows low magnifi-
cation SEM images (for a fairer comparison) between the
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“Si + 975 nm Li” electrodes which were measured imme-
diately after Li metal deposition (Figure S5a,b, Supporting
Information), and with the “Si + 975 nm Li” electrodes which
were measured after 2 weeks storage time in the dry-state
(Figure S5¢,d, Supporting Information). As can be seen, there
are no significant changes in Li metal island size for both sam-
ples, with an estimated size of =10-20 um. The relatively sim-
ilar size may be due to the same thermodynamic energy needed
to form the island clusters across the surface of the electrodes,
as Si thin films have flat and homogeneous surfaces. The size
of the Li metal island remains the same within 2 weeks due to
slow reaction to the Si beneath.

Raman spectroscopy which mostly focuses on the lateral
resolution was used to characterize the homogeneity of the
pre-lithiated Si electrodes which were measured right after Li
deposition. Results give evidence that Si thin film is uniformly
lithiated as shown in optical images in Figure S6a—c, Sup-
porting Information. The observable disappearance of the band
associated with the a-Si peak at 480 cm 2%l and the transition to
the Li,Si, phase at 400 cm™ further confirms the lithiation of Si
(Figure S6d,e, Supporting Information). This observation is in
accordance with previous Raman measurements on the Li,Si,
phase.”’l Furthermore, a peak at 1853 cm™ can be noticed that
might be attributed to the sample exposure to the laser during
Raman measurement and trigger the formation of Li,C, as the
Li could be melted. Another possibility is due to the decompo-
sition of the Li,CO; formed on the Li surface since the vapor-
deposited Li is very reactive and the glove box is not 100% filled
with Ar. Therefore CO, reacts with Li forming Li,CO; and thus
transforms to Li,C,.1%%!

The pre-lithiated Si electrodes were then further examined
via X-ray photoelectron spectroscopy (XPS) with an Ar* sputter
depth profiling to provide an overview of the lithiation depth
(Figure 3a,b). The top surface of both electrodes was covered
by a thin layer of Li which will serve as Li metal anode during
electrochemical operation. After 3 min of Ar* sputtering in
the “Si + 245 nm Li” electrode, three peaks in the core Si 2p
spectra attributed to the 1i,SiO,, (=101 eV), Si,O, (103 eV), and
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Figure 3. Li 1s and Si 2p depth profiling XPS core spectra of a) “Si + 245 nm Li” and b) “Si + 975 nm Li" electrodes in dry-state. The measurements
were conducted immediately after Li deposition. Two independent samples for each material with three different positions were conducted.

SiO, (104 eV) become noticeable (Figure 3a; Figure S7a, Sup-
porting Information, (top)).2”! This is the region where the
top surface of Si underneath Li is reached. The formation of
Li,SiO, originates from Si,O, or SiOH native oxide layer on Si
thin films involved in the solid-state reaction with metallic Li.
In the deeper regions, the highly reactive Li metal reacts with
Si particles forming a Li,Si, alloy, as observed at binding ener-
gies of =98 eV (Figure S7a, Supporting Information (bottom)).
The reaction then propagates throughout the surface of the
film. Meanwhile, in the “Si + 975 nm Li” electrodes, the cor-
responding peak of Li,SiO, in Si 2p is visible only after 12 min
of Ar* sputtering (Figure 3b; Figure S7b, Supporting Informa-
tion (top)). The absence of a Li,Si, alloy peak even after further
sputtering time confirms a thicker Li layer of this sample (see
Figure S7b, Supporting Information (bottom)) in agreement
with previous EDX results shown in Figure 1b,c.

2.2. Mechanism for Wet-State Pre-Lithiation of Si Electrodes:
Addition of Electrolyte

The term “wet-state” represents the condition at which pre-
lithiated electrodes are exposed to the organic carbonate-based
liquid electrolyte (1 m LiPFg in ethylene carbonate (EC):ethyl
methyl carbonate (EMC) (3:7 by wt) with 10 wt% fluoroethylene
carbonate (FEC)). After Li deposition by PVD, the addition
of electrolyte to the pre-lithiated electrodes makes the pre-
lithiation mechanism much more complex, that is: 1) it induces
pre-SEI formation by electrolyte decomposition since the poten-
tial of the electrode is lower than 0.4 V versus Li|Li*, hence, the
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electrolyte is reduced, 2) faster pre-lithiation of the active mate-
rial as the electrolyte provides a path for Li* ion movements,
and 3) pre-volume expansion due to the faster alloying process.
All these reactions occur simultaneously and immediately after
the addition of the electrolyte.

2.2.1. Alloying Reactions

The pre-lithiated Si in the wet-state was first examined by X-ray
diffraction (XRD) analysis. For better comparison, the XRD
pattern in the dry-state is also provided here. A very distinct
pattern was detected from the samples in the dry-state and wet-
state (Figure 4a,b). In the dry-state, reflections are absent prob-
ably due to the amorphous character of the Si thin film and the
slow/no Li-Si reaction (Figure 4a). In other words, only Li that is
in contact with Si will react, while Li metal in the upper layer(s)
has no path to react with Si. In Figure 4b, the reflections which
appear after electrolyte addition are an indication of the Li-Si
alloying reactions. Main reflections found in “Si + 245 nm Li”
electrodes could be attributed to the formation of Li;,Siy, Li;3Sis,
and LiysSi,.P% Further, a rather increased intensity of crystalline
Li;5Si, reflections was found for the “Si + 975 nm Li” electrode
compared to the “Si + 245 nm Li” electrode, giving evidence of
a deeper lithiation state of Si, in good agreement with previous
works.BU Accordingly, the slight discrepancy reflections appear-
ance between “Si + 245 nm Li” and “Si + 975 nm Li” could also
be attributed to the thickness of the samples that may be too
thin to satisfy Bragg’s law. In this case, some reflections may
have been missing.

© 2022 The Authors. Advanced Functional Materials published by Wiley-VCH GmbH
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Figure 4. Pre-lithiation effect on Si thin film negative electrodes. XRD patterns of various electrodes a) in dry-state (immediate measurement) and b) in
wet-state 48 h after electrolyte addition. The reflections in the dry-state are independent of the time since similar reflections can be seen even when the
samples are stored for 2 weeeks. In the wet-state, the choice of 48 h prior to the measurement is to let the samples experience Li-Si alloying reaction
(48 h means the samples have entered region Il which will be explained later as depicted in Figure 5b).

2.2.2. Consumption of Excess Li Metal

OCV profiles of the samples in wet-state conditions were
recorded for 6 h after cell assembly to observe the lithiation
behavior of the electrodes (Figure 5a). In the resting time of
6 h, two different phenomena were observed. The “Si + 245 nm
Li” sample exhibits an OCV of =0.4 V and experiences a sudden
voltage increase, while the “Si + 975 nm Li” electrode has an
OCV of =0 V and experiences a sudden voltage drop. The
obvious difference in OCV for both samples is due to different
Li amounts which lead to a different degree of pre-lithiation.
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In the “Si + 245 nm Li” sample (=40% pre-lithiation degree),
Li is less likely to cover the whole Si surface due to the lower
degree of available Li for pre-lithiation, meaning there might
be local spots where Li metal is present and there are locations
where it is not (as schematically illustrated in Figure 5c). Thus,
the electrodes will experience many differences in utilization
of the Si particles (spots with remaining bulk Li metal will
be different from spots without Li metal) causing locally dif-
ferent electrode potentials leading to an overall mixed electrode
potential, cf. explanations in refs. [32] The voltage increase
as shown in Figure 5a for “Si + 245 nm Li” suggests that
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Figure 5. OCV development of Si||Li metal cells using “Si + 245 nm Li” and “Si+ 975 nm Li” electrodes with a) 6 and b) 200 h resting time after addition
of the electrolyte (1 m LiPFg in EC:EMC 3:7 by wt + 10 wt% FEC). c) Schematic illustration of wet-state pre-lithiation of the “Si + 245 nm Li” electrodes,
d) schematic illustration of Li consumption by lithiation and pre-SE| formation in the wet-state “Si + 975 nm Li" electrodes.
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self-discharge is taking place.?% Considering that Si and Li
metal may be present, self-discharge involves Li metal dissolu-
tion at low cell voltages and de-lithiation of Li,Si, at higher volt-
ages. Another aspect that may contribute to voltage changes is
the competition of Li consumption between two mechanisms,
that is, 1) pre-lithiation of the active Si material (with the simul-
taneous dissolution of Li metal) and 2) consumption of Li for
pre-SEI formation.

Meanwhile, in the “Si + 975 nm Li” sample, the OCV up to
6 h is =0 V which indicates Li metal as one electrode is as if
being paired with Li metal film (on Si) as the other electrode,
implying vapor-deposited Li was covering the whole Si sur-
face and confined within the porous substrate surface (den-
dritic Cu + Si). The excess Li on the Si surface will not allow
the electrolyte to penetrate to the Si thin film beneath for some
time. There is no driving force for the Li to react despite being
exposed to the electrolyte. Only the Li that is in contact with Si
will experience alloying reaction to form the c-Li;sSi, phase as
found in previous work.7!l The excess Li metal on the Si sur-
face keeps the potential of the Si electrode nearly the same as
the potential of pure Li metal.

The OCV profile was then held for 200 h for both electrodes
as can be seen in Figure 5b. The “Si + 975 nm Li” shows a
clear voltage increase that can be divided into three regions:
region I, region II, and region III, respectively. In the first
28 h (corresponding to region I), the potential of the electrode
does not change which means the electrolyte is unable to pen-
etrate to the deeper region and is only in contact with excess
Li metal. The voltage starts to increase in region II (28—47 h)
which explains a small part of excess Li is used up for pre-SEI
formation. In region III, the curve increases exponentially to
0.36 V (47-150 h) followed by a nearly steady voltage plateau
up to 200 h. We believe at this point the excess Li is completely
consumed as a consequence of pre-SEI formation, Li metal
dissolution at low voltages, and de-lithiation of Li,Si, at higher
voltages. To the best of our knowledge, this is the first report to
establish in situ pre-SEI formations via lithium evaporation and
subsequent electrolyte addition before cell operation. Thus, due
to the presence of the pre-SEI formation, Li* from the cathode
will not be consumed and the pre-lithiated Si electrodes will
have minimum capacity (=active lithium) loss. Therefore, it is
expected that the cell will have an improved capacity retention.
The schematic, showing the transformations from region I to
region II and eventually to region III in the “Si + 975 nm Li”
sample, is described schematically in Figure 5d.

The first charge/discharge cycle of the pre-lithiated elec-
trodes was analyzed at 0.1 C in Si||Li metal cells. Figure S8a,
Supporting Information shows lithiation/de-lithiation capaci-
ties of pristine Si, “Si + 245 nm Li,” and “Si + 975 nm Li” with
6 h resting time, respectively. A common nominal lithiation
capacity was obtained for pristine Si. The lithiation capaci-
ties for “Si + 245 nm Li” and “Si + 975 nm Li” electrodes were
=2000 and =0 mAh g7, respectively. When the resting time
was increased to 200 h, the specific lithiation capacity for
both pre-lithiated Si electrodes increased to =2470 mAh g
for “Si + 245 nm Li” and =290 mAh g! for “Si + 975 nm Li,”
respectively (Figure S8b, Supporting Information). The change
of capacity as a function of resting time is most likely attributed
to the consumption of excess Li.
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2.2.3. Phase Transformations of Pre-Lithiated Si
During (De-)lithiation

The other unique behavior is the increase in de-lithiation
capacity which has been never seen in other pre-lithiation
techniques (Figure S8c,d, Supporting Information). With 6 h
resting time Si, “Si + 245 nm Li,” and “Si + 975 nm Li” elec-
trodes can reach de-lithiation capacities of 2770, 2960, and
3750 mAh g7l respectively. The pre-lithiated Si electrodes
might experience homogeneous crystallization which typically
involves preceding nucleation from a single phase and its sub-
sequent grain growth.[33 In other words, a two-step mechanism
applies as proposed by Jiang et al., where there is an electro-
chemical step that forms critical nuclei of Lijs , sSiy (0 repre-
sents a very small increment of lithium) from single phase
followed by the growth of the nuclei to the c-LijsSi, phase.?
This would explain the slight de-lithiation capacity increase as
the degree of pre-lithiation increases.

Clear differences between samples can be seen from the
first cycle voltage profile and the differential capacity (dQ/dV)
versus voltage plots as depicted in Figure 6a—c. The pristine
Si and “Si + 245 nm Li” show similar voltage curves except in
region 1. The lithiation of pristine a-Si shows a rather sloping
potential profile as typical for a single-phase reaction indicating
Li* ions enter a Si-dominated environment (Figure 6a,c; I). For
the case of “Si + 245 nm Li,” the environment is already domi-
nated by Li,Si, from the beginning. This is the reason why the
first cathodic peak of “Si + 245 nm Li” exists with lower inten-
sity compared to the pristine a-Si (Figure 6¢; I). As the cut-off
voltage does not go below a limit of 50 mV, the Si maintains its
amorphous character and forms the final amorphous product
a-Li,Si, for both electrodes (region II).*%! The subsequent pro-
cess indicated by regions III and IV corresponds to the de-
lithiation of a-Li,Si,.

The “Si + 975 nm Li" electrodes show a distinct voltage
profile. The flat plateau (Figure 6b; V) and the second anodic
peak (Figure 6¢; V) correspond to the stripping process of
excess Li metal that remained on Si thin films after 6 h resting
time and the amount can be estimated based on the length of
the stripping voltage plateau.l*® Since the voltage is =74 mV
which lies within the voltage range where the c-Li;sSi, phase
forms (<50 mV), thus one single intense peak at =0.45 V from
the dQ/dV plot is detected during de-lithiation (Figure 6¢; VI)
and a single-wide plateau substantiates the coexistence of two-
phase region (Figure 6b; VI).134%7]

The reaction of Si with Li in the regions I-VI can be sum-
marized as follows:

T'and IT : y(a-Si) + xLi* + xe” — a-Li,Si,

[T and IV : a-Li,Si, — y(a-Si) + xLi* + xe™

V : Li metal stripping

VI : ¢-LiysSi, — 4a-Si + 15Li* + 15e-

The crystallization behavior is further discussed in detail
from the results of constant current charge/discharge using
different resting times shown in Figure S9a,b, Supporting
Information. The first sample is pristine Si when discharged
with a constant current of 0.1C to 74 mV (same as the OCV of
“Si+ 975 nm Li”). The second sample is “Si + 975 nm Li” with a
6 h resting time, and the third sample is “Si + 975 nm Li” with
200 h resting time. In alignment with reported literature, when
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Figure 6. Electrochemical characterization of different Si||Li metal cells: a,b) st cycle voltage profile at 0.1 C, and c) corresponding differential capacity
(dQ/dV) versus voltage plots of the Ist cycle. The pristine Si was discharged until reached 50 mV. All cells were rested for 6 h prior to the cell operation.

the voltage of Si falls below 50 mV, the reaction is associated
with an abrupt formation of crystalline Li;sSi, as characterized
from an intense peak at =0.45 V in the dQ/dV plot (Figure S9b,
Supporting Information).***38] For the “Si + 975 nm Li” elec-
trodes, regardless of resting time, the existence of c¢-Li;5Si, is
confirmed which suggests that the a-Li,Si, rapidly crystallized.
This phenomenon can be considered equivalent to the delayed
freezing of super-cooled water below 0 °C, in which liquid
water can remain totally free of ice for a certain period before
the transition to ice. From the figure, one also can conclude
that there is no Li stripping process in the “Si + 975 nm Li”
electrodes after being rested for 200 h suggesting no remaining
excess Li.

2.3. Surface Analyses of Pre-Lithiated Si Electrodes in
Dry-State versus Wet-State

Figure S10a,b, Supporting Information shows the morpho-
logical and structural differences of the “Si + 245 nm Li” and
“Si+ 975 nm Li” in the dry-state and wet-state (before and 48 h
after electrolyte addition). In the dry-state, Li metal is visible on
the outer surface of Si for both samples (“Si + 245 nm Li,” and
“Si+ 975 nm Li"), without the presence of any cracks in the sur-
face. In the wet-state, the observed morphological behavior is in
strong contrast to that observed in the dry-state, revealing the
formation of several cracks due to lithiation of Si as well as the
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associated volume change. The former gaps between the Si par-
ticles have also diminished which might be caused by the accu-
mulation of SEI decomposition products due to the reaction
between Li,Si, with the added electrolyte. This chemomechan-
ical appearance of the Li,Si, phase has been expected, and it is
analogous to that of electrochemically lithiated Si anodes.l*"]
Another striking observation is shown in Figure 7a—d.
Surface morphologies of pristine Si and “Si + 975 nm Li” (dry-
state) are shown in Figure 7a,b, respectively. The comparison
of fully electrochemically lithiated pristine Si and wet-state
“Si + 975 nm Li” electrodes is also provided in Figure 7c,d,
respectively. This is a fair comparison as both electrodes expe-
rience a similar voltage (=74 mV). Large cracks and expanded
surfaces are observed for the electrochemically lithiated pristine
Si electrodes (Figure 7c). The obvious cracks in the micrometer
range suggest that the large volume change occurred in electro-
chemically lithiated Si causing the disconnection of the active
material particle and inducing large Li losses. In the worst
case, if the active materials are detached, the electronic connec-
tion to the substrate that is necessary for the electron transfer
would be lost, t00.% Contrarily, SEM images reveal excellent
integrity with rather moderate cracks across the surface of the
wet-state “Si + 975 nm Li” electrode (Figure 7d). This moderate
crack is a consequence of the pre-SEI formation. Electrodes
maintain the original morphology despite the occurrence of
the alloying process. The robust connections tightly hold the Si
particles together to resist the disconnection of active materials.
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Figure 7. Visualizing of surface crack and volume expansion. SEM micrographs of a) pristine Si before electrochemical lithiation, b) dry-state
“Si+ 975 nm Li,” c) electrochemically lithiated pristine Si to =7.4 mV at 0.1 C, and d) wet-state pre-lithiation of “Si + 975 nm Li.” In the wet-state, the

measurements were conducted 48 h after electrolyte addition.

Therefore, thermal evaporation of Li is a highly promising
option for the pre-lithiation of Si-based anodes which provides
not only a precise pre-lithiation degree but also induces a pre-
SEI formation for better utilization and stabilization of high-
volume-change electrode materials and avoids continuous Li
losses in practical LIB cells.

2.4. Electrochemical Reversibility in Si||Li Metal Cells

The initial five cycles of cyclic voltammetry (CV) plots of the
three electrodes are compared to study the reversibility of the
lithiation/de-lithiation processes, as well as the Li* ion trans-
port properties under the influence of pre-lithiation as shown
in Figure S1la—c, Supporting Information. For the case of pris-
tine Si as shown in Figure S1la, Supporting Information, the
occurrence of only one cathodic peak at =0.05 V in the first and
second cycle is due to the fact that the scan rate (25 uV s7) is
most likely too fast to fully lithiate the pristine Si thin film (here
the thickness is 300 nm) in these two cycles. From a previous
publication,! a clear cathodic peak at =0.3 V could be observed
for Si thin film with a lower thickness (140 nm) using the same
scan rate, which supports the assumption of the too fast scan
rate considering a more than double electrode thickness in our
work. In the third and further scans, the Si has expanded and
more area for the electrodelelectrolyte interface has been cre-
ated allowing to fully lithiate the Si even at the applied fast scan
rates. Thus, in the 3rd-5th cycle, the current peaks show better
(de-)lithiation reversibility. Figure S11b, Supporting Informa-
tion shows that the lithiation of “Si + 245 nm Li” starts from
=0.4 V. In the first cycle, the presence of one cathodic peak at
0.05 V implies that the Li directly enters a Li,Si, dominated
environment.* During the anodic scan, the peaks located at
=0.3 and =0.5 V evidence the discharge reaction of Li (vapor-
deposited Li and the Li inserted in Si) transforming the Ti,Si,
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phases to a-Sil*! In Figure Sllc, Supporting Information
(showing “Si + 975 nm Li"), no cathodic peaks are found in
the first cycle as the electrolyte cannot penetrate to the active
material since excess Li covers the Si surface, thus no lithia-
tion reaction of Si occurs. Similar to the dQ/dV versus voltage
profile, the anodic peak at =0.1 V in the CV experiment is due
to Li stripping and another peak at =0.45 V is the characteristic
de-lithiation peak of c-Lij5Sis. In the subsequent cycles, highly
reversible CV curves without obvious changes were observed,
suggesting that the Si has been “activated,” revealing improved
(de-)lithiation reversibility.

To further investigate the beneficial impact of pre-lithiation
by means of vapor-deposited Li and resting time on the long-
term material stability, room-temperature constant current
charge/discharge cycling of Si||Li metal cells was performed at
a rate of 0.5C for 200 cycles (Figure 8a,b). Figure 8a shows the
specific capacity as a function of cycle number and Figure 8b
shows the normalized specific capacity (100% was considered
from the first discharge capacity at 0.5C). Due to the formation
of a large Li reservoir and pre-SEI formation, “Si + 975 nm Li”
shows the most stable and the highest capacity retention, fol-
lowed by “Si + 245 nm Li” regardless of the resting time. In
contrast, pristine Si shows significant capacity fading, possibly
due to the extensive SEI accumulation and volume changes
during cycling. Nonetheless, it is difficult to comment on dif-
ferences in Coulombic efficiency (Cgg) since the values of the
individual electrodes are close to each other.

Thus, to have a better understanding of Cgg evolution, the
accumulated Coulombic inefficiency (ACI*)) and accumu-
lated irreversible capacity (AICH)) are provided in Figure 8c,d
and Figure S12a,b, Supporting Information comparing the
pre-lithiated electrodes with pristine Si. The “Si + 975 nm Li”
electrodes with 6 h resting time surprisingly show higher ACI
and AIC compared to “Si + 245 nm Li” and even pristine Si.
This phenomenon suggests that there might be a sweet spot

© 2022 The Authors. Advanced Functional Materials published by Wiley-VCH GmbH



ADVANCED
SCIENCE NEWS

ADVANCED
FUNCTIONAL
MATERIALS

www.advancedsciencenews.com

~ 4000

o))

X o I_(?}“, e 3 100

< 3500 oo R -

E

gy

2 3000 95

(6]

@

& 2500

(8]

o e Si 90

= 2000 ¢ Si+245nmlLiafter6h

[5) 1+ Si+245nm Liafter 200 h

8_ e Si+975nmLiafter6h

%) 1500 ® Si+975nmLiafter200h 85
0 50 100 150 200

Cycle number
250

(€)

200 4
150 4
100 1

50 4

e Si
® Si+245nmliafter6h
* Si+245nm Li after 200 h

100 150 200
Cycle number

0 50

Accum. coulombic inefficiency / %

>

>=
= 3
S (o
> ©
o o

o
@ =
2 )
5 &
C - ]
£ 8 .l
o = 061 Si+245nmliafter6h
= g s Si+245nm Liafter 200 h
o] = 05]* Si+975nmliafter6h
O 2 |+ Si+975nmLiafter 200 h

www.afm-journal.de

0 50 100 150

Cycle number

d
S 250
-
5 |@
& 200;
L
B 150
£
L2
o 1004
£
o
3 01 o Si
o e Si+975nmLiafter6h
E' 0 * Si+975nm Liafter200 h
3 o 50 100 150 200
(3]
< Cycle number

Figure 8. Electrochemical evaluation of various Si|Li metal cells after different resting times at 0.5 C. Specific capacities as a function of a) cycle
number, and b) normalized specific capacity up to 70% state-of-charge (100% was considered from the first discharge capacity at 0.5 C). Accumulated
Coulombic inefficiencies for c) “Si + 245 nm Li,” and d) “Si + 975 nm Li” using different resting times. The pristine Si profile is added as a baseline.
Errors represent the standard deviation of three cells per type of sample to ensure reproducibility.

between the thickness of Li metal and the thickness of Si thin
films, which impacts the degree of pre-lithiation and electro-
chemical performance. However, we believe, higher ACI and
AIC of the “Si+ 975 nm Li” electrodes are compensated and not
taken into the consideration to affect the stability and capacity
retention performance. With the usage of 200 h resting time
followed by three formation cycles at 0.1 C, the excess Li metal
on the surface was completely removed and promoted remark-
ably lower ACI and AIC for “Si + 975 nm Li” and eventually
suppressing active Li loss (Figure 8d; Figure S12b, Supporting
Information). This behavior also can be seen for “Si + 245 nm
Li” electrodes (Figure 8c; Figure S12a, Supporting Information).
Thus, we conclude that the parasitic reactions, which increase
the AIC and ACI due to electrolyte decomposition, seem to be
significantly reduced after long resting times (200 h) for pre-
lithiated Si.

To give further insights into differences in the electro-
chemical data shown above, Figure S13a—c, Supporting Infor-
mation shows the lithiation/de-lithiation capacities at the first
cycle using different resting times. For comparison, the data of
the pristine Si electrode is also plotted. With 6 h resting time,
the irreversible capacity of “Si+ 975 nm Li” is 80 mAh g}, which
is higher than the case of the “Si + 245 nm Li” (44 mAh g™!) or
even that of the pristine electrode (49 mAh g™!). However, after
200 h resting time, the irreversible capacity of “Si + 975 nm Li”
decreases significantly to 30 mAh g™ (62% lower), while for
“Si + 245 nm Li” decreases to 29 mAh g (34% lower). This is
further proof that an appropriate resting time is needed when
the electrodes are pre-lithiated to reduce parasitic reactions.
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With ongoing cycling, the same pattern was observed as
shown from Figure Sl4a—c, Supporting Information. Thus,
pre-lithiation with a thermal evaporation technique is an effec-
tive way to create effective SEI formation and proper resting
times are necessary to avoid undesirable reactions because of
excess Li metal.

Overall, the proposed Li thermal evaporation brings a novel
concept to introduce a new technique with a great promise and
will be of significant value to academic researchers and even to
industrial applications. This work has revealed the importance
of uniform Li distribution of pre-lithiation and demonstrated
a novel method to achieve it. The uniform Li distribution
induces pre-SEI formation, creates moderate surface cracks,
and increases reversibility during cycling. Further works will
focus on investigating the electrochemical performance of pre-
lithiated Si anodes in realistic full-cells. In addition, although
there would be a lot of challenges in achieving the desired
degree of pre-lithiation, the application toward practical Si-
based electrodes, such as silicon/graphite composite electrodes,
will be the main focus of further research.

3. Conclusion

In this work, pre-lithiation of Si thin films was conducted
through thermal evaporation of Li metal to mitigate active
lithium losses in Si-based cells. The proposed pre-lithiation
techniques overcome the challenges of existing pre-lithiation
techniques by using passivated Li metal powder or Li metal
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foil, that is, the ability to precisely control the degree of pre-
lithiation and to enable a highly homogeneous Li metal depo-
sition at the anode surface. We showed that a highly uniform
Li distribution compensates for the typical Li loss occurring
during cycling. The results clearly show that if such measures
are not taken into account, the particle-by-particle utilization/
lithiation differs and increase safety risks. We have discussed
important parameters such as Li nucleation and pre-lithiation
conditions (dry-state and wet-state, i.e., without and with liquid
electrolyte). In the dry-state, the absence of crystalline phases
indicated the relatively slow reaction (=lithiation) between Si
and the vapor-deposited Li. In wet-state, the conditions are
much more complex due to pre-SEI formation by electrolyte
decomposition, Li dissolution at low voltage, de-lithiation of
Li,Si, at higher voltage, and the competition of Li consump-
tion. These phenomena are all taking place simultaneously and
subsequently. Further, we comprehensively analyzed the impact
of the pre-volume expansion and moderate mechanical crack
formation on the electrochemical performance with respect to
resting time. Finally, this work opens up a new approach and a
further understanding of pre-lithiation studies for high-capacity
Si anodes in LIB cells. The pre-SEI formation described here
is therefore a promising strategy to achieve an even enhanced
lifetime of high-energy LIB cells.

4. Experimental Section

Si Thin Film Electrode Preparation: Magnetron sputtering was used
to deposit silicon as a negative electrode (purity 99.99%; resistance
< 0.02 Q; FST Freiberger Silicium and Targetbearbeitung GmbH) on a
dendritic copper foil (Carl Schlenk) acting as a current collector, and the
thickness was controlled by the deposition time (distance = 7 mm and
base pressure = 107 mbar). In the beginning, the chamber was flushed
with argon and the plasma was ignited at a pressure of 5 x 1072 mbar at
an RF-power of 90 W. The substrate holder was continually rotated at a
speed of 10 rpm to ensure homogeneous deposition. When the desired
thickness was reached (=300 um), the system was brought back to initial
conditions. The deposition thickness was determined by the deposition
on a silicon wafers substrate (Siltronic) through a profilometer (Bruker
Dektak XT). The weight of each Si thin film electrode (@12 mm;
~65.55 Ug cm™?) was determined by sputtering 25 samples and
averaging the weight.

Pre-Lithiation of Si Thin-Film Negative Electrodes by Thermal
Evaporation: The thin layer Li was deposited by the PVD method on
top of Si thin films using the ProVap PVD system (MBRAUN). The
process was based on a resistive heating approach, where Li metal
ingots were placed in an evaporation tantalum boat and a high electric
current combined with a low voltage was applied to melt and vaporize
the material. The maximum electric power delivered by the system
was 2000 W and for Li metal, an average of 15% of the total power
was used.

Deposition takes place at a high vacuum of about 107® mbar in the
ProVap PVD chamber integrated with a glove box (MBRAUN) filled with
argon (Ar) at H,0O concentrations below 0.2 ppm and O, levels < 0.1 ppm.
To minimize contamination, the entire glove box was flushed several
times with fresh Ar before each coating process. Also, the box and
chamber were baked out several times with a heat gun at 200 °C.

The evaporation process was controlled by an SQC-310 controller
(Inficon) using gold-coated quartz crystal sensors operating at 6 MHz.
Here the final film thickness, deposition rate, and further heating
parameters could be adjusted. The substrate was secured on the
substrate holder facing down to the evaporation source and kept in
rotation of 10 rpm. Also, the substrate was protected by a shutter until
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the desired deposition rate of 5 A s~ was reached. When the desired
deposition rate was kept constant, the shutter opens and the substrate
could be coated. Once the desired thickness was achieved, the samples
were transferred to an air-tight sample holder to avoid air exposure.
However, the deposited thin layer Li was highly reactive as it had no
native protection layer. In this configuration, the formation of Li,O was
most likely to happen.

Electrochemical  Investigation of Pre-Lithiated Si  Electrodes: All
electrochemical investigations were carried out in a-Si||Li metal cell (two-
electrode configurationtl) in CR2032 coin cells (Hohsen Corporation)
using Li metal foil (Albemarle; purity: battery grade) as a negative
electrode. A @15 mm separator (Celgard 2500, polypropylene) was
placed between the two electrodes. All cells were filled with 50 pL battery-
grade (BASF) which contained 1 m lithium hexafluorophosphate (LiPFg)
in EC/JEMC (3:7 by weight) with 10 wt% FEC as SEl-forming additive.
For electrochemical experiments, all cells had a rest period of 6 h at
OCV unless stated otherwise. The cells were cycled in a voltage range of
0.05 to 1.2 V unless stated otherwise. Cells were cycled for three cycles
at a charge/discharge rate of 0.1 C (1 C corresponds to 3500 mA g™
and at 0.5 C for 200 cycles. After the lower voltage was reached, a
constant voltage step was performed until reaching a specific current of
<0.05 C (175 mA g™). All electrochemical measurements were carried
out on a Maccor series 4000 battery tester at room temperature. For
CV, measurements were carried out on a VMP multichannel constant
voltage-constant current system (Bio-Logic Science Instruments)
at room temperature. The same voltage range to galvanostatic
charge/discharge was applied and the scan rate was 25 uV s™. All
electrochemical studies were performed at least three times to ensure a
sufficiently high reproducibility.

Characterization Methods: The morphology of the samples was
characterized using a SEM (Carl Zeiss AURIGA; Carl Zeiss Microscopy
GmbH). The SEM images were taken using a working distance between
3.5 and 4 mm and an accelerating voltage of 3 kV. EDX was measured
with an Ultim Extreme detector to evaluate the elemental composition of
the samples. The spectra were evaluated with the INCA software (Oxford
Instruments). The cryo-FIB (Zeiss lon sculptor FIB-column; Carl Zeiss
Microscopy GmbH) was employed to cut the Li-containing electrode at
—150 °C to avoid Li melting.

The crystallinity and phase changes of the pre-lithiated Si
electrodes were analyzed by ex situ Raman spectroscopy and XRD.
To record XRD patterns and to determine the phase transformation,
a Bruker D8 Advance X-ray diffractometer (Bruker AXS GmbH) with
a Cu-Ko wavelength of 0.154 nm and with a divergence slit of 0.5°
was used. Raman spectra of pre-lithiated Si electrodes were recorded
with a Raman microscope (Bruker SENTERRA, Bruker Optics Inc.)
operating at a wavelength of 532 nm and using 0.2 mW of excitation
power.

XPS was performed to analyze the SEI formed on the pre-lithiated
Si. The samples were transferred to the XPS device (Axis Ultra DLD,
Kratos) with minimum exposure to ambient air in a sealed container.
Monochromatic Al Ker X-rays (hv = 1486.6 eV) with a 10 mA emission
current and 12 kV accelerating voltage were applied. The pressure within
the analysis chamber was 10° mbar. The analysis area was =100 pum?
with a sputter crater size of =2 mm?2. A charge neutralizer was used to
compensate for the charging of the samples. The measurement was
performed at a 0° angle of emission and a pass energy of 20 eV. The
data fitting was carried out with CasaXPS. Calibration of the EBinding
was performed by using the C 1s C-H/CC peak (Eginding = 284.8 €V) as
an internal reference. Sputter depth profiling was carried out using
Ar* as ijon source (4 kV, 50 pA extractor current). For checking the
reproducibility, three different measurement spots per sample were
investigated.

Supporting Information

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