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Abstract: The user demands lithium-ion batteries in mobile applications, and electric vehicles request
steady improvement in terms of capacity and cycle life. This study shows one way to compensate for
capacity losses due to SEI formation during the first cycles. A fast and simple approach of electrolyte-
free direct-contact pre-lithiation leads to targeted degrees of pre-lithiation for graphite electrodes. It
uses tailor-made lithium thin films with 1-5 pm lithium films produced by lithium melt deposition
as a lithium source. These pre-lithiated graphite electrodes show 6.5% capacity increase after the
first cycles in NCM full cells. In this study, the influence of the pre-lithiation parameters—applied
pressure, temperature and pressing time—on the pre-lithiation process is examined.
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1. Introduction

Lithium-ion batteries are of common use for electric vehicles (EVs) today. However,
the capacity of these batteries is limited and so is the EV range [1]. One way to further
increase the LIBs capacity can be increasing the cathode capacity utilization. State-of-the-art
lithium-ion batteries are built in an uncharged state. As a result, all of the lithium available
for the cell chemistry is included in the cathode. By charging, the lithium is transferred to
the anode, which is graphite in most cases. During the formation, the deposited lithium
diffuses into the anode film and reacts with the electrolyte and graphite surface in order
to form the SEI [2,3]. This results in a low initial columbic efficiency (ICE) of about 90%
for graphite anodes and, as a consequence, 10% capacity loss. This means 10% of today’s
EV battery capacity is not accessible [4]. For silicon-based electrodes, the effect is even
more dramatic. Here, the first cycle efficiency is about 50-80%, which leads to even higher
irreversible capacity losses of 20 to 50% [5,6]. By compensating for these losses, the usable
capacity of EV batteries could be increased by 10% to 50% by using the complete cathode
capacity, resulting in a range extension of 40-60 km for these cars [7].

Pre-lithiation is one way to increase the usable capacity by compensating the lithium
losses during the SEI formation. Here, additional lithium is introduced into the cell. The
cell starts with more than 100% of lithium content regarding the cathode capacity after cell
assembly with the goal to be at 100% lithium content after the formation of the cell is done,
and the SEI is stabilized and completely formed.

Pre-lithiation can be performed on the cathode and on the anode sides. There are two
routes of cathode pre-lithiation described in the literature [8]. One way is adding additives
to the cathode material during the manufacturing of the cathode electrode [9-14]. These
additives have to be chemically, electrochemically and thermally stable, and need to fit the
cathode-processing conditions. Over-lithiated cathode materials, where cathode materials are
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chemically over-saturated with lithium during material manufacturing or electrochemically
after electrode processing are a second way of cathode pre-lithiation [15-21].

An alternative strategy is the pre-lithiation of the anode. Here, according to the
predicted lithium loss, a specific amount of lithium is added to the anode material and
can compensate for the losses upon the formation cycles. There are several approaches for
anode pre-lithiation described in literature, focusing on graphite, silicon, lithium-titanate
(LTO) electrodes and even on lithium-ion capacitors (LiC) [22,23].

Pre-lithiation can be carried out chemically by adding lithium-containing chemicals or
solvents to the anode material mixture during anode manufacturing [24-26]. This allows
good control over the degree of pre-lithiation. However, the reaction time is long, and the
used chemicals are often problematic. Possibly formed side products have to be removed
afterwards [24-26].

Alternatively, the thermal evaporation of lithium onto the anode can be used for
pre-lithiation [27,28]. This method can produce highly controlled pre-lithiation. However,
the apparatus effort for thermal lithium evaporation is comparably high due to the process
taking place in a low-pressure environment, and the lithium yield is rather low due to
material deposition everywhere inside the deposition chamber of the apparatus [27,28].

The pre-lithiation can also be achieved with an electrochemical strategy [29-32]. Within
this two-step procedure, the anode is built in a first intermediate cell with lithium metal as
a counter electrode. By applying a current, the pre-lithiation is observed. Subsequently,
this intermediate pre-lithiation cell has to be disassembled for obtaining the pre-lithiated
electrode for the second step of LIB cell manufacturing. The degree of pre-lithiation
can be controlled quite well with this method, but the implementation into the battery
manufacturing line is challenging, due to the high complexity and low speed of this
approach [29-32].

As another potential candidate, pre-lithiation can be realized by the direct contact of
the anode material with metallic lithium. Therefore, lithium can be used either in powder
form or as a lithium foil. A commonly used method is the application of so-called stabilized
lithium metal powders (SLMPs) in a mixture with anode materials [33-43]. Through the
application of pressure and electrolytes, the lithium intercalates into the anode material.
This is a rather feasible way of controlling the degree of pre-lithiation. However, residues
from the lithium passivation remain in the anode and cannot be addressed electrochemically.
In addition, the use of solvents and other reagents to crack the surface cover of the SLMP
needs additional washing/drying steps [33—43].

As a commonly used method for the pre-lithiation of many materials, lithium foil was
applied in direct contact with the anode sheet [44-48]. Not only graphite, but also silicon,
LTO and other anode materials, are under evaluation for the “direct contact pre-lithiation”
procedure. This method seems to be quite handy since it only involves pressing the lithium
foil onto the surface of the anode. Pre-lithiation happens quite fast, and the procedure
could be easily implemented into existing lithium-ion battery production lines. However,
due to the use of quite thick lithium foils, the pre-lithiation degree is difficult to control. In
addition, the remaining lithium foil with the unutilized lithium has to be removed after the
process. However, this causes difficulties in most cases due to the strong adhesion between
the remaining lithium foil and the pre-lithiated anode surface.

Thin lithium foils providing exactly the amount of lithium required to compensate
for the initial lithium losses could make the control of the degree of pre-lithiation much
easier. For a typical graphite anode ~3 pm and for silicon-based anodes between ~6 um and
~15 um, lithium would be sufficient [49]. However, lithium foils produced by roll pressing
are much thicker (>30 um) or available only in small dimensions [50]. Lithium thin films
made by vapor deposition techniques are thin enough but very costly to produce [51]. For
that reason, a study was performed to use lithium foils in different shapes and sizes to
compensate for the high lithium foil thickness by decreased area of the used lithium foil
pieces [49]. However, whether the lithium distribution is homogeneous throughout the
electrode material in this approach is questionable.
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Many of the described pre-lithiation techniques and methods show a good way to
control the degree of pre-lithiation, but the needed effort is high, or the pre-lithiation is
very time-consuming. On the other hand, some techniques are faster and could maybe be
well integrated into existing production lines but struggle with the control of the degree
of pre-lithiation.

Within this publication, we introduce a method for direct contact pre-lithiation with
controlled degree of pre-lithiation by applying a method of melt deposition of lithium
thin films in the range of 1-30 um (Figure 1a) [52,53]. Good control over the pre-lithiation
degree on the one hand and fast pre-lithiation with a straightforward perspective of process
integration on the other hand can be realized using the thin lithium films on temporary
substrates for contact-based pre-lithiation. The combination of these techniques enables the
commercial use of pre-lithiation for the capacity extension of existing lithium-ion batteries.
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Figure 1. Schematic illustration of the lithium melt deposition process including substrate pre-
treatment for lithiophilic interlayers and lithium deposition (a) [52]; photograph of the coating tool
for continuous thin lithium film coating (b); photographs of lithium on nickel foil processed by
different coating speeds (left:100 mm min~!, right: 150 mm min~1) (c); SEM image of temporary
substrate lithium surface (d); lithium loading on temporary substrate (black) and in pre-lithiated
graphite electrodes (red) resulting from these temporary substrates determined electrochemically
depending on the lithium coating velocity (e); CAD model of the pressing tool for electrolyte-free
direct contact pre-lithiation (f); photograph of the opened pressing tool with inserted sample stack
(g); sample stack consisting of temporary substrate and graphite electrode wrapped into polymer foil
to avoid the sample sticking on the pressing tool (h).
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2. Materials and Methods
2.1. Lithium Melt Deposition

Lithium metal melts at a relatively low temperature (180.5 °C) [54]. This enables the
use of standard liquid coating techniques with relatively low apparatus effort, e.g., doctor
blading, dip coating and spray coating. Due to its high reactivity especially in the molten
state, an argon atmosphere is mandatory. Like many other metal melts, liquid lithium also
shows a high surface energy, leading to low wettability on most substrate surfaces [55].
Lithiophilic interlayers can be applied to enhance the wettability. It is possible to apply
alloy-forming species, such as silicon or tin or metal oxide layers [56—60]. In this work, we
used a highly effective approach to form a nickel oxide layer on top of nickel foil by heating
in air atmosphere [52,53]. This layer increases the wettability of the nickel foil dramatically
due to the conversion reaction of NiO with Li, which decreases the surface energy:

NiO + 2 Li — Ni + Li,O 1)

Substrates prepared this way can be coated with liquid lithium by a dip-coating-
inspired process using a roll-to-roll equipment (Figure 1b). The resulting lithium loading
can be adjusted in a range of 0.05 mg cm 2 and 1.5 mg cm 2 (~1 um and ~30 um respectively
with a theoretical density of 0.534 g cm~3) by adjusting the web speed (Figure 1c). With a
coating width of up to 100 mm on 150 mm wide substrates, it is possible to provide thin
lithium metal coatings on a roll. More information on the melt deposition process can
be found in Supplementary Figures S1 and S2. For this study, single-side lithium coated
nickel foil was used as a temporary substrate. By adjusting the lithium layer thickness
to the amount of lithium to be compensated, the targeted degree of pre-lithiation can be
well-controlled. It is important to have a mechanically stable substrate since it has to be
removed after direct contact pre-lithiation. We used a 25 um thick nickel foil (hpulcas) with
excellent mechanical stability due to its grain structure combined with the high purity and
low carbon and sulfur content (Ni: >99.98%) [61]. In principle, the nickel foil can be reused
after the pre-lithiation process once it is scaled up to a roll-to-roll process.

The lithium films were deposited using the Fraunhofer IWS lithium melt deposition
process (described elsewhere [52]) on a 25 um thick nickel foil (Ni: >99.98%, hpulcas [61]),
which was treated in a roll-to-roll furnace at 600 °C for 240 s in laboratory air atmosphere
using a roll-to-roll (R2R) furnace (HTM Reetz). As a result of this thermal treatment, a
~200 nm thin NiO layer was formed. The thus treated nickel foil substrate (width: 110 mm,
length: 10 m) was coated with molten lithium (purity: 99.95%, Cellithium) using a liquid
lithium coating setup (described above) with a vessel temperature of 210 °C under an argon
atmosphere inside a glove box with <0.1 ppm H,O, <0.1 ppm O,, and <10 ppm N,. The
substrate velocity was varied between 50 and 320 mm min~! by a R2R winding to form the
needed lithium thicknesses between 2 and 15 pm. The lithium coating parameters and the
resulting lithium loadings are shown in Table 1. The sheets were punch cut in the described
dimensions after lithium coating. Each sheet was weighed to determine the lithium loading.
In addition, electrochemical stripping experiments were performed for the same reason.

Table 1. Parameters lithium melt deposition.

Web Speed Bath Temperature Lithium Loading
[mm min—1] [°C] [mg cm—2]

50 210 0.087

100 210 0.201

200 210 0.369

320 210 0.657

2.2. Electrolyte-Free Direct Contact Pre-Lithiation

With the temporary lithium substrates, we performed electrolyte-free direct contact
pre-lithiation. For this purpose, commercially available graphite electrodes (3.45 mAh cm 2,
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70 pm graphite on 10 um copper foil, 46 mm x 71 mm) were stacked on the temporary
lithium substrates in a specially designed pressing tool (Figure 1c,d) [62]. Electrolyte-free
contact lithiation is based on the process of intercalation of lithium in between the graphite
layers due to different redox potentials:

Li+ 6 C — LiCq ()

Increased pressure and temperature promote the intercalation, whereby pre-lithiation
of the graphite can take place. In order to increase the temperature and pressure on the
samples, they were transferred to a hot press. The essential task of the pressing tool is
to protect the samples from the laboratory atmosphere, especially from oxygen, nitrogen
and humidity. Furthermore, the device enables both the force and the heat transfer to
the sample. By varying the parameters temperature, pressure and time, we carried out
electrolyte-free contact lithiation, resulting in a color change of the graphite electrodes
from grey-black (before) to bluish, reddish and golden (after pre-lithiation). According
to Shellikeri et al. this indicates a successful intercalation of Li+ ions into the graphite
lattice [63]. Electrochemical stripping experiments and galvanostatic cycling in coin cells
allowed the quantification of the degree of pre-lithiation. The CE (coulomb efficiency) of
the first cycle was determined as a reference value and compared with samples without
pre-lithiation. A successful pre-lithiation is indicated by a higher first cycle CE, due to a
lower or even compensated lithium loss upon SEI formation.

After the temporary substrates had been manufactured, the pre-lithiation was carried
out. For this purpose, the graphite electrode (Evonik, 3.45 mAh cm~2) and the temporary
lithium substrate were stacked on top of each other in the upper part of the pressing tool.
A Mylar-foil was used to prevent the samples from sticking to the pressing tool. The lower
part was then inserted and locked. After that, the pressing tool was transferred to the
hydraulic press. The heating was set to the desired temperature and held for a period of
30 min to ensure that the samples and the material of the pressing tool are at the desired
temperature. After that, the experiment started by setting the aimed pressure and holding
for the desired duration. After pre-lithiation, the pressing tool was transferred to the
glovebox again, where the samples were removed. Table 2 shows the used parameters for
the different studies. One parameter was varied, while the other two were kept constant.

Table 2. Parameters electrolyte-free direct contact pre-lithiation.

Experiments Pressure Temperature Time

[MPal [°C] [min]
Pressure variation 5-40 150 15
Temperature variation 1 20 20-150 15
Temperature variation 2 40 20-180 15

Time variation 20 150 0-120

2.3. Electrochemical Characterization

To determine the amount of lithium on the temporary substrates, stripping tests
(0.079 mA cm~2, 2.5 V cut-off voltage) were carried out. The resulting capacity correlates
to the amount of the deposited lithium.

To prove the positive influence of the pre-lithiation, the samples were tested electro-
chemically. Therefore, the pre-lithiated graphite electrodes were tested in half cells where
the graphite was fully lithiated and then stripped electrochemically to calculate the ICE.
These cells were assembled vs. lithium foil (diameter: 16.5 mm, thickness: 250 um, purity:
99.9%, MTI Corporation, Richmond, CA, USA). For that reason, circular electrodes were
punched out (diameter: 10 mm) and placed in a CR2016 coin cell (MTI Corp.) with a
separator sandwich consisting of two PE separators (thickness: 12 um) and one glass fiber
separator (thickness: 260 um). Then, 100 pL 1 M LiPF¢ in ethylene carbonate/dimethyl car-
bonate (EC/DME) (1:1) was used as an electrolyte. The high amount of electrolyte and the
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thick separators were applied to guarantee full utilization of the pre-lithiated lithium. With
both the unlithiated and pre-lithiated graphite electrodes, galvanostatic charge/discharge
measurements were carried out. They were cycled (5x) with a constant current (0.1 C) in a
voltage range of 5mV and 1.5 V.

To investigate the performance of the pre-lithiated cells, subsequently, full cells were
prepared to evaluate the performance under more realistic conditions. Here, the cells were
fully charged and discharged to determine the initial CE. The cell setup did not differ
in comparison to the half cells, except the cathode. In this case, an NCM-811-cathode
(2 mAh cm~2; Custom Cells GmbH, Itzehoe, Germany) was used. The NCM811/Gr full
cells were cycled within the potential range of 4.2 to 2.2 V. For the formation cycles, 0.1,
0.2 C were applied for two cycles of each until 10% of the current was reached. For both
charge and discharge, a constant voltage step (CVS) was performed. The cells were then
cycled at the C rate of 1 C further to obtain long life stability.

All cells were assembled in a glove box, filled with argon (Mbraun, 0.1 ppm O, and
H,O) and tested in a BaSyTec Cell Test System (BaSyTec GmbH, Asselfingen, Germany).
The temperature was at 21 + 1 °C.

3. Results and Discussion

For determining the irreversible capacity loss of lithium-ion batteries, NCM full cells
with graphite electrodes were evaluated in galvanostatic cycling experiments in coin cells.
After the first cycle, an average loss of 12% was determined (Figure 2a). This can be
equivalent to a lithium loss of 0.082 mg cm 2 due to SEI formation, but also due to other
side reactions, such as cathode passivation, etc. To identify the anode capacity loss due to
SEI formation, in addition, the graphite anodes were evaluated in coin cells (half cells vs.
Li). Here, an average loss of 7% after the first cycle was determined, corresponding to an
irreversible loss of lithium of 0.063 mg cm~? (Figure 2d).

To compensate for this irreversible lithium loss, the method of electrolyte-free di-
rect contact pre-lithiation was used. For this purpose, temporary substrate carriers were
prepared with an average lithium loading of 0.2 mg cm~?2 (Figure le). Pre-lithiation pro-
vides this additional amount of lithium to the graphite electrode, which can be used for
SEI formation. To confirm the success of this experiment, pre-lithiated electrodes were
electrochemically stripped in half cells to determine the excess amount of lithium in the
graphite electrode. As expected, the stripped amount of lithium was very low. Only
0.16 mAh cm ™2 were measured. This corresponds to a lithium amount of 0.04 mg cm 2.
The here measured capacity results from excess lithium, which was not consumed by SEI
formation or other side reactions. Thus, it can be assumed that the additional lithium
introduced by the temporary substrates was sufficient to compensate for the irreversible
capacity losses due to SEI formation. The Coulomb efficiency (CE) gives an indication
of the success of the pre-lithiation. The lower the irreversible loss of capacity, the higher
the initial Coulomb efficiency (ICE), which is a sign of successful pre-lithiation. Lowered
initial voltage also indicates the presence of lithium inside the graphite electrode. In these
experiments, lithium was transferred into the graphite electrode electrochemically. If there
was no lithium in the graphite electrode before (unlithiated state), the measured charge
capacity consists of the graphite capacity (3.45 mAh cm~2) plus the lithium consumption
due to SEI formation (0.27 mAh cm~2). In the discharge step, only the graphite capacity can
be transferred because the SEI stays stable. The resulting ICE is lowered. If pre-lithiated
graphite is used, the measured charge capacity is lowered by the amount of lithium already
inside the electrode. If the pre-lithiated lithium amount is exactly the amount of the lithium
used for SEI formation, the discharge capacity is exactly the charge capacity, and the ICE is
100% as it was the target of this study. In half cells with pre-lithiated graphite electrodes,
an ICE of 99.91% was reached with optimal pre-lithiation parameters (Figure 2i). Voltage
profiles can be found in Supplementary Figure S4.
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Figure 2. Voltage profiles: Electrochemical determination of capacity loss during cell formation in

NCM full cell with unlithiated graphite electrode showing 12% capacity loss after the first cycle (ICE:
88%) (a) and with pre-lithiated graphite electrode showing 5.5% capacity loss after the first cycle
(ICE: 94.5%) (b); charge and discharge capacities for unlithiated and pre-lithiated graphite electrodes
measured electrochemically in NCM full cells for the first five cycles (c); electrochemical determination
of SEI induced capacity loss in half cells with unlithiated graphite anode showing 7.2% capacity loss
after the first cycle (d) and with pre-lithiated graphite anode showing 2.1% capacity loss after the first
cycle (e); initial Coulomb efficiencies of pre-lithiated material depending on pre-lithiation parameters
pressure (15 min, 150 °C) (f), time (20 MPa, 150 °C) (g), temperature at low pressure (15 min, 20 MPa)
(h) and temperature in combination with higher pressure (15 min, 40 MPa) (i).

The same pre-lithiated material was tested in full cells, too. This cell reached a capacity
of 2.46 mAh cm 2 in the first discharge (Figure 2b) while the unlithiated cell only showed
2.31 mAh cm~2 (Figure 2a). This calculates to an increase in usable capacity of 6%. Even
after five formation cycles, the capacity was increased by 6.5% in total usable capacity
(Figure 2c). The initial capacity loss in NCM full cells was reduced from 12% to 5.5% by
pre-lithiating the graphite electrode. The remaining capacity loss could result from other
side reactions also on cathode side and cannot be compensated by introducing additional
lithium into the system.

In a parameter study, we evaluated the influence of applied pressure, pressing time
and temperature during the pre-lithiation step on the cycle efficiency of the graphite
electrodes. The pre-lithiated material was built into coin-cell-sized half cells and was cycled
electrochemically afterwards.
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The first varied parameter was the applied pressure. It varied between 5 and 40 MPa,
while temperature (150 °C) and time (15 min) were constant. It seems to have a very high
impact on the pre-lithiation success (Figure 2f). Obviously, higher pressure (>35 MPa) leads
to better pre-lithiation (99.9% for 40 MPa) due to a better contact of the lithium-graphite
interface and therefore, better lithium transport from the temporary substrate into the
graphite electrode. In our setup, the pressure could not be increased further than 40 MPa,
although a further increase could have a positive influence on the pre-lithiation.

The time is an important parameter for transport processes, especially when it comes to
continuous large-scale production lines since the throughput is one key factor. In this study,
the time was varied from 0 to 120 min, with pressure (20 MPa) and temperature (150 °C)
being fixed. No significant influence of the time on the pre-lithiation was measurable
(Figure 2g). Short pressuring durations as well as long durations did not lead to a sufficient
pre-lithiation. Obviously, increased time does not lead to sufficient lithium transfer without
proper interface contact and good lithium mobility. As a consequence, pressure and
temperature have to be combined with the time to successfully pre-lithiate.

Since the lithium transfer from the temporary substrate to the graphite electrode is
a diffusion phenomenon, an influence of the temperature can also be expected. Here,
the temperature impact on the pre-lithiation at low pressure (20 MPa) was not detectable
(Figure 2h). Even at high temperatures near the melting point of lithium, the ICE was not
increased significantly. Although the lithium mobility should be much higher for high
temperatures, the lithium transfer between temporary substrate and graphite electrode
was limited due to the low pressure (20 MPa) used in these experiments. The temperature
was not further increased in order to keep the lithium solid and thus avoid side reactions
with the electrodes binder and safety issues induced by the high reactivity of liquid-phase
lithium. In a next step, the temperature influence was determined in combination with a
higher pressure (40 MPa) (Figure 2i). Here, higher temperatures close to the melting point
show the highest ICE (99.91%). Higher pressure improves the lithium-graphite interface as
shown above, and higher temperatures lead to higher lithium mobility, which results in
improved lithium transport to the graphite [64].

The resulting pre-lithiated graphite electrodes showed a bluish to golden color accord-
ing to the degree of pre-lithiation in the top graphite layers. Figure 3a—c show the graphite
electrode before and after direct contact pre-lithiation, whereby the golden color of the
pre-lithiated graphite is a sign of 100% pre-lithiation (LiCg) [63]. Since there is a higher
lithium concentration in the upper graphite layers compared to deeper areas, a golden
surface color can be observed, although the average degree of pre-lithiation over the whole
graphite layer thickness is much lower (Figure 3f). The color changes after storage time
of 24 h from golden to rather grey due to ongoing lithium diffusion into deeper graphite
layers until an equal lithium distribution throughout the graphite electrode is reached. The
temporary nickel substrate shows no lithium residues after pressing because the entirety of
the lithium has been transferred to the graphite (Figure 3e). This is important for the process
for two reasons: on the one hand, it means that the exact amount of lithium is provided
and the degree of pre-lithiation is well-controlled; on the other hand, residual lithium on
the temporary substrate would lead to a strong adhesion of the graphite and the nickel,
consequently being hard to separate after pressing. Most likely, the graphite electrode
would be destroyed by pulling apart the two materials. Figure S3 in the Supplementary
shows material without sufficient lithium transfer.

The surface as well as the bulk material of the pre-lithiated graphite electrodes were
analyzed by SEM (Figure 3g-1). The direct contact pre-lithiation seems not to change the
graphite structure even for 50% pre-lithiated graphite as can be seen in Figure 3i. In partic-
ular, the FIB-SEM cross sections do not show swollen graphite particles or enlarged voids
between the graphite particles (Figure 3i-1). This indicates the process of homogeneous
lithium intercalation to be more likely compared to metallic lithium being deposited in
pores or voids. In addition, the high pressure applied during pressing seems not to have a
negative impact on the graphite material.
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Figure 3. Photograph of an unlithiated graphite electrode (a), a 7% pre-lithiated (b) and a 50%
pre-lithiated (c) graphite electrode directly after static pressing; temporary substrate with ~6 um Li
(d) and temporary substrate with no lithium left over after pressing (e); schematic illustration of the
lithium distribution during pre-lithiation showing a lithium concentration gradient from the top to
the bottom of the graphite electrode in different colors due to different diffraction coefficients (f);
SEM top view of graphite electrodes 7% lithiated (g) and unlithiated (h); SEM of focused ion beam
(FIB) cut graphite electrodes 50% pre-lithiated (i), 7% pre-lithiated (j) and unlithiated (k) showing no
structural change of the graphite material after pressing under temperature and pressure influence.

The direct contact pre-lithiation is not only of interest for LIB where very low degrees
of pre-lithiation are needed, but also for cell systems, which require higher amounts of
pre-lithiation, e.g., silicon-based anodes, which often show initial capacity losses of up to
50% [5,6]. Therefore, experiments showing the feasibility of transferring higher amounts
of lithium with the help of electrolyte-free direct contact pre-lithiation were carried out.
To achieve higher degrees of pre-lithiated graphite, temporary substrates with higher
lithium loadings (up to 0.66 mg cm~2) were used. Table 3 shows the achieved degrees of
pre-lithiation determined by stripping experiments in half cells depending on the amount
of provided lithium on temporary substrates. The resulting capacity can be calculated to
the electrochemically usable amount of lithium, which is shown in Table 3. It is possible to
vary the degree of pre-lithiation between 7% and 50% with this method. For higher degrees
of pre-lithiation, the pressing time seemed to be limiting the process. For degrees of pre-
lithiation higher than 50%, not all of the lithium was transferred to the graphite electrode
in this short time (15 min). For this reason, the achieved degree of pre-lithiation was
lower than expected. Residues remained on the temporary substrate, which increased the
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adhesion and led to delamination of the graphite electrode during separation. Electrodes
were destroyed. Longer pressing time could reach sufficient lithium transfer also for higher
than 50% of pre-lithiation.

Table 3. Different achieved degrees of pre-lithiation by using different lithium loadings on the
temporary substrates. Pre-lithiation was performed at 40 MPa, 175 °C for 15 min.

Desired Degree of Required Lithium Electrochemically Achieved Degree of
Pre-Lithiation [me cm—2] Useable Lithium Pre-Lithiation
[%] 8 [mg cm~2] [%]

7 0.063 0.067 7.5
15 0.135 0.104 11.6
30 0.270 0.267 29.9
50 0.450 0.393 44.0

4. Conclusions

In this publication, we showed an efficient way for the pre-lithiation of graphite
anodes with great potential in terms of scalability. By the combination of the IWS lithium
melt deposition process for tailored thin lithium films and the direct contact pre-lithiation
process, we could enable a fast and precise pre-lithiation without high equipment effort.
The degree of pre-lithiation can be adjusted to compensate the initial capacity loss in
lithium-ion batteries with graphite anode due to SEI formation and thus increase the initial
Coulomb efficiency from 93% to 99.9%. In addition, higher degrees of pre-lithiation up
to ~50% were shown. This renders the method as suitable, even for post-LIB cell systems
which require higher lithium amounts, such as silicon anodes or Li-ion capacitors [22,23].
Due to a relatively short transfer time, it can be a fast and easy pre-lithiation method. The
degree of pre-lithiation can be well-controlled by the precise adjustment of the lithium
loading on the temporary substrates. Moreover, the electrolyte-free direct contact pre-
lithiation method appears to be feasible for roll-to-roll production, allowing the up-scaling
for larger quantities needed for pouch cell production. Even though the pre-lithiation
process adds one step to the battery manufacturing, this method is a promising approach
to further extend the usable capacity of lithium-ion batteries. The existing production flow
can stay almost completely unchanged. Especially regarding the increasing contribution
of material costs to battery cell production, the gained capacity increases, and thus higher
active material utilization can overcompensate for the additional effort.

These promising results can be the base to use the electrolyte-free direct-contact pre-
lithiation on other anode materials, e.g., silicon electrodes, in the next step. In addition,
the dynamic continuous pre-lithiation process will be further developed with a specific
focus on pressure and temperature optimization for minimizing the process duration.
First results of the dynamic pre-lithiation carried out using a calender can be found in
Supplementary Figure S5. This enables the development of a roll-to-roll pre-lithiation
process, where the temporary substrate as well as the graphite electrodes are used as rolled
goods, producing pre-lithiated electrodes on a larger scale.

Supplementary Materials: The following supporting information can be downloaded at: https:
/ /www.mdpi.com/article/10.3390 /batteries9010053/s1, Figure S1: Lithium loading of temporary
substrates; Figure S2: Temporary substrates; Figure S3: Pre-lithiated graphite electrode; Figure S4:
Voltage profile of first and second cycle; Figure S5: Dynamic pre-lithiation.
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