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ABSTRACT: Silicon (Si)-based anodes are promising for next-
generation lithium (Li)-ion batteries due to their high theoretical
capacity (~3600 mAh/g). However, they suffer quantities of
capacity loss in the first cycle from initial solid electrolyte
interphase (SEI) formation. Here, we present an in situ
prelithiation method to directly integrate a Li metal mesh into
the cell assembly. A series of Li meshes are designed as
prelithiation reagents, which are applied to the Si anode in battery
fabrication and spontaneously prelithiate Si with electrolyte
addition. Various porosities of Li meshes tune prelithiation
amounts to control the degree of prelithiation precisely. Besides,
the patterned mesh design enhances the uniformity of
prelithiation. With an optimized prelithiation amount, the in situ
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prelithiated Si-based full cell shows a constant >30% capacity improvement in 150 cycles. This work presents a facile prelithiation

approach to improve battery performance.
KEYWORDS: l[ithium-ion battery, prelithiation, silicon anode

nitial Coulombic efficiency (CE) is a critical index for

lithium-ion battery (LIBs) performance as it is directly
related to the battery capacity in later cycling. In a
conventional LIB, the solid-electrolyte interphase (SEI)
formed in the initial cycle irreversibly consumes some active
Li ions, causing the incomplete utilization of active materials
and compromised battery capacity.'”* This problem is
particularly severe in silicon (Si)-based LIBs. Silicon anodes
have high theoretical capacity (3579 mAh/g), 10 times higher
than that of conventional graphite anodes (372 mAh/g), and
hold great potential for application in high-energy LIBs.”®
However, Si experiences significant SEI formation in the initial
cycle due to the high surface area of nanosized silicon and
electrochemical instability with the electrolyte. Thus, Si
exhibits a low initial CE of 50—80%, indicating a loss of
20—50% battery capacity after the initial cycle. Therefore, a
strategy to compensate for the initial active Li* loss and
improve the initial CE is needed to prevent battery energy
density degradation.

Prelithiation, a strategy to pre-emptively lithiate the
electrodes for active Li* loss compensation, has attracted
considerable attention. Several distinct methods of prelithia-
tion have been proposed. An ideal prelithiation strategy
requires high efficiency, high compatibility with the existing
battery fabrication process, and precise control. However,
current prelithiation methods seldom fulfill all requirements.
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Stabilized lithium metal ;)owder (SLMP)'°"'* and a series of
lithium alloying particles”'*~"* were developed as prelithiation
additives for the electrode slurry. While the prelithiation
amount can be precisely adjusted by the additive amount, their
compatibility issues with the conventional solvents used in
electrode slurry preparation limit their applications. Electro-
chemical prelithiation'®™"* also provides precise control, but
the required cell disassembly and reassembly lead to low
compatibility with the current battery manufacturing process.
Recently, a chemical prelithiation approach has been
developed via immersing electrodes in highly reductive
solutions, such as Li-Naph'’ and Li-Bp.**' However, the
high reactivity of these solutions poses safety concerns for
large-scale battery manufacturing. Additionally, adjusting the
prelithiation degree by varying the reaction time may reduce
the controllability of the process. Direct contact with lithium is
another prelithiation strategy that is fast and facile. However,
excess lithium is often used in previous studies that require
residual Li removal after prelithiation,””** which increases the
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difficulty in both manufacturing and control of the prelithiation
amount. Thermal evaporation can precisely control the Li
thickness,”* but the approach has a high technical barrier.
Therefore, prelithiation techniques demand further improve-
ment and understanding for practical applications.

Here, we present an in situ prelithiation method with high
efficiency, high compatibility, and precise control. This
prelithiation process takes one step to apply the Li mesh to
the Si anode during battery fabrication, which eliminates the
need for cell disassembly and reduces electrolyte waste. Upon
adding electrolyte to the battery, prelithiation happens
spontaneously between contacted Si and Li based on the
shorting mechanism. The prelithiation capacity is tuned by the
Li mesh porosity to precisely control the prelithiation degree.
By utilizing in situ prelithiation with optimized Li mesh
porosity, the initial CE of the Si-based half-cell is improved
from ~70 to ~100%. In addition, the patterned design of the
Li mesh facilitates Li diffusion for more uniform prelithiation.
Scanning electron microscopy (SEM) and X-ray photoelectron
spectroscopy (XPS) reveal both morphological and chemical
uniformity in different regions of the prelithiated Si electrodes.
Furthermore, the prelithiated Si-based full cell shows long-
cycle capacity improvement by over 30% in 150 cycles.
Therefore, in situ prelithiation via Li mesh demonstrates a
promising prelithiation design for practical applications.

The in situ prelithiation approach involves applying a layer of
Li mesh to the Si anode during battery assembly (Figure la).
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Figure 1. Design of in situ prelithiation. (a) Schematic of in situ
prelithiation process by applying a layer of the Li mesh to the silicon
anode during battery fabrication. (b) Mechanism of the in situ
prelithiation reaction based on shorting. (c) Digital photographs of
the Si anode before (upper) and after (bottom) 24 h in situ
prelithiation by Li mesh. (d) SEM images of the Si anode before
(upper) and after (bottom) 24 h in situ prelithiation by Li mesh. (e)
TEM and selected-area FFT images (calculated from HRTEM images
collected in the highlighted regions, Supporting Information Figure
S3d) of a Si particle after 24 h of prelithiation.

After assembly, the Li mesh in direct contact with the Si anode
is surrounded by the electrolyte, which leads to shorting
between the Si anode and the Li mesh. The chemical reaction
of prelithiation is shown below:

Limesh: xLi — xLit + xe”
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Si: Si + xLi* + xe” — Li,Si

net reaction: xLi + Si — Li Si

As illustrated in Figure 1b, electrons can be transported from
the Li mesh directly to the Si anode by the Si—Li contact
points, while Li* can diffuse from Li to Si through the
electrolyte. The reaction has a Gibbs free energy of —36 kJ/
mol, indicating that this reaction is thermodynamically
spontaneous. Thus, our prelithiation approach happens in
the battery resting period after electrolyte injection. As shown
in Figure Ic, inserted Li mesh is fully consumed after in situ
prelithiation, illustrating that prelithiation is complete after a
24 h simultaneous resting and prelithiation period. This result
is also supported by X-ray diffraction (XRD) spectra
(Supporting Information Figure S1), where no crystalline
peaks of Li were detected. Scanning electron microscopy
(SEM) and transmission electron microscopy (TEM)
characterizations display Si particles expanding and fusing
after 24 h of resting, with the electrode thickness increasing
from 12 to 27 ym (Supporting Information Figure S2) and the
porosity of the Si electrode decreasing from 36.6 to 12.8%
(Figure 1d, Supporting Information Figure S3a,b). These
phenomena indicate Si—Li alloying and demonstrate successful
prelithiation.”*® Moreover, we observe a core—shell structure
of prelithiated Si particles (Figure le). The Si nanoparticle
before prelithiation is crystalline with a thin SiO, amorphous
layer (<2 nm) (Supporting Information Figure S3c). In the
prelithiated Si particle, the inner core remains crystalline but
the outer shell becomes amorphous Li,Si,””** which is a
typical lithiation behavior for Si during the first cycle.”

In addition to its simplicity, our in situ prelithiation approach
offers a precision advantage. When porous patterns are
introduced into Li foils, the Li mesh capacity is reduced to
match the initial capacity loss of the Si anode, enabling precise
prelithiation. A series of Li meshes with varied porosity of 50%
(p-50), 60% (p-60), 70% (p-70), and 80% (p-80) were
designed and fabricated (Figure 2a, Supporting Information
Note 1), with storage capacities of around 2.5, 2, 1.5, and 1
mAh/cm?, respectively, based on the 25-um-thick lithium foil
used in this project (Figure 2b, Supporting Information Note
2). To verify the precision of our prelithiation approach, SillLi
metal half-cells were fabricated to evaluate the initial CE
improvement. Figure 2¢ summarizes the initial CE values of Si
samples under different prelithiation conditions. For the
pristine Si anode, the initial CE is ~70%. Based on the initial
CE and the mass loading of the Si anode (1.4 + 0.15 mg/cm?),
the initial capacity loss/desired prelithiation capacity is
estimated to be ~1.5 mAh/cm? through calculation (Support-
ing Information Note 3). The p-80 Li mesh, with an
insufficient capacity of 1 mAh/cm? only partially compensated
for the initial capacity loss and improved the initial CE to
~95%. Meanwhile, p-70 Li mesh with the desired capacity of
1.5 mAh/cm? successfully improves the CE to ~100%. The p-
60 and p-50 Li meshes, with excess capacities of 2 and 2.5
mAh/cm?, overprelithiated the Si anodes and improved the
initial CE far above 100% (Supporting Information Figure S4).
The precision of our prelithiation approach is further
illustrated in Figure 2d. In this pristine Si sample, the
irreversible Li loss in the first cycle is ~1.35 mAh/ cm?, as
indicated by the capacity difference between the first cycle
charge and discharge profile. After prelithiation with a p-80 (1
mAh/cm?) Li mesh, the initial CE of the Si anode is improved
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Figure 2. Precise control of prelithiation degree. (a) Digital photographs of Li meshes with different porosities varied from S0 to 80%; the scale bar
is S mm. (b) Voltage—capacity profiles of Li meshes, showing the stored Li capacity in these meshes. (c) Initial CE of multiple silicon samples using
different porosities of Li meshes for prelithiation. Four parallel samples were recorded for each prelithiation condition. (d) First-cycle voltage
profiles of the pristine Si and p-70 and p-80 Li mesh prelithiated Si, respectively. The gap between two dashed lines indicates the capacity loss in
the first cycle. (e) Cycling performance of pristine Si anode and Si prelithiated by p-70 Li mesh (current @ 180 mA/g).
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Figure 3. Morphological and chemical uniformity. (a) Cross-sectional SEM images of the Li-mesh prelithiated Si anode at three locations, center
(m-center), edge (m-edge), and beneath (m-beneath), shown in the inset schematics. (b) Cross-sectional SEM images of the Li-disk prelithiated Si
anode of two different zones, center (d-center) and edge (d-edge). (c) Si 2p XPS spectra of the Li-mesh prelithiated Si anode of three different
zones; the sputtering time is 0.5 min. (d) Si 2p XPS spectra of the Li-disk prelithiated Si anode of two different zones; the sputtering time is 0.5
min. (e) Li Is and Si 2p atomic concentration ratio in Li-mesh prelithiation and Li-disk prelithiation. (f) Li,Si and Si atomic concentration ratio in
Li-mesh prelithiation and Li-disk prelithiation.
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Figure 4. Capacity improvement in prelithiated full batteries. (a—c) Voltage profiles of Si-LFP batteries of the first cycle (0.05 C, preactivation
cycle) and the fifth cycle (0.25 C) with embedded schematics showing the capacity retention: pristine Si (a), prelithiated Si by p-80 Li mesh (b),
and prelithiated Si by p-70 Li mesh (c). (d) Coulombic efficiency of the first 20 cycles of Si-LFP full cells using pristine Si, p-80 Li mesh
prelithiated Si, and p-70 Li mesh prelithiated Si, respectively (the first three activation cycles are not included). (e) Full-cell cycling performance of
pristine Si, p-80 Li mesh prelithiated Si, and p-70 Li mesh prelithiated Si, respectively.

from 72.5 to 96.9%. In contrast, prelithiation with a p-70 (1.5
mAh/cm?) Li mesh, whose capacity is slightly above the
desired prelithiation capacity, improves the initial CE to
102.7%. These results demonstrate the precise control in the
Li-mesh prelithiation method. It can achieve ~100% initial CE
by matching the Li mesh capacity with the initial capacity loss.
Additionally, it is worth noting that pristine and prelithiated Si
anodes present similar delithiation curves, indicating that our
prelithiation approach does not alter the electrochemical
behavior of the Si anode. The slightly more stable cycling
behavior of the prelithiated Si anode compared to pristine Si
(Figure 2e) further confirms that our in situ prelithiation
method does not deteriorate the cycling performance of the Si
anode.

Aside from simplicity and precision, our prelithiation
method achieves reasonable uniformity through Li mesh
patterning. Uneven prelithiation is not ideal because the
accompanying irregular volume expansion is likely to cause
high local stress and thus produce suboptimal electrode
performance.’® To investigate the uniformity of our
prelithiation method, a patterned p-70 Li mesh was used as
an example prelithiation reagent whose grid structure divided
the Si anode into nine zones, among which one center (m-
center), one edge (m-edge), and one zone beneath the Li mesh
(m-beneath) were chosen for SEM and XPS characterizations
(Supporting Information Figure SSa). In comparison, a
centralized Li disk with the same effective mass was fabricated
where one center (d-center) and one edge (d-edge) zone were
chosen for study (Supporting Information Figure SSb). As
shown in Figure 3a, the cross-sectional SEM images of the Li-
mesh prelithiated Si anode in three different zones show
similar features. On the contrary, in Li-disk prelithiation
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(Figure 3b), the central zone shows a higher degree of
prelithiation than the edge zone at the electrode surfaces,
indicating less uniformity without Li-mesh design. Besides
morphological homogeneity, further XPS study demonstrates
the chemical uniformity of the prelithiated Si anode using a Li-
mesh design. High-resolution spectra of Si 2p and Li 1s peaks
in three zones of Li-mesh prelithiation and two zones of Li-disk
prelithiation were acquired (Figure 3c,d, Supporting Informa-
tion Figure S6). The Si 2p peak was deconvoluted into three
components: Li Si at 98.2 eV, Si at 99.2 eV, and LixSiOy at
~102 eV.>"** As shown in Figure 3c, the Li-mesh prelithiated
Si anode displays similar chemical compositions in the three
studied zones, indicating prelithiation homogeneity. However,
in the Li-disk prelithiation (Figure 3d), the central area shows
less Si but more Li,Si than the edge area, indicating a higher
prelithiation degree in the central area. This heterogeneity
likely results from the difficulty of Li* diffusion from the Li dish
to the edge. Figure 3e,f summarizes the atomic concentration
ratios of Li-1s/Si-2p and Li,Si/Si, respectively. In contrast to
the significant discrepancy observed in centralized Li-disk
prelithiation, the patterned Li mesh offers a clear advantage in
homogeneity. Besides horizontal uniformity, the vertical
uniformity is also investigated via cross-sectional SEM-EDX
(Supporting Information Figure S7), showing the uniform
distribution of Si, C, O, and F elements across the electrode
thickness. The demonstrated morphological and chemical
homogeneity in Li-mesh prelithiation reveals the necessity of a
Li-mesh design.

We further demonstrate that our in situ prelithiation can
effectively improve the full-cell cycling capacity. In a full
battery, limited Li sources are originally stored in the cathode.
When part of the active Li is consumed in SEI formation in the

https://doi.org/10.1021/acs.nanolett.3c00859
Nano Lett. 2023, 23, 5042-5047


https://pubs.acs.org/doi/suppl/10.1021/acs.nanolett.3c00859/suppl_file/nl3c00859_si_001.pdf
https://pubs.acs.org/doi/suppl/10.1021/acs.nanolett.3c00859/suppl_file/nl3c00859_si_001.pdf
https://pubs.acs.org/doi/suppl/10.1021/acs.nanolett.3c00859/suppl_file/nl3c00859_si_001.pdf
https://pubs.acs.org/doi/suppl/10.1021/acs.nanolett.3c00859/suppl_file/nl3c00859_si_001.pdf
https://pubs.acs.org/doi/suppl/10.1021/acs.nanolett.3c00859/suppl_file/nl3c00859_si_001.pdf
https://pubs.acs.org/doi/10.1021/acs.nanolett.3c00859?fig=fig4&ref=pdf
https://pubs.acs.org/doi/10.1021/acs.nanolett.3c00859?fig=fig4&ref=pdf
https://pubs.acs.org/doi/10.1021/acs.nanolett.3c00859?fig=fig4&ref=pdf
https://pubs.acs.org/doi/10.1021/acs.nanolett.3c00859?fig=fig4&ref=pdf
pubs.acs.org/NanoLett?ref=pdf
https://doi.org/10.1021/acs.nanolett.3c00859?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as

Nano Letters

pubs.acs.org/NanoLett

first cycle, this active Li loss irreversibly diminishes the retained
capacity. Prelithiation, however, by adding sacrificial Li sources
for compensation, improves capacity retention in batteries for
later cycling. Here, we paired Si anodes with lithium iron
phosphate (LFP) cathodes to construct full cells for
demonstration. Graphene-coated porous Si (g@pSi) was
used here for better mechanical stability.”>** The first three
cycles were conducted at 0.05 C (0.14 mA/cm?) for activation
before later cycles at 0.25 C (0.7 mA/cm?). In Figure 4a—c, we
compare the voltage profiles of the first cycle and the fifth cycle
of pristine Si, p-80 Li mesh prelithiated Si (p-80 PliSi), and p-
70 Li mesh prelithiated Si (p-70 PIiSi), respectively. The
charge capacity of the first activation cycle represents the
designed battery capacity, and the charge capacity of the fifth
cycle represents the practical capacity of the battery at a
normal cycling rate. Pristine Si exhibits only 58.7% retention of
the designed capacity, with about 1 mAh/cm® capacity loss
(Figure 4a). Prelithiation with p-80 Li mesh (~1 mAh/cm?*)
compensates well for the initial capacity loss, which increases
the capacity retention by ~1/3 of the designed capacity to
86.3% (Figure 4b). We further evaluate the overprelithiation
condition with p-70 Li mesh prelithiation (~1.5 mAh/cm?).
Although the capacity retention is improved to 95.1%,
comparable to that of the Li-LFP half-cell (97.1%), the voltage
plateau at 3.5 V in charging indicates Li metal plating (Figure
4c, Supporting Information Figure S8). It is noteworthy that
prelithiation improves the CE via a lasting effect, not only in
the first cycle. As shown in Figure 4d, the average CE of the
first 20 cycles (excluding the first three activation cycles) is
increased from 98.36 to over 99% with prelithiation. This
improvement is possible from the well-preformed SEI in the
prelithiated Si (Supporting Information Figure S9); mean-
while, the SEI in pristine Si takes longer cycles to fully
establish. Moreover, the prominence of prelithiation in
improving the battery practical capacity is evidently revealed
in Figure 4e. The nonprelithiated battery and prelithiated
battery exhibit similar initial charge capacities, indicating a
similar battery design capacity. Prelithiation with the matched
prelithiation amount by p-80 Li mesh provides a constant 0.5
mAh/cm? higher capacity than that of pristine Si for 150
cycles, corresponding to more than a 30% capacity increase.
Overprelithiation with p-70 Li mesh remains high capacity in
the initial 20 cycles but experiences quick capacity decay
afterward, possibly due to the deterioration from Li metal
plating. This result reveals the importance of preventing an
excessive sacrificial amount of Li in prelithiation.

In this work, we developed an in situ prelithiation approach
to effectively compensate for the battery irreversible initial
capacity loss. Our approach involves applying a layer of Li
mesh to the Si anode in battery fabrication, which enables
spontaneous prelithiation via shorting during the battery
resting period. By tuning the porosity of the Li mesh, we
can precisely control the prelithiation capacity. Matching the Li
mesh capacity with the initial capacity loss enables us to
significantly improve the initial CE of Si anodes, from around
70 to 100%. The prelithiation of Si anodes in full cells also
results in a >30% improvement in long-term battery capacity
over 150 cycles. Furthermore, the Li mesh design facilitates Li
diffusion for uniform prelithiation. This work provides new
insights for the development of prelithiation strategies for high-
energy-density Si anodes.
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