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Prelithiation is a method to improve the energy density and cycle life of lithium-ion batteries, and
contact prelithiation of the graphite anode using thin lithium foil is a promising technique. However,
producing thin lithium foil below 5 pm is extremely challenging, making it difficult to achieve precise
prelithiation with lithium metal. Additionally, pure thin Li foil suffers from drawbacks such as low lithium
utilization, debris formation, and scalability issues. To address these challenges, we developed a
straightforward doctor blade method to cast molten lithium onto a carbon nanotube (CNT) film,
resulting in a thin and ultra-light Li-CNT film. The increasing lithiophilicity of the CNT film induced by
lithiation enables the uniform casting of molten lithium onto its surface. The method enables adjustable
lithium capacities ranging from 0.1 to 1.12 mA h cm™2 or higher by controlling the amount of cast
lithium. The Li-CNT films show high specific capacities and nearly 100% lithium utilization owing to their
exceptional conductive network, porous structure, and electrolyte-philic nature, which facilitates the
efficient transport of both electrons and lithium ions. To achieve prelithiation of the graphite anode

Received 29th May 2023, when paired with commercial LFP electrodes of ~33 mA h cm™2 our Li-CNT film significantly
Accepted 31st August 2023 enhances the initial Coulombic efficiency of the LFP||Gr full cell from 89% to 100%, fully compensating
DOI: 10.1039/d3ee01725g for the initial loss of active lithium ions caused by solid electrolyte interface formation. Furthermore, the

Li-CNT film has superior mechanical properties, positioning it as a viable candidate for practical
rsc.li/ees applications in lithium-ion batteries.

Broader context

Prelithiation using a thin lithium-metal film is crucial for enhancing battery energy density by compensating for the initial lithium loss. However, precise
prelithiation poses challenges as achieving an optimal amount of a few-micron thick Li-metal film, both mechanically robust and at a large scale, has been
problematic. To overcome this, we developed an ultrathin Li-CNT film using a facile doctor blade process. The lithiophilic properties induced by lithiation
allowed for uniform casting of molten lithium onto the CNT film’s surface, resulting in a thin, lightweight Li-CNT film. This method enables adjustable lithium
capacities ranging from 0.1 to 1.12 mA h em™~? or higher. The resulting film exhibits excellent specific capacity and nearly 100% lithium utilization due to its
conductive CNT network, porous structure, and electrolyte-philic properties. When paired with commercial LFP electrodes, our Li-CNT film significantly
enhances full-cell energy density approximately 10% in the first cycle and 20% after 100 cycles. Moreover, the Li-CNT film demonstrates superior mechanical
properties compared to pure lithium films, making it a promising candidate for practical industrial applications. Overall, our work provides valuable insights
into the design and fabrication of large-area thin lithium films for efficient contact prelithiation, potentially accelerating the commercialization of anode
prelithiation.
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Introduction

Lithium-ion batteries are crucial for sustainable development
and have found widespread use in large-scale energy storage
and electric vehicles."* However, commercialized full cells with
the graphite anode and cathodes such as lithium-ion phos-
phate (LFP), lithium cobalt oxide (LCO), and lithium nickel
cobalt manganese oxide (NCM) have almost reached their limit
in energy density.>”®> New systems based on lithium metal
anodes are not yet practical,’ and existing mature battery
systems, such as LFP-graphite and LCO-graphite, have a low
initial coulombic efficiency (ICE), of less than 90%.” When
paired with silicon-based anodes, the ICE is even lower, at
around 80%, leading to a 20% decrease in the energy density of
the battery system at the pack level.® The loss of active lithium
in the first cycle is mainly caused by the solid electrolyte
interface (SEI) formation at the anode surface.’ The initial
depletion of active lithium results in a substantial reduction
in the energy density. To address this issue, extensive research
has focused on utilizing lithium sacrificial agents that can
offset the initial active lithium loss. One effective solution is
prelithiation, which compensates for this loss of active lithium
inventory. Among the various options, lithium metal anodes
offer the highest energy density and serve as the most efficient
prelithiation agents for lithium-ion batteries.'*"> However, the
initial lithium compensation amount should be appropriate
and precise to avoid problems such as lithium metal dendrite
and low coulombic efficiency. A precise prelithiation method is
of great importance, as over-prelithiation can lead to long-term
side reactions between the electrolyte and the residual lithium
metal, causing more problems, while under-prelithiation will
not provide a noticeable improvement.

Precise prelithiation using lithium metal is difficult to
achieve. The areal capacity of a commercial lithium-ion battery
is around 3-4 mA h cm ™2 Assuming an ICE of less than 90%,
the prelithiation amount should be less than 0.5 mA h ecm™>.
Lithium metal has the highest specific capacity of 3860 mA h g%,
so the use of lithium metal needs to be less than 0.13 mg cm > or
2.5 pm in average thickness or less. For some high-power cases,
the areal capacity will be even lower. To supplement a lithium
amount of 0.3-0.4 mA h em ™2, only 1.5-2 pm (0.08-0.11 mg cm )
average lithium thickness is needed.

Extensive studies have been done on the particle size
reduction and thinning of lithium metal. Stabilized lithium
metal powder (SLMP), which is coated by a protective layer such
as Li,COj;, was developed by FMC Corporation more than ten
years ago."? It was added to the anode slurry. The SLMP needs
to be activated by pressure, which causes the protective layer to
break and expose Li metal, enabling electrical contact between
lithium and active materials in the anode to achieve SLMP
prelithiation. However, the utilization of lithium is low by using
SLMP. Gao et al. developed a uniformly dispersed SLMP
suspension for anode prelithiation, and the lithium efficiency
is around 50%."*

The other way is to use lithium metal foil as the prelithiation
agent. The difficulty lies in the reduction of the lithium foil
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thickness. Chen et al. developed an ultrathin lithium metal-
graphene oxide host foil (Li@eGF) with a controllable thickness
of as thin as 0.5 pm, made through a molten lithium infiltra-
tion method at 350 °C.'* Such a method using a stacked
graphene layer as the host is challenging to scale up, and a
large amount of oxygen-containing functional groups in the
graphene will consume some lithium. Zhang et al. developed a
vacuum thermal evaporation method to deposit lithium on the
anode surface."® A rolling process was followed to decrease the
porosity of the lithium film to form confocal contact with the
electrode. The lithium utilization of the vacuum thermal eva-
porated lithium can reach 91%, an improvement of 17%
compared to the one using mechanical rolling. The high
lithium utilization is due to the conformal contact with abun-
dant electron channels between lithium and the anode elec-
trode. The utilization here is defined by the specific capacity of
the lithium films but not the one using the lithium provided/
needed for the full cell. Moreover, the sticking problem
of lithium foil during the high-pressure rolling process is
troublesome,'® and lithium vapor is dangerous.

Here, we developed a facile doctor blade method to cast the
molten lithium liquid on a thin, light carbon nanotube (CNT)
film without pressing. The CNT film was chosen as the sub-
strate due to its excellent mechanical properties, good electro-
nic conductivity, and light weight. The interconnected carbon
nanotube network and the porous nature of the CNT film
can efficiently transport electrons and lithium ions. Lithium
loading on the CNT film, as Li-CNT films, is controllable and
can be as low as 0.1 mg cm 2. The specific capacities of the Li-
CNT films for commercial electrodes are above 1200 mA h g~ *.
Thanks to the excellent conductive CNT network and good
electrolyte wetting ability, the utilization of lithium can reach
almost 100%. The utilization is calculated by the lithium
provided/lithium needed in actual full-cell cycling. When using
the thin Li-CNT film as a prelithiation agent, as depicted in
Fig. 1a, the ICE reaches the same level as the LFP half-cell with
a lithium metal anode. This indicates complete compensation
for the initial active lithium-ion loss caused by the SEI. The
energy density of LFP||Gr full cells increases by 10% in the first
cycle and 20% after 100 cycles. However, achieving a similar
level of energy density improvement by enhancing the anode
materials is quite challenging.

Based on Fig. 1b for the LFP||Gr system, when the anode
mass is fixed at 15%, and the ICE is set to 90% (AM 15, ICE 90),
doubling the specific capacity of the anode can lead to a
reduction in the anode mass ratio to 7.5%, resulting in an
approximately 8% increase in energy density. However, achiev-
ing this improvement is not an easy feat. Increasing the specific
capacity of the anode without impacting the cycling perfor-
mance or sacrificing ICE is a daunting challenge. For instance,
lowering the ICE to 85% with higher anode material percentage
at 20% (AM 20, ICE 85) would require at least a three-fold
increase in the specific capacity of the anode materials to
achieve a similar level of improvement. Even if the specific
capacity of anode materials increases to 1500 mA h g !,
an anode with an ICE of only 80% (AM 15, ICE 80) would yield

Energy Environ. Sci., 2023, 16, 4660-4669 | 4661


http://creativecommons.org/licenses/by/3.0/
http://creativecommons.org/licenses/by/3.0/
https://doi.org/10.1039/d3ee01725g

Open Access Article. Published on 31 August 2023. Downloaded on 7/30/2025 10:55:34 PM.

Thisarticleislicensed under a Creative Commons Attribution 3.0 Unported Licence.

(cc)

Energy & Environmental Science

iti. st i
(a) Initial 1st Charge Cycling
cathode
Without
Prelithiation =) —— =) L
Anode
Anode
Prelithiation L =)

¥ Active Li-ions [l Separator sei [ Li-ONT film

Fig. 1

View Article Online

Paper

—o— AM20, ICE 90%

—AM20, ICE 85%
—— AM20, ICE 80%
—e—AM15, ICE 90%
—»—AM15, ICE 85%
—t—AM15, ICE 80%

Energy density improvement (%)

T T T T T T 1
200 400 600 800 1000 1200 1400 1600

Specific Capacity (mAh g™")

(a) Scheme of the active Li-ion loss for full cells without and with Li-CNT film prelithiation. (b) Relationship of specific capacity and energy density

improvement of the LFP||Gr pack level based on different anode mass ratios and ICE.

a meager 0.55% improvement in energy density. The ESI{
contains more details on the calculations. Hence, it is worth
considering that prelithiation can offer a significant improve-
ment in the energy density for full cells compared to the
development of new anode materials. Moreover, the tensile
strength and Young’s modulus of the Li-CNT film are much
higher than those of pure lithium film. Good mechanical
properties and facile fabrication bode well for its practical
application.

Results and discussion

The fabrication process of Li-CNT films involved the produc-
tion of CNT films using the floating catalytic chemical vapor
deposition method with a meter-level area and a thickness of
1-5 pm."” These CNT films have already been produced on a
large scale and are used as fabric materials for functional
cloth.”® Fig. S1 (ESIf) shows a photograph of the CNT film
obtained, with an area of around 1 m®. The weight of the 2 pm
film is approximately 0.1 mg cm ™2, and it has a porosity of 70%,
thus minimizing inefficient weight gain for the CNT-Li and
facilitating electrolyte penetration. Although several studies
have used CNT or carbon fiber-based substrates to make a
lithium-metal composite, the substrates are typically too heavy
or thick.’® > Such a heavy substrate greatly dilutes the energy
density of lithium. Therefore, the ultra-light and thin CNT film
with excellent mechanical properties in tension is crucial.

Fig. 2a illustrates the steps of the fabrication process for a
Li-CNT film. However, when it was lithiated for a few seconds,
it became lithiophilic. The lithiation process only took a few
seconds, resulting in a color change from black to deep blue, as
observed during the molten lithium coating process (Fig. S2,
ESIt). Subsequently, molten lithium was uniformly cast
onto the CNT film. The resulting Li-CNT film was then placed
on a cold stainless-steel plate to cool down rapidly and prevent
potential side reactions of lithium at high temperatures.

4662 | Energy Environ. Sci., 2023, 16, 4660-4669

The photographs of the Li-CNT film, which had a size of around
50 cm?, and was robust and flexible, are presented in Fig. 2b
and c. The film remained intact even after being freely folded
and rotated (Fig. 2d). Fig. 2e shows the XRD pattern of the CNT
film before and after loading lithium. The Li-CNT film was
sealed in a thin Kapton film to inhibit oxidation. Since the thin
film samples lacked good crystallization, the XRD peak inten-
sities are weak. The CNT film exhibited a typical carbon peak at
around 20 = 26°. In contrast, the XRD pattern of Li-CNT film
revealed obvious main peaks that were attributed to the (110)
and (200) planes of BCC lithium metal and a leftward shift of
the carbon peak due to lithiation, indicating the successful
loading and intercalation of lithium into multiwalled CNTs.
The highest peak of the LiC;, phase was attributed to the
lithiated CNT film, which was consistent with the observed deep
blue color.”?

The CNT film demonstrated remarkable mechanical
strength. As shown in the stress-strain curves in Fig. 2f, the
film exhibited a tensile strength of 64 MPa and an elastic
modulus of 2254 MPa. Upon loading of Li, the tensile strength
decreased to 41.4 MPa while the elastic modulus decreased to
1991 MPa. The decrease may be caused by the lithiation of CNT
films. However, even after loading lithium, the mechanical
strength of the Li-CNT film remained significantly better
than that of the pure lithium metal film, which only has a
tensile strength of 1.15 MPa and Young’s modulus of 104 MPa
(Fig. S3, ESIT). Such improved mechanical strength is crucial
for the practical application of the ultrathin electrode. Fig. 2g
shows the wettability of the liquid electrolyte (1 M LiPFq in
EC:DMC = 3:7 vol% with 2% VC) to the CNT film, with a
measured static contact angle of around 37°, indicating that the
surface can be easily wetted by the electrolyte. Additionally,
the porous nature of the CNT film allows for the efficient
infiltration of electrolytes.

The morphology and cross-section of the CNT and Li-CNT
films, which were cut by a focused ion beam (FIB), are shown in
Fig. 3. A CNT film with a thickness of 2 pm was chosen as the

This journal is © The Royal Society of Chemistry 2023
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Fig. 2 (a) Scheme of the fabrication process for Li-CNT film. (b)—-(d) Photographs of the Li-CNT film, including images of the film rotating and recovering

its shape after being deformed. (e) XRD patterns for Li-CNT film, pure CNT film, and Kapton tape. (f) Tensile stress—strain curves of the pure CNT film, Li-
CNT film, and pure Li film. (g) Surface contact angle image of the EC/DMC-based electrolyte on the CNT film.

substrate because it exhibited good strength and a light weight
of 0.15 mg cm 2. The thinner films can also be used, but they
would be prone to breakage during lithium coating, while
thicker ones would introduce more weight and reduce energy
density. Fig. 3a shows the cross-section of the 2 um CNT film,
which became thicker due to damage during the FIB cutting
process. Fig. 3f shows a cross-section image cut with scissors,
where the CNT nanotubes are much thinner. Fig. 3e and g are

2 pm

top views of the CNT film, illustrating the interconnection of
numerous CNTs and its porosity. After lithium loading, the
CNTs became slightly thicker due to lithiation. A series of
Li-CNT films with different thicknesses were obtained by
changing the lithium loading during the hot molten lithium
casting process. Here, we demonstrate cross-section images
with lithium layer thicknesses of 1.5 pm (Fig. 3b), 2.5 pm
(Fig. 3c), and 5 um (Fig. 3d). The obtained lithium composite

Fig. 3 SEM images of the CNT and Li-CNT film. Cross-section SEM image after focused ion beam cutting: (a) pure CNT film, Li-CNT film with different
lithium thicknesses (b) 1.5, (c) 2.5, (d) 5 um. Top-view SEM of CNT film at different magnifications (e) and (g). Cross-section image of CNT film cut using
scissors without the damage to the e-beam (f). Top-view SEM image of Li-CNT film and the one after delithiation (h) and (i).
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film can be as thin as 670 nm (Fig. S4, ESIt). The surface of the
Li-CNT film is flat; at high magnification, some nanoparticles
can be seen, which are likely caused by lithium oxidation
during the molten lithium coating process and sample transfer
process. Moisture, oxygen, and nitrogen in the glovebox are also
non-negligible factors. Fig. 3i shows the SEM image of the
Li-CNT film after Li stripping, where the CNT fibers are clearly
visible, and the oxidation-product nanoparticles remain on
the film.

Controlling the lithium capacity of the prelithation agent is
crucial for achieving precise lithium supplementation. While it
may be easy to produce a thick lithium film with high capacity,
obtaining a low lithium capacity, such as less than 1 mA h cm™?,
can be challenging. Herewith, using the Li-CNT film as an elec-
trode enables achieving a range of lithium extraction capacities, as
demonstrated in Fig. 4a, with areal capacities ranging from 0.11,
0.24, 0.36, 0.48, 0.64, 0.84 mA h cm 2. The electrodes are measured
by weight, which is a more accurate method than measuring by
thickness since the thin film is difficult to flatten and be measured
consistently.

Moreover, the Li-CNT film exhibits a specific capacity of
550 mA h g~ ' at a weight of 0.2 mg cm™>. With a weight of
0.35 mg cm ™2, the areal capacity can reach 0.48 mA h cm ™2,
corresponding to a specific capacity of 1371 mA h g~ * (Fig. 4b)
in half-cell versus Li metal foil. When the loading is increased to
0.62 mg cm ™2, the areal capacity can reach 1.12 mA h ecm ™2,
with a specific capacity of 1806.4 mA h g~* (Fig. S5, ESIf) in
delithiation. The higher the weight, the higher the specific
capacity, as the weight percentage of the CNT substrate is
lower. Also, the capacity is affected by the side reaction of
lithium in the glove box. Although the atmosphere is well-
controlled in the glove box, oxygen, nitrogen, or water may still
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Fig. 4 Electrochemical performance of the Li-CNT films. (a) Lithium
stripping curves of Li-CNT films charged to 1 V vs. Li/Li* with a series
areal capacity. (b) Specific capacity of Li-CNT films with different weights.
(c) Galvanostatic charge and discharge curves of the Li-CNT film at 1st and
50th cycles at 0.36 mA cm™2, which is 0.1C of the LFP electrode.
(d) Galvanostatic cycling capacity and Coulombic efficiency of Li-CNT film
at 0.33 mA cm~2 The counter-electrode is Li-metal foil in the above tests.

4664 | Energy Environ. Sci., 2023, 16, 4660-4669

View Article Online

Paper

be present. Lithium is much more reactive at high tempera-
tures than at room temperature, and oxidation can occur
rapidly on the surface of the lithium.

Fig. 4c illustrates the charge and discharge curves of the
Li-CNT film for the 1st and 50th cycles at a constant current
density of 0.33 mA cm ™2 in a half-cell. The Li-CNT film, with
a weight of 0.3 mg cm > initially extracts approximately
0.36 mA h cm™? of lithium, and the voltage is comparable to
that of lithium metal stripping. Subsequently, the CNT film
exhibits a low lithiation capacity, with a discharge capacity of
less than 0.015 mA h cm > Fig. 4d displays the cycling
performance after delithiation, showing that the delithiated
Li-CNT film has a cycling capacity of approximately 0.012 mA h.
Due to its small capacity, the influence of the CNT film is
negligible for the full cell with an LFP electrode’s high areal
capacity of 3.3 mA h cm 2. However, owing to the ultralight
weight of the CNT film, its areal capacity is 4%o of the electrode
capacity. The average Coulombic efficiency of the CNT film is
more than 99.5%, and its lithium consumption accounts for
only ten in a million level of the total lithium quantity. Under a
current density of 0.33 mA cm >, which is a very high rate
for CNT, the capacity of CNT film is fair to low. However, the
CNT films demonstrate significantly different electrochemical
performance at a low current rate of 100 mA g~ ', exhibiting a
specific capacity of approximately 500 mA h g™, according to
Fig. S6 (ESIt). Following the chemical lithiation of lithium at
high temperatures and high current density delithiation, some
lithium remains intercalated in the CNT.

The contact prelithiation process of the graphite electrode
with Li-CNT film is a rapid and effective method for enhancing
the initial capacity of the electrode. The cell was assembled and
immediately tested to monitor the open circuit potential (OCP)
evolution. As shown in Fig. 5a, the initial voltage was approxi-
mately 0.27 V and remained stable for 24 hours, gradually
increasing by 0.1 V. Typically, the OCP of a graphite half-cell
is around 3.2 V (Fig. 5b), but the prelithiation process with
Li-CNT film resulted in a decrease in the initial OCP due to the
lithiation of the graphite electrode. The subsequent increase in
voltage is attributed to lithium diffusion in the bulk graphite,
which was derived from concentration polarization. The first
cycle’s charge and discharge capacities of the graphite
anode were 357.2 mA h g~ " and 405.9 mA h g™, respectively,
indicating an ICE of 88%. After lithiation with the Li-CNT film,
the initial discharging capacity decreased to 353.3 mA h g™,
while the charging capacity remained almost the same as the
blank graphite anode, resulting in an improved ICE of 100.4%.
Through the graphite half-cell analysis, we can infer that
the active lithium loss at the solid electrolyte interphase (SEI)
formation process can be entirely compensated by the
Li-CNT film.

To gain deeper insights into the prelithiation process,
we conducted an in situ lithium absorption experiment on the
Li-CNT film contact prelithiation of graphite electrodes.
To facilitate observation, we placed the electrodes within a
transparent plastic zip-lock bag, with the lithium side facing us.
With applied finger pressure, the prelithiation process was

This journal is © The Royal Society of Chemistry 2023


http://creativecommons.org/licenses/by/3.0/
http://creativecommons.org/licenses/by/3.0/
https://doi.org/10.1039/d3ee01725g

Open Access Article. Published on 31 August 2023. Downloaded on 7/30/2025 10:55:34 PM.

Thisarticleislicensed under a Creative Commons Attribution 3.0 Unported Licence.

(cc)

View Article Online

Paper Energy & Environmental Science
*1(a) *1(b) »*1(c)
3.0 364 ) /
0.8 |
254 344 | :
s Cell-1 = _ =
s > Cell-2 2 204 — 324
g 061 o Gr|Li =
£ £ 15 Gr-Li-CNT|Li g 30 ——LFP|ILi
S S S ——LFP|IG
> 04 > S 238 liGr
e 1.0 > LFP||Gr-Li-CNT
y JJ 2.6
0.2 054 \
0.4+
P
0.04 — 0.2
0 — -—
0 5 10 15 20 25 0 100 200 300 400 - 0 20 40 60 80 100 120 140 160 180
Time (hour) Specific Capacity (mAh g™') Specific Capacity (mAh g™")
(d) (e) 20 (f)
100.2 4
200 10 180+
180 J45 e 0.1C
~ 1000 2160] @ 0?C 0.3C 0.2¢
o 4.0 < < . S >
=160  cumm e = S >
E T 1 3.5 2 < 1404
o} 2
:140- f e hoon E, 3 99.8 2
3 TS E S 120
2 = W Q
8 120 125 o T
S 8 5 996 o
b 1208 i€ g 100 ¢ Charge
© 100 4 = ]
5 o LFP||Gr 415 _g o LFP|Gr § o Discharge
1o} . ] LFP||Gr-Li-CNT-1 E
& 804 o LFP|GLI-CNT-1 J19 O 994 s lriaitons @
> LFP||Gr-Li-CNT-2 P
60 405 s 60
T : - T . — 0.0 99.2 v . . . . . T T T T T T T T
0 20 40 60 80 100 0 20 40 60 80 100 0O 20 40 60 80 100 120 140
Cycle number Cycle number Cycle number
20, (9) o, (M)
160
=101 < 1c
pud 01C < 1404
£ 160 09 02C .. £ .
E | eeeee 0N 05C £ s
> - > 120 ®
= 33888 £
§140- 1C S E’
VVVVV a2 £
8] 2c 87 B
& 120 2009 o
= g g
3 G 804 LFP||Gr-Li-CNT
& s LFP||Gr-Li-CNT-1 3 14 ——NCM||Si
100 LFP||Gr-Li-CNT-2 D o ——NCM||Li
—— NCM||Si-Li-CNT
80 T T T T T T T 40 T T T T T T 0 T T T T T T
[ 5 10 15 20 25 30 0 20 40 60 80 100 0 50 100 150 200 250

Cycle number

Cycle number

Specific Capacity (mAh g™')

Fig. 5 Electrochemical performance of the prelithiated full cells. (a) Open circuit potential change of LFP||Gr-Li-CNT full cells immediately after cell
assembly. Initial galvanostatic charge and discharge curves at 0.1C (b) half cells of Gr||Li and Gr-Li-CNT]|Li, (c) LFP||Li half-cell, and full cells of LFP||Gr-Li-
CNT, and LFP]|Gr. (d) LFP]|Gr-Li-CNT and LFP||Gr cells at 0.1C. (d) Specific discharge capacity and (e) coulombic efficiency of LFP||Gr-Li-CNT and LFP||Gr
full cells at 0.1C. (f) Rate performance of the lithiated LFP||Gr-Li-CNT full cells at 0.1, 0.2 and 0.3C. (g) Rate capability of the LFP||Gr-Li-CNT cells.
(h) Cycling behavior of the LFP||Gr-Li-CNT cell at a 1C rate. (i) Initial galvanostatic charge and discharge profiles at 0.1C for NCM||Si, NCM||Li, and

NCM]||Si-Li-CNT configurations.

accomplished within approximately 4 minutes. This procedure
is visually depicted in Movie S1 (ESI{), while corresponding
screenshots are provided in Fig. S7 (ESIf). As the lithium
gradually diminishes, the final outcome is a uniformly black
CNT film on both sides, signifying the absence of residual
lithium. This uniform appearance holds true for the Gr elec-
trode after prelithiation as well, with no traces of attached
lithium observed (Fig. S8, ESIt). The morphology of the CNT
film and the graphite electrode after prelithiation in a coin cell
with the Li side face to Gr is depicted in Fig. S9 (ESIt), further
confirming the absence of residual lithium. Additionally, X-ray
diffraction (XRD) analysis of the graphite electrode post-
prelithiation reveals a slight left shift in the (002) peak, indicat-
ing the successful prelithiation of the graphite material
(Fig. S10, ESIt). It’s important to note that the pressure within
a coin cell is considerably greater and more evenly distributed
than what can be manually applied by a finger, suggesting that
the actual prelithiation process in the cell would be faster and
uniform than demonstrated here.

This journal is © The Royal Society of Chemistry 2023

The cell featuring an artificial Li-CNT film on the electrode
surface exhibited a marginally elevated overpotential during
the initial discharge profile compared to the unmodified
graphite cell. Nevertheless, the overpotentials in subsequent
charge and discharge cycles aligned closely with those of the
bare graphite electrode (Fig. 5b and Fig. S11, ESIt). This
phenomenon can be ascribed to the passivation of the porous
film by the SEI, which facilitated efficient lithium-ion and
electron conductivity. The EIS data obtained from both the
Gr||Li and Gr-Li-CNT||Li cells substantiated this observation,
indicating that the initial impedance of the Gr-Li-CNT||Li cell
was slightly higher than that of the Gr||Li cell but decreased
after a single cycle (Fig. S12a and b, ESIf). This decline was
likely due to the effective electron and lithium-ion conduc-
tivities of the lithiated CNT film, which also led to a decrease in
charge transfer impedance. Remarkably, the impedance of the
full cells was significantly lower than that of the half cells.
As seen in Fig. S12c¢ (ESIT), the impedance outcomes of the full
cells closely resembled those of the half cells, implying that the
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additional layer did not increase the overall impedance of
the cell.

Fig. 5c displays the electrochemical performance of the
LFP||Li half-cell and LFP||Gr full-cell. All the cells were tested
using a high loading (21-22 mg cm™?) commercial LFP elec-
trode source from China Shoto Ltd, with an area capacity of
3.3 mA h em™>. To prelithiate the LFP electrodes, a Li-CNT film
weighing approximately 0.3 mg cm™ > was employed, with an N/
P ratio of ~1.15. The LFP||Gr cell exhibited an initial discharge
capacity of ~142 mA h ¢! and an ICE of 89%, resulting in an
initial active lithium loss of around 0.36 mA h cm >
In contrast, the LFP||Gr CNT-Li full cells demonstrated signifi-
cantly improved electrochemical performance. The Coulombic
efficiency of the LFP||Gr-Li-CNT cell discharged to 2.5 V is
98.4%, which increased to 100% when discharged to 2 V with
constant discharge voltage (Fig. S13, ESIT). After prelithiation,
the ICE of the LFP||Gr-Li-CNT cell matched that of the LFP||Li
half-cell, indicating 100% non-active lithium compensation in
the first cycle. LFP||Gr-Li-CNT cell displayed an initial dis-
charge capacity of ~160 mA h g™ ', equivalent to that of the
LFP||Li cell (Fig. 5¢).

When operating at slow rates, issues with side reactions and
Coulombic efficiency are more prominent. As depicted in
Fig. 5d, the cycling performance of LFP||Gr and LFP||Gr-Li-
CNT cells at 0.1C rate show a substantial enhancement in
energy density after prelithiation, with a capacity retention of
94.6% after 100 cycles, leading to a 20% increase in the energy
density compared to the control group. Taking into account the
mass of Li-CNT film, the energy density improves by approxi-
mately 10%. In a typical commercial cell, the mass ratio of the
anode electrode is around 12%, and the mass of the anode is
12 mg cm™ % The mass of the prelithiation agent is 0.3 mg cm ™2,
equivalent to approximately 2.5% of the anode material and 3%o
of the total cell mass. The improvement of energy capacity by
about 11% results in an overall increase in mass energy density of
around 11%/(1 + 3%o) = 10.97%, which is significant compared to
the rise of active materials. As previously discussed in Fig. 1b,
to attain the same energy density improvement, the specific
capacity of the anode must be increased to at least 900 mA h g™ .
However, achieving a specific capacity of 900 mA h g~* with 90%
ICE is challenging.

Fig. 5e displays the coulombic efficiency of LFP||Gr and
LFP||Gr-Li-CNT cells during cycling. The prelithiated cells
showed an average CE above 99.9%, surpassing that of the
blank LFP||Gr cell. The improved CE suggests that the incor-
poration of the CNT film in the full cells did not introduce any
side effects that would consume active lithium ions during
cycling. The relationship between the Coulombic efficiency and
cycling life is demonstrated in Fig. S14 (ESIt), with the data
based on the assumption that the loss of active lithium ions is
responsible for CE reduction. This suggests that even a mar-
ginal 0.1% difference can significantly impact cycling perfor-
mance in a full cell with limited lithium. The rate performance
of the LFP||Gr-Li-CNT cell is shown in Fig. 5f, which was
conducted at 0.1 to 0.3C using the thick LFP (3.3 mA cm™?)
and graphite electrodes. The full cell displayed discharge
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capacities of 159.3, 156.1, and 152.3 mA h g~ ' at 0.1, 0.2, and
0.3C, and after 84 cycles, it could recover to 154.6 mA h g~ " at
0.2C. However, higher-rate performance cannot be adequately
tested in our labs using such a high loading LFP electrode. For
higher-rate evaluations, we utilized self-manufactured LFP
electrodes with reduced loading. The prelithiated LFP||Gr-Li-
CNT cells exhibit a favorable rate capability and cycling stability
at 1C, as illustrated in Fig. 5g and h. Notably, discharge
capacities of 136.5 mA h g~ ' at 1C and 120.6 mA h g " at 2C
were achieved, accompanied by an impressive capacity reten-
tion of 99% over 100 cycles at 1C. The corresponding CE 1C is
illustrated in Fig. S15 (ESIf), and it consistently surpasses
99.9%. The visual representation and morphological examina-
tion of the CNT films within the LFP||Gr-Li-CNT cells following
100 cycles at 1C, along with the rate performance, can be
observed in Fig. S16 (ESIt). Impressively, no detectable lithium
dendrites were observed on the surface of the CNT film.
Furthermore, it’'s noteworthy that we observed a substantial
decline in the conductivity of the CNT film, from 5 x 10> S m™*
to 4 S m™’, subsequent to prelithiation and cycling within the
battery. This reduction in conductivity has contributed to a
decreased tendency for lithium deposition on the CNT film.

Furthermore, we extended the application of the Li-CNT film
to prelithiate the LiNiy gC0g1Mng 0, (NCM)||Si system. In the
NCM]| |Si full cell, the ICE is approximately 78%, consistent with
the silicon’s initial CE of 79.2% at 0.1C (Fig. S17, ESIT). After
prelithiation, the NCM||Si-Li-CNT full cell exhibits a notably
improved ICE of approximately 88%, which is comparable to
the ICE of the NCM]||Li half cell at 90% (Fig. 5i). Remarkably,
the prelithiated NCM||Si-Li-CNT cell exhibits vastly improved
cycling performance compared to the unprelithiated NCM]| |Si
cell (Fig. S18, ESIT). This improvement could be attributed to
the role of the lithiated CNT film as a buffer layer for volume
expansion within the silicon anode, ultimately enhancing the
stability of the Si anode.™

After prelithation, we did not observe any residual lithium
on the electrode surface or CNT film c. However, when we used
thin lithium metal foil as the prelithiation agent, we consis-
tently observed pulverized lithium on the electrode surface
(Fig. S20, ESIt). Furthermore, pure lithium foil or alloy foil is
difficult to thin down to less than 5 pm, and even at a thickness
of 5 pm, it introduces more lithium than needed, making
precise prelithiation challenging. The schematic diagram of
the contact prelithiation process of Li foil and Li-CNT foil is
shown in Fig. 6a and b. In the presence of an electrolyte, the Li
redox reaction occurs at the place where both electrons and
lithium ions can flow. Once the reaction takes place, graphite
gets lithiated, and lithium foil will be consumed from the
contact place. After lithium consumption at the contact place,
it will lose its electronic pathway, and the oxidation-reduction
reaction cannot occur, resulting in some residual lithium metal
being generated on the graphite surface. However, when CNT
film is used as the substrate, the interconnected porous CNT
network provides excellent electron conductivity, and the elec-
tronic pathway is always maintained. Additionally, the porous
CNT film can adsorb electrolytes, making the prelithiation

This journal is © The Royal Society of Chemistry 2023
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Fig. 6 Schematic diagram of the contact prelithiation process of (a) Li foil, and (b) Li-CNT foil.

process of Li-CNT film much faster than lithium foil. The good
electronic and lithium-ion conductivities of CNT film provide
optimal conditions for fast and uniform lithiation with high
lithium utilization.

Conclusions

In summary, we have developed a facile method to cast molten
lithium onto a lightweight carbon nanotube (CNT) film for
fabricating ultra-light, robust Li-CNT films for precise prelithia-
tion. The CNT film substrate’s lightweight and thinness, com-
bined with its lithiophilic properties induced by lithiation,
enabled uniform casting of molten lithium on the film, result-
ing in a flexible and strong Li-CNT film. This method allows us
to control the weight and thickness of the films by varying the
amount of molten lithium used. Furthermore, the CNT film’s
excellent mechanical properties ensure that the Li-CNT film
retains good mechanical strength, significantly better than a
pure lithium metal film. This suggests that the CNT film could
be a promising material for ultra-thin electrodes. The Li-CNT
film also demonstrated high lithium loading capacity and
reversible lithium stripping, achieving areal capacities ranging
from 0.1 to 1.12 mA h cm 2, with the potential for higher
capacities. A 0.3 mg cm > Li-CNT film shows an impressive
specific capacity of ~1200 mA h g™, which can couple well
with a commercial LFP electrode with an areal capacity of
~3.6 mA h cm™> When used for prelithiation, the highly
electrophilic CNT film substrate provides a favorable electron
and lithium-ion transport environment, resulting in high
lithium utilization and complete compensation for initial active
lithium loss.

Full cells using LFP||Gr achieved an ICE of ~100%, indicat-
ing high efficiency. This technique has significantly improved
the energy density of lithium-ion batteries, with LFP||Gr full
cells showing an 11% increase in energy density. Using Li-CNT
films for contact prelithiation eliminates the need for high-
pressure rolling, which is required when using direct vacuum
lithium sputtering on graphite anodes. Additionally, the

This journal is © The Royal Society of Chemistry 2023

lithiated CNT film has the potential to serve as a buffer layer
of volume expansion for anode materials such as silicon,
potentially improving the electrochemical performance. Never-
theless, the Li-CNT films’ susceptibility to moisture and oxygen
poses a challenge to their commercial viability, prompting us to
actively seek strategies to enhance their stability. We remain
resolute in our belief that the CNT film itself holds consider-
able promise as a lithium supporter for the production of
Li-CNT films, effectively serving as prelithiation agents. Our
commitment is underscored by our ongoing exploration of
diverse techniques and meticulous refinement of production
parameters, all geared toward enabling the realization of larger-
scale and remarkably efficient manufacturing processes for
Li-CNT films. Within this context, lithium vacuum thermal
evaporation and electrochemical deposition®! stand out as
promising alternatives, each holding the potential to achieve
larger scales.

Experimental
Li-CNT film fabrication

The Li-CNT film fabrication process was carried out inside
an argon-filled glovebox. First, a CNT film was attached to a
316 stainless-steel plate using Kapton tape. The stainless-steel
plate was then put on a hot plate under 250 °C. After the plate
was heated, a certain amount of lithium was put on the surface
of the CNT film. A stainless-steel triangle cell spreader was used
to coat the lithium on the CNT film. The spreader must be
heated to a high temperature to ensure the molten lithium will
not be cooled down upon contact. The CNT film was lithiated
from a lithophilic surface during the coating process before the
spreader was used to apply the molten lithium. After coating,
the stainless-steel plate was immediately transferred to a
stainless-steel floor for rapid cooling to minimize side reac-
tions, as the reactivity of metal lithium increases significantly at
high temperatures. The Li-CNT film was wrapped with a
separator to prevent metal lithium from sticking to the pouch
tools during pouching.
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Electrode preparation

The commercially obtained signal-side LFP cathode electrodes
were supplied by China Shoto Ltd. These electrodes featured a
substantial active material loading of 21-22 mg cm™ and an
area capacity of approximately ~3.3 mA h ecm™?, with an
impressive active materials ratio of 95% within the electrode.
Graphite electrodes were prepared by mixing the graphite
powder (Dodochem) with Super P conductive carbon black
(TIMCAL) and polyvinylidene fluoride (PVDF 6020, Solvay) in
a weight ratio of 90:5:5 using N-methyl pyrrolidone (NMP) as
the solvent. The resulting slurry was then cast on a Cu foil with
a thickness of 400 um to achieve a graphite loading of about
11 mg cm > After being subjected to a drying temperature of
80 °C for 12 hours, the electrodes underwent shaping into
circular disks with a diameter of 12 mm to facilitate their
assembly into coin cells. Lithium metal was selected as the
half-cell counter electrode with a diameter of 15 mm. In terms
of rate performance assessment, a reduced loading LFP cath-
ode was created using the identical slurry manufacturing
process as the graphite electrode. The LFP cathode possessed
an active material ratio of 80% and a loading of approximately
7 mg cm™ 2. Similarly, the NCM electrode was manufactured
using the same procedure, featuring an active material loading
of around 6 mg cm 2. For the silicon electrode (Daejoo Electro-
nic Materials, DMSO), PAA (polyacrylic acid) was utilized as the
binder, and the active material ratio was set at 80%. To match
the NCM cathode, the silicon loading was approximately about

1 mg em >,

Cell assembly and electrochemical tests

All coin cells were assembled in an argon-filled glove box with
oxygen and water content of less than 0.1 ppm. 2025-Type coin
cells were fabricated using 40 pL of electrolyte (1 M LiPF, in
EC:DMC = 3:7 vol% with 2% VC) for LFP||Gr and 1 M LiPF,
EC:DMC:EMC = 1:1:1 with 10% FEC for NCM||Si, and a
single piece of PP separator. The coin cells rested for 8 h to
ensure electrolyte infiltration before electrochemical perfor-
mance testing. For the LFP||Gr system, each cycle of the half
and full-cell tests involved a constant current charging process
to 3.7 V at a given rate, followed by a constant voltage charging
process to one-fifth of the given rate at 3.7 V and a constant
current discharging process to 2.5 V or 2 V at the same rate.
In the case of NCM cells, the charging process involved apply-
ing a constant current until reaching 4.3 V, followed by dis-
charge to 2 V in the half-cell configuration. For the full cells
incorporating a silicon anode, the discharge was conducted to
either 2 V or 1 V. The electrochemical performance was
measured at 25 °C using a MIHW-200-160CH battery cycler
(Neware). EIS measurements were conducted from 0.1 to 1 MHz
with an AC voltage amplitude of 10 mV using Interface 1010E
potentiostat (Gamry). For the in situ prelithiation experiments,
we enhanced visibility by utilizing a transparent plastic zip-lock
bag to encase the electrode, ensuring that the lithium side
faced us, thus enabling clear observation. The procedure
encompassed the careful alignment of the Li-CNT film onto
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the graphite electrode’s surface. Following this, the electrolyte
was introduced into the zip-lock bag, and gentle pressure was
applied using my finger to initiate the prelithiation process.
Movie S1 (ESIt) was edited to accelerate its speed and trim its
length, and the total duration is approximately 4 minutes for
the entire process.

Characteristic

SEM and cross-section images were taken by cross-sectioning a
sample with a Ga" ion beam and observing via the electron
beam on a Thermo Fisher Helios CX G4 dual beam focused-ion-
beam/SEM. Crystalline structures of the samples were deter-
mined via X-ray diffraction (XRD) using a parallel beam instru-
ment (Smartlab, Rigaku, with Cu Ko with a wavelength of
1.542 A) with preliminary sample sealing by a Kapton film
inside an argon-filled glove box. Tensile strength measure-
ments were conducted at room temperature using a
microcomputer-controlled electronic universal testing machine
(Lishi (Shanghai) Instruments Co., Ltd, P. R. China) equipped
with a 10 N load cell at a speed of 1 mm min~'. The con-
ductivity was assessed using a four-probe electronic conductivity
tester, specifically the JGDZ-ST2258 model.
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