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Leveraging Synergies by Combining Polytetrafluorethylene
with Polyvinylidene Fluoride for Solvent-Free Graphite

Anode Fabrication

Yang Zhang, Song Lu, Fengliu Lou,* and Zhixin Yu*

Solvent-free graphite anode is fabricated successfully with the synergistic effect of
polytetrafluorethylene (PTFE) and polyvinylidene fluoride (PVDF). PTFE acts as a
processing aid reagent to form a self-supporting electrode film, while PVDF acts
as a functional binder when PTFE decomposes in the first lithiation process.
The solvent-free graphite electrode with high loading of 15 mgcm 2 shows
good stability with more than 95% capacity retention after 50 charge/discharge
cycles under the current of 0.23 mA cm 2. Electrodes with extra high loading of
27 mgcm 2 (8.2 mAh cm ™ ?) are fabricated and show good stability. Initial cou-
lombic efficiency increases to 89% after prelithiation in the full cell with lithium iron
phosphate as cathode. The capacity retention of full cells is more than 80% after
110 cycles under the current of 0.7 mAcm 2 in coin cells. The roll-to-roll pro-
duction makes the procedure compatible with current commercial lithium-ion
batteries production lines, exhibiting great potential for upscaling production.

1. Introduction

The implementation of lithium-ion batteries (LiBs) in electric
vehicles (EVs) and stationary grids needs to overcome the bottle-
necks of current LiBs, especially low energy density and high
cost.'™® The manufacturing cost and energy density of LiBs
are determined to a large extent by electrodes’ chemical compo-
sition and manufacturing process.!**! Commercial electrodes are
fabricated via the slurry casting (SC) procedure, where active
material, binder, and conductive additives are mixed with
solvent, typically water for anode, while N-methyl-2-pyrrolidone
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(NMP) for cathode, to form slurry with
appropriate viscosity. The slurry is subse-
quently cast onto a substrate with alumi-
num foil for cathode and copper foil for
anode and then dried under high tempera-
ture followed by pressing with high
pressure to get final electrodes. Ovens with
dozens of meters are used to evaporate the
solvent in a short time. The slurry prepara-
tion, coating, and drying account for nearly
50% total energy consumption for LiB pro-
duction. For the cathode side, complicated
and expensive NMP recovery is required
because it is hazardous to the environment.
The high manufacturing cost caused by the
SC procedure has no doubt been an obstacle
for widespread application of LiBs.

In addition to lowering energy consump-
tion, reducing raw materials is another
significant way to reduce the cost of LiBs because they account
for ~60% of the total cost.”®! Thick electrodes can lower bill of
materials (BOM) cost and increase the energy density simulta-
neously because less auxiliary materials, including current collec-
tor, separator, tab and container material, are used for the same
specific capacity. For the commercial graphite electrodes, the thick-
ness of the electrode is less than 100 ym with areal capacity of
2-3mAh cm ™! Increasing the areal capacity can drastically
increase the energy density of the LiBs because more active mate-
rials are deployed within same cell volume. However, defects
including electrode cracking, active powder drops, and delamina-
tion of active materials from the substrate caused by uneven binder
distribution limit the thickness of electrodes fabricated by the SC
procedure.!'®" Removing solvent from the electrode fabrication is
a promising solution to address the aforementioned issues.

Tremendous efforts are being dedicated to solvent-free (SF)
technology for electrode fabrication. Vapor deposition is utilized
for SF thin electrode fabrication, where raw materials are vapor-
ized and deposited onto the substrate. Vapor deposition includes
magnetron sputtering, thermal evaporation, pulsed laser
deposition, atomic layer deposition, etc. Kuwata et al. fabricated
solid-state-thin-film batteries consisting of Li,0-V,05-SiO, solid
electrolyte (SE), LiCoO, (LCO) cathode, and SnO anode using
pulsed laser deposition technology, where the laser beam was
focused onto the rotating target under vacuum.™ Shiraki et al.
controlled the crystal orientation of LCO with a similar procedure
to obtain the most appropriate orientation for ion conduction.!"”!
Epitaxial LCO thin films with polycrystalline Li; ,CoO, as target
were deposited with a thickness of 200 nm. The films were
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subsequently annealed at 650°C in air to obtain final LCO
electrodes. Ionized magnetron sputter depositioncan be applied
with a relatively low temperature of 350 °C.I*! The thin-film bat-
teries prepared by vapor deposition exhibited good performance,
such as high energy density,"”'"® long cycling life,™” and
improved rate capability.?>*"! However, vapor deposition tech-
nology is only suitable for the fabrication of electrode with small
size, mainly for microelectronic devices and highly integrated cir-
cuits. The expensive equipment and complicated film-forming
process, high energy consumption, and low areal capacity limit
its application in EVs or even 3C consumer electronics. Extrusion
can be used for SF electrode fabrication with extra high thick-
ness. Sotomayor et al. were the first to use extrusion as an SF
method to fabricate electrode with lithium titanate oxide
(LTO) and lithium iron phosphate (LFP) as active materials./*”
This process comprises particle mixing, extrusion, debindering,
and sintering. A blend of polypropylene, paraffin wax, and stearic
acid was used as the sacrificial binder. A double-heating step in
n-heptane was required to degrade the polymers, and high tem-
perature was applied to sinter electrode. The LFP/LTO cells with
areal capacity of 13.3 mAhcm ™2 were fabricated and demon-
strated good cycling stability. Melting and extrusion is a scalable
procedure for electrode manufacturing with high loading.
However, extrusion is sensitive to the particle size and needs
accurate control of temperature, shear force, and time of extru-
sion.*) In addition, high consumption of polymers, a tedious
manufacturing procedure, and high temperatures required for
debindering and sintering processes impede its further applica-
tion in practical electrode manufacturing.

Another promising procedure for SF electrode fabrication is
using fibrillizable PTFE binder to replace conventional soluble
binder. Dry mixing, fibrillation of PTFE, self-supporting elec-
trode film formation, and lamination are involved in this proce-
dure. Maxwell Technology developed this procedure for activated
carbon electrodes used for supercapacitors.****! Hippauf et al.
applied this scalable SF procedure for lithium nickel cobalt man-
ganese oxide (NCM) electrode fabrication in all-solid-state batter-
ies (ASSBs).*®! PTFE powder was first mixed and sheared with
NCM, SE, and carbon nanofiber (CNF) in a mortar for one
minute until the formation of single flake. The flake was subse-
quently hot rolled several times to desired thickness. The content
of PTFE can be reduced to 0.1 wt%, which is beneficial for ion
transport. The pouch cell showed decent cycling stability with
93.2% capacity retention after 100 cycles under the current of
0.7 mA cm ™. Zhou et al. successfully scaled up this procedure
to pilot stage for fabrication of LFP electrodes, where high-speed
air blowing, hot rolling, and hot overlying process were
adopted.”” The jet mill with high-pressure dry air was used
to extend PTFE molecular chain. Cotton candy-like mixture
was formed, and the mixture was hot rolled twice at 180 °C to
form a free-standing electrode film using a horizontal-type roller.
The LFP cathode was fabricated with compact densities, almost
1.6 times higher than SC electrodes. 40% activated carbon was
required to increase the flexibility of the LFP electrodes.

The lowest unoccupied molecular orbital (LUMO) of PTFE is
low, making it easy to accept electrons and get reduced when
used in anodes.[”*% The instability issue of PTFE in SF anode
fabrication is still a challenge. In our previous work, we success-
fully fabricated SF hard carbon/soft carbon anode with the
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fibrillation of PTFE." The SF hard carbon anodes demonstrated
comparable cycling life with their SC counterparts, even though
most PTFE fibrils were reduced at the first lithiation process.
However, SF graphite anode exhibited fast capacity fading.
The disappearance of PTFE peak from 19° in X-Ray diffrction
(XRD) demonstrated fast capacity fading resulting from the
decompositionv of PTFE. To expand the application of this
procedure to other anode active materials like graphite with
big volume variation during the charge/discharge process,
PVDF has been reported to be promising to address the instabil-
ity issue caused by the reduction of PTFE.

In this study, we successfully expanded PTFE for graphite
anode fabrication with the help of PVDF. The thick SF graphite
anode (180 pm) could be easily fabricated, which could signifi-
cantly increase the specific energy of LiB cell. The SF graphite
anode demonstrated good stability under high loading. The good
electrochemical performance and compatibility with the roll-to-
roll production line enable the SF procedure potentially to replace
current commercial SC procedures.

2. Experimental Section

2.1. Dry-Mixing Optimization

A conical mixer (Figure S1, Supporting Information, Xinyang,
Wuxi, China) was used for dry mixing. Graphite (CP5H,
Shanshan, Shanghai, China) and carbon black were baked at
150°C overnight before mixing. Graphite, carbon black, and
PVDF (HSV900, Arkema, Colombes Cedex, France) were mixed
with a mass ratio of 90:5:2. The mixing time and speed were
screened to get optimal mixing parameters.

2.2. Electrode Fabrication

Figure 1 shows the schematic process of SF PVDF graphite
anode fabrication combining PTFE and PVDF. Graphite, PVDF,
carbon black, and PTFE powder (MTI, Shenzhen, China) were
used directly for anode fabrication. A powder mixture was pre-
pared by mixing graphite, carbon black, and PVDF in a conical
mixer at a speed of 1200 r min~" for 90 min. After that, PTFE
powder was added to the mixture and mixed for 30 min using
a V blender. The high-speed dry air was then applied using
2in. grinding chamber jet mill (Sturtevant, Hanover, NC, US)
to fibrillate PTFE to a cotton candy-like dry mixture. The weight
ratio of graphite/carbon black/PVDEF/PTFE was 90/5/2/3. For
comparison, graphite anode without PVDF was aslo fabricated
by a similar procedure with the weight ratio of 90/5/5 (graphite/
carbon black/PTFE). The free-standing electrode film was
formed when the dry mixture was hot rolled at 160 °C using a
calendar machine at a speed of 15 cm min~". The thickness of
the electrode film was adjusted according to the gap between
the rolls of the calendar machine. The electrode film could be
folded several times without any obvious cracks or defects, indi-
cating good flexibility and mechanical strength, which are critical
for upscaling production. Finally, the free-standing film was lam-
inated to the carbon-coated copper foil using hot rolling at 80 °C
before the electrode film was baked at 180 °C for 10 min. For con-
venience, SF graphite anode with PVDF will be denoted as SF
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Figure 1. Schematic process diagram of SF PVDF graphite electrode fabrication based on PTFE fibrillation, including dry mixing, fibrillation, hot rolling,

and lamination.

PVDF graphite anode, while SF graphite anode without PVDF
will be denoted as SF graphite anode. For PTFE film fabrication,
80% carbon black was added to increase the electrical conductiv-
ity: the PTFE powder and carbon black were mixed for 30 min in
a kitchen mixer and then the mixture was ground in a agate mor-
tar until the formation of flake; finally, the flask was hot rolled
using a calendar machine.

2.3. Cell Assembly

Both half cells and full cells were assembled with 2032 coin cell
parts (MTI, Shenzhen, China) in an argon-filled glovebox, where
water and oxygen concentrations were less than 0.01 ppm.
Cellulose film (Celgard, Charlotte, NC, US), lithium foil
(Sigma-Aldrich, 600 pm, Darmstadt, Germany), and 50pL
1.2 M LiPF¢ in EC-EMC (3/7, v/v) with 10 wt% fluoroethylene car-
bonate (FEC) were used as the separator, encounter electrode,
and electrolyte, respectively. For full cell assembly, commercial
lithium iron phosphate (LPF) electrodes from Beyonder AS
(Norway) were used as cathode. The capacity ratio of anode
(NP ratio) to cathode was 1.1:1.

2.4. Prelithiation

Single-layer pouch cell was assembled with the commercial LFP
electrode as cathode, SF graphite electrode as anode, and single
polyethylene (PE) as separator, respectively. Commercial electrolyte
(Tianci, Wuxi, China) was used directly. The pouch cell was aged for
12 h before charging to a certain state of charge (SOC). Thereafter,
the cells were disassembled in a glovebox and the lithiated SF graph-
ite anodes were washed with dimethyl carbonate (DMC) several
times and dried under room temperature for full cell assembly.

2.5. Electrochemical and Morphological Characterization

The galvanostatic charge/discharge tests were performed under
room temperature using an eight-channel battery analyzer

Energy Technol. 2022, 10, 2200732 2200732 (3 of 8)

(Neware, Shenzhen, China). The voltage ranges were 0.01-1.5V
and 2.5-3.65V for half cells and full cells, respectively. All cells
were aged under room temperature for 12 h before testing and
underwent several formation cycles. Cyclic voltammetry (CV)
was carried out in the voltage range of 0.01-3.2'V at a scanning
rate of 0. 5mVs™.

The pristine and cycled electrodes were characterized using a
scanning electron microscope (SEM, Phenomenon LE). The
cycled electrodes were charged to the full delithiation state after
cell cycling, followed by disassembling the cell, dipping the elec-
trode into DMC solution for 2 h to remove any residual electro-
Iyte, and drying at room temperature overnight in an argon-filled
glovebox for further ex situ analysis.

3. Results and Discussion

To study the stability of PTFE at anode, PTFE film with 80% car-
bon black was prepared. The film was used directly without
current collector to assemble coin cells with lithium foil as
the counter electrode. The charge/discharge cycling test was con-
ducted under a current of 1.2 mA cm ™% As shown in Figure 2a,
the capacity—voltage curves showed that PTFE delivered a capac-
ity of 970 mAh g~ " at the first lithiation process, while the capac-
ity of the first delithiation reduced to less than 20mAhg™!,
demonstrating the irreversible reduction of PTFE during the first
lithiation process. The lithiation and delithiation capacity in the
second cycle is 191 and 97 mAh g™, respectively. The lithiation
capacity in the second cycle is more than the delithiation capacity,
which could be attributed to the reaction of PTFE with lithium
ion in the lithiation process, because not all PTFE is reduced in
the previous lithiation process. CV curves (Figure 2b) demon-
strated that a reduction peak appeared at &1V in the first reduc-
tion cycle, which could be ascribed to the irreversible reaction of
PTFE and lithium ion. The reduction peak became weaker in the
following cycles, demonstrating that most PTFE was reduced in
the first lithiation process. The CV result is consistent with
charge/discharge cycling testing and earlier studies.*®! SEM
was used to characterize the morphology of both pristine

© 2022 The Authors. Energy Technology published by Wiley-VCH GmbH
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Figure 2. Stability analysis of PTFE at anode: a) capacity—voltage curves for PTFE film with 20% carbon black; b) CV curves of PTFE film; c¢) SEM image of

the pristine PTFE film; and d) SEM image of PTFE film after lithiation.

PTFE film and PTFE film after lithiation. The PTFE fibrils are
apparent from the pristine PTFE film (Figure 2c), while most
of PTFE fibrils disappeared after lithiation (Figure 2d). SEM
characterization further proved the irreversible reduction of
PTFE during the first lithiation process.

In the dry-mixing process, materials with different densities
and sizes tend to agglomerate, which is detrimental to the
electrical conductivity of electrodes and rate capability. Mixing
parameters like mixing time and speed were screened and opti-
mized. The dry mixture powder mixed under different speeds
and times were hot rolled under 120°C several times to get
an electrode film with a thickness of 100 pm. The ohmic
resistances of electrode films obtained under different mixing
conditions are shown in Table 1. Surprisingly, the electrical con-
ductivity did not increase with mixing time or mixing speed. For
instance, with a fixed speed of 1200rmin~", the resistance
decreased from 1.831 to 1.412 mQ when increasing the mixing
time from 30 to 90 min. The resistance didn’t decrease with

Table 1. Ohmic resistance of mixture A under different dry mixing times
and speeds (mQ).

Mixing speed 30 min 60 min 90 min 120 min
400 [r min~"] 3.766 3.125 2.785 2.042
800 [min "] 2.015 1.827 1.679 1.594
1200 [r min~] 1.831 1.654 1.412 1.422
1400 [r min™"] 1.733 1.615 1.448 1.437

Energy Technol. 2022, 10, 2200732 2200732 (4 of 8)

prolonged mixing time. The best conductivity was obtained after
90 min mixing under 1200 r min~ "' mixing speed.

To increase the adhesion between the current collector and
electrode film, 10 um copper foil with primer was used as the
current collector. Slurry with poly(ethylene oxide) (PEO)/carbon
black mass ratio of 50/50 was prepared and cast onto Cu foil
using a doctor blade. The final primer thickness is 1 pm, which
has negligible effects on the energy density of electrodes.
The uniform distribution of carbon black on the surface of cop-
per foil is shown in Figure S2, Supporting Information, which
makes the primer-coated current collector have comparable elec-
troconductivity to bare copper foil. Hot rolling was deployed for
the lamination of the electrode film and primer-coated Cu foil.
The lamination temperature was screened from 40 to 160 °C. The
maximum adhesion was obtained at 80°C. The adhesion
increased from 2.3 to 6.8 Nm™" when the lamination tempera-
ture increased from 40 to 80°C. The adhesion has negligible
variation when the lamination temperature further increased.
The improved adhesion with increasing temperature from 40
to 80 °C is ascribed to the melting of PEO, since PEO has melting
point of about 70 °C. When the lamination temperature exceeds
the melting point, PEO will have more contact area with the elec-
trode film. However, further increasing the temperature above
the melting point cannot increase contact area, exhibiting little
impact on adhesion strength.

SEM was also used to analyze the morphology of the pristine
SF PVDF graphite anodes. The carbon black is distributed on the
surface of graphite particles without obvious agglomeration, clar-
ifying sufficient mixing of graphite and conductive additives

© 2022 The Authors. Energy Technology published by Wiley-VCH GmbH
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Figure 3. Top-view SEM images of pristine SF graphite anodes with different magnifications: a) 10000x, b) 50000x, and c) 100 000x; SF graphite
anodes after 100 cycles with different magnifications: d) 10000, e) 50 000x, and f) 100 000x.

(Figure 3a). No PVDF particles were observed, showing that most
PVDF was melted around the surface of graphite particles.
The PTFE fibrils could be observed (Figure 3a—c), which bundle
with graphite to form a netlike structure, ensuring good
mechanical strength of the film with a tensile strength of
7.8 N'm™' (100 pm) and good flexibility (Figure 1, self-supporting
film). The PTFE distributes evenly among the electrode, which
was confirmed by the cross-sectional SEM images (Figure 4a—c).
SEM-energy dispersive X-ray spectroscope (EDS) mapping of
the pristine SF PVDF graphite electrode further confirmed that
fluorine is uniformly distributed on the surface of the electrode

(Figure 5). The SF graphite anodes without PVDF showed
similar morphology (Figure S3a-c, Supporting Information).
The cycling stability of SF PVDF graphite anode was studied
in half cells with a current of 0.23 mA cm ™2 at room temperature.
In contrast to fast capacity fading of SF graphite electrode (with-
out PVDF) in our previous study,?!! the capacity retention for SF
PVDF graphite anode was more than 95% after 50 charge/
discharge cycles with high areal capacity of 4.22 mAh cm™?, as
shown in Figure 6a. The low initial coulombic efficiency (ICE)
of 85.6% is the result of the irreversible reaction between
PTFE and active lithium ion (Figure 6b). The coulombic

Figure 4. Cross-sectional SEM images of pristine SF PVDF graphite anodes with different magnifications: a) 1000, b) 20000, and c) 50 000x; SF
PVDF graphite anodes after 100 cycles with different magnifications: d) 1000, e) 20000, and f) 50 000x.
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Figure 5. SEM-EDS mapping of fresh SF PVDF graphite anode (Graphite: Carbon black: PTFE: PVDF = 90: 5: 3: 2). a) carbon distribution; b) fluorine

distribution; and c) overlay of carbon and fluorine distribution.
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Figure 6. a) Cycling performance of SF graphite anode at the current of 0.23 mA cm™2 and room temperature; b) voltage—capacity curves of SF graphite

anode for the first lithiation and delithiation process.

efficiency (CE) increased to more than 99% from second cycle,
indicating that most PTFE was reduced in the first cycle. The CE
further increased to 99.7% at 10th cycle and was stable after the
10th cycle, proving the stability of SF PVDF graphite anode
(Figure 6a).

The morphology of the cycled SF PVDF graphite electrodes
was also studied to explore the stability mechanism, taking
into consideration that most PTFE degraded. As shown in
Figure S3d,e, Supporting Information, apparent cracks could
be observed from the top view of the cycled SF graphite anodes
(without PVDF). There were almost no fibrils left (Figure S3f,
Supporting Information). Graphite has roughly 10% volume
swelling and shrinking during the lithiation and delithiation pro-
cess.???3 The reduction of PTFE makes the electrode unable to
accommodate the volume variation and the electrode loses integ-
rity, resulting in very fast capacity fading. However, no apparent
cracks were observed from the top view of SF PVDF graphite
anode after 100 charge/discharge cycles (Figure 3d-f). EDS

Energy Technol. 2022, 10, 2200732 2200732 (6 of 8)

mapping also showed even distribution of fluorine after 100
cycles (Figure S4, Supporting Information). The cross-sectional
SEM images of cycled SF PVDF graphite anode (Figure 4d—f)
further demonstrated that the electrodes maintain compact struc-
ture as good as the pristine one (Figure 4a—c), even though most
PTFE fibrils were reduced. No obvious separation between
the electrode film and the current collector was observed
(Figure 4d), indicating good adhesion between the electrode film
and the primer-coated current collector. Therefore, it could be
proposed that the good stability of SF PVDF graphite anode
was due to that PTFE acts as a processing acid reagent in SF
PVDF graphite anode, while PVDF acts as a functional binder
when PTFE is reduced in the first lithiation process.

In addition to energy saving, another big advantage of the SF
procedure is the deployment of the thick electrode. We have pre-
viously fabricated SF PVDF electrode with areal capacity of more
than 4.2 mAhcm™* with excellent stability during the cycling
test. We further increased the graphite loading to 27 mgcm ™2

© 2022 The Authors. Energy Technology published by Wiley-VCH GmbH

358017 SUOWWOD 9A1IER1D) 3]qed! [dde au) Aq peussnob e ssjoiLe YO ‘38N JO S3INJ 10} Aeuqi aUIjUO AS|IA UO (SUDNIPUOD-PUR-SLLISYWOY"AB| 1M AleIq Ul |Uo//SdiL) SUONIPUOD pue SWie | 8U)1 89S *[2202Z/TT/0T] Uo AeiqiTauliuo AS|1M ‘(-auleAnge ) aqnopesy Ad 28002202 91US/Z00T 0T/I0p/LI0d A [1M Alelq 1 pul|uoy/:sdny Wwoiy pspeojumod ‘TT ‘2202 ‘962vv6T2


http://www.advancedsciencenews.com
http://www.entechnol.de

ADVANCED
SCIENCE NEWS

Energy Technology

rsion, Storage, Di

www.advancedsciencenews.com

www.entechnol.de

@ o] ® (© 200 :
e Vi vy Yy vy vvvy 100 ;;5 i
20 o * e Z 180
c 8 . M e > 3
L c = 8.2 mAh/cm?
sis <6 80 G 2160
= >
Y E E 2
£10 2 5 140
= 2 4 9 o
> % Qo >
Q 60 ¢ g
0.5 8 2 % 5 120
S
0.0 0 20 100
0 2 4 6 8 10 2 4 6 8 10 12 14 0 5 10 15 20 25 30

Capacity (mAh/cm?)

Cycle Number

Areal Capacity (mAh/cm?)

Figure 7. a) Voltage—capacity curves for the first lithiation and delithiation process; b) cycling of SF graphite with high loading of 27 mg cm™2 and 180 pm
under the current of 0.3 mA cm ™% and c) specific energy as a function of areal capacity of graphite anode (parameters used in the calculation are listed in

Table S1, Supporting Information).

with a thickness of 180 pm (1.67 g cm >, 24% porosity). The high
loading electrodes delivered an impressive areal capacity of
8.2 mAh cm 2 (Figure 7a). The areal capacity of SF PVDF graph-
ite anode in our study is not only much higher than commercial
graphite electrodes, but also higher than many silicon-based ano-
des reported in the literature.2*=”) The electrodes were stable
without obvious capacity fading for 15 cycles under a current
density of 0.3 mA cm ™2 (Figure 7b). However, the internal short
circuit occurred afterwards, which could be ascribed to the high
pressure in coin cells resulting from the thick electrode.

To explore the potential application of our extra high loading
electrode for high-energy-density LiBs, the specific energy of
LFP/graphite cells was calculated as a function of the areal capac-
ity loading of the graphite anode (Figure 7c). The N/P ratio
(capacity of anode/capacity of cathode) was set to 1.1, and the
amount of electrolyte was determined with injection coefficient
of 3.5 (weight of electrolyte (g)/capacity of cell (Ah)), which is an
average value for the commercial LFP/graphite prismatic cells.
The detailed calculation method was clarified by Equation (1)
in SI. It is worth emphasizing that the weight of packing materi-
als was ignored intentionally because it varies a lot along the cell
configuration. Hence the specific energy in our calculation will
be slightly higher than the actual value. Figure 7c shows that the
energy density of LFP/graphite cells increases fast with the
enhancement of areal capacity of graphite anodes when the areal
capacity is less than 10mAhcm 2 However, the energy
density increase becomes flat with further increase in the areal
capacity.

The irreversible reduction of PTFE in the first lithiation pro-
cess could result in low ICE in full cells. The theoretical irrevers-
ible lithiation capacity is ~1000 mAh g™'. In our study, 2% of
PTFE was used, which will reduce the capacity to 20 mAh per
gram of electrode. The specific capacity of commercial graphite
is around 350 mAh g~ '. 6% energy density will be lost due to the
utilization of 2% PTFE. Therefore, prelithiation is an effective
method to compensate lithium consumption caused by the reac-
tion of PTFE and lithium ion. The ICE as well as cycling life can
also be improved by the addition of extra lithium inventory.
Prelithiation was conducted with a similar procedure as reported
in our previous work.?! The pouch cell was charged to 2.7 V with
the capacity of 1.1mAhcm ? (Figure S5a, Supporting
Information ). The full cell with LFP cathode was assembled with
capacity ratio of anode to cathode (N/P ratio) at 1.1:1. The ICE
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Figure 8. Cycling of the prelithiated SF PVDF graphite with LFP as cathode
under the current of 0.7 mAcm ™2,

increased to 89% in full cells (Figure S5b, Supporting
Information), which is at similar level as the commercial cells.
It's worth noting that the ICE could be further increased by
the adjustment of the depth of prelithiation. The prelithiated
SF graphite anodes with PVDF showed good stability with about
80% discharge capacity retention after 110 cycles under a
current of 0.7 mA cm ™2 (Figure 8). The CE increased to 99.5%
and 99.7% and maintained stability after cycles 10 and 20,
respectively.

4, Conclusions

We successfully expanded PTFE for SF graphite anodes fabrica-
tion with synergistic effect of PVDF as the dual binder. Thanks to
the binding capability of PVDF, the electrodes were able to keep
their integrity even though most PTFE was reduced in first
lithiation process. The electrode shows good stability with high
loading of 15 mgcm™ and more than 95% capacity retention
after 50 cycles. The electrodes with extra high loading could
be easily prepared, which could lower the manufacturing cost
while increase the energy density simultaneously. Furthermore,
the method can be conveniently implemented on the existing
commercial roll-to roll production line, demonstrating high
potential for large-scale production.

Supporting Information

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