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Abstract

Lithium-ion batteries are a promising technology to promote the phase-out of fossil fuel vehicles.
Increasing efforts are focused on improving their energy density and safety by replacing current materials
with more efficient and safer alternatives. In this context, binary composites of organic ionic plastic
crystals (OIPCs) and lithium salts show promise due to their impressive mechanical properties and ionic
conductivity. Taking advantage of this, the present paper substitutes the commercial
non-electrochemically active binder with an OIPC component, N-ethyl-N-methylpyrrolidinium
bis(fluorosulfonyl)imide ([Compyr][FSI]), in combination with LiFSI. Slurry-formulation experiments
revealed that varying the new binder's composition allows the production of diverse LiFePO4 (LFP)
cathodes via the conventional fabrication process. High concentrations of OIPC—lithium salt in the
compositions yielded electrodes with high energy densities (nominal areal capacities of up to 3.74
mAh/cm?), exhibiting satisfactory cycling performance with proper lithiation/delithiation reactions of
LFP. A reduced Li" concentration of OIPC—lithium salt enabled LFP cathodes to perform effectively
under fast cycling conditions at a C-rate as high as 2C. Preliminary battery tests with a limited Li* source
demonstrated the feasibility of full-cell operation without using the lithium—metal anode. This work
paves the way for developing safe, rechargeable batteries using OIPC-based ion-conductive binders for a
wide range of applications.

Keywords: Polymer-binder-free cathodes, Ion-conductive binders, Organic ionic plastic crystals, Ionic
liquids, Lithium—metal batteries, Rechargeable batteries, Lithium iron(Il) phosphate, Composite cathodes

1. INTRODUCTION

The development of rechargeable batteries with high energy density can address the increasing demand
for low-emission greenhouse gas vehicles and mobile devices with extended operational duration (while
unplugged from electricity)!'). In fact, lithium-ion batteries (LIBs) are already responsible for outstanding
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progress in portable electronics and electric cars in terms of energy autonomy and durability®!. This
battery technology, when compared with other commercial rechargeable batteries, exhibits a relatively
high energy density, low self-discharge, and low memory effect®>%. On the other hand, the current LIBs
have approached their theoretical capacities sufficiently!”-*), which limits the continuous improvement of
their energy density unless their cell chemistries are changed, and other issues such as environmental and
safety concerns hinder their prevalent usel.

In that sense, the evaluation of new materials for advanced LIBs is appealing because it could offer a
solution to some of these drawbacks. One strategy to increase energy density is to reduce
electrochemically non-functional materials in the electrode formulation, such as the binder (that is
generally a non-electron and non-ion conductive polymer). The most employed commercial binder is
poly(vinylidene fluoride) (PVDF), primarily due to its high electrochemical stability!!”). However, PVDF
in typical LIB electrodes is added solely to hold the electrode components (i.e., active material,
conductive material, and current collector) together and its electrical conductivity is almost negligible
(i.e., <1071 S cm™! at room temperature!'). Therefore, reducing the weight ratio of a polymer binder in
an electrode would provide the electrode with a higher electrical conductivity!'?'4], which often sacrifices
the mechanical strength of the electrodel'>!>!5], Alternatively, replacing the non-conductive binder with
an ion-conductive one is expected to improve the electrochemical performance of electrodest'®!""], while
maintaining the necessary mechanical stability of the electrodes for pressing, cell assembly, and battery
operation. In addition, this strategy could avoid excess electrolyte solution in the pores of electrodes
thereby reducing the required mass of the electrolyte solution. Both consequences lead to an increase in
the energy density of the cell. Although such ion-conductive binders have been actively studied for
solid-state batteries (as solid polymer electrolytes)?*-2%l they have also been demonstrated as useful
materials in advanced LIBs using liquid electrolyte solutions!'7-'], Hence, further material exploitation in
this direction is worth pursuing to overcome the performance limitations stemming from the
conventional non-conductive binders.

One category of ion-conductive materials that shows promise is organic ionic plastic crystals (OIPCs),
which are structural analogs of ionic liquids (ILs) but are solids at room temperaturel>>?4. OIPCs are
typically composed of organic cations that are paired with inorganic anions!>l. Lattice defects and
various motions (e.g., rotational, translational, or conformational) of cations and/or anions can cause ion
conduction through the 3D lattice of OIPCs, which are beneficial for ions (e.g., Li*) to move through the
medial®®. Additionally, short-range ion motion under stress and the presence of slip-plane defects
contribute to the plastic properties of OIPCs?’l. Since the discovery of the improvement of ionic
conductivity after the addition of lithium salt to OIPCs!?®], they have attracted researcher’s attention as
novel electrolytes for advanced rechargeable batteries®-321. Even a small amount of metal-salt addition
can result in a significant improvement in ion transport (including added metal ions such as Li")B33-34,
The formation of a liquid phase in this binary mixture of an OIPC and a metal salt also contributes to the
enhanced ion conduction of the medium™3. In some binary mixtures, an increase in the metal-salt
concentration increases the volume fraction of a liquid phase in the OIPC—metal-salt composite.
Interestingly, these binary mixtures often maintain a solid phase until a certain level of metal-ion
inclusion’], after which an ionic liquid is formed.

Because of such promising ion-conduction properties of OIPC electrolytes, they have been studied as
solid-electrolyte membranes for solid-state batteries!>**>3l, In recent years, they have also been used as
additional integrated ion-conduction pathways in solid-state electrodes!?*37#l. These studies have
demonstrated the huge potential of OIPC electrolytes as functional ion-conductive materials for
advanced rechargeable batteries. As OIPC electrolytes are non-volatile and non-flammable materials like
ILs, their use in rechargeable batteries is advantageous for addressing safety issues*Y. This could
potentially offer the same preferred features as ILs in device operation; for instance, highly
Li’-concentrated ILs have shown promising results in terms of improved cycling performance!*>#! and
even dendrite suppression*!. However, to the best of our knowledge, past studies on OIPC-containing
electrodes still required binders to keep the electrodes intact and additional functionality of OIPC
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electrolytes as binders in electrodes has yet to be explored in detail. The use of OIPC electrolytes as
binders seems possible because the mechanical properties of OIPCs depend on their constituent ions and
some pure OIPCs are reportedly sticky, including the ones with bis(fluorosulfonyl)imide ([FSI]")
anions! 741,

In this context, our present study took advantage of the ion-conduction and mechanical properties of
Li*-containing OIPCs comprising N-ethyl-N-methylpyrrolidinium ([Compyr]*) cations and [FSI]™ anions
(hereafter referred to as Li[Compyr]i—[FSI]), and substituted the commercial polymer binder with them
to offer novel polymer-binder-free electrodes for advanced lithium-ion batteries. The addition of lithium
salt to this OIPC was carried out to make the composites Li* conductors as well as provide a Li* source
for electrochemical reactions at both electrodes. The lithium salts with identical anions as the OIPC are
typically selected for simplicity, where the binary mixture has three constituents: OIPC cations, OIPC
anions, and Li" ions; in this case, Li* ions are regarded as a replacement for OIPC cations in the 3D
latticel®l. LiFePO4 (LFP) was chosen as a cathode active material because of its excellent cyclability®”]
and safety (e.g., comparatively low sensitivity against an internal short circuit), and we investigated if
the polymer-binder-free approach can provide the resulting LFP composite cathodes with a higher
electrode loading than the counterpart with a PVDF binder. Specifically, we explored the effect of
electrode formulations on the electrode-fabrication process, whose variables include (i) Li*
concentrations in Li[Compyr]i—[FSI] (ie., 1, 10, and 50 mol%) and (ii) weight ratios of new
ion-conductive binder (Li,[Compyr]i—[FSI]) in the electrode (i.e., 15, 30, and 50 wt%). Some
LFP-Li,[Compyr]i—[FSI] composite cathodes that were promising for high-energy-density or
high-power-density batteries were employed for cell evaluation in a lithium-metal-battery (LMB)
configuration. Finally, the polymer-binder-free LFP—Li,[Compyr]i-[FSI] was placed in the condition
where an excessive Li* source (i.e., Li metal anode) is not available (i.e., paired with
graphite—Lio.1o[Compyr]o.oo[FSI] anode) and preliminary demonstration of its full-cell operation
progresses the realization of safe OIPC-based rechargeable batteries based on intercalation chemistry.

2. METHODS
2.1. Cathode formulation

2.1.1. Polymer-binder-containing cathode formulation

For the preparation of a cathode with a polymer binder, the active material was LFP (Aleees, M121), the
electron-conductive additive was carbon black (Imerys Graphite & Carbon, C-nergy Super C65), the
binder was PVDF (Solvay, Solef 5130), and the solvent was N-methyl-2-pyrrolidone (NMP,
Sigma-Aldrich, 99%). First, the PVDF binder was dissolved in NMP to formulate a 10 wt% solution,
which facilitates homogenization of an electrode slurry later. In atmospheric conditions, 84 wt% of LFP,
10 wt% of carbon black, and 6 wt% of PVDF were mixed with NMP using a spatula. After that, all the
compounds were mixed with three ¢5 mm zirconia balls using a planetary ball mill (Retsch, PM 100) for
48 minutes (i.e., 8 cycles of five-minute mixing and one-minute rest, where the mixing direction was
reversed every cycle) at 300 rpm. The solvent was added until the viscosity of the slurry became coatable
(the final solid-content ratio of the slurry was 35%). In a laboratory doctor blade film coater (Xiamen
Tmax Battery Equipments Limited, TMAX-TMH), the mixed slurry was coated on aluminium (15 pm
thickness) or carbon-coated aluminium (18 pm total thickness with 1.5 um carbon thickness per side)
sheets with three different wet gaps: 100, 500, and 1,000 pm. The coated sheets were dried at 50 °C
for >12 h in an ambient condition and transferred to an Ar-filled glove box (with Oz < 10 ppm and H>O <
0.1 ppm) for storage. Test electrodes for coin-cell experiments were made by punching the coated sheets
into ¢14 mm disks and pressing using a pellet die (¢16 mm) at room temperature under 0.5 MPa of
pressure (which was done outside the glove box). The electrode disks were also dried in a vacuum at
50 °C for >12 h before cell assembly in the glove box.

2.1.2. Polymer-binder-free cathode formulation
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The preparation of polymer-binder-free slurry followed a similar procedure for polymer-binder cathodes
(Section 2.1.1). The active material, conductive additive, and solvent were the same, but this time, the
binder was a binary mixture of [Compyr][FSI] (Boron Molecular, >99%) and LiFSI (Nippon Shokubai,
IONEL™ LF-101). The procedure started with drying [Compyr][FSI] in a vacuum at 50 °C for >12 h.
Both [Compyr][FSI] and LiFSI were weighed in the glove box. The preparation method of this
OIPC-containing slurry is regarded as the “all-in-one” method38], where all ingredients are added at
once for mixing, but the obvious difference from the previous studies using water-based slurries is that
no secondary solvents are needed because both [Compyr][FSI] and LiFSI dissolve in NMP well. In
atmospheric conditions, [Compyr][FSI] and LiFSI were mixed with LFP and carbon black in NMP. A
homogeneous slurry was obtained by mixing it in the ball mill. Additional NMP was added until the
viscosity of the slurry became coatable after mixing by hand using a spatula (the final solid-content ratio
was between 35 and 60 wt%). The subsequent steps (i.e., slurry coating, vacuum drying, electrode
preservation, electrode punching, and electrode pressing) were also the same as those described in
Section 2.1.1. The weight percentages of LFP and carbon black were fixed to 90:10 wt% and their
individual weight ratios in the final polymer-binder-free LFP—Li[Compyr]i-[FSI] composite electrodes
were dependent on the fraction of Li,[Compyr]i—[FSI]. Table 1 summarizes the electrode formulations of
the polymer-binder-free LFP—Li,[Compyr]i-[FSI] composite cathodes made in this study.

i

Table 1. Electrode formulations of the polymer-binder-free LFP—Li.[Compyr]i—[FSI] composite

electrodes and polymer-binder containing LFP electrode.

LFP + Weight ratio [wt%)]
carbon
: [C2mpyr] Carbon .
black : Lix
Label Carflpyr]' LIt LFP  black  [C:mpyr] L(LFFSI 1(’;;?;
2 1-x -
10
[FSI] (mol] -~ (M121) (SC';‘;e)r [(FS1 101)  5130)
[wt%]
LFP-15w-
Li0.01 85:15 99: 1 77.27 8.61 14.02 0.09 0
LFP-15w-
Li0.10 85:15 90: 10 77.38 8.61 13.11 0.90 0
LFP-15w-
Li0.50 85:15 50:50 77.28 8.59 8.64 5.49 0
LFP-30w-
Li0.10 70:30 90: 10 62.48 7.51 28.02 1.99 0
LFP-30w-
Li0.50 70:30 50:50 62.48 7.50 18.36 11.66 0
LFP-50w-
Li0.01 50:50 99: 1 44.64 5.36 49.68 0.32 0
LFP-50w-
Li0.10 50:50 90: 10 44.63 5.36 46.70 331 0
LFP-50w-
Li0.50 50:50 50:50 44.61 5.36 30.61 19.42 0
LFP—6w-
PVDF 100: 0 N/A 84.04 9.88 0 0 6.08
(Reference)
2.2. Battery tests

2.2.1. Coin cell assembly

Experiments were performed in coin cells using a CR2032 format. For the LMB configuration, both
sides of the lithium foil (Ganfeng Lithium, thickness of 50 pm) were brushed before the foil was
punched into disks (¢#16 mm). The electrolyte was an IL with the same constituent ions as the
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ion-conductive binder, i.e., Lioso[Compyr]oso[FSI]. Coin cells were assembled in the glove box and
followed the stacking order from the bottom to top: a negative case, 1| mm spacer, anode (either a
lithium-metal disk or preconditioned graphite—Lio.1o[Compyr]o9o[FSI] anode disk), separator (Celgard
3501 in ¢19 mm) filled with 100 pL of Lio.so[ Compyr]o.so[ FSI], testing cathode (i.e., polymer-binder-free
LFP—-Li,[Compyr]1—[FSI] composite), 0.5 mm spacer, spring, and positive case with a gasket.

For experiments in a full-cell setup, a previously studied graphite—Lio.1o[Compyr]ooo[FSI] anode
comprising 63.0 wt% of graphite, 3.50 wt% of carbon black (Super C65), 3.50 wt% of Na-CMC
(Sigma-Aldrich, average molecular weight: 70,000 g/mol), and 30.0 wt% of Lio.io[ Compyr]o.oo[ FSI] was
used 3. This electrode was preconditioned in a solid-state half-cell comprising Li | electrospun
PVDF—Lio.10[ Campyr]o.9o[FSI] solid-electrolyte membrane | graphite—Lio.1o[Compyr]o.oo[FSI] anode at
0.1C, 50 °C for three cycles 231 After the formation of SEI on graphite through this procedure, the
preconditioned graphite—Lio.1o[ Campyr]o.oo[FSI] anode was taken from the disassembled cell in the glove
box and used for full-cell assembly.

2.2.2. Electrochemical tests

The galvanostatic charge and discharge were carried out using the Neware battery cycler at 50 °C. The
first step was a 10-hour rest at the open circuit voltage (OCV). After that, the
constant-current-constant-voltage (CCCV) mode was applied with a current rate of 0.1C, with 10
minutes of resting time between charging and discharging. The maximum capacities of the cathodes were
calculated considering 150 mAh/g as the nominal capacity for the LFP. Then, this nominal value was
multiplied by the active material mass present on the cathode, resulting in the considered 1C capacity.
The nominal capacity was set based on the discharge capacity of our reference cathode (i.e.,
LFP-6w-PVDF) in LP30 (i.e., 1 M LiPFs in ethylene carbonate and dimethyl carbonate with 50 : 50
vol%) as a liquid electrolyte solution, which was sufficiently close to the supplier’s capacity value of this
LFP on its certificate of analysis (i.e., 154 mAh/g, see Section 3.3.1 for details). The cut-off voltages
were 2.5 and 4.2 V. Three preliminary cycling experiments were performed. When these three cycles
showed expected behaviors as described in the literature reference for LFP (i.e., low polarization, the
plateau at =3.4 V, and the discharge capacity of =150 mAh/g)P!], the cathode was further charged and
discharged for 10 more cycles. The test parameters for this further aging experiment were the same as the
first three cycles, but the 1C nominal capacity was updated to the experimental one; i.e., the capacity
obtained in the third discharge step was considered as the cell capacity. After a total of 13 cycles, the
rate-capability experiments were performed with the sequence: 0.1C (reference value) — 0.2C — 0.5C
— 1C — 2C. To evaluate charge and discharge rate capabilities separately, either the charge or discharge
rate was changed, and the other rate was kept constant (i.e., 0.1C). After the rate tests, long-term cycling
(80 cycles) tests were conducted, which followed the same test parameters as the 10 extra cycles.

2.3. Scanning electron microscopy and energy-dispersive X-ray

Some cathodes were structurally analyzed before cycling via scanning electronic microscopy (SEM)
using a JSM IT 300 series microscope. Energy dispersive X-ray (EDX) experiments were performed in
the same machine by an Oxford X-Max 50 mm? EDX detector. The samples for cross-sectional
observations were prepared by the procedure described previously!??. Samples were placed on the stage
of an air-sensitive holder in the glove box and transferred to the antechamber of the microscope. This
ensures that all the images were unaffected by the ambient conditions (e.g., moisture).

3. RESULTS AND DISCUSSION

3.1. Effect of the Li.[C.mpyr]:-[FSI] content and Li* concentration on the nominal areal
capacity and electrode density of the composite electrode
The polymer-binder-free slurry was prepared in the “all-in-one” method®®), as illustrated in Figure la.
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This mixing protocol follows the same steps as regular polymer-binder cathode slurries?®* and does not
involve any additional manufacturing processes. Here we chose NMP as a solvent because [FSI]™-based

i

OIPCs do not dissolve in water, but future works will explore electrode-preparation methods using more
environmentally benign solvents than NMP (e.g., pre-compositing the OIPCs with one of the other
electrode ingredients®®!). This choice also allows a more direct comparison with the traditional PVDF
coating procedure. The effect of the two different types of proportions was evaluated, which included the
quantity of Li,[Compyr]i-[FSI] in the electrode (depicted in Figure 1a as Variable Proportion 1 in x wt%)
and the quantity of Li" ions in Li:[Compyr]i—[FSI] (referred to as Variable Proportion 2 in y mol%). For
clarity, Variable Proportion 1 was referred to as the “Li,[Compyr]i—[FSI] content” and Variable
Proportion 2 was referred to as the “Li" concentration”, even though the weight ratio of Li* ions in the
composite electrode varied along with both evaluated proportions (as indicated in Table 1). Analyzing the
influence of Li,[Compyr]i—[FSI] content is crucial because it directly affects the binding properties of
electrode ingredients. On the other hand, the Li" concentration is important because it influences the
ionic conductivity and phase behavior of Li.[Compyr]i-[FSI].

Both polymer-binder-containing (LFP—6w-PVDF) and polymer-binder-free (LFP—50w-Li0.01) cathode
slurries were coated onto an aluminium current-collector sheet using three different wet gaps (i.e., 100,
500, and 1,000 pm) to compare the binding ability of Li,[Compyr]i—[FSI] with that of PVDF. As shown
in Figure 1b, LFP—6w-PVDF slurry was successfully coated at a thickness of 100 um without any
cracking after drying. At 500 um, the dried electrode showed small cracks throughout the entire coated
layer and at 1000 pm, the cracks were more significant, and the underlying aluminium substrate was
clearly visible in the cracked regions. The dried electrodes with these coating thicknesses (i.e., 500 and
1000 pm) detached completely from the current collector when placed in a vertical position. In contrast,
the dried polymer-binder-free LFP—50w-Li0.01 composite electrode remained intact for all three
evaluated wet gaps. Although the surface roughness tended to increase with an increase in the wet gap,
the dried LFP—50w-Li0.01 had no cracks (Figure 1c). This confirms that Li,[Compyr]i1—[FSI] can act as a
binder to hold electrode ingredients together in a certain shape and, at some conditions,
Li,[Compyr]i—[FSI] can support higher electrode loading than PVDF without obvious mechanical
failures of the electrode.

The effect of the two variables on the nominal areal capacity of the polymer-binder-free
LFP—Li[Compyr]i1-[FSI] composite electrode was evaluated (Figure 1d). Indeed, some of the evaluated
Li,[Compyr]1-[FSI] contents enabled coating at a 1,000-um gap without a cracking issue after drying.
The Li,[Compyr]i—[FSI] contents resulting in unbroken thick electrodes are presented as the red region in
Figure 1d. This region corresponds to the highest Li.[Compyr]i—[FSI] content (i.e., 50 wt%) regardless of
the Li* concentration. The color bar on the right side in Figure 1d displays values of the nominal areal
capacity, and they were obtained by the average of four electrodes of the same experiment. Considering
the highest mass loading achieved (i.e., = 24.9 mg/cm?) and the specific capacity of LFP (i.e., 150 mAh/g,
see Section 2.2.2 for details), it is possible to achieve a thick LFP—Li.,[Compyr]i—[FSI] composite
electrode with a nominal areal capacity as high as 3.74 mAh/cm? (with 50 wt% Li[Compyr];+[FSI]).
While only the highest Li.,[Compyr]i—[FSI] content supported a high areal capacity (using a coating gap
of 1,000 um), all the polymer-binder-free LFP—Li,[Compyr]i—[FSI] composite slurries were able to
achieve an undamaged coating with a 100 pm wet gap, corresponding to a low nominal areal capacity in
the color bar (i.e., green region). This result highlights the binding ability of Li,[Compyr]i-[FSI]; it can
function as a binder even at a relatively low weight ratio (i.e., 15 wt%). When comparing the LFP
loading values of the electrode prepared by the same wet gap (i.e., 100 pm) at the fixed Li* concentration
(i.e., 1 mol%), the electrode with 50 wt% Li.,[Compyr]i—[FSI] (LFP—50w-Li0.01) had an LFP loading of
2.17 mg/cm?, whereas it was measured to be 1.41 mg/cm? for 15 wt% Li[Compyr]i—[FSI]
(LFP—15w-Li0.01). The LFP loading values of both polymer-binder-free LFP—Li,[Compyr]i—[FSI]
composite electrodes were different from that of LFP—6w-PVDF (which had a LFP loading of 1.71
mg/cm?). This difference in LFP loading, observed across all electrodes obtained using the same wet gap,
is caused by the varying solid ratios in the different Li,[Compyr]i-[FSI] contents tested. For instance, in
the LFP-50w-Li0.01, less NMP was needed, resulting in a solid ratio of 60.1 wt%. Conversely, the
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LFP-15w-Li0.01 slurry resulted in a solid ratio of 37.4 wt%.
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Figure 1. a) The formulation of a polymer-binder-free LFP—Li,[Compyr]i—[FSI] composite slurry with
the two variable proportions. b,c) The photos of the dried surfaces of b) polymer-binder-containing
electrodes (LFP—6w-PVDF) and c) polymer-binder-free electrodes (LFP—50w-Li0.01) on Al prepared
using different wet gaps. d,e) Contour graphs for d) the calculated nominal areal capacity and e) the

experimentally measured electrode density of polymer-binder-free LFP—Li[Compyr]i-.[FSI] composite
electrodes on Al.

One might be concerned about a higher weight fraction of this non-polymer binder (i.e., 15-50 wt%

Li,[Compyr]i-[FSI]) than common proportions of polymer binders in LIBs (e.g., typically =3 wt% for
commercial applicationsP2l). However, it should be noted that Li,[Compyr]i—[FSI] does not work only as
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a binder, but as an electrolytically functional material; indeed, Li,[Compyr]i—[FSI] serves as an ionic
conductor that facilitates ion transport through the cathode film[?”). Therefore, another important
consideration is that LIB electrodes typically have 3040 vol% of porosity?®], which is filled with a
liquid electrolyte solution. If the density of a commercial electrolyte solution (LP30) is assumed to be 1.3
g/em’B334 ) the weight ratio of the electrolyte solution in an LFP cathode layer (with the same
composition as LFP—6w-PVDF) in LIBs is estimated to be 20-32 wt%. Consequently, the
Li,[Compyr]i-[FSI] content ranging from 15 to 30 wt% is considered within commercially viable
conditions, provided that Li[Compyr]i-.[FSI] entirely replaces the electrolyte inside the cathode. In
addition, 50 wt% Li,[Compyr]i—[FSI] in the cathode layer would also be a comparable situation given
the low electrode density of LFP—6w-PVDF after pressing (i.e., 1.23 g/cm?®), which accounts 60.3 vol%
of porosity allowing 62 wt% of LP30 in the cathode layer.

i

The polymer-binder-free LFP—Li,[Compyr]i—[FSI] composite electrodes were also evaluated in terms of
the experimentally achievable electrode density, as shown in Figure le. The electrode sheet of each
studied formulation (with a coating gap of 100 pm) was punched into ¢14 mm disks and compressed
using a pellet die to produce the densified electrode. The electrodes (LFP—50w-Li0.50) with the highest
content of Li,[Compyr]i-.[FSI] (i.e., 50 wt%) and Li* ions (i.e., 50 mol%) formed a soft film that was
easily damaged and impossible to be compressed. SEM experiments (Supplementary Figure 1) show that
the electrode surface of this formulation (LFP—50w-Li0.50) had a more plastic-crystal appearance than
those of the other formulations. In addition, this condition showed a higher surface roughness than others
and particles tended to form big chunks with wavy edges (which would visually prove that
Lio.so[ Compyr]o.so[FSI] stays as an amorphous solid phase in the composite electrode). These obvious
differences are a result of a higher amount of Li,[Compyr]i-[FSI] and its Li* concentration, providing the
electrode with a greater volume of an amorphous phase (that is easily deformed by external pressure)
than othersP?. It is known that the physical state of Li[Compyr]i—[FSI] at room temperature changes
from solid (i.e., OIPC) to solid + liquid to liquid (i.e., IL) along with an increase in the Li* concentration
(<50 mol%)B3%%¢1, In other words, Li[Compyr]i-+[FSI] becomes soft as the Li* concentration increases!3%),
which reduces the binding ability of Li.[Compyr]i—[FSI]. Furthermore, an increase in the
Li,[Compyr]i-[FSI] content means increasing the weight fraction of a softer material (than LFP and
carbon-black particles) in the electrode, which also decreases the rigidness of the composite electrode.
Therefore, even though LFP—50w-Li0.50 supports the highest nominal areal capacity, this condition
seems impractical to offer high volumetric energy density as the electrode for LIBs and it is not suitable
to be applied to electrode manufacturing (whose steps have been conventionally done in roll-to-roll,
which require enough mechanical strength of electrode layers to process).

From Figure le, the other three corners of the two Variable Proportions (except for the top right corner;
i.e.,, LFP—50w-Li0.01, LFP—15w-Li0.01, and LFP—15w-Li0.50) are worth investigating further. As
LFP-50w-Li0.01 was able to provide both high nominal areal capacity and high electrode density, this
composite electrode was studied for high-energy-density applications (Section 3.3.1). On the other hand,
both LFP—15w-Li0.01 and LFP—15w-Li0.50 were suitable to generate compressible electrodes with a
coating gap of 100 um even though the amount of Li[Compyr]i-.[FSI] was relatively low. For them,
half-cell tests were performed to evaluate the effect of the Li* concentration on their electrochemical
performance (Section 3.3.2).

3.2. Homogeneity and solubility of the polymer-binder-free LFP—Li.[Compyr]:—[FSI]
composite electrode

The uniform distribution of electrode ingredients (especially for electron- and ion-conductive materials)
in the electrode layer is important to maximize the electrochemical performance of the electrodel3®,
Therefore, the dispersibility of the ingredients in the polymer-binder-free LFP—Li.[Compyr]i—[FSI]
composite electrode was evaluated before the cell-cycling tests. LFP—50w-Li0.01 with the highest
nominal areal capacity was chosen for the analysis by means of surface and cross-section SEM, whose
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results are presented in Figures 2a and 2b, respectively. The surface image appears to be flat and
sufficiently uniform without any localized materials (e.g., OIPC-electrolyte grains that would form
during drying an electrode slurry?¥’). The image also has relatively dark regions with blurred particle
edges. These indicate that 50 wt% Lio.oi[ Compyr]o.oo[FSI] helped the deformation of the electrode while
under compression and filled the pores to connect particles. The cross-sectional image shows almost the
same appearance as the surface image. Although the image contains some artifacts generated by cutting
the electrode (e.g., diagonal lines that run at ca. 30° from the line of the current-collector surface and a
particle attached to the cross-sectional surface), the densification of the electrode layer towards the
current collector is clearly seen; no pores are observed at the bottom region of the electrode. This further
highlights the excellent deformability of Lio.oi[Compyr]ooo[FSI] against external pressure. These images
strengthen the idea that the complete replacement of a liquid electrolyte solution in the pores of the LIB
electrode (i.e., exclusion of unfilled pores) might be possible by employing a sufficient amount of
Li,[Compyr]i—[FSI] as an ion-conductive binder. If the amount of Li,[Compyr]i-.[FSI] is relatively small
(i.e., <30 wt%), some pores in the electrode likely remain unfilled, but such conditions still can provide
effective ion-conduction pathways (that presumably expand along with the particle surfaces) throughout
the electrode layer (especially if they are percolated)i?>31,

Figure 2. a) Surface and b) cross-sectional SEM images of LFP—50w-Li0.01 on Al current collector.
EDX elemental mappings of ¢) C, d) Fe, e) F, and f) Al, for the area resolved in b). g) Pictures of
LFP-6w-PVDF (first and second samples, from left to right) and LFP—50w-Li0.01 (third and fourth
samples) pieces in LP30 and Lio.so[ Campyr]o.so[ FSI] after stored in an oven at 50 °C for >16 h.

To provide insights into the dispersibility of the electrode ingredients further, EDX was performed for the
same cross-section as Figure 2b. The excellent dispersibility was proven by elemental mapping, showing
that carbon (Figure 2c¢, mainly contributed by carbon black and [Compyr]®), iron (Figure 2d, originating
from LFP), and fluorine (Figure 2e, sourced from [FSI]") are well distributed within the electrode layer.
No localized electrode ingredients are resolved. The result clarifies that the “all-in-one” method using
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NMP can provide the electrode layer with a better distribution of the ingredients than that using water
and a secondary solvent!?>¥], This is likely to be due to the high solubility of Li.[Compyr]i[FSI] in
NMP and the use of only one solvent, both of which tend to restrict the isolation of Li,[Compyr]i-[FSI]
from particle surfaces while evaporating NMP. Some pieces of aluminum were detected on the surface of
the cross-section (Figure 2f), which confirmed the presence of artefacts stemming from the
electrode-cutting process, but they did not affect the evaluation of the dispersibility of the electrode
ingredients.

i

Additionally, to check the stability of the coated layer, some solubility tests were conducted at 50 °C. The
solubilities of both polymer-binder-containing (LFP—6w-PVDF) and polymer-binder-free
(LFP—50w-Li0.01) electrodes in a commercial electrolyte solution (i.e., LP30) and IL (ie.,
Lio.so[Campyr]o.so[ FSI] which are comprising the same ionic constitutes as the ion-conductive binder in
the electrode) were compared. LFP—6w-PVDF remained intact in both liquids, as indicated by the
achromatic color of the liquids (Figure 2g). Similarly, LFP—50w-Li0.01 did not break apart in both
liquids; LFP—50w-Li0.01 was stable for at least 2 weeks. To avoid using different anions in the cathode
(i.e., [FSI]") and separator layers (i.e., PFs"), the subsequent battery tests for polymer-binder-free
LFP—Li,[Compyr]i—[FSI] composite electrodes were conducted using a polyolefin separator filled with
Lio.so[ Campyr]o.s0[ FSI].

3.3. Cell performances of polymer-binder-free LFP—Li[Compyr]i-«[FSI] composite
electrodes

3.3.1. Electrodes for high-energy-density applications

LFP—50w-Li0.01 with a high nominal areal capacity (LFP loading: 11.7 mg/cm?) was used for battery
evaluation in an LMB configuration (with an interlayer filled with Lioso[Compyr]o.so[FSI]). Its cell test
showed the expected charge/discharge profile of LFP, i.e., intercalation/deintercalation processes at
around 3.4 V vs. Li/Li*’Y, as seen in Figure 3a by the characteristic two-phase plateau of Fe?* and Fe3* in
the LFP crystal. However, its discharge capacity was lower than the theoretical value of LFP (170
mAh/g)l738: 135.7 mAh/g for the first cycle and 128.9 mAh/g for the 13th cycle. The same LFP was
tested for the regular formulation with PVDF (i.e., LFP—6w-PVDF) in LP30 and showed a discharge
capacity of 155.9 mAh/g (Supplementary Figure 2). This confirms that the maximum achievable capacity
of this LFP is <170 mAh/g, which is because this material is carbon-coated for conductivity
improvement (indeed, the supplier certifies its capacity is >154 mAh/g). In addition, LFP—6w-PVDF in
Lio.so[ C2mpyr]o.so[FSI] was tested, resulting in an additional loss of 9 mAh/g of the discharge capacity
(Supplementary Figure 2). This means that even if the commercial polymer-binder formulation is
employed, only 146.9 mAh/g can be obtained for our setup. Therefore, the capacity reduction that can be
ascribed to our new cathodes (e.g., LFP—50w-Li0.01) is about 10—15 mAh/g, which can be related to the
use of Li,[Compyr]i-[FSI] as an ion-conductive binder in the electrode.

The charge and discharge profiles of LFP—50w-Li0.01 present a high overvoltage, e.g., a voltage
difference between the charge and discharge plateaus of >0.1 V. This was probably caused by a thick
layer of this electrode, which increases diffusion polarization within the electrode layer and increases
resistancel?). To clearly evaluate the overvoltage, a dQ/dV analysis was conducted. A pair of sharp
dQ/dV peaks appears with a peak height of 3.0 = 0.5 Ah/gV (Figure 3b). The differences between peak
voltages were estimated to be 0.12 V for the first cycle, 0.13 V for the fifth cycle, and 0.16 V for the 13th
cycle, which increased with an increase in the cycle number. This suggests that the cell resistance
gradually increases over cycling, which is likely to be due to the rearrangement of LFP and carbon-black
particles induced by the volume change of the active materials during cycling. This would cause the
gradual disconnection of LFP particles from the electron- and ion-conductive networks in the electrode
layer. Both contribute to a decrease in the observable capacity as the cycle test progresses.

Indeed, the charge/discharge capacities of LFP—50w-Li0.01 in Lio.so[Compyr]o.so[FSI] decreased over
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cycling (Figure 3c); the capacity loss during cycling was estimated to be 1.9% from the first to fifth
cycles and 3.2% from the fifth to 13th cycle. Conversely, the capacity loss for LFP—6w-PVDF in
Lio.so[C2mpyr]o.so[FSI] was negligible from the first to fifth cycles and 0.7% from the fifth to 13th cycles
(Supplementary Figure 3a), which is considerably lower than LFP—50w-Li0.01. This implies that the
binding ability of Li.[Compyr]i-[FSI] to hold the electrode structure during cycling would be enough for
multiple cycles but it would not be as strong as PVDF. However, it should be noted that this deduction is
from the comparison between different LFP-loading values (i.e., 11.7 mg/cm? for LFP—50w-Li0.01 vs.
2.04 mg/cm? for LFP—6w-PVDF) as well and LFP—6w-PVDF could not reach a comparable loading
value of >10 mg/cm? (ie., a wet gap of >500 pm, as discussed in Section 3.1). Therefore,
polymer-binder-free formulations are still effective in offering cell cycling with a relatively high LFP
loading that cannot be reached by conventional polymer-binder-containing formulations.
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Figure 3. The results of the battery tests for the high-energy-density polymer-binder-free
LFP—Li[Compyr]i[FSI] composite cathode (LFP—50w-Li0.01) on Al paired with Li metal in
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Lio.so[Compyr]o.so[ FSI] at 50 °C. a) The charge/discharge profiles of LFP—50w-Li0.01 at 0.1C at the
selected cycles. b) The dQ/dV profiles of LFP—50w-Li0.01 at 0.1C at the selected cycles. ¢) The
charge/discharge capacities and Coulombic efficiency of LFP—50w-Li0.01 for 13 cycles at 0.1C. d) The
voltage profiles of LFP—50w-Li0.01 during the discharge step under different C-rates from 0.1C to 2C. ¢)
The dQ/dV profiles of LFP—50w-Li0.01 during discharging at different C-rates. f) The discharge capacity
ratios of LFP—50w-Li0.01 for different C-rates (where the discharge capacity at 0.1C was set as 100%).

As for the Coulombic efficiency, both LFP—50w-Li0.01 and LFP—6w-PVDF in Lio.so[ Compyr]o.so[FSI]
showed different behavior over cycling. The Coulombic efficiency of LFP—50w-Li0.01 (in Figure 3c)
gradually increased from 98.5% at the first cycle to 99.4% at the fourth cycle. After that, it fluctuated
~99%. In contrast, the Coulombic efficiency of LFP—6w-PVDF was 94.2% at the first cycle and around
97% for the subsequent cycles (Supplementary Figure 3b). Generally, a higher irreversible capacity and
lower Coulombic efficiency are expected at the first cycle than subsequent cycles, which is due to the
cathode electrolyte interphase (CEI) formation!®”. However, the Coulombic efficiency at the subsequent
cycles should be as close as 100%, otherwise, it might indicate some irreversible phenomena, e.g., the
continuous CEI formation and loss of an active material over cycling. It is noteworthy that, at the 13th
cycle, the Coulombic efficiency of LFP—50w-Li0.01 was ca. 2% higher than that of LFP—6w-PVDF.
This implies that, although the irreversible phenomena are present in both cases, LFP—50w-Li0.01 is
more stable than LFP—6w-PVDF. The result suggests that the combination of Lig so[ Compyr]o.so[FSI] and
PVDF contributes to a relatively large irreversible capacity (i.e., a decrease in the Coulombic efficiency),
which would be related to the dehydrofluorination of PVDF reported on the anode side!?3.

When LFP-50w-Li0.01 is tested at high discharge currents, its discharge capacity at 1C decreases to
56% of that measured at 0.1C and it cannot perform a sufficient discharge over currents of 2C or higher,
as shown in Figures 3d and 3f. Although the previous study suggested that increasing the electrode
loading potentially decreases the internal resistance of an electrode layer by an increased number of
parallel connections (i.e., electron-conduction pathways along the direction parallel with the
current-collector surface)l®, the discharge rate capability of LFP—50w-Li0.01 implied that another
increase in the resistance negated such a positive effect because of the elongated electronic and ionic
pathways (along the normal to the current-collector surface) in thick electrodes. The addition of
Li,[Compyr]i-[FSI] to the electrode was expected to decrease ionic resistance, but it appears that the
electronic resistance still limited the achievable capacity at high-current tests. Figure 3e illustrates the
significant changes in the lithiation voltage of LFP (i.e., the dQ/dV-peak voltage) and in its lithiation
amount (i.e., the area of dQ/dV signal) when cycled at higher currents. These changes can be caused by
the dependency on rate of Li" transport. In cases where there are some kinetic constraints, such as poor
conductivity or slow diffusion rates, the lithium-ion transport in the electrode is restricted®'l. This
phenomenon would allow for the emergence of additional small peaks (following the main dQ/dV peak)
that were not observed at 0.1C discharging, although another possibility of the small peaks is noise that
was not sufficiently removed because of the sampling rate in this study (i.e., the instrument took a
datapoint every 20-mV difference).

The results of high-rate discharge tests for LFP—50w-Li0.01 suggest this electrode is not adequate for
high-power applications, but it is ideal for high-energy applications. This electrode demonstrated the
actual areal capacity of up to 1.75 mAh/cm?. As LFP—50w-Li0.01 can provide the nominal areal capacity
of up to 3.74 mAh/cm? (Figure 1d), a further increase in the actual areal capacity of this
polymer-binder-free cathode in the LMB configuration is possible. However, the half-cell experiments
using the electrode with the nominal areal capacity of >2.0 mAh/cm? are challenging. A preliminary test
of LFP—50w-Li0.01 with the nominal areal capacity of 2.67 mAh/cm? (LFP loading: 17.86 mg/cm?)
suffered from voltage fluctuations during charging (as seen in Supplementary Figure 4), which might
indicate micro shorts stemming from Li dendrite formation(®?). Nevertheless, this electrode showed the
first discharge capacity of 139.4g mAh/g, which was equivalent to 2.49 mAh/cm?, demonstrating the
excellent workability of the polymer-binder-free cathode for high-energy applications. Further
optimization of the anode (e.g., engineering Li-metal anodel®! and using other anode active materials

DOI: 10.20517/scierxiv202408.01.v1 https://www.scierxiv.com/
12



https://www.scierxiv.com/

Y 4
i
that are compatible with Li,[Compyr];[FSI]*>%#1) and separator (e.g., ceramic coating on polyolefin
separatorsl®*% and the use of ceramic separatorsl®’l) is beneficial to prevent the aforementioned
micro-short issue for stable cycling of the Dbatteries employing polymer-binder-free
LFP—Li,[Compyr]i-[FSI] composite cathodes with a high areal capacity.

3.3.2. Electrodes for high-power-density applications

The two polymer-binder-free LFP—Li,[Compyr]i—[FSI] composite cathodes with 15 wt%
Li,[Compyr]1-[FSI] (i.e., LFP—15w-Li0.01 and LFP—15w-Li0.50) were selected for battery tests with
limited LFP loading (i.e., the nominal areal capacity of 0.2—0.3 mAh/cm?, which is in the same range as
LFP-6w-PVDF). As discussed in Section 3.1, these conditions could not provide a nominal areal
capacity of >1.0 mAh/cm? because of the low Li,[Compyr]i—[FSI] content. However, these are the
conditions that would offer the best compromise between the maximum weight ratio of LFP in the
electrode and the lowest possible mechanical strength of the electrode for cell operation. Therefore,
battery cycling experiments were performed to show their potential for providing a high power density
(i.e., a high capacity at a high current).

In charge/discharge-rate tests at 2C, two Li* concentrations were compared. LFP—15w-Li0.01 exhibited
lower overvoltages in both charge and discharge curves than LFP—15w-Li0.50, resulting in a higher
specific capacity (Figures 4a and 4c). The overvoltage is due to three factors: IR loss, activation
polarization, and concentration polarization!®®, The immediate voltage jump caused by applying a
current refers to the IR loss and the subsequent voltage change to initiate lithiation/delithiation reactions
is considered the activation polarization, while the voltage change at the end of charging/discharging
reactions is related to concentration polarization. An increase in both Ohmic loss and activation
polarization from LFP—15w-Li0.01 to LFP—15w-Li0.50 suggests that the electric resistance of the
polymer-binder-free LFP—Li.[Compyr]i—[FSI] composite cathode rises as the Li* concentration increases
in its formulation. This implies that Lio.so[ Compyr]o.so[ FSI] (which is an IL) covers carbon-black particles
more significantly than Lio.oi[Compyr]ooo[FSI] (which is regarded as a solid composite), providing
LFP—15w-Li0.50 with a more tortuous electron-conduction pathways than LFP—15w-Li0.01. This
consideration is supported by the previous study, which reported an increased charge-transfer resistance
at the interface between Si and Lio so[ Campyr]o.so[FSI] when carbon-black particles were preferentially
covered by Lio so[ Campyr]oso[FSI] [*®]. Furthermore, a higher concentration polarization was observed for
LFP—15w-Li0.50 than for LFP—15w-Li0.01. This indicates that a greater amount of Li* ions available
within the electrode does not necessarily lead to an improvement in mass transfer. A highly
Li*-concentrated interface is not favorable for LFP to progress its delithiation as it would lead to the
formation of relatively immobile LiFSI because of the solubility limit of Li* in Li.[Compyr]i-[FSI] at the
LFP surface, resulting in a large concentration polarization 1. As the discharge (lithiation) step comes
after the charge (delithiation) step, the aforementioned issue might also affect the efficacy of LFP
delithiation.

Superior charge/discharge rate capabilities of LFP—15w-Li0.01 to LFP—15w-Li0.50 were clarified in
detail as the capacity ratios at different C-rates. The capacity-ratio values for both lithiation (Figure 4b)
and delithiation (Figure 4d) clarify that LFP—15w-Li0.01 can offer a higher capacity than
LFP—-15w-Li0.50 at a high current. For instance, at a 2C current, the 0.1C capacity of LFP—15w-Li0.01
retained 97.2% for lithiation and 94.6% for delithiation, whereas LFP—15w-Li0.50 showed a capacity
ratio of 81.4% for lithiation and 76.5% for delithiation. Therefore, a polymer-binder-free
LFP-Li[Compyr]i-[FSI] composite cathode with a lower Li*-concentration in LiCompyr]i-[FSI] is
more useful for high-power-density applications.

The cycle performances of these electrodes were also evaluated at 0.1C. Both electrodes show a

continuous decrease in the capacity as the cycle number increases (Figures 4e and 4f). However, an
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obvious difference in the degradation speed was found. LFP—15w-Li0.01 experienced a loss of a ca.
6-mAh/g capacity after 80 cycles, while ca. 15 mAh/g was lost for LFP—15w-Li0.50 through the same
cycling period. This result suggests that a polymer-binder-free LFP—Li,[Compyr]i-—[FSI] composite
cathode with a softer Li,[Compyr]i—[FSI] (e.g., LFP—15w-Li0.50 vs. LFP—15w-Li0.01) becomes more
susceptible to the structural deformation of the cathode because of the volume expansion/shrinkage of
LFP particles, resulting in losing a greater amount of active LFP particles over cycling. Therefore, to
maximize the cyclability of the polymer-binder-free LFP—Li,[Compyr]i-[FSI] composite cathode,
choosing a low Li" concentration (e.g., 1 mol%) is beneficial. In addition, as shown in Supplementary
Figure 5, the discharge capacity retention of LFP—15w-Li0.01 was close to that of LFP—6w-PVDF and
LFP-15w-Li0.01 showed higher Coulombic efficiency than LFP—6w-PVDF (except for the first cycle),
which demonstrates a possibility for the polymer-binder-free approach in achieving the promising
electrochemical performance comparable with of polymer-binder-containing LFP cathodes.
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Figure 4. The results of the battery tests for high-power-density polymer-binder-free
LFP—Li[Compyr]i—[FSI] composite cathodes (LFP—15w-Li0.01 and LFP—15w-Li0.50) paired with
Li metal in Lioso[Compyr]o.so[FSI] at 50 °C. a) The voltage profiles of LFP—15w-Li0.01 and
LFP—15w-Li0.50 during the charge step at 2C. b) The charge capacity ratios of LFP—15w-Li0.01
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and LFP—15w-Li0.50 for different C-rates (where the charge capacity at 0.1C was set as 100%). c)
The voltage profiles of LFP—15w-Li0.01 and LFP—15w-Li0.50 during the discharge step at 2C. d)
The discharge capacity ratios of LFP—15w-Li0.01 and LFP—15w-Li0.50 for different C-rates (where
the discharge capacity at 0.1C was set as 100%). e,f) The charge/discharge capacities and
Coulombic efficiencies of ¢) LFP—15w-Li0.01 and f) LFP—15w-Li0.50 for 80 cycles at 0.1C.

i

As for the change in the Coulombic efficiency over cycling, both electrodes also show different
behaviors (Figures 4e and 4f). Although LFP—15w-Li0.01 had a higher Coulombic efficiency than
LFP—15w-Li0.50 at the first few cycles, its stabilization for LFP—15w-Li0.01 takes a considerably longer
cycle period than that for LFP—15w-Li0.50. A gradual increase in the Coulombic efficiency of
Li’-containing OIPC-based electrodes was previously referred to as “preconditioning”?>38],
origins have been discussed based on Joule heating®’! as well as the restructuring of the OIPC
interfacel’, and took ca. 20 cycles to be stabilized?*!. The Coulombic efficiency of LFP—15w-Li0.50
was almost stabilized after 20 cycles and, after that, it increased very slowly over cycling, reaching
99.99% at the 70th cycle and 100.1% at the 80th cycle, which evidence degradation processes after long
cycling. In contrast, LFP—15w-Li0.01 did not show an obvious stabilization of the Coulombic efficiency
after around 20 cycles; it kept increasing over cycling but still remained at a lower level (i.e., 99.8%)
than that of LFP—15w-Li0.50 after 80 cycles. This difference is reasonable as a harder ion-conductive
binder (i.e., Lio.oi[Compyr]ooo[FSI]) is expected to take a longer period than a softer one (i.e.,
Lio.so[C2mpyr]o.so[FSI]) to expand throughout the LFP-particle surfaces and form CEI. Nevertheless, both
electrodes showed enough levels of reversibility of lithiation/delithiation reactions for multiple decades
of cycles.

whose

3.3.3. Full-cell demonstration using the polymer-binder-free cathode and an intercalation-type
anode

In this last experimental section, the compatibility of the polymer-binder-free LFP—Li.[Compyr]i-.[FSI]
composite cathode with rechargeable batteries using a non-alkali-metal anode was evaluated. The stable
cycling of such full cells is challenging as there are no excessive Li* sources available in the cells, which
differs from the LMB configuration (where Li* ions can be provided from Li metal excessively)
discussed previously. To maximize the energy density and cyclability of the batteries, the use of graphite
on the anode side is preferred. However, IL-based electrolytes often suffer from the poor cyclability of
graphite, which requires an SEI-forming additive to facilitate the reversible Li*
intercalation/deintercalation’!3], or the constituent ions need to be modified’. Meanwhile,
Lio.10[CompyrJoso[FSI] is reportedly compatible with graphite and supports its stable cycling?l.
Therefore, graphite—Lio.1o[ Campyr]o.oo[FSI] composite anode was employed for full-cell measurements.
As this electrode undergoes a large irreversible reaction at the first cycle 23], it was preconditioned in a
solid-state half cell and then the preconditioned graphite—Lio.io[Compyr]ooo[FSI] composite anode was
paired with fresh LFP—15w-Li0.10 in Lio.s0[ Compyr]o.s0[FSI] for demonstration (see Section 2.2.1 for the
detailed procedure of cell assembly).

Figure 5a shows the charge/discharge profile of a preconditioned graphite—Lio.1o[ Compyr]o.oo[FSI] |
LFP—15w-Li0.10 cell at the first cycle. This full cell showed a discharge capacity compatible with
battery tests of polymer-binder-free LFP—Li,[Compyr]i—[FSI] composite cathodes in the LMB
configuration (e.g., Figures 4e and 4f), but the Coulombic efficiency for the first cycle was only 58%.
The poor Coulombic efficiency cannot be attributed only to the SEI formation on graphite as this process
is speculated to have almost progressed during the first three cycles in a half-cell configuration. Because
the first Coulombic efficiency of polymer-binder-free LFP—Li[Compyr]i-:[FSI] composite cathodes was
evaluated to be >98% (e.g., Figures 3c, 4e, and 4f), this irreversible capacity of the full cell appears to be
originated from the preconditioned graphite—Lio.1o[Compyr]ooo[FSI] side. As Lio.io[Compyr]o.oo[ FSI]
(coming from the interlayer) and Lio.10o[ Campyr]o.oo[FSI] (in the graphite-anode layer) are miscible, the
low first Coulombic efficiency would imply a partial rupture of the pre-formed SEI on graphite,
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requiring the irreversible electrochemical reaction to rebuild it. The subsequent cycles showed improved
Coulombic efficiency, but the achievable capacity decreased with an increase in the cycle number. This is
likely to be because of the capacity mismatch between the  preconditioned
graphite—Lio.10[ Compyr]o.oo[FSI] anode and LFP—15w-Li0.10 developed as the cycle number increases.

i

To provide further insights into the reversibility of electrochemical reactions on both electrodes, dQ/dV
analysis was performed. Figure 5b depicts four dQ/dV peaks in the charge step and five dQ/dV peaks in
the discharge step. A peak in this type of graph shows the equilibrium between different
electrochemically active phases [ and can inform the progress of electrochemical reactions on both
electrodes separately if the two successive peaks are separated well. As discussed before for the
polymer-binder-free LFP—Li[Compyr]i—[FSI] composite cathode in the LMB configuration, the narrow
oxidation peak at 3.46 V corresponds to the deintercalation of Li* ions from LFP, while the reduction
peak at 3.40 V is the intercalation of Li* ions to LFP®!], On the other hand, the broader peaks at 3.24,
3.34, and 3.37 V for oxidation and 3.17, 3.28, and 3.32 V for reduction are related to the
intercalation/deintercalation of Li* ions on the graphite sidel®!! and each pair of dQ/dV peaks is assigned
to the transition from one stage structure to another!’®’”), The origin of the dQ/dV peak at 3.22 V for the
reduction process has yet to be fully understood, but some types of graphite (e.g., mesocarbon
microbeads) are known to show this additional dQ/dV peak during their delithiation!”®%, From the
comparison between the total area of dQ/dV processes during lithiation and that during delithiation for
graphite, it was found that a large part of irreversible capacity was consumed on the graphite side at the
full-cell voltage of 3.15-3.42 V and the irreversible reaction was concurrent with multiple Li*-ion
intercalation steps of graphite. Conversely, the total area of the dQ/dV process during lithiation and that
during delithiation for LFP were almost the same as each other, suggesting the excellent reversibility of
lithiation/delithiation reactions of LFP covered by Lio.1o[ Campyr]o.oo[ FSI].

Although engineering the anode and electrolyte is required to improve the cyclability, this study
successfully demonstrated the initial stage of the full-cell operation of rechargeable batteries comprising
the polymer-binder-free LFP—Li,[Compyr]i—[FSI] composite cathode and graphite anode. This lays the
strong foundation for future studies on Li*-containing OIPC-based batteries using a polymer-binder-free
approach. Such batteries will be most likely to be solid-state batteries, thereby minimizing the
structural-deformation-induced capacity decay of polymer-binder-free electrodes for better cyclability.

a) 40 T T T T b) 15
0.1C, LFP-15w-Li0.10
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2 25} 1> 0.0
= ; z 0
> S
©
20l 0.1C, LFP-15w-Li0.10 | -0.54
1st cycle
: 2nd cycle
15k AM: 2.34 mg/cm? 3rd cydle li g
3 1.46 glem? :
1 1 1 1 1 1 1 1 1 1
0 50 100 150 26 2.8 3.0 3.2 34 3.6 38
Capacity (mAh/g) Voltage (V)

Figure 5. Full-cell demonstration of the polymer-binder-free LFP—Lio.10[Compyr]o.oo[FSI] composite
cathode (LFP—15w-Li0.10) paired with a graphite—Lio.1o[ Compyr]o.0o[ FSI] anode in Lig.so[ Compyr]o.so[FSI]
at 50 °C. a) The voltage profiles of a graphite—Lio.1o[ Compyr]o.oo[FSI] | LFP—15w-Li0.10 cell for the first
three cycles at 0.1C. b) The dQ/dV profiles of the graphite—Lio.1o[ Cxmpyr]o.oo[FSI] | LFP—15w-Li0.10 cell
for the first cycle at 0.1C.

4. CONCLUSIONS
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We created polymer-binder-free LFP electrodes using Li,[Compyr]i—[FSI] as an ion-conductive binder.
The effect of the weight ratio of Li,[Compyr]i-[FSI] in the electrode and the Li* concentration in this
ion-conductive binder on the electrode-manufacturing parameters (i.e., the achievable nominal areal
capacity and the maximum electrode density without breaking the electrode layer) was studied to
overcome the electrode-loading limitation using conventional polymer-binder-containing electrode
formulation as well as to provide functional polymer-binder-free LFP—Li.[Compyr]i—[FSI] composite
electrodes for both high-energy-density and high-power-density batteries. We clarified that a
polymer-binder-free approach can offer a higher nominal areal capacity than a conventional approach
using PVDF as a (non-conductive) binder for LFP and the highest Li,[Compyr]i—[FSI] content of 50 wt%
enabled the generation of crack-free high-loading LFP electrodes with a nominal areal capacity of <3.74
mAh/cm?, ~which is suitable for high-energy-density batteries. On the other hand, the
Li,[Compyr]1-+[FSI]-deficient condition (i.e., 15 wt% Li,[Compyr]i1—[FSI]) provided the electrodes with a
high LFP weight ratio and sufficient mechanical integrity at a low electrode-loading value and, therefore,
such electrodes were tested for high-power-density batteries.

A polymer-binder-free LFP composite electrode with 50 wt% Lio.oi[Compyr]o.oo[ FSI] showed the uniform
distribution of electrode ingredients as well as moderate endurance against the structural deformation in
the IL, Lioso[Compyr]oso[FSI]. In the LMB configuration, this electrode succeeded in providing the
actual areal capacity of <1.75 mAh/cm? at 0.1C, 50 °C, with a possibility of further improvement through
engineering the Li-metal anode and/or separator.

The charge/discharge rate capability of the polymer-binder-free LFP composite cathode with 15 wt%
Li,[Compyr]i—[FSI] was evaluated to be Li*-concentration-dependent. Although the polymer-binder-free
LFP electrode with 50 mol% Li* exhibited a high polarization and performed poorly at higher currents,
that with 1 mol% Li" showed improved rate performance during both charging and discharging. The
2C/0.1C capacity ratios were 97.2% at 1 mol% Li" and 81.4% at 50 mol% Li" for lithiation and those
were 94.6% at 1 mol% Li* and 76.5% at 50 mol% Li" for delithiation. Moreover, this LFP cathode with 1
mol% Li" had superior capacity and capacity retention. The above Li‘-concentration dependence of
battery performance was discussed based on the solubility limit of Li* in Li[Compyr]i-[FSI] at the LFP
surface.

These findings demonstrate the huge potential of Li*-containing OIPCs as promising ion-conductive
binders to create functional polymer-binder-free electrodes using existing fabrication processes for
high-energy-density and high-power-density applications. With the incorporation of Li*-containing
OIPCs in electrodes, their rechargeable batteries not only offer enhanced safety but also can be suitable
for a range of applications, to which the current polymer-binder-dependent electrodes cannot be applied.
Moreover, the exploration of Li*-containing OIPCs as ion-conductive binders even opens up the
possibility of employing this polymer-binder-free approach in solid-state batteries in the future (e.g., to
address the compatibility issue of a conventional binder with a solid electrolyte).
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