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Abstract. In the past few decades all-solid-state lithium-ion batteries have become a promising
frontier due to their increased safety, higher energy density and unique mechanical properties.
One of the main issues in this field is establishing steady transport of lithium ions across the
electrode—electrolyte interface, which requires modifications of the electrode structure. In
this research we investigated mechanical properties, capacity and cycling performance of a
composite cathode based on solid polymer electrolyte as a binder, lithium ferrophosphate as
active material and carbon black as electron conductor. Composite cathode was prepared with
the help of ball-milling to reduce the particle size and increase the homogeneity of the material,
which resulted in mechanically stable flexible crack-free electrodes after coating, drying and
calendaring. Achieved specific capacity of the electrodes corresponds to theoretical values,
electrodes show long-term sustainability in systems with liquid electrolyte and are applicable
to solid-state systems.
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AnHoTanug. 3a TIOCNIEIHWE HECKOJNBKO IeCATWICTUA TBEPHOTENbHBIC JUTUI-MOHHEIC
aKKyMYJISITOPbl CTajJM TEePCHEKTUBHBIM HaIpaBAeHUEM HayKu OJjiarogapsi Mx MOBBILLIEHHON!
0e30macHOCTH, 060Jiee BBICOKOI MIOTHOCTU SHEPTUU U YHUKAJIbHBIM MEXaHUYECKUM CBOMCTBAM.
OIHOI 13 OCHOBHBIX IMPOOJIEM B 3TOI 00JIaCTU ABJISIETCS obecrneyeHe YCTOMYMBOTO IepeHoca
MOHOB JIMTUSI 4Yepe3 TpaHUIly pasfeia 3JEKTPOMA-3JIeKTPOJUT, TpeOyrollero Moaudukaiuu
CTPYKTYpHl 3JieKTpona. B maHHO paboTe ObUIM UCCleOBaHbl MEXaHUYECKME CBOMCTBA,
€MKOCTh W IIMKIWYECKHWE XapaKTEPUCTUKM KOMIO3UTHOTO KaToja Ha OCHOBE TBEPIOTO
MOJIMMEPHOTO 3JIEKTPOJUTa B KayecTBe CBsA3ylolero, deppodocdara iutusg B KauyecTBe
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AKTMBHOTO MaT€pualia U CaXkM B KAYECTBE BJICKTPOHHOI'O ITPOBOAHUMKA. Komro3utHelil KaTon
OBIT U3TOTOBJIEH C TTOMOIIBIO HﬂaHeTapHOﬁ MEJBbHUIIBI IJId YMCEHBHICHUSA pasMepa 4YaCTUull
M MNOBBLIIICHHUA OAHOPOAHOCTM MaT€puajia, B PE3YyJbTaTC 4YC€ro I10CJI€ HAHCCCHUA ITOKPLITUA,
CYIIKM M KaJaHAPpUPOBAaHUA IOJYYUJINCH MEXaHUYCCKU YCTOVI‘{HBBIC rubxkue QJIICKTPOAbI
oe3 TPCIUINH. I[OCTI/H"HYTE[H yaciabHad €MKOCTb OJICKTPOJOB COOTBETCTBYET TCOPCTHUUYCCKHMM
3HAYCHUAM, OJICKTPOAblI ACMOHCTPUPYIOT JOJIOBPCMCHHYIO YCTOP)I‘II/IBOCTB B CHUCTEMax C
KUAKUM DJICKTPOJIMTOM U MOTYT OBbITh MCITOJIL30BAaHbI B TBEPAOTCIIbHbIX CUCTEMAX.

KmoueBbie caoBa: TBepHoTelbHBIE JUTHH-WMOHHBIE aKKyMYJISITOPHI, KOMITO3UTHBIC
BJIEKTPOIBI, 3JIEKTPOIbl ¢ deppodocdaroM IMTUS, TBEPABIA BJICKTPOJIUT, ITOJIUMEPHBIN
DJIEKTPOJIUT
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_ Introduction o )
Compared to the commonly used lithium-ion batteries with liquid electrolyte, all-solid-state

lithium-ion batteries offer a number of significant advantages: increased safety due to the elimina-
tion of flammable organic liquid electrolyte materials, retarding dendritic growth, allowing to use
metal lithium as anode, increased mechanical stability. Stable contact between the solid electrolyte
and the electrodes can be achieved, for example, by using composite electrode materials that help
blur the interphase boundary, reduce its resistance and increase the maximum battery current.
Unlike traditional Li-ion batteries, where liquid electrolyte infiltrates the pores of an electrode
during cell assembly, the pores of composite solid-state electrodes are filled with solid polymer
electrolyte at the stage of manufacturing the electrodes themselves, before assembling the cell [1].
Polymer electrolyte used instead of traditional binder ensures both mechanical integrity and ionic
conductivity throughout the volume of the electrode. Uniform distribution of the active material
particles, carbon and electrolyte in the electrode material results in high and uniform ionic and
electronic conductivity throughout the volume of the electrode, close contact of the particles with
each other and with the current collector and decreasing resistance of the electrode—electrolyte
interface. A schematic representation of a battery with a composite electrode is shown in Fig. 1.
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Fig. 1. Schematic of interfaces in all-solid-state Li-ion batteries [2]
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Most solid polymer electrolytes for li-ion batteries are usually composed of polymer matrix
and soluble lithium salt. The most common choice for polymer matrix is polyethylene oxide
(PEO) since its ethylene oxide (EO) units have a higher donor number for Li* which determines
relatively high ionic conductivity (10 Sm/cm). The most favorable candidates for lithium source
in this system are salts with large complex anions that can easily dissociate in PEO matrix and
release Li*ions like LiTFSI [3], LiFSI [4] or LiBETTI [5]. Principles of ion transport in PEO via
interchain or intrachain hopping across the chain while forming and breaking Li-O bonds are
shown in Fig. 2.

Intrachain hopping Intrachain hopping via ion cluster

G

Interchain hopping Interchain hopping via ion cluster

é@?l@ 195

Fig. 2. Mechanism of ion transport in PEO [3]

Materials and Methods

Two modifications of composite positive electrodes based on lithium ferrophosphate were
investigated: a mixture based purely on lithium bis(trifluoromethanesulfonyl)imide (LiTFSI) and
polyethylene oxide (PEO) dissolved in acetonitrile (C,H,N), further referred to as electrode
A, and similar mixture based on PEO and LiTFSI with the addition of polyvinylidene fluoride
(PVDF) polymer binder for mechanical stability, further referred to as electrode B. The mass ratio
for PEO and LiTFSI was calculated from the optimal molar ratio EO:Li = 8:1 (1 Li* ion per 8
ethylene oxide segments) that showed the highest ionic conductivity and transference number
under standard operating conditions [6].

Polymer electrolyte was mixed with the help of TWCL-B Magnetic Stirrer in argon atmo-
sphere. The optimal cathode slurry contained 35 mass% of electrolyte binder, 5 mass% of carbon
black Super P, 60 mass% of active material LiFePO, and was ball-mixed in Retsch Planetary
Ball Mill Pm 100 for 2 hours at 300 rpm at room temperature, then coated on aluminum foil
with TMAX-TCC1 Compact Tape Casting Coater, dried at Vacuum Drying Chamber Binder
VD-115 at 50 °C for 24 hours and subjected to pressing with the help of LabTools Laboratory
Hydraulic Press. Laser cutting was utilized to define the electrode topology. Standard CR2032
coin-cell batteries with LiPF, liquid electrolyte were assembled to test capacity and efficiency of
the electrode material.

Results and Discussion

By varying the composition and manufacturing conditions, high adhesion of the material to
the aluminum current collector was achieved. The manufactured electrodes with mass loadings
of 4.3 mg/cm? and 7.5 mg/cm? for electrode A and electrode B accordingly were examined in
half-cells with lithium metal anode and liquid electrolyte. Capacity measurements were per-
formed with the help of Neware Battery Testing System at 0.1C current rate. During the first five
cycles the average specific capacity of mixture A reached and preserved a value of 149 mA-h/g
with Coulomb efficiency of 97.8% whereas specific capacity of mixture B reached and preserved
a value of 165 mA-h/g with Coulomb efficiency of 98.9%, which corresponded to theoretical

54



4 Condensed Matter Physics >

value of 165 mAh/g for LFP. Higher specific capacity and capacity retention of the latter during
cycling proves the usage of additional polymer binder (in this case PVDF) to be beneficial for
battery performance, despite possible increase in interphase resistance due to its poor conducting
qualities. It is suggested that the presence of PVDF helped improve mechanical stability of the
electrode and prevent microcracks formation during active material particles volume expansion
within charge-discharge process.

Due to its promising specifications electrode B was also examined in coin-cell against similar
anode based on PEO, PVDF, LiTFSI and S-360 graphite as active material. Specific capacity
of resulting battery kept growing and reached 130 mA‘h/g during the first five cycles; Coulomb
efficiency increased from 95.5% to 98.5% as well. Charge-discharge curves for electrode A against
metal Li, electrode B against metal Li and electrode B against graphite anode are present at Fig. 3.
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Fig. 3. Charge-discharge curves (a, b, ¢) and cycling performance (d, e, f) of electrode A
and electrode B half-cells and electrode B full cell against graphite

Conclusion
Investigated polymer-based lithium ferrophosphate cathode material shows promising
mechanical characteristics and specific capacity. It is applicable for batteries with PEO-based
solid electrolytes, a popular subject of scientific research in the field of all-solid-state batteries.
Electrochemical testing of LFP electrodes was carried out using coin-cells with lithium metal and
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graphite negative electrodes. Electrodes with additional binder, PVDF, showed higher mechanical
properties, increase in specific capacity (148.8 vs 165.4 mA-h/g) and Coulomb efficiency (97.8%
vs 98.9% compared to those without due to higher mechanical stability and microcracks forma-
tion tolerance. Investigated material has the potential to be utilized in all-solid-state batteries
Further research on composite electrode materials for all-solid-state Li-ion batteries is vital for
development of safe, sustainable and mobile energy sources.
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