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Highlights 

• Free-standing tape-cast LFP-LATP composite cathode.  

•  Porous tape-cast LFP-LATP scaffold enables its infiltration with polymer electrolyte.  

•  Polymer infiltration of LFP-LATP cathode ensures nearly complete access of CAM.  

•  Polymer-LFP-LATP-based cells reveal excellent electrochemical performance.  

•  Full cells reach an area-specific storage capacity of 3.2 mAh cm-2.  

Abstract 

Polymer-ceramic composites combine the benefits of polymers and ceramics. In particular, the 

infiltration of the ceramic cathode with a Li-ion-conducting polymer in an all-solid-state Li battery 

enhances the utilization of the cathode active material (CAM) and enables the application of 

thicker cathodes with higher storage capacity. This concept has already been validated in our 

earlier work, in which a porous LiCoO2-Li6.45Al0.05La3Zr1.6Ta0.4O12 composite cathode was 

fabricated by spark plasma sintering (SPS). However, its performance stability was low. In the 

present work, this concept is modified and tape casting and free sintering are used instead of SPS 

to apply an LFP-LATP cathode with LiFePO4 as CAM, and Li1.5Al0.5Ti1.5(PO4)3 as the ion-

conducting phase . Both tape casting and free sintering are more relevant for large-scale 

production. The sintered LFP-LATP cathode is infiltrated with the MEEP polymer and 

LiC2NO4F6S2 ion-conducting salt. A full cell with the polymer-infiltrated cathode, 

Li6.45Al0.05La3Zr1.6Ta0.4O12 separator, and Li anode shows nearly full LFP utilization in the 100 

µm thick cathode with an excellent area-specific storage capacity of above 3 mAh cm-2. However, 

after a few dozen cycles, a Li dendrite penetrates the separator leading to abrupt capacity fading. 

The prevention of dendrite formation remains a challenging task for our further work. 
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1. Introduction 

Li-ion batteries are widely used as an energy source in electronic devices and electric vehicles 

[1,2]. A typical Li-ion battery consists of a solid anode and cathode, liquid or polymer electrolyte, 

and a separator. The next generation of Li-ion batteries assumes the application of solid 

electrolytes that can also serve as a separator. These batteries are referred to in the literature as all-

solid-state Li batteries (ASSLBs) [1,3]. The advantage of ASSLBs is their fire safety and 

potentially higher energy storage capacity [1]. An oxide ceramic with perovskite, garnet, or 

NASICON structure is usually considered a solid electrolyte material [3]. Each of these ceramics 

has specific advantages and drawbacks concerning ionic conductivity, stability against the anode 

(e.g., metallic Li), specific weight, cost, etc. [4]. A big challenge in using solid electrolytes is their 

interaction with the cathode active material (CAM) during sintering and electrochemical cycling 

with the appearance of low- or non-conductive phases on the interface [4,5]. Only a few CAM-

electrolyte combinations show limited interaction at sintering temperatures, e.g., LiCoO2 (LCO) 

with Li6.45Al0.05La3Zr1.6Ta0.4O12 (LLZO:Al:Ta) [6] and LiFePO4 (LFP) with Li1+xAlxTi2-x(PO4)3 

(LATP) [7,8]. An important feature of each battery is energy storage capacity. The energy storage 

capacity can be related to the weight (gravimetric), volume (volumetric), or footprint (areal) of the 

battery. In particular, the storage capacity of a battery depends on the charge capacity of the CAM. 

In other words, a CAM should host as many Li-ions per volume as possible. The chemistry of 

CAM and the design of the cathode are decisive here. In particular, a combination of CAM and 

electrolyte in a composite cathode results in enhanced CAM utilization in the bulk. 

In an earlier publication, we showed an enhanced areal storage capacity for a dense LCO-

LLZO:Al:Ta composite cathode [6]. Following this, we achieved even larger storage capacity by 

infiltration of a porous LCO-LLZO:Al:Ta network with MEEP (poly(bis(2‐(2‐
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mthoxyethoxy)ethoxy)phosphazene) Li-ion conducting polymer [9]. In both cases, we used spark 

plasma sintering, also known as the field-assisted sintering technique (FAST/SPS), to fabricate the 

LCO-LLZO:Al:Ta composite cathode. However, FAST/SPS is technically and economically only 

relevant for small-scale production. Furthermore, the cycling performance of ASSLBs with these 

cathodes was rather poor with a fast decrease in storage capacity. The low cycling stability of such 

ASSLBs can be explained by degradation of the LCO/LLZO:Al:Ta interface due to interface 

amorphization and Co and Al interdiffusion [10]. 

In the present study, we examine the performance of an alternative LFP-LATP composite 

cathode infiltrated with MEEP polymer with the aim of improving cycling stability and further 

increasing storage capacity. LFP is known for its long cycle life and thermal and chemical stability. 

LFP is environmentally friendly (Co-free) and relatively cheap. However, LFP has a low electronic 

conductivity [11]. This feature negatively influences the LFP storage capacity. The problem can 

be solved by adding a carbon phase to the LFP matrix [11]. We generate the carbon phase by 

pyrolysis of organic binder, as discussed in detail below. The second component of the composite 

cathode, LATP, is an established solid electrolyte with a NASICON structure. LATP shows good 

compatibility with LFP, enhanced chemical and thermal stability, and high ionic and low electronic 

conductivity [7]. 

Another aim of the current study is to bring the processing route closer to large-scale 

production. We therefore chose the tape-casting technique, which is widely applied in industry to 

manufacture thin ceramic sheets [12]. First, the mixture of LFP and LATP powders is dispersed in 

a slurry holding a dispersant, organic binder, and plasticizer. Then, a raw sheet is formed by 

flattening the cast slurry. After drying, the LFP-LATP sheet is sintered with evaporation of the 

solvent, and decomposition of the binder. Binder removal leads to certain porosity in the LFP-
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LATP sheet, enabling its infiltration by MEEP polymer. The subsequent electrochemical analysis 

of the LFP-LATP-MEEP cathode in a LFP-LATP-MEEP|MEEP/LLZO:Al:Ta|Li cell shows 

nearly full utilization of LFP (CAM) and stable electrochemical cycling. The achieved areal 

storage capacity is almost 3 times higher than in our previous work [6] and significantly higher 

than observed for other LFP-containing composite cathodes. However, after 34 cycles, Li dendrite 

growth through the LLZO:Al:Ta separator leads to a short circuit in the cell. The prevention of Li 

dendrite formation remains a challenge for our further research. 

2. Materials and methods 

2.1. Slurry preparation and tape casting 

The LATP powder was prepared by solid-state synthesis, as described by Odenwald et al. [13]. 

The LATP powder was additionally calcined at 700 °C for 4 h. The obtained mean particle size 

was 0.78 µm, and the specific surface area (BET) was 15.23 m2 g-1. The commercially available 

LFP powder (Johnson Matthey) with a mean particle size of 0.5 m was used without 

modification. The mixture of LFP and LATP powders (60:40 wt. %) was dispersed in ethanol and 

methylethylketone solution (34:66 vol. %) with the addition of Nousperse FX9086 (3.5 wt. %) as 

a dispersant (Elementis), Butvar B-98 (8 wt. %) as a binder (Eastman), PEG 400 and Solusolv 

2075 (both 4 wt. %) as plasticizers (Solutia Inc.). All weight contents are related to the weight of 

LATP. The mixture was homogenized at room temperature within a high-energy planetary mill 

ARV-310 (Thinky, USA) for 5 minutes at 1500 rpm using 3 to 5 mm ZrO2 balls (loading of 50:50 

wt. %). The organics were polymerized at room temperature for 48 h without rotation. The slurry 

was degassed at 20 kPa for 10 minutes, and tape cast using a KARO cast 300-7 machine (KARO 

Electronics Vertriebs GmbH, Germany) with a slit height of 700 µm and a drawing speed of 

3 mm s-1. The as-cast LFP-LATP sheet was dried at room temperature for 6 h. The sheet had a 
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thickness of around 140 m and an in-plane size of around 200 x 200 mm2 (Fig. 1a). For further 

characterization, the square samples with a size of 40 x 40 mm2 were cut off and discs with a 

diameter of 10, 16, and 18 mm were punched out (Fig. 1b). 

 
Fig. 1. (a) Tape-cast LFP-LATP sheet before sintering and (b) samples after sintering. (c) Cross-

section of sintered LFP-LATP sample. 

2.2. Dilatometry, thermogravimetry, and differential thermal analysis 

The de-binding and sintering behavior of the tape-cast material was investigated with a 10 mm 

disc in a push rod dilatometer TMA 402 F1 (Netzsch). The disc was heated to 950 °C with a rate 

of 5 °C min-1 in argon atmosphere. The thermogravimetric analysis (TGA) and differential thermal 

analysis (DTA) were performed in a STA449F1 Jupiter device (Netzsch). The experiments were 

conducted with heating up to 800 °C in argon to keep the pyrolyzed carbon as an electrically 

conducting phase. 

2.3. Sintering of tape-cast samples 
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The LFP-LATP sheets and discs were also sintered in a batch furnace within argon atmosphere. 

A low heating rate of 1°C min-1 was applied up to 500 °C for gentle decomposition of organics 

followed by a heating rate of 5 °C min-1 up to a final sintering temperature of 800 °C. The 

temperature of 800 °C was maintained for 1 h and then decreased to room temperature at 5 °C min-

1. The resulting thickness of the LFP-LATP samples was around 100 µm. The sintering 

temperature was selected based on the thermal stability analysis for the LFP-LATP composite (see 

Section 3.1). The application of argon atmosphere during sintering aimed at pyrolysis of organic 

additives with the formation of free carbon. The free carbon improved the electronic conductivity 

of the LFP-LATP composite. The sintered LFP-LATP sheets were flat i.e., with no visible warpage 

or deformation (Fig. 1b). Their microstructure was homogeneous (Fig. 1c). The CAM (LFP) 

loading related to the footprint of LFP-LATP of the 100 m thick samples and was around 

19.6 mg cm-2. 

2.4. Structural characterization 

The phase analysis was performed using the X-ray diffraction (XRD) method in the 2θ range 

from 10° to 80° with a step of 0.02° using a D4 ENDEAVOR (Bruker) diffractometer with Cu-Kα 

radiation and an LYNXEYE (Bruker) detector. The HighScore software (Malvern Panalytical) and 

the PDF-2 database (ICDD) were used for phase identification. The Rietveld analysis for 

refinement of XRD results was conducted using TOPAS 4.2 software (Bruker). 

The microstructural characterization was performed on polished cross-sections of samples 

prepared by Ar ion milling for 7 h with a JEOL SM-09010 polisher. The microstructure was 

investigated in a MERLIN field emission scanning electron microscope (FE-SEM, Carl Zeiss) 

with an accelerating voltage of 5 kV. The quantitative image analysis was conducted using 

Olympus Stream software. The elemental mappings were acquired using the energy-dispersive X-
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ray spectroscopy (EDX) with an X-max Extreme detector (Oxford Instruments). The data in the 

maps were refined with the TruMap feature of AZtec software (Oxford Instruments). 

2.5. Cell fabrication 

The sintered LFP-LATP disks were assembled into full cells, as reported in our earlier paper 

[11]. After sintering, the porous LFP-LATP sheets were infiltrated by the MEEP Li-ion conducting 

polymer. The synthesis of MEEP is described in detail by Jankowsky et al. [14]. The infiltrated 

samples were dried at 80 °C for 1 h and polymerized under UV light for 0.5 h in a UVACUBE 

100 chamber (Hönle Group). A thin (approx.10 m) MEEP polymer layer was used to affix the 

infiltrated LFP-LATP cathode to the anodic half-cell consisting of a Li6.45Al0.05La3Zr1.6Ta0.4O12 

(LLZO:Al:Ta) separator with a mechanically attached Li anode (100 m in thickness). The 

synthesis of the LLZO:Al:Ta electrolyte is described by Tsai et al. [15]. The application of the 

LLZO:Al:Ta separator aimed to inhibit Li dendrite growth towards LATP and prevent short 

circuits due to MEEP squeezing at anode fixation. The assembled polymer-ceramic cell was placed 

into an ECC-Std electrochemical tester (El-Cell) and sealed. The structure of the polymer-ceramic 

LFP-LATP-MEEP|MEEP/LLZO:Al:Ta|Li cell is shown schematically in Fig. 2. 

 

Fig. 2. Schematic view of the full cell. 

2.6. Electrochemical characterization 
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Galvanostatic charge/discharge examination of the polymer-ceramic cells was conducted at 

60 °C in a VT 4002EMC (Vötsch) climate chamber using a Maccor potentiostat. The potential 

window was 2.8–3.9 V vs. Li/Li+ and the current density was 50 µA cm-2. 

3. Results and discussion 

3.1. Sintering temperature 

The sintering behavior and thermal stability of the LFP-LATP composite were studied using 

dilatometry and TG/DTA analysis. According to Fig. 3a, the LFP-LATP sample began shrinking 

at 800 °C. At a temperature of about 910 °C, a kink was visible, followed by abrupt shrinkage. 

This is a clear indicator of material melting. 

The TG graph shows a 15 % weight loss in the temperature range from 100 °C to 550 °C, which 

is the result of decomposition and pyrolysis of organics (Fig. 3b). This endothermic process is 

shown in Fig. 3b by a decrease in the DTA signal up to 550 °C. The subsequent increase in the 

DTA signal (above 600 °C) could indicate a phase transformation in LATP, which was also made 

visible by XRD. 

An exothermic DTA peak recorded at 913 °C (Fig. 3b) is most likely due to a reaction between 

LFP and LATP with partial melting. This observation correlates with the kink in the shrinkage 

curve at 910 °C. The results of dilatometry and TG/DTA show that co-sintering of LFP and LATP 

is possible in a temperature window of 800-900 °C. In the present study, sintering at a temperature 

of 800 °C was used to achieve open porosity and mechanical stability of the LFP-LATP composite. 



10 

 

 

Fig. 3. (a) Dilatometric and (b) TG/DTA diagram for LFP-LATP tape-cast samples. 

3.2. Phase analysis 

The XRD analysis of the LFP-LATP composite sintered at 800 °C revealed the presence of LFP 

and LATP phases as well as the formation of a secondary phase, which could not be conclusively 

identified (Fig. 4). The Rietveld refinement was applied for a more detailed analysis. The 

refinement with a model mixture of olivine-type LFP (ICSD 15448, [16]), rhombohedral LATP 

(ICSD 7933, [17]), and AlPO4 (ICSD 98378, [18]) did not describe some of the observed peaks. 

While the LFP and AlPO4 were well distinguished, the reflections assigned to the rhombohedral 

LATP were not adequately represented. Therefore, the formation of an orthorhombic structure for 

LATP was assumed [19]. The result of the Rietveld refinement corresponds to a mixture of 65 wt. 

% olivine-type LFP (a = 10.326 Å, b = 6.006 Å, c = 4.693 Å), 33 wt. % orthorhombic LATP (a = 

8.503 Å, b = 8.573 Å, c = 11.856 Å), and 2 wt. % AlPO4 (a = 7.162 Å, b = 7.077 Å, c = 6.992 Å).  
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Fig. 4. XRD pattern for sintered LFP-LATP composite and its Rietveld analysis. XRD revealed 

the olivine-type LFP and orthorhombic LATP as the main phases and AlPO4 as a minor phase. 

The AlPO4 phase is shown in the inset. 

During Rietveld refinement, the atomic positions, site occupation factors, and temperature 

factors were fixed. The complexity of the diffraction pattern and the presence of different phases 

in large amounts complicate the verification of possible Al/Fe substitution on the Ti sites or the 

appearance of a mixed oxidation state for Ti. At the same time, the SEM/EDX analysis did not 

show the presence of any significant amount of Fe in the orthorhombic LATP (Supplementary 

material, Fig. S1). Hence, we assume that the composition of LATP remained almost unchanged 

during the formation of the orthorhombic structure. 

3.3. Microstructural analysis 

The microstructure of sintered LFP-LATP composite was studied by SEM and EDX 

spectroscopy. The SEM images revealed a porous structure with a porosity of around 43 % 

(Figs. 5a and 5b). LFP and LATP were identified as the two main phases based on their contrast 

and EDX mapping (Figs. 5 and S1). The SEM shows the tight contacts between LFP and LATP 

particles (Fig. 5). At the same time, the detailed EDX mapping did not reveal any remarkable 
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diffusion across the LFP/LATP interface (Fig. S1). The AlPO4 phase was imaged by SEM as small, 

isolated grains, forming the Li-ion-blocking areas. This led us to conclude that AlPO4 is unlikely 

to have a considerable influence on the electrochemical properties of LFP-LATP composite. 

 

Fig. 5. (a) and (b) SEM images of sintered LFP-LATP composite at two magnifications. LFP, 

LATP, and AlPO4 phases are distinguished by contrast and labeled in (b). (c) EDX mapping 

showing the carbon distribution (bright areas) in the LFP-LATP composite. 
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3.4. Organics pyrolysis and residual carbon 

During sintering in argon, the organic components in the tape-cast sheet decomposed with the 

appearance of carbon particles (Fig. 3b). The EDX mapping in Fig. 5c shows the interconnecting 

layers of carbon particles. The carbon network increased the electronic conductivity of the LFP-

LATP composite, enabling the use of a thicker cathode with enhanced storage capacity. 

3.5. Infiltration with MEEP 

The open porosity of sintered 100 µm thick LFP-LATP cathode enabled its proper infiltration 

with MEEP polymer. The EDX mapping for Al and Fe (Fig. 6) shows the homogeneous 

distribution of LFP and LATP in the composite. The EDX mappings for fluorine (Fig. 6), nitrogen, 

and sulfur (Fig. S2) show the uniform distribution of MEEP inside the LFP-LATP cathode. The 

large pores were not entirely filled with polymer. The polymer mainly coated the surface of LFP 

and LATP particles as a film. Homogeneous MEEP infiltration enables the use of thicker LFP-

LATP cathodes with higher areal storage capacity. 

 
Fig. 6. (a) Overview of cathode/electrolyte interface. (b)-(d) EDX mappings: Fe, Al, and F areas 

indicate LFP, LATP, and MEEP. 
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3.6. Electrochemical performance 

Fig. 7a shows the charge/discharge curves during cell testing (Fig. 2). In the first charge, the 

potential firstly increased to 3.9 V (vs. Li/Li+). Then, the gravimetric charge increased at this 

voltage to a value of around 140 mAh g-1. A large part of the charge in the first cycle occurred at 

a constant voltage, indicating a high resistance of the investigated cell. The first discharge curve 

showed a plateau at around 3.35 V (vs. Li/Li+) and a discharge capacity of about 140 mAh g-1. The 

behavior of the cell continuously improved. All subsequent cycles showed a well-defined charge 

and discharge plateau at a potential of around 3.25–3.35 V (vs. Li/Li+). The steadily diminished 

part of the charge at a constant potential indicates a continuous decrease in cell resistance (Fig. 

7a). The storage capacity of the cell increased with every charge/discharge cycle, reaching 

160 mAh g-1 after 10 cycles and 167 mAh g-1 after 20 cycles, and remained stable in the subsequent 

cycles (Fig. 7b). The capacity of 167 mAh g-1 corresponds to 98 % of the theoretical capacity of 

LFP (170 mAh g-1), showing nearly full utilization of the cathode active material. This indicates 

that the MEEP polymer infiltrated the entire 100 µm thick LFP-LATP cathode and formed a 

percolating network. In addition, since the LATP completely transformed into an orthorhombic 

structure, it is plausible that the orthorhombic LATP has electrochemical properties similar to the 

properties of rhombohedral LATP structure usually reported in the literature [7,8,13,20]. This 

assumption is in line with the results of Wang et al. and Kee et al. who observed even higher Li-

ion diffusivity for the orthorhombic LTP compared to the rhombohedral LTP [21,22]. 

Due to the nearly full loading of LFP and high thickness of the LFP-LATP cathode, the areal 

capacity of the cell with the polymer-ceramic cathode was impressively high. A capacity of 

3 mAh cm-2 was reached after 6 cycles and stabilized at a maximum value of 3.2 mAh cm-2 after 

20 cycles (Fig. 7b). The areal capacity over 3 mAh cm-2 is among the highest results reported for 
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ASSLBs and is exceeded only by commercially available liquid-electrolyte-based batteries [3,9]. 

Table 1 demonstrates the excellent electrochemical performance of the considered polymer-

infiltrated LFP-LATP cathode in comparison with various ceramic- and polymer-based composite 

cathodes with LFP as CAM. 

In general, the cell with the LFP-LATP cathode infiltrated by MEEP polymer showed 

continuously increased capacity and stable cycling. However, after 34 cycles, abrupt fading of 

capacity was observed due to Li dendrite growth through the LLZO:Al:Ta separator, causing the 

shortcut in the cell. At the same time, we did not observe (at least by SEM) any mechanical or 

material degradation in the cycled cell (Fig. S3). In summary, the presented results show the high 

potential of ASSLBs with a tape-cast LFP-LATP composite cathode infiltrated by MEEP polymer. 

The ASSLBs of this type reveal nearly full CAM utilization even for a relatively thick cathode, 

excellent areal capacity, and good cycling stability. However, the prevention of Li dendrite 

formation remains a challenging task. 

 

Fig. 7. (a) Cycling performance of cell with LFP-LATP cathode infiltrated by MEEP. (b) 

Gravimetric and areal storage capacity of LFP in LFP-LATP cathode infiltrated by MEEP. 
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Table 1. LFP loading and storage capacity of composite cathodes in the literature and the present 

paper 

Cathode 

LFP 

loading, 

mg cm-2 

Current dens., 

µA cm-2 

Cycles 
Temperature, 

°C 

Storage capacity, 

Ref. 
mAh g-

1 

mAh cm-

2 

LFP-

PVdF 
1.2 10 100 60 150 0.18 [23] 

LFP-PEO ~5 170 100 65 130 0.65 [24] 

LFP-PEO 3-5 100 50 60 140 
0.42-

0.70 
[25] 

LFP-PEO 3.3 185 210 60 155 0.53 [26] 

LFP-C-

PVdF 
2.5 8 5 25 148 0.37 [27] 

LFP-

LATP-

MEEP  

19.6 50 34 60 165 3.2 
This 

work 

4. Conclusions 

The tape-casting technology was successfully used to fabricate LFP-LATP (60:40 wt. %) 

composite cathodes. The sintering window for the LFP-LATP composite was 800-900 °C. 

Sintering in argon atmosphere resulted in the pyrolysis of organics with the appearance of carbon 

nanoparticles. The pyrolyzed carbon was deposited mainly on the surface of LFP and LATP 

particles. The carbon network enhanced the electronic conductivity of the LFP-LATP composite. 

The decomposition of organics during the sintering of the LFP-LATP tape-cast sheet resulted in 

an open porosity of about 43%. This porosity was sufficient for the infiltration and percolation of 

the LFP-LATP network by the Li-ion conducting MEEP polymer. The enhanced ionic 

conductivity of the composite cathode achieved with LATP and MEEP phases enabled nearly full 

utilization of the active material (LFP), even in cathodes with a high thickness (in this work 100 
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m). The nearly full CAM loading in combination with a high cathode thickness ensured a high 

area-specific storage capacity (in this work more than 3 mAh cm-2). In addition, a representative 

cell with the polymer-infiltrated cathode showed stable cycling (34 cycles in this work) until the 

formation of a Li dendrite. The increase in the electrochemical performance must be addressed in 

future work. This includes increased areal capacity for thicker cathodes, high-voltage CAMs, and 

higher cycling stability by preventing the formation of Li dendrites. 
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Appendix A. Supplementary material 

Supplementary material to this article can be found online at 
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