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Abstract 

One of the necessary prerequisites to advance the electrochemical performance of Li7La3Zr2O12 

(LLZ) based all-solid-state lithium batteries is the manufacturing of dense composite cathodes 

from cathode active material (CAM) and the LLZ ceramic solid electrolyte. However, free co-

sintering of LLZ and CAM mixtures requires temperatures above 1000 °C which often leads to 

decomposition and secondary phase formation, especially for high energy CAMs. In our study we 

present a completely dry processing route which is fast, free of any sintering additives and coatings 

and suitable to fabricate dense mixed cathodes, pure LLZ separators and multilayers of the two. 

Through application of high mechanical pressure during Field-Assisted Sintering we were able to 

reduce the sintering temperature down to 675–750 °C with dwell times as low as 10 minutes, while 

still obtaining 95 % theoretical density for LCO/LLZ mixtures. The low sintering temperature is 

suitable for high energy CAMs, but leads to a significant effect of surface impurities, especially 

from powder handling in air, and affects the crystallinity of the CAM/LLZ interface. In the present 

paper we investigate the impact of resulting interfaces on the ionic conductivity, the interfacial 

impedance and the cycling stability of produced cells and propose the optimization strategy. 

Keywords: all solid-state Li ion battery, composite cathode, garnet LLZ, high-pressure FAST/SPS, 

low temperature sintering, interface analysis 

1. Introduction 

Lithium secondary batteries (LIBs) are the systems of choice to power portable consumer 

electronics for entertainment, computing, telecommunication, and electric mobility as they offer 

high energy density, lightweight design and a longer lifetime than other battery types [1-4]. 

However, with the upscaling of LIBs, e.g. for application in electric vehicles, enhanced energy 

density and safety concern (due to use of flammable liquid electrolyte) has to be addressed in next 



3 

 

generation of batteries. In this regard, all-solid-state lithium ion batteries (ASSLB) on the basis of 

oxide ceramics attract attention of researchers and engineers due to their intrinsic safety, extended 

operational temperature and potential to achieve higher energy densities [1-3]. One of the most 

promising solid electrolytes is the garnet-type Li7La3Zr2O12 (LLZ) ceramic [5-7]. LLZ can 

crystallize in cubic or tetragonal phase. Both phases have a high lithium ion transference number 

(tLi+≈1) and good chemical stability versus metallic lithium. However, the ionic conductivity of 

tetragonal phase is two orders of magnitude lower than that of the cubic phase [7-13]. A partial 

substitution of Li and Zr in LLZ by Al or Ta stabilizes the LLZ in cubic phase at room temperature 

(RT) resulting in an excellent ionic conductivity of >10-4 S∙cm-1 [6]. Although LLZ can be handled 

in ambient air, prolonged exposure to air leads to the formation of an insulating layer of LiOH and 

Li2CO3 at the surface due to Li+/H+ exchange [14]. However, this insulating layer is usually 

removed during following heat treatment (e.g. sintering) with restoring of initial ionic conductivity 

[15]. 

Although the high ionic conductivity of LLZ make it very attractive as a solid electrolyte, the 

challenges during processing of LLZ and its integration in an electrochemical cell still hamper the 

development of LLZ-based ASSLBs. In particular, to achieve high energy density in such a cell, 

the cathode structure should provide high areal loading and full utilization of cathode active 

material (CAM), which requires efficient electronic and ionic conductive pathways. In an ideal 

cathode, CAM and electrolyte should form an intertwined 3D-network with a tight and well-

developed contact between related phases. The interface between the CAM and the electrolyte 

should feature high total surface area with a low impedance to enable efficient charge transfer and 

transport with minimization of resistance losses in a battery. In a conventional Li ion battery, the 

extended cathode/electrolyte interface is formed spontaneously by infiltration of liquid electrolyte 
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in a porous CAM structures. As the infiltration cannot be realized for solid electrolytes (e.g. LLZ), 

other approaches to manufacture a dual phase cathode have to be explored. The easiest way for 

manufacturing of the dual phase cathode is sintering of a LLZ and CAM mixture. 

However, LLZ typically requires a sintering temperatures of above 1050 °C with a dwell of a 

couple of hours to establish a good contact between individual grains and to achieve desired ionic 

conductivity. When LLZ is co-sintered with a CAM, the question of material stability during the 

processing is raised. Many mixtures of LLZ with CAMs such as Li[Ni1-x-yCoxMny]O2 (NMC) or 

Li2NiMn3O8 (LMO) show reduced thermodynamic stability [16]. Due to the oxidizing nature of 

CAMs, their reaction with LLZ occurs already at approximately 700 °C for NMC and at 500 °C 

for LMO, which is much lower than the thermal decomposition temperature of LLZ itself [17]. 

Some research groups have demonstrated that this thermodynamic limitation can be overcome or 

significantly lessened via a kinetic control of the sintering procedure, such as the reduction of 

sintering time, or the careful control of powder morphology and composition [18-21]. Several co-

sintered composite cathodes show greatly increased CAM utilization and improved charge 

transport compared to pure CAM cathodes [22-26]. However, in spite of achieved progress, the 

formation during processing of secondary phases on CAM/solid electrolyte interface remains a 

serious limitation for cathode performance [16, 17, 27-29]. Furthermore, the relatively low density 

of composite cathodes prepared by conventional sintering via a slurry based route (around 80 %) 

leads to fracturing of weak sintered struts induced by volume change of CAM during 

electrochemical cycling [19]. 

As the interface reactions are kinetically controlled through thermal cycle, a faster processing with 

high heating and cooling rate, shorter dwell time and especially with lower sintering temperature 

might minimize the secondary phase formation. A decrease in sintering temperatures can be 
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achieved e.g. by using sintering additives or coating of CAM particles, for example by Nb- or 

Li3BO3 layers [28,30]. However, this layer alters the grain boundary composition and increases 

the interfacial resistance. For example, Li3BO3 has a Li ion conductivity of only 10-6 S cm-1 at 

room temperature (RT) which is much lower than that of LLZ (approximately 10-4 S cm-1 at RT) 

and can limit the charge transfer across the interface [31]. In order to avoid the use of sinter 

additives while still reducing sintering temperature and dwell time, an advanced sintering 

technique such as field assisted sintering, also known as spark plasma sintering (FAST/SPS) can 

be used [12]. By applying mechanical pressure and fast Joule heating, FAST/SPS enables sintering 

of dense ceramics at lower temperatures with significantly shorter dwell times as compared with 

conventional free sintering [12, 29, 32-38]. 

We previously reported the application of high-pressure FAST/SPS for the fabrication of LiCoO2 

(LCO) and LLZ composite cathodes, where a dense LCO/LLZ composite cathode was sintered at 

675 °C with only 10 min dwell time [18]. The selected material pair was chosen based on its high 

chemical stability (over 1085 °C required, to observe side reactions between LCO and LLZ) and 

similar coefficients of thermal expansion. The LLZ was substituted with Ta and Al corresponding 

to the composition Li6.45Al0.05La3Zr1.6Ta0.4O12 (later denoted as LLZ:Ta) to maintain the cubic 

stricture and to increase the ionic conductivity [39]. 

Following this work, we now demonstrate that FAST/SPS enables the fabrication of different 

components of ASSLB without sintering aids, such as a dense LLZ:Ta separator layer with high 

ionic conductivity, a dense LCO/LLZ:Ta composite cathode and an integrated cathode half-cell 

consisting of a composite cathode and a LLZ:Ta separator layer at temperatures as low as 

675 ° - 750 °C. Analyzing structure, morphology and electrochemical performance of the obtained 

components, we found that the grain boundary crystallinity and the impurities appearing on 
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particles surface (i.e. LiOH or Li2CO3) play a decisive role in the formation of highly conductive 

interfaces and in the minimization of porosity within the fabricated components. The removal of 

these impurities prior FAST/SPS processing ensures high ionic conductivity even at low sintering 

temperature and improved mechanical and cycling stability of composite cathodes in ASSLBs. 

2. Experimental 

2.1. Powder preparation 

Ta- and Al-substituted LLZ powder (Li6.45Al0.05La3Zr1.6Ta0.4O12, LLZ:Ta) was synthesized by 

solid-state reaction as reported previously [19]. The calcined LLZ:Ta cake was ground in a 

mechanical mortar RM200 (Retsch). The resulting particles had a spongy shape with a particle 

size of D10 = 5.8 µm, D50 = 10.0 µm and D90 = 16.4 µm as determined by the laser light scattering 

method in a LA950 device (Retsch). This powder will be denoted below as LLZ-air powder. Some 

amount of LLZ:Ta powder was additionally processed to test the impact of surface contamination 

from air on electrochemical performance. A part of the LLZ:Ta powder was pressed into loose 

pellets to prevent Li loss and Al diffusion from the Al2O3 crucible and annealed in Ar at 750 °C 

for 2 h to remove surface impurities (LiOH and Li2CO3). The sintered cake was crushed into 

powder in an Ar-filled glovebox. The obtained powder consisted of particles with nearly the same 

shape and size as the non-annealed powder with D10 = 6.6 µm, D50 = 12.2 µm and D90 = 22.5 µm 

(Supporting Information, Fig. S1). This powder will be named later as LLZ-annealed. 

For fabrication of composite cathodes, a portion of Ar-treated or untreated powder was mixed with 

LiCoO2 (LCO) CAM powder (Alfa Aesar, 99.5 %) in a 1:1 wt. ratio on a rolling bench RW20 

(IKA) at 200 rpm for 100 h in air when using the LLZ-air powder or in Ar atmosphere for the 

LLZ-annealed powder. The Ar-annealed LLZ:Ta powder and its mixture with LCO were stored in 

an Ar-filled glovebox (<0.1 ppm H2O and O2) all the time before following sintering. 
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2.2. Pellet sintering 

The pellets with one or two layers (for the use as a half-cell) were manufactured by FAST/SPS 

sintering. In one case, LLZ-air, LLZ-annealed powder or their mixture with LCO was used. In 

another case, the first layer consisted of LLZ and LCO mixture and the second layer was comprised 

of pure LLZ-air or LLZ-annealed powder. A schematic overview of the prepared pellets is shown 

in Fig. 1. 

 

Fig. 1. Schematic overview of manufactured battery components. 

For manufacturing of pellets with a single layer, a portion of 0.5 g of LLZ-air, LLZ-annealed 

powder or their mixture with LCO was poured into a metallic mould made of molybdenum based 

alloy TZM (Plansee SE). The mould had an inner diameter of 12 mm that was covered by wound 

graphite foil (SGL Carbon). The TZM punches were also separated from powder by two discs 

punched from graphite foil to prevent their sticking with sintered pellet. 

For the half-cell, 0.5 g of powder mixture was firstly poured in the mould and pressed at 50 MPa, 

followed by adding another 1 g of LLZ:Ta powder and pressing with the same pressure again. 
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The powders and powder mixtures were sintered in a HP D 5 FAST/SPS device (FCT Systeme). 

The sintering was performed at a temperature of 675 °C, 750 °C or 800 °C with 10 min dwell time 

in Ar flow. The heating rate was 100 K min-1 and the cooling was 20 K min-1. A sintering 

temperature of 675°C is slightly below an onset temperature of 700°C for reaction between LCO 

and graphite foil as explained in detail in our previous paper [18]. A temperature of 750°C is 

somewhat higher than the above-mentioned onset temperature. However, the reaction between 

LCO and graphite at this temperature is still not pronounced [18]. The sintering at 800 °C was 

performed to verify the phase stability at higher temperature. A mechanical pressure of 50 MPa or 

440 MPa was applied before the heating in all experiment. The loading with 50 MPa is typical for 

FAST/SPS sintering in a standard graphite mould [32]. A pressure of 440 MPa is the highest 

pressure which can be achieved in a 12 mm mould under a maximal load of 50 kN for HP D 5 

device. After FAST/SPS sintering the graphite foil was polished off from all pellet’s surfaces by 

SiC sandpaper. 

2.3. Cell fabrication 

The half-cells, consisting of a composite cathode and an LLZ:Ta separator, were either directly 

polished with SiC sandpaper to erase any possible surface impurities or annealed at 1050 °C in air 

for 30 minutes before battery assembling. The half-cells were sputter coated with Au for 30 s to 

support the adhesion of an In anode on the LLZ:Ta side and for 150 s on the cathode side to serve 

as current collector (Cressingtion 108 sputter coater). Afterwards, the half-cells were transferred 

into an Ar-filled glovebox (<0.1 ppm H2O and O2). On the LLZ:Ta-side, a metallic In foil was 

mechanically pressed on the samples to act as anode. The assembled ASSLBs were placed into 

Swagelok cells and sealed before taking from the glovebox. The amount of active material in the 

composite cathodes was estimated by measuring of thickness and diameter of the cathode and by 
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using of average density of the LCO/LLZ:Ta mixture. The composite cathode with LLZ-air and 

LLZ-annealed for the ASSLBs had both a thickness of roughly 55 µm and a CAM loading of 

16 mg. 

2.4. Microstructural and density characterization 

The phase analysis was performed by X-ray diffraction method (XRD) using a D4 Endeavor 

(Bruker) device and Bragg-Brentano configuration in the 2θ range from 10° to 80° with a step of 

0.02° and with Cu K-alpha radiation. The XRD device was equipped with a LYNXEYE energy-

dispersive 1D detector (Bruker). The HighScore software (Malvern Panalytical) with PDF-2 

database (ICDD) was used for qualitative phase analysis. The Rietveld analysis for quantification 

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

The density of pellets was determined from their geometry and mass. The density for LCO/LLZ:Ta 

pellets was calculated by using a theoretical density of 5.2 g cm-3 as an average from LLZ:Ta 

(5.3 g cm-3) and LCO (5.1 g cm-3) densities [40]. 

The microstructure of pellets was investigated by a scanning electron microscope (SEM) TM3000 

(Hitachi). The samples for transmission electron microscopy (TEM) were cut out of a polished 

cross section by a dual beam-focused ion beam with 30 keV and 10 pA within a Helios NanoLab 

G3 CX device (FEI) and transferred to carbon lacy TEM grid by a glass tip micro-manipulator. 

The TEM images were recorded with a JEM-2100F electron microscope (JEOL) operated at 

200 kV. 

2.5. Electrochemical characterization 

The electrochemical experiments were performed at either 25 °C or 80 °C within a climate 

chamber VT 4002EMC (Vötsch Industrietechnik) using a VMP-300 multichannel Potentiostat 
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(BioLogic). The electrochemical impedance spectroscopy (EIS) was performed in VMP-300 

multichannel Potentiostat in the frequency range from 3 MHz to 10 mHz and with an amplitude of 

10 mV for perturbation field. The fits for the impedance spectra were performed using ZView 

software (Scribner). Long term galvanostatic cycling was done with constant-current-constant-

voltage (CC-CV) mode for charging and with constant current for discharging. The batteries were 

charged to 3.4 V vs In-Li (i.e. 4.0 V vs. Li/Li+) with a constant current density of 50 µA cm-2 and 

held at this voltage to allow the current density to drop to 10 µA cm-2. Discharge of the batteries 

was done with a constant current density of 50 µA cm-2 until the voltage was dropped to 2.8 V vs 

Li-In. 

3. Results and discussion 

The composite cathodes produced by FAST/SPS technique were first analyzed with respect to the 

phase stability under process conditions. To assess the impact of surface contamination in air, pure 

LLZ:Ta powder stored and treated in air (LLZ-air) and LLZ:Ta powder annealed in Ar (LLZ-

annealed) were used to fabricate the single layer separators. The obtained samples were 

characterized with respects to microstructure and electrochemical properties. Finally, the full cells 

consisting of mixed LCO/LLZ cathode and LLZ separator, produced with optimized parameters, 

and with In anode were electrochemically tested. 

3.1. Phase stability of composite cathode 

The phase stability of LCO and LLZ:Ta is essential to achieve good interfacial and bulk ion and 

electron transport in LCO/LLZ composite cathode. The phase stability of a LCO/LLZ-air 

composite cathode was investigated by comparing of corresponding XRD patterns with XRD 

patterns of pristine LCO and LLZ-air powders (Fig. 2). All observed peaks are sharp and indicate 

the good crystallinity after FAST/SPS sintering. The composite cathodes prepared at a relatively 
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low applied pressure of 50 MPa, show, besides the typical peaks for rhombohedral LCO and cubic 

LLZ:Ta, some other peaks with low intensities at both sintering temperatures i.e. 675 °C and to 

800 °C (Fig. 2a). Rietveld refinement suggests that these peaks are related to La2Li1-xCoxO4 (23°, 

27° and 32°) and CoO (36°, 42° and 61 °) with an amount of 10 wt. % and 11 wt. % for the samples 

sintered at 675 °C and 800 °C, respectively. (Supporting Information, Table S1). 

At a high FAST/SPS pressure of 440 MPa the XRD patterns show the high crystallinity as well 

(Fig. 2b). However, the intensity of peaks related to side phases is drastically reduced. The Rietveld 

analysis gives only 4 wt. % of side phases for 675°C and 750°C sintering temperature. For 800 °C 

the side phase content increases up to 13 wt. %, again showing La2Li1-xCoxO4, CoO and 

additionally La2Zr2O7 (34°) phases. 

The striking difference in secondary phase formation between FAST/SPS sintering at 50 MPa and 

440 MPa can be understood when considering the effect of applied pressure and short sintering 

time on the origin of the secondary phases. First, the appearance of CoO is a direct result of reaction 

between LCO and graphite foil at temperatures above 500 °C resulting in formation of Li2O, COx, 

and CoO [18, 41,42]. Once the pressure-assisted sintering starts, the pores and thus the free surface 

area available for reaction is quickly reduced limiting carbon diffusion into the sample. Only the 

material in direct contact with graphite foil decomposes but can later be removed by surface 

polishing. From this point of view, the application of pressure before heating is beneficial for 

reduction of LCO decomposition during heating process (Supporting Information, Fig. S2). 
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Fig. 2. XRD patterns of pristine LCO and LLZ-air powders and sintered LCO/LLZ-air composite 

cathode. The composite cathode was sintered by FAST/SPS at different temperatures under a 

pressure of: a) 50 MPa and b) 440 MPa. The side phases are marked with: # for La2Li1-xCoxO4, + 

for CoO, and * for La2Zr2O7.  

Second, the products of reaction between LCO and LLZ:Ta, such as LaCoO3, La2CoO4 or Co-

substituted LLZ:Ta, are often formed in conventionally sintered LCO/LLZ samples due to long 

sintering time [17,43]. Short heating and dwell time in FAST/SPS process kinetically limit these 

reactions, contributing to the reduced amounts of secondary phases. Moreover, the reactions are 

further limited by low sintering temperatures used during FAST/SPS, which are far below the 

reported 1085 °C at which LCO and LLZ start to react with a visible rate [44]. 

Third, the formation of a pyrochlore La2Zr2O7 phase due to delithiation of LLZ is also often 

observed in conventionally sintered samples [15, 45-47]. In FAST/SPS process, short sintering 

time, applied pressure and closed sintering mould, result in negligible Li loss due to evaporation 

or reaction with carbon from the graphite foil up to 750°C (Fig. 2). 
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3.2. Influence of LLZ:Ta pretreatment 

To investigate the impact of surface contaminants from air, we first studied a single LLZ:Ta 

separators prepared by FAST/SPS with respect to achieved density, microstructure and 

electrochemical properties. Several research groups reported formation of Li7-xHxLa3Zr2O12 and 

LiOH when LLZ was exposed to moisture from air according to reaction (1). Subsequently, LiOH 

converts to Li2CO3 due to interaction with CO2 [48-51]. Besides, CO2 might also directly react 

with LLZ (reaction 2) [14]. 

Li7La3Zr2O12 + xH2O → Li7-xHxLa3Zr2O12 + xLiOH   (1) 

Li7La3Zr2O12 + xCO2 → Li7-2xLa3Zr2O12-x + xLi2CO3 (2) 

With using of Raman spectroscopy, we also observed the formation of Li2CO3 layer on LLZ:Ta 

surface within a few hours of air exposure (Supporting Information, Fig. S3). According to the 

literature, the Li2CO3 can form a closed layer of around 30 nm in thickness on LLZ particles within 

a few days of exposure to air [23]. Larraz et al. notice that the reactions described by equations (1) 

and (2) are reversible at temperatures above 400 - 450 °C and 650 C°- 700 °C, respectively [15]. 

Besides both materials, LiOH and Li2CO3, melt and start to decompose at either 450 °C or 720 °C. 

In our case, this means that the sintering temperature of 750 °C during our FAST/SPS process is 

sufficiently high to remove LiOH, but the Li2CO3-layer might not be removed at this sintering 

temperature, since the dwell time of only 10 min is rather short compared to the commonly used 

2 h annealing in Ar at 750 °C [52]. 

In order to investigate the impact of LiOH and Li2CO3 surface impurities on the sintering behavior 

and the electrochemical properties, two types of LLZ:Ta powders were used for the fabrication of 

LLZ:Ta separators and composite cathodes. In the first set of experiments, LLZ:Ta powder stored 

in air for a couple of days was used for sample preparation (LLZ-air). In the second set of 
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experiments, a part of this powder was annealed in Ar at 750 °C for 2 h (LLZ-annealed) before 

using. It is worth to mention that the particle size of the LLZ:Ta did not significantly change by 

this treatment (see Section 2.1 for more detail). 

3.3. Density and microstructure 

High storage capacity of ASSLB requires a high density of sintered components. The application 

of high-pressure FAST/SPS (a pressure of 440 MPa) for sintering components with LLZ-air or 

LLZ-annealed powder results in high densities of single LLZ layers and composite cathodes 

(Table 1). An exceptional feature of developed high-pressure FAST/SPS process is the possibility 

to achieve a relative density of over 90 % at sintering temperatures as low as 675 °C without the 

use of any sintering aids. As expected, the relative density slightly increases for a higher sintering 

temperature of 750 °C to 92 % and 95 % for the pure LLZ:Ta and for the composite cathode, 

respectively. The relative density of LLZ:Ta and the composite cathode seems not to be affected 

by the way of powder preconditioning within the error of density measurements (around ±1 %). 

Table 1. Relative density (%) of pure LLZ:Ta layer and LCO/LLZ composite cathode sintered by 

FAST/SPS at 440 MPa in Ar with a dwell time of 10 min at two temperatures. 

FAST/SPS 

temperature 

Pure LLZ:Ta layers Composite cathodes 

LLZ-air LLZ-annealed LLZ-air LLZ-annealed 

675°C 90% 90% 92% 92% 

750 °C 92% 92% 95% 95% 
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Fig. 3. Cross-sectional SEM images of LLZ:Ta/LCO composite cathodes (a, b) and pure LLZ:Ta 

layers (c, d) after FAST/SPS at 750 °C and 440 MPa in Ar with 10 min dwell time. a) The 

composite cathode prepared with LLZ-air powder. b) The composite cathode prepared with LLZ-

annealed powder. The areas in bright are LLZ:Ta and dark are LCO, black areas represent pores 

(some of them are marked with red circles). c) The LLZ:Ta monolayer prepared with LLZ-air 

powder. d) The LLZ:Ta monolayer prepared with LLZ-annealed powder. 

The cross-sectional SEM images of composite cathodes prepared with LLZ-air and LLZ-annealed 

powders are shown in Fig. 3a and Fig. 3b. The LCO and LLZ:Ta grains can be clearly 

distinguished. The LCO and LLZ:Ta phases are homogenously distributed throughout the whole 

volume, which is beneficial for their application in ASSLBs. Even if the average densities of both 
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composite cathodes are similar (92 %), the local microporosity is somewhat different for the 

LLZ:Ta powders treated in different ways. The composite cathode prepared with LLZ-air powder 

has a larger number of micropores predominantly on boundaries of LLZ-air grains. The composite 

cathode prepared with LLZ-annealed has a lower number of micropores. This difference can be 

attributed to the removal of LiOH (melting and decomposition at 450°C) and Li2CO3 (melting and 

decomposition at 720°C) during FAST/SPS sintering at 750 °C. The same observation is true for 

pure LLZ:Ta separators. The LLZ-air and LLZ-annealed pellets sintered at 750 °C (Fig. 3c and 

Fig.3d) have distinctly different microstructures. The separator prepared from the LLZ-air powder, 

although being compact, features rather a large amount of small encapsulated micropores and a 

few relatively large pores evenly distributed through the sintered body. The smaller micropores 

are formed predominantly around LLZ grains. These pores lead to structural weak points within 

the LLZ-air separator and cause break outs during polishing of the surface. Due to the same relative 

density of LLZ-air and LLZ-annealed (in the framework of measurement accuracy), we assume 

that the break outs explain the large pores. In contrast, the pellet obtained from LLZ-annealed 

powder shows fewer small encapsulated micropores and no larger ones, preventing break outs 

during sample polishing. 

3.4. Impact of surface impurities on electrochemical performance 

In order to show that the pores in the microstructure of composite cathodes and separators are a 

result of LiOH and Li2CO3 removal, EIS measurements on pure LLZ-air and LLZ-annealed 

separator were performed (Fig. 4). Both LLZ-air and LLZ-annealed separator sintered at 750 °C 

(Fig. 4a and Fig.4b) are comparable with each other and show one semicircle at high frequencies, 

another one at medium frequencies and the tail from the Au blocking layer. The EIS data were 

fitted with an equivalent circuit shown in Fig. 4 where R represents an ohmic resistance and CPE 
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is a constant phase element. The semicircle at high frequencies (MHz range) is commonly 

attributed to the bulk resistance [48]. The semicircle at mid frequencies (kHz range) 

correspondingly represents the grain boundary resistance. The fitting values can be found in 

Supporting Information, Table S2. 

 

Figure 4. Nyquist-plot for LLZ-air and LLZ-annealed pellets sintered by FAST/SPS at 675°C and 

750°C with 10 min dwell in Ar and under a pressure of 440 MPa. Fitting (red lines) was performed 
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with related equivalent circuit. The full EIS spectra can be found in Supporting Information, Fig. 

S4. 

The LLZ-air and LLZ-annealed separators sintered at 750°C have comparable bulk impedance 

with 3002 Ω cm and 2642 Ω cm respectively. Thus, the pretreatment does not alter the grain 

conductivity significantly. The grain boundary resistance for the LLZ-air sample is 2407 Ω cm and 

is similar to that for LLZ-annealed with 2529 Ω cm. The resulting total conductivity is around 

2×10-4 S cm-1 for both types of LLZ:Ta. The rather similar grain boundary resistance proves the 

removal of LiOH and Li2CO3 layers during FAST/SPS sintering at 750°C. In contrast, the LLZ-

air and LLZ-annealed pellets sintered at 675 °C show a completely different behavior (Fig. 4c and 

Fig. 4d). While the LLZ-annealed pellet shows a similar total ionic conductivity of around 1×10-

4 S cm-1 (6.9 kΩ cm), the LLZ-air pellet exhibits only 3×10-5 S cm-1 (39 kΩ cm). For LLZ-air 

sintered at 675 °C, it is also not possible to separate the bulk from the grain boundary contribution 

(Fig. 4c and Supporting Information, Table S2). However, if we assume that the bulk impedance 

is similar as was shown for LLZ-air and LLZ-annealed sintered at 750 °C, the reduction in total 

ionic conductivity must be caused by the remaining LiOH and Li2CO3 layer on the LLZ-air grains. 

Although the removal of LiOH and Li2CO3 during sintering at 750°C leads to similar total ionic 

conductivities as for pretreated samples, the observed formation of pores can result in structural 

weak points (Fig. 3). These might cause the mechanical fracturing and lead to capacity fading due 

to volume change of LCO during de-/lithiation. 

3.5. Investigation of LCO/LLZ-annealed interface 

For a detailed study of the LCO/LLZ-annealed interface, the TEM investigation of a composite 

cathode was performed. The obtained results are shown in Fig. 5. The TEM image of the as-
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prepared composite cathode (Fig. 5a) shows the crystalline grains of LCO and LLZ-annealed. This 

agrees well with the XRD results (Fig. 2). However, between the LCO and LLZ-annealed grains 

an amorphous layer with a thickness of roughly 5 nm was formed. Amorphous interfaces are 

known to be detrimental for conduction processes [53,54]. For example, in cold sintered solid 

electrolytes, amorphous interfaces are typically observed and are considered to be a reason for low 

total ionic conductivity. In particular, Leng et al. observed a low total ionic conductivity for cold 

sintered Na3Zr2Si2PO12. By applying a subsequent annealing step the total ionic conductivity 

increased by an order of magnitude. The increase in ionic conductivity was explained by 

crystallization of amorphous grain boundary layer [54]. 

 

Fig. 5. TEM images of the interface between LCO (bright area) and LLZ:Ta (dark area): a) as 

prepared composite cathode; b) post-annealed composite cathode. The interface between LCO and 

LLZ:Ta in the as-prepared composite cathode appears amorphous (marked by red lines). Post-

annealing resulted in crystallization of amorphous interface. 

In order to verify this hypothesis, a post-annealing step at 1050°C, 30 min in air was introduced 

for our samples. This additional heat treatment leads to crystallization of the LCO/LLZ-annealed 
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interface (Fig. 5b) without causing side reactions (Supporting Information, Fig. S5). The LCO and 

LLZ-annealed phases are clearly distinguishable in Fig. 5b and are in sharper appearance than that 

for the as-prepared interface in Fig. 5a. Only small isolated amorphous areas can be found between 

LCO and LLZ-annealed grains. To evaluate the effect of the post-annealing on total cell resistance, 

two half-cells were prepared with LLZ-annealed powder. One of them was post-annealed at 

1050°C before assembling them into an ASSLB. Both ASSLBs (as-prepared and post-annealed) 

were charged to 3.4 V vs In-Li (4 V vs Li/Li+) and EIS was performed (Fig. 6). 

 

Fig. 6. EIS spectra of ASSLBs consisting of LCO/LLZ:Ta|LLZ:Ta|In-Li at 80 °C. The ASSLBs 

were charged to 3.4 V vs In-Li at 50 µA cm-2 beforehand. The composite cathode was either used 

as-prepared (red line) or with post-annealing at 1050 °C for 30 min in air (black line). 

For the as-prepared ASSLB two depressed semicircles can be observed. In the post-annealed 

ASSLB, two smaller semicircles were observed. While for the as-prepared sample the high 

frequency semicircle is smaller, this was switched after post-annealing. This can be a result of 

different overlap of grain, grain boundary, and interfaces between cathode/LLZ-air and 

anode/LLZ-annealed. 

The total impedance of the ASSLB was estimated from the end of second semicircle. The as-

prepared ASSLB has an areal resistance of 520 Ω cm2. For the post-annealed ASSLB this value is 
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only 216 Ω cm2. Thus, the total cell resistance of ASSLB can be reduced by a post-annealing step. 

The microstructure of the composite cathode was unaltered after post-annealing (Supporting 

Information, Fig. S6). Therefore, the reducing of total cell resistance is apparently a result of higher 

crystallinity of boundary between LCO and LLZ-annealed grains. 

  

Fig. 7. Charge-discharge characteristics of ASSLB (LCO/LLZ:Ta|LLZ:Ta|In-Li) at 80 °C after 

post-treatment at 1050 °C and with a charge and discharge current density of 50 µA cm-2. a) 

LLZ:Ta powder stored in air (LLZ-air) containing surface impurities was used. b) The impurities 

where removed by annealing in Ar (LLZ-annealed). 

3.6. Electrochemical performance of full cells 

Finally, the impact of LLZ surface impurities on electrochemical performance of ASSLB cell 

was tested. Two cells were manufactured as describe in Section 2.3 using LLZ-air or LLZ–

annealed powder. Both ASSLB cells were post-annealed. The charge/discharge behavior of the 

ASSLBs is shown in Fig. 7. The ASSLB were charged only to 3.4 V (4.0 V vs Li/Li+) to minimize 

the volume change of LCO during cycling for limiting the risk of mechanical degradation [55, 56]. 

The first charge is comparable for both ASSLBs and shows the typical behavior of LCO. The LCO 

utilization of the first charge is for the ASSLB with LLZ-air is 81 mAh g-1 or 1.3 mAh cm-2 and 
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LLZ-annealed is 94 mAh g-1 or 1.5 mAh cm-2. The high areal capacities show that the composite 

cathodes, in comparison to pure LCO cathodes, show much higher LCO utilization [26]. 

However, the discharge greatly varies between LLZ-air and LLZ–annealed. For the ASSLB 

prepared with LLZ-air, the first discharge does not resemble the typical LCO behavior and has a 

much lower capacity of 0.2 mAh cm-2 as compared to the LLZ-annealed ASSLB of 1.2 mAh cm-

2. This can be explained by the LCO utilization of 14 mAh g-1 for the LLZ-air ASSLB and 

75 mAh g-1 for the LLZ-annealed ASSLB. The low coulombic efficiency points to a strong 

degradation of the electrode already in the first charge/discharge cycle. The low coulombic 

efficiency might be due to high polarization and high total resistance of the composite cathode. 

The high impedance can originate from: (i) unfavourable chemical composition of the interfaces 

due to the presence of surface impurities; (ii) not complete sintering of the LCO and LLZ:Ta 

powders e.g. due to presence of surface impurities; (iii) presence of micropores and microcracks 

between the LCO and LLZ:Ta phases caused by decomposition of surface impurities. The latter 

effect can be also responsible for the possible lower mechanical stability of mixed cathodes that 

can mechanically degrade due to the volume change during charging. Therefore, the ASSLB has 

high charge capacity but due to damaged interface most of the LCO might not be adequate 

discharged. For the ASSLB prepared using LLZ-annealed, the curves maintain the typical LCO 

behavior over multiple cycles. However, the hysteresis between the potential plateaus for charge 

and discharge gradually increases in each subsequent cycle. 

As the LLZ:Ta pretreatment is different while the ASSLBs are otherwise same, it is reasonable to 

expect that the surface impurities must be responsible for the faster capacity fading in the ASSLB 

with LLZ-air. Earlier, the formation of pores around LLZ:Ta grains due to the removal of LiOH 

and Li2CO3 layers for LLZ-air was observed (Fig. 3a). These pores reduce the mechanical stability, 
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making the microstructure prone to crack propagation during cycling, caused by approx. 4 % 

volume change of LCO [55]. Therefore, capacity fading caused by mechanical fracturing, as 

discussed by Tsai et al. for a similar ASSLB is most likely [19]. For the ASSLB fabricated with 

LLZ-annealed the crack formation should be slower due to lower number of micropores (see 

Fig. 3). In conclusion, it is important to control the surface purity of initial powders LLZ:Ta as it 

has a strong effect on electrochemical performance and cycling stability of ASSLBs.  

4. Conclusion 

Fully inorganic ASSLBs featuring a composite LCO/LLZ cathode and LLZ separator were 

prepared by FAST/SPS technique without the use of sintering aids. They showed high areal 

discharge capacities of up to 1.2 mAh cm-2 but only low cycling stability. 

In contrast to conventional sintering of LCO/LLZ mixed cathodes at around 1050 °C, the sintering 

temperature was reduced to 750 °C and even to 675 °C with application of a high mechanical 

pressure. Thereby, a relative density of at least 90 % and a reasonable ionic conductivity at RT 

were achieved. This sintering approach opens the opportunity to use other active materials such as 

NMC or NCA that exhibit a severe decomposition above 700 °C or 500 °C. A further study to 

evaluate the possibility of co-sintering of these materials by high-pressure FAST/SPS has to be 

conducted. 

It was also shown, that the pretreatment of LLZ:Ta at 750°C is crucial for subsequent low 

temperature sintering at around or below the decomposition temperature of Li2CO3, which is 

present on the surface of LLZ powder stored in air. The detrimental effect of residual impurities 

on interface conductivity and mechanical properties leads to reduced electrochemical performance 

in ASSLB components and cells, especially to low cycling stability. Furthermore, a free of 

impurity LCO/LLZ:Ta interface was investigated, and amorphous layers were identified 
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negatively impacting the full cell performance. This layer can be crystallized by post-annealing at 

1050°C with significant improvement of electrochemical performance. However, the development 

of new strategies to avoid the amorphization of LCO/LLZ interface is needed in order to fully 

capitalize the advantages of high-pressure FAST/SPS at manufacturing of ASSLBs. 
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