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Abstract: 

The large interfacial resistance between electrolyte and electrode has become a 

significant roadblock for the commercialization of all-solid-state batteries. The 

formation of interfacial phases (interphases) has been considered as one of the most 

significant sources for such high resistance. Therefore, studying the mechanism of 

interphase formation, along with investigating its effect on ionic conductivity, could 

lead to the discovery of avenues towards designing high performance all-solid-state Li 

ion batteries. In this work, we studied the interphase formation in the perovskite 

electrolyte Li0.33La0.57TiO3(LLTO) and spinel cathode LiMn2O4 (LMO) pair by co-

sintering experiments via Spark Plasma Sintering (SPS), as well as conventional 

sintering. We observed that while the processing method has an influence on the quality 

of the electrode/electrolyte contact, the formation of an interphase could not be avoided. 

At the LLTO/ LMO interface, we observed both an interphase formed by interdiffusion, 

as well as a complexion-like amorphous layer. We directly characterized the 

complexion layer morphology via HRTEM. Analytical TEM and SEM where used to 

reveal the elemental composition of the interphase. Furthermore, we used impedance 

spectroscopy to measure the electrical properties of the LLTO/LMO interphase and 

identified the interfacial resistance from the interdiffusion induced interphase to be 

larger than the individual phases about by a factor of 40, while the amorphous layer 

was not visible in the impedance. 

 

 

Introduction: 

All-solid-state lithium ion batteries have been regarded as the most promising power 

source for electric vehicles (EVs)1–3. By replacing flammable organic liquid electrolytes 

with non-flammable solid electrolytes (SEs), solid state batteries (SSBs) are projected 

to solve the safety issues of traditional lithium-ion batteries.4,5 Moreover, solid 



electrolytes typically provide broader electrochemical windows, which could enable 

the application of higher potential cathodes. By suppressing the dendrite formation, SEs 

also make the use of lithium metal anodes possible in batteries6,7, therefore increase the 

energy density of SSBs.  

 

However, the poor ionic conductivity of SEs and the high interfacial resistance between 

SEs and electrodes are the two main drawbacks that could lead to low power density 

and poor cycling performance of SSBs.8 Recently, great progress has been made in 

improving the ionic conductivity of SEs. Kanno’s group reported a lithium superionic 

conductor Li10GeP2S12 with ionic conductivity of 10-2 S/cm9, which was comparable to 

a liquid electrolyte. At the same time, perovskite10, NASICON-like11 and garnet type12 

solid electrolytes were also reported to reach ionic conductivities of about 1mS/cm at 

the room temperature13. On the other hand, the large interfacial resistance between 

electrode and electrolyte could also lead to large internal resistance of the battery and 

result in a loss of energy density14. However, the interfacial phenomena between 

electrodes and electrolyte in SSBs still lacks a complete understanding. Formation of 

interelectrode films15,16, space-charged layer effect17,18 and the contact loss caused by 

the deformation of electrodes during cycling19 are potential reasons for the large 

interfacial resistance. Among these, the interphase formation at the cathode/electrolyte 

interface during charging has been observed experimentally by Sakuda20 and further 

theoretically testified by Ceder’s group6. This interphase could significantly affect the 

charge transfer kinetics in the batteries and cost great ohmic loss. Studying the 

formation mechanisms of interphase and investigating its effect on ionic conductivity 

is the first step towards engineering structurally stable interfacial phases that maximize 

the interfacial conductivity can be very significant to SSBs. 

 

Meanwhile, co-sintering experiments have been widely applied to investigate possible 

interfacial reactions between oxide electrolyte/electrode combinations14,21–23, where the 

compatibility of garnet-like electrolyte24 and Lithium Aluminum Titanium Phosphate 

(LATP)14 against common cathode materials has been investigated. However, there is 



still a lack of research in the compatibility of perovskite electrolytes against cathode 

materials. Interphase formation occurs during co-sintering by an interdiffusion process 

between both materials involved. Based on such experiments, this work evaluates the 

feasibility of a pair of model cathode/electrolyte ceramics for SSB applications. 

Lithium Lanthanum Titanite (Li0.33La0.57TiO3, LLTO) is a perovskite electrolyte with a 

high bulk ionic conductivity of 10-3 S/cm at room temperature10. LLTO is stable in air 

and would not release any toxic gases as a result of breaking down as sulfide 

electrolyte22. In addition, LLTO has good high temperature stability and is reported to 

be stable against high voltage cathodes25,26. Therefore, LLTO is a promising SE 

candidate in SSBs. However, its high grain boundary resistance and instability against 

low potential anodes are challenges that LLTO would face as a solid electrolyte in a 

battery27. Lithium Manganese Oxide (LiMn2O4, LMO) is a popular spinel cathode 

material, and it has been considered as the best candidate replacing e.g. lithium cobalt 

oxide (LiCoO2) because of the abundancy of manganese in nature and its low toxicity 

level.28,29  

 

Spark plasma sintering (SPS) is an advanced sintering method that utilizes uniaxial 

pressure and a pulsed DC current to consolidate powders with high sintering rates30. As 

mechanical pressure adds to the driving force for sintering and direct heating allows for 

very high heating rates, lower process temperatures and shorter sintering time can be 

achieved, which can suppress particle coarsening greatly31. Particularly, the formation 

of interphase can be alleviated, which is beneficial for batteries. The possibility of 

applying SPS to produce a laminar cathode/electrolyte/anode SSB has been brought to 

light according to the time-saving and good interfacial contact promised by this 

technique32,33.  

 

As future SSBs need a functioning interphase layer without the development of large 

resistances, a careful choice of chemistries and processing parameters is needed. A 

computational study of the interphase formation will need experimental input on the 

interdiffusion and phases that are being formed in the contact area. So far, no 



information is available for the interphase formation for the half-cell pair LLTO/LMO. 

Therefore, in this work, we co-sintered LLTO and LMO via both SPS and conventional 

sintering to understand their benefits as processing methods for the investigation of 

cathode/electrolyte interphase formation. Studies on the cathode/electrolyte 

compatibility via SPS provide critical information for the implementation of SPS to 

produce solid-state batteries. We used scanning Electron Microscopy (SEM), High 

Resolution Transmission Electron Microscopy (HRTEM), Scanning Transmission 

Electron Microscopy (STEM) and Energy Dispersive X-ray spectroscopy (EDS) as 

characterization methods of the cathode/electrolyte interphase. Additionally, we 

analyzed the effect of the interphase formation on the overall conductivity by 

Electrochemical impedance spectroscopy (EIS). 

 

 

Experimental 

Powder synthesis: Li0.33La0.57TiO3 (LLTO) was synthesized by solid state reaction. 

Li2CO3 (Sigma-Aldrich), La2O3(Sigma-Aldrich) and TiO2 (Rutile, Sigma-Aldrich) 

were mixed according to stoichiometry in an attrition mill. The mixed powders were 

then dried and calcined in a tube furnace at 1050C for 6 hours to allow the solid state 

reaction to the perovskite phase. The LLTO powders were attrition milled again for 2 

hours to break the agglomeration formed during calcination. The powder was 

characterized by XRD and SEM. 

The cathode material, LiMn2O4 (LMO) is commercially available from Sigma Aldrich 

(>99%, <0.5 μm particle size).  

 

Pellets for Sintering: LLTO and LMO powders were co-pressed axially into a layered 

pellet as shown in Figure 1 (a). LMO powders were pressed into a green pellet at 80 

MPa for 1 minute. Subsequently, the same volume of LLTO powders were added and 

again pressed at 80MPa for 1 minute. 

 

 



SPS and Conventional Co-sintering  

Figure 1 (b) shows a co-pressed pellet sintered by a Thermal Technology SPS 10-3 

machine. The SPS experiment was carried out at 50 MPa and 900℃ for 10 minutes. 

The heating and cooling rate were 100 C/ min. The co-sintered pellet was then cut and 

embedded in epoxy. The cross-section was polished with SiC paper and diamond slurry 

(final particle size was 1µm). 

Figure 1 (c) shows a co-pressed pellet after conventional sintering at 900C in a tube 

furnace for 4 hours in Ar atmosphere. The pellet was cut and embedded in epoxy and 

the cross-section was polished similarly to the SPS sample. 

 

Materials Characterization 

Scanning Electron Microscopy (SEM) and X-ray diffraction (XRD) were applied to 

characterize the LLTO powders. To evaluate the phases that might be formed by 

reactions between LLTO and LMO, the LLTO and LMO powders were mixed together 

at a volume ratio of 1:1 with a mortar and pestle. The mixture of electrolyte and cathode 

powders were then pressed into pellets under a pressure of 100MPa. Pellets were heated 

at 900 in Ar atmosphere for 4 hours. A subsequent XRD analysis has been applied to 

Figure 1 （a）Procedure for the fabrication of co-pressed pellets (b) co-pressed pellet sintered 

by spark plasma sintering (SPS), embedded in epoxy and polished. (c) co-pressed pellet 

sintered by conventional sintering, embedded in epoxy and polished 



the mixed pellet by a Bruker D8 Focus machine from 2𝜃 =15° to 80° was applied to 

identify the resulting phases. 

 

For all pellets prepared by conventional sintering and spark plasma sintering, 

microstructures of interfacial regions have been investigated by SEM (FEI Quanta 650). 

EDS mapping and line scans (EDAX and Oxford Instruments), have also been applied 

to detect elemental distribution in the interfacial region. For the SPS sintered pellets, 

the interfacial region (~ 10 μm) was cut and lifted out using a Focused Ion Beam 

microscope (FIB, FEI Quanta 3D). HRTEM, STEM and EDS have also been applied 

to characterize the microstructure and chemistry using a FEI Talos 200X TEM.  

 

Electrochemical impedance spectroscopy (EIS) was applied to the SPS co-sintered 

pellet, a pure LLTO pellet and a pure LMO pellet to characterize the effect of interfacial 

layer on overall resistivity with a BioLogic electrochemistry potentiostat in the 

frequency range of 1MHz to 1Hz. 

 

Results & Discussion 

Powder characterization and phase composition  

According to SEM images showed in Figure 2(a), the particle size of the powder 

precursors is about 500nm. The XRD spectrum of LLTO is shown in Figure 2 (b), and 

matches the standard PDF card JCPDS No.870935, which underlines the phase purity 

of the synthesized Li0.33La0.57TiO3. 



 

 

The XRD analysis of the individual LMO and LLTO, as well as the mixed LMO/LLTO 

pellets after heating to 900C for 4h are shown in Figure 3. Comparing the pattern of 

the mixed pellet to the LLTO and LMO powders, no extra peak is visible in the mixed 

pellet profile, which indicates there is no significant chemical reaction or phase 

formation during conventional co-sintering of LLTO and LMO powders. However, this 

result does not indicate that there is no interphase formation at the interface between 

LLTO and LMO after sintering. Merely, the XRD results show that in each of the 

individual bulk phases, there are no phase transformations or chemical reactions that 

occur simply by heating the powders up to 900C. A potential interphase formation 

would fall below the detection limit of the XRD.  

Figure 2 (a) SEM images of LLTO powders synthesized by solid state method, (b) XRD data 

of the LLTO powders compared with standard PDF card JCPDS No.870935 



 

 

Electron Microscopy Characterization of Conventionally Sintered Sample 

Analytical SEM and TEM has been widely applied in the investigation of interphases. 

Interdiffusion can be identified by the concentration gradient in element distribution 

profile34. In solid state batteries, Han19 successfully observed an interphase formed by 

interdiffusion between LCO and LLZO via SEM and EDS mapping, and Kim35 detected 

the similar interdiffusion via TEM and EDS line scan. Moreover, in high resolution 

TEM or STEM, the interphase could be observed directly by the difference in atomic 

arrangement or atomic number(Z) contrast. Sakuda20 observed a clear interphase 

formed between LCO and Li2S-P2S5 via HAADF mode in STEM. 

 

To investigate the impact of the sintering process, the conventionally sintered sample 

from Fig.1(c) was analyzed by SEM and EDS as shown in Fig.4. According to Fig.4 

(a), conventionally sintering at 900℃ for 4 hours did not fully densify LLTO and LMO. 

The interfacial region also did not have a good contact, as we can see voids along the 

Figure 3 XRD patterns of Li0.33La0.57TiO3 (LLTO), LiMn2O4(LMO), and LLTO+LMO powder 

mixture pellet heated to 900C for 4h compared with standard PDF cards. 



interfacial region (in red circle). The SEM-EDS results in Fig.4 (c) indicated that 

significant interdiffusion between Mn and Ti element occurred in an about 20µm thick 

region, while same profile for La was much shorter (about 10µm). In Mn and Ti element 

mappings (Fig.4 (a)) we could see clear diffusion of Mn and Ti ions across the interface, 

however, in the La element mapping, the La concentration in the LMO was below the 

detection limit. This indicated that the La ions are much less involved in the 

interdiffusion process compared to Ti and Mn. However, as best illustrated by the high 

concentration of Mn on the left end of the linescan in Fig. 4 (c) (i.e. in the LLTO), the 

true diffusion distances for Mn, Ti and La ions are greater than the scanned length in 

Fig.4 (b). Therefore, line scans at boarder scales have been applied (Fig.S1 in 

supplementary information). The diffusion distances for Mn, Ti and La ions are about 

300µm. However, we did not detect any evidence for a second phase formation within 

this interdiffusion layer. 

Electron Microscopy Characterization of SPS Sample 

We compared the SEM images of the cross-sections of SPS sintered LLTO/LMO and 

conventionally sintered LLTO/LMO (Fig 4.(a) and Fig 5.(a)). The interfacial regions 

were also investigated by EDS to analyze the interdiffusion of elements (Figures 4 and 

5). 

 

The SEM overview of the interfacial region of the SPS sample is shown in Fig. 4(a). 

The LLTO is on the left and LMO is on the right. Both materials were sintered to very 

high density (>98%). The interface between LLTO and LMO shows a roughly 5 µm 

thick intercalation layer. The interphase region was further investigated by the EDS line 

scan and mapping results in Fig.4 (b) and Fig.4 (c). In the EDS line scan profile in Fig.4 

(b), concentration gradients were observed. This interdiffusion layer is about 20µm 

thick for Mn ions and more than 30µm for Ti ions as indicated by the red dashed lines. 

However, for La ions, only about 5µm (marked with blue dashed lines) of interdiffusion 

occurred. Given that at the interface an intercalation layer of LLTO and LMO with a 

thickness of about 5µm is evident, it is likely that only Mn ions and Ti ions interdiffused, 

while the La ions did not diffuse into the LMO. This agrees well with the EDS mapping 



shown in Fig. 4(c). In the Ti element mapping, we observed an obvious Ti diffusion 

into the LMO, and similarly, manganese was also detected in the LLTO. On the other 

hand, lanthanum was not detected in the LMO. Similarly to the conventionally sintered 

sample, the true diffusion distances for Mn, Ti and La ions are in the order of 100-

300µm and much larger than our scan length in Fig.5 (b) (Fig.S2 in supplementary 

information). Again, no evidence for a second phase was found in the line scan. These 

results on interdiffusion in the SPS sample agree well with those of the conventionally 

sintered sample. Thus, the interphase formation does not depend on the sintering 

technique, and an interphase containing manganese, titanium and oxygen is always 

formed at the LLTO/LMO interface during sintering. 

 

 

 

 



 

Additionally, by comparing the interfaces of the two samples, we have an intuitive 

understanding of the advantage of SPS over conventional sintering in battery 

processing. SPS densifies the LLTO/LMO layered samples better and provides better 

interfacial contact. This is mostly the effect of the pressure applied during sintering, as 

well as the electrical field effects that have been proven in literature to accelerate 

diffusion responsible for materials densification, especially in cases when, like in this 

work, there is a chemical potential difference present in the sample. The rapid heating 

rate of 100C/min employed in the SPS sintering experiment presented here has also 

been shown to reduce grain growth during sintering, by bypassing the initial sintering 

stage where coarsening mechanisms are active, consuming driving force for 

densification36. Moreover, the pressure and the diffusion acceleration due to electrical 

field31 also improves the contact between electrode/electrolyte, thus reducing the 

internal resistance of the SSBs. 

Figure 4 (a) Cross-sectional SEM image of SPS sintered sample. (b) Atomic fraction profile 

across the white line (from left to right) in (a), obtained by EDS line scan. (c) Element 

distribution profile of the region shown in (a), obtained by EDS mapping. 



 

To further confirm our results at a higher resolution level, a 20μm × 8μm rectangular 

lamella was cut and lifted out from the interfacial region by the FIB operation system 

(Fig.6 (a)). After that, the lamella was thinned to 100nm thickness and analyzed by high 

angle angular dark field (HAADF-STEM), and STEM-EDS in Fig.6 (b) and (c). 

According to the Z contrast of STEM-HAADF, we can identify that the brighter phase 

is LLTO and the darker phase is LMO. According to the needle-like structure, it is likely 

that during sintering at high temperature the region in red circle was a single phase that 

either decomposed due to decreasing solubilities or a phase transition during cooling. 

The EDS mapping in Fig.6 (c) confirmed that in the “mixture region”, both Ti and Mn 

element were present, while the La element was again not detected. A needle-like 

distribution of Mn becomes evident. Fig.6 (d) and (e) provided a higher resolution 

mapping of this “needle-like” region. The upper third containing a bright phase in (d) 

is LLTO, while the darker region below contains two different phases with different 

contrast. These two phases (Ⅰ, Ⅱ) are different in Mn concentration with more Mn in 

brighter regions (Ⅰ). We also observed a segregation of Mn around the Mn-deficient 

regions as indicated by a white arrow. Overall, the Ti concentration exhibited a 

distribution that is inverse to Mn, though at a lower extent. From these TEM results, 

the existence of an interphase formed by the interdiffusion between Mn ions and Ti ions 

was further confirmed.  

 

 

 

 

 

 

 

 

 



 

Figure 7 shows a high resolution TEM (HRTEM) image of the green circled region in 

Fig. 6 (b) where LMO and LLTO are in direct contact. According to this micrograph, 

an amorphous layer is present at the interface. The thickness of this layer is between 3 

and 10 nm as the tilting angle of this layer is not known. Such amorphous films at 

interfaces are known as complexions37,38 and are known to occur in various battery 

materials. 39–42 The complexion is a two-dimensional interfacial phase that is stabilized 

by its impact on the grain boundary energy. Potentially it affects the ion transportation 

across the interface drastically. In summary, at the LLTO/LMO interface, we observed 

two kinds of interphase. One is an interdiffusion layer with the thickness of tens of 

microns, formed by the interdiffusion between manganese and titanium. The other is an 

Figure 5 (a) Interfacial region obtained by focused ion beam (FIB) and lift-out. (b) STEM image 

of the circled region in (a). (c) Element distribution profile of (b) obtained by EDS mapping. 

(d) HAADF image of red circled region in (b). (e) Element distribution profile of (d), obtained 

by EDS mapping. 



amorphous complexion with the thickness of a few nanometers. 

 

 

Based on the results discussed above, the interphase between LLTO and LMO contains 

titanium, manganese and oxygen. Unfortunately, no information is available for lithium 

as it is not visible by EDS and the EELS technique, which could shed light on lithium 

presence, is not currently available at our institution. Element interdiffusion usually 

follows a substitutional diffusion mechanism. LLTO is a perovskite (ABO3) type 

electrolyte, where La3+ cations sit at the A sites, with a coordination number of 12, and 

Ti4+ cations sit at the B sites, with a coordination number of 6. Meanwhile, LMO has a 

spinel structure (AB2O4), where manganese is a mixture of Mn3+ and Mn4+ states, and 

these cations and sit at the B sites (octahedral interstitial) , with a coordination number 

of six43. The ionic radii of these cations are: La3+=150pm, Ti4+=74.5pm, Mn3+=72pm, 

and Mn4+=67pm 44. In substitutional diffusion, the smaller difference in ionic sizes, the 

smaller energy barrier ions need to overcome for diffusion to occur. As Ti4+ and 

Mn3+/Mn4+ are very close in size and charge and the size of La3+ is much larger, it is 

reasonable that no diffusion of La ions occurs, while Mn and Ti ions form extended 

interdiffusion layers with a thickness of tens of µm. 

Figure 6 HRTEM image of the green circled region in Fig.6 (e). 



 

Electrical Characterization of SPS Sample 

In SSBs, the unwanted large interfacial resistance is likely to be caused by the 

interphase.39 As the interphase layer is expected to have a high resistance, it can be 

identified in electrochemical impedance spectroscopy (EIS) as an additional part in the 

Nyquist plot, as reported in Koerver’s work16. In general, separating individual 

contributions to the impedance of complex samples is challenging. In the present case, 

this is particularly true as the interphase even contains two different layers (i.e. the 

interdiffusion layer and the amorphous phase). In the present work, we compared the 

impedance of LLTO/LMO composite with that of LLTO and of LMO to separate the 

impedance of the interphase layer. Fig.8 (a) shows the impedance profile of SPS 

sintered LLTO (900C, 10 minutes, 50 MPa). In general, the overall resistance of LLTO 

can be divided into two parts, the LLTO grain impedance and the grain boundary 

impedance. The grain contribution usually occurs at higher frequencies than the grain 

boundary contribution. Moreover, in the equivalent circuit in Fig.8 (a), a constant phase 

element has also been added to include the electrode/LLTO contact capacitance.45 After 

fitting with the equivalent circuit (Fig.8 (a)) and adding the two resistances of the 

equivalent circuit (see table S3 in the supplementary information), the fitted bulk 

resistance of LLTO was found to be approximately 12,000Ω. The ionic conductivity 

can be calculated through the equation σ = ρ
𝑙

𝑠
 and was found to be approximately 

1.110-5 S/cm, which is comparable with data from the literature10. Fig.8 (b) shows the 

impedance of LMO. Given that LMO possesses both electronic and ionic conductivity, 

we applied the equivalent circuit in Fig. 8 (b) 46 to fit the impedance data, and the fitting 

result was reasonable. Fig.8 (c) shows the impedance profile of the LLTO/LMO SPS 

co-sintered pellet. As this sample is a series of LMO and LLTO, the respective 

equivalent should be a series of those used for LLTO and LMO in Fig. 8 (a) and (b). 

For the interphase, at least one RC circuit should be added as shown in Fig.8 (e). 

However, this equivalent circuit results in a fitting function with 20 parameters which 

cannot be fitted to the data in a reasonable way. Accordingly, a simplified equivalent 



circuit (Fig.8 (c)) was performed, with the LMO, LLTO and interphase parts in series. 

As Fig.8 (c) shows, the fitting result still did not give valuable information on the 

electric properties of the interphase. However, based on the fitted curve, we can 

estimate that the overall resistance of the co-sintered layered sample by adding the 

resistances of all three resistors in the equivalent circuit (Table S5 in the supplementary 

information). The estimated resistance of this interphase is about 1106 . This is much 

larger than the individual resistance of LLTO and LMO as shown in Fig.8 (d). This 

much higher resistance is most likely caused by the formation of the interphase as 

discussed in the previous section. However, the specific resistance for this interphase 

could not be evaluated by the fitting procedure shown in Fig. 8. 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 



 

One way to approach the impedance of the interphase is to use the results from 

individual LLTO and LMO samples. As the LLTO/LMO is a series of these two 

materials and the interphase, the impedance of the interphase Zinterphase corresponds to 

the difference between the individual impedances of LMO (ZLMO) and LLTO (ZLLTO) 

Figure 7 (a) The impedance profile of SPS sintered LLTO and the fitting result based on the 

equivalent circuit on the top. (b) The impedance profile of LMO and the fitting result base on 

equivalent circuit on the top. (c) The impedance profile of LLTO/LMO co-sintered by SPS and 

the fitted result based on the equivalent circuit on the top. (d) The overlaid impedance profiles 

of LLTO/LMO (black) LLTO (blue) and LMO (red). (e) Equivalent circuit of LLTO/LMO.  



and the impedance of the LLTO/LMO (ZLLTO/LMO) sample. Fig.9 (a) and (b) show a 

comparison of the measured ZLLTO/LMO (black curve) with the mathematical addition 

of ZLMO and ZLLTO (green curve). The gap between the black and green curve 

corresponds to a large interfacial resistance caused by the interphase. To analyze the 

impedance of the interphase, we estimated the imaginary part of interfacial impedance 

using the information on the impedance of separate LMO and LLTO samples: 

 

Im(Z interphase)=Im(Z LLTO/LMO)-(Im(Z LLTO)+Im (Z LMO)).   (1) 

 

Analogue, we estimate the real part of interfacial impedance by: 

 

Re(Z interphase)=Re(Z LLTO/LMO)-(Re(Z LLTO)+Re(Z LMO)).   (2) 

 

Subsequently, we plotted the Nyquist diagram (-Im(Zinterphase) vs Re(Zinterphase) ) from 

10kHz to 5Hz as shown in Fig.9 (c). We have chosen this frequency range, as for higher 

frequencies, the difference between the black and green curve in Fig. 9 (a) is negligible 

indicating that the impedance of the interphase is negligible as well in that frequency 

range. For frequencies lower than 5Hz, the impedance data contains too much noise as 

evident in Fig. 8 (d). As the impedance of the interphase in Fig. 9 (c) clearly contains 

two semicircles, we used an equivalent circuit with two RC elements which provided a 

reasonable fit. From this fit, we were able to get an approximation of the resistance of 

the interphase with R1= 1.36105 , R2=3.3105 , Q1=2.4210-9 F (a1=1) and 

Q2=1.5810-8 F (a2=1). Accordingly, the interphase resistance was found to be 4.66105 

, which is about 40 times higher than the overall resistance of the LLTO sample.  

 

As for both constant phase elements Q1 and Q2, it was found that a1 = a2 = 1, Q1 and Q2 

directly correspond to a capacity. Using a plate capacitor approach, the capacity is 𝐶 =

𝜖0𝜖𝑟𝐴/𝑑 with the permittivity of the vacuum 𝜖0, the relative permittivity 𝜖𝑟, the cross 

sectional area A and the layer thickness d. If we assume the relative permittivity to be 

in the order of 30 for LLTO and LMO, a layer thicknesses of ~10µm for Q1 and ~1µm 



for Q2 is obtained. Considering the layer thicknesses known form electron microscopy 

for the interdiffusion layer (several tens of µm) and the amorphous film (~5nm), the 

high resistance of the interface seems not to stem from the nm thick amorphous film. 

Instead, the impedance data indicates that the interdiffusion layer is causing the high 

interphase resistance. This result agrees well with the literature as nanometer thick 

amorphous layers are known to enhance the transport of Li for certain cathode 

materials39,42,47. 

 

Overall, our results confirm that the high interfacial resistance between electrodes and 

electrolyte will play an important negative role in the performance of all-solid-state 

batteries. This is a significant challenge in the field of all solid state batteries, which 

has to be overcome by designing electrode/electrolyte pairs that are likely to bypass the 

formation of such interfacial layers with high resistance. In the light of the present study, 

research should focus particularly on hindering interdiffusion and not on preventing 

amorphous layer formation as the latter is not relevant for the high resistance of the 

interphase. Computational studies can aid materials selection, and finding new 

processing techniques that will encourage densification, while discouraging interphase 

layer formation are key pathways toward overcoming this roadblock. 



 

 

 

 

 

 

 

 

 

 

 

 

 

Figure 8 (a) plot of Z vs Frequency for LLTO/LMO (black), LMO (green), LLTO (blue), and 

the mathematical addition of LMO and LLTO. (b) Phase angle vs Frequency plot for 

LLTO/LMO, LLTO and LMO. (c) Nyquist plot of the interphase from 10kHz to 5 Hz, and the 

fitted curve based on the equivalent circuit above. 



Conclusions 

We studied the compatibility between the perovskite electrolyte material: 

Li0.33La0.57TiO3(LLTO) and the spinel cathode material: LiMn2O4 (LMO) with respect 

to the formation of interfacial phases and their effect on electrical conductivity. We 

applied co-sintering experiments to the LLTO/LMO layered samples by both 

conventional sintering and spark plasma sintering (SPS). SPS sintering resulted in both 

denser samples and better interfacial contact. Moreover, we identified an amorphous 

complexion film formed at the LLTO/ LMO interface by HRTEM. We studied the 

interfacial composition with by analytical STEM and SEM and confirmed that the 

interphase contained manganese, titanium and oxygen. EIS characterization also 

indicated that the formation of this interphase greatly and negatively affected the ionic 

conductivity of the layered sample as the interfacial resistance is larger by a factor of 

about 40 compared to the individual phases. Interestingly, the amorphous layer at the 

grain boundary seems not to contribute to this high grain boundary resistance; the high 

impedance is only caused by the interdiffusion layer. Therefore, to improve the 

performance of SSBs, it is necessary to use predictive computational modelling to study 

the formation kinetics of the interphase in a library of all solid-state 

electrode/electrolyte combinations. The goal of these studies is to minimize 

interdiffusion resulting in the formation of an interphase with high resistivity or to 

engineer the interphase towards enhanced ionic conduction performance. 
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