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ABSTRACT  

All-solid-state batteries (ASSBs) are one of the most promising systems to enable long-lasting 

and thermally resilient next-generation energy storage. Ideally, these systems should utilize low-

cost resources with reduced reliance on critical materials. Pursuing cobalt- and nickel-free 

chemistries, like LiFePO4 (LFP), is a promising strategy. Morphological features of LFP 

essential for improved electrochemical performance, are highlighted to elucidate the interfacial 

challenges when implemented in ASSBs, since adoption in inorganic ASSBs have yet to be 

reported. In this work, the compatibility of LFP with two types of solid-state electrolytes, 

Li6PS5Cl (LPSCl) and Li2ZrCl6 (LZC), are investigated. The potential existence of oxidative 

decomposition products is probed using a combination of structural, electrochemical, and 

spectroscopic analyses. Bulk and interfacial characterization reveal that the sulfide-based 

electrolyte, LPSCl decomposes into insulative products, and electrochemical impedance 

spectroscopy is used to quantify the resulting impedance growth. However, through utilization of 

the chloride-based electrolyte, LZC, high-rate and stable electrochemical performance is 

achieved at room temperature. 

TOC GRAPHICS 

 



 3 

After several decades of development, lithium-ion batteries have made monumental 

breakthroughs in both energy densities and cycle life. This has enabled their extensive market 

dominance in nearly all consumer devices and is now seeing extensive implementation in 

emerging applications, such as electric vehicles and stationary storage devices.1,2 These 

performance improvements have been largely attributed to advancements in state-of-the-art 

commercial cathode materials, such as high-capacity lithium nickel cobalt manganese oxide 

(NCM) or nickel cobalt aluminum (NCA) cathodes, which are commonly used in electric 

vehicles or high voltage lithium cobalt oxide (LCO), commonly used in portable devices. 

However, the combined effects of rapidly growing demand, along with the limited availabilities 

and supply chain resource challenges of nickel (Ni) and cobalt (Co) mining have resulted in 

rising costs and shortages for these critical materials.3 The problem, also exacerbated by the 

recent pandemic, has resulted in more than 430% and 125% increase in Ni and Co in prices per 

ton between 2020 and 2022.4 While some believe this increase to be transient in nature leading to 

an eventual decrease, fundamental trends in sheer demand and limited supply of such critical 

materials have compelled manufacturers to explore cathode alternatives that overcome these 

supply and scarcity challenges. Next-generation energy storage systems should capitalize on 

low-cost abundant materials with reduced impact from supply chain fluctuations.5 Thus, the 

lithium iron phosphate (LFP) cathode, first reported by Goodenough et al.6 in 1997, has been 

extensively explored due to its negligible toxicity and high-rate capability. Recently, original 

equipment manufacturers have also announced plans for the adoption of LFP cathodes in their 

products, eliminating their reliance on conventional Ni- or Co- containing materials.7,8 

Furthermore, LFP-based chemistries are projected to account for 42% of the battery demand by 

2030 with the global demand expected to grow by thirteen times, exceeding 1 TWh by 2035.9,10 
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Market outlooks coupled with the growing demand for electrified transport and grid storage, 

advocate for LFP to become one of the dominant cathode materials employed for most energy 

storage applications.  

LFP exhibits an olivine crystal structure, facilitating one-dimensional lithium diffusion 

during (de)lithiation11, where a two-phase reaction exists during the conversion of lithiated LFP 

to delithiated FePO4.12 Additionally, its strong P-O covalent bonds make LFP one of the safest 

commercialized cathodes.11 LFP alleviates many of the safety concerns arising from 

conventional NCM or LCO type cathode materials that undergo thermal runaway at high 

temperatures.13 However, safety hazards can still be present when using LFP, but only due to the 

commonly used highly flammable liquid organic electrolytes. Solid electrolytes can offer a safer 

alternative. Interestingly, research efforts on LFP in solid-state batteries have mainly utilized 

organic polymer electrolytes which can still exhibit some degree of flammability. Prior studies 

using LFP cathodes have mainly relied on polymer hybrid electrolytes or gel-type slurries.14–26 

While categorized as solid-state, polymer electrolytes still exhibit vital disadvantages such as 

their low ionic conductivities and the use of flammable organic additives. The low room 

temperature ionic conductivities of the solid polymer electrolytes are usually mitigated by high-

temperature operation, which is a prevalent strategy used amongst prior works.14,15,17,18,19,22,23,25,26  

However, relying on high-temperature environments is not desirable for most energy storage 

applications. The use of oxidatively stable and conductive inorganic solid electrolytes that can 

enable the use of LFP at room temperature has yet to be reported. 

Amongst the inorganic solid-state electrolytes (SSEs) previously investigated for ASSBs, 

argyrodite Li6PS5Cl (LPSCl) is a popular candidate due to its high room temperature ionic 

conductivity (>1 mS cm−1),27 improved deformability (Young’s Modulus of 30 GPa) compared 
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to popular oxides, and dry room processing stability.28,29 LPSCl possesses some drawbacks as 

well, such as poor interfacial stability due to its narrow electrochemical window30, making 

cathode coatings a widely adopted strategy to mitigate LPSCl oxidation.31 Despite having a low 

oxidation potential, LPSCl SSEs have been successfully paired against higher voltage (~4 V) 

cathodes like LCO or NMC, demonstrating the effectiveness of protective coating layers.32–34 

However, despite the lower operating voltage of LFP cathodes (3.5 V), there have been no 

studies to date on the compatibility of LFP against common inorganic SSEs such as LPSCl, with 

or without protective coating layers. Nonetheless, enabling cathodes in ASSBs without use of 

coating is still preferred. Therefore, SSEs with both favorable mechanical properties and 

improved electrochemical stability remains of interest to the field.  

Recently, chloride-based SSEs have become an attractive candidate due to their high 

oxidation stability limits,35 high room temperature ionic conductivities, along with favorable 

mechanical properties.36,37 Early chloride SSEs reported include ternary compounds like 

Li3YCl6
38 and Li3InCl639 which, while oxidatively stable and highly conductive, still rely on 

costly elements. Various quaternary compositions have also been reported with the aim to 

increase ionic conductivity and reduce the use of expensive elements by creating disordered 

electrolyte structures.40–42 A low-cost and earth-abundant alternative containing only zirconium, 

Li2ZrCl6 (LZC), exhibits comparable room temperature ionic conductivity with other reported 

chlorides (0.4 − 0.8 mS cm−1).40,44 Additionally, its relatively high oxidation potential of 4.5 V 

(vs. Li/Li+) makes it a suitable material to compare to the commonly used sulfide-based LPSCl. 

Therefore, LZC was selected as the SSE candidate for our study with LFP cathodes.  
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Herein, we report ASSBs capitalizing on a chloride-based LFP cathode composite, where no 

solvents, gel, or organic-based dispersant was used. We highlight the unique morphological and 

electrochemical properties of LFP, specifically its nanostructured features along with its carbon 

coating that requires the use of chloride-based SSEs to operate effectively. By investigating the 

interfacial stability of LFP cathodes against the commonly used sulfide-based electrolyte LPSCl, 

we demonstrate the intrinsic incompatibility of LFP against sulfide-based SSEs, despite the 

lower operating voltage of LFP compared to traditional NCM-type cathodes. This study provides 

insights into cathode composite design, especially when balancing the unique characteristics of 

cathode materials (i.e., morphology and SSE electrochemical stability) against a catholyte. The 

methodology used in this work connects SSE decomposition products to the impedance growth 

at the SSE/cathode interface. Ultimately, by capitalizing on the oxidatively stable LZC, high-rate 

capability at 2C and stable cycling (80% retention after 1000 cycles at 1C) was achieved at room 

temperature.  

To verify the structural and electrochemical properties of LZC and LPSCl, X-ray 

diffraction was performed on the electrolytes for LZC (Figure S1a) with Rietveld refinement for 

LPSCl (Figure S1b). The conductivities of solid-state catholytes were measured and the 

resulting Nyquist plots are shown in Figure S1c; LZC and LPSCl exhibit ionic conductivities of 

0.7 and 1.3 mS cm−1, respectively. Direct current polarization was conducted to determine the 

electronic conductivity (Figure S1d) where LZC and LPSCl result in 810-9 S/cm and 1.610-8 

S/cm, respectively. To highlight the drastic differences in electrolyte electrochemical stabilities, 

linear sweep voltammetry (LSV) was conducted to determine the electrochemical stability 

window (Figure 1a). Oxidative sweeps to 5 V (vs. Li/Li+) highlight the clear challenge of using 

LPSCl within the cathode composite, oxidation occurs near 2.3 V, where two oxidation peaks are 
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observed at 2.3 V and 2.7 V, respectively. These results align well with the predicted oxidative 

decomposition of LPSCl to elemental sulfur, LiCl, and Li-P2Sx species,45 determined from first-

principles calculations. To characterize electrolyte oxidation under comparable cell cycling 

conditions, specifically during the 0.1 mA cm-2 constant current charge to 4 V, electrolyte/carbon 

composite cathodes were used as the working electrode and LiIn as the counter electrode. During 

the charging process, significant capacity was obtained due to the decomposition of LPSCl, 

which began at 2.3 V (Figure 1b), aligning well with the electrochemical stability window 

measurements obtained in Figure 1a. A total charge capacity of 407.2 mAh g−1 was obtained, 

close to the theoretical capacity of 499.1 mAh g−1 for LPSCl.  

 

Figure 1. Linear sweep voltammetry, constant current charge behavior, and X-ray diffraction 

spectra of charged a), b), c) LPSCl and d), e), f) LZC where the shaded region in a) and d) 

represent the electrolyte stability window.  

Post-mortem analysis was conducted on the charged electrolyte/carbon composites where 

bulk properties were determined by X-ray diffraction (XRD) (Figure 1c and 1f) and interfacial 
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products detected with Raman spectroscopy (Figure S2). After the 4 V charge, elemental sulfur 

was detected in the XRD spectra where the main diffraction peak of (222) is observed at 10.53º 

2θ (Figure 1c). The presence of elemental sulfur is further reinforced by the complementary 

Raman spectra, which displays peaks associated with vibrational modes evident of elemental 

sulfur at 154 cm−1, 218 cm−1, and 472 cm−1 as shown in Figure S2a.   

In contrast to LPSCl, the LZC oxidation sweep shows decomposition beginning at 4 V 

(Figure 1d) from the expected formation of Cl2 (g) and ZrCl4, while the reduction sweep to 0 V 

shows decomposition at 1.9 V attributed to the reduction of Zr4+ to metallic Zr. These results 

align well with LZC phase equilibria and first-principles calculations.44 Further, LZC shows 

negligible capacity contribution during the charge process as shown in Figure 1e, agreeing well 

with the obtained current density in the electrochemical stability window. XRD spectra of the 

charged LZC composite show no changes or evolution of new diffraction peaks observed after 

the 4 V charge (Figure 1f), reinforcing the oxidation stability of the chloride-based electrolyte. 

Rietveld refinement was conducted on the LZC/carbon composites where lattice parameters 

remained consistent after the 4 V (vs. Li/Li+) charge as shown in Figure S3. No identifiable 

signature was detected on the Raman spectra of pristine and charged LZC (Figure S2b), as 

vibrational peaks from LZC might exhibit low Raman activities which can be masked easily by 

the amorphous carbon. Overall, these results reinforce the disparities in electrolyte stability and 

capacity contributions between LPSCl and LZC. In addition, it also highlights the instability of 

LPSCl under oxidative conditions compared to LZC. The determined electrolyte stability 

windows reveal the lower oxidation stability of LPSCl, while LZC is highly stable up to 4 V, 

beyond the operating voltage of LFP, and is thus ideal as a solid-state electrolyte material for this 

system. Lastly, the post-mortem analysis results indicate that during the charged state, insulative 
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oxidation products of LPSCl, mainly consisting of elemental sulfur, are generated and may 

hinder electrochemical performance including capacity utilization and cell polarization.  

Beyond electrochemical stability, solid-state systems also require good contact between 

cathode and SSE solid particles to facilitate lithium-ion diffusion and to reduce interfacial 

resistance. Since the cathode active materials are constrained by the solid-state electrolyte, 

volume changes and internal pressure changes require compliant solid-state electrolytes. These 

critical interfaces within solid-state systems have previously been systematically reviewed,47 

where good electrolyte deformability was shown to be a key factor in addition to electrochemical 

stability and ionic conductivity. Sufficient deformability demands high densification under 

fabrication pressures, creating minimal voids and better ionic connectivity throughout the 

cathode composite. To evaluate the densification properties of LZC and LPSCl, pellets were cold 

pressed under the typical cathode uniaxial fabrication pressure of 375 MPa, following procedures 

outlined in the experimental methods. After densification, ex-situ cross-section images were 

taken to evaluate the two-dimensional (2D) porosity.  

 

Figure 2. FIB cross-sections of cold-pressed pellets with inset showing SEM of particles at 10 

µm scale of a) LPSCl and b) LZC. c) Relative density vs. fabrication pressure for LPSCl and 

LZC electrolytes.  
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For the LPSCl electrolyte, clear evidence of voids is present within the bulk (Figure 2a), 

compared to the LZC case which shows a highly dense surface (Figure 2b). 2D porosity was 

calculated using image binarization and pixel classification resulting in values of 14.5% and 

3.7%, for LPSCl and LZC respectively, as shown in Figure S4. SEM images of the loose 

powders were also obtained to investigate if particle size distribution had an effect. Interestingly, 

LPSCl possesses smaller particles, < 2 µm with a more uniform size distribution compared to 

LZC. We can see from the inset image in Figure 2b, LZC exhibits a wider particle size 

distribution (< 10 µm), which may assist in its improved densification properties compared to 

LPSCl. 

Relative density versus fabrication pressure was also evaluated to compare electrolyte 

densification trends (Figure 2c). LZC achieves an overall higher relative density, where at the 

typical cathode fabrication pressure of 375 MPa, 94.7% density is attained, agreeing well with 

the 2D porosity calculations. Comparatively, LPSCl reaches 85.5% density which supports the 

2D porosity calculation and prior work studying LPSCl densification and its relative density.48 

Focused ion beam (FIB) cross-sectional images and electron dispersive spectroscopy (EDS) 

mapping were also obtained for the LFP/SSE cathode composite in their pristine state (Figure 

S5) where improved contact between the LFP particles and SSE was observed for the LZC case. 

In addition, the calculated porosity of 17% and 12% for LPSCl and LZC composites, reinforces 

the variance in mechanical and densification properties. These results suggest that the LZC 

electrolyte system enables better interfacial contact than LPSCl, an important feature when 

utilizing nanoscale cathode particles like LFP where surface contact is vital for good 

performance.  
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After establishing the oxidative stability and densification properties of both SSEs, cell-

level electrochemical evaluation was conducted to observe how these varying properties affect 

electrochemical performance. The voltage profile for LFP/LPSCl cathode composite shows 

electrolyte oxidation during the first charge where a charge capacity of 114.3 mAh g−1 is 

obtained (Figure 3a) with a corresponding low discharge capacity of 46.1 mAh g−1. Subsequent 

cycles are highly polarized with even lower LFP utilization. This is likely caused by impedance 

growth due to the formation of LPSCl oxidation products during the initial charge, which were 

shown to form beginning at 2.3 V, well before the LFP electrochemical reaction voltage. 

Approximately, 21.6% of this capacity is attributed to LPSCl oxidation, catalyzed by the high 

surface area carbon coated LFP. After oxidative decomposition products were formed, lithium 

transport is likely inhibited, which can explain the low initial Coulombic efficiency (ICE) of 

40.3%. However, with the LZC catholyte, little to no electrolyte oxidation is observed during the 

first charge and very low polarization is observed in subsequent cycling. A higher charge 

capacity of 148.1 mAh g−1 and discharge capacity of 133.4 mAh g−1 is obtained with an ICE of 

90.1% (Figure 3b). Similar ICE of 91.3% is obtained in a liquid electrolyte system (Figure S6c) 

where an LFP electrode with a comparable areal capacity of 1 mAh cm−2 was evaluated to study 

the losses between the liquid and solid-state system. For more practical applications, a full cell 

using a silicon anode was assembled at the 3.5 mAh cm-2 level, where comparable capacities and 

ICE was obtained as shown in Figure S7. This reinforces the stability of LZC and shows that 

with proper electrolyte selection similar performance to the liquid system can be achieved in 

ASSBs.  
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Figure 3. Electrochemical performance of LFP composite half cells. Voltage profiles at 0.1 mA 

cm-2 with a) LPSCl and b) LZC, c) Differential capacity plots of first cycle voltage profile, d) 

rate capability, and e) long-term cycling performance for LPSCl and LZC cells.  

Differential capacity analysis was also conducted from the first cycle voltage profile of 

LPSCl and LZC (Figure 3c), where capacity is obtained using LPSCl before the two-phase LFP 

transition at 3.5V, another indication of electrolyte oxidation. Rate capability testing was 

conducted up to a rate of 2C where capacity of 65 mAh g−1 is attained with LZC, followed by a 

full discharge capacity recovery after returning to 0.1C (Figure 3d). Long-term cycling stability 

was also evaluated. Under 1C (0.9 mA cm−2) cycling conditions, 80% capacity retention was 

obtained after 1000 cycles at room temperature (Figure 3e). A relatively low-capacity utilization 

is observed at higher C-rates, which is likely due to the lower room temperature ionic 

conductivity of LZC (~10−4 S cm−1), inducing higher cell polarization for higher current 

densities. This can potentially be alleviated with the use of dopants to increase the ionic 

conductivity of the chloride SSE, which has been previously shown to increase ionic 
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conductivities by up to an order of magnitude.40–42 For the LPSCl case, little to no capacity is 

obtained under any elevated rate conditions due to the expected oxidation products and resulting 

impedance growth at the LFP/SSE interface. The continuous interfacial electrochemical 

reactions are further reinforced by the low coulombic efficiencies during cycling.  

LFP particles are typically nano-sized and are coated in carbon as shown in Figure S6b. 

While improvements in electronic conductivity was realized due to particle size reduction to the 

nanoscale, nanoparticles can pose significant interface challenges when paired with SSEs that 

exhibit poor electrochemical stability. This is due to the high surface area contact paired with the 

electronically conductive carbon that assists in the electrolyte oxidation, as discussed in prior 

works49 and shown in Figure 1 where large capacity was attained with LPSCl/carbon composites 

(Figure 1c). To evaluate how the amount of carbon coating affects interfacial decomposition, 

elemental analysis was conducted to quantify the weight percentage of carbon at the surface of 

the LFP cathode where 1.6 wt.% of carbon was measured. Therefore, the total weight and 

volume percentage of coated carbon within the LFP/SSE composites used in this work is 0.62 

wt.% and 0.78 vol.%, respectively. This means that < 1 wt.% and vol.% of carbon on the LFP 

particle surface can cause excessive decomposition when paired with LPSCl. For comparison, 

the volume percentage of the carbon additive VGCF within the cathode composite is much 

higher near 4 vol.%, highlighting how high surface area carbon coatings will accelerate the 

formation of decomposition products of SSEs unstable at the cathode operating voltage and 

further reinforcing the need for stable electrolytes to combat this challenge. These results also 

reinforce why LFP is less compatible with sulfide-based electrolytes versus other cathode 

materials like LCO or NMC, which are typically coated with electronically insulating layers and 

operate at higher charge voltages. 
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To characterize decomposition and local bonding environments on the cathode composite 

surface, X-ray photoelectron spectroscopy (XPS) was used to probe the LFP/SSE cathode 

composite at the charged state. The sulfur 2p spectra after the 4 V charge shows peaks which can 

be assigned to P2Sx species and elemental sulfur (Figure 4a) based on previous work.50 These 

results support the SSE oxidation products that were detected from the SSE/carbon composite 

post-mortem analysis in Figure S2. Some P2Sx species were also present in the pristine 

LFP/LPSCl composite, most likely attributed to chemical side reactions when in contact with the 

high surface area carbon-coated LFP. The phosphorus 2p region shows both PS4
3− and P=O 

signatures in the pristine state attributed to LPSCl and LFP (Figure 4b). After charging, P2Sx 

species are also detected in the P 2p spectra with additional phosphate species. Upon consecutive 

cycling, it would be anticipated that these insulative oxidation products would be continually 

formed at the LFP/SSE and or carbon/SSE interface. For the LZC case, zirconium 3d (Figure 

4c) and chlorine 2p (Figure 4d) spectra were collected where no changes in binding energies or 

evolution of new species were observed after charging. This further reinforces that the LFP/LZC 

cathode composite experienced little to no oxidation under these conditions.  
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Figure 4. a) S 2p and b) P 2p XPS spectra for LPSCl, pristine composite, and after 4 V charge. 

c) Zr 3d and d) Cl 2p XPS spectra for LZC, pristine composite, and after 4 V charge. 

The bulk properties of these charged cathode composites were also analyzed at various 

degrees of de-lithiation. XRD patterns of the LPSCl composite after the 4 V charge show little 

evidence of the FePO4 (FP) phase (Figure S8a) while the LZC composite shows signs of the 

expected FP phases formed (Figure S8c). Undetectability of the FP phase supports the low-

capacity utilization percentage of 65.4% with LPSCl. It should be noted that a percentage of this 

capacity is attributed to SSE oxidation and not necessarily de-lithiation of the cathode. 

Detectability of the FP phase within the bulk cathode composite reinforces the capacity 

utilization percentage of 83.7% with LZC. In addition, Raman spectra also reinforce these 

findings where peaks attributed to FP vibrational modes are present for the LZC case at 189 

cm−1, 305 cm−1, and 335 cm−1 (Figure S8d), as assigned in prior work.51 Bulk properties of the 

LPSCl cathode composite in the charged state reveal that electrolyte oxidation inhibits lithium 

transport during de-lithiation. LFP particle volume change of ~6.0%52 and the poor densification 

of LPSCl can cause additional void formation leading to reduced interfacial contact. Any 

intimate interface further degrades when interfacial oxidation products like sulfur and 

phosphorus sulfides are generated as confirmed by XPS.  
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After oxidation products were confirmed and identified, electrochemical impedance 

spectroscopy (EIS) was conducted to quantify the impedance growth within the cathode 

composite during cycling. With the LFP/LPSCl composite, EIS was conducted after the first and 

third cycle where the capacity appears to have stabilized, and the data were fitted using the 

following equivalent circuit shown in Figure 5a. The high-frequency region can be assigned to 

the bulk SSE resistance. The intermediate frequency range is attributed to the cathode electrolyte 

interface (CEI) and the low-frequency region is assigned to the charge transfer (CT) 

resistance.50,51 Fitting results shown in Figure 5b, show resistance contributions where after the 

first cycle, 96 Ω is assigned to the CEI growth and 505 Ω is assigned to CT. After the third cycle, 

we observe a large growth in both CEI and CT, confirming that with subsequent cycling, LPSCl 

oxidation products and poor interfacial contact caused by a porous composite lead to large 

impedance growth even just after the third cycle. This supports the electrochemical performance 

results, where for the third cycle, a low discharge capacity of 27 mAh g−1 is obtained (Figure 

3a).  
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Figure 5. Nyquist plots and equivalent circuit fitting results from electrochemical impedance 

spectroscopy measurements for a-b) LPSCl and c-d) LZC.   

With the LFP/LZC cathode, EIS was conducted after the 1st, 3rd, and 300th cycle, showing 

that impedance growth after extended cycling grows marginally. EIS results were fitted to the 

following circuit shown in Figure 5c, where the high-frequency range is attributed to the bulk 

SSE resistance and intermediate frequency region is assigned to the CEI. We do observe that the 

bulk SSE resistance is higher for the LZC composite than the LPSCl, since LPSCl exhibits 

higher ionic conductivity. Fitting results shown in Figure 5d show that after the first cycle, CEI 

resistance is 16 Ω with marginal growth after 300 cycles to 29 Ω. Even after 300 cycles, the CEI 

resistance of the LFP/LZC composite is less than LFP/LPSCl even after the first cycle. The 

complete EIS fitting results for both composites are shown in Table S1. Quantifying the 
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impedance of the cathode composites after cycling confirm the hypothesis that for the LPSCl 

case, oxidation products are generated after the first charge. These oxidation products inhibit 

lithium-ion transport leading to large impedance growth, attributed to CEI growth during 

subsequent cycling. Due to the high oxidative stability of LZC and good interfacial contact, 

impedance growth with extended cycling is negligible, leading to an improved electrochemical 

performance at high rates.    

 

Figure 6. FIB-SEM cross sections of pristine and cycled LFP/SSE composites with a), b) LPSCl 

and c), d) LZC electrolytes at the discharged state. 

To analyze interfacial degradation and morphology, FIB cross-sections were obtained of 

the post-cycled LFP/SSE cathode composites as shown in Figure 6. Compared to the pristine 

LFP/LPSCl composite (Figure 6a), its cycled counterpart (Figure 6b) displays clear evidence of 

voids and poor interfacial contact likely attributed to the formation of interfacial decomposition 
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products, LFP volume change, and the poor densification of LPSCl. Since the solid-state system 

is physically constrained, expansion and contraction of the cathode particles cause internal 

stresses on the solid electrolyte. If the solid electrolyte exhibits reduced deformability, like 

LPSCl compared to LZC, as shown in Figure 2, intimate contact will degrade with consecutive 

cycling. These results help explain the large impedance growth and electrochemical performance 

with LPSCl. However, with the LFP/LZC composite, morphology and interfacial contact are 

well preserved after 100 cycles (Figure 6c and 6d), and even after the charged state (Figure S9) 

where no clear changes are observed. Preservation of the LFP/LZC interface assists in 

elucidating the improved electrochemical performance and marginal impedance growth with 

cycling.  

In this work, sulfide and chloride solid electrolytes were investigated to elucidate the 

critical interfacial challenges of nanoscale carbon-coated LFP in ASSBs. With the sulfide-based 

LPSCl, poor oxidative stability and incompatibility with high surface area carbon-coated LFP 

caused excessive electrolyte oxidation forming elemental sulfur and phosphorus sulfides which 

inhibited lithium transport and led to large impedance growth during cycling. This resulted in 

poor electrochemical performance and shed light on why numerous prior works on solid-state 

LFP chemistries required the use of polymers or liquid additives. In contrast, with the chloride-

based LZC, high oxidative stability and mechanical deformability facilitated a stable and 

passivating interface and good interfacial contact, resulting in marginal impedance growth with 

subsequent cycling. The stable interface between LFP and LZC enabled extended cycling 

performance of 1000 cycles (80% retention) at 1C without requiring elevated temperature 

conditions. These results showcase the importance of interfacial cathode composite design for 
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high-performance ASSBs, and highlight the need to consider the cathode’s morphological, 

surface as well as electrochemical properties in future SSE selection methodology.  
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