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SUMMARY

Context & scale

Microstructure engineering of composite cathodes in all-solid-state
batteries is critical to ensure efficient electronic and ionic percolation networks. Organic-based solid-state batteries have recently
emerged with impressive material-level specific energy and cycling
stability. However, the low mass fraction of active materials in stateof-the-art organic cathodes severely limits electrode-level specific
energy. In this work, we reveal the unfavorable microstructure as
the origin of poor performance at a high fraction of active materials;
a solvent-assisted process is then devoted to rectifying the microstructure, increasing the active materials fraction from 20 to 40 wt
% while maintaining high utilization (97.6%). The resulting electrode-level specific energy of 302 Wh kg 1 is 83% higher than
state-of-the-art solid-state batteries with organic cathodes. On the
basis of the unique interphase chemistry between pyrene4,5,9,10-tetraone and lithium thiophosphate, a potential-dependent reversible interphase evolution model is proposed. This work
illustrates the critical role of microstructure engineering in optimizing novel active materials for all-solid-state batteries.

Operation of solid-state
electrodes requires a favorable
percolation of Li+ ions and
electrons to sustain the redox
reaction of active materials;
hence, the microstructure of a
composite electrode should be
optimized. Although the
microstructure of oxide-based
electrodes has been studied, the
knowledge of soft and ductile
active material, such as organic
redox-active compounds, is still
lacking. In this work, we present a
study on the microstructure of
organic-based electrodes. A
solvent-mixing process is
developed to regulate the
cathode microstructure by
exploiting the unique chemistry
between cathode active materials
and solid electrolytes. We report
an organic-based cathode with
comparable specific energy to
inorganic cathodes. This work
opens the door to using organic
materials with controllable
molecular design and a
sustainable source for practical
solid-state batteries.

INTRODUCTION
Research on all-solid-state lithium metal batteries (ASSLBs) has flourished thanks to
the potential benefits of higher energy density, improved safety, and wider operating temperature window made possible by high-conductivity solid-state electrolytes (SEs).1–3 Among various types of SEs,4–6 sulfide-based SEs exhibit considerably
high ionic conductivity (>1 mS cm 1 at 25 C), and have been widely utilized in
ASSLBs due to the facile synthesis and processing procedures.7–10 During the operation of ASSLBs, Li-ion and electronic conductive agents are required to form percolating networks that sustain the electrochemical reactions of cathode active materials (CAM).11–13 Therefore, engineering the cathode microstructure is essential for
efficient charge transport in maximizing the utilization of CAMs (Figure 1). Recent
studies have demonstrated theoretical and experimental approaches in optimizing
microstructures of lithium transition metal oxides (LMOs)-based cathodes in
ASSLBs.14–16 Approaches such as controlling LMOs particle size17 and cathode-toSE particle size ratio18 lead to improved utilization at a high active mass fraction
(fCAM). Furthermore, a comprehensive model has been developed to evaluate the effects of cathode composition, porosity, and particle size on the microstructure.19
Based on such knowledge, fCAM as high as 85 wt % has been realized for LMOs.20
The limited resources of Co or Ni used in producing LiCoO2 and LiNixMnyCo1–x–yO2
(NMC) calls for alternative cathode chemistries with advantages in material
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Figure 1. Schematic of an ASSLB and percolating networks for Li-ion and electron in composite
cathode
Particle size is not proportional to the scale.

abundance. Organic battery electrode materials (OBEMs) are organic compounds
with well-understood redox-active functional groups that enable reversibly storage/release of multiple electrons and cations per molecule.21,22 OBEMs with properties such as moderate redox potential, mechanical softness, and relatively small
volume change during cycling have enabled some of the most stable solid-state batteries based on ceramic electrolytes.23
Despite the favorable properties, demonstration of high-energy solid-state batteries with OBEMs is yet to be achieved. Previously, we demonstrated the first ceramic
electrolyte-based organic batteries using sodium rhodizonate, which has a comparatively moderate theoretical capacity of 205 mAh g 1.24 Luo et al. later used a
carboxylated azo compound with a slightly higher theoretical capacity of 231 mAh
g 1 but showed poor material utilization of 55%.25 In 2019, we explored pyrene4,5,9,10-tetraone (PTO), a quinone with a high theoretical capacity of 409 mAh
g 1, in solid-state batteries and demonstrated its active material utilization of 79%
at 0.1 C rate.23 Recently, we further improved the utilization to 99.5% by adopting
a cryo-milling process.26
While OBEMs with higher theoretical capacity has been utilized in ASSLBs and close
to unity utilization have been demonstrated, one remaining challenge is the low fCAM
(20 wt % in Hao et al.26) Attempts to increase fPTO to 40 and 60 wt % result
in decreased PTO utilization. In other words, the electrode-level specific energy
(EElectrode)—defined as the energy normalized by total electrode mass—of stateof-the-art organic-based solid-state batteries remains low (up to 165 Wh kg 1, Table
S1). In contrast to inorganic-based ASSLBs,16–18 very little work has been done on
microstructure optimization for organic-based solid-state batteries.
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Figure 2. Low PTO utilization of dry-mixed cathodes and its origin in the unfavorable microstructure of cathode composite
(A) Molecular structure of PTO and electrochemical reaction for Li-ion storage.
(B) Galvanostatic voltage profiles for dry-mixed cathodes at 0.1C, 60  C. 1C = 409 mA g 1 .
(C) Demonstrated capacity and utilization change as f PTO increases.
(D) FIB-SEM and EDS cross-section images a dry-mixed cathode (f PTO = 40 wt %).
(E) Schematic illustration of an unfavorable microstructure with a disconnected Li+ percolating network that results in an electrochemically inaccessible
PTO.

effective in rectifying the microstructure and improving the electrochemical performance. A suite of characterization techniques including focused ion beam-scanning
electron microscopy (FIB-SEM), time-of-flight secondary ion mass spectrometry
(ToF-SIMS), X-ray photoelectron spectroscopy (XPS), and electrochemical impedance spectroscopy (EIS) was employed to quantify the chemical composition and
spatial distribution of the interphase as the result of a spontaneous redox reaction
between PTO and Li6PS5Cl.

RESULTS AND DISCUSSION
Origin of low PTO utilization in dry-mixed cathodes
ASSLBs with a cell configuration of Li | Li3PS4 | PTO:Li6PS5Cl:C were assembled. PTO
has a theoretical specific capacity of 409 mAh g 1 from the redox reaction of four
carbonyl groups (Figure 2A). Argyrodite Li6PS5Cl was used in the cathode due to
its high Li+ conductivity and solution processability.27 Li3PS4 was employed as the
electrolyte layer due to its interfacial stability with Li metal anode.28 The composite
cathodes were prepared by a dry-mixing process, where PTO, Li6PS5Cl and conductive carbon (super C65) were mixed by pestle and mortar at a mass ratio of x:(90-x):10
for PTO: Li6PS5Cl: C65, where x represents the mass fraction of PTO, followed by uniaxial compaction. Cells with a constant mass (3.5 mg) but different active material
ratios (fPTO = 20, 30, 40, 50 wt %) were fabricated and characterized. As shown in
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Table 1. Electrochemical performance of dry- and solvent-mixed cathodes
Dry-mixed,
fPTO (wt %)

mPTO
(mg)

Theoretical
capacity (mAh)

Demonstrated
capacity (mAh)

Utilization
(%)

CPTO
(mAh g 1)

20

0.70

0.286

0.227

79.0

323

30

1.05

0.430

0.285

66.3

271

40

1.40

0.573

0.281

48.9

200

50

1.75

0.716

0.234

32.8

134

Solvent-mixed,
fPTO (wt %)

mPTO
(mg)

Theoretical
capacity (mAh)

Demonstrated
capacity (mAh)

Utilization
(%)

CPTO
(mAh g 1)

30

1.05

0.430

0.363

84.4

345

40

1.40

0.573

0.503

87.8

359

40 (BM-PTO)

1.40

0.573

0.558

97.6

399

50

1.75

0.716

0.541

75.3

308

The total mass of cathode was kept constant at 3.5 mg.

Figures 2B and 2C, a cell with an fPTO of 20 wt % exhibits a specific capacity (CPTO) of
323 mAh g 1 at 0.1C, corresponding to 79.0% PTO utilization. When fPTO increases
to 50 wt %, CPTO and utilization decrease to 134 mAh g 1 and 32.8%, respectively.
Table 1 summarizes the key performance parameters of dry-mixed cathodes.
To identify the origin of low PTO utilization, we studied the contribution from each
component of a cell. The anode was first studied as illustrated in Figure S1. First, a Li/
Li3PS4/Li cell was fabricated and cycled at the current density equivalent to that of a
full cell, e.g., 55 mA cm 2 when fPTO is 50 wt %. The overpotential for Li plating/stripping
is as small as 4 mV and remains stable, suggesting the Li/Li3PS4 interface is not the
culprit. Second, the microstructure of composite cathode was investigated. By exposing
the cross-section via FIB-SEM, we observed an ‘‘electrolyte-in-active material’’-type
microstructure (Figure 2D)—Li6PS5Cl with a size between 2 to 15 mm was surrounded
by PTO—which was confirmed by energy dispersive spectroscopy (EDS) mapping.
The distribution of Li6PS5Cl and PTO is unfavorable for Li+ transport since Li6PS5Cl is isolated by Li+-insulating PTO phase (Figure 2E). The contact area between Li6PS5Cl and
PTO is relatively small, limiting the volume of electrochemically accessible PTO. Third,
operando EIS was conducted to examine the interphase of PTO-Li6PS5Cl. The impedance evolutions during the first two cycles for both samples (fPTO = 20 and 40 wt %)
show excellent reversibility (Figures S2 and S3), in agreement with the previous observation from the Li3PS4-PTO system.26 The above analysis points to the unfavorable microstructure as the most likely cause of low PTO utilization at high fPTO.
Reverse nonideal microstructure by a solvent-assisted process
The fabrication process can greatly impact the microstructure of a cathode. During
dry mixing where the uniaxial pressure applies on loosely packed particles (Figure 3A), PTO may experience greater deformation than Li6PS5Cl owing to its lower
elastic modulus and higher ductility, thus resulting in the undesired microstructure.
The study on the mechanical properties of cathode composite by nanoindentation
will be reported in the future.
Here, we present an effective strategy to overcome this issue by solvent-mixing. The
objective is to preform ‘‘core-shell’’ particles for cathode compaction, where a PTO
core is surrounded by a Li6PS5Cl shell. We hypothesize the deformation of PTO during uniaxial pressing could be confined by preforming the ‘‘core-shell’’ particles,
therefore breaking the continuous PTO domain and reversing the ‘‘electrolyte-inactive material’’-type microstructure (Figure 3A). To achieve this goal, the solvent
for the solvent-mixing process should dissolve Li6PS5Cl whereas barely dissolve
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Figure 3. Solvent-mixing regulates the cathode microstructure via an in situ formed interphase
(A) The two-step preparation for dry- and solvent-mixed cathodes. (i) Mixing PTO and Li6 PS 5 Cl powders in a dry or solvent-assisted fashion. (ii) Powder
compaction by uniaxial pressing.
(B) UV-vis spectra on the spontaneous redox reaction between PTO and Li6 PS 5 Cl. The spectra were recorded in a CH 3 CN-ethanol mixed solvent.
(C) Schematic of a PTO-interphase-Li6 PS 5 Cl ‘‘core-shell’’ structure resulting from solvent-assisted mixing.
(D and E) FIB-SEM (D) and EDS (E) cross-section images of a solvent-mixed cathode (f PTO = 40 wt %), showing a uniform distribution of PTO and Li6 PS 5 Cl.

PTO. For this reason, ethanol is selected. During solvent-mixing, PTO and conductive carbon were first mixed in ethanol to form a suspension. Once Li6PS5Cl was
added, the mixture immediately turned black. The color change can be explained
by the reaction of the surface of PTO particles with the dissolved Li6PS5Cl. Owing
to the moderate oxidizing strength of PTO (2.9 V versus Li+/Li, Figure S4), a spontaneous redox reaction between PTO and the PS43 tetrahedron in Li6PS5Cl occurs,
leading to partially reduced PTO (LixPTO), as evidenced by the new peaks emerged
in UV-vis spectra (Figure 3B, a detailed discussion on the UV-vis spectra analysis is
summarized in Note S1). Simultaneously, Li6PS5Cl is partially oxidized to form lithium
poly-thiophosphates (Li-PSn) which contain bridging sulfur (-[S]n-) moieties.29–31
Although ethanol leads to slight decomposition of Li6PS5Cl after annealing, ethanol
remains as the only effective candidate for solvent-mixing so far. Further optimization of processing solvents should be focused on candidates with a proper solubility
while minimizing the structural change of Li6PS5Cl.32 We propose a mixed solvent
strategy that combinations of solvents of different polarity will be explored in the
future.
Equation 1 is a skeleton equation (stoichiometrically unbalanced due to the complicated oxidation products of lithium thiophosphate) which describes the redox reaction between PTO and Li6PS5Cl.
PTO + Li + + PS34 / Lix PTO + Li--PSn

(Equation 1)

Similar redox reaction may take place in the dry-mixed cathode, where the peaks of
-[S]n- appear at 163.6 and 164.8 eV in the XPS spectra (Figure S5). The solvent-mixed
cathode contains higher CAM/solid electrolyte interfacial area.
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After solvent evaporation and thermal annealing, a PTO-interphase-Li6PS5Cl ‘‘coreshell’’ structure will form (Figure 3C). The thermal stability of PTO limits the annealing
temperature of the solvent-mixed cathode, based on which an ionic conductivity of
6.2 3 10 5 S/cm (at 60 C) is recovered for Li6PS5Cl. Although this value enables a
proof-of-concept demonstration in the present study, a thorough optimization of
the annealing conditions is necessary to further enhance the cathode performance.
The chemical composition of the interphase will be discussed in the next section. The
core-shell powders enable the change of microstructure when the powders are subjected to compaction. The cross-section of a solvent-mixed cathode (fPTO = 40 wt %)
prepared by FIB-SEM was imaged with EDS mapping. Figures 3D and 3E show an
‘‘active material-in-electrolyte’’-type microstructure where the Li6PS5Cl domain
(gray) now forms a continuous network with an embedded PTO domain (black).
Furthermore, greatly reduced SE domain size suggests much enhanced interphase
area. A similar fine distribution of the PTO and Li6PS5Cl domains can also be
achieved in the solvent-mixed cathode with fPTO of 50 wt % (Figure S6).
ToF-SIMS analysis of composite cathodes
ToF-SIMS correlates the chemical information with spatial distributions of cathode
components. During the measurements, secondary ions (SIs) are generated by the
fragmentation of sample species under the collision cascade of energetic incident
ions (Bi3+) (Figure 4A). A cesium sputter ion beam (Cs+) is further applied for axial resolution. Hence, the compositions of the SIs are strongly related to the local chemical
environment in the cathode. A combined analysis of the SI mapping and mass
spectra enables the identification of fingerprinting fragments from PTO, Li6PS5Cl,
and the interphase, respectively (Table S2; Figures S7–S10). For example, Li- and
C-rich fragments (Cs2LiC2+ and Cs2LiC4+ at the m/z of 296.8 and 320.8, respectively)
originate from the fragmentation of LixPTO. Therefore, mapping of Cs2LiC2+ reveals
the spatial distribution of the interphase.
Figures 4B and 4C visualize the distributions of fragments corresponding to the
interphase (Cs2LiC2+, green), Li6PS5Cl (6Li+, blue), and PTO (Cs3C2+, red) in pristine
cathodes. More intense formation of the interphase in the solvent-mixed cathode is
found with higher intensity of interphase fragments (Figure S10). Complementary
distribution of PTO and Li6PS5Cl phases corroborates the morphology observed
from FIB-SEM. In dry-mixed cathodes, the Li6PS5Cl domains are greater than
10 mm in diameter and separated by the PTO phase, whereas in solvent-mixed cathodes, the Li6PS5Cl domains are greatly reduced in size and a uniform mixing with
PTO is achieved.
Reconstructed 3D structures illustrate the percolating network within cathodes (Figures 4D and S11). Li6PS5Cl domains are poorly connected in the dry-mixed cathode,
limiting the utilization of PTO by impeded Li+ transport. On the contrary, solventmixed cathode exhibits a well-connected Li6PS5Cl network that surrounds PTO,
which will greatly enhance the electrochemically accessible volume fraction of
PTO through sufficient and intimate contact with Li6PS5Cl, thus an increased utilization of PTO.
Electrochemical reversibility of the interphase
To probe the electrochemical activity and evolution of the interphase in a solventmixed cathode, we performed operando EIS measurements during initial cycles.
Figure 5A shows the galvanostatic voltage profiles and the Warburg coefficients
(AW) extracted from the low-frequency region (1.0–0.1 Hz) in the Nyquist plots (Figure 5B). During the first cycle, AW decreased from 62 U s 1/2 at open circuit voltage
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Figure 4. ToF-SIMS imaging of PTO, Li6PSCl, and interphase in pristine dry- and solvent-mixed cathodes
(A) Schematic of ToF-SIMS analysis with an area of 60 3 60 mm 2 .
(B and C) 2D SI images showing the distribution of interphase (Cs 2 LiC 2 +), Li6 PS 5 Cl ( 6 Li +), and PTO (Cs 3 C 2 + ), as represented by respective characteristic
fragments listed in parentheses.
(D) Reconstructed 3D microstructure of dry- and solvent-mixed cathodes, showing the distribution of PTO (red), Li6 PSCl (blue) and interphase (green).

to 46 U s 1/2 at 1.5 V versus Li+/Li (Figure S12; Table S3) and then remained less than
100 U s 1/2 during charging. Once the voltage reached 2.5 V versus Li+/Li, the oxidation onset potential of Li6PS5Cl, a significant increase of AW to 1,310 U s 1/2 was
observed. Interestingly, AW reverted to 55 U s 1/2 at 2.0 V during the second
discharge and remained low until the next charging. A similar pattern of AW evolution was observed during the second and third cycles. Such periodical variation of
AW shows the electrochemical reversibility of the interphase and indicates a dynamic
evolution mechanism.
To provide chemical information for the reversibility of the interphase, we conducted
ex situ XPS on pristine and cycled solvent-mixed cathodes (see also Figures S13 and
S14). As shown in Figure 5C, the XPS spectrum of sulfur species of the pristine cathode exhibits two major doublets with S 2p3/2 peaks at 161.7 and 163.6 eV, respectively. The former originates from the lithium-thiophosphate unit (-S-Li) and the latter
is ascribed to -[S]n- from Li-PSn.31,33,34 The component at 163.6 eV greatly decreased
and the peak at 161.7 eV became predominant in a discharged cathode, suggesting
the reduction of -[S]n- to -S-Li. After subsequent charging to 3.5 V (versus Li+/Li), the
peak intensity at 163.6 eV regained. Based on the EIS and XPS data, a potentialdependent interphase evolution model is proposed (Figure 5D). The interphase consists of LixPTO and Li-PSn in a pristine solvent-mixed cathode. As discharging
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Figure 5. Electrochemical reversibility of interphase in solvent-mixed cathodes
(A and B) Intermittent galvanostatic voltage profile recorded at 0.1C and corresponding A W (A) calculated from the corresponding Nyquist plots (B).
(C) XPS spectra of a solvent-mixed cathode at pristine, discharged, and charged states in the S 2p region.
(D) Schematics of the potential-dependent evolution model of interphase.

proceeds, PTO is reduced to Li4PTO and -[S]n- is reduced to -S-Li. In the subsequent
charging, Li4PTO becomes delithiated and -S-Li remains stable under low anodic potentials (2.5 V versus Li+/Li). Further increasing the voltage results in full charging
of PTO and oxidation of -S-Li to -[S]n-. The distribution of -S-Li and -[S]n- at different
potentials is further plotted in Figure S15. Since Li-PSn has a lower Li+ conductivity
than Li6PS5Cl, its accumulation decreases the local Li+ diffusivity and leads to an
increased AW. Fitting of EIS data reveals that the charge-transfer kinetics
remains favorable within the working voltage and is slightly hindered at the end
of charge (Table S4). Finally, the moderate voltage of PTO (1.5–3.5 versus Li+/Li)
avoids the irreversible formation of species such as S and P2S5,29,30 and contributes
to stable cycling of PTO that operates at voltages that slightly exceed the
thermodynamic stability window of Li6PS5Cl. A detailed analysis of the multiple
interfaces that may undergo electrochemical process within the cathode is
summarized in Note S2.35
Electrochemical performance of solvent-mixed cathodes
Solid-state cells with solvent-mixed cathodes with constant mass (3.5 mg) but
various fPTO were fabricated and characterized. When fPTO increases from 30 to 50
wt %, cell capacity increases from 0.36 to 0.54 mAh (Figure 6A). Compared to
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Figure 6. Electrochemical performance of solvent-mixed cathodes
All measurements were conducted at 60  C.
(A) Galvanostatic voltage profiles of solvent-mixed cathodes. Inset shows discharge capacity of the first 10 cycles at 0.1C (f PTO = 30, 40, and 50 wt %).
(B) Improved C PTO and utilization of PTO.
(C) Enhanced C Cathode of solvent-mixed cathodes at different f PTO .
(D) Rate capabilities of cells with dry-mixed and solvent-mixed cathodes at f PTO = 40 wt %.
(E) Cycling stability of the solvent-mixed cathode (BM-PTO) (f PTO = 40 wt %) at 0.1C.
(F) Enhanced E PTO and E Electrode of solvent-mixed cathodes.
(G) Comparison of E Electrode of PTO-based cathodes with state-of-the-art cathodes in ASSLBs. Inset shows capacity retention. Abbreviations: NMC622,
LiNi 0.6 Mn 0.2 Co 0.2 O 2 ; NMC811, LiNi 0.8 Mn 0.1 Co 0.1 O 2 ; NCA, LiNi 0.80 Co 0.15 Al 0.05 O2 ; PBALS, 4-(phenylazo) benzoic acid lithium salt. See Table S1 for
detailed information.

dry-mixed cathodes, solvent-mixed cathodes exhibit higher PTO utilization (Figure 6B; Table 1)—from 48.9% to 87.8% (fPTO = 40 wt %) and from 32.8% to 75.3%
(fPTO = 50 wt %). When comparing capacity per electrode mass (CCathode), the solvent-mixed cathode reaches 154 mAh g 1, almost twice that of the dry-mixed cathode (81 mAh g 1, Figure 6C). To exclude the capacity contribution from the redox
reaction of the electrolyte, a control cell consisting of Li6PS5Cl and carbon (4:1 w/
w) was fabricated. Generally, a high carbon content is required to facilitate the redox
of SEs due to their low electronic conductivity.30,36,37 A detailed analysis of the cathode capacity is summarized in Note S3. Our data show that Li6PS5Cl exhibits a specific capacity of only 15 mAh g 1, less than 4% of the total capacity of solvent-mixed
cathodes (Figures S16 and S17). Therefore, we conclude that the reported cathode
capacities are predominantly contributed by PTO.
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Solvent-mixed cathodes not only show higher capacity and utilization, but also
exhibit faster kinetics (Figure 6D). At an fPTO of 40 wt % and 0.3C, a solvent-mixed
cathode shows a capacity of 166 mAh g 1 compared with the 93 mAh g 1 from a
dry-mixed cathode. Such an improvement in electrochemical performance is rooted
in the optimized microstructure.38 To further reduce the particle size of PTO, PTO
powders were first ball milled (BM-PTO) and then mixed with Li6PS5Cl during the solvent-mixing process (fPTO = 40 wt %). The cell exhibits a high materials utilization of
97.6% with an initial CPTO of 399 mAh g 1 (Figure 6E). The cell shows a 75% capacity
retention after 100 cycles with near-unity columbic efficiency. Moreover, the cathode shows a high specific energy (EPTO) of 755 Wh kg 1, considering the mass of
stoichiometric Li in the reaction.
EElectrode, proposed earlier as an important figure-of-merit of ASSLBs, can be defined as
the product of ECAM and fCAM. Figure 6F summarizes EPTO and EElectrode for dry- and solvent-mixed cathodes used in this work and the literature with additional parameters presented in Table S1. Clearly, solvent-mixed cathodes exhibit the highest EElectrode value of
302 Wh kg 1, not only outperforming dry-mixed cathodes but also greatly exceeding
previously reported PBALS-based (45 Wh kg 1)25 and PTO-based (165 Wh kg 1)
ASSLBs. The EElectrode value demonstrated in this work is on par with that of
NMC622,14,39,40 NMC811,20 LiCoO2,41 and NCA42-based cells (Figure 6G). The PTO
cells have advantages in cycling stability without using any coating layer on CAM. The
average discharge voltage of a PTO cathode is lower than those of oxide-based cathodes (2.1 V for PTO versus 3.7 V for NMCs). From the application perspective, bipolar
cell design could be an effective method to increase the output voltage. Notably,
such a bipolar design could be relatively easily achieved in solid-state batteries.
In terms of electrode-level volumetric energy density, organic-based ASSLBs are
lower than NMC-based ASSLBs due to the lower density of OBEMs (Table S5).
Higher fCAM or higher cathode loading can improve the energy density. Figure S18
shows a PTO-based ASSLBs with a 10-mg cathode loading, realizing an areal capacity of 1.1 mAh cm 2. Further improvements in ionic conductivity by optimizing the
fabrication conditions are expected to further improve areal capacity.
In conclusion, we show the impact of microstructure engineering on the performance of solid-state lithium batteries. We developed a solvent-mixing process to
regulate the microstructure of electrodes containing ductile organic materials. The
solvent-mixing of PTO and Li6PS5Cl forms the PTO-interphase-Li6PS5Cl ‘‘core-shell’’
structure which promotes the formation of a microstructure for efficient charge transport. With FIB-SEM, ToF-SIMS, EIS, and XPS, we studied the chemical composition,
spatial distribution, and electrochemical reversibility of the interphase. As a result,
the mass fraction of active materials has increased from 20 to 50 wt %. The new process enabled an electrode-level specific energy of 302 Wh kg 1, an 83% improvement on state-of-the-art solid-state batteries with OBEMs. This value is on par
with most inorganic cathodes. Further improvement is possible by fine-tuning the
thermal annealing process and further increasing of fPTO. We believe this work will
benefit not only organic-based ASSLBs but also help microstructure optimization
of solid-state lithium-sulfur batteries.

EXPERIMENTAL PROCEDURES
Resource availability
Lead contact
Further information and requests for resources should be directed to and will be fulfilled by the lead contact, Yan Yao (yyao4@uh.edu).
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Materials availability
This study did not generate new reagents.
Data and code availability
The authors declare that the data supporting the findings of this study are available
within the article and its supplemental information files.
Synthesis of PTO and Li3PS4
PTO was synthesized by the ruthenium-catalyzed oxidation of pyrene. Briefly, 10.1 g
(50 mmol) pyrene (98%, Aldrich) was dissolved in 200 mL CH2Cl2 and 200 mL CH3CN
under stirring. Then 87.5 g (401 mmol) NaIO4 (98%, Alfa Aesar), 1.25 g (6 mmol)
RuCl3$xH2O (98%, Oakwood Chemical) and 100 mL H2O were added to the above
solution. The mixture was stirred at 35 C for 15 h. The reaction mixture was washed
by H2O, and the dark green solid was collected by filtration. After the organic phase
was separated, the filter liquor was extracted with 150 mL (3 3 50 mL) CH2Cl2. The
extracts were combined with the organic phase and the solvent was removed under
reduced pressure. All the solid products were combined. Thin-layer chromatography (TLC) using CH2Cl2/ethyl acetate (10/1) eluent revealed the presence of
several by-products. Flash column chromatography using CH2Cl2 as eluent gave
pure PTO as bright yellow crystals. PTO: yield 15%. 1H NMR (500 MHz, DMSO-d6)
d 8.33 (d, J = 7.8 Hz, 4H), 7.74 (t, J = 7.8 Hz, 2H). The solubility of PTO is too low
for the 13C NMR spectrum with acceptable accuracy.
Li3PS4 was synthesized by mechanochemical reaction followed by heat treatment.
Briefly, 0.765 g Li2S (99.9%, Sigma-Aldrich) and 1.235 g P2S5 (99%, Sigma-Aldrich)
were ball milled in a 250 mL argon-protected stainless-steel jar with stainless-steel
milling balls at 200 rpm for 2 h and at 500 rpm for 20 h. The powder was collected
and annealed at 260 C under vacuum for 2.25 h to obtain glass-ceramic Li3PS4.
Fabrication of solid-state lithium cells
Li6PS5Cl (NEI) and super C65 conductive carbon black (MTI) were used as Li+ and
electron conducing agents in the composite cathodes, respectively. Composite
cathodes were prepared by mixing PTO, Li6PS5Cl and super C65 at a mass ratio of
x:(90-x):10 for PTO: Li6PS5Cl: C65, where x represents the mass fraction of PTO
(fPTO). The dry process refers to a conventional mortar and pestle mixing method,
during which PTO, Li6PS5Cl and super C65 were added into the mortar and ground
for 20 min. In the solvent-mixing process, PTO was first dispersed in ethanol with an
agate mortar and pestle, followed by the addition of C65. Finally, Li6PS5Cl was
added into the mortar. Since Li6PS5Cl is soluble in ethanol, the mixture was stirred
to dry and further vacuum dried at 60 C. The powders were collected and annealed
at 180 C for 0.5 h before being subjected to composite pressing. The solvent-mixed
cathode for cycling stability test was prepared using BM-PTO at fPTO = 40 wt %. BMPTO was prepared by ball milling 200 mg of PTO powder in a 100 mL agate milling
jar at 400 rpm for 10 h.
The SE-free cathode was prepared by mixing PTO with super C65 at a 1:1 weight ratio through a dry process. For the control cell without PTO in the cathode, 1.75 mg of
the composite (1.40 mg pre-treated Li6PS5Cl and 0.35 mg super C65) was used as
cathode for the cell fabrication, reaching the same amount of Li6PS5Cl and super
C65 as in a composite cathode at fPTO = 50 wt %. The pre-treated Li6PS5Cl was prepared by dissolving pristine Li6PS5Cl in ethanol, followed by drying and annealing at
180 C for 0.5 h. For solid-state Li symmetric cells, Li foils were attached to both sides
of the Li3PS4 pellet.
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Solid-state-lithium full cells were assembled with a polyetherether-ketone module
(electrode area: 1.3 cm2). Li3PS4 was used for the electrolyte layer due to its stability
with Li metal. Briefly, 130 mg Li3PS4 powder was filled in a die and pressed under 150
MPa to form a pellet. Afterwards, the cathode powder was uniformly distributed on
top of the Li3PS4 pellet, followed by pressing at 375 MPa. The pressed cathode has a
porosity of 1% revealed from reconstructed 3D slice and view data by FIB-SEM. The
mass of cathode was kept constant at 3.5 mg for all cells. The thickness of the cathode layer and SE pellet are 26 and 522 mm, respectively, as shown in Figure S6. A Li
metal foil (thickness: 100 mm) on a stainless-steel current collector was attached to
the other side of the Li3PS4 pellet as the anode.
Materials characterization
Cross sections of composite cathodes were imaged using a dual beam FIB-SEM (Helios NanoLab 660 DualBeam). The cross sections were obtained by Ga ion beam using 30 kV/47nA for rough milling, and 30kV/0.79nA for fine polishing. The cycled
cathodes were investigated by XPS (Physical Electronics PHI 5700). The XPS was produced via a monochromatic Al-Ka X-ray source (1,486.6 eV) operated at 350 W (15
kV). The analyzed area is 0.8 um diameter. The spectra were calibrated in relation to
the signal of C 1s at 284.8 eV. We used the following fitting conditions for analyzing S
2p peaks: (1) Shirley background, (2) Gauss-Lorentz line-shape fitting on peaks, and
(3) spin-orbit components (D = 1.16 eV, intensity ratio = 0.511). A FWHM of 1.1 eV
was applied for the sulfur species. To minimize air exposure, all samples were transferred from a glove box via an argon-filled vessel to the analysis chamber. UV-vis
spectroscopy on the redox between PTO and Li6PS5Cl was conducted in a
CH3CN-ethanol mixed solvent (11:1, v/v). Briefly, 200 mL Li6PS5Cl/ethanol solution
(0.8 mg mL 1) was added into 2,200 mL PTO/CH3CN solution (0.036 mg mL 1).
The molar ratio of PTO: Li6PS5Cl for reaction is 1:2.
ToF-SIMS analysis was performed using a TOF-SIMS NCS instrument, which combines a TOF SIMS instrument (ION-TOF GmbH, Münster, Germany) and an in situ
scanning probe microscope (NanoScan, Switzerland) at Shared Equipment Authority
from Rice University. 3D analysis of cycled cathodes by ToF-SIMS was conducted by
using Bi3+ (30 keV) as the primary probe in positive polarization mode for analysis
and Cs+ (2 keV) for sputtering. The analysis area (60 3 60 mm2) with a measured current of 0.2 pA was placed in the center of the sputter crater (3003 300 mm2) with a
typical current around 125 nA. The beams were operated in non-interlaced mode,
alternating 2 analysis cycles and 20 sputtering cycles (corresponding to 31.67 s) followed by a pause of 5 s for the charge compensation with an electron flood gun. An
adjustment of the charge effects has been operated using a surface potential. During
depth profiling, the cycle time was fixed to 100 ms (corresponding to m/z = 0–839
a.m.u mass range).
Positive and negative mode of high mass resolution spectra of the control samples
were performed using a TOF-SIMS NCS instrument. A bunched 30 keV Bi3+ ions
(with a measured current of 0.2 pA) was used as the primary probe for analysis
(scanned area 100 3 100 mm2) with a raster of 128 3 128 pixels. A charge compensation with an electron flood gun has been applied during the analysis. An adjustment of the charge effects has been operated using appropriate surface potential
and extraction bias for the positive and negative polarity. The cycle time was fixed
to 90 ms (corresponding to m/z = 0–737 a.m.u mass range). The mass spectra
were acquired after a 20–30 min sputtering using a cesium ion beam at 2 keV with
105 nA. To minimize air exposure, all samples were transferred from an argon-filled
vessel to the analysis chamber.
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Electrochemical measurements
All electrochemical tests were conducted at 60 C. All solid-state cell modules were
tightened with an initial stack pressure of 14 MPa calibrated from a force sensor
(Autoda, AT8106-10KN). Galvanostatic discharge-charge profiles were recorded
with a battery tester (LAND CT-2001A) within a voltage range of 1.5–3.5 V versus
Li+/Li. The reversible capacity values of the 3rd cycle were used for the calculation
of PTO utilization. The galvanostatic intermittent potential profiles coupled with
electrochemical impedance spectroscopy were recorded on an electrochemical
workstation (VMP3, Bio-Logic). The current was maintained at 0.1C (1C= 409 mA
g 1) and the cells rest for 0.5 h prior to each EIS measurement.
ECAM and EElectrode are calculated by integrating voltage over discharge capacity:
R
ECAM = VdCS , EElectrode = ECAM 3 fCAM , where V is the discharge voltage, and CS is
specific capacity. For a fair comparison with LMOs, Li4PTO (370 mAh g 1) instead of
PTO (409 mAh g 1) was employed in ECAM and EElectrode calculation.

SUPPLEMENTAL INFORMATION
Supplemental information can be found online at https://doi.org/10.1016/j.joule.
2021.05.017.
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Figure S2. Reversible PTO-Li6PS5Cl interphase in dry-mixed cathode (fPTO = 20 wt%). (A) Intermittent
galvanostatic potential profile at 0.1C, 60 oC, and the corresponding AW calculated from EIS data.
Impedance spectra and corresponding Re (Z) vs ω−1/2 plots for calculating AW during (B, D) the first
discharging and (C, E) the first charging.
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Figure S3. Reversible PTO-Li6PS5Cl interphase in dry-mixed cathode (fPTO = 40 wt%). (A) Intermittent
galvanostatic potential profile at 0.1C, 60 oC, and the corresponding AW calculated from EIS data.
Impedance spectra and corresponding Re (Z) vs ω-1/2 plots for calculating AW during (B, D) the first
discharging and (C, E) the first charging.
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Figure S4. Illustration of the intrinsic oxidizing strength of PTO and formation of LiXPTO. (A) The opencircuit voltage (OCV) of the Li6PS5Cl-free PTO cathode is presented. (B) CV curve of PTO in 0.1 M
LiTFSI/tetraglyme. Working electrode: glossy carbon. Reference electrode: Li metal. Counter electrode:
Li metal. (C) FTIR spectroscopy showing the evolution of carbonyls in PTO, LiXPTO and Li4PTO. (D)
Comparison of the UV-Vis spectra of PTO, chemically synthesized LiXPTO and LiXPTO generated by
spontaneous redox (Figure 3B). A cut-off wavelength at 280 nm is applied to avoid possible interference
from solvent and cuvette.
Figure S4 demonstrates the intrinsic oxidizing strength of PTO in a solid-state cell. In order to avoid the
interference from the reaction between PTO and Li6PS5Cl in a solid-state cathode, a Li6PS5Cl-free PTO
cathode was used to assemble the cell. The cell was rest at OCV, which stabilized at ~2.90 V (vs Li+/Li),
showing the high oxidizing strength of PTO in the solid-state electrode. The equilibrium redox potential
of PTO (first electron reduction) exceeds the stability window of Li6PS5Cl (~2.35 V vs Li+/Li) and will
induce interfacial redox.1 The oxidizing strength of PTO favors the formation of lithium polythiophosphates (Li-PSn) that contains bridging sulfur moieties (-[S]n-).2 It should be noticed that the
partially reduced PTO (LiXPTO) shows a decreased equilibrium redox potential of ~2.5 V (vs Li+/Li)
within the stability window of Li6PS5Cl.1,3 Therefore, as the surface of PTO is covered by the interphase
consisting of LiXPTO and Li-PSn, further redox reactions with Li6PS5Cl is not sustained, and a
characteristic PTO-interphase-Li6PS5Cl structure is formed. A detailed discussion on the UV-Vis
analysis is summarized in supplemental note S1.
The influence from the PTO-Li6PS5Cl interphase at different fPTO (20 and 40 wt%) was investigated
by operando EIS (Figure S2-3). The AW obtained from the EIS are used to evaluate the Li+ diffusivity
at the PTO-Li6PS5Cl interphase.4,5 The capacity-potential-dependent AW values indicate the dynamic
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evolution of the interphase being consistent with the electrochemistry of PTO and lithium
thiophosphates. The AW values remained <100 Ω s-1/2 within the plateau region (1.9-2.5 V vs Li+/Li),
however, increased rapidly towards the end of charge potential (3.5 V vs Li+/Li). The latter originates
from the partial decomposition of Li6PS5Cl at the potentials exceeding its thermodynamic
equilibrium.2,6,7 Nevertheless, the moderate operating potential of PTO favors the formation of Li+
conductive Li-PSn without leading to the sever oxidation of Li6PS5Cl and accumulation of highly
insulating species (S and P2S5) that are usually observed in LMOs.2,6 Consequently, the PTO-Li6PS5Cl
interphase exhibits excellent reversibility and barely affect the Li+ diffusion.4 However, both dry-mixed
cathodes show similar behavior at the interphase regardless of the different utilizations (79.0% vs
48.9%), and do not account for the presence of electrochemically inaccessible PTO, since only the
available PTO contributes to the electrochemical response.
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Figure S5. XPS spectra of dry-mixed cathode under different potentials.
Figure S5 shows the evolution of chemical species of the interphase in dry-mixed cathode under
different potentials. Specifically, the high-resolution XPS spectra in S 2p region are fitted. The
components peaking at 161.7 and 162.9 eV correspond to the 2p3/2 and 2p1/2 of sulfur in the -S-Li
moieties. The oxidized Li6PS5Cl species appear at 163.6 (2p3/2) and 164.8 eV (2p1/2), which are
attributed to the bridging sulfur moieties (-[S]n-).2,7,8 The as-prepared composite cathode shows the
presence of -[S]n- due to the redox reaction between PTO and Li6PS5Cl during the electrode preparation.
The -[S]n- were mostly reduced to -S-Li when the cathode was discharged to 1.5 V (vs Li+/Li) along with
the decrease of AW.8 The -S-Li moieties were oxidized to -[S]n- as the cathode was charged to 3.5 V (vs
Li+/Li), and accumulation of -[S]n- species led to a rapid increase of AW.8 The reversible evolution of [S]n- and -S-Li species accounts for the reversible Aw values shown in Figure S2-3.
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Figure S6. Characterizations of PTO cathodes. Cross-sectional SEM images of (A) a solvent-mixed
PTO cathode (3.5 mg, fPTO = 40 wt%) and (B) an electrolyte layer (130 mg, Li6PS5Cl). SEM images of
(C) dry-mixed and (D) solvent-mixed cathodes (fPTO = 50 wt%).
Figure S6A-B show the cross-sectional SEM images of a solvent-mixed cathode with the electrolyte
layer. The typical thickness of a cathode is ~26 μm, and that of the electrolyte layer is 522 μm. Figure
S6C-D show the cross-sectional images of dry-mixed and solvent-mixed cathodes at fPTO = 50 wt%.
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Figure S7. ToF-SIMS spectral analysis of electrolyte species. Mass spectra of specific fragments are
shown: (A) Li+, (B) Li3S+ and (C) Cs2Cl+. Note that the spectra used for the identification of peak with
isotopes as reference, instead of a direct comparison on the peak intensities between dry- and solventmixed cathode.
Figure S7 shows the mass spectra collected from ToF-SIMS for several positive fragments. Since
fragments would come out due to the collision between incident ions and the sample, we picked the
fragments with characteristic m/z values to identify the Li6PS5Cl-derived species. Li6PS5Cl is Li, S and
Cl rich, whereas PTO phase is C, H and O rich. Therefore, the fragments consisting of Li, S or Cl
originate from the fragmentation of Li6PS5Cl. The presence of Cs is due to the sputtering process (Cs+
ion beam) during the depth profiling. Abundance of isotopes was further evaluated to confirm the
fragment identification. The relative intensities of the characteristic isotopic fragments, such as Li+, Li3S+
and Cs2Cl+, match well with the natural abundance of corresponding isotopes. Please note that the
Li6PS5Cl-PTO interphase might contribute merely in the distribution of Li+ and Li3S+, because the
interphase also contains Li and S species. Identification of characteristic fragments from PTO phase is
discussed in Figure S8-10.
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Figure S8. ToF-SIMS secondary ions (SI) images of characteristic fragments in dry-mixed and solventmixed cathodes (fPTO = 50 wt%). The 2D images show the distribution of characteristic fragments from
(A-C) Li6PS5Cl phase, (D-F) PTO phase, (G-H) interphase, and (I) the overlay images. The image area
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is 60×60 μm2.
In order to identify the PTO phase and interphase, we first refer to the distribution of the characteristic
fragments as recorded by ToF-SIMS. Due to sputtering by Cs+ ion beam, the dominant fragments
consist of Cs. A summary of the assignment of the fragments is provided in Table S1. As shown in
Figure S8, the fragments are classified into three categories based on their spatial distribution and the
local abundance of elements. For example, as previously discussed the Li6PS5Cl is Li and S rich while
C deficient, we identified the fragments derived from Li6PS5Cl phase including (A) Cs2LiS+, (B) CsLi2S+
and (C) 6Li+.
The PTO phase is C-rich (PTO and conductive carbon) and therefore abundant Cs-carbon cluster
ions are generated during the Cs+ ion sputtering and fragmentation process.9,10 The distribution of the
fragments derived from PTO phase, such as Cs2C2H+, Cs3C2+ and Cs3C4+ (D-F), show clearly
complementary distribution to that of Li6PS5Cl phase. We further prepared the control samples
(conductive carbon-free, Figure S9) to avoid the possible interference from conductive carbon.
Identification of fragments from interphase highly depends on the coherence of spatial distribution
and local abundance of elements. We figured out two representative fragments, yet their chemical
compositions remain indistinguishable due to the nearly identical m/z values: (G) Cs2LiC2+ (m/z ~296.8)
and (H) Cs2LiC4+ (m/z ~320.8). The Cs-Li carbon cluster ions are likely from the fragmentation of LiXPTO.
Indeed, the only credible origin of the Li/C-containing fragments is the LiXPTO from the interphase,
which matches well with the spatial distribution in the SI images. On the other hand, since the reduction
(lithiation) of PTO occurs at the carbonyls, the LiXPTO possesses R-O-Li moieties resembling the
phenolates. Therefore, the negative oxygen-containing ion fragments (CH3O−, C3H3O−) may also form
and cluster with Cs+ to generate Cs2CH3O+ and Cs2C3H3O+, as will be further discussed in Figure
S10.11,12 Besides, the overlay images (I) show the severe phase separation in dry-mixed cathode, which
is in sharp contrast to the solvent-mixed cathode with an interconnecting network.

S11

S12

Figure S9. ToF-SIMS SI images of characteristic fragments in dry-mixed and solvent-mixed control
samples (no conductive carbon) during depth-profiling. The 2D images show the distribution of
characteristic fragments from (A-C) Li6PS5Cl phase, (D-F) PTO phase, (G-H) interphase, and (I) the
overlay images. (J) SI images of negatively charged species in control samples (no carbon). The image
area is 60×60 μm2.
To avoid the interference of conductive carbon on the fragment identification, the conductive carbonfree dry-mixed and SP control samples were prepared and characterized by ToF-SIMS as shown in
Figure S9. Similar to the dry-mixed and solvent-mixed cathodes, the Li6PS5Cl phase (A-C) and PTO
phase (D-F) could be identified by the characteristic fragments. Both dry-mixed and SP control samples
exhibit significant amount of Cs-carbon cluster ions, which originate from the fragmentation of PTO.
Although the same fragments from PTO-Li6PS5Cl interphase, (G) Cs2LiC2+ and (H) Cs2LiC4+, were
observed in the control samples, their intensities are relatively low compared to the dry-mixed and
solvent-mixed cathodes (quantified in Figure S10). The results indicate that redox between PTO and
Li6PS5Cl is less sufficient in the absence of conductive carbon. And this is reasonable since carbon
provides a higher contact area and a better electronic conductivity to facilitate the local redox between
PTO and Li6PS5Cl. Additionally, the overlay images (I) shows the similar trend as observed in the drymixed and solvent-mixed cathodes. The SI images of negatively charged species (J) show similar
distribution to the positively charge species. However, it is difficult to distinguish the interphase from
Li6PS5Cl or PTO phases.
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Figure S10. TOF-SIMS spectral analysis of the dry-mixed/SP cathodes and control samples. (A)
Cs2LiC2+ and (B) Cs2LiC4+ from the dry-mixed and solvent-mixed cathodes. (C) Cs2LiC2+ and (D, E)
LiC2− identifications from the dry-mixed and solvent-mixed control samples. (F) Cs2LiC4+ and (G, H)
LiC4- identifications from the dry-mixed and solvent-mixed control samples. (I, J). ToF-SIMS spectra of
chemically synthesized LiXPTO (positive mode, Cs-sputtered) and comparison with dry and solventmixed samples. The intensity is normalized to total ion counts.13

Figure S10 provides a quantitative analysis on the fragments from the interphase in addition to images
presented in Figure S8-9. The spectra have been normalized by their respective total ion counts. As
shown in (A) and (B), due to the overlapped m/z values, the relative amount of Cs2LiC2+ (m/z ~296.8)
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and Cs2LiC4+ (m/z ~320.8) cannot be arbitrarily determined. Additionally, the normalized intensities of
Cs2LiC2+ and Cs2LiC4+ are around an order of magnitude lower in control samples (C, F) than in
cathodes (A, B), which is due to the less sufficient redox as discussed above. However, the intensity of
the fragments in solvent-mixed control is still significantly higher than that in the dry-mixed control, being
consistent with the mechanism that solvent-mixed promotes a more sufficient redox between PTO and
Li6PS5Cl. Since the CsnLixCy+ is from the LiXPTO (interphase), a higher normalized intensity suggests
more interphase area in the analyzed cross-section (60 by 60 μm2). Indeed, smaller particle size in
solvent-mixed cathode indicates a higher PTO-Li6PS5Cl interfacial area, leading to more LiXPTO formed.
As for the SI images, normalization based on region-of-interest analysis (pixel-counting method: Chem.
Mater. 2019, 31, 3745-3755) is not necessary here since our focus is on microstructure instead of
reaction kinetics. Furthermore, the fragments at lower m/z values (m/z ~295.8 and m/z ~319.8, indicated
by arrow) with relative intensity ratio of ~1:9 suggest the isotopic species (6Li) in these fragments.
Therefore, the result suggests the presence of Cs2LiC2+ and Cs2LiC4+, despite the possible existence
of Cs2CH3O+ and Cs2C3H3O+. This hypothesis is further validated in the spectra of dry-mixed and
solvent-mixed control samples (C-H), where the isotopic species (6Li) are presented. In the control
samples, we further identified the negatively charged Li-carbon clusters as: (D) LiC2− and (G) LiC4− with
the isotopic fragments, respectively. These Li-carbon clusters ions could bond Cs+ and form the
Cs2LiC2+ and Cs2LiC4+, respectively. Although the identification of fragments from oxidized Li6PS5Cl
remains a challenge, the formation of the above cluster ions confirms the chemical composition of the
PTO-Li6PS5Cl interphase.
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Figure S11. Spatial distribution of (a) Li6PS5Cl (Cs2Cl+), (b) PTO (Cs3C2+) and the interphase (Cs2LiC2+).
The area is 60×60 μm2.
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Figure S12. Calculation of AW of solvent-mixed cathode. (fPTO = 40 wt%). (A) Galvanostatic (0.1C)
discharging and (B) charging process. AW values are obtained from the slope of the Re (Z) vs. w-1/2 at
low frequencies, and the evolution of AW is shown in Figure 5.
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Figure S13. XPS spectra of dry and solvent-mixed cathode in (A) P 2p and (B) Cl 2p region.
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Figure S14. XPS analysis of charged and discharge cathodes. P 2p region of (A) dry-mixed and (B)
solvent-mixed cathodes. O 1s region for (C) dry-mixed and (D) solvent-mixed cathodes.
In the XPS spectra in P 2p region, the slightly lower signal-to-noise ratio of dry-mixed electrode is very
like caused by its microstructure, where Li6PS5Cl particles are coated by PTO. No substantial difference
in the peaks is observed when the both cathodes are discharged and charged, confirming that the redox
of thiophosphate mainly occurs at the -S-Li moieties and the chemical environment of phosphorous
barely changes. We characterized the spectra in O 1s region of charged and discharged samples as
shown in Figure S14C-D. It should be noted that the XPS spectra only provide qualitative analysis, and
the electronic delocalization effect of the conjugated backbone would lead to line-shape deformation
and peak-broadening. Nevertheless, both discharged samples show an increase of intensity at lower
binding energy (~531.5 eV), due to the formation of “lithium phenolate-like” structure after discharging.
Specifically, the solvent-mixed sample shows a more obvious increasement, corroborating to the
electrochemical result of higher PTO utilization.
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Figure S15. Proposed Li6PS5Cl-PTO interphase on sulfur-based species.
Figure S15 illustrates the evolution of interphase. Based on the electrochemical data and XPS analysis,
a potential-dependent composition mechanism is proposed. Within the working potential of PTO (1.53.5 V vs Li+/Li), the redox of Li6PS5Cl mainly transform reversibly between -S-Li and -[S]nmoieties.1,2,7,8,14 The relative ratio of -S-Li and -[S]n- depends on the local oxidizing strength (electron
affinity). Since accumulation of -[S]n- suppresses the Li+ conductivity and thus lower the equivalent local
potential, distribution of -[S]n- and -S-Li species would vary depending on the distance away from the
bulk PTO phase. For example, under the high anodic potential (e.g. ~3.5 V vs Li+/Li) during charge
process, the PTO phase possesses electrostatic potential nearly equals to that of the current collector
and will readily oxidize -S-Li to -[S]n-. The local abundance of -[S]n- moieties would be the highest at the
PTO-interphase contact and decrease towards the bulk Li6PS5Cl phase due to the lowered local
potential. During the discharge process, the -[S]n- is reduced to -S-Li (lithiation) and the local
concentration of -[S]n- drops rapidly.2 It is worth noting that the end of discharge potential (1.5 V vs Li+/Li)
is above the reducing potential of PS3- and thus no reductive decomposition of Li6PS5Cl is expected.14
Formation of the reversible interphase is available within a proper potential window. If the local
electrostatic potential is high enough to further delithiate all the -S-Li moieties, the highly insulating
species, such as S and P2S5, will accumulates at the interphase. Their relatively low e-/Li+ conductivity
leads to poor reversibility of the interphase and rapid performance decay of the cathode. Such
mechanism has been proved by CAMs with high working potentials beyond 4.0 V (LiCoO2 and
LiNixMnyCozO2).6 A protection layer (with a Li+ conductivity yet electronic insulating) on CAMs is
generally necessary.15-17
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Figure S16. (A-B) Electrochemical performance of the Li6PS5Cl-C composite (4/1 w/w, SSE/carbon).
(A) Galvanostatic potential profiles of the Li6PS5Cl-C composite and (B) cycling performance. (C)
Galvanostatic potential profiles of the Li6PS5Cl-C composite (5/1 w/w, SSE/carbon). (D) Galvanostatic
potential profiles of solvent-mixed cathode (fPTO = 50 wt%) with Super C65 and VGCF (both 10 wt%) as
the conductive additive.
Figure S16 shows the quantification of capacity contributed by the redox of Li6PS5Cl. Due to the low
intrinsic electronic conductivity of Li6PS5Cl, a significant amount of carbon (~30 wt%) and vigorous
mixing with Li6PS5Cl (e.g. ball-milling) are generally required.7,18 A high amount of carbon provides more
contacting area with the Li6PS5Cl leading to a more sufficient redox of Li6PS5Cl. The amount of carbon
in the solvent-mixed and dry-mixed cathodes is kept at 10 wt%, therefore, the highest carbon-toLi6PS5Cl ratio reaches 1:4 at fPTO = 50 wt%. In order to mimic the environment of solvent-mixed cathodes,
the Li6PS5Cl-C composite was prepared. The cell with 1.75 mg of cathode was assembled, which has
exactly the same amount of Li6PS5Cl (1.4 mg) and conductive carbon (0.35 mg) as that in a solventmixed cathode (fPTO = 50 wt%). The cell was cycled under galvanostatic condition at 55 μA cm−2 (the
current density of the solvent-mixed cathode at fPTO = 50 wt% for 0.1C). It is observed that even with a
high content of conductive carbon (25 wt%), Li6PS5Cl exhibits a mere specific capacity of ~15 mAh g−1,
corresponding to a total capacity of ~0.02 mAh. Please note that the decomposition of Li6PS5Cl in a
solvent-mixed cathode will be less because conductive carbon will also sustain the contact with PTO.
The solvent-mixed cathode exhibits a high reversible capacity of >0.5 mAh at fPTO = 50 wt%, suggesting
that the decomposition of Li6PS5Cl would contribute at most 4% of the reversible capacity. And this
fraction is further decreased with lower carbon-to-Li6PS5Cl ratio of the solvent-mixed cathodes (fPTO =
30 and 40 wt%). A detailed analysis on the cathode capacity contribution from individual component is
summarized in supplemental note S3.
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Figure S17. (A) First cycle galvanostatic potential profiles of solvent-mixed cathode (fPTO = 40 wt%).
(B) Multiple cell results at different fPTO.
We investigated the first cycle capacity mismatch to quantify the capacity from PTO redox within
interphase. A portion of PTO is reduced to LiXPTO that locates in the interphase and will not contribute
to the 1st cycle discharge capacity. As shown in Figure S17, the cathode exhibits 0.41 and 0.51 mAh
during the initial discharge and charge, respectively. The 0.1 mAh difference of capacity is due to the
lithiation of PTO during the formation of interphase. Therefore, ~80% of the cathode capacity is from
the redox of bulk PTO.
Furthermore, we provided the additional cell data at different fPTO regarding the utilization. Since
the fabrication of all-solid-state batteries is a multi-step and complicated process, a deviation in device
performance is expected. As shown above, we provide data for in total 9 cells (3 replicates for each
fPTO). For each fPTO, we showed the results with lowest, moderate, and best utilization of PTO. There
are some cell-to-cell variations, as fabrication from various batches are conducted, but in general the
performance agrees quite well. The capacity values of solvent-mixed cathodes are: fPTO (30%): 0.3738
± 0.0110 mAh. fPTO (40%): 0.5171 ± 0.0615 mAh. fPTO (50%): 0.5297 ± 0.0267 mAh. And the
corresponding CEs are: fPTO (30%): 98.8±0.2%. fPTO (40%): 100.0±0.8%. fPTO (50%): 99.9±1.4%.
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Figure S18. (A) Relationship between ionic conductivity and annealing temperature for pristine
Li6PS5Cl after solution process with ethanol. (B) Thermogravimetric analysis plot of PTO. (C) Voltage
profile of a PTO cell with 10 mg cathode loading, reaching areal capacity of 1.1 mAh cm-2. (D) cycle
stability.
Since PTO starts sublimation at 250 oC, to prevent PTO sublimation, we choose to anneal the solventmixed cathode at 180 oC in this work. At this temperature, the crystallinity of Li6PS5Cl has not been fully
recovered. The measurement shows the ionic conductivity of pure phase Li6PS5Cl after annealing is
6.2×10-5 S/cm (60 oC). Various annealing conditions will be explored in the future to optimize the
composite electrode performance.
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Supplemental scheme

Scheme S1. Schematic illustration on the redox process in a composite cathode. (1) redox of
thiophosphate at the SSE/carbon interface, redox of (2) thiophosphate species and (3) LiXPTO species
in the interphase, and (4) redox of bulk PTO. The size of different phase may not be proportional.
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Supplemental tables

Table S1. Comparison of the electrode-level specific energy with literatures which uses lithium
thiophosphates electrolytes. DP: dry-mixed; SP: solvent-mixed.
V (V
fCAM
CAMa

#

Temp.
Electrolytec

CS (mAh

Anode

(wt%)b

ECAM

EElectrode

vs
(oC)

g−1)d

Reference
(Wh kg−1)f (Wh kg−1)g

Li+/Li)e

1

NMC622

70

Li7P2S8I

Li

55

168

~3.70

621

435

19

2

NMC622

70

Li6.6P0.4Ge0.6S5I

Li4Ti5O12

60

89

~3.65

325

228

20

3

NMC622

67

Li3PS4, PEO-LiTFSI

Li

60

139

~3.73

518

348

21

4

NMC811

86

Li6PS5Cl

Li

60

215

~3.76

808

695

22

5

LiCoO2

70

75Li2S:25P2S5 Glass

Graphite

60

110

~3.80

418

293

23

6

LiCoO2

70

70 Li2S :30 P2S5 GC

Graphite

60

90

~3.80

342

239

23

7

NCA

46

Li3PS4-S-PES

Li-In

60

156

~3.75

585

268

24

8

PBALS

25

Li3PS4

Li

NA

128

~1.40

179

45

25

9

DP-PTO
20

Li3PS4

Li

60

407

~2.10

828

165

26

(cryo-milling)
10

DP-PTO

20

Li3PS4

Li

60

323

~2.10

678

122

This work

11

DP-PTO

30

Li3PS4

Li

60

271

~2.10

526

158

This work

12

DP-PTO

40

Li3PS4

Li

60

220

~2.10

417

166

This work

13

DP-PTO

50

Li3PS4

Li

60

134

~2.10

243

122

This work

14

SP-PTO

30

Li3PS4

Li

60

345

~2.10

659

197

This work

15

SP-PTO

40

Li3PS4

Li

60

359

~2.10

658

263

This work

16

SP-PTO-BM

40

Li3PS4

Li

60

399

~2.10

755

302

This work

17

SP-PTO

50

Li3PS4

Li

60

308

~2.10

558

279

This work

a

NMC622 (LiNi0.6Mn0.2Co0.2O2); NCA (LiNi0.80Co0.15Al0.05O2); PBALS (4-(phenylazo) benzoic acid lithium

salt).
b

fCAM is calculated based on the reported mass ratio of the composite cathodes.

c

LiTFSI (Lithium bis(trifluoromethanesulfonyl)imide); PES (polyethylene sulfide); GC: glass-ceramic.

“Electrolyte” describes the separator.
d

Data extracted from descriptions and figures of each reference.
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e

Average discharge potential values extracted from figures of each reference.

f

Calculated based on the mass of CAM in the composite cathodes. For CAMs that do not contain Li,

stoichiometric Li is included in the ECAM calculation, e.g. 4Li+PTO↔Li4PTO.
g

Calculated based on total mass of the composite cathodes.
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Table S2. ToF-SIMS data summary.
Possible fragment
m/z

Origin

Figure entry

composition
304.8

Cs2LiS+

178.9

CsLi2S+

6.0

6

Figure 8a, Figure 9a
Li6PS5Cl phase

Figure 8b, Figure 9b

Li+

Figure 8c, Figure 9c

25.0

C2H−

Figure 9d

290.8

Cs2C2H+

Figure 8d
PTO phase

422.7

Cs3C2+

Figure 8e, Figure 9e

446.7

Cs3C4+

Figure 8f, Figure 9f

296.8

Cs2LiC2+

PTO-Li6PS5Cl

Figure 8g, Figure 9g

320.8

Cs2LiC4+

interphase

Figure 8h, Figure 9h
Figure 8i

Overlay
Figure 9i
32.0

S−

Li6PS5Cl phase

Figure 9j

63.9

S2−

Li6PS5Cl phase

Figure 9j

134.9

LiS4−

Li6PS5Cl phase

Figure 9j

77.0

LiCl2−

Li6PS5Cl phase

Figure 9j
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Table S3. The Warburg coefficient of SP cathode (fPTO = 40 wt%).
Process time
0

3.4

7.1

8.0

11.5

15.1

20.8

24.3

27.9

2.43

2.05

1.88

1.50

2.26

2.55

3.50

2.15

2.06

62

31

34

47

42

64

1310

114

55

32.6

36.1

39.5

43.4

46.9

50.5

54.4

58.0

61.3

1.50

2.27

2.58

3.50

2.10

2.04

1.50

2.27

2.53

59

59

136

1404

107

56

66

71

171

65.1

68.7

72.3

75.8

3.50

2.08

2.03

1.50

1435

106

61

73

(h)
Potential
(V vs Li+/Li)
AW (Ω s−1/2)
Process time
(h)
Potential
(V vs Li+/Li)
AW (Ω s−1/2)
Process time
(h)
Potential
(V vs Li+/Li)
AW (Ω s−1/2)
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Table S4. Equivalent circuit and fitting parameters for the EIS Spectra of dry-mixed and solvent-mixed
PTO cathodes (fPTO = 40 wt%). RElectrolyte: resistance of electrolyte layer, including bulk and grain
boundary resistance; Rct and CPE: charge transfer resistance and constant phase element of Li-SE
interface, and PTO-Li6PS5Cl interphase. WS: Warburg element.

Dry-mixed

Solvent-mixed

Potential

Capacity

Rct, Cathode

Potential

Capacity

Rct, Cathode

(V vs Li+/Li)

(mAh g-1PTO)

(Ω)

(V vs Li+/Li)

(mAh g-1PTO)

(Ω)

2.80

0

24

2.43

0

15

2.17

163

32

2.05

123

15

2.02

327

28

1.88

245

13

1.50

420

19

1.50

268

31

2.22

82

35

2.26

123

15

2.46

165

40

2.55

245

20

3.50

230

153

3.50

430

185

Rct, Cathode of both dry-mixed and solvent-mixed cathodes show relatively small values and remained
stable within the operating voltage window. The sharp increase at the end of charge (3.5 V vs Li+/Li)
indicates the accumulation of Li-PSn at the PTO-Li6PS5Cl interphase which hinders the charge-transfer
kinetics.
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Table S5. Summary of calculated volume fraction of cathode components and volumetric energy
density of PTO electrodes based on following density values: PTO (1.5 g cm-3), Li6PS5Cl (1.64 g cm-3)
and super C65 (1.6 g cm-3). DP: dry-mixed; SP: solvent-mixed.

#

CAM

1

fCAM

fCAM

fSE

fCarbon

Cathode Density

ECathode

(wt%)

(v%)

(v%)

(v%)

(g cm )

(Wh L−1)

DP-PTO

20

21.4

68.6

10.0

1.60

226

2

DP-PTO

30

31.9

58.2

9.9

1.59

278

3

DP-PTO

40

42.1

48.1

9.8

1.58

265

4

DP-PTO

50

52.1

38.1

9.8

1.56

210

5

SP-PTO

30

31.9

58.2

9.9

1.59

348

6

SP-PTO

40

42.1

48.1

9.8

1.58

460

7

SP-BM-PTO

40

42.1

48.1

9.8

1.58

527

8

SP-PTO

50

52.1

38.1

9.8

1.56

483
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Supplemental Notes
Note S1. Detailed analysis on the UV-Vis identification of LiXPTO and possible effects from lithium
polysulfides.
In order to confirm our identification on the formation of LiXPTO and avoid possible effects from
lithium polysulfides, we use chemically synthesized LiXPTO as the reference. A comprehensive
investigation on the chemical/electrochemical properties of LiXPTO is beyond the current scope and will
be reported in future study.
First of all, the intrinsic oxidizing strength of PTO suggests that lithium polysulfides will not form by
the spontaneous redox between PTO and Li6PS5Cl. The redox potentials of quinones originate from the
energy level of lowest unoccupied molecular orbitals (LUMOs) and can be experimentally identified. As
shown in the experimental data (Figure S4), PTO has an OCP beyond the stability window of Li6PS5Cl,
as we have discussed, and will oxidize Li6PS5Cl to form lithiated PTO (LiXPTO, carbonyl moieties are
reduced to enolate-like structure). Oxidation of Li6PS5Cl has been recently studied.7 It is found that the
oxidation occurs at the P-S-Li moieties coupled with delithiation. The oxidation starts from the rise of
chemical valence of S2− to S− to form bridging sulfur (-[S]n-) with Li+ extracted, resulting in polythiophosphates.2 Under a higher oxidizing potential (>4 V vs Li+/Li), the P-S-Li moieties will be fully
oxidized to P2S5 and elemental sulfur. Since the oxidation of Li6PS5Cl is a process losing Li+, there is
no mechanism supporting the formation of lithium polysulfides under the oxidative environment by PTO.
Additionally, the electrochemistry study of lithium-sulfur batteries27 provides a reference at molecular
level that lithium polysulfides will be oxidized (delithiated) at potentials beyond ~2.8 V vs Li+/Li.
Second, the multi-step redox process of PTO enables us to chemically synthesize LixPTO for UVVis analysis. Although the UV-Vis spectroscopy of Li-S systems has been investigated, study on organic
cathode materials has not yet been done. And more specifically, no spectroscopic study has been
conducted on the reduction intermediates (such as LiXPTO) of PTO, hence, no direct reference on the
UV-Vis of LiXPTO is available from the public domain. We chemically synthesized the partially lithiated
PTO (LiXPTO, x is ~2) and fully lithiated PTO (Li4PTO), note that a detailed synthesis procedure and
analysis on properties of these PTO derivatives will be reported elsewhere. The FTIR spectra (Figure
S4) shows the evolution of carbonyls under different lithiation states. Furthermore, a direct comparison
between the UV-Vis spectra of chemically synthesized LiXPTO and that of Figure 3B is provided in
Figure S4, the characteristic peaks at 380, 500 and 580 nm match well with the solvent-mixed sample
across the spectra. Li4PTO is insoluble and will not contribute to absorption. This new data serves as a
solid experimental evidence showing the formation of LiXPTO.
Third, we compare the spectra of LiXPTO with those of polysulfides. Although the formation of
polysulfide is not thermodynamically favored, the interference from polysulfide can be ruled out by
comparing the spectra of LiXPTO and lithium polysulfides (spectrum can be found in literature28).
Polysulfides have characteristic absorptions in the region of 300-450 nm with the lowest vibronic
transition peak at ~420 nm. However, the characteristic peaks of LiXPTO appears at 380, 500 and 580
nm. For example, the peak at 420 nm of lithium polysulfides is absent. The difference in characteristic
peaks further confirms the assignments of LiXPTO.
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Note S2. Detailed analysis on the multiple interfaces that may undergo electrochemical process
within cathode.
Since PTO and Li6PS5Cl are both poorly electronic conductive, the electrochemical reactions take
place at their contact with carbon additive. Four processes (Scheme S1) may take place within a
composited cathode: (1) redox of thiophosphate at the SSE/carbon interface, (2) redox of thiophosphate
species, (3) redox of LiXPTO species in the interphase, and (4) redox of bulk PTO. In this section, we
will provide additional analysis on the spectroscopic part. And a detailed discussion on the capacity
contributed by each process is shown in supplemental note S3.
The first thing we need to address is what species is redox active within the voltage window (1.53.5 V vs Li+/Li). The electrochemistry of Li6PS5Cl is complicated. A recent study7 found that the reductive
decomposition of PS4 unit towards formation of Li3P and Li2S occurs at ~1.1 V (vs Li+/Li). Additionally,
oxidation of Cl− may happen under extremely high voltage couple due to the high electronegativity.
Therefore, the major redox active species is PS4 units (P-S-Li moieties). Oxidation of Li6PS5Cl may
result in different products depending on the applied voltage. For example, when the voltage slightly
exceeds the stability window of Li6PS5Cl, S(−2) starts to be oxidized and Li+ is extracted. Under this
condition, the neighboring PS4 units are linked by S-S bond (-[S]n-) which is the poly-thiophosphates,
and ionic conductivity starts to decrease. As more and more S(−2) is oxidized and Li+ is extracted, the
content of -[S]n- increased and the ionic conductivity is further decreased. The fully oxidized products
(~4.2 V vs Li+/Li) would be P2S5 and S under DFT-based theoretical predication, and they may be
observed under certain conditions.7 Formation of P2S5 and S will severely passivate the surface of
carbon and render the redox much less reversible.29
The electrochemical reversibility the interphase has been discussed in the main text, whereas, how
to distinguish the XPS signal contribute by thiophosphate redox at CAM/SSE and carbon/SSE interface
remains a challenge. Walther et al. provided the schematic model showing the redox of thiophosphate
at several interface, however, a numerical assignment remains to be unrevealed.30 Besides, there is no
report on XPS spectroscopic method that can provide such a high spatial resolution to directly focus on
the interface. Hence a direct XPS characterization on multiple interfaces is impractical.
Alternatively, we would like to provide several evidences to show that the S 2p signal mainly
originates from the the interphase in our study. First of all, the amount of carbon is optimized to reach
a high utilization of PTO with minimum decomposition of electrolyte.4,26 Therefore, the carbon/SSE
interface is expected to be minimized. Additionally, during the solvent-mixing, we mixed PTO with Super
C65 to ensure a good homogenization, which also helps to prevent the formation “isolated carbon”
(carbon that is not in contact with PTO), that leads to carbon/SSE contact.
In addition to the practical methods to reduce carbon/SSE interface, we proposed an analysis that
could qualitatively demonstrate that the S 2p signal mainly originates from the CAM/SSE interface (the
redox of thiophosphate species within interphase). During the electrode preparation, Li6PS5Cl is
oxidized to poly-thiophosphate species that contributes to the S 2p3/2 component at 163.6 eV. This redox
particularly occurs at PTO-Li6PS5Cl contact, whereas a contact between carbon and Li6PS5Cl may not
lead to the redox. Therefore, the 163.6 eV component in the pristine cathode originates from the
interphase. After the cathode is discharge and charged (Figure 5C), those Li6PS5Cl at the carbon/SSE
interface will also be oxidized to poly-thiophosphate species. Hence the 163.6 eV component from a
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charged cathode comes from poly-thiophosphate species in both the interphase (process (2) in Scheme
S1) and the carbon/SSE interface (process (1) in Scheme S1). Therefore, if the S 2p signal is mainly
from carbon/SSE interface, we should expect a significant increase of 163.6 eV component in the
charged cathode. However, mere change is observed from both dry- and solvent-mixed cathodes,
suggesting that the S 2p signal is mainly from the interphase.
The CAM/SSE interface of PTO-thiophosphate system is also evaluated according to a previously
reported method.4,26 The good correlation between capacity, voltage and Warburg coefficient also
suggests that the CAM/SSE interface accounts for the observed electrochemical reversibility.
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Note S3. Detailed analysis on the cathode capacity contributed by cathode components.
Multiple redox processes happen in the composite cathode (Scheme S1). Indeed, this is a picture
that fits not only our PTO-Li6PS5Cl system but also any composite cathodes with redox-active
electrolytes. Typically, these processes may include (1) redox of thiophosphate at the SSE/carbon
interface, redox of (2) thiophosphate species and (3) PTO species in the interphase, and (4) redox of
bulk PTO. (1) and (2) contribute to extra capacity in addition to the capacity from PTO of (3) and (4).
To quantify the capacity from (1) and (2), we need to figure out how these processes could occur.
Due to the low electronic conductivity of Li6PS5Cl and PTO, the electronic conduction is essential to
sustain their redox. Ideally, carbon should be utilized at the CAM/SSE interface and extra carbon may
lead to the situation of (1). A proper amount of carbon additive is required. We have previously shown
that 10 wt% of Super C65 is an optimized condition to maximize PTO utilization and minimize the
electrolyte decomposition.4,26 Hence 10 wt% of Super C65 is adopted in this study.
The redox of thiophosphates generally happens at the interface with conductive carbon.7,14 Based
on this property, we designed the control sample (Li6PS5Cl-C electrode) with conditions as close to a
PTO cathode as possible. Two control samples are prepared: one has 1.75 mg Li6PS5Cl and 0.35 mg
Super C65 (5/1 w/w SSE/carbon) that corresponds to the mass loading of a cathode at fPTO = 40 wt%
(1.40 mg PTO, 1.75 mg Li6PS5Cl and 0.35 mg Super C65). And the other one has 1.40 mg Li6PS5Cl
and 0.35 mg Super C65 (4/1 w/w SSE/carbon) that corresponds to the mass loading of a cathode at
fPTO = 50 wt% (1.75 mg PTO, 1.40 mg Li6PS5Cl and 0.35 mg Super C65). Li6PS5Cl was treated by
ethanol and the voltage window is set the same as a PTO cathode (1.5-3.5 V vs Li+/Li).
The electrochemical performance of control sample is summarized in Figure S16. As shown in
Figure S16A and C, a higher carbon content (C-Li6PS5Cl ratio), rather than the amount of Li6PS5Cl,
leads to a higher redox capacity. This is reasonable since a higher carbon content results in more
carbon/SSE interface. Among the solvent-mixed cathodes, the highest C-Li6PS5Cl ratio is reached when
fPTO = 50 wt%. The control sample (1.40 mg Li6PS5Cl and 0.35 mg) presents an extreme condition
where all the carbon is utilized to sustain the redox of SSE, and no electronic conduction is used for
PTO. Under such condition the capacity from SSE redox is maximized as ~0.02 mAh. The capacity
remains stable upon cycling that rules out the possibility of accumulative contribution (Figure S16B).
Furthermore, it is a reasonable hypothesis that when PTO is presented in the cathode, the carbon/SSE
interface will be less and the capacity from SSE redox is decreased. Note that the cathode capacity is
above 0.5 mAh at fPTO = 50 wt%, the SSE redox contributes to <4% of total capacity. The polythiophosphate induced by interfacial redox with PTO cannot be achieved in the control sample. But
these species are expected to have similar electrochemical behavior during cycling, because the
oxidizing strength of PTO is within 1.5-3.5 V vs Li+/Li. Therefore, the control sample provides an
estimation on the total capacity from SSE redox including process (1) and (2). Although a rigid
distinguishment between process (1) and (2) is not applicable, the data could be a suitable reference
in our study suggesting that the overall contribution is <4%.
Another evidence showing that capacity mostly originates from PTO is the electrode-level capacity
of solvent-mixed cathodes with different fPTO (Figure 6A). If the redox of Li6PS5Cl contributes to the
major capacity, a higher electrode-level capacity is expected at fPTO = 30 wt%, where the highest amount
of Li6PS5Cl is achieved (2.1 mg) given the same carbon loading (0.35 mg). However, the experimental
data shows that higher amount of PTO, not Li6PS5Cl, leads to a significantly higher electrode-level
capacity. Furthermore, we also evaluated the effects of different carbon additive (Figure S16D). Solvent-
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mixed cathode (fPTO = 50 wt%) with Super C65 and VGCF (both 10 wt%) The cathode with VGCF
exhibits ~0.035 mAh lower capacity than that with Super C65, very likely due to the less surface area
that can sustain the electronic conductivity for PTO. The difference in capacity, 0.035 mAh, exceeds the
maximum available capacity from thiophosphate redox with Super C65 (0.02 mAh). This observation
also suggests that the electrode capacity contributed by thiophosphate redox is minor.
As for the capacity from PTO redox of (3) and (4), we can provide a brief estimate on the capacity
of PTO species in the interphase (3), as we discussed above in comment 3. Because the capacity from
SSE species is much lower than that from PTO redox, it is reasonable to assume most cell capacity is
from PTO redox. Due to the spontaneous redox between PTO and Li6PS5Cl, a portion of PTO is reduced
to LiXPTO that locates in the interphase. And these species will not contribute to the 1st cycle discharge
capacity. Therefore, the discharge capacity is less than charge capacity in 1st cycle. Figure S17 reveals
0.1 mAh difference in discharge (0.41 mAh) and charge (0.51 mAh) capacity, due to the lithiation of
PTO during the formation of interphase. Assuming Li6PS5Cl reaches a maximum at 4% (0.02 mAh) of
total capacity (0.51 mAh), the redox of bulk PTO contributes to 0.392 mAh (~77% of total capacity), and
PTO in interphase contributes to 0.098 mAh (~19% of total capacity). The redox of PTO in solid-state
electrodes has been previously studied by our group,4,26,31 and we found that the utilization of PTO is
high as long as good electronic/ionic conduction is maintained. It should be noted that quantitative
assignment of each electrode component contribution remains challenging, and, from practical
perspective, it makes more sense to evaluate the electrode-level specific capacity and specific energy
by considering the total electrode mass, as demonstrated in this work.
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