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% Check for updates Sustainable and cost-effective organic electrode materials are promising for

next-generation lithium-ion batteries but are hindered by severe shuttle
effects. While all-solid-state batteries offer a potential solution, chemical and
mechanical incompatibility between organic electrode materials and inorganic
solid electrolytes limit areal capacity and cycling stability, falling short of
practical requirements. Here, we report a bifunctional indigo natural dye that
serves as both an active material and a solid molecular catalyst in sulfide-based
all-solid-state batteries, addressing these compatibility challenges. Contrary to
the prevailing view that chemical reactions between organic electrode mate-
rials and sulfide solid electrolytes are detrimental, our study reveals that
controlled reactions between indigo and LigPSsCl solid electrolyte catalyze
their synergistic redox process after optimizing electrode microstructures.
This strategy enables a high reversible capacity of 583 mAh g™ (Li¢zPSsCl con-
tribution: 379 mAh g™) at 0.1C, a high areal capacity of 3.84 mAh cm™, and
good cycling stability at an operation temperature of 25 °C. These findings
highlight the potential of bifunctional organic electrode materials in sulfide-
based all-solid-state batteries to overcome the key challenges of organic
electrode materials in practical applications.

Organic electrode materials (OEMs) have attracted considerable
research attention for next-generation sustainable lithium-ion batteries
(LIBs) due to their eco-friendliness, cost-effectiveness, and versatile
structures, especially when compared to transition metal oxides (TMOs)
containing scarce elements such as cobalt and nickel. The exploration
of OEMs dates back to the 1960s when Williams et. al. first reported the
application of carbonyl compounds, dichloroisocyanuric acid, in primary
LIBs*. In subsequent decades, a variety of OEMs featuring diverse redox
functional groups have been explored®”, including nitrile compounds?,
imine compounds®®, organosulfur compounds™?, organic radicals™",

and conductive polymers"*®. However, OEMs face a significant challenge
due to the severe shuttle effect caused by the dissolution in polar liquid
electrolytes, leading to unsatisfactory electrochemical performance”.
While most research has focused on synthesizing molecular structures
with higher molecular weight to mitigate their dissociation by liquid
electrolytes®?, this approach often demands intricate organic synthesis,
contrary to the original aim of utilizing cost-effective OEMs as active
materials. Alternatively, other research endeavors have focused on
physically or chemically confining OEMs to mitigate the shuttle effect” >,
However, completely preventing the dissolution of OEMs, particularly
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organic small molecules, using conventional methods such as carbon
coating and separator engineering* 2, remains challenging, resulting in
unsatisfactory long-term cycling stability of OEMs. Despite these chal-
lenges, the research direction towards battery configuration engineering
in Li-organic batteries adopting organic small molecules as active
material is promising. Compared with oligomers, hybrids, and polymers,
organic small molecules offer advantages in terms of cost and intrinsic
flat redox plateaus owing to their simple molecular structures®” >,

With the development of solid-state battery technology, incor-
porating inorganic solid electrolytes (SEs) has emerged as a promising
strategy to fundamentally address the dissolution challenges of OEMs,
thereby unlocking the full potential of organic small molecules as
active materials®. Additionally, using OEMs as active materials can
alleviate the interfacial resistance of solid-solid contact in all-solid-
state batteries (ASSBs) due to their lower Young’s moduli compared to
TMOs®'. Among various inorganic SEs, sulfide SEs stand out for their
high ionic conductivity and favorable mechanical properties, including
softness and plasticity’*’. Pioneering work from Yao’s group has
showcased prototype sulfide-based ASSBs utilizing two typical OEMs
as active materials, Na,C¢O¢ and pyrene-4,5,9,10-tetraone (PTO)**,
inspiring further exploration in this system®7%, Despite these
achievements, state-of-the-art sulfide-based ASSBs using OEMs as
active materials still face challenges such as limited rate capability, low
areal capacity, and short cycle life at an average temperature of 25 °C,
with most examples operating at elevated temperatures (>50 °C).
Furthermore, concerns about the chemical compatibility between
OEMs, particularly carbonyl-based types, and sulfide SEs question the
feasibility of using OEMs in sulfide-based ASSBs. For instance, potential
nucleophilic addition reactions between o-hydrogen in carbonyl-
based monomers and PS,*> polyanions in sulfide SEs remain a
concern®. Thus, the chemical compatibility between OEMs and sulfide
SEs remains unclear, highlighting the pressing need for chemistries or
design strategies.

Here we report bifunctional indigo ((E)-[2,2"-biindolinylidene]
-3,3"-dione, C;¢H;0N»05), a historically natural organic small-molecule
dye, serving as both the redox active material and an efficient solid
molecular catalyst in sulfide-based ASSBs to resolve the compatibility
challenges between OEMs and inorganic SEs. As the active material,
indigo demonstrates rapid redox kinetics in ASSBs attributed to its
semiconductor nature and planar molecular configuration. As the solid
molecular catalyst, indigo could chemically oxidize S* anions in
LigPSsCl (LPSC) SE during the charging process, thus circumventing
the typically sluggish electrochemical oxidation of LPSC SE, known as
the inner-sphere redox pathway. This distinctive catalytic process,
referred to as the outer-sphere redox pathway, facilitates the syner-
gistic redox between indigo and LPSC SE. Therefore, the bifunction-
ality of indigo natural dye can enable both high areal capacity and
good cycling stability in ASSBs. After systematic microstructure engi-
neering of positive electrode composites, ASSBs could deliver a high
capacity of 583mAhg™ (LPSC contribution: 379 mAhg™) at 0.1C
(1C =204 mA g™ rate at 25 °C, corresponding to the specific energy of
1224.3Whkg™ (583 mAh g x 2.1V) based on the mass of indigo and
244.9 Wh kg™ based on the total electrode mass. The efficient homo-
geneous catalytic reaction and ionic/electronic percolation network
within the positive electrode composites facilitate good rate perfor-
mance and cycling stability, whether under high specific current (86%
capacity retention after 600 cycles at 2 C rate) or low temperature
(92% capacity retention after 200 cycles at —10 °C). Additionally, the
fabricated ASSBs exhibit a maximum areal capacity of 3.84 mAh cm?
with good cycling performance (95% capacity retention after 100
cycles at 0.2 C). This study demonstrates the effectiveness of incor-
porating bifunctional indigo natural dye into ASSBs as a strategic
solution to overcome the bottlenecks faced by OEMs in the practical
applications.

Results and Discussion

Design principle of bifunctional indigo in sulfide-based ASSBs
LPSC SE crystallizes in the cubic F4 3m space group, consisting of two
inequivalent S* sites: one identified as “free” S* anion, exclusively
binding with Li* cations, and the other as “terminal” S* anion within the
PS,* tetrahedra (Supplementary Fig. 1)*°. Many studies have reported
additional capacity provided by the direct electrochemical redox of
LPSC SE in ASSBs (Fig. 1a)*"*, referred to as the inner-sphere redox
pathway (blue, step 1-2). In the charging process, “free” S* anions
initially undergo oxidation, resulting in the formation of amorphous
LisPS,, LiCl, and S, species (Step 1). Subsequently, the “terminal” S*
anions in LisPS4 undergo oxidation to yield P,Ss and S, species as final
products (Step 2). The theoretical specific capacity of LPSC, utilizing
the S* redox center, is 499 mAhg?, with step 1 contributing
199.6 mAhg™ and step 2 providing 299.4 mAhg™. First-principle
computations utilizing the Li grand potential phase diagram reveal
the thermodynamically favorable reactions of LPSC SE, alongside their
corresponding voltage profiles and phase equilibria upon oxidation
and reduction (Fig. 1b). According to the calculations, the oxidation of
“free” S* anions (Step 1) occurs at 2.01V vs. Li*/Li, while the oxidation
of “terminal” S* anions occurs at 2.31V vs. Li*/Li (Step 2). Although
“free” or “terminal” S* anions have a relatively low thermodynamic
oxidation potential, the redox activity of LPSC SE via an inner-sphere
pathway is often hindered by sluggish kinetics of the electrochemical
oxidation from S* to S, in ASSBs*. Consequently, there is ongoing
debate over whether inhibiting or promoting the redox activity of
LPSC SE is more important for achieving superior ASSB performance.

Step1: LigPSsCl — LisPS, + }(sx +LiCl+2Li* +2€™; Qrpeoretical = 199.6 mMAh g1
@

Step2 : LiyPS, — 0.5P,S+ %sx +3Li" +3e”; Qeoretical =299.4mAhg™!  (2)

Introducing bifunctional indigo natural dye into sulfide-based
ASSBs creates a distinct catalyzed redox pathway for LPSC SE, diver-
ging from the traditional inner-sphere electrochemical redox pathway
(blue) and referred to as the outer-sphere redox pathway (orange, step
3-5) (Fig. 1a). This synergistic reversible redox between indigo and
LPSC SE significantly improves the redox kinetics and reversibility of
LPSC SE, thereby enhancing the obtained reversible capacities and
cycling stability of ASSBs. For an ideal molecular catalyst to catalyze
the outer-sphere redox of LPSC SE, two prerequisites are essential in
theory: the higher thermodynamic electrode potential than S* anions
in LPSC SE, and good redox kinetics of its own. For simplicity, the Gibbs
free energy change (AG) of indigo, Li,S (representing “free” S* anions),
and LisPS, (representing “terminal” S* anions) before and after oxi-
dation reactions were calculated to determine their thermodynamic
electrode potentials using the formula AG = -nFE. In this equation, n is
the number of electrons transferred, F is the Faraday constant, and E is
the standard electrode potential. A higher absolute value of AG cor-
responds to a higher thermodynamic electrode potential. Based on
density functional theory (DFT) calculation results, the AG absolute
value of indigo is higher than that of Li,S and lower than that of Li;PS,,
suggesting that indigo can chemically oxidize “free” S* anions in LPSC
while unable to directly oxidize “terminal” S* anions in PS,> tetrahedra
to P,Ss (Fig. 1c)*. However, there still exists the possibility that indigo
partially chemically oxidizes “terminal” S* anions to form linked or
oligomerized thiophosphate units like P,S, (P,S;* and P,S¢), which
will be proved in the following sections. Furthermore, indigo demon-
strates inherent rapid redox kinetics due to its semiconductor char-
acteristics. The highest occupied molecular orbital (HOMO) and the
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lowest unoccupied molecular orbital (LUMO) of indigo were calcu-
lated using DFT (Supplementary Fig. 2, Supplementary Data 1). The
energy gap between the HOMO and LUMO orbitals shows a relatively
low value of 2.69 eV among reported OEMs*¢, attributed to its rapid
intramolecular electron mobility within the planar molecular config-
uration. Therefore, indigo, as a small-molecule OEM, meets all the
requirements for an ideal molecular catalyst to LPSC SE, offering a
comparable areal density to typical TMOs while significantly reducing
the overall cost of ASSBs (Supplementary Fig. 3, Supplementary
Table 1).

The highly reversible synergistic redox process between indigo
and the outer-sphere redox of LPSC SE can be described as follows:
during 1* discharge, indigo is electrochemically reduced (step 3). In the
subsequent 1** charge, LPSC SE is expected to undergo initial oxidation
prior to reduced indigo due to the lower thermodynamic electrode
potential of “free” S anions. However, the intrinsic sluggish kinetics of
LPSC SE cause its real electrochemical oxidation sequence in ASSBs to
lag behind that of reduced indigo. After oxidation is finished, indigo
subsequently chemically oxidizes the “free” S* anions (Step 4) and
partially oxidizes “terminal” S* anions (Step 5) in PS,> tetrahedra,
returning to its reduced state to complete a catalytic cycle. In a typical
catalytic cycle, the oxidized indigo molecular catalyst provides the
necessary electron holes for the transition from S* anions to S, species,
effectively circumventing the sluggish inner-sphere redox of LPSC SE.
After completing the outer-sphere oxidation of LPSC SE, indigo
undergoes electrochemical oxidation to fulfill one charge process.
Subsequently, during 2" discharge, indigo and S, species undergo
reversible synergistic reduction, resulting in high reversible capacities
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Fig. 1| Working mechanism of indigo natural dye as both the active material
and the molecular catalyst in sulfide-based ASSBs. a Schematic illustration of the
outer-sphere redox pathway (catalyzed by the indigo molecular catalyst) and the
typical inner-sphere redox pathway (electrochemical reaction) of LPSC SE.
b Density functional theory (DFT) calculations of voltage profile and phase
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for ASSBs. Notably, since the outer-sphere redox of LPSC SE (Steps 3-5)
is not an electrochemical process, the average charge potential of the
synergistic oxidation between indigo and LPSC should remain the
same as that of indigo rather than LPSC.

Step3: Li,CigHioN,0,— CigHigN,0; +2Li" +2€7; Qrpeoretical = 204.4 mAh g™t
3)
Step4 : CygHioN,0, +LigPSsCl — Li,CigHyoN,0, + )l(sx +Li;PS, +LiCl  (4)

Y .
Sy +Lizy_10P2Sy

©)

Step S : 3Cy6HyoN,0; +2Li3PS, — 3Lis 333_0 667y C16H10N2 02 + X

The sluggish redox kinetics of the inner-sphere redox pathway, as
well as the enhanced redox kinetics of LPSC SE via the outer-sphere
redox pathway, are evident in cyclic voltammetry (CV) curves. In liquid
cells, the electrochemical reduction peak of indigo occurs at 2.15V vs.
Li*/Li and the electrochemical oxidation peak arises at 2.45V vs. Li*/Li,
with an average redox potential of 2.3V, which surpasses the calcu-
lated thermodynamic electrode potential of 2.01V vs. Li*/Li for “free”
S* anions and 2.15 V vs. Li*/Li of Li,S in liquid cells*’, providing further
evidence that indigo can chemically oxidize LPSC SE in theory (Fig. 1d).
Additionally, the CV profile of pure LPSC SE reveals two distinct oxi-
dation peaks at 2.55V and 2.8V vs. Li*/Li, corresponding to the elec-
trochemical oxidation of “free” S* anions and “terminal” S* anions,
respectively, which are notably higher than the calculated
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equilibria of LPSC SE upon oxidation and reduction generated by pymatgen. ¢ The
calculated Gibbs free energy change of reaction step 1, step 2 and step 3. d CV
curves of LPSC SE in ASSBs and indigo in liquid cells. Source data for this figure are
provided as a Source Data file.
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Fig. 2 | Different redox behavior in positive electrode composites with various
carbon additives in sulfide-based ASSBs. a Schematic illustration of the optimi-
zation protocol for microstructure engineering of positive electrode composites.
b Galvanostatic charge-discharge curves of positive electrode composites with
various carbon additives at 0.1 C rate (1C =204 mA g™). ¢c Comparison of cycling
profiles between positive electrode composites with various carbon additives at
0.2 C rate. d High-resolution S 2p XPS spectra of pristine positive electrode com-
posites with various carbon additives. e Electronic and ionic conductivity of posi-
tive electrode composites with various carbon additives measured via DC
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polarization. f Ex situ XRD patterns of indigo|SP | LPSC positive electrode compo-
site at 1 100% DOD (achieved capacity ~210 mAh g™), 1* 100% SOC (achieved
capacity ~759 mAhg™), and 2" 100% DOD (achieved capacity ~583 mAhg™), along
with LPSC and indigo standards. g Comparison of inner-sphere and outer-sphere
redox of LPSC SE in terms of capacity retention over 100 cycles, polarization,
discharge capacity, and working voltage. The reversible specific capacity of the
inner-sphere redox of LPSC SE was calculated based on the same weight as the
outer-sphere redox for comparison. Source data for this figure are provided as a
Source Data file.

thermodynamic values of 2.01V and 2.31V vs. Li"/Li (Fig. 1b). This
notable disparity between experimental and theoretical values high-
lights the sluggish redox kinetics of LPSC SE via the inner-sphere redox
pathway in ASSBs. In contrast, the CV profile of positive electrode
composites incorporating indigo exhibits different electrochemical
behavior, with a broad redox peak and reduced polarization compared
to pure LPSC SE, indicating the role of indigo in facilitating the outer-
sphere redox of LPSC SE and enhancing overall redox kinetics.

Microstructure engineering of positive electrode composites

Achieving highly reversible synergistic redox between indigo and LPSC
SE requires intimate tri-phase contact among indigo, carbon additives,
and LPSC SE, emphasizing the critical role of microstructure engi-
neering in positive electrode composites (Fig. 2a). Therefore, positive
electrode composites with four different representative carbon addi-
tives, including carbon nanotubes (CNTs), Ketjenblack (KB), acetylene

black (AB), and Super P varying in morphology, specific surface area,
and particle size are selected to investigate the effect of micro-
structures (Supplementary Fig. 5-6, Supplementary Table 2). Among
them, CNTs and KB have relatively large specific surface areas
(-1400.94 and -1379.01 m? g, respectively), while AB and SP exhibit a
spherical morphology with moderate specific surface areas (-79.7 and
~61.1 m? g, respectively). The mass ratio of different components in
positive electrode composites was optimized (Supplementary Fig. 7),
and all full cells were tested within the potential range of 0.6 Vto 2.4V
vs. In/Li-In to avoid the reduction of P** cations in LPSC SE (Supple-
mentary Fig. 4)*.

Interestingly, galvanostatic charge-discharge curves of four posi-
tive electrode composites show very different profiles in the first two
cycles (Fig. 2b). For indigo|AB|LPSC and indigo|SP|LPSC positive elec-
trode composites, an initial specific capacity of ~200mAhg™ is
observed after the 1* discharge, followed by a large specific capacity
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exceeding 600 mAhg™ after the 1% charge. In the subsequent dis-
charging process, the observed specific capacities are significantly
higher than those in the 1** discharge cycle. This electrochemical
behavior aligns with the proposed synergistic redox reactions between
indigo and LPSC SE via an outer-sphere redox pathway. During the 1*
discharge, indigo and a small amount of S, species, which are oxidized
by indigo during positive electrode composite mixing, are reduced. In
the 1** charge, the outer-sphere redox of LPSC SE is activated, leading
to a large oxidation capacity, which is then reversible in the 2" dis-
charge. Notably, the indigo|SP|LPSC positive electrode composite
exhibits a reversible discharge capacity of 583 mAhg™ after 2" dis-
charge at 0.1C (1C=204 mA g7), nearly three times higher than the
theoretical capacity of indigo (204 mAhg™). This suggests that the
outer-sphere redox reaction of the LPSC SE, catalyzed by indigo,
provides an additional capacity of 379 mAhg™. In contrast, the SP|
LPSC composite achieves only 158 mAh g™ (calculated based on the
same weight as indigo|SP|LPSC) in 2" cycle (Supplementary Fig. 8), less
than half the capacity from the indigo|SP|LPSC composite. The average
working potential of the indigo|SP|LPSC composite is 1.45 V vs. In/Li-In,
significantly higher than the 1.22V vs. In/Li-In observed in SP|LPSC,
suggesting that the synergistic redox between indigo and LPSC SE can
mitigate sluggish redox kinetics effectively.

In contrast, indigo|CNTs|LPSC and indigo|KB|LPSC positive elec-
trode composites exhibit different electrochemical behavior. They
exhibit much lower reversible specific capacities and no significant
increase in charge capacity over discharge capacity in the 1° cycle,
indicating limited synergistic redox activity between indigo and LPSC
SE. Moreover, their 1* discharge capacities are notably high, particu-
larly for indigo|KB|LPSC, which reaches nearly 407 mAhg™. These
results are interesting, as carbon additives with large surface areas, like
CNTs and KB, typically enhance the performance of OEMs in liquid
cells**, but appear to have the opposite effect in sulfide-based ASSBs.
In liquid cells, the electrolyte can flow into the microstructure of OEM-
carbon composites to achieve efficient ionic and electronic transport.
In ASSBs, however, the large surface area of CNTs and KB hinders
effective penetration at the interface between indigo and LPSC SE,
resulting in their excessive dual-phase contact. Therefore, the large 1%
discharge capacity observed in indigo|CNTs|LPSC and indigo|KB|LPSC
positive electrode composites is likely due to the high formation of S
species, produced by the chemical reaction between indigo and LPSC
SE during mixing, resulting from poor tri-phase contact, as will be
demonstrated by the following characterizations. Additionally, the
comparison of cycling profiles at a 0.2C rate also illustrates that
indigo|SPILPSC and indigo|AB|LPSC positive electrode composites
achieve notably higher reversible capacities compared to indigo|CNTs|
LPSC and indigo|KBILPSC positive electrode composites within 100
cycles, with indigo|SP|LPSC demonstrating the highest value (Fig. 2c,
and Supplementary Fig. 9). In conclusion, carbon additives with
moderate surface area and spherical morphology are more effective
than those with larger surface areas in promoting intimate tri-phase
contact in solid positive electrode composites, thereby facilitating
synergistic redox between indigo and LPSC SE.

To better understand the differences in electrochemical behavior,
various characterizations were conducted for the four positive elec-
trode composites. X-ray photoelectron spectroscopy (XPS) was
employed to analyze the compositional differences in the four pristine
positive electrode composites (Fig. 2d). In high-resolution S 2p spectra,
the presence of doublet peaks corresponding to PS,* tetrahedra (blue,
161.74/162.96 eV) and Li,S (green, 160.53/161.83 eV) in all four positive
electrode composites suggests that the primary component in each
positive electrode composite remains LPSC SE (Supplementary
Fig. 10). Moreover, the emerging doublet peaks (orange, 163.47/
164.57 eV) belong to S, species shows the highest relative intensity in
the indigo|lKBI|LPSC positive electrode composite, confirming the
excessive dual-phase contact rather than intimate tri-phase contact

mentioned above. In the high-resolution P 2p XPS spectra, all four
positive electrode composites show only doublet peaks (132.05/
132.95eV) corresponding to PS,* tetrahedra, indicating that the
observed S, species in the pristine positive electrode composites pri-
marily originate from the oxidation of “free” S* anions in LPSC SE by
indigo (Supplementary Fig. 11).

Moreover, measuring the ionic and electronic conductivities of
the four positive electrode composites using the direct-current (DC)
polarization technique provides further insights (Fig. 2e, and Supple-
mentary Fig. 12-13). While the ionic conductivities of the four positive
electrode composites are similar, with the indigo|SP|LPSC composite
slightly higher than the others, the electronic conductivities vary sig-
nificantly between carbon additives with large surface areas and those
with spherical morphologies. According to percolation theory, high
electronic conductivity typically indicates the formation of a long-
range electron transport network. In indigo|CNTs and indigo|KB mix-
tures without LPSC, the large surface area of CNTs and KB facilitates
indigo encapsulation within their micropores, disrupting long-range
electron conduction. As a result, the electronic conductivity of indigo|
CNTs and indigo|KB mixtures is nearly one order of magnitude lower
than that of indigo|AB and indigo|SP mixtures (Supplementary Fig. 14,
Supplementary Table 3), despite the intrinsically higher conductivity
of CNTs and KB compared to AB and SP. However, the introduction of
LPSC alters this trend: indigo|AB|LPSC (1.3 x 10 S cm™) and indigo|SP|
LPSC (3.6x10° S cm?) composites exhibit electronic conductivity
three orders of magnitude lower than indigo|CNTs|LPSC (3.2x1072 S
cm™) and indigo|KB|LPSC (5.5 %1072 S cm™). This reversal in electronic
conductivity is attributed to excessive dual-phase contact between
indigo and LPSC in CNT- and KB-based composites, which limits con-
tact with carbon additives and reduces interfacial electronic percola-
tion, thereby enhancing long-range electron transport. In contrast, the
spherical morphologies of AB and SP promote more effective tri-phase
contact, improving interfacial electron conduction in indigo|AB|LPSC
and indigo|SP|LPSC composites but limiting overall long-range elec-
tronic conductivity. The outer-sphere redox behavior of LPSC SE cat-
alyzed by indigo can also be observed in ex situ X-ray diffraction (XRD)
patterns (Fig. 2f). In the pristine positive electrode composite, the
characteristic peaks of indigo are not observed, and those of cubic
LPSC SE are weakened due to the homogeneous ball-milled process.
While the characteristic peaks of cubic LPSC SE maintain the same
intensity as the pristine positive electrode composite after 1** 100%
depths of discharge (DOD), they become barely observable after 1*
100% state of charge (SOC) and 2™ 100% DOD, indicating the forma-
tion of amorphous species due to deep redox reactions of LPSC SE via
the outer-sphere redox pathway (Step 3-5).

In summary, compared to typical inner-sphere redox pathway, the
outer-sphere redox of LPSC SE catalyzed by bifunctional indigo
showcases higher reversible capacity, higher average working voltage,
and reduced polarization in ASSBs, despite a slightly lower capacity
retention (Fig. 2g, and Supplementary Fig. 8). In this section, we
highlight the critical role of microstructure engineering in achieving
highly reversible synergistic redox between indigo and LPSC SE. This
study also provides the first evidence of using carbonyl-based OEMs as
effective molecular catalysts to overcome the persistent interface
challenge between OEMs and sulfide SEs, offering a promising pathway
to enhance the energy density of sulfide-based ASSBs employing OEMs
as active materials.

Synergistic redox mechanism between indigo and LPSC SE

Characterizing the component variations in different positive elec-
trode composites during the charge-discharge process provides dee-
per insights into the synergistic redox mechanism. We first
investigated the four positive electrode composites at 1 100% SOC. S
K-edge X-ray absorption spectroscopy (XAS) reveals distinct features
in the four positive electrode composites after 1* charge, compared to
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Fig. 3 | Characterization of synergistic redox behavior between indigo and
LPSC SE in four positive electrode composites. a S K-edge XAS of sulfur, LPSC
and four positive electrode composites with different carbon additives at 1 100%
SOC (achieved capacity ~759 mAh g™ at 0.1 C. b High-resolution P 2p XPS spectra of
four positive electrode composites with different carbon additives at 1" 100% SOC
(achieved capacity ~759 mAh g™ at 0.1 C). ¢ 2D distribution of P,S,H and S, TOF-
SIMS negative secondary ions in indigo|KB|LPSC and indigo|SP|LPSC positive
electrode composites at 1 100% SOC (achieved capacity ~759 mAh g™ at 0.1 C).
d, e Ex situ S K-edge XAS of indigo|KB|LPSC and indigo|SP|LPSC positive electrode
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composites (ASSBs at various SOC and DOD were tested at 0.1 C). f, g Ex situ FT-IR
of indigo|KBILPSC and indigo|SP|LPSC positive electrode composites. h-j,*'P MAS
NMR spectra of indigo|SP|LPSC positive electrode composite at different charge-
discharge states. k Fitted curve of P MAS NMR spectra at 1% 100% SOC state. All
the battery were tested at an average temperature of 25 °C. Source data for this
figure are provided as a Source Data file. XAS normalization involves subtracting
the pre-edge background and scaling the post-edge region so the absorption edge
step is standardized to unity for accurate comparison.

standard references (Fig. 3a). The strongest peak ‘a’ (2470.62 eV) cor-
responds to the typical PS,*> tetrahedral local environment, while peak
‘b’ (2471.98 eV) represents a more complex combination peak of LPSC,
sulfur and P,S, species*®. Notably, indigo|CNTs|LPSC and indigo|KB|
LPSC positive electrode composites exhibit peak ‘a” and peak ‘b’ fea-
tures similar to LPSC SE, without features of S, and P,S, species,

suggesting limited redox activity of LPSC SE with carbon additives with
large specific surface areas in positive electrode composites. In con-
trast, the intensified peak ‘b’ in indigolABILPSC and indigo|SP|LPSC
positive electrode composites support the formation of S, and P,S,
species after 1** charge due to the activated redox of LPSC SE via an
outer-sphere pathway. It is worth noting that features corresponding
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to S, species observed in the XPS spectra of the pristine indigo|KB|
LPSC positive electrode composite cannot be detected in XAS due to
the greater detection depth of XAS compared to XPS (Fig. 2d)*’, indi-
cating only a small amount of these species formed at the interfaces. In
contrast, the clear features corresponding to S, species in the XAS of
indigo|AB|LPSC and indigo|SP|LPSC positive electrode composites
after the 1I** charge suggest a significant amount of oxidized S, species
in the bulk through the outer-sphere redox of LPSC SE. Moreover,
high-resolution P 2p XPS spectra reveal emerging doublet peaks at
higher binding energies (orange, 132.92/134.02 eV) than the doublet
peaks associated with PS,> tetrahedra (blue, 132.05/132.95¢eV) in
indigo|AB|LPSC and indigo|SP|LPSC positive electrode composites
after 1** charge. However, these peaks are negligible in indigo|CNTs|
LPSC and indigo|KBJ|LPSC positive electrode composites and in all four
pristine positive electrode composites (Fig. 3b, and Supplementary
Fig. 10). These emerging peaks correspond to linked or oligomerized
thiophosphate units P,S, (P,S;*, P,S¢*, or even P,Ss) as oxidation
products of “terminal” S* anions in LPSC SE, proving indigo can also
partially oxidize “terminal” S* anions during the outer-sphere redox of
LPSC SE. Meanwhile, time-of-flight secondary ion mass spectrometry
(TOF-SIMS) detects strong signals of negative secondary ions P,S,H
and S, in the indigo|SPILPSC positive electrode composite after 1*
charge cycle, while much weaker intensities are observed in the indigo|
KBILPSC and SP|LPSC positive electrode composites after 1 charge
cycle (Fig. 3¢, and Supplementary Fig. 15). These analyses confirm that
indigo, as a solid molecular catalyst, can catalyze the oxidation of both
“free” and “terminal” S* anions in LPSC SE during charging when inti-
mate tri-phase contact is achieved in the positive electrode compo-
sites, resulting in synergistic redox with enhanced kinetics.

Ex situ XAS and Fourier-transform infrared spectroscopy (FT-IR)
for indigo|KB|LPSC and indigo|SP|LPSC positive electrode composites
are further carried out. The main peak ‘a’ (2470.62 eV) and peak ‘b’
(2471.98 eV) in S K-edge X-ray absorption near-edge structure (XANES)
of the indigo|KB|LPSC positive electrode composite exhibit nearly
consistent features across different depths of discharge and state of
charge in both I** and 2™ cycles, indicating that the average local
structures surrounding sulfur atoms in LPSC SE remain largely
unchanged throughout the entire charge-discharge process (Fig. 3d).
In contrast, the intensity of peak ‘b” associated with S, species in the S
K-edge XANES of the indigo|SPILPSC positive electrode composite
remains unchanged during 1** discharge, but gradually increases dur-
ing 1% charge, and subsequently diminishes during 2" discharge
(Fig. 3e, and Supplementary Fig. 16). In FT-IR, characteristic peaks
belonging to the carbonyl group (1617 cm™) of indigo show minimal
variation across different depths of discharge and charge during both
1t and 2™ cycle in the indigo|KBILPSC positive electrode composite,
indicating the limited redox activity of indigo due to poor tri-phase
contact (Fig. 3f). Conversely, these peaks in indigo|SP|LPSC positive
electrode composite gradually disappear during 1** discharging pro-
cess, reappear from 50% SOC to 100% SOC during 2™ charging pro-
cess, and then gradually vanish again from 50% DOD to 100% DOD
during 2™ discharging (Fig. 3g). Similarly, characteristic peaks
belonging to “C-O-Li” group exhibit a reverse evolution trend. In
summary, the evolution of features observed in ex situ XANES and FT-
IR analyses supports the correlation between microstructure and the
synergistic redox activity between indigo and LPSC SE (Fig. 1a).

To further investigate the synergistic redox behavior between
indigo and LPSC SE, ex situ solid-state nuclear magnetic resonance
(NMR) measurements were conducted on the indigo|SP|LPSC positive
electrode composite. Single pulse *P magic angle spinning (MAS) NMR
was used to probe the structural evolution of P-S polyhedron in the
LPSC SE during charge-discharge process. During 1% discharge, the
intensity of the peak at 84 ppm, corresponding to PS> tetrahedra,
increases (Fig. 3h), likely due to the lithiation of minor corner- or edge-
sharing PS,> tetrahedra in the thiophosphate glass phase formed

during LPSC synthesis. Upon charging, a new peak emerges at 103 ppm
at1°*60% and 100% SOC, accompanied by a decreased peak intensity at
84 ppm (Fig. 3i). This shift suggests the partial oxidation of “terminal”
§* anions in PS> tetrahedra, leading to the formation of P,S, poly-
sulfide species (e.g., P,S;* and P,S¢?). During 2™ discharge, the peak at
103 ppm diminishes, and the peak at 84 ppm regains intensity (Fig. 3j).
Peak fitting at 1°* 100% SOC reveals that ~16% of PS,*> tetrahedra are
converted to polysulfide species (Fig. 3k). Furthermore, peak fitting at
2" 100% DOD confirms the complete recovery of PS,> tetrahedra
(Supplementary Fig. 17), demonstrating the fully reversible nature of
S* redox in the LPSC SE via an outer-sphere redox pathway. To
investigate the interactions between indigo and LPSC SE, *P cross-
polarization magic angle spinning (CP-MAS) NMR was performed
(Supplementary Fig. 18). CP-MAS technique enhances the NMR signal
of low-abundance nuclei (e.g., *'P) by transferring polarization from
abundant 'H nuclei, providing insights into dipole-dipole interactions
and the proximity of functional groups in complex solid materials®.
The single pulse *P MAS NMR spectra at 1% 100% SOC reveal two
distinct *'P resonances corresponding to PS,> tetrahedra and P,S,
polysulfide species. In contrast, the )P CP-MAS spectra at 1'100% SOC,
acquired with contact times of 2-6 ms, display only the resonance for
PS> tetrahedra, with no detectable signal from P,S, species. Since CP
efficiency depends on dipole-dipole interaction strength®, the absence
of P,S, signals in different contact time suggests that these species are
spatially distant from 'H nuclei in indigo. By comparing the single pulse
31p MAS NMR and CP-MAS spectra, we conclude that indigo specifically
interacts with PS> tetrahedrain the LPSC SE but not with the oxidation
product P,S, species, supporting the role of indigo as a solid molecular
catalyst in the oxidation process of LPSC SE. ’Li MAS NMR measure-
ments were further carried out to provide an overview for the syner-
gistic redox between indigo and LPSC (Supplementary Fig. 19). These
solid-state NMR spectra indicate the reversible synergistic redox
behavior between indigo and LPSC SE.

Synergistic redox kinetics between indigo and LPSC SE

The rapid synergistic redox behavior between indigo and LPSC SE is
identified by various electrochemical and microscopic techniques. In
situ electrochemical impedance spectroscopy (EIS) Nyquist plots and
the corresponding distribution of relaxation time (DRT) reveal dis-
tinctly different electrochemical behaviors in the indigo|KB|LPSC, SP|
LPSC and indigo|SP|LPSC positive electrode composites. For the
indigo|KB|LPSC positive electrode composite, the Nyquist plots show
only the typical bulk resistance (Rpu) of SEs throughout the charge-
discharge process, without clear charge transfer resistance (R¢)
(Fig. 4a). This is due to the limited redox activity of indigo and LPSC SE
in the indigo|KB|LPSC positive electrode composite, with only Sy spe-
cies in the pristine positive electrode composite contributing most
capacities, as previously discussed. Therefore, the overall decrease in
resistance observed in the EIS Nyquist plots during the 1* and 2™ dis-
charging process, and the increase during the 1% charging process, can
be attributed to the volume expansion of S, species during the dis-
charge/lithiation process. Notably, the Nyquist plots of the indigo|KB|
LPSC positive electrode composite show very similar features to the
widely reported sulfur positive electrodes in ASSBs*>*, further vali-
dating the dominant role of S species in the indigo|KB|LPSC positive
electrode composite during the charge-discharge process. The corre-
sponding DRT during charge-discharge cycles primarily shows char-
acteristic peaks related to charge transfer in the Liln alloy negative
electrode with a time constant ranging from 10° to 107's*, while the
region with a time constant shorter than 10°s shows negligible char-
acteristic peaks. In contrast, EIS Nyquist plots of the SP|LPSC positive
electrode composite without indigo show clear Ry« and R, which are
further fitted with equivalent electrical circuits (Fig. 4b, and Supple-
mentary Fig. 20, Supplementary Table 4a). R,k and R, remain similar
during the 1* discharging process but increase from 55.73 Q and 7.45 Q
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LPSC positive electrode composites at 0.2 C rate at 25 °C. d, SEM images of indigol
KBJILPSC and indigo|SPILPSC positive electrode composites before (pristine state)
and after 1* charged. Source data for this figure are provided as a Source Data file.

to 63.89 Q and 17.83 Q, respectively, after 1** charging, then change
slightly to 63.14 Q and 20.79 Q after 2" discharging. The increased
Rpuik and R in the 1% charging and 2™ discharging process are due to
the formation of electronically and ionically insulating LiCl, S and P,S,
species in the electrochemical oxidation of “free” and “terminal” S*
anions in LPSC SE (Step 1-2). From another perspective, the maximum
Rcc in the SPILPSC positive electrode composite is only 20.79 Q,
indirectly reflecting the limited electrochemical redox activity of LPSC
SE in the inner-sphere pathway, as also evidenced by the negligible
peak variation in the DRT, except for the charge transfer resistance in
the Liln negative electrode.

Interestingly, the evolution of EIS in the indigo|SP|LPSC positive
electrode composite is more complex owing to the synergistic redox
between indigo and LPSC SE (Fig. 4c, and Supplementary Fig. 21, Sup-
plementary Table 4b). During 1* discharging process, R, increases up to
505.2 O at 100% DOD due to the lithiation of indigo, which is not
observed in the EIS Nyquist plot of indigo|KB|LPSC positive electrode
composite, further confirming the limited redox activity of indigo in
indigo|KBILPSC positive electrode composite. During the 1* charging
process, R, initially drops from 505.24 Q at 100% DOD to 323.15 Q at the
beginning of charging process due to the de-lithiation of reduced indigo.
However, as charging continues, R, increases to 353.95 Q because of the

chemical oxidation of LPSC SE by indigo. After the completion of the
outer-sphere redox of LPSC SE, R, drops again to 334.86 Q due to the
final de-lithiation of indigo. In the subsequent 2™ discharging process,
the overall resistance is significantly reduced compared to the 1% cycle,
suggesting gradually optimized interfacial characteristics during the
synergistic oxidation process. Initially, R., decreases to 214.25 Q due to
the formation of ionically conductive amorphous Li;PS, phase during
the lithiation of S, species formed in the 1** charging process. However,
R then increases to 323.43 Q due to the lithiation of indigo. Unlike
indigo|KBILPSC and SP|LPSC positive electrode composites, the corre-
sponding DRT in the indigo|SP|LPSC positive electrode composite shows
strong signals with a time constant in the range of 10° to 10°s related to
the charge transfer resistance in the synergistic redox between indigo
and LPSC SE. The evolution trend of DRT aligns well with the EIS Nyquist
plot, thus validating the proposed working mechanism of bifunctional
indigo in sulfide-based ASSBs. Despite the higher overall resistance of the
indigo|SP|LPSC positive electrode composite compared to the indigo|KB|
LPSC and SP|LPSC positive electrode composites, galvanostatic inter-
mittent titration technique (GITT) reveals good redox kinetics due to
consistently high diffusion coefficients across cycling, supporting its
outstanding electrochemical performance in ASSBs (Supplementary
Fig. 22), which will be discussed in detail later. Scanning electron
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Fig. 5 | Electrochemical performance of indigo|SP|LPSC positive electrode
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microscope (SEM) images reveal the morphology evolution of indigo|KB|
LPSC and indigo|SPILPSC positive electrode composites during the
charge-discharge process (Fig. 4d, Supplementary Fig. 23). The pristine
indigolKBILPSC positive electrode composite shows large, irregular
aggregates with KB carbon encapsulating the indigo and LPSC SE,
resulting from the excessive dual-phase contact between indigo and
LPSC SE rather than uniform tri-phase contact during the mixing process.
Notably, the indigo|KB|LPSC positive electrode composite after 1** char-
ging exhibits even more irregular features. In contrast, the pristine
indigo|SP|LPSC positive electrode composite displays a uniform mor-
phology, with the charged electrode showing uniformly distributed
‘flower-like’ particles related to the outer-sphere oxidation products of
LPSC SE formed via the homogeneous catalytic reaction. Therefore, we
successfully correlate the structural evolution in different positive elec-
trode composites with their electrochemical behavior, further validating
the synergistic redox mechanism and confirming its rapid redox kinetics
in sulfide-based ASSBs.

Sulfide-based ASSBs with bifunctional indigo natural dye

To demonstrate the application potential of incorporating bifunctional
OEMs into sulfide-based ASSBs, we further evaluate the electrochemical
performance of the indigo|SP|LPSC positive electrode composite (Sup-
plementary Fig. 24). Rate performance of the ASSBs was investigated
over a wide specific current range from 0.1C to 5C 1C=204 mA g™) at

25°C (Fig. 5a, b). Galvanostatic charge-discharge curves of indigo|SP|
LPSC positive electrode composite indicate much smaller polarization
compared to the redox reactions of LPSC SE in the inner-sphere pathway,
attributed to improved kinetics in the synergistic redox process. ASSBs
incorporating bifunctional indigo deliver a discharge capacity of 591.2,
525.7, 472.2, 406.6, 323.5, 218.0, 140.2, and 60.8 mAh g™ at specific cur-
rent of 0.1, 0.2, 0.3, 0.4, 0.5, 1.0, 3.0, and 5.0 C, respectively, recovering
to 5881mAhg™ as the specific current is restored back to 0.1C
(1C=204mAg™). Moreover, the fabricated ASSBs demonstrate stable
cycling performance, retaining 86% of their capacity over 600 cycles
(0.023% per cycle) at a high specific current of 2 C at 25 °C (Fig. 5¢c, and
Supplementary Fig. 25). This good cycling stability is attributed to the
well-maintained charge transfer across the indigo-LPSC interface and the
progressive activation of S* redox through the outer-sphere pathway, as
demonstrated by XPS and EIS analyses of the indigo|SP|LPSC electrode
before and after cycling (Supplementary Fig. 26). To evaluate their
practical viability, ASSBs incorporating bifunctional indigo are further
evaluated at high active material loading and low temperature. Given the
good redox kinetics in positive electrode composites facilitated by the
indigo molecular catalyst, high-loading ASSBs (>10 mg cm?) could deli-
ver a high areal capacity of 3.8 mAh cm? with no capacity degradation
over 100 cycles under 0.2 C at 25 °C (Fig. 5d, e). Moreover, under a low
operating temperature (-10 °C), ASSBs deliver the capacity of
290 mAh g™ and maintain 92% capacity after 200 cycles (0.09% per
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cycle) (Fig. 5f, g). ASSBs incorporating bifunctional indigo tested under
low stack pressures and higher positive electrode mass ratio were also
carried out (Supplementary Fig. 27). Notably, while halide SEs exhibit a
wider electrochemical window than sulfide SEs, their electrochemical
performance is significantly inferior to the indigo|SP|LPSC electrode
demonstrated here, underscoring the effectiveness of leveraging bene-
ficial chemical reactions between indigo and LPSC SE to catalyze S*
redox (Supplementary Fig. 28). The electrochemical performance of
sulfide-based ASSBs incorporating bifunctional indigo was compared
with that of other OEMs in ASSBs using both polymer and sulfide SEs
(Fig. 5h, and Supplementary Table 5, Supplementary Table 6)**°%, The
comparison shows that most reported ASSBs operate at high tempera-
tures whether they use polymer or sulfide SEs. Among them, ASSBs with
bifunctional indigo exhibit the good cycling stability and the high areal
capacity at 25°C. Moreover, ASSBs incorporating bifunctional indigo
represent the report of ASSBs using OEMs that can operate at low
temperatures. In summary, the good integrated electrochemical per-
formance highlights the potential of incorporating bifunctional indigo
natural dye into ASSBs as a strategic solution to overcome the bottle-
necks faced by OEMs in practical applications.

In this study, we report a bifunctional indigo natural dye that
enhances the highly reversible synergistic redox between indigo and
LPSC SE in sulfide-based ASSBs, achieving good electrochemical per-
formance at both 25 °C and low temperatures (=10 °C). Contrary to the
belief that limited performance of ASSBs using OEMs stems from the
chemical incompatibility, our findings unveil a beneficial chemical
reaction between indigo and LPSC SE catalyzing the rapid outer-sphere
redox of LPSC SE. This conclusion is supported by multiple char-
acterizations, including XAS, FT-IR, EIS, and solid-state NMR. This
synergistic redox results in a reversible capacity of 583 mAh g™ (LPSC
contribution: 379 mAh g™) at a 0.1C rate (1C=204 mAg™) and a high
areal capacity of 3.8 mAh cm™ at 25°C, representing the good elec-
trochemical performance among reported ASSBs using OEMs. More-
over, we demonstrate that microstructure engineering of positive
electrode composites to achieve intimate tri-phase contact is crucial
for realizing the rapid synergistic redox. The bifunctionality, cost-
effectiveness, and enhanced synergistic redox of indigo in ASSBs
underscore its promise for high-energy-density applications. This
study highlights the promise of OEMs as solid molecular catalysts in
sulfide-based ASSBs, offering a strategic pathway to address practical
challenges in energy storage applications. Future research will focus
on optimizing catalytic reactions for stable cycling at areal capacities
exceeding 10 mAh cm?, thereby advancing the practical application of
ASSBs using OEMs as active materials.

Methods

Chemicals

All reagents commercially available were used as received without
further purification. Indigo (95%), bis(trifluoromethane)sulfonimide
lithium salt (LiTFSI, 99.95%), 1,3-dioxolane (DOL, 99%), and 1,2-dime-
thoxyethane (DME, 99.5%) were purchased from Sigma-Aldrich. Car-
bon additives (AB, CNTs, KB and SP) and LPSC (99.9%) solid electrolyte
were obtained from MSE supplies.

Characterizations

X-ray photoelectron spectroscopy (XPS) was performed on Thermo
Scientific K-Alpha with Al Ka X-ray radiation of 1486.6 eV. X-ray diffrac-
tion (XRD) measurements were performed on a Rigaku SmartLab SE
X-ray diffractometer equipped with Cu Ka radiation (A =1.5406 A). XRD
measurements were performed with a scan rate was 2° per minute and a
step size of 0.02°. To protect air-sensitive samples, the sample holder
was covered with Kapton tape during XRD measurements. Scanning
electron microscope (SEM) images were obtained using a Hitachi
S-4800 field-emission scanning electron microscope (FE-SEM) operating
at an acceleration voltage of 1kV. SEM images of indigo|KB|LPSC at

pristine state (after ball milled) and after 1* charged (1* 100% SOC,
achieved capacity ~360 mAhg™ at 0.1C in an average temperature of
25 °C) were analyzed. And SEM images of Indigo|SP|LPSC at pristine state
(after ball milled) and after 1** charged (1" 100% SOC, achieved capacity
~759 mAhg™ at 0.1C at average temperature of 25°C) were also dis-
cussed. An ION-TOF GmbH (Germany) time-of-flight secondary ion mass
spectrometry (TOF-SIMS) was used to investigate the samples using a
pulsed 25 keV Bi;" primary cluster ion beam. By repeating the process of
alternatively sputtering the surface in an area of 300 pm x 300 pm with
a 3keV Cs* sputter ion beam for 1s and collecting negative ion mass
spectra using the Biz" primary ion beam at 128 x 128 pixels over an area
of 128 um x 128 pm within the sputtered area, a layer of ~10 nm was
probed. By plotting the intensities of ions P,S;H and S, against the
rastered pixels, their images were obtained and presented in false color
scales. Fourier-transform infrared spectroscopy (FT-IR) spectra were
obtained using a Thermo Scientific Nicolet 6700 Analytical FTIR spec-
trometer equipped with an attenuated total reflection (ATR) apparatus.
Surface area and pore size distribution were determined by N,
adsorption-desorption isotherms at 80°C using the Micromeritics
TriStar Il PLUS. X-ray absorption spectroscopy (XAS) data were acquired
at the Soft X-ray Microcharacterization Beamline (SXRMB) at the Cana-
dian Light Source. Samples were mounted onto double-sided, con-
ductive carbon tape and loaded into the vacuum chamber with a 107
torr vacuum. A sulfur piece powder (Alfa Aesar) was used as a reference
for energy calibration. A 7-element SDD detector was used to record the
fluorescence yield (FLY). For ex situ experiments, ASSBs at various SOC
and DOD were disassembled in an argon-filled glovebox (H,O < 0.1 ppm,
0,<0.1 ppm) and then transferred to the sample chamber without
exposure to air. Ex situ XRD patterns of indigo|SP|LPSC positive elec-
trode composite were collected at 1* 100% DOD (achieved capacity
~210 mAhg?), 1 100% SOC (achieved capacity ~759 mAhg?), and 2™
100% DOD (achieved capacity ~-583 mAhg™) states at 0.1 C. Ex situ S
K-edge XAS and FTIR of indigo|KB|LPSC positive electrode composite
were collected at 1* 50% DOD (achieved capacity ~159 mAh g?), 1 100%
DOD (achieved capacity -407 mAh g?), I 50% SOC (achieved capacity
~167 mAh g™), I 100% SOC (achieved capacity ~360 mAhg™), 2™ 50%
DOD (achieved capacity ~199 mAhg™), and 2™ 100% DOD (achieved
capacity -330 mAh g7 states at 0.1C. Ex situ S K-edge XAS and FTIR of
indigo|SP|LPSC positive electrode composite were collected at 1* 50%
DOD (achieved capacity ~130 mAh g™), 1 100% DOD (achieved capacity
~210 mAhg™), 1* 50% SOC (achieved capacity -330 mAhg?), I** 100%
SOC (achieved capacity ~759 mAh g™), 2 50% DOD (achieved capacity
~300 mAhg™), and 2™ 100% DOD (achieved capacity -583 mAhg™)
states at 0.1 C. All crystal structures shown in Fig. 1a and Supplementary
Fig 1 were generated using the VESTA software®.

Solid-state nuclear magnetic resonance (NMR) measurements
were performed on a Varian INOVA 600 (1600) spectrometer operat-
ing at a magnetic field strength of 14.1T, using a 2.5mm double
resonance (H/X) Phoenix MAS probe. Samples were packed inside an
argon-filled glovebox, and all measurements were conducted at an
average temperature of 25°C. Single pulse “Li (232.25MHz) MAS
(20 kHz) spectra were acquired using a 45° pulse length of 1.3 s, a
pulse delay of 1s, and 4 scans. The Li NMR chemical shifts were
referenced to a 1M aqueous solution of LiCl at O ppm. Single pulse *'P
(241.93 MHz) MAS (20 kHz) spectra were acquired using a 90° pulse
length of 3.1 s, a pulse delay of 30, and 16 scans. The *'P chemical
shifts were referenced to ammonium dihydrogen phosphate at 1.6
ppm. 3P cross-polarization magic angle spinning (CP-MAS) NMR was
carried out with contact times of 2, 4 and 6 ms, and the Hartmann-
Hahn matching condition was set up based on the compound of
ammonium dihydrogen phosphate. P MAS NMR spectra of indigo|SP|
LPSC positive electrode composite were collected at 1* 50% DOD
(achieved capacity ~130 mAhg™), 1 100% DOD (achieved capacity
~210mAh g™, 1% 30% SOC (achieved capacity ~131mAh g?), 1% 60%
SOC (achieved capacity ~450 mAh g™), 1*100% SOC (achieved capacity
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~759 mAh g™), 2™ 30% DOD (achieved capacity ~150 mAh g™?), 2™ 60%
DOD (achieved capacity ~-350 mAhg™), and 2™ 100% DOD (achieved
capacity 583 mAh g™) states at 0.1 C.

All ex situ characterizations were carried out by disassembling the
batteries inside an argon-filled glove box (0, and H,0 < 0.1 ppm). The
electrodes were then sealed in bags before being removed and trans-
ferred for characterization. The ambient temperature within the glove
box was maintained at ~25 °C.

Battery fabrication

Fabrication of liquid cells. The homogeneous positive electrode
slurries, comprising 50 wt% indigo, 40 wt% Super P, and 10 wt% poly-
acrylonitrile copolymer (Lal33, binder), were cast a single layer onto Al
foil (113um thick) with an average loading of 2mgcm™ and dried at
80 °C overnight. 2 M LiTFSI in DOL/DME (v:v =1:1) was utilized as the
electrolyte (20 pL) in Li-ion half cells (CR2032, stainless steel casing),
with poly(propylene) (PP, Celgard 2400) serving as the separator,
lithium anode (I1mm thick). All half cells were assembled within an
argon-filled glovebox (H,0 < 0.1 ppm, 0, < 0.1 ppm).

Preparation of positive electrode composites in ASSBs: Indigo
powder, LPSC SE and various carbon additives were initially weighted
at a mass ratio of 2:6:2. For higher positive electrode mass ratios, the
components were weighed at different ratios: 3:2:5 and 5:2:3. The
measured mixture, totaling ~500 mg, was then placed in a zirconia jar
(100 ml) with 30 g zirconia balls in an argon-filled glovebox (H,0 < 0.1
ppm, O, < 0.1 ppm). The mixture was ball-milled for 4 h at 200 rpm and
the resulting positive electrode composite was subsequently trans-
ferred back to the glovebox for further use.

Fabrication of ASSBs. 80 mg of LPSC (size: <10 pm) was placed into a
PEEK die with an inner diameter of 10 mm and cold-pressed under 2
tons for 3 minutes to form a central solid electrolyte layer (thickness:
~0.8 mm). Subsequently, 10 mg of the positive electrode composite
was evenly distributed over the LPSC central layer and compressed at
3.5 tons for another 3 minutes. For high-loading cells, the positive
electrode composite mass can vary up to 50 mg. On the negative
electrode side, the home-made Li-In alloy pieces were attached to LPSC
central layer and pressed together at 2 tons to ensure intimate contact.
To prepare the homemade Li-In alloy, lithium and indium foils were
stacked at a weight ratio of 1:40. The stacked layers were repeatedly
folded to enhance compositional uniformity, and subsequently pun-
ched into pieces with a diameter of 1 cm. Assembled ASSBs were tested
on Neware test system (BTS4000, China) with the potential range of
0.6-2.4V vs. In/In-Li under a stack pressure of 250 MPa or 10 MPa.

Electrochemical characterizations

Each electrochemical experiment was conducted with more than three
test batteries to ensure reproducibility. The Coulombic efficiency (CE)
for each cycle was determined by dividing the charge capacity by the
corresponding discharge capacity.

EIS measurements were performed using the German VMP3
multichannel potentiostat 3/Z, covering a frequency range from 7 MHz
to 100 mHz during charge-discharge process. Before the EIS test, the
cells always have a 0.5-h rest to achieve equilibrium. All the measure-
ments were performed in potentiostatic mode with an AC amplitude of
10.0 mV and 50 data points per frequency decade.

In situ EIS and CV tests. The testing procedure for in situ EIS mea-
surements was similar to that described above. The cells underwent
charging/discharging at a 0.2 C rate (1C =204 mA g™) for 1h, followed
by a 0.5-h rest to achieve equilibrium. The distribution of specialized
relaxation times in the obtained EIS spectra was analyzed using the
DRT technique implemented in the MATLAB GUI toolbox developed
by Ciucci’s research team®. CV analyses of assembled ASSBs and liquid
half-cells were conducted employing the versatile multichannel

potentiostat 3/Z (VMP3) at a scan rate of 0.1 mV s, Additionally, linear
sweep voltammetry (LSV) measurements of the LPSC SE were carried
out using the same equipment, with a positive scan range from the
open-circuit voltage (OCV) to 6 V and a negative scan range from OCV
to 0V, also at a scan rate of 0.1mVs™.

DC polarization. To assess the electronic conductivities of the positive
electrode composites, 50 mg of the composites were cold-pressed into
pellets at 3 tons for 3 minutes. These pellets were then subjected to a
voltage range of 0.1V to 0.4V in 0.1V increments, with each voltage
step maintained for 60 minutes to measure the current response. For
testing the ionic conductivities, 50 mg of the positive electrode com-
posite was initially cold-pressed into pellets at 3 tons for 3 minutes.
50 mg of the LPSC SEs was then evenly spread over both sides of the
central layer and pressed together at 3 tons for an additional 3 minutes.
Homemade Li-In alloy pieces (1:40 weight ratio) were attached to the
opposite sides of the LPSC central layer and pressed together at 2 tons
to ensure intimate contact. The resulting pellets were subjected to a
voltage range of 0.01V to 0.025V in 0.005V increments, with each
voltage step maintained for 60 minutes to measure the current
response.

GITT measurement. GITT tests were conducted on a Neware BTS4000
test system (China). The ASSBs were tested within a potential range of
0.6-24V vs. In/In-Li at 25°C. A constant specific current of 0.2C
(1C=204 mA g™ was applied for 10 minutes, followed by a relaxation
period of 2 h at open circuit. A constant specific current of 0.5C for
3 min and then relaxing for 30 min at open circuit (1 C corresponds to
the specific current of 204 mAg™) was exploited. During the mea-
surements, data was collected every 28.8 seconds. Afterwards, the Li-
ion diffusion coefficients were calculated using the following equation:

b =+ (L)(L) 4 @(L) NE <£>
o\ s T(dE;/d /) m\S/ \t(dE.;/d7) T AE,

(6)

In this equation, ny, is the mole number of the active materials; V,,

is the molar volume of active materials; S is the effective area of the

electrode; T is the relaxation time; L is the average thickness of the

electrode; AE; is the potential change between neighboring relaxation

end times; AE. is the potential change caused by every constant cur-
rent charge/discharge process.

DFT calculations

The molecular orbital energies of the lowest unoccupied molecular
orbital (LUMO) and the highest occupied molecular orbital (HOMO) of
indigo, along with the calculation of the Gibbs reaction free energy for
three redox reactions of Li,S, Indigo, and LizPS; were based on the
density functional theory (DFT) via the Gaussian 16 package®. The
molecular geometries for the ground states were optimized by density
functional theory at the B3LYP/6-31G level. The energy of molecules
was evaluated at the B3LYP/6-31G level as well.

Redox reaction1: 8Li,S—Sg+16Li* +16e~ @)
Redox reaction 2 : Li,C;sH;gN,0,—CigHigN,0, +2Li* +2e~  (8)

Redox reaction3 : 2Li;PS, — 0.375S¢+P,Ss+6Li" +6e~  (9)

Data availability
The data generated in this study are provided in the Source Data file.
Source data are provided as a Source Data file. Source data are pro-
vided with this paper.
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