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Abstract: The evolution of inorganic solid electrolytes has
revolutionized the field of sustainable organic cathode materials,
particularly by addressing the dissolution problems in traditional liquid
electrolytes. However, current sulfide-based all-solid-state lithium-
organic batteries still face challenges such as high working
temperatures, high costs, and low voltages. Here, we design an all-
solid-state lithium battery based on a cost-effective organic cathode
material phenanthrenequinone (PQ) and a halide solid electrolyte
LiZrCle. Thanks to the good compatibility between PQ and LixZrCls,
the PQ cathode achieved a high specific capacity of 248 mAh g™ (96%
of the theoretical capacity), a high average discharge voltage of 2.74
V (vs. Li*/Li), and a good capacity retention of 95% after 100 cycles at
room temperature (25 °C). Furthermore, the interactions between the
high-voltage carbonyl PQ cathode and both sulfide and halide solid
electrolytes, as well as the redox mechanism of the PQ cathode in all-
solid-state batteries, were carefully studied by a variety of advanced
characterizations. We believe such a design and the corresponding
investigations into the underlying chemistry give insights for the
further development of practical all-solid-state lithium-organic
batteries.

As electric vehicles and smart power grids rapidly expand, the
traditional transition metal oxide cathode materials used in current
lithium-ion batteries (LIBs) are increasingly challenged by high
costs, low resource abundance, and limited capacity.[" 2 Metal-
free organic cathode materials have emerged as a promising
alternative, offering sustainability, flexibility, and competitive
energy densities.®% Unfortunately, most organic small molecules
suffer from dissolution in conventional liquid organic electrolytes,
resulting in shuttle issues and rapid capacity loss.f® To
overcome these obstacles, substantial efforts have been made on
regulating the structures of organic materials,”® including
polymerization,'” salt formation,'"! and specific molecular
structure designs.l'? However, these approaches often require
additional synthetic steps and introduce non-electrochemically
active groups (e.g., polymer backbones), which increase costs
while reducing specific capacity. Therefore, researchers continue
to explore more effective and efficient methods.

In recent years, the rapid development of all-solid-state
lithium batteries (ASSLBs) has opened new avenues for this field.

ASSLBs are regarded as one of the most promising next-
generation battery technologies because of their use of non-
flammable solid electrolytes (SEs). This configuration not only
enhances safety but also allows for the potential use of lithium
metal as an anode, offers a wide operating temperature range,
and reduces packaging requirements.l'3-'5 More importantly, the
inherent properties of inorganic SEs could intrinsically address
the dissolution and shuttle issues associated with organic cathode
materials, paving the way for utilizing readily available and cost-
effective commercial organic small molecules as cathode
materials.['6: 171

To date, a diverse range of inorganic SEs with distinct
characteristics have been developed, such as oxides, sulfides,
and halides.'* & 191 Among them, sulfide-based SEs (e.g.,
Li1oGeP2S+2 and LisPSsCl) have garnered significant attention
because of their high ionic conductivity and good processibility.[2%
However, they still face problems including narrow
electrochemical windows,'* 2"l incompatibility with high-voltage
cathode materials,['* 22 and moisture sensitivity.['* 231 On the
other hand, a series of halide-based SEs (e.g., LisYClg, LizInCls,
and Li,ZrClg) were recently reported, exhibiting similarly high ionic
conductivity and ease of processing.?! Additionally, halide-based
SEs generally possess remarkably improved compatibility with
coating-free cathode materials compared to sulfide-based SEs,
due to the superior high-voltage stability of chlorine anions.[25-27]

Given the unique advantages of SEs for organic cathode
materials, a number of them, including pyrene-4,5,9,10-tetraone
(PTO),8 poly(anthraquinonyl sulfide) (PAQS),? 5,7,12,14-
pentacenetetrone (PT),B% polyimide (PI),B" tetralithium salts of
2,5-dihydroxyterephthalic acid (LisDHTPA),*? and the complex of
LisDHTPA and Tetracyanoquinodimethane
(LisDHTPA-2TCNQ)®® have been studied in ASSLBs based on
several typical sulfide SEs (e.g., LisPSs4, LisPSsCl, and LizP3S11)
in the past two years. As expected, the all-solid-state
configuration eliminated the high solubility issue of organic
cathode materials in electrolytes, and some achieved impressive
performance like high capacity and decent cycling stability.
Nonetheless, several issues remain that need to be understood
and resolved: 1) high working temperatures: all the reported
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sulfide-based all-solid-state lithium-organic batteries need to work
at an elevated temperature (e.g., 60 °C), despite the high ionic
conductivity of sulfide SEs (e.g., > 10 S cm™ of LigPSsCl at
25 °C); 2) low operating voltages: all the reported organic cathode
materials showed relatively low operating voltages of 1.9 — 2.4V
vs. Li*/Li with sulfide SEs, which were commonly lower than their
counterparts in liquid electrolytes; 3) expensive synthetic route:
most of the current high-performance organic cathode materials
were actually synthesized through specialized and expensive
routes, although they were claimed to have potentially low costs.
To promote the practical application of organic cathode materials,
it is still necessary to design a room-temperature, high-voltage,
and cost-effective all-solid-state lithium-organic battery, as well as
gain deeper insights into the mechanisms.

Here, we scrutinized the existing family of organic cathode
materials and selected phenanthrenequinone (PQ) as an
example for our research due to its easy synthesis, low cost, high
capacity, and high voltage. We initially investigated the
compatibilities between PQ cathodes and both sulfide and halide
SEs by a series of state-of-the-art characterizations, such as
various synchrotron-based X-ray technologies. Both chemical
and electrochemical incompatibilities of the PQ cathode and
sulfide SE LigPSsCl (LPSC) were revealed, which were mainly
ascribed to side reactions between them. By contrast, PQ
cathodes still demonstrated a high capacity for the reversible
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defintercalation of lithium after they were thoroughly mixed with
the Li>ZrCls (LZC) SE. The conjugated carbonyl groups (C=0),
serving as redox centers in PQ, maintained favorable
electrochemical activity within the LZC SE, and their reversible
evolution during the discharge and charge process was also
clearly disclosed. Based on the results, we designed an all-solid-
state lithium-organic battery using the commercial and ultracheap
organic small molecule PQ as the cathode and the cost-effective
metal halide LZC as the SE. The PQ cathode with LZC SE
achieved outstanding performance including a high specific
capacity of 248 mAh g*' (96% of the theoretical capacity), a high
average discharge voltage of 2.74 V (vs. Li*/Li), and an excellent
capacity retention of 95% after 100 cycles at room temperature
(25 °C), which is superior to that of previous reports in this area.
The successful application of organic carbonyl cathode materials
in halide-based ASSLBs, and the systematic and detailed study
of the compatibility between them and SEs could contribute to
both organic electrode and solid-state battery research
communities.

PQ can be easily synthesized by a one-step reaction using
chromic acid and phenanthrene,®¥ both of which are low-cost and
widely used industrial chemicals. PQ itself is also commercially
available, so we used purchased PQ directly in this study. The
commercial PQ was orange powder (Figure S1), and its
microscopic morphology was revealed by synchrotron-based
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Figure 1. (a) STXM image of PQ; (b) SXRD pattern of PQ powder and the simulated XRD patterns of a-PQ (CCDC 1319003) and B-PQ (CCDC 1319004); Crystal
structures of a-PQ (c) and B-PQ (d). The red and brown balls represent O and C atoms, respectively. The H atoms are omitted. The visualization was carried out

by VESTA;® (e) Electrochemical redox mechanism of PQ; (f) Comparison of energy density between PQ and representative inorganic oxide cathode materials

based on the mass of active materials (AM); (g) Cycle performance of PQ cathode in liquid electrolyte 1 M LiPFes/EC+DEC+DMC. The insertions are the photos of

a PQ cathode film soaked in the liquid electrolyte after different times.
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Figure 2. (a) Voltage curves of PQ/LPSC/C cathode at 0.1 C in the initial two cycles at room temperature; (b) Voltage curves of LPSC/C cathode at 0.1 C in the
initial two cycles at room temperature; (c) FTIR spectra of PQ, LPSC, and PQ/LPSC/C; (d) S 2p XPS spectra of LPSC and PQ/LPSC/C; (e) S K-edge XANES
spectra of LPSC, PQ/LPSC/C, and S; (f) O K-edge XANES spectra of PQ and PQ/LPSC/C.

scanning transmission X-ray microscopy (STXM) and scanning
electron microscopy (SEM) to be rod-like microparticles (Figure
1a and S2).59 |Interestingly, the synchrotron X-ray diffraction
(SXRD) patterns indicated that the commercial PQ was a mixture
of two phases: a-PQ and 3-PQ (Figure 1b). The PQ molecules in
a-PQ were parallel to each other in columns along the ¢ axis,
while molecules in B-PQ were paired by approaching their
carbonyl groups to each other (Figure 1¢, 1d, and S3).

PQ has a typical n-type quinone structure with conjugated
carbonyl groups, which can be electrochemically reduced and
oxidized based on a reversible enolization-like process (Figure
1e). The two-electron redox reaction and the small molecular
mass of PQ lead to a high capacity, and the ortho-quinone
structure allows PQ to have a relatively high voltage compared to
para-quinones, such as its isomer anthraquinone (AQ). 371
Therefore, PQ cathodes have a competitive energy density of ~
700 Wh kg, which is beyond those of traditional LiCoO, (LCO)
and LiFePO4 (LFP) and is close to that of advanced ternary
cathode materials (NCM) (Figure 1f). However, its application as
a cathode material for LIBs has been plagued by solubility issues
like other small molecules for a long time.® As shown in Figure
19, the capacity of the PQ cathode in liquid electrolyte 1 M
LiPFs/EC+DEC+DMC (EC: Ethylene Carbonate, DEC: Diethyl
Carbonate, DMC: Dimethyl Carbonate) decayed rapidly to nearly
zero in 20 cycles. It was clear that the liquid electrolyte turned to
orange after placing a PQ cathode film in it for 1 h, suggesting the
fast dissolution of PQ in the electrolyte.

Unlike organic liquid electrolytes, inorganic SEs are
believed to fundamentally inhibit the loss of organic cathode

materials.l'® 1 Given that some sulfide-based all-solid-state
lithium-organic batteries have been reported, we first tried the PQ
cathode with a representative sulfide SE LigPSsCl (LPSC). The
LPSC, synthesized by ball milling and post annealing, showed a
cubic structure with F4 3m space group and a high ionic
conductivity of 1.5x10° S cm™, which were consistent with
previous reports (Figure S4).B% In order to ensure sufficient ionic
and electronic conductivity in the cathode, PQ, LPSC, and
conductive carbon (C) were thoroughly mixed using low-speed
ball milling. The cathode delivered a moderate capacity of 83
mAh g at 0.1 C (1 C =257 mA g™) in the first discharge, but the
corresponding average voltage was only 1.92 V vs. Li*/Li (Figure
2a). The voltage was distinctly lower than that of PQ’s standard
redox reaction (> 2.5 V vs. Li*/Li), implying the activity of PQ
cathodes had been seriously damaged in LPSC. The following
charge process did not accord with the electrochemical behavior
of PQ neither, exhibiting an abnormal capacity of approximately
600 mAh g'. Although relatively reversible discharged and
charged voltage curves were achieved in the second cycle, their
polarization was about 0.9 V, and the voltage plateau was actually
very similar to that of S/S*[1 The To understand this
phenomenon, we prepared a LPSC/C composite in the same way.
Its electrochemical behavior was fairly close to that of PQ/LPSC/C,
demonstrating the observed discharge and charge activity in
PQ/LPSC/C was mainly contributed by the decomposition of
LPSC and the subsequent redox reactions (Figure 2b). The only
obvious difference was the initial discharged capacity of
PQ/LPSC/C, which was possibly from the reaction products of PQ
and LPSC. The cyclic voltammetry (CV) curves of PQ/LPSC/C
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Figure 3. (a) Voltage curves of PQ/LZC/C cathode at 0.1 C in the initial two cycles at room temperature; (b) SXRD patterns of PQ, LZC, and PQ/LZC/C powder; (c)
FTIR spectra of PQ, LZC, and PQ/LZC/C; (d) Zr 3d and CI 2p XPS spectra of LZC and PQ/LZC/C; (e) O K-edge XANES spectra of PQ and PQ/LZC/C; (f) Zr K-
edge XANES spectra of LZC and PQ/LZC/C; (g) k?-weighted EXAFS spectra in R space of LZC and PQ/LZC/C.

and LPSC/C also illustrated that the electrochemical window of
LPSC was too narrow to match the high-voltage PQ cathode, and
that PQ was unable to display its lithium storage activity in LPSC
(Figure S5).

For further investigation into the reactions between PQ and
LPSC, a range of characterizations focusing on chemical
properties were employed. In the Fourier transform infrared
spectroscopy (FTIR) analysis of PQ, characteristic peaks
associated with C=0 groups were observed at 1676 and 1595 cm~
" (Figure 2c). Concurrently, peaks attributable to C=C, C-CO-C,
and C-H groups were evident at 1452, 1284, and 766 cm™,
respectively, aligning well with the ortho-quinone structure.®® The
LPSC SE also exhibited several characteristic peaks in its FTIR
spectrum, with the strongest, a broad peak, appearing near 582
cm™ ¥ These peaks of LPSC were retained in the spectrum of
the PQ/LPSC/C composite, yet all of the aforementioned
characteristic peaks of PQ disappeared. Additionally, many
unknown small peaks emerged in the spectrum of PQ/LPSC/C,
indicating that all PQ had undergone chemical reactions with
LPSC during the mixing process, resulting in the formation of new
products. The oxidation of S? in LPSC was further revealed by
the X-ray photoelectron spectroscopy (XPS) analysis of S 2p
(Figure 2d). Compared to the spectrum of pristine LPSC, a pair of
peaks located at 163.4 and 164.6 eV, respectively, appeared in
that of PQ/LPSC/C, which were attributed to the formation of -
[S]»-?8 The X-ray absorption near edge structure (XANES)
analysis on S K-edge also uncovered the valence evolution of S
(Figure 2e).#2 The XANES spectrum of PQ/LPSC/C noticeably
intensified near 2472 and 2478 eV, agreeing well with the features

of sulfur power, which was in a higher oxidation state.
Correspondingly, the sharp and intensive peak at 529.2 eV and
the broad peak at 539.3 eV in the O K-edge XANES spectrum of
PQ, attributed to the 1s - T resonances and the 1s - o* transition
of O in C=0 bonds, respectively, disappeared in that of
PQ/LPSC/C (Figure 2f).*31 At the same time, a new feature at
about 531.2 eV appeared, which could be ascribed to the
formation of C-O bonds. Besides, the O 1s XPS peak of PQ
shifted to a higher binding energy in the spectrum of PQ/LPSC/C,
also demonstrating the reduction of C=0 groups (Figure S6).[12.401

In conclusion, we identified two primary reasons for the
incompatibility between the sulfide SE LPSC and the organic
cathode material PQ: Firstly, the narrow electrochemical window
of LPSC limited its compatibility, as the redox potential of PQ
cathodes exceeded LPSC's antioxidation potential. Secondly,
significant interfacial reactions between PQ and LPSC occurred
during the mixing process. The carbonyl (C=0) groups in PQ were
readily reduced by the S% in LPSC, leading to the loss of their
redox activity.

Given that halide SEs have demonstrated superior cathode
compatibility to sulfide SEs in numerous reports, we further
explored the application of PQ cathodes within halide SEs. Herein,
we synthesized a cost-effective Li»ZrClg (LZC) SE using a ball-
milling method. The LZC SE exhibited an ionic conductivity of
approximately 6x10* S cm™ at room temperature and a low-
crystallinity trigonal phase with a P3m1 space group (Figure S7).
Upon blending with LZC and C via the same method, PQ
displayed a specific capacity of 248 mAh g and a high voltage
plateau of 2.74 V vs. Li*/Li at 0.1 C at room temperature, both
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approaching their theoretical values (Figure 3a). Concurrently, the
coincidence of the first and second charge-discharge curves
indicated the robust electrochemical activity of PQ within the LZC
SE. The CV curve of PQ/LZC/C at 0.1 mV s™! exhibited two pairs
of broad redox peaks, aligning with the sloping plateaus during
constant current charge-discharge (Figure S8). Furthermore,
LZC/C demonstrated commendable stability within a voltage
range of 2.1 - 4.2 V vs. Li*/Li, implying that the observed capacity
was predominantly contributed by the lithium deintercalation
reaction of PQ (Figure S9).

SXRD patterns revealed that LZC retained its initial high
ionic conductivity crystal structure after mixing with PQ and C
(Figure 3b). Simultaneously, the strongest peak signal of PQ was
faintly observable in the SXRD patterns of PQ/LZC/C. This
reduced strength might stem from the ball-milling mixing process,
in which the crystallinity of PQ could decrease. The uniform
distribution of PQ without its characteristic rod-like shape in the
LZC SE matrix was observed through SEM images, and was
further verified by the corresponding energy dispersive
spectroscopy (EDS) mapping of Zr, Cl, C, and O elements (Figure
S10). The FTIR spectrum of LZC was simpler compared to LPSC,
presenting only two broad peaks near 1630 and 555 cm,
respectively (Figure 3c). In contrast to the results with sulfide SEs,
the characteristic peak signals of PQ in the PQ/LZC/C FTIR
spectrum were retained without deviation, indicating that the
molecular structure of PQ remained intact after thorough contact
with LZC. LZC itself was also undamaged after mixing, which was
substantiated by the lack of noticeable shift in the Zr 3d and Cl 2p
XPS peaks (Figure 3d). Similarly, the XPS peaks from the O in
PQ did not exhibit significant changes pre- and post-mixing
(Figure S11). Further XAS analysis of the O element revealed no
energy shift in its 1s-* and 1s-0* transitions in the characteristic
quinone structure, corroborating the commendable
electrochemical activity of PQ within LZC (Figure 3e). Intriguingly,
in the O K-edge XANES spectrum of PQ/LZC/C, two new peaks
emerged near 531.8 eV and 534.4 eV, implying there could be
slight interactions between the O of PQ and LZC. For LZC and
PQ/LZC/C, a tiny difference in the states of Zr were disclosed by
carefully comparing their K-edge XANES spectra (Figure 3f). The
three features located at 18013.8, 18023.6, and 18034.8 eV,
respectively, could be attributed to the three shells around Zr
atoms caused by the distortion of Zr-Cl bonds in the [ZrCle]*
octahedrons (Figure S12).44 All of the three minute peaks at the
whiteline and the first derivative peak were located at the same
photon energy points after mixing, validating that the overall
structure of LZC SE remained unchanged (Figure S13).
Nonetheless, subtle changes in the relative intensities of the three
characteristic peaks suggested minor adjustments in the local
structure surrounding the Zr atoms. Moreover, the weak
interaction between the O from PQ and the Zr from LZC was
further identified by the extended X-ray absorption fine structure
(EXAFS) spectra of Zr K-edge in R space (Figure 3g). The broad
peak located at around 2 A belonged to the Zr-Cl paths, while the
shoulder peak that arose at a smaller distance could represent
the formation of Zr-O paths (Figure S14). The wavelet
transformation (WT) of EXAFS spectra also supported this
conclusion (Figure S15).1481 This might also account for the distinct
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charge/discharge profiles and slightly elevated voltage plateaus
exhibited by PQ in the LZC SE compared to its behavior in liquid
electrolytes.['3 461

Overall, our study showed that PQ cathodes and LZC SEs
demonstrated excellent compatibility. PQ was able to reversibly
achieve a high capacity and a high voltage in the LZC SE. In-
depth analyses revealed a weak interaction between the O atoms
in the C=0 groups of PQ and the Zr central atoms in LZC.
Interestingly, this interaction did not detract from the
electrochemical activity of PQ or the lithium-ion transport
capability of LZC and even slightly enhanced the operating
voltage of the PQ cathode.

Compared to previous all-solid-state lithium-organic
batteries, this work based on the PQ cathode and the LZC SE
displayed advantages in several aspects. Firstly, PQ, as a simple
small molecule, showcased a distinct cost advantage. We
summarized the synthetic routes of organic cathode materials
previously reported for use in solid-state batteries and estimated
their industrial raw material costs using a linear fitting method
(Table S1-9).24 47481 Among them, the cost of PQ was estimated
to be as low as approximately 19.9 $ kg™'. Even though some
materials exhibit ultra-high specific capacity due to their unique
molecular design (such as PTO), they were at a disadvantage in
terms of the ratio of energy density to cost, i.e., specific cost. PQ
demonstrated a specific cost of only 0.03 $ Wh', significantly
lower than other organic cathode materials and also superior to
the classical LCO cathode (Figure 4a). Secondly, previously
reported all-solid-state lithium-organic batteries could only
operate at elevated temperatures of 55-60 °C, even though
sulfide SEs were famous for their high room-temperature ionic
conductivity. In contrast, our work realized more practical room-
temperature operating conditions (Figure 4b). Moreover, it is
worth noting that while some organic cathode materials exhibited
high discharge voltages in liquid electrolytes (e.g., ~2.6 V vs. Li*/Li
for PTO), their corresponding voltages in sulfide SEs were only
about 2.1 V. This voltage mismatch and high-temperature
operating condition suggested the incompatibility between
organic cathode materials and sulfide SEs to some degree. On
the contrary, the PQ cathode in LZC SE displayed a working
voltage of 2.74 V vs. Li*/Li, noticeably superior to other reports. At
room temperature, the PQ cathode also exhibited acceptable rate
performance (Figure 4c). When the current rate returned to a
small value, its capacity almost fully recovered (Figure S16). At a
moderate current density of 0.3 C, the capacity of the PQ cathode
in LZC stabilized after a few initial activation cycles, maintaining
an excellent capacity retention of 95% after 100 cycles (Figure
4d). The activation process could be ascribed to the optimization
of the Li* diffusion pathways within the PQ particles, as well as
the gradual enhancement of ionic and electronic contact between
the PQ particles and the LZC SE.®#9 For PQ/LPSC/C, although
the initial decomposition of LPSC provided additional capacity, it
decayed very rapidly.

Subsequently, we delved further into the solid-phase redox
process during the charging and discharging of the PQ cathode
in LZC SE. In the ex-situ O K-edge XANES spectra, we clearly
observed the 1s-m* and 1s-0* features of C=0 groups
correspondingly disappearing and emerging during the
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discharge/charge process (Figure 4e). Simultaneously, the 1s-0*
feature of C-O groups was only detected in the discharged state,
confirming that the lithium storage reaction was based on the
conversion between C=0 and C-O-Li. Besides, the FTIR peaks of
C=0 groups’ stretching vibration vanished in the discharged state

10.1002/anie.202403331
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and then recovered in the charged state (Figure 4f). The
stretching vibration peaks of C=C and C-CO-C bonds, and the
deformation vibration peak of C-H bonds, originating from the
benzene skeleton of PQ, as well as the characteristic peaks of
LZC, remained unchanged in different states. All of the features
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Figure 4. (a) Comparison of specific cost between PQ and previously reported organic cathode materials for all-solid-state lithium batteries; (b) Comparison of

working voltage, specific capacity, and operating temperature between this work and previous reports regarding all-solid-state lithium-organic batteries; (c) Rate

performance of PQ cathode in LZC SE at room temperature; (d) Cycle performance of PQ/LZC/C and PQ/LPSC/C with a current rate of 0.3 C at room temperature;
(e) Ex-situ O K-edge XANES spectra, (f) Ex-situ FTIR spectra, and (g) Ex-situ Zr K-edge XANES spectra of PQ/LZC/C in pristine, discharged, and recharged states;
(h) Nyquist plots of the all-solid-state Li-PQ battery in pristine, discharged, and recharged states; (i) GITT (red and blue) and QOCV (black) curves of PQ/LZC/C
cathode at room temperature and the corresponding (j) diffusion coefficient D during the discharge and charge process.
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in the Zr K-edge XANES spectra, under different states, also
maintained a high degree of consistency, providing robust
evidence for the stability of LZC throughout the electrochemical
redox process (Figure 4g). The all-solid-state Li-PQ battery based
on LZC demonstrated an overall impedance of approximately 210
- 260 Q in the electrochemical impedance spectra (EIS) during the
discharge and charge process, consistent with the stability
exhibited by the LZC SE. (Figure 4h). For a deeper insight into the
kinetic factors, the distribution of relaxation time (DRT) analysis
was performed on the EIS data (Figure S17).5% Four primary
peaks were identified in the DRT spectra, located at 107-106 s
(P1), 102-10"s (P2), 10-10° s (P3), and 10°-10" s (P4). They
corresponded to physical contact, anode/SE interfaces,
cathode/SE interfaces, and the Li* diffusion in cathodes,
respectively.®! The intensities of the cathode-related peaks P3
and P4 decreased as the battery was discharged, suggesting both
of the PQ/LZC interface and the diffusion in PQ became more
facile for the transportation of Li*. After recharging, these kinetic
processes slowed but showed optimization compared to the
pristine state, suggesting that an activation process might occur
inside the battery. The galvanostatic intermittent titration
technique (GITT) was then employed to study the quasi-open-
circuit voltage (QOCV) and the diffusion coefficient D. It was found
that the GITT curves of discharge and charge basically coincided,
confirming the reversibility of its redox reaction path (Figure 4i).
The diffusion coefficient D remained essentially stable during the
discharge process, but continuously diminished during charging,
indicating that the extraction of Li* from PQ was more challenging
than its insertion (Figure 4j). This provided a point of entry for
future continuous improvements on the performance of all-solid-
state Li-PQ batteries.

In summary, we scrutinized the compatibility of the organic
cathode material PQ with different mainstream solid-state
electrolytes. It was revealed that the side redox reactions between
PQ and sulfide SEs and also the insufficient electrochemical
stability of sulfide SEs, accounted for their incompatibility with PQ.
By transforming the unstable S anion framework into a Cl- anion
framework, we effectively improved the compatibility issue
between the PQ cathode and SEs. In our design, the cost-
effective and high-voltage PQ cathodes exhibited high
performance at room temperature in halide-based all-solid-state
batteries, attributable to the stability of LZC SE and the
advantageous interaction between PQ and LZC. Furthermore, a
detailed examination of the underlying chemistry governing the
behaviors of the PQ cathode in SEs was conducted, furnishing
guidelines for the development of practical all-solid-state lithium-
organic batteries in future endeavors.
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We design an all-solid-state lithium battery based on a cost-effective organic cathode material phenanthrenequinone (PQ) and a halide
solid electrolyte Li>ZrCls. The PQ cathode achieved a high specific capacity of 248 mAh g™' (96% of the theoretical capacity), a high
working voltage of 2.74 V (vs. Li*/Li), and a good capacity retention of 95% after 100 cycles at room temperature (25 °C).
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