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Abstract: Organic electrode materials are promising for green
and sustainable lithium-ion batteries. However, the high
solubility of organic materials in the liquid electrolyte results
in the shuttle reaction and fast capacity decay. Herein, azo
compounds are firstly applied in all-solid-state lithium batteries
(ASSLB) to suppress the dissolution challenge. Due to the high
compatibility of azobenzene (AB) based compounds to Li3PS4

(LPS) solid electrolyte, the LPS solid electrolyte is used to
prevent the dissolution and shuttle reaction of AB. To maintain
the low interface resistance during the large volume change
upon cycling, a carboxylate group is added into AB to provide
4-(phenylazo) benzoic acid lithium salt (PBALS), which could
bond with LPS solid electrolyte via the ionic bonding between
oxygen in PBALS and lithium ion in LPS. The ionic bonding
between the active material and solid electrolyte stabilizes the
contact interface and enables the stable cycle life of PBALS in
ASSLB.

Organic compounds are promising electrode materials for
green and sustainable lithium-ion batteries (LIBs) due to
their abundance, low costs, sustainability and environmental
benignity. However, a major challenge for organic electrode
materials is the high solubility in the organic liquid electrolyte
(OLE), resulting in fast capacity fading and severe shuttle
reaction.[1–3] Up to date, there are four approaches to alleviate
the dissolution of organic electrode materials in the liquid
electrolyte: 1) attaching the soluble organic materials to
insoluble inorganic particles such as carbon and silica;[4,5]

2) increasing the polarity of organic materials via salt
formation;[6–9] 3) synthesizing insoluble polymers with redox
groups;[10–12] 4) using the high concentration electrolyte to
inhibit the solubility by common ion effect.[13] However, these
methods only reduce the dissolution rather than prevent the

dissolution. In addition, incorporating extra electrochemical
inactive components decreases the capacity of the organic
electrodes. Herein, the sulfide-based solid-state electrolyte
(SSE) is used to prohibit the dissolution and shuttle reaction
of organic electrode to ultimately solve the critical challenges
of organic LIBs.

The nonflammable sulfide-based all-solid-state lithium
batteries (ASSLB) are promising energy storage devices for
electric vehicles, because of the high safety and abundant
sulfide resources.[14, 15] Extensive efforts have been devoted to
developing ASSLB with inorganic electrode materials such as
sulfur, lithium metal oxides, lithium metal phosphate and
metal sulfides.[16–22] Though great success has been achieved
for ASSLB based on inorganic electrode materials, the
interfacial contact for the triple phase of active material,
SSE and carbon is still a challenge. To mitigate the interfacial
resistance, inorganic nanomaterials were reported to exhibit
excellent electrochemical performance in ASSLB, because
the large surface area of nanomaterials enables better contact
between active nanomaterials and SSE/carbon, and the small
volume change of nanomaterials during lithiation/delithiation
benefits the intimate contact of the triple phase.[23–25] How-
ever, the use of inorganic nanomaterials reduces the volu-
metric capacity of ASSLB. Recently, the oxocarbon salt was
reported to be compatible with Na3PS4 in all-solid-state
sodium batteries.[26] The use of soft organic active materials
can significantly reduce the initial contact resistance between
organic electrode and rigid inorganic SSE, while the SSE can
also prevent the dissolution of organic electrode, which
enhances the electrochemical performance of solid-state
organic batteries. However, the interface resistance still
continuously increases during charge/discharge cycles due to
the large volume change, especially for the high capacity
organic electrodes. To maintain the low interfacial resistance
between organic active materials and inorganic SSE, strong
bonding between organic active material and SSE is required.

In this work, two azo compounds, azobenzene (AB) and 4-
(phenylazo) benzoic acid lithium salt (PBALS), which are
soluble in the OLE (Figure 1a), are used as electrode
materials in ASSLB. The detailed characterizations of the
mixture of active materials, carbon and LPS solid electrolyte
indicate that AB and PBALS are compatible with the LPS
solid electrolyte, forming a low interface resistance, and the
solubility challenge of AB and PBALS in OLE is completely
solved in the SSE (Figure 1b). More importantly, the
carboxylate group in PBALS could form ionic bonding with
lithium ion in the LPS (Figure 1c), which maintains the
interfacial contact between PBALS and LPS upon cycling.
Therefore, the electrochemical performance of PBALS in
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ASSLB is much better than that in OLE, and the azo
compound with a carboxylate group (PBALS) exhibits much
better electrochemical performance than the azo compound
without carboxylate group (AB) due to the strong ionic
bounding between PBALS electrode and LPS solid electro-
lyte. This new cell structure could be used to develop low-cost,
green and sustainable batteries for the large-scale application
in wind/solar power plants and smart grids. Compared to the
state-of-the-art rechargeable batteries, the organic ASSLB
have three advantages: 1) the use of LPS solid electrolyte
enhances the safety of the rechargeable batteries; 2) the
organic ASSLB does not contain any toxic and expensive
heavy metal such as Co, which is widely used in the
commercial LIBs, so it provides an approach to develop low
cost and sustainable rechargeable batteries; 3) the ionic
bonding between the organic electrode material and the
LPS solid electrolyte benefits the intimate contact between
active materials and the solid electrolyte and addresses the
interfacial contact challenge in the ASSLB.

Two azo compounds, AB and PBALS (Figure 2a and b),
are used as model organic electrode materials for ASSLB. X-
ray diffraction (XRD), Raman spectroscopy, X-ray photo-
electron spectroscopy (XPS) and scanning electron micros-
copy (SEM) were employed to study the structure and the
compatibility of azo compounds with the LPS solid electro-
lyte. As shown in Figure 2c, AB has a crystalline structure,
while LPS solid electrolyte is amorphous with two broad
peaks at 20 and 30 degrees. After ball milling the mixture of
AB, carbon and LPS for 1 hour, the broad peaks for LPS at 20
and 30 degrees can still be observed, and three small sharp
peaks at 17, 20 and 25 degrees are from the crystalline
structure of AB. Pristine PBALS also has a crystalline
structure as indicated by Figure 2d, but the ball-milled
PBALS, carbon and LPS composite becomes amorphous.
The AB/LPS/C composite was also characterized using
Raman spectra. As shown in Figure 2e, Raman spectra of
the ball-milled AB/LPS/C composite show the characteristic
peaks in the 1400–1450 cm@1 range for the azo group in

AB,[27–29] and a sharp peak at 421 cm@1 for PS4
3@ anion group

in LPS.[30] Two broad peaks at 1350 and 1580 cm@1 stand for
the disordered carbon (D band) and graphitic carbon (G
band) from carbon black. Therefore, the ball-milled AB/LPS/
C composite is a physical mixture of AB, LPS and carbon.
Strikingly different from AB/LPS/C composite, the Raman
peaks of the ball-milled PBALS/ LPS/C composite only shows
the typical peaks of the azo group in 1400–1450 cm@1 range,
while the characteristic peak for PS4

3@ disappears, and the
multi-peaks for PBALS in 1150–1200 cm@1 and 1400–
1450 cm@1 range merge into two single peaks in the PBALS/
LPS/C composite, demonstrating that the strong interaction
between PBALS and LPS impacts the vibrations of azo group
in PBALS and PS4

3@ anion group in LPS solid electrolyte. To
confirm the bonding between PBALS and LPS solid electro-
lyte, the Fourier-transform infrared spectroscopy (FTIR)
measurements were conducted for PBALS and PBALS/LPS
composite. As shown in Figure S1 in the Supporting Infor-
mation, the FTIR peaks of PBALS at 1402 and 1552 cm@1

represent symmetric and asymmetric carboxylate (COO@)
stretches,[31] while the symmetric carboxylate stretch of
PBALS shifts from 1402 to 1412 cm@1 and the asymmetric
carboxylate stretch of PBALS shifts from 1552 to 1549 cm@1

when LPS solid electrolyte is mixed with PBALS. Moreover,
the intensity ratio of the symmetric peak to the asymmetric
peak of PBALS increases after mixing with LPS solid
electrolyte. The obvious carboxylate peak changes in the
FTIR spectra provide a strong evidence for the bonding
between PBALS and LPS solid electrolyte. The SEM images
in Figure S2 show that PBALS, LPS and PBALS/LPS/C
composite contain micro-sized particles. The ball milling
process does not decrease the particle size of PBALS and LPS
solid electrolyte.

Figure 1. Schematic illustration for AB/PBALS in a) liquid and b) solid
electrolytes. c) Interaction between PBALS and LPS solid electrolyte.

Figure 2. Molecular structure of a) AB and b) PBALS; c) XRD patterns
for AB, LPS and AB/LPS/C. d) XRD patterns for PBALS, LPS, PBALS/
LPS/C. e) Raman spectra for AB, LPS and AB/LPS/C. f) Raman spectra
for PBALS, LPS, PBALS/LPS/C.
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The compatibility of PBALS with LPS solid electrolyte
was also confirmed by using XPS. First, structures of PBALS
and LPS solid electrolyte were characterized. All XPS spectra
are calibrated to the C 1s C@C/C@H peak at 284.8 eV
(Figure S3). The N 1s XPS spectrum of PBALS in Figure 3a

shows a strong and sharp peak at 400.0 eV stands for the azo
group,[32] while the small peaks at 401.8, 403.4 and 404.8 eV
are due to a small amount of oxidized nitrogen impurities in
PBALS. Figure 3b shows the typical XPS peak at 161.5 eV for
S 2p 3/2 in LPS solid electrolyte, while Figure S4a displays the
typical XPS peak at 131.9 eV for P 2p 3/2.[33] To check the
compatibility of PBALS with LPS solid electrolyte, the XPS
spectra for the PBALS/LPS/C composite is shown in Figur-
es 3c,d and S4b. There is no difference for the N 1s, S 2p and
P 2p peaks of the PBALS/LPS/C composite with the pristine
PBALS and LPS solid electrolyte, demonstrating that the azo
redox group in PBALS does not react with LPS and PS4

3@

anion group is stable in the composite. Therefore, XPS results
prove that PBALS is compatible with the LPS solid electro-
lyte, while Raman and FTIR characterizations confirm the
existence of the strong bonding between PBALS and LPS.

Since PBALS is compatible and bonding with the LPS
solid electrolyte, the nature of bonding was analyzed by using
density functional theory (DFT) calculations. In Figure 4a,
the process for the absorbance of PBALS on LPS is illustrated
and its corresponding binding energy is calculated to be
@0.3 eV. The strong interaction between PBALS and LPS can
be explained by the large charge transfer (0.34 e form Bader
analysis) from LPS to PBALS, as shown in Figure 4b.
Moreover, the different charge density distribution obtained
by subtracting the charge density of PBALS@LPS from that
of PBALS and LPS indicates that charge transfer mainly
takes place between the carboxylate group and LPS, while the
active site (-N=N-) will be hardly influenced. The two-
dimentional different charge density of the C-O-Li plane is

plotted to provide clear details of the interaction. The
electrons deplete on the C atom and accumulate on the O
atom forming a dipole moment to interact with Li+ in the LPS.
Therefore, the DFT calculations confirm that there is ionic
bonding between oxygen in the carboxylate group of PBALS
and lithium ion in the LPS solid electrolyte.

The electrochemical performance of PBALS was mea-
sured in LIBs with liquid (1m LiPF6 in EC/DEC) and LPS
solid electrolytes. As shown in Figure 5a, PBALS shows two
pairs of redox plateaus at 1.24/1.30 V and 1.45/1.56 V in the
liquid electrolyte. A large irreversible capacity exists in the
first two cycles, and a short and slopping plateau appears
when PBALS is charged to 3 V, demonstrating the existence
of PBALS dissolution and shuttle reaction. The long-term
cycle life in Figure 5 b shows that the initial charge capacity of
PBALS is 75 mAh g@1, and it decreases to 12 mAh g@1 after 20
cycles, demonstrating the fast capacity fading. In addition, the
Coulombic efficiency can only reach approximately 90%
during cycling, further suggesting the existence of shuttle
reaction. To confirm the dissolution of PBALS in the OLE,
PBALS was added into the 1m LiPF6-EC/DEC liquid electro-
lyte. As shown in Figure S5, the pure OLE without PBALS is
transparent, while the color of the OLE with PBALS turns to
yellow owing to the dissolution of PBALS. To ultimately solve
the dissolution challenge of PBALS, LPS solid electrolyte is
used to replace OLE in LIBs. As shown in Figure 5c, PBALS
exhibits one pair of redox plateaus centered at 1.5 V with the
initial capacity of 120 mAh g@1 in ASSLB. The reversible
electrochemical behaviors of PBALS in ASSLB is further
confirmed by cyclic voltammetry (Figure 5d). A pair of redox
peaks at 1.30/1.52 V were observed, corresponding to the
redox plateaus in the charge/discharge curves. The long-term
cycle life in Figure 5e shows that a reversible capacity of
83 mAh g@1 can be retained after 120 cycles, which is much
better than the performance in LIBs with OLE. However, the
first cycle Coulombic efficiency of the ASSLB is 37% due to
the decomposition of the LPS solid electrolyte during the first
discharge. As reported by Yizhou Zhu et al., the LPS solid

Figure 3. XPS spectra for PBALS a) N 1s; LPS b) S 2p; PBALS/LPS/C
c) N 1s and d) S 2p.

Figure 4. DFT calculations for the interaction between PBALS and LPS
solid electrolyte. a) Illustration of the absorption process of PBALS on
LPS and its corresponding binding energy. b) The plot of different
charge density of the PBALS@LPS configuration and the transferred
electrons form LPS to PBALS according to Bader analysis. Yellow and
blue regions represent the accumulation and depletion of electrons,
respectively. c) 2-Dimension different electron charge density contour
on the C-O-Li plane.
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electrolyte has a narrow stability window from 1.71 V to
2.31 V in the ASSLB.[34] In our work, the ASSLB is discharged
to 1.0 V, which is lower than the reduction potential of the
LPS solid electrolyte, so the decomposition of a large amount
of LPS solid electrolyte occurs in the first cycle and leads to
the low initial Coulombic efficiency. The Coulombic effi-
ciency is quickly increased to > 99% in a few cycles. In the
long-term cycling, the Coulombic efficiency retains & 100 %,
demonstrating the good compatibility of PBALS with the LPS
solid electrolyte. The rate performance in Figure 5 f indicates
that PBALS delivers a reversible capacity of 128 mAh g@1 at
the low current density of 10 mAg@1. When the current
density increases to 80 mAg@1, a reversible capacity of
81 mAh g@1 can be retained, demonstrating the robust reac-
tion kinetics. Therefore, PBALS exhibits superior electro-
chemical performance in ASSLB. To study the role of the
carboxylate group in the ASSLB, AB without a carboxylate
group is employed as a control. As shown in Figure S6a, AB
shows a pair of redox plateaus at 1.1/1.5 V with a reversible
capacity of 58 mAhg@1. In the long-term cycling test, AB
retains a reversible capacity of 18 mAh g@1 after 30 cycles
(Figure S6b). Moreover, the Coulombic efficiency is only
& 98%, which is lower than that of PBALS. The poor battery
performance of AB is due to the volume change of AB during
lithiation/delithiation, which damages the interfacial contact
between AB and the LPS solid electrolyte. Therefore, the
detailed characterizations and electrochemical performance
of AB and PBALS demonstrate that the carboxylate group

can anchor with LPS to maintain the interfacial contact
between the active material and LPS solid electrolyte,
stabilizing the organic electrode material in ASSLB.

In conclusion, the carboxylated azo compound, PBALS, is
used as an electrochemical active material in ASSLB, which
avoids the dissolution of PBALS in the OLE. The detailed
characterizations show that PBALS is compatible and bond-
ing with the LPS solid electrolyte, reducing the interface
resistance. The strong bonding of PBALS to LPS can
accommodate the volume change of PBALS and maintain
the low interface resistance, thus achieving a superior cycling
stability and rate performance of PBALS in ASSLB. Since the
functional group in organic compounds can be easily manip-
ulated to enhance the bonding with inorganic SSE and
increase the mechanical property of organic compounds, the
SSE-based organic LIBs can address both challenges of the
dissolution issue of the organic electrode and the high
interface resistance issue in the ASSLB. Therefore, the
carboxylated organic compounds are promising electrode
materials for ASSLB.
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