
Journal of
Materials Chemistry A

COMMUNICATION

Pu
bl

is
he

d 
on

 2
1 

A
pr

il 
20

22
. D

ow
nl

oa
de

d 
on

 2
/2

1/
20

26
 6

:2
4:

25
 A

M
. 

View Article Online
View Journal  | View Issue
Multivalent catio
aState Key Laboratory of Heavy Oil Process

Engineering, China University of Petrole

zfyancat@upc.edu.cn
bSchool of Materials Science and Engineering

266580, China. E-mail: caitonghui@upc.edu

† Electronic supplementary infor
https://doi.org/10.1039/d2ta02049a

‡ These authors contributed equally to th

Cite this: J. Mater. Chem. A, 2022, 10,
10829

Received 16th March 2022
Accepted 21st April 2022

DOI: 10.1039/d2ta02049a

rsc.li/materials-a

This journal is © The Royal Society o
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Sb2S3 cathode toward high-capacity aluminum ion
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The conventional cationic redox centers of transition-metal-based

cathodes are reaching their theoretical capacity limit, which cannot

match the ultra-high specific capacity contributed by the three-

electron transfer reaction of an Al anode (2980 mA h g�1, 8056

mA h cm�3), severely restraining the development of high-energy

rechargeable Al-ion batteries (RAIBs). In this work, we propose the

multivalent cationic and anionic mixed redox chemistry of Sb2S3 as

a promising way out of this problem. The energy storage is induced by

the cumulative Sb-related cationic (Sb(+3) 5 Sb(+5)) and S-related

anionic (S(�2) 5 S(0)) mixed 10-electron transfer reversible redox

reaction during the charge/discharge process, which has been eluci-

dated here by extensive electrochemical measurements and charac-

terizations. Furthermore, excellent electrochemical performances are

realized due to the carbon-based interlayer effectively blocking the

charging products of the Sb-based cationic cluster (SbCl4
+), by a dual

defense mechanism that integrates the physical barrier of the porous

structure and the powerful chemical adsorption ability of the oxygen

groups. The Sb2S3 cathode could deliver a discharge specific capacity

of 756 mA h g�1 at 100 mA g�1. The finding is that the joint multivalent

cationic and anionic redox chemistry proposed in this work opens up

new opportunities for designing high-performance electrodes for

advanced rechargeable batteries.
Introduction

The high reserves of the metal Al, and its high safety, low cost,
and non-toxicity have made the aluminum-ion battery (AIB)
a competitive metal-ion battery system. Signicantly, the
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reversible three-electron transfer reaction of the Al anode can
deliver an ultra-high specic capacity of 2980 mA h g�1 and
8056 mA h cm�3,1 promoting AIBs as a primary candidate for
the next-generation energy storage system. Nonetheless, the
energy density and sustainability of AIBs until now are still not
comparable to Li-ion batteries, with the lack of suitable multi-
electron-based cathodes, to match the highly reversible three-
electron transfer reaction of the Al anode, being a major
obstacle. Therefore, an intense research effort has been spurred
into action for the discovery of novel cathode materials for AIBs
with a multi-electron transfer reaction, large capacity, and long
cycle life.

Among the cathode candidates for AIBs considered at
present, transition-metal-sulde (TMS) cathodes are the most
attractive, owing to their multi-electron transfer reactions.2 But,
since the advent of AIBs, the multi-electron transfer reaction of
these TMS has been considered/proved exclusively based on
cationic redox electrochemistry. Unfortunately, without the
contribution of S-based anionic redox, the average number of
electrons transferred per element based solely on the cationic
redox of these cathodes is relatively small,3–5 thus leading to
insufficient theoretical capacity for real-world implementation.
Therefore, introducing a multivalent cationic and S-based
anionic mixed redox is an effective approach to boost the
specic capacity and energy density via accessing the charge
transfer from all the elements of TMS, but it also faces huge
challenges.

Here, we report a novel one-dimensional nanorod-like Sb2S3
material as a cathode for high-capacity RAIBs for the rst time.
Unlike previously reported TMS cathodes, where energy storage
is induced by the redox reaction of the cations, the mechanism
from which the high capacity is achieved lies in the reversible
redox of the S-related anions in addition to the metal Sb-related
cations of Sb2S3. Based on the cumulative Sb-related cationic
(Sb(+3) 5 Sb(+5)) and S-related anionic (S(�2) 5 S(0)) mixed
reversible redox processes, the Sb2S3 cathode can deliver
a mixed 10-electron transfer reaction, holding a surprising
theoretical capacity of 789 mA h g�1. Furthermore, a graphene
J. Mater. Chem. A, 2022, 10, 10829–10836 | 10829
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aerogel interlayer as a preventive measure for tackling the
possible shuttle effect of the soluble ion-based products was
proved to be a sensible option. Density functional theory (DFT)
calculations showed that reduced graphene oxide with oxygen-
containing functional groups could powerfully chemically
adsorb the cationic clusters of SbCl4

+. As a result, this novel
Sb2S3 cathode delivers an initial discharge specic capacity of
756 mA h g�1 at 100 mA g�1, nearing its theoretical limit. Even
at a high current density of 1000 mA g�1, the discharge specic
capacity is as high as ca. 500 mA h g�1, remaining at
363 mA h g�1 aer 220 cycles. Considering both the discharge
capacity and rate performance, the cathode prepared herein
surpasses all the transition-metal-based cathode materials re-
ported to date.
Results and discussion
Preparation and morphology of Sb2S3 nanorods

The synthesis process of Sb2S3 nanorods is shown in Fig. 1a,
and detailed experiments can be seen in the ESI.† Antimony
trichloride was hydrolyzed to produce antimony oxychloride,
which was vulcanized by a solvothermal reaction to produce
rod-shaped Sb2S3. Fig. 1b shows the XRD pattern of the
synthesized Sb2S3. All the characteristic peaks match the
orthorhombic Sb2S3 phase (JCPDS card no. 00-006-0474). The
morphology of Sb2S3 was characterized by SEM and TEM
(Fig. 1c–e). Fig. 1c shows that the synthesized Sb2S3 nanorods
are aggregated frommultiple thinner nanorods with a diameter
of ca. 100 nm. The TEM image clearly shows that the structure
of Sb2S3 is very uniform. It can be seen from the electron
diffraction pattern of the selected area (Fig. 1e) that the
synthesized Sb2S3 is in a single crystal state, and the lattice
spacing of the (110) crystal plane is 0.8 nm.6
Fig. 1 (a) Schematic diagram of the preparation process of Sb2S3 nanoro
selected-area electron diffraction pattern of Sb2S3.

10830 | J. Mater. Chem. A, 2022, 10, 10829–10836
Electrochemical performance of the Sb2S3 cathode

Sb2S3 with a graphene aerogel interlayer was assembled in
a Swagelok-type battery (Fig. S1†) to evaluate the electro-
chemical performance of Sb2S3 as an RAIB battery cathode
material. As shown in Fig. 2a, the CV curve of the Sb2S3 cathode
has two obvious oxidation peaks in the voltage range of 0.8 to
1.9 V and the corresponding reduction peaks appear in the
voltage range of 0.9 to 0.3 V. In order to further understand the
kinetics of the Sb2S3 cathode, the relation between the peak
current and scan rate can be expressed as i ¼ avb, where i is the
response current (mA) and v is the scan rate (mV s�1); a and
b are adjustable values. A b value of 0.5 generally indicates
a diffusion-controlled process, while a value of 1.0 suggests that
the reaction is a surface charge transfer process.7,8 By tting the
redox peaks at different scan rates it was found that the slopes
of the tting curves for different redox peaks were 0.96, 0.92,
0.90, and 0.95, respectively, indicating an interplay between
surface- and diffusion-controlled reactions, but predominantly
a surface-driven pseudo-capacitive action (Fig. 2c). The calcu-
lated contribution of pseudo-capacitance and ion diffusion to
battery capacity was calculated according to the formula i(V) ¼
k1v + k2v

1/2, where i(V) is the total current response at a given
potential V, and k1 and k2 are the capacitive and diffusion
contribution, respectively. As shown in Fig. 2b, the pseudo-
capacitance contribution to the total charge storage area
curves at a scan rate of 1.0 mV s�1 was 94.9%, indicating that
the Sb2S3 cathode exhibits almost complete pseudo-capacitive
properties.9,10

Fig. 2d shows the galvanostatic charge/discharge curve at
a high current density of 1000 mA g�1. The assembled battery
was discharged rst, and the initial discharge capacity was
75 mA h g�1. Aer nearly 20 cycles of activation, the charge–
discharge specic capacity reached a stable level of
489 mA h g�1. Two charging plateaus at ca. 1.15 and 1.60 V, and
ds. (b) XRD pattern; (c) SEM; (d) TEM image; (e) HR-TEM image and the

This journal is © The Royal Society of Chemistry 2022
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Fig. 2 Electrochemical performance of Sb2S3: (a) CV curves at different scan rates. (b) Comparison graph of pseudo-capacitance contribution
and CV curve at a scan rate of 1.0 mV s�1. (c) The log(i)–log(v) plots of peaks and their linear fitting results. (d) The galvanostatic charge/discharge
curve at 1000 mA g�1. (e) The rate performance at different current densities. Cycle performance curves at (f) 100 mA g�1 and (g) 1000 mA g�1.
Notes: in (e) and (f) share the same y-axis of coulombic efficiency.
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the corresponding discharge plateaus at ca. 0.65 and 0.80 V were
observed, in full agreement with the CV curve. While, at a small
current density of 100 mA g�1, we compared two charging
protocols: charge-rst, and discharge-rst (Fig. S2†). The initial
discharge capacity of discharge-rst was small, only
140 mA h g�1, which is mainly contributed by the formation of
an SEI lm, GA interlayer and conductive carbon black, but the
following charging curve of the two charging protocols showed
almost no difference in capacity or voltage plateau. Aer one
cycle of activation, the capacity and voltage plateau of the
charge–discharge curve tended to be stable, and the discharge
specic capacity could reach 756 mA h g�1 with a cell-level
energy density of 80 W h kg�1 (Fig. S3a†).11,12 Furthermore, on
the charging curve at this current density, a third-stage charging
plateau appeared in the voltage range 1.8–2.0 V, which can be
judged to be the oxidation of S (S0 / Sx+).11 However, no cor-
responding high-potential discharge plateau was observed on
the discharge curve, which resulted in a low coulombic effi-
ciency (�95%). To nd a more suitable voltage window, cycling
performance tests were carried out in different voltage ranges at
1000mA g�1 (Fig. S4 and S5†). In the voltage range 0.2–1.8 V, the
This journal is © The Royal Society of Chemistry 2022
capacity stabilized at about 225 mA h g�1 aer 50 cycles. Aer
increasing the cut-off voltage of charging to 2.0 V, the capacity
rapidly increased to about 500 mA h g�1, which is due to the
increasing cut-off voltage being able to make the reaction more
sufficient. The discharge potentials were adjusted to 0.1 V and
0.01 V, respectively, and the capacities were comparable, but the
cycle decay rate of the battery was lower in the working region of
0.01–2.0 V. The capacity was 318 mA h g�1 aer 120 cycles in the
working range 0.2–2.0 V. Fig. 2e shows the rate performance
curves at different current densities. The discharge specic
capacities were 660, 630, 604, and 450 mA h g�1 at current
densities of 200, 300, 500, and 2000 mA g�1, respectively. Aer
gradually reducing the current density to 100 mA g�1, the
specic discharge capacity could be maintained at
615 mA h g�1. At a large current density of 1000 mA g�1, the
capacity of the battery required several cycles of activation to be
fully developed, and was maintained at 363 mA h g�1 aer 220
cycles with coulombic efficiencies much closer to 100%
(Fig. 2g). Fig. S3c† demonstrates the cycling performance of the
Sb2S3 electrode with higher loadings. The capacities remained
at 311, 260 and 175 mA h g�1 aer 200 cycles at high loadings of
J. Mater. Chem. A, 2022, 10, 10829–10836 | 10831
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2.6, 4.5 and 7.5 mg, respectively. Compared to reported
transition-metal-based cathodes (Table S1†), the discharge
capacity and the rate performance of Sb2S3 are among those of
the best cathode materials reported for AIBs. It is remarkable,
however, that the reversible charge specic capacity of the Sb2S3
cathode (756 mA h g�1) is much higher than the theoretical
specic capacity (473 mA h g�1) of the only Sb-based cationic
redox reaction from Sb(+3) to Sb(0). In view of the above analysis
of electrochemical properties, a bold hypothesis emerges
naturally that the S-based anionic oxidation reaction also
contributes reversible charge specic capacity to the Sb2S3
cathode during the charging process. Furthermore, similar
cathodic peaks in the range of 1.4 to 1.9 V (Fig. S6†) were
observed by comparing the CV curves of Sb2S3 and elemental
sulfur (oxidized from S(�2) to S(0)),13,14 which further echoed
our hypothesis of the S-based anionic reaction in the Sb2S3
cathode. This navigated us to pursue the possible energy
storage mechanism of the cationic and anionic mixed redox
reaction in the Sb2S3 cathode, which seemed promising.
Characterization of energy storage mechanism

To explore the possible cationic and anionic mixed redox based
energy storage mechanism of the Sb2S3 cathode in RAIBs, TEM,
in situ XRD, ex situ XPS, and ex situ Raman measurements were
conducted herein to identify the electrode components and
structures in different charge/discharge stages. Comparing the
TEM image and the corresponding element mapping images of
the Sb2S3 cathode in the initial state and the fully charged/
discharged states (Fig. S7 and S8†), it can be shown that the
Sb2S3 cathode underwent a phase change reaction during the
charging process. To prove that, in situ XRD (Fig. S9†) was
conducted to monitor the structural changes of the Sb2S3
cathode during the charging and discharging process.
Compared with the XRD pattern of pure Sb2S3 powder shown in
Fig. 1b, the relative strength of the characteristic peak for the
Sb2S3 cathode, collected by an X-ray penetrating Be current
collector, has changed to a certain extent, but there is no change
in the peak position. Fig. S10† shows that the peaks of the Be
current collector exist at the angles of 45.81, 50.93, 52.79, and
70.89�, and the peak intensity is much higher than that of the
electrode material.15 In order to improve the sensitivity of in situ
XRD detection, the range of signal acquisition was set at 5–50�.
Fig. 3a shows the structural changes of the Sb2S3 during the rst
discharge and the second complete charge/discharge cycle. The
main characteristic peaks of Sb2S3 exist at 22.30, 25.04, 28.50,
29.26, and 35.52�. During the initial discharge process, the
intensity of the monitored Sb2S3 peak did not change, and no
new peaks appeared, which indicated that Sb2S3 was not
reduced into crystal Sb during the rst discharge process.16

Then, during the charging process, the intensity of the charac-
teristic peak of Sb2S3 gradually weakened, which indicates that
the Sb2S3 cathode was consumed by a phase change reaction. In
addition, no deviation of the characteristic peaks of the cathode
was observed, and no new peaks appeared, so it can be specu-
lated that the energy storage mechanism is different from the
conventional intercalation conversion mechanism.3,17–19 During
10832 | J. Mater. Chem. A, 2022, 10, 10829–10836
the discharge process, the intensity of these characteristic peaks
for Sb2S3 gradually returned to the initial state completely, and
no new peaks were detected, indicating that the charging
product could be reduced sufficiently thus leading to the
regeneration of crystal Sb2S3. This fully demonstrates the
reversibility of the battery reaction.

Fig. 3b and c show the ex situ XPS spectra of Sb 3d and S 2p of
the Sb2S3 electrodes in different charge/discharge states. As
shown in Fig. 3b, the Sb spectrum of pristine Sb2S3 has two
characteristic peaks at 529.48 and 538.78 eV, which correspond
to the binding energy of Sb(+3) 3d3/2 and 3d5/2.20 For the S
spectrum of pristine Sb2S3 (Fig. 3c), a pair of peaks located at
160.78 eV (2p3/2) and 161.88 eV (2p1/2) conrmed the existence
of S(�2).21,22 By charging to 1.2 V, the Sb 3d3/2 and 3d5/2 spectra
totally shied to higher binding energies of 531.98 and
539.98 eV, respectively, corresponding to Sb(+5)
(Fig. S11a†).20,23,24 This indicated that the Sb(+3) was completely
oxidized to a higher valence of Sb(+5). However, a new pair of
peaks located at 163.58 eV (2p3/2) and 164.58 eV (2p1/2) was
observed in the S spectrum at the charging voltage of 1.2 V that
conrmed the existence of elemental S. When fully charged to
2.0 V, the same characteristic peaks of Sb(+5) were still observed
in the Sb spectrum, indicating that Sb(+5)-based charging
products could exist stably under this voltage in RAIBs. While
for the S spectrum in the same fully charged state, the S 2p peak
totally shied to a higher binding energy of 163.58 eV (2p3/2)
and 164.58 eV (2p1/2), indicating that S(�2) was well oxidized to
S(0) (Fig. S11b†).25,26 Based on the research into Li–S27 and Al–S
batteries,28 S is difficult to detect in the form of the crystalline
state aer cycling owing to the regenerated S existing in the
form of amorphous S,29,30 consistent with the results from in situ
XRD where no crystal S was observed. In terms of the above
analysis, the reaction mechanism during the charging process
of the Sb2S3 cathode could be divided into two stages: namely,
the Sb-based oxidation process, then the S-based oxidation
process. During the discharge progress, in addition to the peaks
of Sb(+5) 3d3/2 and 3d5/2, the peaks of Sb(+3) 3d3/2 and 3d5/2
reappeared at the discharge voltage of 0.7 V, indicating the
reduction reaction from Sb(+5) to Sb(+3). No change was
observed in the S spectrum, the S(0) 2p1/2 and 2p3/2 peaks totally
remained at the discharging voltage of 0.7 V. Subsequently, by
discharging to 0.01 V, the intensity of Sb(+3) peaks at 529.48 and
538.78 eV increased signicantly, indicating that Sb(+5) was
reversibly reduced to Sb(+3). While for the S spectrum in the
same fully discharged state, the S(�2) 2p peaks reappeared at
160.78 and 161.88 eV, which were derived from Sb2S3, indi-
cating that S(0) was also reduced to S(�2). In order to reduce the
inuence of residual electrolyte on the XPS test results, we
performed argon ion etching (depth of 5 nm) on electrodes in
different charge and discharge states to expose the electrode
materials adhered to by the electrolyte (Fig. S12†), obtaining
results completely consistent with Fig. 3b and c, so the removal
of the surface electrolyte allows the electrode in the interme-
diate states to present more abundant information. Based on
the ex situ XPS results, the energy storage mechanism of Sb2S3
could be preliminarily identied as the cumulative Sb-related
cationic (Sb(+3) 5 Sb(+5)) and S-related anionic (S(�2) 5
This journal is © The Royal Society of Chemistry 2022
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Fig. 3 (a) In situ XRD patterns of Sb2S3 electrodes in different charge/discharge states. (b and c) Ex situ XPS spectra of Sb 3d and S 2p of Sb2S3
electrodes in different charge/discharge states. (d) Ex situ Raman spectra of Sb2S3 electrodes in different charge/discharge states. (e) Raman
spectra of the electrolyte after fully charged sate, pure electrolyte, and electrolyte with SbCl5.
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S(0)) mixed reversible redox processes, and it can be determined
that peaks I and III in Fig. S13† are redox peak pairs (1.19 V/0.69
V) of Sb, while peak II and peak IV are S-related redox peaks
(1.63 V/0.56 V).

To further identify the Sb(+5)-based and S(0)-based charging
products, ex situ Raman spectroscopies were conducted herein.
As shown in Fig. 3d, pristine Sb2S3 had obvious characteristic
peaks at 146.1, 188.3, 251.5, 297.5, and 449.2 cm�1.31,32 When
charged to 2.0 V, these peaks of Sb2S3 disappeared, and three
new peaks at 152.7, 220.8, and 471.3 cm�1, which were
completely derived from the peaks of elemental S,33 were
observed, consistent with the results from ex situ XPS. During
the discharge process, the characteristic peak of S almost
completely disappeared, and the peak representing Sb2S3 in the
This journal is © The Royal Society of Chemistry 2022
range 250–330 cm�1 reappeared. The aforementioned results
are further good proof of the S-related anionic (S(�2) 5 S(0))
reversible redox reaction. As we revealed in our previous
research work on Al–Se batteries,34 a high-valent charging
product such as Se(+4) is easily combined with Cl�, forming
chloro-complexed cations such as SeCl3

+, in Lewis-acid chlor-
oaluminate melts ionic liquid electrolytes. So, the pentavalent
Sb(+5) are most likely to form Sb(+5)-based chloro-complexed
cations of SbCl4

+ in the Lewis-acid chloroaluminate melts
ionic liquid electrolytes.35,36 To verify this hypothesis, pure
antimony pentachloride (SbCl5) (Fig. S14†) and SbCl5/AlCl3/
[EMIM]Cl melts ionic liquid were synthesized. Then, Raman
spectroscopy was conducted herein to identify the coordination
structure for the Sb(+5)-based charge products. For the pure
J. Mater. Chem. A, 2022, 10, 10829–10836 | 10833
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SbCl5, as shown in Fig. S15a,† characteristic peaks at 178.6,
304.3, 354.8, and 395.3 cm�1 were observed in its Raman
spectrum.37 According to previous studies, SbCl5 can interact
with chloroaluminate, such as Al2Cl7

� to generate chloro-
complexed cations of SbCl4

+ when SbCl5 is dissolved in chlor-
oaluminate melts,38 showing characteristic peaks at 127.3,
178.6, 281.0, 330.1 and 491.0 cm�1 in the Raman spectrum
(Fig. S15b†). In addition, electrolyte trapped within a GA inter-
layer near the cathode side from a fully charged battery was
subjected to a Raman test to observe the change in electrolyte
composition. As shown in Fig. 3e, in addition to the peaks of
AlCl4

� (348.2 cm�1), Al2Cl7
� (435 cm�1) and EMIM+

(596.8 cm�1),39 new peaks at 178.6, 281.0, and 330.1 cm�1

appeared in the Raman spectrum, consistent with the charac-
teristic peaks of SbCl4

+, indicating that the Sb(+3) in Sb2S3 was
oxidized to SbCl4

+ during the charging process. Combining the
reported literature (Table S2†) and the above measurements,
the energy storage mechanism for the Sb-related cationic and S-
related anionic mixed reversible redox reaction of the Sb2S3
cathode in RAIBs can be summarized as follows:

Cathode reaction:

Sb2S3 + 16AlCl4
� 4 2SbCl4

+ + 3S + 8Al2Cl7
� + 10e�

Anode reaction:

40

3
Al2Cl7

� þ 10e�4
70

3
AlCl4

� þ 10

3
Al

Total reaction:

Sb2S3 þ 16

3
Al2Cl7

�42SbCl4
þ þ 3Sþ 10

3
Alþ 22

3
AlCl4

�

Fig. 4 Schematic diagram of the energy storage mechanism of the S
calculations of adsorption energies and structures of SbCl4

+ adsorbed o

10834 | J. Mater. Chem. A, 2022, 10, 10829–10836
Accordingly, a mixed 10-electron transfer reaction (Fig. 4a
and S16†) is realized by the joint cationic and anionic reversible
redox of Sb2S3, holding a surprising theoretical capacity of
789 mA h g�1. The formation and conversion of elemental S
contributed to the higher theoretical capacity of the battery and
explained the large polarization on the charge–discharge curves
in Fig. 2d, since sulfur is an electronic insulator and has slower
reaction kinetics, which also leads to lower energy efficiency
(52%).40,41 It is noteworthy that the soluble charging products of
SbCl4

+ could shuttle into the ionic liquid electrolyte, resulting in
the capacity decay of the battery. Inspired by the Li–S battery,
a carbon-based interlayer was used here to mitigate the shuttle
effect of the soluble products. As expected, improved electro-
chemical performances were achieved here by using a GA
interlayer.

Contribution of the GA interlayer to battery performance

The capacity contributions of the GA interlayer were investi-
gated, as presented in Fig. S17.† The discharge specic capacity
of pure GA presents only 25 mA h g�1 at a current density of
100 mA g�1. Fig. S18† shows the galvanostatic charge/discharge
curves and cycle performance curves of the Sb2S3 cathode
without a GA interlayer. It is found that the battery without a GA
interlayer has similar charging and discharging platforms to the
battery using a GA interlayer, but the initial discharge specic
capacity presents only 191 mA h g�1, which is far less than its
theoretical specic capacity. Even worse, the discharge specic
capacity reduced dramatically to 37 mA h g�1 aer 50 cycles. As
revealed, the poor cycling performance was caused by the
shuttle effect of SbCl4

+ during the repeated charge/discharge
processes, which could be effectively improved by using a GA
interlayer.42 Fig. S19† shows the SEM morphology of the GA
interlayer with a three-dimensional porous structure. The
batteries aer long cycles were disassembled to observe the
b2S3 cathode materials during the charging process (a). Theoretical
n S, Sb2S3 and rGO (b).

This journal is © The Royal Society of Chemistry 2022
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changes in the morphology and structure of the Sb2S3 electrode
and GA interlayer. Sb2S3 nanorods can be clearly seen on the
initial electrode, and the elemental contents of S and Sb are
close to the theoretical molar ratio of 1.5 (Fig. S20†). Aer 50
cycles, the rod-shaped Sb2S3 showed some defects and had
decreased, while aer 200 cycles, almost no Sb2S3 could be seen
on the electrode surface, all of which had been converted into
smaller nanoparticles, and the content of S and Sb was also
signicantly reduced. In contrast, a large amount of uniformly
distributed Sb and S was observed on the GA interlayer aer
long cycling, which indicated that the original rod-like Sb2S3
had transformed and recombined, and the GA interlayer had
effectively adsorbed and blocked the shuttling of charging
products (Fig. S21†). As shown in Fig. S22,† the FTIR and XPS
spectra illustrate the abundant oxygen-containing functional
groups of –OH, –CO and –COOH in the GA interlayer. To further
understand the mechanism whereby the GA interlayer inhibits
the shuttle effect of SbCl4

+, density functional theory (DFT)
calculations were utilized to explore the possible enhanced
chemisorption ability of a carbon-based interlayer toward
soluble SbCl4

+ (Fig. 4b). According to the DFT calculations, the
binding energies for S and SbCl4

+, Sb2S3 and SbCl4
+, reduced

graphene oxide (rGO) and SbCl4
+ were estimated to be �1.70,

�4.12 and �5.67 eV, respectively. Owing to the low chemi-
sorption between the accumulated S and the soluble SbCl4

+

during the cycling process, accordingly, severe shuttle effects
lead to capacity decay. Fortunately, the DFT results indicate that
reduced graphene oxide with oxygen-containing functional
groups, such as –OH, –CO and –COOH, exhibited satisfactory
chemical adsorption ability for SbCl4

+. So, a GA interlayer,
synthesized from graphene oxide with a gradient content of
oxygen-containing functional groups (Fig. S21b†), was intro-
duced into the battery and effectively suppressed the shuttle
effect of SbCl4

+ by a dual defensemechanism that integrated the
physical barrier of a porous structure and the powerful chemical
adsorption ability of the oxygen groups. As a result, the battery
exhibits a superior discharge capacity close to its theoretical
capacity and a stable cycle performance. Furthermore, Fig. S23†
demonstrates the self-discharge performance of the Al–Sb2S3
battery using a GA interlayer. When the resting time is 1 or 2 h,
the discharge capacities show almost no attenuation, about
575 mA h g�1, and the coulombic efficiencies are close to 100%.
When the resting time increases to 6 h, the discharge capacity
decays weakly and remains at 554 mA h g�1. However, when the
standing time continued to increase to 12, 24, and 48 h, the
capacity decays are more obvious, which are maintained at 504,
420, and 350 mA h g�1, respectively. This indicates that the GA
interlayer has indeed achieved superior results in suppressing
the shuttle effect of charging products in a short time, but more
efforts are needed to fundamentally solve the problem, thereby
further improving the battery's stability.

Conclusions

In summary, unlike previously reported TMS cathode materials
where energy storage is induced by the redox reaction of the
cations in it alone, multivalent cationic and anionic mixed
This journal is © The Royal Society of Chemistry 2022
redox reactions which are imperative to further improve the
battery performance were introduced into RAIBs by using
a novel Sb2S3 cathode. The energy storage properties of the
Sb2S3 cathode were understood to follow a joint Sb-related
cationic (Sb(+3) 5 Sb(+5)) and S-related anionic (S(�2) 5

S(0)) mixed reversible redox mechanism. DFT calculations
conrm that the strong chemisorption between the carbon-
based interlayer with oxygen-containing functional groups
and SbCl4

+, effectively suppressed the shuttle effects. Further-
more, the Sb2S3 cathode exhibited outstanding cycling perfor-
mance of 363 mA h g�1 at 1000 mA g�1 aer 220 cycles with
a record-setting cyclic performance achieved in the documented
AIBs among all the metal sulde cathode materials reported to
date. The discovery of multivalent cationic and anionic mixed
redox activity in metal suldes might be a feasible solution to
the pursuit of cathode materials for the further development of
RAIBs.
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