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itution in Sb2S3 nanorods
enhances the stability of the microstructure and
high-rate capability in the alloying regime†

Akshay Kumar Budumuru,‡ab Lokeswararao Yelamnchi‡a and Chandran Sudakar *ab

Alloy anodes, with twice the capacity of graphite, are promising for next-generation lithium-ion batteries

(LIBs). However, poor rate-capability and cycling stability, mainly due to pulverization, have limited their

application. By constraining the cutoff voltage to the alloying regime (1 V to 10 mV vs. Li/Li+), we show

that Sb1.9Al0.1S3 nanorods provide excellent electrochemical performance, with an initial capacity of

∼450 mA h g−1 and excellent cycling stability with 63% retention (capacity ∼240 mA h g−1 after 1000

cycles at 5C-rate), unlike 71.4 mA h g−1 after 500 cycles observed in full-regime cycling. When

conversion cycling is also involved the capacity degrades faster (<20% retention after 200 cycles)

irrespective of Al doping. The contribution of alloy storage to total capacity is always larger than the

conversion storage indicating the superiority of the former. The formation of crystalline Sb(Al) is noted in

Sb1.9Al0.1S3, unlike amorphous Sb in Sb2S3. Retention of the nanorod microstructure in Sb1.9Al0.1S3
despite the volume expansion enhances the performance. On the contrary, the Sb2S3 nanorod electrode

gets pulverized and the surface shows microcracks. Percolating Sb nanoparticles buffered by the Li2S

matrix and other polysulfides enhance the performance of the electrode. These studies pave the way for

high-energy and high-power density LIBs with alloy anodes.
Introduction

Lithium-ion batteries (LIBs) are omnipresent and are expected
to play an important role in the fourth industrial revolution by
powering portable augmented reality systems, smart mobile
robots and advanced human–machine interfaces.1,2 However,
LIBs with larger energy and power densities are needed for the
full utilization of themicroprocessors involved in these portable
smart machines.3 This is possible with the right choice of
electrode materials that exhibit larger capacity and support
quick lithium insertion and removal.4 For most of these appli-
cations, an anode that can replace commercially used graphite
is the need of the hour.5 Many materials are being explored as
an alternative anode for LIBs.6 Examples include graphene,
silicon, antimony, Sb2S3, MoS2, etc.7,8 Of these, Sb2S3 is
considered a promising next-generation anode for lithium-ion
batteries.9,10
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Sb2S3 has a theoretical capacity of 946 mA h g−1 with 12
moles of lithium stored for a unit mole of Sb2S3, which is more
than twice the capacity of commercially used graphite
(372 mA h g−1).5,11 Sb2S3 has a layered structure which enables
easy lithium diffusion. Furthermore, it has reasonably good
operating voltage and relatively less volume expansion upon
lithiation compared to other conversion and alloying
anodes.12,13 The relatively low phase formation temperature
(∼300 °C) also makes it an attractive alternative.14 The main
issues with Sb2S3 are the low rate-capability and serious capacity
loss during extended high-current cycling.15,16 These bottle-
necks need to be addressed to make it an attractive alternative
anode.

Sb2S3 crystallizes in an orthorhombic structure (space group
Pnmb) with lattice parameters a= 11.3107 Å, b= 3.8363 Å, and c
= 11.2285 Å.17 In a unit cell of Sb2S3, there are two structurally
distinct Sb atoms and three distinct S atoms. The rst Sb atom
is in square pyramidal coordination with S atoms sharing edges
with other square pyramids.17 The second Sb atom is in trigonal
coordination, sharing one corner with a square polyhedron and
two corners with adjacent trigonal sulfur atoms.17 Two such
trigonal SbS3 and two square pyramidal SbS5 extend along the
crystallographic c-axis forming (Sb4S6)n chains.18 Within
a chain, the bonds between Sb and S are covalent and, across
the chains, the attraction is due to weak van der Waal forces.18

Lithium storage in Sb2S3 happens via a conversion reaction
followed by an alloying mechanism.19 During the conversion
© 2023 The Author(s). Published by the Royal Society of Chemistry

http://crossmark.crossref.org/dialog/?doi=10.1039/d2na00695b&domain=pdf&date_stamp=2023-03-11
http://orcid.org/0000-0003-2863-338X
https://doi.org/10.1039/d2na00695b
http://creativecommons.org/licenses/by-nc/3.0/
http://creativecommons.org/licenses/by-nc/3.0/
https://doi.org/10.1039/d2na00695b
https://pubs.rsc.org/en/journals/journal/NA
https://pubs.rsc.org/en/journals/journal/NA?issueid=NA005006


Paper Nanoscale Advances

O
pe

n 
A

cc
es

s 
A

rt
ic

le
. P

ub
lis

he
d 

on
 0

6 
M

ar
ch

 2
02

3.
 D

ow
nl

oa
de

d 
on

 1
0/

24
/2

02
5 

5:
28

:5
0 

PM
. 

 T
hi

s 
ar

tic
le

 is
 li

ce
ns

ed
 u

nd
er

 a
 C

re
at

iv
e 

C
om

m
on

s 
A

ttr
ib

ut
io

n-
N

on
C

om
m

er
ci

al
 3

.0
 U

np
or

te
d 

L
ic

en
ce

.
View Article Online
reaction (see eqn (1)), which occurs in the voltage range 2.5 to
1 V (vs. Li/Li+), Sb2S3 reacts with lithium ions and electrons,
forming metallic Sb and Li2S with an estimated theoretical
capacity of 473 mA h g−1.20

Conversion reaction

Sb2S3 + 6Li+ + 6e− 5 2Sb + 3Li2S (1)

Alloying reaction

2Sb + 6Li+ + 6e− 5 2Li3Sb (2)

Upon further lithiation (see eqn (2)), metallic Sb le over
from the conversion reaction alloys with lithium forming Li3Sb,
with an estimated capacity of 473 mA h g−1.21 The Li2S le over
from the conversion reaction is inactive during alloying and is
expected to have no major inuence on the alloying electro-
chemical reaction.22 During delithiation, Li3Sb dealloys to form
metallic Sb.5 However, due to the difference in the reaction
mechanism during alloying and dealloying, the latter reaction
happens between 10 mV and 1.2 V vs. Li/Li+, unlike the former
reaction, which takes place between 1 V and 10 mV vs. Li/Li+.23

When delithiated above 1.2 V, the Li2S reconverts and reacts
with Sb to form Sb2S3. Unlike many other suldes, including
MoS2 and WS2, where the decomposition during the rst lith-
iation is irreversible, Sb2S3 reforms at the end of every
delithiation.24,25

The volume of the Sb2S3 electrode is estimated to increase by
>230% during lithiation.26 In contrast, the volume expansion in
graphite upon lithiation is ∼10%.27 Such huge volume expan-
sion in Sb2S3 pulverizes the active material destroying the
microstructure of the active material and increasing the
impedance.28 Such changes are predominantly responsible for
the low rate capability and the abysmal capacity retention of
Sb2S3.5 The commonly used methodologies in the literature to
alleviate these issues are either to decrease the particle size of
the active material, tailor the morphology by incorporating
voids to accommodate the volume expansion, or form
composites, predominantly with carbonaceous materials, to
accommodate the volume expansion and improve the
conductivity.29–32 Such approaches have improved the perfor-
mance of Sb2S3 to various degrees. Amorphous Sb2S3 synthe-
sized via reactive radio frequency magnetron sputtering has
a capacity of 678.6 mA h g−1 at 0.1C and a capacity of
495.6 mA h g−1 at 5C.11 When cycled at 0.2C for 250 cycles,
a capacity of 585.4 mA h g−1 is observed. The enhanced charge
storage properties are attributed to the amorphous phase and
3D structure of the anode.11 Sb2S3 hollow microspheres were
reported to have an initial capacity of 1379 mA h g−1 when
cycled at 50 mA g−1.29 At higher current rates, 5 A g−1, a capacity
of 541 mA h g−1 is observed. Cycling stability studies carried out
at 200 mA h g−1 show a capacity of 674 mA h g−1 aer 50
cycles.29 Ultrathin Sb2S3 nanosheets were shown to exhibit
a reversible capacity of 607 mA h g−1 at 2 A g−1 and a reversible
capacity of 800 mA h g−1 aer 200 cycles at 0.2 A g−1.15 Similar
enhancements were also observed in composite Sb2S3
anodes.9,33
© 2023 The Author(s). Published by the Royal Society of Chemistry
Though the performance of these anodes has been
improved, its full utilization in LIBs is beset due to the required
performance being far below the commercialization needs.9,34–36

For a next-generation anode material, high rate capability
(current rate > 1C) for over 1000 cycles with a capacity retention
of >70% is a necessary (though not sufficient) requirement.37 To
realize this goal, other strategies need to be explored. One well-
known strategy to improve the performance of the electrode
materials is cation substitution.38,39

Aluminum substitution in nickel-rich layered oxide is
a successful example.40 Aluminium substitution in layered
oxides is a promising way to make LIBs with high power
densities and a long cycle life, required for electric vehicle
application.41 Aluminium substitution in Ni-rich layered oxides
tunes the phase transformation process minimizing the
mechanical degradation and improves the performance of the
layered oxide cathode.42 While there are few reports which study
the inuence of cation substitution43 and its inuence on
energy storage properties of Sb2S3,44 a comprehensive study on
aluminium substitution and its inuence on lithium storage
properties are missing.

Aluminium sulde (Al2S3) occurs in nature and has been
tested as an anode for lithium-ion batteries.45,46 The lithium
storage mechanism in Al2S3 is similar to that of Sb2S3, i.e., the
conversion reaction followed by alloying.47 Despite a similar
mechanism, the voltages at which these reactions happen are
different due to the difference in the electron energy levels of Al
and Sb. Also, Al2S3 predominantly crystallizes in the hexagonal
or tetragonal crystal system.48,49 Since Al2S3 does not exist in the
orthorhombic phase with lattice parameters similar to that of
Sb2S3, it is not possible for these suldes to form solid solutions
over the entire compositional range.50–52 But, consider the Al
substitution in layered oxides. LiAlO2 predominantly crystal-
lizes in a tetragonal structure, whereas LiNiO2 crystallizes in
a trigonal structure, but it is still possible to get a solid solution
when the concentration of Al substituted is less (∼5 at%).53,54

Hence, it might be possible to synthesize a solid solution of Al
and Sb suldes if the quantity of Al substituted is little. Since
both Sb2S3 and Al2S3 exist in nature, it is quite possible for the
resulting composition to be stable, when Al is substituted in
small at% (<10%). The strength of the Al–S bond is less than the
bond strength of Sb–S, so the resultant antimony aluminum
sulde should accommodate the lithium ions more easily
compared to the pristine Sb2S3.55 Also, the presence of Al
nanoparticles in addition to Sb nanoparticles might improve
the electronic conductivity of the electrode aer lithiation.

In this manuscript, we present the structural, compositional,
and electrochemical properties of pristine and Al (5 at%)-
substituted Sb2S3 [Sb1.9Al0.1S3] nanorods. We investigate the
lithium storage properties in the conversion (2.5 V to 1 V vs. Li/
Li+) and alloying (1 V to 10 mV vs. Li/Li+) reaction regimes.
Cycling studies are performed with the reactions involved from
both the regimes and as well as examining the cycling proper-
ties independently in the respective voltage zones. Pristine and
Al-substituted Sb2S3 anodes show similar charge–discharge
proles and capacity at low current rates. However, Sb1.9Al0.1S3
nanorods exhibit signicantly improved rate-capability at
Nanoscale Adv., 2023, 5, 1802–1815 | 1803
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higher current rates having a capacity of 468 mA h g−1 at 10C
(9.4 A g−1) and a capacity of 211 mA h g−1 at 25C (23.5 A g−1).
Pristine Sb2S3 nanorods, on the other hand, have a capacity of
80 mA h g−1 at 10C (9.4 A g−1). Studies on the conversion and
alloying regimes separately indicate that the latter has better
electrochemical properties and Al substitution in Sb2S3 further
enhances them. Alloying storage of Al-substituted Sb2S3 has
a capacity of 383 mA h g−1 at 5C with an outstanding capacity
retention of 63% aer 1000 cycles. Post-electrochemical
microstructural studies indicate that the Al substitution stabi-
lizes the morphology of the nanorods in the alloying regime,
facilitating better rate-capability and cycling stability. Pristine
Sb2S3 nanorods, on the other hand, undergo pulverization
resulting in the loss of the microstructure and rapid capacity
fading. Based on the postmortem studies, it is contemplated
that Sb nanoparticles form a percolating network in Li2S poly-
suldes formed at the end of conversion cycling, facilitating
better conductivity during cycling in the alloying regime. The
lower operating voltage (∼0.7 V vs. Li/Li+) of alloying storage,
together with its excellent rate-capability and cycling stability,
makes it a promising alternative anode for next-generation
LIBs.

Experimental
Materials

Antimony chloride (SbCl3, 99%), aluminium nitrate
(Al(NO3)3.9H2O, 98%), and 3-mercaptopropionic acid (3-MPA,
C3H6O2S, 99%) were obtained from Alfa Aesar. Ethanol (99.9%)
was obtained from Changshu Hongsheng Fine Chemicals. All
the chemicals were used as procured without further
purication.

Synthesis

Sb2S3 nanorods are synthesized by following a hydrothermal
method.56 Initially, 0.6379 g of SbCl3 is dissolved in 30 ml of
ethanol. 0.9372 g of 3-MPA is added to this ethanol solution.
Aer homogenizing the solution, it is transferred into a 50 ml
Teon-lined stainless steel autoclave and kept in a hot air oven
at 180 °C for 12 h. Aer heating, the autoclave is cooled down to
room temperature naturally. The precipitate obtained from the
autoclave is ltered, washed with ethanol several times, and
dried in air. The resulting powder is annealed at 330 °C for 1 h
in high pure argon ambient. The obtained sample is referred to
as Sb2S3. To synthesize 5 at% aluminium substituted Sb2S3
(Sb1.9Al0.1S3), the same procedure is followed except that both
SbCl3 and Al(NO3)3$9H2O are taken in the 0.95 : 0.05 metal
cation ratio. The aluminum substituted sample is referred to as
Sb1.9Al0.1S3.

Compositional and structural characterization

Powder X-ray diffraction patterns of Sb2S3 and Sb1.9Al0.1S3
samples are collected using a Rigaku SmartLab X-ray diffrac-
tometer employing a Cu anode operating at 4 kW (Cu Ka l =

1.5406 Å) between 2q angles 10° and 60°, with a step size of
0.02°. Raman spectral studies are performed using a Horiba
1804 | Nanoscale Adv., 2023, 5, 1802–1815
Jobin-Yvon spectrometer working with an excitation laser
source of wavelength 632 nm and dispersing the scattering light
with 1800 lines per mm grating. X-ray photoelectron spectros-
copy is performed on a PHI 5000 Versa Probe III, Physical
Electronics, using an Al Ka source. The spectra are corrected by
aligning the C 1s peak to 284.6 eV. Field emission scanning
electron microscopy (FESEM) and energy dispersive X-ray
spectral (EDS) studies are performed using an FEI Inspect F50
operating at 30 kV. Transmission electron microscopy (TEM)
and selected area electron diffraction (SAED) studies are carried
out using an FEI Tecnai G20 operating at 200 kV, and high-
resolution TEM (HRTEM) and EDS mapping studies in scan-
ning transmission electron microscopy (STEM) mode are
carried out using an image corrector equipped FEI Titan oper-
ating at 300 kV.
Electrochemical characterization

The electrodes for electrochemical characterization are fabri-
cated by mixing the active material, acetylene black (MTI Corp)
and carboxymethyl cellulose (Sigma-Aldrich), in the ratio of 7 :
2 : 1 in an agate motor. A slurry is prepared by adding a fewml of
DI water followed by grinding. Later the viscous slurry is cast
onto a copper foil laid at on a glass plate. The slurry is spread
using a doctor blade with 100 mm clearance. The slurry is dried
and heated at 70 °C for 12 h in a vacuum oven maintained at
10−2 bar. A 15 mm disc is punched from the foil, and coin cells
are fabricated using lithium metal foil (Alfa Aeser) as a counter
electrode, polypropylene membrane as a separator and a 1 M
LiPF6 in a mixture of dimethyl carbonate and uoroethylene
carbonate (FEC) (4 : 1 vol.%) as electrolyte. Galvanostatic
charge–discharge measurements are carried out at different
current rates from 0.1C to 40C rate, assuming a theoretical
capacity of 946 mA h g−1 (1C = 946 mA g−1) irrespective of the
cutoff voltages. Cyclic voltammetry studies were carried out at
scan rates ranging between 0.05 and 1 mV s−1. Electrochemical
impedance spectroscopy studies are performed with the cells in
the discharged state by applying a sinusoidal excitation voltage
of 10 mV between frequencies 10 mHz and 1 MHz. All the
electrochemical measurements are carried out on a Biologic
VSP 300 workstation.
Results and discussion
Structural, microstructural and compositional
characterization

Powder X-ray diffraction patterns of Sb2S3 and Sb1.9Al0.1S3 are
shown in Fig. 1a and b along with a standard diffraction pattern
of Sb2S3 (42-1393) from the inorganic crystal structure database
(ICSD). All the peaks present in the diffraction pattern are
indexed to the orthorhombic stibnite structure (space group:
Pbnm). Both Sb2S3 and Sb1.9Al0.1S3 samples are devoid of impure
phases, as discerned from the absence of diffraction peaks
attributable to possible secondary phases like antimony oxides.
Rietveld renement further conrms that the structure remains
Stibnite and phase pure with the estimated lattice parameters
as given in Fig. 1a and b. The lattice parameters are similar for
© 2023 The Author(s). Published by the Royal Society of Chemistry
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Fig. 1 Rietveld refined powder X-ray diffraction patterns of (a) Sb2S3 and (b) Sb1.9Al0.1S3 along with the standard Sb2S3 ICSD powder diffraction
pattern (PDF # 42-1393). Raman spectra of (c) Sb2S3 and (d) Sb1.9Al0.1S3. X-ray photoelectron survey spectra of (e) Sb2S3 and (f) Sb1.9Al0.1S3
anodes. The panels in the inset show the enlarged region between the binding energies 55 and 130 eV. Panels (g) – (i) and panels (j) – (l) are the
high-resolution spectra collected on Sb2S3 and Sb1.9Al0.1S3 anode in the energy range corresponding to Sb, S and Al elements, respectively.
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Sb2S3 and Sb1.9Al0.1S3, suggesting that Al substitution does not
change the crystal structure drastically. This suggests that most
of the Al3+ dopants have been substituted at Sb3+ sites in the
lattice. A slight reduction in the lattice parameters of the
orthorhombic structure can be attributed to the smaller ionic
radius of Al3+ (∼54 pm) compared to Sb3+ (∼76 pm), reducing
the lattice dimension slightly without modifying the structure.57

The crystallite size estimated using the Scherrer equation from
the most intense peak (hkl) is ∼90 nm for Sb2S3 and ∼60 nm for
Sb1.9Al0.1S3.
© 2023 The Author(s). Published by the Royal Society of Chemistry
Raman spectra of Sb2S3 and Sb1.9Al0.1S3 samples are shown
in Fig. 1c and d. Both the spectra show four broad peaks
centered approximately at 190 cm−1, 241 cm−1, 280 cm−1, and
308 cm−1.58 The rst two peaks are attributed to the B1g asym-
metric and symmetric bending modes of S–Sb–S, respectively.
Two strong modes centered at 280 cm−1 and 308 cm−1 are due
to asymmetric Ag and B2g S–Sb–S stretching vibrational modes.59

Al substitution has resulted in a small peak shi (∼4 cm−1) in
the Sb1.9Al0.1S3 anode. Such peak shis were reported in the
literature when cations were substituted at the Sb lattice site in
Nanoscale Adv., 2023, 5, 1802–1815 | 1805
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Fig. 2 Scanning electron micrographs of (a) Sb2S3 and (b) Sb1.9Al0.1S3
revealing the nanorod morphology of the anodes. Bright-field trans-
mission electron micrographs of (c) Sb2S3 and (d) Sb1.9Al0.1S3. Insets in
(c) and (d) show the diffraction patterns acquired from the respective
nanorods. High-resolution transmission electron micrographs of
representative Sb2S3 and Sb1.9Al0.1S3 nanorods are shown in panels (e)
and (f), respectively. High angle annular dark field image of Sb2S3 is
shown in (g), and elementmaps of Sb and S are shown in panels (h) and
(k), respectively. High angle annular dark field image of Sb1.9Al0.1S3 is
shown in (j), and element maps of Sb, S and Al are shown in panels (k),
(l) and (m), respectively.
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Sb2S3.60,61 Raman spectroscopic studies further conrm the
phase purity of the Sb2S3 and indicate that Al substitution does
not signicantly alter the structural features of Sb2S3.

X-ray photoelectron spectroscopic studies on Sb2S3 and
Sb1.9Al0.1S3 anodes are shown in Fig. 1e–l. The survey scan of the
anodes predominantly shows S and Sb spectral features [Fig. 1e
and f]. In Sb1.9Al0.1S3, the survey scan shows peaks attributable
to Al 2s/2p orbitals [see inset Fig. 1f]. In addition to these,
photoelectron peaks attributable to surface-adsorbed oxygen
and adventitious carbon are also observed. Spectral calibration
is done using the carbon 2p peak (284.8 eV). Two distinct peaks
are present in the Sb 3d core–shell spectra of Sb2S3 with the
separation of ∼9 eV between Sb 3d3/2 (∼537 eV) and Sb 3d5/2
(∼528 eV) core levels (Fig. 1g and j). The peaks' position, sepa-
ration due to the spin–orbit coupling and the intensity ratio
between peaks are consistent with the reports on Sb2S3.62,63 Each
of the Sb 3d3/2 and Sb 3d5/2 peaks, in fact, can be resolved into
two sets of peaks separated by a binding energy difference of
∼9 eV.64 This is attributable to the two structurally different Sb
ions present in the lattice.63 The difference in the electronic
levels between trigonal and square pyramidal coordinated Sb is
the reason for the doublets seen in the 3d core levels. In addi-
tion to core-level spectra from Sb atoms, another broad hump is
observed at ∼530 eV. The peak could be attributed to the
surface-adsorbed oxygen.65 This hump is more prominent in Al-
doped Sb2S3 samples, possibly due to oxidation of Al exposed to
the surface. Two sets of peaks which can be deconvoluted to S
2p1/2 and S 2p3/2 are observed in the high-resolution sulfur
spectra [Fig. 1h and k].63High-resolution spectra acquired in the
binding energy range between 66 and 86 eV show a broad peak
in Sb1.9Al0.1S3 attributable to Al 2p [Fig. 1i and l].66 The relatively
low signal-to-noise ratio is attributed to the low concentration
of aluminium substitution.

Scanning electron micrographs of the Sb2S3 and Sb1.9Al0.1S3
anodes are shown in Fig. 2a and b. Both the materials show rod-
like features with a length of ∼10 mm and a width of ∼200 nm.
EDS indicates that composition is close to the expected stoi-
chiometric composition in both Sb2S3 and Sb1.9Al0.1S3 (Fig. S1
and Table S1, ESI†). Bright-eld TEM images of the rods are
shown in Fig. 2c and d. The rods are weakly electron trans-
parent, suggesting a thickness greater than 100 nm. The esti-
mated width of the rods is ∼160 nm. Selected area electron
diffraction patterns show symmetrical spots conrming the
single crystalline nature of these nanorods [insets of Fig. 2c and
d]. These patterns are indexed to the stibnite phase. HRTEM
images of representative samples show lattice fringes from
highly crystalline nanorods [Fig. 2e and f]. The lattice spacing is
attributable to the d-spacing of Sb2S3 (hkl) planes observed in
the powder X-ray diffraction patterns. High-angle annular dark
eld images obtained from the STEM are shown in Fig. 2g and j
for Sb2S3 and Sb1.9Al0.1S3 nanorods, respectively. Corresponding
elemental maps for Sb2S3 and Sb1.9Al0.1S3 are shown in Fig. 2h, i
and k–m, respectively. The images show a uniform distribution
of elements without any discernible phase segregation. These
studies conrm that the rods are phase pure, and aluminium
has been substituted in the Sb2S3 lattice homogeneously.
1806 | Nanoscale Adv., 2023, 5, 1802–1815
Electrochemical characterization

The electrochemical properties of Sb2S3 and Sb1.9Al0.1S3 anodes
are tested in half-cell conguration, initially between 2.5 V and
10 mV (vs. Li/Li+) and later in the conversion (2.5 V to 1 V vs. Li/
Li+) and alloying (1.2 V to 10 mV vs. Li/Li+) regimes separately.
The rst three cycles of galvanostatic charge–discharge proles
of Sb2S3 and Sb1.9Al0.1S3 are shown in Fig. 3a and b, respectively.
In the case of Sb2S3, the rst lithiation and delithiation capac-
ities are 1221.3 mA h g−1 and 898.8 mA h g−1, respectively,
yielding a coulombic efficiency of 73.6%. Sb1.9Al0.1S3 nanorod
anodes exhibited rst lithiation (1272.0 mA h g−1) and deli-
thiation (940.3 mA h g−1) capacity with a resulting coulombic
efficiency of 73.9%. Both the nanorods exhibited similar
coulombic efficiency, suggesting an initial irreversible loss of
lithium.
© 2023 The Author(s). Published by the Royal Society of Chemistry
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Fig. 3 Galvanostatic charge–discharge profiles of (a) Sb2S3 and (b)
Sb1.9Al0.1S3 at 0.05C after the fabrication of the coin cell. Charge–
discharge profiles of (c) Sb2S3 and (d) Sb1.9Al0.1S3 at different current
rates. (e) Capacity as a function of the number of repeat cycles per-
formed at different C-rates for both lithiation and delithiation cycles of
Sb2S3 and Sb1.9Al0.1S3 anodes. Capacity vs. cycle number plots of
cycling studies carried out at 5C for 500 cycles are shown in (f).
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Al2S3 also stores lithium by conversion and alloying reac-
tions, described using eqn (3) and (4).47 However, the voltages at
which these reactions occur are different. The absence of any
features attributable to Al2S3 indicates that Al has not segre-
gated in Sb2S3, and Al substitution does not signicantly alter
the lithium storage mechanism in Sb2S3.

ca. 1.0 V vs. Li/Li+

Al2S3 + 6Li+ + 6e− 4 2Al + 3Li2S (3)

ca. 0.5 V vs. Li/Li+

Al + xLi+ + xe− 4 LixAl (4)

In the lithiation proles of both the anodes, two-step at
potential features are seen. The initial step (ca.1.7 V vs. Li/Li+) is
attributed to the conversion reaction upon lithium insertion
into the Sb2S3 lattice. This results in the formation of metallic
Sb nanoparticles and Li2S.10 This is represented using eqn (1).
© 2023 The Author(s). Published by the Royal Society of Chemistry
The experimental lithiation capacity for the conversion reac-
tion, i.e., the capacity between 2.5 and 1 V is 646.0 mA h g−1 in
the case of Sb2S3 and 685.8 mA h g−1 for Sb1.9Al0.1S3 anodes.
These values are higher than the estimated theoretical capacity
(473.4 mA h g−1), suggesting that in addition to the contribution
from the conversion reaction, lithium adsorbed at the defects or
on the surface due to the nanostructured nature of Sb2S3 can
contribute to the lithium storage.15 Sb2S3-based supercapacitors
making use of such non-faradaic and faradaic contributions
have been investigated.67,68 Presumably, such a mechanism is
responsible for the increased lithiation capacity. Upon further
lithiation, another step-like prole is observed at ∼0.9 V vs. Li/
Li+. This is attributed to the alloying of lithium with the metallic
antimony formed during the conversion reaction, resulting in
the formation of Li3Sb alloy.19 This reaction is represented in
eqn (2). The estimated theoretical capacity of the alloying
reaction is 473.4 mA h g−1. The obtained lithiation capacity for
the alloying reactions, i.e., capacity between 1 V and 10 mV is
575.1 mA h g−1 for Sb2S3 and 586.2 mA h g−1 for Sb1.9Al0.1S3.
Some of this capacity can be attributed to the decomposition of
the uoroethylene carbonate in the electrolyte, which results in
forming a solid electrolyte interphase (SEI).69

During the rst delithiation, two-step proles are observed.
The rst step between 10 mV and 1.2 V can be attributed to the
dealloying of Li3Sb, resulting in the formation of metallic Sb
(eqn (1)). The second step can be attributed to the reformation
of Sb2S3 during the delithiation of Li2S (eqn (2)). It should be
noted that the voltage at which delithiation completes during
dealloying (1.2 V vs. Li/Li+) is higher than the voltage at which it
begins during lithiation (1 V vs. Li/Li+). Such features are usually
attributed to different lithiation/delithiation mechanisms,
polarization or slower kinetics during delithiation.39 In metallic
Sb, the lithiation and delithiation do not follow a similar reac-
tion pathway. During lithiation of Sb, a crystalline intermediate
Li2Sb is initially formed, which upon further lithiation results in
the formation of Li3Sb.5 During delithiation, no intermediate
phases are formed, and Li3Sb reverts to crystalline Sb in a single
step.5 As a consequence of this asymmetry, a voltage hysteresis
of 0.2-0.3 V is usually observed in the delithiation proles. This
results in higher upper cutoff voltage even at very low current
rates.23 While these features are observed in metallic Sb, we
expect these to hold true for the proles noted for the Sb2S3
anode as well because the end product from the conversion
reaction, i.e., Li2S, is inactive in this voltage range.

The delithiation capacity observed during the alloying reac-
tion is 451.1 mA h g−1 for Sb2S3 and 457.4 mA h g−1 for
Sb1.9Al0.1S3. This is less than the theoretical capacity
(473.4 mA h g−1) of the alloying reaction suggesting irreversible
losses, with some of these losses attributable to the formation of
the SEI layer during the rst lithiation.69 The coulombic effi-
ciency of alloying storage during the rst cycle is 78.4% for
Sb2S3 and 78% for Sb1.9Al0.1S3. Upon further delithiation,
another sloping prole is observed attributable to the delithia-
tion of Li2S and the reformation of Sb2S3. This occurs between
1.2 and 2.5 V (vs. Li/Li+) and is not as at as the lithiation
proles, suggesting serious polarization losses even at low
current rates.39 The observed delithiation capacities are
Nanoscale Adv., 2023, 5, 1802–1815 | 1807
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447.5 mA h g−1 for Sb2S3 and 482.9 mA h g−1 for Sb1.9Al0.1S3.
Coulombic efficiency of conversion storage during the rst cycle
is 69.3 and 70.4% for Sb2S3 and Sb1.9Al0.1S3, respectively. It
should be noted that the coulombic efficiency is larger for
alloying storage than for conversion storage. Also, polarization
losses are lesser (curves are atter) for alloying storage than for
conversion storage.

During the second lithiation, two at proles like the ones
observed in the rst lithiation are present in both the anodes.
However, one interesting feature is that the contribution from
conversion storage during the second lithiation is much lesser
than in the rst (Fig. 3a and b). Also, the decrease is primarily
observed in the at potential region, suggesting that material
unavailability following the changes during the rst cycle is the
likely cause. Since the lithiation proles are similar, the second
lithiation can be assumed to follow the exact reaction mecha-
nism of the rst, albeit with lesser active mass available for
interaction. The conversion lithiation capacity during the
second cycle (i.e., capacity between 2.5 and 1 V) is
399.9 mA h g−1 for Sb2S3 and 438.8 mA h g−1 for Sb1.9Al0.1S3. The
ratio of second cycle lithiation capacity to the rst lithiation
capacity in the conversion regime is similar for both anodes,
∼63%, suggesting that it might be a property intrinsic to the
conversion reaction in Sb2S3. The second lithiation capacity of
the alloying is 524.2 mA h g−1 for Sb2S3 and 530.9 mA h g−1 for
Sb1.9Al0.1S3, with the second lithiation capacity∼91% of the rst
lithiation capacity (in the alloying regime). This suggests that
alloying storage has less capacity loss and has better lithiation
capacity in the second cycle compared to conversion storage.

During the second delithiation, between 10 mV and 1.2 V,
the capacity of Sb2S3 is 461.7 mA h g−1, and the capacity of
Sb1.9Al0.1S3 is 470.9 mA h g−1. Between 1.2 and 2.5 V,
431.4 mA h g−1 was observed for Sb2S3, and 468.4 mA h g−1 was
observed for Sb1.9Al0.1S3. It should be noted that if conversion
and alloying regimes are dened by the cutoff voltages, the
delithiation capacity of the conversion regime is more than the
lithiation capacity. This indicates that a clear distinction
between conversion and alloying storage in terms of cutoff
voltage is not always possible, very likely because of the shi in
the potential caused by polarization losses. In a further analysis
where individual contributions due to the conversion and
alloying are estimated, the change in prole shape is used to
identify the contributions. The third cycle prole closely over-
laps with the second, indicating that side reactions are minimal
aer the rst lithiation cycle.

The cells were cycled at different current rates to test the
charge storage properties as a function of the current rate, and
the representative proles of each charge–discharge cycle are
shown in Fig. 3c and d. The capacity vs. cycle number plots of
these proles are shown in Fig. 3e. Sb2S3 has a delithiation
capacity of 37.4 mA h g−1 at 20C, whereas Sb1.9Al0.1S3 has
a delithiation capacity of 292.1 mA h g−1 at 20C. Also, at a high
current rate of 40C, Sb1.9Al0.1S3 has a capacity of 57 mA h g−1,
indicating superior electrochemical performance.

When cycled at a low current rate aer the high current
studies, the Sb2S3 anode exhibited only a fraction of its initial
capacity (Fig. 3e). Such capacity loss is attributed to either
1808 | Nanoscale Adv., 2023, 5, 1802–1815
irreversible reactions, material unavailability, or both. Since
initial cycling at 0.05C has a larger capacity, the irreversible
reaction during a high current rate is the likely cause of the
capacity decrease. Sb1.9Al0.1S3 anode, on the contrary, regains
most of the initial capacity, albeit it exhibits capacity degrada-
tion over a few cycles, very likely attributable to increased
polarization and side reactions that occurred during high
current cycling. The same cells were cycled at a 5C rate
(4.73 A g−1) for 500 cycles to test the cycling stability. The
capacity vs. cycle number plots of these studies are shown in
Fig. 3f. Sb2S3 has an initial capacity of 48.1 mA h g−1 and a nal
capacity of 31.7 mA h g−1, with a capacity retention of 65.9%.
Sb1.9Al0.1S3 has an initial capacity of 320.0 mA h g−1 and a nal
capacity of 71.4 mA h g−1. It should be noted that even though
the capacity retention of Sb1.9Al0.1S3 is less than the capacity
retention observed in the Sb2S3 anode, the absolute value of
capacity at the end of 500 cycles is twice the capacity observed in
Sb2S3. Also, in both Sb2S3 and Sb1.9Al0.1S3, a decrease in capacity
is observed in the initial few cycles. This is followed by
a momentary increase in capacity for a few tens of cycles and
later a continuous gradual decrease in capacity. Such features
have been observed in electrodes with large irreversible lithium
loss during the rst cycle.70 The increase in capacity is some-
times referred to as activation and is attributed to the shuttling
of lithium trapped in the electrode from the rst lithiation. The
decrease in capacity is largely attributed to the structural
degradation of the system due to accumulated stresses from
volume expansion and contraction.70

To elucidate the inuence of aluminium substitution on the
conversion and alloying of lithium storage mechanisms sepa-
rately, a fresh set of Sb2S3 and Sb1.9Al0.1S3 cells were fabricated
and were cycled within the conversion (2.5 to 1 V vs. Li/Li+) and
alloying (1.2 V to 10 mV vs. Li/Li+) storage regimes. The rst two
galvanostatic charge–discharge proles measured with a 0.05C
rate of the cells are shown in Fig. S2, ESI.† The cells were cycled
at different current rates to understand the charge storage
properties as a function of the current rate, and the observed
proles are shown in Fig. 4a–d. Capacity vs. cycle number plots
of the measurements are shown in Fig. 4e.

Capacity values at 0.1C are similar for Sb2S3 and Sb1.9Al0.1S3
anodes in the conversion and alloying regimes (Fig. 4e). Sb2S3
shows a capacity of 366.6 mA h g−1 for the conversion reaction
and a capacity of 408.9 mA h g−1 for the alloying reaction. The
conversion and alloying reaction capacities for Sb1.9Al0.1S3 are
337.2 mA h g−1 and 425.7 mA h g−1, respectively. At higher
current rates, a clear pattern in rate capability is observed. The
rate-capability performance of the Sb1.9Al0.1S3 anode is better
than the Sb2S3 anode in the order, Sb1.9Al0.1S3-alloy >
Sb1.9Al0.1S3-conversion > Sb2S3-alloy > Sb2S3-conversion. It is
interesting to note that Sb2S3-conversion and Sb1.9Al0.1S3-
conversion showed an increase in capacity when cycled between
1 and 15C, with the increase clearly appearing in the case of
Sb1.9Al0.1S3. This is similar to the activation-like feature
observed in the cycling stability studies when a cell is cycled in
both conversion and alloying regimes (Fig. 3e and f). This
indicates that the lithium storage involving the conversion
mechanism of the Sb2S3 has activation-like features and not the
© 2023 The Author(s). Published by the Royal Society of Chemistry
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Fig. 4 Charge–discharge profiles of Sb2S3 when cycled in the (a)
conversion regime and (b) alloying regime. Charge discharge profiles
of Sb1.9Al0.1S3 when cycled in (c) conversion and (d) alloying regimes.
(e) Capacity vs. cycle number plot of charge–discharge studies carried
out on Sb2S3 and Sb1.9Al0.1S3 at different current rates. (f) Capacity vs.
cycle number plot of cycling stability studies carried out at 5C for over
500 cycles.
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alloy storage, possibly due to the larger lithium loss observed
during conversion storage (Fig. 3a and S2a and c, ESI†). During
the conversion reaction, Sb2S3 decomposes resulting in the
formation of a host of lithium-sulfur compounds (polysuldes)
with Li2S formation at the end of conversion. It is quite probable
that some of these reactions are incomplete and facilitate
lithium shuttling across the anode resulting in the activation.71

At a current rate of 10C (9.4 A g−1), the capacity values of
Sb2S3 for the conversion and alloying reactions are
28.1 mA h g−1 and 62.8 mA h g−1, respectively. In contrast, the
capacity values are four to ve times higher for the Sb1.9Al0.1S3
anode, i.e. conversion and alloying capacities are
150.3 mA h g−1 and 231.6 mA h g−1, respectively, for Sb1.9Al0.1S3
anode. At further higher current rates, say 40C (37.6 A g−1),
Sb1.9Al0.1S3 only shows measurable capacity. Conversion and
alloying reactions retain close to one-tenth of the initial
capacity, i.e. 32.6 mA h g−1 and 49.3 mA h g−1. Such high
© 2023 The Author(s). Published by the Royal Society of Chemistry
capacity retention as the current increased from 0.1C to 40C
indicates the excellent rate capability of the Sb1.9Al0.1S3 anode.

It should be noted that the alloying capacity of Sb2S3 is less
compared to that of Sb1.9Al0.1S3. In electrode materials, the
microstructure plays an important role in deciding the elec-
trochemical performance. Post-electrochemical scanning elec-
tron microscopy studies (discussed in the following section)
show that Sb1.9Al0.1S3 retains the nanorod morphology whereas
Sb2S3 nanorods disintegrate upon lithiation. The retention of
nanorodmorphology enhances the easy lithium diffusion in the
system facilitating large capacity at high current rates.

A fresh set of coin cells was fabricated to understand the
cycling stability aspects, and aer a few cycles at 0.1C-rate, the
cells were cycled at 5C rate for 1000 cycles. The capacity vs. cycle
number plots of the same are shown in Fig. 4f. It should be
noted that the conversion reactions in both Sb2S3 and
Sb1.9Al0.1S3 anodes showed an initial increase for a few tens of
cycles followed by a decrease in capacity. On the contrary, the
alloying storage reactions showed an almost continuous
decrease in capacity. In the case of Sb1.9Al0.1S3 alloying reac-
tions, the initial capacity is 383.5 mA h g−1, and the nal
capacity aer 1000 cycles at 5C-rate is 239.8 mA h g−1. This gives
capacity retention of 63%. However cycling stability corre-
sponding to the conversion reaction of Sb2S3 and Sb1.9Al0.1S3
has a capacity retention of only 12–13%. Similarly, the alloying
reaction of Sb2S3 has capacity retention of only 18%. These
studies suggest the importance of Al doping and limiting the
alloying regime to harness the best high-rate capacity and cyclic
stability.

To better understand the electrochemical performance in
electrodes cycled in both alloying and conversion regimes,
individual contributions from conversion and alloying storage
are estimated and are plotted as a function of the current rate in
Fig. 5a. Even though the theoretical contributions of each
storage mechanism to the total capacity are the same, it can be
noted that alloying, in general, contributes more to the capacity
as the current rate increases. For example, the contribution
from alloying storage is 64.4 mA h g−1 in Sb2S3 at 10C-rate,
whereas the contribution from the conversion reaction is only
29.9 mA h g−1. This contrast is well observed in the Sb1.9Al0.1S3
anode. In the Sb1.9Al0.1S3 anode, alloying and conversion
contributed 458.4 mA h g−1 and 459.9 mA h g−1, respectively, to
total capacity (at 0.1C-rate). But at all higher current rates,
alloying reactions contributed a higher fraction to the total
capacity. For example, at 20C-rate, alloying contributed
230.1 mA h g−1 (∼85% of total capacity), whereas conversion
contributed only 41.3 mA h g−1 (∼15% of total capacity).
Capacity vs. current rate plots of the cells cycled in conversion or
alloying separately are shown in Fig. 5b. The capacity values of
Sb2S3 (conversion) and Sb2S3 (alloying) show a steep decrease
with the current rate. In the case of Sb1.9Al0.1S3, a steep drop is
noted initially between 0.1C and 2C rate, aer which there is an
almost gradual linear decrease in capacity values. The decrease
is estimated to be ∼8 (∼5) mA h g−1 per C-rate for the alloying
(conversion) reaction. These studies unequivocally establish
that a small fraction of Al in Sb2S3 causes benecial changes to
the electrochemical performance.
Nanoscale Adv., 2023, 5, 1802–1815 | 1809
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Fig. 5 (a) Estimated individual contributions of conversion (open
symbols) and alloying (closed symbols) storage mechanisms to total
delithiation capacity (open symbols with a cross) of Sb2S3 and
Sb1.9Al0.1S3 anodes. (b) The capacity of conversion and alloying storage
systems in Sb2S3 and Sb1.9Al0.1S3 anodes plotted as a function of the
current rate.
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It is noteworthy that the electrolyte's composition inuences
the anode's cycling stability signicantly. Cells fabricated with
the best performing Sb1.9Al0.1S3-alloy anode using commercially
used 1 M LiPF6 in ethylene carbonate, dimethyl carbonate, and
ethyl methyl carbonate (1 : 1:1 vol.%) electrolyte show a nal
capacity of 33.3 mA h g−1 with a capacity retention of 19%
(Fig. S3, ESI†). These results indicate that the electrolyte
composition also plays an important role in deciding the elec-
trochemical performance of the system.

In alloy anodes, where a large volume expansion (>100%)
occurs, the SEI layer formed during the rst lithiation is not
stable. During the delithiation, due to large volume change, the
surface of the SEI layer cracks up exposing a new anode surface
to the electrolyte. Fluoroethylene carbonate (FEC) decomposes
at∼1 V vs. Li/Li+, forming a lithium-ion conducting cross-linked
polymer as a part of the solid electrolyte interphase.69 During
delithiation, lithium from this polymer is extracted, and the
thickness of the SEI layer decreases. Because of the changing
thickness of the SEI layer during lithiation and delithiation,
these are also called breathing SEI layers.72 FEC acts as a sacri-
cial component in the electrolyte reacting with the fresh layers
and forming a new SEI layer. However, as the cycling continues,
the amount of FEC in the electrolyte reduces and when FEC is
exhausted, side reactions occur adversely affecting the battery
performance. As long as FEC is present in the system, the SEI
layer can reform and prevent the side reactions with freshly
exposed anode surface, making it suitable for alloy systems that
otherwise undergo a huge volume expansion and pulverization
upon lithiation. Commercial electrolytes without such an
advantage showed larger capacity loss and capacity fading.
1810 | Nanoscale Adv., 2023, 5, 1802–1815
Cyclic voltammetry and electrochemical impedance spec-
troscopy (Fig. S4–S6, ESI†) studies indicate that alloying in
Sb1.9Al0.1S3 has much better rate capability and cycling stability
than the charge storage properties of Sb2S3.
Post-electrochemical studies

Post-electrochemical structural and microstructural studies
were carried out on Sb2S3 and Sb1.9Al0.1S3 anode foils in the
lithiated state to gain further insight into the inuence of Al on
the structural and microstructural properties.

Powder X-ray diffraction of the anodes, recovered from the
cells at the end of conversion, alloying and combined storage
mechanisms in the lithiated state are shown in Fig. S7, ESI.†
These anodes correspond to cells which have undergone several
cycles of charging-discharging at different C-rates. For
comparison, the X-ray diffraction pattern of pristine foils is also
included. In cycled Sb2S3 anodes, the XRD patterns show only
an amorphous phase aer the cycling. In the Sb1.9Al0.1S3 anode,
amorphous phases are observed aer cycling in conversion and
both regimes. However, in the case of the alloy anode, a sharp
peak is noticed. The peak position matches the strongest peak
observed in metallic Sb.73 This indicates the presence of crys-
talline Sb aer cycling. It should be noted that aer lithiation in
the alloying regime, the expected composition is Li3Sb. The
presence of metallic Sb indicates that the signal is from the Sb
nanoparticles, which have not participated in the electro-
chemical reaction, as can be understood from the reduced
capacity at the end of cycling. In the literature, the formation of
amorphous antimony aer the delithiation of Sb is reported.74

This corroborates well with XRD studies from the Sb2S3-alloying
anode. However, the presence of Al in Sb2S3 results in the
formation of crystalline Sb or AlSb nanoparticles aer
lithiation.

Raman spectroscopic studies also indicate the presence of
metallic Sb (145 cm−1 and 105 cm−1) in all the anodes (Fig. S8,
ESI†).75 This suggests that the Sb is in the amorphous phase
except in the case of the Sb1.9Al0.1S3-alloying anode. This
corroborates with in situ high-resolution transmission electron
microscopy observations made when alkali metal ions were
intercalated into Sb2S3.76 In the report, electron diffraction
patterns attributable to the formation of amorphous Sb were
observed.76

Scanning electron microscopy studies of the pristine and
anodes cycled in both regimes and independently in the
conversion and alloying are shown in Fig. 6. The electrode lms
of pristine Sb2S3 and Sb1.9Al0.1S3 are at and continuous
without any cracks on the surface (Fig. 6a and e). The insets in
Fig. 6a and e show high-resolution images of the Sb2S3 and
Sb1.9Al0.1S3 showing the nanorod morphology aer the elec-
trode lm fabrication. Fig. 6b shows the Sb2S3 anode aer
cycling in both conversion and alloying regimes. Cracks on the
surface of the lm are evident, and the microstructure is mostly
pulverized. It should be noted that a few swollen or expanded
rod-like features are present. These are very likely the Sb2S3
nanorods which have not participated in the electrochemical
storage aer a couple of cycles. Fig. 6f shows Sb1.9Al0.1S3 aer
© 2023 The Author(s). Published by the Royal Society of Chemistry

http://creativecommons.org/licenses/by-nc/3.0/
http://creativecommons.org/licenses/by-nc/3.0/
https://doi.org/10.1039/d2na00695b


Fig. 6 Scanning electron micrographs of pristine (a) Sb2S3 and (e) Sb1.9Al0.1S3 anodes coated on Cu foil. Insets in respective panels show the
nanorod morphology of the anodes. Scanning electron micrographs of (b) Sb2S3 and (f) Sb1.9Al0.1S3 anodes after cycling in conversion and
alloying regimes for a large number of cycles. The surface of electrode films shows cracks from volume expansion. Insets in the respective figures
show the absence of nanorod morphology. The nanorods present in the inset of (b) can be attributed to the incomplete reaction of Sb2S3 with
lithium. Similar observations are also made from cyclic voltammetry. SEM images of (c) Sb2S3 and (g) Sb1.9Al0.1S3 after cycling in the conversion
regime. Inset in (c) shows an absence of nanorodmorphology. Inset in (g) shows nanorods which have expanded due to lithiation. SEM images of
(d) Sb2S3 and (h) Sb1.9Al0.1S3 show themorphology of the anode after cycling in the alloying regime. (d) Shows two-dimensional lithium dendrites
growing on the surface of the electrode in which nanorod morphology is completely lost due to pulverization. Inset in (h) shows Sb1.9Al0.1S3,
which retained nanorod morphology, albeit with expanded volume.
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cycling in both conversion and alloying regimes. The micro-
cracks are also present on the surface, and the image in the
inset conrms the loss of nanorod morphology and the
formation of nanoparticles due to pulverization, even in this
case.

When the pristine Sb2S3 anode was cycled only in the
conversion regime, the electrode had cracks on the lm, and the
microstructure (Fig. 6c and inset) was lost. However with the
Sb1.9Al0.1S3 lesser number of cracks on the electrode lm is
observed aer the conversion reaction. Interestingly, the
nanorod morphology is retained in this electrode, highlighting
the role of Al doping in the retention of microstructure. Cycling
in the alloying regime of pristine Sb2S3 resulted in the forma-
tion of ake-like structures obscuring the microstructure of the
electrode coating (Fig. 6d and inset). These are very likely the
lithium dendrite growths formed on the surface of the lm due
to discharge to low voltages. It should be noted that due to the
body centred cubic structure of metallic lithium, most of the
dendritic structures in lithium have 1D topology with aggressive
piercing capability.77 2D plate-like dendritic features have not
been reported in lithium-ion batteries, to the best of our
knowledge. The formation of 2D hexagonal-like plates has been
reported in Zn-based batteries, and the morphology is attrib-
uted to the hexagonal closed packing structure of zinc.78 Alloys
of Li and Sb are known to exist in the hexagonal crystal
structure.79–81 So, it is possible that the dendritic growth has
resulted from such an alloy phase, which leads to the 2D
morphology of dendrites. Also, lithium dendrites are well
known to have a non-uniform distribution on a surface, both in
terms of their presence over an area and length. The presence of
© 2023 The Author(s). Published by the Royal Society of Chemistry
mostly uniform 2D dendrites over all the anodes suggests that
growth from the Li–Sb alloy phase is very likely. The uniform
height of the dendrites suggests that the phase is possibly
a metastable state which cannot support itself beyond a certain
height. Such features are of interest for making better SEI
layers.82 Interestingly, Sb1.9Al0.1S3 electrodes do not show such
dendritic growth. Despite the cracks on the surface lm, the
electrode retains its nanorod morphology, albeit with thicker
nanorods of size ∼1.2 mm, very likely due to expansion upon
lithiation (Fig. 6h). The post-electrochemical structural and
microstructural studies, along with the electrochemical
performance, strongly suggest that Al substitution in Sb2S3
improves the performance by mainly retaining the nanorod
morphology.

It is noteworthy that the nanorod morphology is retained in
the Sb1.9Al0.1S3 anode cycled in alloying and conversion regimes
separately (Fig. 6g and h), whereas the Sb1.9Al0.1S3 electrode
cycled in both regimes underwent pulverization and lost the
microstructure (Fig. 6f). During conversion, the electrode
volume increases by 1.64 times. During alloying, the volume
expands by 1.4 times, resulting in a total volume increase of
∼230%.26 When cycled only in conversion or alloying, the
volume expansion is lower, and changes from Al substitution
could accommodate the excess volume. On the other hand, the
volume expansion from cycling in conversion and alloying is too
large to be mitigated by Al substitution.

Post-electrochemical transmission electron microscopy
studies carried out on the anodes aer cycling in conversion
and alloying regimes separately for a large number of cycles are
shown in Fig. 7. Bright-eld TEM images of the pristine anodes
Nanoscale Adv., 2023, 5, 1802–1815 | 1811
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Fig. 7 (a) Bright-field TEM image of pristine Sb2S3 nanorods. HRTEM
images at different magnifications of (b) and (c) Sb2S3 cycled in the
conversion regime; (d) and (e) Sb2S3 cycled in the alloying regime. (f)
Bright-field TEM image of pristine Sb1.9Al0.1S3 nanorod. HRTEM images
at different magnifications of (g) and (h) Sb1.9Al0.1S3 cycled in the
conversion regime; (i) and (j) Sb1.9Al0.1S3 cycled in the alloying regime.
All the cycled electrodes are studied in the lithiated state.

Fig. 8 Schematic depiction of the effect of Al substitution on the
microstructure of the Sb2S3 anode during conversion and alloying
storage mechanisms. In pristine Sb2S3, the volume expansion due to
lithiation completely pulverizes the electrode resulting in a loss of
microstructure. Al substitution (Sb1.9Al0.1S3) mitigates the growth of Sb
nanoparticles and helps maintain the nanorod microstructure when
cycled in alloying or conversion regimes.
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are also shown for comparison (Fig. 7a and f). When pristine
Sb2S3 is cycled in the conversion (Fig. 7b and c) or alloying
regime (Fig. 7d and e), the microstructure of the nanorods is
completely lost and in the HRTEM studies, thickness contrast
indicates the formation of amorphous-to-crystalline like nano-
particle structures, very likely Sb nanoparticles. In Sb1.9Al0.1S3,
upon conversion (Fig. 7g and h) and alloying cycling (Fig. 7i and
j), the nanorod microstructure is predominantly retained. Also,
in both cases, thickness contrast indicated the formation of Sb
nanoparticles. The high-resolution TEM studies indicate that
the particles are mostly crystalline. The lattice fringes are much
clearer in the alloy cycled Sb1.9Al0.1S3 anode. The measured d-
spacing can be attributed to the Sb metal, indicating that these
are crystalline Sb nanoparticles.83 Also these nanoparticles are
observed to be present close to one another forming a percola-
tion network in Sb1.9Al0.1S3. The formation of such nano-
particles very likely mitigates the volume expansion while
enhancing the electronic conductivity improving the electro-
chemical performance of Sb1.9Al0.1S3.

A schematic summarizing the inuence of Al substitution on
the morphology of the Sb2S3 nanorods is shown in Fig. 8. When
Sb2S3 nanorods are cycled in the conversion regime, the nano-
rodmorphology is lost, and dendritic structures of lithium form
on the electrode surface during cycling in the alloying regime.
In the case of Sb1.9Al0.1S3 electrodes, cycling in the conversion or
1812 | Nanoscale Adv., 2023, 5, 1802–1815
alloying regime preserves the nanorod morphology to a signi-
cant extent, albeit with an expansion in the size of the nanorods.

Aluminium is known to form alloys with both Li and Sb.84,85

During charge–discharge, it is quite possible for the Sb1.9Al0.1S3
anode to have Li–Al–Sb and Al–Sb phases in the alloys along
with Sb–Li and metallic Sb phases.86 It has been observed that
alkali metal ion insertion into Sb2S3 results in the formation of
amorphous Sb particles.76 The presence of Al in Sb2S3 during
such growth results in the formation of crystalline Sb nano-
particles in the alloying regime, as observed from the post-
electrochemical XRD studies. The particle size of the Sb nano-
particles as estimated from the post-electrochemical trans-
mission electron microscopy is ∼10 nm. It is surmised that the
Sb nanoparticles percolate the Li2S formed at the end of the
conversion regime. Since the Li2S is insulating, such a perco-
lating network plays a vital role in improving the electrical
conductivity of the electrode.70 Since the conversion electrodes
undergo structural degradation, there will not be a host struc-
ture through which lithium can diffuse. The lithium mostly
diffuses from the electrolyte into the electrode. As such, the
electron transfer becomes the bottleneck which can be allevi-
ated by the percolated Sb nanoparticle network.

Performance enhancement is well observed in nano-
structured Sb2S3 (shown in Table S5, ESI†). The improvement is
mainly attributed to the reduced diffusion lengths and enhanced
access to lithium diffusion pathways facilitated by the nano-
structured nature. In Sb1.9Al0.1S3 nanorods, the Al substitution
preserves the nanostructured nature, viz nanorod morphology,
upon lithiation facilitating easy access to diffusing lithium ions.
Also, the crystalline Sb nanoparticles formed upon lithiation
improve the electronic conductivity enhancing the performance
of the electrode at high current rates. In the alloying reaction, the
enhancement is much more pronounced, indicating that elec-
tronic conductivity is the likely limiting factor.
© 2023 The Author(s). Published by the Royal Society of Chemistry
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Many strategies have been adopted in the literature to
improve the electrochemical performance of Sb2S3. Micro-
structural tailoring is one strategy which was well explored.
Amorphous Sb2S3, bulk Sb2S3, colloidal Sb2S3 etc. were explored
as anodes with performance improvement to various degrees.
Cation substitution, though frequently adopted for cathodes, is
less used in anodes. Here, we show that cation substitution is
another promising strategy to achieve signicant enhancement
in performance. Table S6, ESI,† shows the performance of a few
anodes reported in the literature, and the performance of the
Sb1.9Al0.1S3 nanorod anode in the alloying regime is better or
comparable to the anodes reported in the literature. These
results show a promising strategy to mitigate structural degra-
dation and improve the performance of conversion anodes.

Conclusion

This work details the aluminum substitution strategy together
with cycling only in the alloying regime to realize high rate
capability and cycling stability over 1000 cycles at 5C (4.7 A g−1)
in an antimony trisulde anode. Aluminium substitution (5
at%) does not alter the crystal structure or the morphology of
the Sb2S3 nanorods. Aluminium substituted Sb2S3 has a rate
capability of 471.9 mA h g−1 at 10C (9.4 A g−1) compared to the
89.2 mA h g−1 at 10C of the pristine Sb2S3. Sb1.9Al0.1S3 also had
better capacity aer 500 cycles at 5C. Even though the
enhancement in the performance is good, signicantly better
performance can be obtained by cycling the anode only within
the alloying regime. Apart from the excellent rate capability
(139.8 mA h g−1 at 20C) and cycling stability (63% retention
aer 1000 cycles at 5C), alloy storage also has a smaller oper-
ating voltage making it an attractive alternative anode for next-
generation lithium-ion batteries. Aluminium is expected to tune
the antimony nanoparticle formation in the system, resulting in
the formation of larger crystallites which help improve the
mechanical stability of the microstructure. Though further
studies are needed to better elucidate the inuence of
aluminum, these results show that Al substitution is a reliable
and facile way to tune the anode properties and improve the
electrochemical performance signicantly.
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