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nanostructures as highly efficient
anodes for all-solid-state lithium-ion batteries†

Pooja Kumari,ab Kamlendra Awasthi, b Shivani Agarwal,c Takayuki Ichikawa, ad

Manoj Kumar *b and Ankur Jain *d

Herein, we introduce the detailed electrochemical reaction mechanism of Bi2S3 (bulk as well as

nanostructure) as a highly efficient anode material with Li-ions in an all-solid-state Li-ion battery (LIB).

Flower-like Bi2S3 nanostructures were synthesized by a hydrothermal method and were used as an

anode material in a LIB with LiBH4 as a solid electrolyte. The X-ray diffraction (XRD) pattern verified the

formation of Bi2S3 nanostructures, which belongs to the orthorhombic crystal system (JCPDS no. 00-

006-0333) with the Pbnm space group. Morphological studies confirmed the flower-like structure of the

obtained product assembled from nanorods with the length and diameter in the range of 150–400 nm

and 10–150 nm respectively. The electrochemical galvanostatic charge–discharge profile of these

nanostructures demonstrates exciting results with a high discharge and charge capacity of 685 mA h g�1

& 494 mA h g�1 respectively at 125 �C. The discharge and charge capacities were observed as

375 mA h g�1 and 352 mA h g�1 after 50 cycles (with 94% coulombic efficiency), which are much better

than the cells having bulk Bi2S3 as the anode material.
Introduction

The growth of portable electronic devices and hybrid electric
vehicles (HEVs) has generated an increased demand for
batteries with large gravimetric capacity and high volumetric
capacity as the power sources. In this regard, rechargeable
lithium-ion batteries (LIBs) have been studied intensively
because they can provide a large capacity and high power as
compared to other batteries. In particular, alloying type anode
materials with a larger capacity than that of commercial
graphite anodes have been investigated actively as possible
alternative anode materials.1–3 Belonging to this family,
bismuth (Bi) has attracted considerable attention as an anode
material with a gravimetric capacity of 386 mA h g�1, which is
comparable to the graphite anode (372 mA h g�1). In addition,
its 4 fold higher volumetric capacity (3800 mA h cm�3) as
compared to carbon makes it a promising material, since the
volumetric capacity is as important as the gravimetric capacity
for practical applications with a need of less space but large
capacity. Although there have been several studies on Bi as an
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anode material with liquid electrolytes, it still suffers from poor
electrochemical performance.4–7 However, Huang et al. used
graphene encapsulated Bi@C-TiOx as anode with liquid elec-
trolyte and obtained a superior Li-ion storage electrochemical
performance, where ultra large graphene (which work as “silk
magic carpet”) interfacial layer provided a highly conductive
path for fast charge transfer along with low volume expansion
during discharge/charge measurements.8 A similar cushioning
effect was also observed in our recent report where a hydride
based solid electrolyte – LiBH4 was used with Bi (as an anode) to
assemble an all-solid-state battery and the obtained results
showed that the existence of LiBH4 as well as acetylene black
(AB) impressively improved the cyclability of Bi anode.9

In order to further enhance the capacity, Bi based chalcogen-
ides (Bi2X3; X¼ S, Se, Te) have been explored, as the element X has
ability to alloy with Li.10,11 Out of these chalcogenides, Bi2S3
possesses highest capacity and in addition to Li-ion batteries it has
been widely used in many elds, such as optics,12,13 photo-
electricity,14,15 photocatalysis16,17 and biology18,19 due to its direct
band gap (1.3 eV). Bi2S3 has been proposed as an ideal host for
hydrogen20,21 and Li22,23 because of its unique lamellar structure.
Layered bismuth sulde (Bi2S3) has emerged as an important type
of Li-storage material due to its high theoretical gravimetric
capacity (625 mA h g�1 – 2 times that of carbon), volumetric
capacity (4250 mA h cm�3 – 5 times that of carbon) and intriguing
reaction mechanism. Although Bi2S3 has many advantages
including high capacity, nontoxic nature and low cost, it's practical
application is hindered by the poor cycling stability due to its large
volumetric expansion.24 Bi2S3 nanorods recorded a high discharge
RSC Adv., 2019, 9, 29549–29555 | 29549
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capacity of 810 mA h g�1 as reported by Zhou et al., however, they
did not investigate the charge capacity and cycling stability.25 Later
the Li-storage capability of dandelion-like Bi2S3 microspheres was
investigated by Zhang et al. and unfortunately, the capacities
declined very rapidly and retained a value of only 100 mA h g�1

aer 8 cycles.26 Similarly, Ma et al. investigated the Li-storage
capability of uniform Bi2S3 fabrics, which showed the initial
discharge and charge capacities of 1083 and 652 mA h g�1

respectively, however, the capacity dropped to 366 mA h g�1 aer
10 cycles.27 The major issue in storing Li-ions in Bi2S3 is poor
cyclability, which is strongly associated with their reaction towards
lithium. Jung et al. have investigated the reaction mechanism
between Bi2S3 and Li-ion and the results showed that the conver-
sion step presented a high volumetric expansion (90%) with 74%
volume increment in subsequent alloying contribution. Such
a huge volume variations upon lithiation and de-lithiation caused
severe particle cracking and pulverization, which broke the elec-
trical contacts in the anode, leading to a drastic capacity fading.24

Thus, improvement of the cyclability of the Bi2S3 materials
remains a key challenge to be addressed. In addition to it, another
big safety issue also exists for practical applications, which is
related to the use of ammable liquid electrolytes. So based on the
above key problems, rstly, we replaced the liquid electrolyte by
a solid electrolyte (LiBH4) as a solution to the safety issue and
secondly, investigated the electrochemical reaction mechanism
between Bi2S3 and Li-ion in all-solid-state Li-ion battery.

Herein, hydrothermally synthesized Bi2S3 nanoowers are
used as anode material in all-solid-state battery, since the
owerlike structure may provide higher number of electro-
chemical reaction sites than other nanostructures, which can
signicantly improve the Li-storage performance of Bi2S3.26,28 In
order to compare the electrochemical performance and
improvement by using nano-size anode, commercial bulk Bi2S3
has also been used as active material in the anode. The cycling
performance is also reported in this work.
Experimental
Synthesis of Bi2S3 nanoowers

Bi2S3 nanoowers were prepared through the hydrothermal
method.29 To prepare the nanoowers, 0.61 g high purity
(99.99%) bismuth nitrate pentahydrate (Bi(NO3)3$5H2O) and
0.25 g thiourea (Tu) were dissolved into 60 ml deionized water
and stirred at 250 rpm for 1 h to form a homogeneous solution.
This stirred solution was transferred into a Teon lined auto-
clave with a capacity of 100 ml. The autoclave was then sealed
and heated at 140 �C for 2 h. The autoclave was cooled down to
room temperature aer the chemical reaction. The resulting
black color precipitate was collected using ltration and washed
with deionized water and ethanol several times, then dried at
room temperature before characterizations.
Materials characterizations

The surface morphology of the prepared nanostructures was
observed using eld emission scanning electron microscopy
(FEI Nova SEM 450) and transmission electron microscopy (FEI
29550 | RSC Adv., 2019, 9, 29549–29555
Technai G20). The X-ray diffraction (XRD) using a Rigaku-RINT
2500 diffractometer equipped with Cu Ka radiation, was per-
formed on all the materials used in this work, to observe the
crystalline structure and purity of the samples. The surface
morphology of the negative electrode before and aer electro-
chemical cycling was also recorded using SEM (JEOL, JSM-
6380A). All of the sample handlings were carried out in a high
purity Ar-lled glove box, to protect them from atmospheric
exposure.
Coin cell fabrication and electrochemical measurements

The negative electrode (anode) composite material was
prepared by ball-milling of Bi2S3 nanoowers (as prepared)/
Bi2S3 (as received, Sigma Aldrich with 99% purity), LiBH4 and
acetylene black (AB) in 40 : 30 : 30 weight ratio for 2 h with 1 h
milling and 30 min rest pattern under Ar atmosphere. 10 SS
balls were used at 370 rpm in Fritsch P7 milling machine, for
the preparation of the 200 mg anode composite material. LiBH4

and acetylene black were dried under vacuum heating at 200 �C
for 24 h before using them for milling. To investigate the Li-
storage properties of prepared anode composite material,
a coin cell was assembled with Li-foil as counter electrode and
LiBH4 as a solid electrolyte. To fabricate the cell, a three-layer
pellet was prepared having Li-foil (thickness of 0.1 mm) on SS
plate as rst layer (layer thickness � 0.62 mm), LiBH4 as second
layer (layer thickness � 0.68 mm) and anode composite powder
as third layer (layer thickness � 0.01–0.03 mm). The detailed
information is given elsewhere.8 The prepared three-layer pellet
was placed in a coin cell and was packed using peruoroalkoxy
(PFA) gasket. A charge–discharge analyzer (HJ1001SD8, Hokuto
Denko Co.) was used to observe the electrochemical perfor-
mance of Bi2S3 vs. Li-metal, by galvanostatic charge–discharge
measurements at an optimized rate of 0.1C [ESI Fig. S1–S6†]. All
the electrochemical measurements in this report were per-
formed at 125 �C, to obtain the fast Li+ conduction through
LiBH4.30
Results and discussion

Fig. 1(A) indicates the XRD patterns of synthesized nano-
structured Bi2S3 sample. All the diffraction peaks can be
indexed to an orthorhombic Bi2S3 phase (JCPDS card no. 00-
006-0333) with Pbnm space group along with some Bi2O3 traces.
The structural analysis of the obtained Bi2S3 pattern designates
the lattice parameters as a¼ 11.15 Å, b¼ 11.30 Å and c¼ 3.9810
Å, agreeing well with the JCPDS database values. Since
morphology plays an important role in electrochemical perfor-
mance, it is essential to assess the morphology of the prepared
sample which was done using FESEM and TEM measurements
and the images are illustrated in Fig. 1(B). The FESEM image
(Fig. 1B-a) depicts the ower-like pattern and also exhibits that
each shoot in this pattern is formed along a well-arranged
assembly between many nanorods. The nanorods have a varia-
tion in the diameter between 10–150 nm with the length in the
range of 150–400 nm. All the prepared samples were further
characterized by TEM, as shown in Fig. 1B-b. TEM image of the
This journal is © The Royal Society of Chemistry 2019
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Fig. 1 (A) XRD pattern of as prepared Bi2S3 nanoflowers (B) FE-SEM &
TEM images of Bi2S3 nanoflowers (a, b) HRTEM & SAED images of
nanoflowers (c & d).

Fig. 2 First galvanostatic discharge–charge profile of the nano Bi2S3–
LiBH4 composite anode material in the voltage range of 0.2–2.5 V at
125 �C with the rate of 0.1C.
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prepared nanostructures conrms the above FESEM observa-
tions and designates that the ower like morphology was
successfully obtained. Fig. 1B-c depicts the HRTEM observa-
tions of the prepared nanostructure, in which the lattice fringes
show interplanar spacing of 0.37 nm, allocated to the (101)
plane of Bi2S3. SAED pattern of nanoowers indicates the
polycrystalline nature as shown in Fig. 1B-d.

The rst galvanostatic discharge–charge curve of the nano
Bi2S3–LiBH4 composite anode material is illustrated in Fig. 2,
which was performed at 125 �C temperature with the 0.1C
current rate. The current rate of 0.1C was optimized by per-
forming several discharge–charge curves at different C-rates
(Fig. S1–S3†). The prepared nanostructures recorded the rst
discharge and charge capacities as 685mA h g�1 (corresponding
volumetric capacity: 4644 mA h cm�3) and 1330 mA h g�1

respectively, in the voltage window of 0.2–2.5 V. The obtained
rst lithiation capacity is slightly higher than the theoretical
capacity (625 mA h g�1) of Bi2S3; it may be associated to the
contribution of carbon (AB), which is contained in the anode
composite material in sufficient amount (30 wt%). On the other
hand, the rst charge capacity is found much higher, approxi-
mately 2 fold higher than the discharge capacity. This indicates
the existence of side reaction during the de-lithiation process.
This journal is © The Royal Society of Chemistry 2019
The de-lithiation process at around 1.7 V transforms Li2S to S,
however, this freshly generated sulfur can thermochemically
react with LiBH4 (component of anode composite material),
thus again forming Li2S. This thermochemically generated Li2S
again takes part in the electrochemical reaction and releases Li
ion. This cyclic process continues until the full consumption of
LiBH4. The calculated value of charge capacity (according to the
existing amount of LiBH4 and Bi2S3 in anode composite) as per
above speculation agrees well with the obtained capacity during
de-lithiation. The consumption of LiBH4 due to this thermo-
chemical reaction should affect the Li ion mobility through the
anode material in successive cycles, which is visible during the
discharging charging cycling (Fig. S4†). The capacity is drasti-
cally reduced to around 200 mA h g�1 within 12 cycle and nally
the cell stopped working in 13th cycle. The above mechanism is
also supported from the morphological observation of the
anode surface aer the cycles, where the cracks and crumbling
are clearly observed (Fig. S5†). These cracks also conrm the
above proposed thermochemical reaction.

To avoid this thermochemical reaction, the galvanostatic
discharge/charge cycling test was performed on nano Bi2S3–
LiBH4 composite electrode in a limited potential window 0.2–
1.5 V at 125 �C temperature with 0.1C rate, and the results are
illustrated in Fig. 3. The composite electrode material affords
the initial discharge and charge capacities of 685 mA h g�1 and
494 mA h g�1, respectively, with 95.8% coulombic efficiency.
The discharge and charge capacities dropped to 532 mA h g�1

and 502 mA h g�1 in the second cycle and then decreased
steadily to 375 mA h g�1 (ca. 2543 mA h cm�3) and 352 mA h g�1

in 50th number of cycles. The obtained capacities are consid-
erably better or comparable to a variety of other Bi2S3 nano-
structures.26,27 Aer the cycling test of composite electrode
material, SEM was also performed to observe the surface
condition of the negative electrode. No cracks or crumbling on
the surface of anode material are observed even aer 50 cycles
(Fig. S6†), in contrast to the case of cycling between 0.2–2.5 V
when these appeared only aer 13 cycles. Even though the
thermochemical reaction restricts us to perform the de-
lithiation/lithiation cycles in a limited potential window of
RSC Adv., 2019, 9, 29549–29555 | 29551
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Fig. 3 Cyclic performance of the nano Bi2S3–LiBH4 composite anode
material in the voltage range of 0.2–1.5 V at 125 �C with 0.1C.

Fig. 4 (a) The first galvanostatic discharge–charge curves for bulk
Bi2S3–LiBH4 composite anode material in the voltage range of 0.2–
2.5 V at 0.1C. (b) Ex situ XRD profiles of Bi2S3–LiBH4 composite anode
material evolution upon the first electrochemical discharge–charge
process at different stages.
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0.2–1.5 V, the prepared nano Bi2S3–LiBH4 composite negative
electrode showed the good cyclic stability over 50 cycles with no
surface damage.

In order to observe the superiority of nanostructures over
bulk Bi2S3, commercial bulk Bi2S3 (Sigma Aldrich, 99% purity)
was also used as anode material with LiBH4 as solid electrolyte.
For the electrochemical characterizations, the anode composite
material using above Bi2S3 powder was prepared by ball milling
using similar method as described above for nanostructures
based composite anode material. To observe the electro-
chemical performance of bulk sample, galvanostatic discharge
and charge characterization was performed on the assembled
coin cell at 125 �C within the potential window 0.2–2.5 V with
the rate of 0.1C.

Fig. 4(a) exhibits the rst galvanostatic discharge–charge
prole of bulk Bi2S3–LiBH4 composite anode material and the
obtained discharge capacity of the prepared anode is recorded
as 617 mA h g�1 (volumetric capacity: 4183 mA h cm�3) whereas
the rst charge capacity is found to be 1145 mA h g�1. The
values are slightly less as compared to those of nanoowers of
Bi2S3. However, the higher charge capacity than the discharge
capacity follows the same trend as nanoowers. It is noteworthy
here that the presence of small amount of Bi2O3 in the prepared
nanoowers of Bi2S3 doesn't affect the reaction mechanism as
the nature of electrochemical prole (i.e. plateau voltage, shape
etc.) is quite similar for both the composites. To explain the
mechanism behind the obtained high charge capacity and
plateaus, ex situ XRD was performed at the selected potentials
which are identied as numbers in Fig. 4(a).

The XRD pattern of the prepared composite anodematerial with
as purchased bulk Bi2S3, AB and heat treated LiBH4 is shown in
Fig. 4b. It is observed that a mechanochemical reaction took place
during themilling as evident from the presence of Bi and Li2S peaks
in addition to the starting material i.e. Bi2S3 & LiBH4. Since
a mechanochemical reaction between Bi2S3 and LiBH4 was
observed during the milling, XRD experiment has also been per-
formed aer 1 h heating (which is kept before all the experiments in
order to stabilize the temperature) at 125 �C in oil bath before
starting the discharging process, which is indicated by point 1 at
29552 | RSC Adv., 2019, 9, 29549–29555
1.56 V in Fig. 4a. The obtained XRD pattern (point 1) gives infor-
mation about the reduction reaction of Bi2S3 to Bi and Li2S (Fig. 4b).
Thus, the starting material Bi2S3 is completely transformed to Bi
and Li2S due to thermochemical and mechanochemical reaction
during the 1 h heating and milling process respectively. This is in
line with the non-existence of expected 1st discharge plateau at
around 1.6 V (Fig. 4a). The second plateau is appeared at 0.79 V
which corresponds to the alloying reaction of Bi with Li to form LiBi
as suggested by XRD prole at point 2. Further discharge down to
0.2 V (point 3) proceeded through the lithiation of Bi and LiBi to
form Li3Bi (plateau at 0.75 V), which is conrmed from the XRD
pattern of the discharging point 3. Similar discharge plateau posi-
tion corresponding to the alloying process of Li3Bi was observed by
Z. D. Huang et al.8 In the reverse scan i.e. during charging, these two
plateaus are again observed corresponding to lithium extraction
from Li3Bi to form LiBi and then to form Bi at around �0.82 V,
which is evident from XRD at point 4 and point 5. Some peaks
corresponding to LiBi are also visible at point 5, but themajor phase
is Bi and Li2S. The XRD experiment at point 6 was performed aer
charging the coin cell up to 2.5 V, which also showed the existence
This journal is © The Royal Society of Chemistry 2019
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Fig. 6 (a) Cyclic performance of the bulk Bi2S3–LiBH4 composite
anodematerial in the voltage range of 0.2–1.5 V at 125 �Cwith 0.1C. (b)
Cyclic stability (capacity vs. no. of cycle) of commercial bulk Bi2S3 and
Bi2S3 nanoflowers.
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of Bi and Li2S rather than the starting material i.e. Bi2S3. This
nding strengthens our above speculation of thermochemical
reaction between LiBH4 and freshly produced sulfur from Li2S. In
addition, the peaks corresponding to LiBH4 are also visible in all the
patterns as it is presented as a solid electrolyte in addition to anode
composite material.

The existence of the thermochemical reaction of the Bi2S3–
LiBH4 composite anode material could also be experienced by
cyclic voltammetry (CV) experiment. Fig. 5 shows the CV curves
for the bulk Bi2S3 as well as nanoowers between 0.2–2.5 V at
a scan rate of 0.1 mV s�1. The open circuit voltage (OCV) of the
bulk and nano composite electrode material based cell was
1.56 V and 1.55 V, respectively. In the rst cathodic scan of the
bulk sample, a slightly weak peak at 1.42 V may be ascribed to
the Li2S formation, while the peaks at 0.79 V and 0.72 V are due
to the formation of LiBi followed by Li3Bi phase. On the other
hand, the reverse anodic scan process shows two peaks at
around 0.85 V and 0.88 V corresponding to the de-lithiation of
Li3Bi to LiBi and Bi respectively. Further de-lithiation gave rise
to a broad peak with a lot of noise between 1.86–2.01 V, which
should correspond to the transformation of Li2S to S. However,
the noise in this region suggested the possibility of additional
reaction along with the electrochemical reaction. The similar
behavior was observed in the case of nano Bi2S3 also. The rst
cathodic peak at 1.45 V is weaker than the bulk sample, which is
quite obvious due to the kinetically fast thermochemical reac-
tion between LiBH4 and nano Bi2S3 in comparison with bulk
Bi2S3 during initial 1 h heating, thus converting nano Bi2S3 to
Li2S in more amount. The other peaks found were quite similar
to that of bulk Bi2S3. On the basis of the above ndings, i.e., rst
galvanostatic discharge–charge analysis, XRD analysis, and CV
proles, the reversible reaction mechanism can be depicted as
follows:

Bi2S3 + 6Li 4 3Li2S + 2Bi + Li 4 3Li2S + Bi + LiBi + 5Li 4

3Li2S + 2Li3Bi (1)

Fig. 6a shows the cyclic galvanostatic discharge charge
proles at 0.1C up to 50 cycles in between 0.2–1.5 V. The rst
Fig. 5 Cyclic voltammograms of Bi2S3 (bulk & nanoflowers)–LiBH4

composite anode material scanned at 0.1 mV s�1.

This journal is © The Royal Society of Chemistry 2019
discharge and charge capacities were found to be 662 mA h g�1

and 524 mA h g�1, respectively and dropped to 586 mA h g�1

and 485 mA h g�1 respectively in the subsequent second cycle,
which further reduced down to 311 mA h g�1 and 225 mA h g�1

in 50th cycle respectively. In order to compare the cyclic
performance, a curve between the capacity vs. cycle number is
plotted and is shown in Fig. 6b. It is clearly evident that the
initial capacity of bulk sample is slightly higher than nano
composite anode material, however, the cyclic stability of the
nano Bi2S3–LiBH4 composite anode material is found to be
much better than bulk Bi2S3–LiBH4 composite electrode. The
nano Bi2S3–LiBH4 composite anode material shows only 29.5%
capacity decay from the rst capacity, which is much lower than
47% capacity decay of bulk Bi2S3–LiBH4 composite electrode.
The possible reasons for the better stability of nanoowers may
include high surface area and excellent charge transfer kinetics
of the nanostructures due to shorter diffusion path.
Conclusions

In summary, the nanoowers of Bi2S3 have shown nice and
stable electrochemical performance in all solid state Li-ion
battery. The discharge and charge capacities were found to be
375 mA h g�1 and 352 mA h g�1, respectively, for nanoowers in
comparison to 311 mA h g�1 and 225 mA h g�1, respectively, for
RSC Adv., 2019, 9, 29549–29555 | 29553
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bulk Bi2S3 composite anode material aer 50 cycles. The values
are much higher than the previous reports. The electrochemical
reaction mechanism lithiation/de-lithiation of Bi2S3 is estab-
lished using XRD experiments during the discharging and
charging experiment. As per our best knowledge, this is the rst
report on Bi2S3 (as an anode) with LiBH4 (as a solid electrolyte)
in all-solid-state LIB. An interesting thermochemical reaction
between sulfur and LiBH4 was observed during charging
process, which compelled us to limit the potential window
between 0.2–1.5 V. Despite this limited potential window, we
attained higher stability and capacity for our Li-ion battery in
comparison with previously reported results. This problem can
be overcome in future by enabling the use of LiBH4 at lower
temperature or by using other sulde based electrolytes. The
exciting cyclic performance with high capacity, demonstrates
the potential of Bi2S3 to be used as novel electrode material for
Li-ion batteries and LiBH4 as a solid electrolyte.
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