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1. Introduction

Lithium-sulfur (Li-S) batteries have attracted ample attention due to
their high theoretical capacity (~1675 mAh g−1), as well as the cheap
and environmentally friendly properties of sulfur used as active material
in the cathode.[1–5] However, the “shuttle effect” of lithium polysul-
fides during cycling,[3,6] the insulating nature of sulfur and its full

discharge products (Li2S, Li2S2),
[7,8] together

with the large volume expansion resulting from
the insertion of Li+, so far still limit the stability
of the battery performance.[9] The insulating
nature of sulfur and lithium sulfides is mainly
responsible for the low utilization of sulfur.
Therefore, electric conductors (e.g. the widely
used carbon additives) are necessary to con-
struct a conducting network in the cathode.
Good conductivity as high as that of carbon
materials (i.e. 0.1 to 102 S cm−1)[10] has been
mostly pursued in Li-S cathode to facilitate the
redox reaction of sulfur species. Besides, the
main problem arises from the dissolution of the
reaction intermediates in the organic electrolyte
causes the loss of active sulfur and fast decay of
specific capacity during charge–discharge pro-
cesses. To tackle these issues, research efforts are
ongoing to develop cathode materials with a
more porous structure and high conductivity.
In most cases, various functional materials (e.g.
carbonaceous materials, metal oxides and sul-
fides, and polymers) pose a modest ability in
the cathode to diminish the dissolution of poly-

sulfides in the electrolyte through the physical and chemical confine-
ment strategies.[11–18] For the physical confinement, the formed
polysulfides can be entrapped in the porous and hollow structures of
the cathodes, which can provide weak adsorption and physical barrier
to suppress the diffusion of polysulfides into electrolyte. As for the
chemical confinement, polar surface of host materials such as metal
oxides/sulfides/nitrides can provide strong chemical adsorption to
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The development of freestanding and binder-free electrode is an effective approach
to perform the inherent capacity of active materials and promote the mechanism
study by minimizing the interference from additives. Herein, we construct a
freestanding cathode composed of MoS3/PPy nanowires (NWs) deposited on
porous nickel foam (NF) (MoS3/PPy/NF) through electrochemical methods, which
can work efficiently as sulfur-equivalent cathode material for Li-S batteries. The
structural stability of the MoS3/PPy/NF cathode is greatly enhanced due to its
significant tolerance to the volume expansion of MoS3 during the lithiation process,
which we ascribe to the flexible 3D framework of PPy NWs, leading to superior
cycling performance compared to the bulk-MoS3/NF reference. Eliminating the
interference of binder and carbon additives, the evolution of the chemical and
electronic structure of Mo and S species during the discharge/charge was studied
by X-ray absorption near-edge spectroscopy (XANES). The formation of lithium
polysulfides was excluded as the driving cathode reaction mechanism, suggesting
the great potential of MoS3 as a promising sulfur-equivalent cathode material to
evade the shuttle effect for Li-S batteries. The present study successfully
demonstrates the importance of structural design of freestanding electrode
enhancing the cycling performances and revealing the corresponding mechanisms.
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polysulfides. Additionally, covalent binding formed between organic
host materials and sulfur species can efficiently alleviate the “shuttle
effect” of polysulfides. For instance, hollow carbon nanofibers have
been fabricated for the physical confinement of polysulfides;[16] the
conducting polymer with the thiol groups has been designed and syn-
thesized for the chemical confinement of polysulfides;[19] furthermore,
the metal–organic framework derived NiS2 hollow spheres can prevent
the migration of polysulfides through the combined physical and
chemical adsorption.[17]

The application of sulfur-equivalent cathode materials shows great
potential to solve the shuttle problem completely due to its distinct
reaction mechanism, where soluble polysulfides are unlikely to form
during the discharge process, different from that of elemental sulfur.
Thus, alternatives to elemental sulfur, including organic[20] and inor-
ganic sulfides[21] that do not form soluble polysulfides during the dis-
charge process, are considered more feasible for Li-S battery
applications. Although organic sulfides have been studied extensively
for decades, their low theoretical capacity (LiS-R and Li2S as the final
discharge products) an low conductivity (e.g. 10−10 S cm−1 for Poly
(5,8-dihydro-1H,4H-2,3,6,7-trtrathia-anthracene) (PDTTA))[22] make
them impractical for Li-S batteries.[2,6,23–25] Inorganic polysulfides (Li2S
as the final discharge products) have electrochemical properties compa-
rable to elemental sulfur, significantly higher conductivity (e.g.
10−3 S cm−1 for MoS3, while 10−30 S cm−1 for S) and are believed
not to generate lithium polysulfides—however, this has not been
experimentally verified.[26] As one of the inorganic sulfides used as
sulfur-equivalent cathode materials, MoS3 without containing of ele-
mental sulfur has a significantly high conductivity and can exhibit
sulfur-like electrochemical behaviors. Moreover, MoS3 has facile fabrica-
tion process including the acidification or anodic oxidation of aqueous
solutions of (NH4)2MoS4 at room temperature.[3,21] Despite its great
potential, the underlying lithiation mechanism has rarely been investi-
gated. Recently, it was reported that no polysulfides are formed and no
Mo-S bonds break during discharge/charge.[21] However, a reaction
mechanism has not been conclusively agreed upon, due to the complex
chemistry involved. In this regard, developing a free-standing, binder-
and carbon additive-free, and porous cathode with flexible polymeric
nano-host for metal sulfides is not only favorable to achieving high
specific capacities and stable cycling performances but also helpful for
detailed characterization such as ex situ analysis on morphological and
compositional evolution of the active materials without interference
from the conventional binder and carbon additive. Additional advan-
tages of such free-standing electrodes would be the ease of collection
and analysis after the disassembly of the batteries.

Advances in exploiting nanoarchitecture of electrochemically active
materials on the conducting substrate open up new directions to
address the limitations of compact and bulk electrode materials in
terms of high electrolyte penetration for effective Faradaic reactions
and their functionalization for flexible electronic devices. Among
tremendous efforts, electropolymerization/electrodeposition, as a prac-
tical method for the synthesis of conducting polymers (CPs) on con-
ductive substrates, shows great potential for the construction of the
aforementioned electrode materials. On one hand, conducting poly-
mers can serve as a template for in situ growth of inorganic active
materials due to their ease of functionalization, which enables a high
active mass loading in the batteries. On the other hand, a continuous
conducting framework can be preserved after the active material load-
ing. Particularly, nanostructured conducting polymers usually assure
quick diffusion of electrolytes due to their large surface area and

porous structure, which can also relieve the volume expansion during
the lithiation process.[27] As one common CP, polypyrrole (PPy) has
often been used in the development of functional electrode materials,
notably due to its environmental stability and high electronic conduc-
tivity.[28] Owing to nanotechnological advances, the deliberate design
of CP’s nanoarchitecture is feasible for further improving its electrical
and ionic conductivity. So far, the PPy nanowire (NW) structure has
been fabricated, exhibiting electrochemical performance superior to
other structural forms of PPy,[29,30] posing a great potential for its
adoption in Li-S batteries. According to previous studies, the electro-
chemical growth of PPy NWs using the soft-template method is of
great interest because of its facile and controllable characteristics for
large-area fabrication.[31,32] Generally, a noble metal (e.g. Au, Pt, and
Pd) is needed as the nucleation sites for the electrochemical growth
of PPy NWs on substrates.[33–35] Also, carbon materials can assist the
formation of nucleation sites for PPy through the strong interactions
between pyrrole molecules and carbon substrates. However, there are
few reports about the electropolymerization of PPy NWs on non-
noble metal substrates such as commercial nickel foam (NF) due to
the lack of nucleation sites. Three-dimensional NF is commonly used
as the current collector, because it has proven to show excellent elec-
trochemical performance, owing to the large electrode–electrolyte
interfaces as well as the macropores of NF, which may act as a reser-
voir for electrolytes and thus shorten the ion diffusion distance from
the exterior to the interior surfaces. Besides, the flexibility and high
electrical conductivity make NF ideal current collectors for flexible
electrode materials.[36]

Inspired by these developments, we propose to realize the direct
electrochemical growth of PPy NWs on NF, which can be further used
as a template to fabricate MoS3/PPy composite NWs as free-standing
cathode materials for Li-S batteries.

2. Results and Discussion

2.1. Structure and Morphology

As a result of these efforts, a free-standing MoS3/PPy/NF cathode has
been fabricated through facile electrochemical methods (Scheme 1),
which can be directly used as the sulfur-equivalent cathode. Firstly,
through controlling the concentration ratio of pyrrole and soft-template
molecule (0.1 M p-toluenesulfonic acid; TsOH), PPy NWs with a 3D-
network structure were successfully grown on the surface of NF with-
out the assistance of noble metals or carbon materials. Amorphous
MoS3 nanoparticles (NPs) were then coated on the PPy NWs through
anodic electrodeposition in the aqueous solution of (NH4)2MoS4. Nota-
bly, the loading mass of MoS3 can be conveniently tuned by controlling
electrodeposition conditions (e.g. applied voltage, deposition time).
With the synergistic effect of flexible PPy NWs and MoS3 NPs, the 3D-
MoS3/PPy/NF cathode is expected to show a higher capacity and
enhanced cycle stability than that of the bulk-MoS3/NF without PPy
NWs. Moreover, identifying or excluding the possible formation of
lithium (poly)sulfides is essential to understanding the working mecha-
nism of MoS3 as cathode materials in Li-S batteries and to developing
long-cycle-life devices. A series of bulk-sensitive X-ray absorption near-
edge spectroscopy (XANES) measurements have been performed
for the MoS3/PPy/NF cathodes at different stages of discharge/charge
to investigate the evolution of the chemical and electronic structure,
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aiming to unveil the reaction mechanism of MoS3 during battery
cycling.

Scheme 1 describes the fabrication process of sulfur-equivalent
MoS3/PPy/NF cathodes for Li-S batteries. PPy NWs with a 3D-network
structure were first fabricated directly on NF through the electro-
polymerization method as shown in step 1. Typically, the growth of
3D-PPy NWs can be described by four steps: First, the pyrrole mole-
cules are oxidized and oligomers are formed near the surface of NF
under positive potential. Second, the electrodeposition of PPy, accompa-
nied by the oxidation of water, leads to the formation of a thin and
rough PPy film on NF. Third, the hydroxyl radicals formed during the
oxidation of water can either lead to the overoxidation of PPy to pre-
vent its further growth or transform into O2. The active place of film
taken by O2 nanobubbles can supply growing sites, leading to the for-
mation of PPy NWs in the place of O2 evolution or flaws.[32] Presum-
ably, this part of polymer survives over-oxidation,[37] and the highest
electric field originated from the edge effects leads to the subsequent
growth of PPy NWs. Finally, PPy NWs grow through hydrogen bond-
ing and electrostatic attraction between pyrrole oligomers and elec-
trolyte ions with the help of soft-template ions. During the growth of
PPy NWs, the color of NF changed gradually from silver to dark brown
as shown in Figure S1, Supporting Information. Step 2 in Scheme 1
shows the process of in-situ growth of amorphous MoS3 NPs on the
PPy NWs through anodic electrodeposition, leading to a 3D-MoS3/
PPy/NF cathode. These MoS3 NPs are then used as the sulfur-
equivalent material in the cathode of Li-S batteries. It is notable that this
electrochemical fabrication strategy is more convenient than the con-
ventional process of electrode fabrication[38] because no addition of car-
bon and binder is required.

Figure 1 presents the detailed electrochemical growth process of 3D
PPy NWs on NF through a one-step electro-polymerization method
without any seed coating. SEM images taken for the samples at various
growth stages are shown in Figure 1a. The pyrrole was oxidized and
polymerized at a constant current density of 2.0 mA cm−2 in a

phosphate buffer solution (pH = 6.86). TsOH
(0.1 M) was used as the soft template, of which
Ts+ ions can dope in the initially formed PPy
oligomers to promote the following forming
and growth of PPy NWs at the tips of nuclei.[29]

According to previous work, high concentra-
tions of TsOH (higher than 0.08 M) will pre-
vent the formation of PPy NWs during pyrrole
polymerization.[29] Thus, a lower concentration
of TsOH (0.01 ~ 0.02 M) is normally used to
conduct the electrochemically grown PPy NWs
on the surface of noble-metal or carbon materi-
als.[33,34] In our case, however, the high con-
centration of TsOH (0.10 M) is essential to
realize the electrochemical growth of PPy NWs
on NF. The relevant mechanism will be dis-
cussed later. The chronopotentiometric curve
for the growing of 3D-network PPy NWs (Fig-
ure 1a) can be divided into four phases corre-
sponding to the oxidation of pyrrole (I), the
formation of PPy film (II), the forming of PPy
short sticks (III), and the following growth of
PPy NWs (IV). SEM images of these phases are
presented in Figure 1b–e. In the first phase, a
smooth surface of bare NF can be observed as

shown in Figure 1b. During phase II, a rough PPy film was found uni-
formly grown on the surface as shown in Figure 1c. Similar to the
growing process of PPy NWs on the noble-metal and carbon substrates,
the TsOH prevents the random polymer growth of PPy through the
doping of TsOH anions in the initially formed PPy oligomers,[29]

which leads to the formation of a thin PPy film on the surface of NF in
the initial stage of the electropolymerization. Presumably, the π-π inter-
action between the aromatic rings of TsOH and pyrrole in PPy oligo-
mers and their electrostatic adsorption should be responsible for the
morphological control of the electrochemical deposition products of
pyrrole. During the prolongation of the polymerization time, the PPy
film becomes rougher and with an increasing number of short sticks
growing out from the PPy film (phase III), as shown in Figure 1d. At
the same time, some ring- and branch-like structures can also be
observed, leading to the formation of a 3D network structure of PPy
NWs during phase IV (Figure 1e). The TEM image of the obtained PPy
NWs in Figure 1e displays a branch structure with a NW diameter of
about 110 nm (Figure S2, Supporting Information). After the elec-
tropolymerization of pyrrole, the NF was uniformly coated with PPy
NWs (Figure 1f). The cross-sectional view of PPy NWs shows the
thickness of the initially grown PPy film is about 100 nm, and the PPy
NWs layer is about 2 μm (inset of Figure 1f).

To investigate the influence of the pyrrole concentration on the
growth of PPy NWs, the electropolymerization process was conducted
in a solution containing 0.1 M TsOH and different concentrations of
pyrrole (0.058 M, 0.086 M, and 0.115 M). The corresponding mor-
phology of the polymerized PPy is shown in Figure S3, Supporting
Information. Notably, at a low concentration of pyrrole (0.058 M), the
modified NF has a high density of PPy NWs with a diameter of
~90 nm (Figure S3a,d, Supporting Information). As the concentration
of pyrrole was increased to 0.086 M, the amount of the obtained PPy
NWs decreases and their diameter increases (Figure S3b,e, Supporting
Information). Nickel oxide possesses a certain catalytic ability for oxy-
gen evolution reaction (OER).[39,40] When a positive potential is

Scheme 1. Fabrication route of the sulfur-equivalent MoS3/PPy/NF cathode through electrochemical
methods.
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applied, the nickel oxide formed at the NF surface will enhance the
OER rate. It is worth noting that plenty of O2 bubbles will continuously
form on the surface of NF at the same applied voltage in the solution
without pyrrole. Thus, during the formation of a PPy film under a high
concentration of soft-template molecules, the O2 nanobubbles serve as
the growing sites for nanowires.[32] Increasing the concentration of
pyrrole inhibits the OER, resulting in a decrease in the growing sites.
This effect is evident from the morphology of the electropolymerized
PPy at a higher concentration of pyrrole (0.115 M), where few PPy
NWs besides bulk PPy films are obtained (Figure S3c,f, Supporting
Information). These results indicate that excess TsOH and the catalytic
oxidation of water are the key points to realizing the electrochemically
grown PPy NWs on the surface of NF. As a result, an optimized condi-
tion of 0.1 M TsOH and 0.086 M pyrrole has been applied for the con-
struction of the electrode.

To obtain MoS3/PPy NW composite samples, MoS3 NPs were elec-
trodeposited on the surface of 3D-PPy NWs through the oxidation of
(NH4)2MoS4 by applying a constant positive voltage. To remove the
excess MoS2�4 ions adsorbed during anodic electrodeposition and to
increase the structural stability of the porous MoS3, the electrodes

were subsequently treated by acidification and annealing at 200 °C.
The I-t curves under different applied voltages are shown in Fig-
ure S4, Supporting Information. These curves display the classical
behavior of nucleation and growth of three-dimensional centers.[40]

From the SEM images (Figure 1g,h), we can see that the surface of
PPy NWs is coated by MoS3 NPs with sizes of 20 ~ 50 nm (Fig-
ure S5, Supporting Information). TEM images further show that the
PPy NWs are uniformly coated with MoS3 NPs with a thickness of
about 50 nm (Figure 1i). More importantly, the loading mass of
MoS3 could be adjusted by tuning the deposition time or voltage (in-
set of Figure S4, Supporting Information). As shown in Figure S6,
Supporting Information, the layer of MoS3 gradually becomes thicker
as increasing the loading mass of MoS3. These results suggest that the
MoS3 NPs could be electrodeposited on the surface of PPy NWs
in situ through the oxidation of (NH4)2MoS4 in an aqueous solution,
which supplies a simple method for the construction of 3D-MoS3/
PPy composite framework on the conductive substrate. For compar-
ison, MoS3 has been electrodeposited under the same conditions on
NF without PPy NWs. The corresponding SEM images of the MoS3/
NF are displayed in Figure S7, Supporting Information, which reveal

Figure 1. The electrochemical growth process of 3D-PPy NWs on NF: a) chronopotentiometric curve during pyrrole polymerization at 2.0 mA cm−2,
including four electrochemical regimes (I, II, III, and IV) corresponding to the growth process of nanowires; SEM images of these processes: b) the surface of
NF (I), c) the thin and rough PPy film on NF (II), d) the PPy short sticks on the film (III) and e) the following growth of 3D-PPy NWs (IV); f) PPy/NF
electrode with a low magnification (Inset of (f) is the cross-sectional view of PPy NWs). g, h) SEM images of MoS3/PPy NWs with a low and high
magnification; i) TEM image of a single PPy NW coated with MoS3.
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that MoS3 is homogeneously coated onto the surface of NF and there
is a uniform element distribution of Mo and S (the atomic ratio of
S/Mo is ~3).

2.2. Characterization and Electronic Structure

To confirm the amorphous nature of the electrodeposited MoS3 NPs,
the MoS3/PPy/NF sample was first examined by X-ray diffraction
(XRD), which shows a broad peak centered at ~14o besides the sharp
peaks (at 45o, 52o and 77o) belonging to the nickel foam (Figure
2a). The broad peak is in a good agreement with reported XRD data
of amorphous MoS3.

[41] The chemical states of Mo and S in the near-
surface region of the sample were further identified by X-ray photo-
electron spectroscopy (XPS, see Appendix S1 in supporting informa-
tion for more details and data evaluation). The fit of the S 2p
spectrum presented in Figure 2b indicates the presence of four differ-
ent species with S 2p3/2 peaks centered at 162.1, 163.3, 166.2, and
168.6 eV. The higher-binding energy peaks at 166.2 and 168.6 eV
correspond to sulfur with an oxidation state of 4+ and 6+, which
can be assigned to small contributions of sulfite and sulfate species,
respectively.[42] The two peaks at 162.1 eV and 163.3 eV in the S
2p3/2 spectra relate most likely to S2− and to S1−, respectively, similar
to what has been observed for MoS3 in literature.[42–44] Conse-
quently, the Mo 3d/S 2s spectrum was also fitted using these sulfur
species, together with two Mo species as presented in Figure 2c. The
Mo 3d5/2 main peak at 229.4 eV can be related to the Mo4+ species
of MoS3 in good agreement with literature values of (229.0 � 0.2)
eV.[43] The small Mo 3d5/2 peak at 232.4 eV has been assigned to
Mo6+, that is MoO3 (232.1–233.6 eV in literature),[45–47] tentatively
ascribed to surface oxidation.

The concentration of the Mo and S species in the 3D-MoS3/PPy/NF
sample has been determined by taking the average values of the S 2p
and S 2s corrected areas, as summarized in Tables S1 and S2, Support-
ing Information. The sulfite and sulfate species each contribute less than
6% to the total amount of sulfur and Mo6+ (MoO3) around 10% to the
total amount of Mo, suggesting that they correspond to minor surface
contaminations caused by potential exposure to ambient conditions.
Additionally, sulfates together with moisture could form sulfites under
beam exposure during the measurements.[48] The ratio between the
sum of the S1− and S2− contribution to the Mo4+ species is 3.1, close
to the expected MoS3 stoichiometry. The Mo4+ oxidation state of MoS3
hints at the presence of a cluster structure, as described by Weber
et al.,[43] or at the chain structure model.[49] In both cases, the Mo
atoms are surrounded by sulfur atoms with an oxidation state of 1-and
2-forming a local Mo4+(S2−)(S1−)2 structure, in good agreement with
the stoichiometry derived from the XPS measurements, Mo4+(S2−)1.2
(S1−)1.9. The element distribution of the fabricated electrode was also
mapped by energy dispersive spectroscopy (EDS), which shows that S,
Mo, C, N, O, and Ni elements are all uniformly distributed around
the electrode (Figure S8a, Supporting Information). Combined with
the results of electron probe micro-analysis (EPMA), which show the
atomic ratio of S/Mo is ~3 (Figure S8b, Supporting Information), the
successful deposition of MoS3 was further confirmed.

2.3. Electrochemical Performance of these Composite Materials
in Batteries

To evaluate the electrochemical performance of these composite
electrodes as the sulfur-equivalent cathodes for Li-S batteries, CR 2032
coin cells were assembled with a Li-metal anode in an Ar-filled glove-

box. The electrolyte is 1 M LiTFSI in DOL/DME
(1:1 by volume) with 0.1 M LiNO3. The areal
loading of active MoS3 was kept at ~2 mg cm−2

unless otherwise noted. Figure S9a, Supporting
Information shows the Nyquist plot of the 3D-
MoS3/PPy/NF cathode, which possesses a diam-
eter of the semicircle in the high-frequency range
associated with the charge-transfer resistance
(Rct ~ 140 Ω). Cyclic voltammetry (CV) curves
and the discharge/charge properties of these cells
were examined at room temperature. Several
redox peaks are present in the stable CV curves of
a 3D-MoS3/PPy/NF-based cell when scanning
from 1.2 ~ 3.0 V, as shown in Figure 3a. Since
the electrochemical contributions of NF and PPy
are negligible (Figure S10, Supporting Informa-
tion), these redox peaks are contributed by the
reversible redox process of MoS3 for the insertion
and extraction of Li ions. A possible mechanism
has been proposed by previous reports, where
the two peaks at 1.82 V and 1.42 V during the
cathodic scan have been ascribed to the phase
transformation of MoS3 (MoS2 and S) to LixMoS2
and Li2S, and the further conversion of LixMoS2
to Mo and Li2S, respectively. The three peaks at
1.81 V, 1.97 V, and 2.25 V during the anodic
scan have been ascribed to the conversion reac-
tion of Mo to Mo4+, Mo4+ to Mo6+ and Li2S to

Figure 2. a) X-ray diffraction data, b) S 2p XPS spectrum, and c) Mo 3d / S 2s XPS spectrum of the
3D-MoS3/PPy/NF.
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S.[21,50] In this work, insights into the reaction have been performed
with XANES measurements to reveal the evolution of MoS3 as discussed
later. Two sloping plateaus can be observed in the representative gal-
vanostatic discharge/charge curves of 3D-MoS3/PPy/NF at a current rate
of 0.09 A g−1 between 1.2 and 3.0 V, with a stable discharge capacity
reaching 730 mAh g−1 when normalized to the total mass of MoS3 and
1461 mAh g−1 when normalized to the sulfur weight (Figure 3b). A
comparison of this work with representative reported works has been
summarized (Table S3, Supporting Information). Note that large varia-
tions in working conditions such as voltage range and current density
can greatly affect the capacity performance. In spite of these influences,
the 3D-MoS3/PPy NWs electrode in this work delivers comparable ini-
tial capacity to the leading results of the MoS3-based cathodes reported
recently. In comparison, MoS3/NF exhibits a lower and rapid decay of
capacity, which reaches max. 500 mAh g−1 during the first discharge
process as shown in Figure S11, Supporting Information. The superior
capability of 3D-MoS3/PPy/NF compared to the MoS3/NF is further val-
idated in the reversible discharge/charge capacities at various C-rates in
Figure 3c. The corresponding galvanostatic charge and discharge curves
of 3D-MoS3/PPy/NF at different current densities and the following
cycles at 0.9 A g−1 are shown in Figure S9b,c, Supporting Information.
The 3D-MoS3/PPy/NF-based cell delivers a considerable reversible
capacity of ~730, 580, 503, 307, and 195 mAh g−1 at 0.09, 0.45, 0.9,
4.5, and 9 A g−1, respectively, and back to a reversible capacity of 720
mAh g−1 at 0.09 A g−1. The MoS3/NF delivers an obviously lower
reversible capacity of ~500 mAh g−1 at 0.09 A g−1, 405 mAh g−1 (0.45
A g−1), 364 mAh g−1 (0.9 A g−1), 245 mAh g−1 (4.5 A g−1), 193
mAh g−1 (9 A g−1) and back to a reversible capacity of 380 mAh g−1 at
0.09 A g−1. Conceivably, the 3D framework of PPy NWs on NF pro-
vides a larger surface for MoS3 electrodeposition than the bare NF,
which is conducive to the uniform distribution plus minimized accu-
mulation of less conductive MoS3, leading to a great increase of capacity

compared to the MoS3/NF-based cell with the
same mass loading of MoS3. It is notable that
when increasing the loading mass of MoS3 on
PPy NWs, the capacity of 3D-MoS3/PPy/NF also
declines gradually due to the thickening of the
MoS3 layer (Figure S12, Supporting Informa-
tion). This should be resulted from the decline
in the conductivity of the cathode and the lim-
ited utilization of MoS3. The diameter regulation
of the PPy NWs should be an effective method
to improve the performance of the 3D-MoS3/
PPy/NF with a high loading of MoS3.

More importantly, the 3D-MoS3/PPy/NF-
based cell also exhibits good capacity retention,
in which the capacity was retained at ~540
mAh g−1 (at 0.45 A g−1) after 100 cycles with
a retention of 93% (Figure 3d). Besides, the
long-term cycling of the battery has been per-
formed at 0.9 A g−1 for 400 cycles, which
delivers an initial capacity of 450 mAh g−1 and
a capacity retention of ~70% with a Coulombic
efficiency of ~100%. In contrast, a low dis-
charge capacity of ~112 mAh g−1 (at 0.45 A
g−1) with a rapid decline process has been
maintained with the MoS3/NF-based cell after
100 cycles.

To understand the high performance of 3D-
MoS3/PPy/NF-based batteries, these cathodes were further examined
by SEM to unveil the morphology change. Figure 4a,b show a compar-
ison of SEM images of 3D-MoS3/PPy/NF electrodes before and after
cycling. The framework of 3D-MoS3/PPy remains intact but dense,
with the PPy NWs thickening and forming larger particles after cycling
(inset of Figure 4b). We ascribe this to the volume expansion of MoS3
after the insertion of Li ions. This indicates the alleviation role of the
PPy NWs in the volume expansion of cathode materials. For compar-
ison, the layer of MoS3 NPs in the MoS3/NF electrodes becomes
cracked along with the formation of bulk products after cycling (Fig-
ure 4c,d). It is conceivable that the volume expansion of rigid MoS3
will lead to the detachment of active materials from NF, which results
in the rapid deterioration of battery performance. These results indicate
that the flexible 3D framework of PPy NWs can stabilize and enhance
the structural integrity of cathodes by releasing strain as well as reduc-
ing the diffusion length for ions in the nanocomposite structure, which
leads to the high capacity and stability of 3D-MoS3/PPy batteries. After
the cycling test, the 3D-MoS3/PPy/NF was further examined by XRD,
in which the broad MoS3 peak centered at ~14o still can be observed,
as shown in Figure S14a, Supporting Information. It is worth noting
that no residual yellow electrolyte was observed on the separator during
the disassembly process, as shown in Figure S14b, Supporting Informa-
tion. This result indicates the absence of polysulfides in the electrolyte.

2.4. XANES Measurements

In addition to morphological changes in the electrode, the evolution of
the chemical and electronic structure of Mo and S species during the
charge/discharge process has been studied with XANES measurements
at the S K-edge, giving insights into the mechanism of the cathode reac-
tions. Since the formation of lithium polysulfide is one of the biggest

Figure 3. Electrochemical performance of 3D-MoS3/PPy/NF and MoS3/NF as sulfur-equivalent
cathodes for Li-S batteries. a) CV curves at the scan rate of 0.1 mV s−1. b) Galvanostatic charge and
discharge curves at 0.09 A g−1. c) Rate performance from 0.09 to 9 A g−1. d) Long-term cyclic
performance and Coulombic efficiency at 0.45 A g−1.
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drawbacks in current Li-S batteries, the focus of this investigation is on
determining whether polysulfides are formed during discharge/charge
at the 3D-MoS3/PPy/NF cathode.

Figure 5 presents the measured S K-edge spectra of nine ex-situ pre-
pared 3D-MoS3/PPy/NF samples at different stages of charge (C 2.0, C
2.2, C 2.4, and C 3.0 V) and discharge (DC 1.9, DC 1.7, and DC
1.2 V). Additionally, spectra of the pristine and open circuit voltage
(OCV) MoS3 samples are presented, with the latter referring to a 3D-
MoS3/PPy/NF cathode from an uncharged electrochemical cell (after
rest for ~1 week) with an OCV of 2.1 V. For a more exhaustive com-
parison of the MoS3 electrodes in different (dis)charge states, Fig-
ure S15, Supporting Information shows the stacked S K-edge spectra.
The DC 1.2 and C 3.0 V samples refer to the fully discharged (lithiated)
and fully charged (delithiated) states, respectively. Included in Figure 5
are spectra of Li2S3 and Li2S8 reference samples from Patel et al, show-
ing the characteristic two peak features (positions marked with black
dotted lines) that all lithium polysulfides share.[51] By comparison, a
formation of lithium polysulfides during the charging process seems

unlikely, which is further supported by the prin-
cipal component analysis of the XANES data in
Figures S16–S19, Supporting Information.
Hence, a formation of lithium polysulfide(s) in
significant amounts (exceeding the XANES
detection limit) can be excluded. These results
indicate that, although the addition of PPy will
sacrifice the energy density of the full batteries,
the PPy NWs can supply a flexible conductive
framework to construct a free-standing cathode
without the additive (e.g. Super P carbon and
PVDF binder). On one hand, the flexible 3D
framework of PPy NWs can stabilize and
enhance the structural integrity of cathodes by
releasing strain as well as reducing the diffusion
length for ions in the nanocomposite structure;
on the other hand, this free-standing cathode
can facilitate the detection of active materials for
bulk-sensitive analysis (e.g. X-ray absorption
near-edge spectroscopy (XANES)) by eliminating
the interference from the conventional binder
and carbon additive.

3. Conclusions

In summary, PPy NWs with a 3D-network
structure have been fabricated for the first time
on the surface of nickel foam through elec-
trodeposition methods using a high concentra-
tion of TsOH as the soft template without the
assistance of noble metals or carbon materials.
The corresponding mechanism for the growth
processes of PPy NWs has also been proposed.
Combined with the anodic electrodeposition of
MoS3 NPs in the aqueous solution of
(NH4)2MoS4, a novel organic–inorganic MoS3/
PPy composite has been obtained and used
directly to construct the sulfur-equivalent cath-
ode of a Li-S battery. XRD and XPS measure-

ments have been exploited to investigate the amorphous MoS3
structure and hint at a Mo4+(S2−)1.2(S

1−)1.9 local structure, close to
literature models with a Mo4+(S2−)(S1−)2 structure.[52,53] Ascribed to
the flexible 3D framework of PPy NWs, the structural mechanics of
cathodes are enhanced. At the same time, the active electrochemical
sites increase significantly and the diffusion length for ions in the
nanocomposite structure is reduced, which leads to the superior per-
formance of 3D-MoS3/PPy/NF-based batteries compared to the 2D-
MoS3/NF-based ones. The capacity performance of the 3D-MoS3/PPy
NWs electrode is comparable to the leading results of the MoS3-based
cathodes reported recently. Similar to recent results,[21] the formation
of lithium polysulfides was excluded as the driving cathode reaction
mechanism, revealing another promising property of MoS3 as a cath-
ode material in Li-S batteries. The results reported herein highlight a
facile strategy to construct a free-standing sulfur-equivalent cathode.
This strategy can not only be used in the realization of functional
cathodes for, for example, Li-S batteries, but also shows great poten-
tial in the development of organic–inorganic composite materials for

Figure 4. SEM images of the 3D-MoS3/PPy/NF a, b) and MoS3/NF c, d) cathodes before and after 100
charge/discharge cycles. The insets are high-magnification micrographs of the corresponding images. e)
Schematic representation of the morphological change of 3D-MoS3/PPy nanowires and MoS3 film
during lithiation.
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other energy conversion and storage systems. For more practicability
of this method, our further studies on the optimization of the flexible
substrate and conducting polymer materials toward more light and
higher conductive 3D framework electrodes are underway.

4. Experimental and Methods

Electro-polymerization of PPy NWs on NF: The commercial Ni foam (thickness:
0.5 mm) was cleaned first with acetone and soaked in 2.0 M HCl for 10 min,
then washed subsequently with water and ethanol for several times, and dried in
a vacuum oven at room temperature. The 3D-network PPy NWs were grown on
NF by electrochemical polymerization in an aqueous solution (10 mL) containing
0.380 g Na2HPO4, 0.312 g NaH2PO4, 0.1 M p-toluenesulfonyl, and pyrrole (98%)
with a different concentration. This process was conducted in a two-electrode
system with a current density of 2 mA cm−2 for 2000 s by using an electrochemi-
cal workstation (GAMRY) and NF as the working electrode, and carbon plate as
the counter and reference electrodes. After electro-polymerization, these elec-
trodes were rinsed with H2O several times and dried in a vacuum oven, which
were then used for the modification of MoS3. The mass of PPy NWs obtained
by electronic scales was ~1.0 mg cm−2. The electrode samples with different
electro-polymerization time were used for the investigation of the growth mecha-
nism of PPy NWs.

Preparation of 3D-MoS3/PPy/NF and MoS3/NF cathodes: The typical 3D-
MoS3/PPy/NF electrode was fabricated as follows: first, the MoS3 NPs were depos-
ited on the PPy NWs through anodic electrodeposition method in 50 mM
(NH4)2MoS4 aqueous solution at 0.5 V for different durations using a three-
electrode system (Ag/AgCl as reference electrode and Pt wire as a counter elec-
trode); then the obtained electrode was rinsed with water and immersed in 5 mL
H2O; 70 μL 1 M HCl was then slowly added into the solution with shaking and
then immersing for 6 h. After that, the electrode was rinsed with water and dried
in a vacuum oven. Finally, the electrode was annealed under Ar protection at
200 °C for 2 h. The MoS3/NF electrodes were fabricated with the same method
using NF without PPy. The mass loading of MoS3 was obtained by weighting the
masses of the electrode before and after electrodeposition of MoS3. The areal
loading of active MoS3 was kept at ~2 mg cm−2 unless otherwise noted. The sul-
fur content by weight ratio is 22% as determined by Electron Probe MicroAnalysis
(EPMA).

Materials characterization: The morphologies and structures of samples
were examined by scanning electron microscopy (SEM, LEO 1530) with an EDS
attachment (Zeiss). Compositional analysis was conducted using the JEOL
EMPA-1600 instrument running with the accelerating voltage of 15 kV, take-off
angle at 52.5°, and scanned area of 100 μm × 100 μm. The sample was ana-
lyzed three-fold on areas of the same spot. The quantitative result was

obtained by the calculated mean value of the mea-
surements. XRD (Bruker D8) was performed using a
monochromatized X-ray beam with Cu Kα radiation
at a scan rate of 0.05° min−1. XPS (ESCALAB 250Xi;
Thermo Scientific) with a monochromatized Al Kα
radiation was employed to analyze the composition
of the 3D-MoS3/PPy/NF sample and the binding
energy was calibrated with the C 1s spectrum, setting
the adsorbed hydrocarbon peak to a binding energy
of 284.8 eV. The XANES measurements on the 3D-
MoS3/PPy/NF electrode samples at different stages of
discharge/charge were performed in ultra-high vac-
uum (UHV) with a base pressure < 1 × 10−8 mbar
at the HiKE endstation located at the BESSY II KMC-
1 beamline (beam focus size 0.1 × 0.1 mm2) at HZB.
Detailed information regarding the XPS data analysis
and XANES measurements of the prepared MoS3
samples is shown in the Appendix S1, Supporting
Information.

Electrochemical measurements: The cell batteries
were assembled in an Ar-filled glovebox with the con-
centration of moisture and oxygen <1.0 p.p.m. Coin

type (CR 2032) cells were fabricated by assembling a 3D-MoS3/PPy/NF or MoS3/
NF cathode, a Celgard 2400 diaphragm separator, and a lithium foil anode with
30 μL electrolyte. The electrolyte was prepared by dissolving 1 M Li bis(trifluo-
romethane)sulfonamide (LiTFSI) and 0.1 M lithium nitride (LiNO3) in a mixture
solution of 1,3-dioxolane and 1,2-dimethoxyethane (1:1 by volume). The galvanos-
tatic charge/discharge tests were performed using a Biologic electrochemical
workstation (MPG2 galvanostat/potentiostat) at different current densities within
a cutoff voltage window of 1.2–3.0 V. The specific capacity is calculated based on
the mass of MoS3.
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Figure 5. S K-edge spectra of the 3D-MoS3/PPy/NF samples after a) discharge (DC) and b) charging
(C) steps. Black dotted lines show the positions of features previously attributed to terminal S−1 and
bridging S0 peak positions of the reference lithium polysulfide spectra (as examples, Li2S3 and Li2S8
are shown here for comparison).[51]
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