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Carbon Nanofibers Decorated with Molybdenum Disulfide
Nanosheets: Synergistic Lithium Storage and Enhanced

Electrochemical Performance®*
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Abstract: Traditional lithium-ion batteries that are based on
layered Li intercalation electrode materials are limited by the
intrinsically low theoretical capacities of both electrodes and
cannot meet the increasing demand for energy. A facile route
for the synthesis of a new type of composite nanofibers, namely
carbon nanofibers decorated with molybdenum disulfide
sheets (CNFs@MoS,), is now reported. A synergistic effect
was observed for the two-component anode, triggering new
electrochemical processes for lithium storage, with a persistent
oxidation from Mo (or MoS,) to MoS; in the repeated charge
processes, leading to an ascending capacity upon cycling. The
composite exhibits unprecedented electrochemical behavior
with high specific capacity, good cycling stability, and superior
high-rate capability, suggesting its potential application in
high-energy lithium-ion batteries.

Owing to significant advantages in terms of energy density
and environmental sustainability, lithium-ion batteries (LIBs)
have quickly dominated the consumer electronics market
since the 1990s.") With their applications extending into large-
scale energy storage fields, such as transportation and power
grids, traditional LIBs that are based on layered Li interca-
lation electrode materials are limited by the intrinsically low
theoretical capacities of both electrodes and cannot fulfill the
increasing demand for energy density.”) Against this back-
ground, anode materials that are based on novel Li storage
mechanisms, such as conversion storage and interfacial
storage, are especially promising owing to their predominant
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merits in capacity.’! For example, molybdenum disulfide
(MoS,), a research hotspot for fuel cells and solar cells, has
also been found to be a promising material for LIBs because
of its two-dimensional layered morphology and the ability to
host multiple Li ions, enabling its assembly with various
substrates (e.g., graphene) and delivering a high theoretical
specific capacity of 670 mA h g 1.1 Benefiting from their large
specific surface areas and porous architectures, pyrolytic
nanocarbon materials derived from carbohydrates feature
numerous active sites for interfacial Li storage, so that they
have high capacities that are several times larger than that of
graphite.”!

However, the use of these materials still involves many
problems. MoS, is known to have a layered structure formed
by tightly packed S-Mo-S motifs, which enables stable Li
insertion above 1.1 V (vs. Li*/Li, the same below), but it is
converted into Mo and Li,S upon further Li intercalation./!
Once Li,S is formed, it becomes the active component, and its
electrochemistry dominates in the subsequent cycles.*!
Owing to the low conductivity and poor cyclability of Li,S,
the capacity of MoS, often fades quickly upon cycling.”
Meanwhile, as a conversion material, MoS, usually experi-
ences a significant volume change during discharge/charge,
leading to pulverization and resulting in poor cycling per-
formance.*) On the other hand, an excessive interface
between porous carbon and electrolyte leads to considerable
side reactions, forming a thick solid electrolyte interface
(SEI) on carbon and resulting in poor cyclability and a low
Coulombic efficiency (CE) of < 50%.®! However, consider-
ing the complementary properties of the two components in
terms of energy storage, a synergistic effect may be expected
on their combination. Previous studies have shown that
combining graphitized carbon materials (e.g., carbon nano-
tubes) with Li intercalation anode materials such as TiO, led
to a synergistic effect, triggering enhanced kinetics and
sometimes a novel mechanism for Li storage.”’ As a result,
the composite exhibits a better electrochemical performance
than either of the single components on their own.

Based on this concept, we herein report the synthesis of
a novel nanocomposite, in which carbon nanofibers are
decorated with MoS, sheets (CNFs@MoS,) by a facile hydro-
thermal route with low-cost, biomass-derived carbonaceous
nanofibers as the support. In serving as an anode material for
LIBs, the CNF core acts as a host for Li storage, while also
providing an efficient electron pathway for the fast lithiation/
delithiation of MoS,.”) Meanwhile, the MoS, sheath helps to
reduce the excessive surface area of the CNFs and promotes
a rapid charge-transfer reaction by facilitating Li* migration.
The cooperation of the two active components in

Angew. Chem. 2014, 126, 11736 -11740


http://dx.doi.org/10.1002/anie.201407103

CNFs@MoS, brings about a favorable synergistic effect,
leading to a higher capacity than that of the single compo-
nents. Moreover, it also triggers new electrochemical pro-
cesses for Li storage, by which a persistent transformation
from Mo (or MoS,) into MoS;, which features larger capacity
and better cyclability, is enabled during the repeated charge
processes, resulting in a continuous increase in composite
capacity upon cycling.

A double-coating approach was employed to synthesize
CNFs@MoS,, in which uniform hydrothermal carbonaceous
nanofibers with an average diameter of 80 nm (Supporting
Information, Figure S1a,b) were used as supports, enabling
the growth of MoS, nanosheets by a solution-based
method."”! The precursor was then annealed under nitrogen
atmosphere to carbonize the core and crystallize the sheath,
yielding the product (Scheme 1).

According to a scanning electron microscopy (SEM)
image (Figure 1a), CNFs@MoS, has a cable-like morphology
with a uniform diameter distribution of 100-140 nm. The
sheath consists of many curly nanosheets, as confirmed by
a transmission electron microscopy (TEM) image (Fig-
ure 1b). Different mass ratios of (NH,),MoS, to CNFs (Ry,

Figure 1. Structural characterization of CNFs@MoS,: a) SEM image, b) TEM image, and c) HRTEM image.
Inset: profile plot of the calibration for measuring the spacings. d) Annular dark-field STEM image. Inset:
corresponding EDX line-scan profiles of C (green), Mo (red), and S (yellow) along the blue line. e-g) EDX
elemental mappings of C, S, and Mo, respectively.

Te nanowire Carbonaceous nanofiber

Scheme 1. Synthetic procedure for CNFs@MoS,.
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onEs) Were employed, among which only an optimal mass ratio
Ryioenes = 2.1 yielded uniform nanofibers (Figure S2). A non-
negligible interaction between oxygen-containing functional
groups (OH, COOH) on carbonaceous nanofibers and Mo
precursors in solution may explain the phenomenon.'l A
high-resolution TEM (HRTEM) image (Figure 1c¢) demon-
strates that the nanosheet consists of three to five layers, with
an interlayer spacing of approximately 0.684 nm, close to the
(002) spacing of hexagonal 2H-MoS, (0.621 nm). The X-ray
diffraction (XRD) pattern (Figure S3a) is indexed by a stan-
dard hexagonal 2H-MoS, structure (JPCDS 37-1492), yet
with a blue shift in the (002) diffraction peak (from 16.71° to
14.08°), revealing an expanded interlayer. The expanded
interlayer was once ascribed to the slow ramping rate upon
annealing.*! However, considering the fast heating rate
(5°Cmin™") in this work, the expansion may not only be
due to heating, but also due to the coaxial structure, which
leads to an undulated surface and expansions. A HRTEM
image of bare MoS, has clearly shown an unexpanded
interlayer spacing of 0.632 nm (Figure Slc, inset), further
confirming our hypothesis. As the expanded interlayers are
beneficial to Li intercalation upon initial discharge, a higher
electroactivity of MoS, may
be expected. An energy-dis-
persive X-ray (EDX) line-
scan analysis along the cross
section of the fiber reveals
higher Mo and S contents at
both sides and a higher C
content at the center, indicat-
ing a co-axial structure (Fig-
ure 1d). The result was fur-
ther confirmed by elemental
mapping (Figure 1e-g), which
revealed homogeneous sheath
and core distributions of Mo/S
and C, respectively. The
CNFs@MoS, nanofibers con-
tain approximately 72 wt%
MoS,, as determined by both
thermogravimetric  analysis
(TGA, 71.89wt%;  Fig-
ure S3b) and EDX analysis
(72.23 wt %, Figure S4). The
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porous structure of
CNFs@MoS, was further char-
acterized by combined nitro-
gen adsorption/desorption iso-
therms  (Figure S5a), with
a large specific area of
176 m?g~" determined by the
Brunauer-Emmett-Teller

method, and a type I adsorp-
tion and a type H2 hysteresis
loop separately indicating the
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formation from 2H-MoS, to
1T LiMoS, and further
decomposition into Li,S and
Mo nanoparticles, respective-
ly.*71 The sloped profile at
>1.1V corresponds to SEI
formation on the surface of
CNFs@MoS,. Another sloped segment appearing at <0.5V
suggests interfacial Li uptake by the CNFs.**l The charge
profile is also sloped, with a plateau at approximately 2.3V,
implying the oxidation of Li,S.?*7 213 The subsequent GDC
cycles show sloped profiles, with two plateaus at approx-
imately 1.85 V and 2.3 V upon discharge/charge, correspond-
ing to electrochemical processes of Li,S.[!l In the first cycle,
the discharge and charge capacities of CNFs@MoS, are 1489
and 983 mAhg!, respectively, which leads to a reasonable
CE of 66% (Figure 2b). However, the bare CNFs show
a much lower CE of 53.9% (Figure S6a). As the initial
irreversible capacity loss is largely attributed to the formation
of SEI, the CE improvement is largely due to the MoS,
sheath, which helps to inhibit the side reactions of CNFs by
diminishing their unfavorable contact with the electrolyte.

CNFs@MoS, at 1Ag™.
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Figure 2. a) GDC profiles and b) cycling performance of CNFs@MoS, at 0.1 Ag™". c) GDC profiles and
d) cycling performance of CNFs@MoS, at different current densities. ) Long:-life cycling performance of

After several cycles, the CE quickly stabilizes at approx-
imately 98 %, further demonstrating the stabilizing effect of
the MoS, sheath. After 50 cycles, the reversible capacity of
CNFs@MoS, remains at 1264 mAhg™" (Figure 2b), whereas
bare CNFs and bare MoS, can only deliver 390 mAhg™" and
124 mAhg!, respectively (Figure S6a,c). As the composite
capacities significantly exceed those outputted by the indi-
vidual components, a synergistic effect between the CNFs and
MoS, is observed.

The CNFs@MoS, nanocomposite also exhibits improved
cycling and rate performance. Even at 1Ag™! the
CNFs@MoS, still demonstrates a high capacity of
688 mA'hg™" with a CE approaching 100% after 300 cycles,
implying an excellent high-rate stability (Figure 2e). Upon
gradually elevating the current density, the GDC profiles of
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CNFs@MoS, remain stable (Figure 2¢), and a high capacity of
864 mAhg' is retained at 5 Ag~! (Figure 2d). At the same
current density, the bare CNFs and the bare MoS, can only
deliver 60 mAhg™" and 12mAhg™' (Figure S6b,d). After
decreasing the current density back to 0.1 Ag™!, the capacity
of CNFs@MoS, quickly increases to 1376 mAhg' (Fig-
ure 2d), disclosing a fine capacity recovery.

Moreover, the capacity of CNFs@MoS, shows an unusual
ascending trend at various current densities during the initial
tens of cycles (Figure 2b,d,e). To reveal the electrochemistry
behind this trend, cyclic voltammograms (CVs) of
CNFs@MoS, and bare MoS, were collected at a slow scan
rate (0.05 mVs ™). In the first cathodic process, two reduction
peaks appear at approximately 0.95 Vand 0.41 V (Figure 3a),
corresponding well with Li intercalation into layered MoS,
and conversion into Mo and Li,S. In the first anodic process,
however, three oxidation peaks appear, with two small peaks
at approximately 1.47 V and 1.74 V. As the potential differ-
ence between the two peaks corresponds to the difference
between the standard electrode potentials of MoO,/Mo
(=0.15V) and H,MoO,/Mo (0.11 V; both under acidic con-
ditions), the two peaks may be associated with the stepped
oxidations from Mo to Mo*" and to Mo®", respectively.
Another oxidation peak at approximately 2.39 V is due to the
oxidation of Li,S. The initial cathodic CV of bare MoS, also
featured the Li intercalation (1.03 V) and the conversion
reaction (0.50 V), yet no peak corresponding to the oxidation
from Mo to Mo®" was observed in the anodic process
(Figure S7). Therefore, it is clear that the CNFs do assist in
Mo oxidation to Mo®" during charging. In the subsequent
CNFs@MoS, CVs, the profiles become highly consistent, and
three distinct pairs of redox peaks appear: Two reduction
peaks at approximately 1.55V and 1.24 V separately corre-
spond to the oxidation peaks at about 1.47 V and 1.74 V, and
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Figure 3. a) The first five CVs of the CNFs@MoS, anode. b,c) Mass
spectra of the sample before (b) and after (c) the initial charge process
(CNFs@MoS,-1).
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together they denote the stepped reductions/oxidations
between Mo®" and Mo. The reduction peak at approximately
1.85 'V corresponds to the oxidation peak at about 2.38 V,
denoting the sulfide redox reaction.l**”! The peaks at approx-
imately 0.95 Vand 0.41 V significantly weakened and became
hardly differentiable after five CV scans, implying the
depletion of 2H-MoS,. The sloped profile at <0.3V was
also observed in repeated cathodic processes, confirming
reversible Li uptake/release of the CNFs,

To confirm the nature of the above-described electro-
chemical process of molybdenum sulfides, ex situ techniques,
including TEM, X-ray photoelectron spectroscopy (XPS),
and mass spectrometry (MS), were employed to characterize
a CNFs@MoS, anode before use, in its fully discharged state,
and in its fully charged state, respectively. For pristine
CNFs@MoS,, the binding energies of Mo 3d;, and Mo 3ds;,
are 233.0 and 229.8 eV, respectively (Figure S8a), indicating
the existence of Mo*". At the fully discharged state, Mo
nanoparticles were clearly distinguishable from the fiber
surface (Figure S9a). After the initial charge process
(denoted as CNFs@MoS,-1), MoS,>~ fragments (Figure 3b)
and Li,Mo*" fragments (Figure 3c) were observed in the MS
spectra, separately indicating the existence of MoS; and Mo.
After the tenth charge cycle (denoted as CNFs@MoS,-10),
the Mo binding energies shifted to 235.6 and 232.4¢eV,
confirming the generation of Mo ions with a higher valance
(i.e., Mo®", see Figure S8b).

Therefore, the electrochemical processes of Mo have been
clarified: The initial cathodic process involves the lithiation of
MoS, to form Mo and Li,S, yet the reverse anodic process
leads to the generation of Mo®" sulfides (mostly MoS;), with
a certain amount of unoxidized Mo remaining. The lithiation/
delithiation of MoS; becomes highly reversible from the
second scan, and the oxidation from Mo to Mo®" proceeds in
the subsequent scans, consuming the unoxidized Mo (also the
unreacted 2H-MoS,) and generating more MoS;. This point is
corroborated by the gradually enhanced redox peaks of Mo®"
upon scanning (Figure 3 a). With the depletion of MoS,, MoS;
gradually becomes a major active component of the compo-
site, and its electrochemistry, together with the Li,S electro-
chemistry, dominates subsequently.

Herein, a synergistic effect between the CNFs and MoS,
may account for the unique electrochemistry of CNFs@MoS,.
Owing to their high electronic conductivity, CNFs act both as
a Li storage matrix and as a conductive support for MoS,,
providing sufficient e™ for lithiation/delithiation of the sheath.
Upon discharging, Mo nanoparticles uniformly embed in Li,S
(Figure S9a) to cover the conductive CNFs. With close
contacts between Li,S, Mo, and CNF, the outward trans-
mission of e is prompted in the Li release process, leading to
the generation of Mo®" upon charging. Commonly, Li,S
generated during the initial discharge process has a low
electroactivity and cannot be fully oxidized to S (but to
soluble polysulfides) upon charging, which may deteriorate
the capacity and cyclability of MoS,. The conductive CNFs
enhance the electroactivity of Li,S by facilitating its delithia-
tion process, while the in situ generated Mo®", with its higher
affinity for sulfur-containing molecules than Mo*', binds
surrounding polysulfides (on or near the surface of the Mo
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nanoparticles) to form MoS;, thus preventing the irreversible
loss of active S.**7*!1 With the transformation of electro-
chemically inactive and unstable Li,S into active and stable
MoS; upon charging, the hybrid anode exhibits a much more
stabilized electrochemistry than bare MoS, (Figure S7), while
also featuring ascending S utilization, which explains the
increase in capacity during the initial tens of cycles. Electro-
chemical-impedance-spectroscopy results show that com-
pared to pristine CNFs@MoS,, CNFs@MoS,-1 and
CNFs@MoS,-10 exhibit significantly reduced charge-transfer
resistances (Figure S10). Therefore, the kinetic performance
of the composite material is improved upon cycling, which is
consistent with the above electroactive process of
CNFs@MoS,.

Finally, the synergistic effect and the structural advantages
of CNFs@MoS, also contribute to its excellent performance
in long-life cycling and high-rate tests. Whereas the CNF core
enables fast e~ transmission for the MoS, sheath, the
mesoporous MoS, sheath provides an unperturbed Li*
supply for the CNF core, improving the Li storage kinetics
and the stability of both components. Meanwhile, the rigid
structure of the CNFs effectively relieves the volume change
of MoS, upon lithiation/delithiation, and helps in the for-
mation of a hierarchically conductive network with carbon
black on a micrometer scale, thus improving the cycling
stability and high-rate capability. It was observed for a cycled
anode that CNFs@MoS, still kept its original cable structure
(Figure S9b and Figure S11a), with uniformly distributed C,
Mo, and S along the cable (Figure S11b-d), demonstrating
the fine cycling stability of the composite.

In summary, we have successfully developed a simple
strategy to synthesize well-defined CNFs@MoS, coaxial
nanofibers. When they are used as anode materials for
LIBs, the cooperation of the two active components in
CNFs@MoS, leads to a synergistic effect, triggering new
electrochemical processes for the Li storage of MoS,, through
which electrochemically active and stable MoS; persistently
forms in the charge process, leading to an increased capacity
upon cycling. The synergistic effect also helps to build
a hierarchically conductive network, contributing to much
improved electrode kinetics and cycling stability. The
CNFs@MoS, nanofibers exhibit excellent Li storage proper-
ties in terms of specific capacity (1489 mAhg™" upon initial
discharge), cycling performance (1264 mAhg™' after
50 cycles) and rate performance (860 mAhg™' at 5Ag™),
making it a promising anode material for high-energy LIBs.
Moreover, in the light of the notable capacity advantages of
non-intercalation materials in high-energy batteries, the
present findings on the synergistic effect in CNFs@MoS, are
expected to have far-reaching significance over previous
works on intercalation materials,”® and make this strategy
simple yet inspiring. Furthermore, this work could provide
insights that enable further improvements of the performance
of lithium—sulfur batteries.
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