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Biomass-mediated synthesis of carbon-supported nanostructured
metal sulfides for ultra-high performance lithium-ion batteries

Y. Lu®and E. Fong*®

A bio-inspired, environmentally friendly route to prepare three-dimensional (3D) hybrid nanostructured materials for
lithium-ion batteries (LIBs) is presented. Alginate, a naturally occurring biopolymer, was employed as a template to
synthesize molybdenum sulfide (MoS;) nanostructures from ammonium heptamolybdate and L-cysteine precursors under
physiological conditions. Here we show that MoS, precursors did not interact specifically with alginate; instead, MoS,
nanocrystallites were precipitated within a porous alginate matrix made up of hollow nanospheres. In contrast, when
cobalt (Co™) was added to crosslink alginate mixed with ammonium heptamolybdate and L-cysteine precursors, a highly
crosslinked hydrogel network was obtained instead. Upon annealing, CoMo0S; 13 nanocrystallites were found to be well-
dispersed within a 3D porous carbon matrix (CoMoS;13;@ADC, ADC represents alginate derived carbon). The novel
CoMo0S; 13@ADC hybrid materials were evaluated as anodes in lithium ion batteries, and were found to have exceptional
capability performance, excellent cycle stability and rate performance. The lithiation mechanisms of CoMoS; 13@ADC were
proposed; the shortened ion transport paths and rapid reaction kinetics were due to the nano-sized CoMoSs 15 crystals and
inter-connected 3D pore structure. In summary, we showed that alginate biopolymers could offer a facile route towards

the synthesis of novel 3D metal sulfides hybrid nanomaterials for energy storage applications.

Introduction

There is a need to engineer advanced nanomaterials for electrodes
in lithium-ion batteries (LIBs), especially for next-generation, high-
power applications (e.g., portable electronics, storage of renewable
energy, electric vehicles and smart grids). Metal sulfides are
promising materials as both cathodes and anodes in high-energy
LIBs™ 2. In recent years, layered transition metal sulfides of MS, (M =
Mo, W, V, Sn, Zr) have attracted great attention due to their
structure peculiarities, redox variabilities and higher cycling
stabilities®”. Amongst the metal sulfides, MoS, has the highest
lithium storage capacity (669 mA h g'l). Yet, practical applications of
MoS, as anode materials are challenging due its low intrinsic
electric conductivity and large volume changes during the lithium
insertion and extraction process. As a result, there is dramatic
electrode pulverization and severe loss of electrical contact from
the current collector, leading to poor cyclability and sluggish

dynamics of MoS, for lithium storage.4‘ 810

In order to increase the performance of metal sulfides, various
strategies have been investigated, including preparing MoS,
nanostructures with diverse morphologies or coupling MoS, with
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conductive carbon to construct

11-13

electrically
nanocomposites.
electrode performances in batteries by increasing the contact areas
between the active materials and the electrolyte; either by reducing
the size of the active material to the nanoscale, or by introducing
porosity to increase the overall surface area of the electrode. Both
strategies have been found to shorten both electronic and ionic
pathways within particles according to t = LZ/D (t: characteristic
time constant; D: ion diffusivity; L: diffusion length). In particular,
mesopores and macropores have been found to facilitate ion
lithiation and ion transport respectively; both features are essential
for achieving ultra-high performances in LIBs.

polymer or

There have been efforts to increase the

Bio-inspired synthesis or biotemplating routes offer a tailorable and
environmental friendly alternative to produce 3D electrode
nanomaterials with high performance for LIBs. Due to their mild
synthesis conditions™* 15, a variety of inorganic/carbon materials
have been prepared from biological precursors. For example,
MnO/C microspheres have been successfully synthesized from
microalgae,16 TaC/activated carbon microfibers from bamboo,17
B,C/carbon microfibers from cotton,18 as well as FePQ,/C from
peptideslg. Likewise, we have previously developed novel 3D
carbon foams containing metal vanadium phosphates ultrafast
battery cathodes using elastin-like polypeptide templates.20

Notably, biopolymers derived from biomass are attractive raw
materials for the preparation of hierarchically hybrid materials. In
particular, alginate, a widely abundant polyssacharide extracted
from algae, has been widely used in tissue engineering and drug
delivery. Alginates are known to associate with divalent cations
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such as Ca”* to form hydrogel networks via the “egg-box” model."
2 Many have successfully demonstrated the use of such crosslinked
alginate scaffolds to prepare porous carbon525'27, metal
nanostructures (Au, Ag, Co, and Ni nanoparticles and Te
nanowires)28 and metal oxides (YBa,Cu,0g and LaO.67Sr0,33Mn03)23 as
well as metal/metal oxide nanocomposites (Au/CeO, )29.

Since alginate is relatively abundant in nature, it is highly attractive
to exploit alginate as a low cost, scalable template for the synthesis
of active materials for energy storage. Moreover, there have been
no attempts made to prepare other active nanomaterial with
complex stoichiometric chemistries using alginate-assisted routes.
In this work, we explored the synthesis of metal sulfides using
alginate as a carbon precursor and template. The synthesis strategy
used in this work is outlined in Scheme 1. L-cysteine was used as
source of sulfur due to its environmentally benign properties and
the presence of several functional groups (-SH,-NH,, and —COO),
which can aid the formation of two-dimensional structures for the
resulting compounds.so'33 Here, ammonium heptamolybdate
tetrahydrate ((NH4)sMo;0,, * 4H,0) precursors were mixed
homogeneously with sodium alginate and L-cysteine at room
temperature and freeze-dried. After annealing, MoS, nanocrystals
were found dispersed within a porous carbon matrix, primarily
made up of carbon nanoshells (MoS,@ADC; ADC represents
alginate derived carbons). Separately, when the mixture of alginate
and MoS, precursors were added to divalent cations (i.e., C02+)
solution, a highly crosslinked hydrogel network was obtained. Well-
crystallized CoMoS; 13 nanocrystals were found embedded within a
porous carbon matrix (CoMoS; 13@ADC) after annealing the above
hydrogel. Both as-annealed materials exhibited ultra-high
performances when tested as anodes for LIBs, highlighting the
potential of alginates for the synthesis of complex metal sulfide
nanomaterials for high performance LIBs.
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Scheme 1. Schematic illustrating the formation of (a) MoS,@ADC
and (b) CoMoS; 13@ADC using sodium alginate.

Experimental

Materials

2| J. Name., 2012, 00, 1-3

Ammonium heptamolybdate tetrahydrate ((NH,)¢Mo0,0,4-4H,0, Alfa
Aesar), L-cysteine (C3H;,NO,S, Sigma-Aldrich), Cobalt nitrate
hexahydrate (Co(NOj3),:6H,0, Sigma-Aldrich) and sodium alginate
((CgH;0gNa),,, Spectrum) were purchased and used without further
treatment.

Synthesis of MoS,@ADC and CoMoS; ;3 @ADC

Sodium alginate (2g) was dissolved in ddH,O (90 mL) at 80°C to
achieve a homogeneous solution. Next, sodium alginate was mixed
with 1M L-cysteine in 1:1 volume ratio, and stirred continuously at
room temperature for 1 h. The mixture (4 ml) was then added to 1
ml of ammonium heptamolybdate tetrahydrate
((NH4)sM070,4-4H,0; 0.143 M) and thoroughly mixed for 1 h. The
mixture was then frozen at -80°C and lyophilized. The lyophilized
sample was subsequently annealed at 800°C for 2 h, with a heating
rate of 4 °C min™ in argon atmosphere. The as-annealed sample is
referred to as MoS,@ADC in this work.

The same procedure was employed to obtain CoMoS;3;@ADC,
except with some modifications. First, sodium alginate, L-cysteine
and (NH,;)sMo,0,,-4H,0 were mixed in the same way as in the case
of MoS,@ADC. The mixture (6 ml) was then added to 15 ml of
cobalt nitrate hexahydrate (Co(NOs),-6H,0, 1 M). The solution was
kept stagnant at 4°C for 1h to allow complete gelation of alginate.
Subsequently, the treated hydrogel was washed several times with
ddH,0, before freezing at -80°C and lyophilized. The resulting
sample was annealed at 600°C for 2 h, with a heating rate of 4 °C
min™ in argon atmosphere. The as-annealed sample is referred to
as CoMoS; 13 @ADC in this work.

Materials characterization

The morphologies of the prepared materials were examined by field
emission scanning electron microscope (FESEM, JEOL 7600F) and
transmission electron microscopy (TEM, JEOL 2100F) operated at an
accelerating voltage of 200 kV. Powder X-ray diffraction (XRD,
Shimadzu powder, 40 kV/30 mA, Cu-Ka radiation) was employed to
identify the crystalline phases of the synthesized materials. The
nitrogen adsorption—desorption isotherms was acquired using an
ASAP Tri-star Il 3020 analyzer, and the specific surface area was
calculated using the Brunauer—Emmett—Teller (BET) method. The
pore size distribution was derived from the desorption branch of
the isotherm using the Barrett—Joyner—Halenda (BJH) method.
Thermogravimetric analysis (TGA) was performed using TA
Instrument Q500. The chemical composition was analysed by
energy dispersive X-ray spectroscopy (EDS) instrument attached to
the JEOL-2100F microscope.

Electrochemical Measurements

The as-prepared materials were evaluated as anodes using a coin
cell assembly. The coin cells were assembled in an argon-filled
glovebox with both moisture and oxygen levels less than 1 ppm.
The electrodes were prepared by mixing 80 wt % MoS,@ADC or
CoMoS; 13@ADC with carbon black (10 wt %) and polyvinylidene
fluoride (PVDF, 10 wt %) in n-methyl-2-pyrrolidone solvent and then
pasted onto the copper foil substrate, and dried in a vacuum oven
at 80°C for 2 days. High-purity lithium foil was used as counter and
reference electrodes. Celgard 2400 was used as a separator, with

This journal is © The Royal Society of Chemistry 20xx
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lithium foil as the counter electrode, and 1 mol L? LiPFg solution in a
mixed solvent of ethylene carbonate (EC) and diethyl carbonate
(DEC) (v/v =1:1) served as the electrolyte. Cyclic voltammetry (CV)
was measured using an electrochemical workstation (CHI614b,
China).  Galvanostatic charge—discharge measurements of the
prepared anodes versus Li/Li" were performed at room
temperature under different rates in a voltage range of 0.01 -3.0V
on NEWARE multichannel battery test system. All electrochemical
tests were performed at room temperature. The typical mass
loadings of active materials (MoS, in MoS,@ADC, CoMoS; 3 in
CoMo0S; 13 @ADC) of MoS,@ADC anode and CoMoS; ;3 @ADC anode
were calculated to be 0.76 mg cm™and 0.90 mg cm"z, respectively.
The specific capacity was calculated based on the prepared active
materials.

Results and discussion
Characterization of MoS,@ADC

The as-annealed MoS,@ADC samples were subjected to electron
microscopy and XRD characterization. The surface of the as-
annealed MoS,@ADC sample appeared to be covered with
nanospheres with diameters of about 50 nm (Fig. 1a-b). Under the
TEM, these nanospheres were found to be hollow, and consisted
mainly of graphitized carbon (Fig. 1c-d). Further analysis of the
hollow nanospheres (or nanoshells) revealed lattice spacing of
about 0.367 nm, consistent with previous report on graphitized
carbon (Fig 1d).?’4 There also exists unstructured carbon matrix
surrounding the hollow nanoshells. Here, MoS, nanocrystals were
found heterogeneously scattered within the matrix (Fig. 1e). Inset in
The lattice spacings of the MoS, nanocrystals were measured to be
0.62 nm, corresponding to the (002) plane of MoS, (Fig. 1e). XRD
further confirmed the presence of hexagonal MoS, (JCPDS card No.
37-1492; Fig. 1f). The (002) peak was notably absent, which
suggests that the MoS, in the as-prepared MoS,@ADC consist of
single or several Iayers.3’ 13,35 38 The broadened nature of the
spectrum further indicated that the MoS, obtained in this work
were not well-crystalized. Using the Scherrer’s equation, the
estimated grain size for MoS, was around 3.6 nm, which was
consistent with the thickness of the observed layered MoS,
nanostructure in Fig. 1le, further confirming its few-layered
characteristic.

Formation of alginate nanoshells are typically facilitated by the
addition of divalent cations such as Ca’* or oil-in-water

37-39
. observed here are also

emulsification The nanoshells
significantly smaller than the ones reported in the literature
(>100nm).40 To investigate possible mechanisms for the formation
of the nanoshells, alginate and alginate/L-cysteine mixtures were
separately freeze-dried and annealed as controls. In the case of
alginate only, we did not observe the formation of hollow carbon
shells (Fig. S1a,c). In the control where L-cysteine has been added to
alginate, a highly porous structure was obtained (Fig. S1b,d).
However, at higher magnifications, the pores were found to be
significantly larger than those found in MoS,@ADC. These larger
pores could be due to the evaporation of sulfur liquid droplets

41generated during the pyrolysis of L-cysteine. i Hence, we

This journal is © The Royal Society of Chemistry 20xx
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conclude that both alginate and L-cysteine did not contribute to the
formation of the carbon nanoshells found in MoS,@ADC. Hence, it
is likely that there exist electrostatic interactions between anionic
alginate and the NH," ions dissociated from the Mo precursors.
These interactions drive the self-assembly of micellar structures,
which further grow during the annealing process, controlled by

diffusion or carbonization reaction according to the theory of
Ostwald ripening.42

Intensity (a.u.)

JCPDS # 37-1492

r r |I | 1 ! I! e
10 20 30 40 50 60 70 80
Angle 260 (degree)

Fig. 1. (a,b) SEM images and (c-e) TEM images of MoS,@ADC.
Images at points A and B in (c) are shown in (d) and (e)
respectively. Inset in (e) is a high magnification of the area
enclosed by the red box (scale bar: 2 nm). (f) XRD spectrum of
MoS,@ADC.

Interestingly, MoS, crystals can only be found in areas surrounding
the graphitized carbon nanoshells. We also did not notice any MoS,
crystals embedded within the walls of the carbon nanoshells. This
suggested that the molybdate (Mo7024)6' ions did not interact
specifically with alginate, but react with the L-cysteine dispersed
within the alginate matrix to form MoS, nanocrystals.

Characterization of CoMoS; ;;@ADC

Fig. 2a,b show that CoMoS;;3@ADC has similar bead-like surface
like that of MoS,@ADC. However, under the TEM, the morphology
of CoMo0S; 13 @ADC was strikingly different than that of MoS,@ADC
(Fig. 2c). We did not observe any carbon nanoshells. Instead, a
porous structure was obtained, within which were aggregates of
nanocrystals with lengths of about 25 nm (Fig. 2d). The average
lattice spacing of the aggregates were found to be 0.615 nm,
corresponding to the lattice spacing of reported CoMoS_a,.l?,.43 In

J. Name., 2013, 00, 1-3 | 3
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addition, crystal lattices with spacings of 0.168 nm and 0.253 nm
were also observed; both lattice spacings too, can be ascribed to
CoMoS; ;3. EDX elemental mapping of CoMoS; ;3@ADCsample (Fig.
S2) showed even dispersion of C, Co, Mo and S elements in the
hybrid nanostructure, confirming the presence of carbon matrix.
Raman spectrum (Fig. S4) exhibited broaden D band and G band
peaks with intensity ratio (I/lg) of 1.06, indicating the carbon

has low graphitization degree %5 due to low annealing
temperature of 600 C.

XRD analysis of CoMoS; 13@ADC (Fig. 2f) confirmed the presence of
well-crystallized CoMoS;13@ADC, since peaks correspond only to
CoMoS; 13 (JCPDS card No. 16-0439)43 but not to pure MoS,, CoySg
phase or their simple mixtures. Using the Scherrer’s equation, the
estimated grain sizes of CoMoS; 13 were 4.0 nm and 16.8 nm, which
corresponded to the thickness and the length of CoMoS; 3
nanocrystals observed in TEM images (Fig. 2d,e) respectively.
Although  CoMoS, have been |historically used as a
hydrodesulfurization catalyst,%'48 application of CoMoS, as LIBs
electrodes have not been reported.

N

0,168 nm

—_~
=

Intensity (a.u.)

1Y,

10 20 30 40 50 60 70 80
Angle 26 (degree)

Fig. 2. (a,b) SEM images of CoMo0S; 13@ADC. (b) Image showing
a magnified view of the area enclosed by red box in (a). (c-e)
TEM images and (f) XRD spectrum of CoMoS; ;3@ADC.

We were able to obtain higher degree of crystallinity in
CoMoS; 13;@ADC, compared to MoS,@ADC, even under a lower
annealing temperature (600 °C). A plausible reason for the higher
crystallinity in the CoMoS;3;@ADC sample is the presence of
cobalt. Addition of cobalt nitrate (Co(NOs),-6H,0) was expected to
trigger the gelation of alginate via the well-known “egg-box” model

4| J. Name., 2012, 00, 1-3
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2124, 28 (Scheme 1). The positively-charged Co®" ions are uniformly
dispersed throughout the alginate matrix to serve as nucleation
sites for subsequent recruitment of molybdate ions. As a result, the
molybdate ions associate with the positively charged C02+, and are
consequently immobilized within the alginate hydrogel matrix
together with the cysteine. The close proximity between C02+,
molybdate ions and sulfur from the L-cysteine facilitates the
formation of well-crystallized CoMoS;,3 nanocrystals during
annealing, despite a low annealing temperature of 600°C. In the
annealing step, the alginate matrix further decomposed into
carbon, providing a highly conductive carbon matrix. Hence, cobalt,
together with alginate, played an important role to disperse the
CoMoS; 13 nanocrystals and reduce the energy barrier for crystal
nucleation and growth.

To determine the degree of porosity in the prepared materials,
nitrogen adsorption and desorption measurements were taken. For
MoS,@ADC sample, the BET specific surface area was calculated to
be 187.7 m’ g"1 by the desorption branch. However, for
CoMoS; 13@ADC, the BET specific surface area was only 55 m? g'l.
One possible reason for the larger surface areas in MoS,@ADC,
could be the presence of carbon nanoshells, that were absent in
CoMoS; 13@ADC. The wide pore size distribution for MoS,@ADC
(inset of Fig.S3 a) may hence be attributed to the broad sizes of the
carbon nanoshells as observed in Fig. 1c. While for CoMoS; ,;@ADC,
a broaden peak around 20~30 nm is observed (inset of Fig.S3b),
indicating the mesoporous feature of the pores, which can be also
observed from the typical IV-type shaped nitrogen adsorption-
desorption isothermal curves in Fig. S3b. Finally, thermogravimetric
analysis was employed to determine the content of active materials
present in the samples. The contents of MoS, and CoMoS; ;5 in the
corresponding hybrid materials were calculated to be 63% and 75%
respectively (Fig. S3c-d). The residual masses were assumed to be
MoO; and Co;0, respectively at 800°C due to the oxidation of the
active materials (MoS, and CoMoS; ;3) in air.

Lithium storage mechanism and electrochemical performance

The electrochemical properties of MoS,@ADC and CoMoS; ,3;@ADC
were investigated as anodes in LIBs. Fig. 3a shows the cyclic
voltammetry (CV) curve of MoS,@ADC. The CV behaviour of our
MoS,@ADC is generally consistent with those previously reported
MoS, materials. > *%>°

This journal is © The Royal Society of Chemistry 20xx
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In the first cathodic sweep, the peak at 0.7 V is attributed to the
intercalation of lithium ions into the MoS, lattice which transforms
the triangular prism (coordination of Mo by six S atoms) into an
octahedral structure.™ *? The peak at 0.36 V is attributed to the
complete reduction of Mo™ to Mo metal, which is followed by the
formation of Li,S and a gel-like polymeric layer resulting from
electrochemically driven electrolyte degradation.4 The whole
discharge (lithiation) reaction can be expressed as a two-step
process based on the following reactions (Equations 1 and 2):

MosS, +xLi" +xe” — Li MoS, (1)
Li,MoS, +4Li" +4e” — 2Li,S+ Mo (2)
During the first anodic scan, we observed a peak at 2.3 V attributed
to the formation of MoSZA. Some reports also suggested that this

peak is corresponding to the oxidation of Li,S into sulfur.®®>* The
delithiation process can be expressed as follows:

This journal is © The Royal Society of Chemistry 20xx
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Li,S+ Mo — MoS, +4Li" +4¢’ (3)

Li,S — S+2Li" +2¢ (4)

While the lithium storage mechanisms for MoS, anodes in LIBs are
well understood, lithiation mechanisms for CoMoS, have not been
reported. Likewise, reports on transition metal doping in MoS, and
their performances as anodes in LIBs are limited™, even though
doping is known to improve the performance of many electrode
materials.”®®" From the CV curves of CoMoS; 13@ADC (Fig. 3b), two
obvious peaks were observed in the first catholic scan, which can be
a result of a conversion reaction mechanism, found commonly in
metal sulfides.®” The catholic at 0.8 V can be attributed to the
insertion of lithium ions into the CoMoS;,; lattice to form
Li,CoMo0S; 13, while the peak at 0.4 V corresponds to the complete
reduction of Co* to Co®, Mo* to Mo® metal and formation of Li,S.
The entire possible discharge (lithiation) reaction is proposed a two-
step process based on the following reactions (Equations 5 and 6):

CoMosS, ,; +xLi" + xe” = Li,CoMoS, , (5)

Li CoMoS, ,+6.26Li" +6.26e" —3.13Li,S+Mo+Co  (6)

In the anodic scan for CoMoS; ;3 @ADC, we observed one obvious
peak at 2.3 V and another weaker peak at 2.0 V. The peak at 2.3 V is
likely contributed by the reversible formation of MoS, while the
weaker peak at 2.0 V is speculated to be due to the formation of
cobalt sulfides (Con).63 Herein, the delithiated process of
CoMoS; 13@ADC electrode can be expressed as following:

Li,S+Mo — MoS, +4Li* +4e’ 7
xLi,S+Co— CoS, +2xLi" +2xe’ (8)

During subsequent cathodic sweeps, the reduction peaks are quite
different from the first sweep, and new peaks at 1.7 V for
MoS,@ADC (1.8 V and 1.23 V for CoMo0S; ;3 @ADC) were observed,
which is due to lithium intercalation on different defect sites of
electrode active materials (MoS, for MoS, @ADC and MoS,, CoS, for
CoMoS; 13;@ADC) developed during the cycling,s’ & which is in
agreement with previous observation in the literatures. 30,49, 65

J. Name., 2013, 00, 1-3 | 5
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We next verify the lithium storage mechanism of CoMoS;3
proposed according to the CV results. The first discharged and
charged samples of the CoMoS;,3 @ADC electrode were
characterized by TEM. Fig. 4a shows a representative TEM image of
the CoMoS;13 @ADC electrode upon discharge to 0.01 V. The
morphology of CoMoS; ;13 @ADC was significantly different from the
pristine active material (Fig. 2c). The original CoM0S; 13 nanocrystals
were noticeably absent after the 1% discharge process. Instead,
numerous smaller domains (less than 5 nm) with obvious lattice
fringes were observed (Fig. 4b). Amongst them, dark crystals with
well-defined shapes (circled using red circles in Fig. 4b) could be
identified as metallic Mo (0.222 nm; JCPDS: 42-1120) and Co (0.216
nm; JCPDS: 05-0727) respectively (see Fig. 4c). In addition, particles
with lower contrast were also found within the surrounding
amorphous matrix. The lattice spacing measured from these
particles were consistent with the crystallographic planes (220) and
(111) (JCPDS: 65-2981) of Li,S (see Fig. 4b). The Li,S phase is less
visible than the metallic phase due to the weak scattering of light
constituent elements. This observation confirms the conversion
reaction mechanism of CoMoS; 13 proposed in this work.

When the anode is recharged to 3.0 V, new nanoparticles were
generated from breakdown of the original CoMo0S; ;3 nanocrystals
(Fig. 4d, circled in red in Fig. 4e). This phenomenon is commonly
observed for metal sulfide electrodes.”® % From Fig. 4f, lattice
fringes corresponding to MoS, (0.615 nm, (002); 0.227 nm, (103),
37-1492) and CoySg (0.299 nm, (311); 0.286 nm (222), 86-2273)
could also observed. MoS, is commonly obtained after 1% charge
process.A’ > However, it is surprising to obtain CogSs in the charged
electrode.
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Angle 20 (degree) Angle 26 (degree)

Fig. 5. XRD patterns of the CoMoS;3;@ACD anode at the first
discharged (lithiated) state (a) and recharged (delithiated) state (c):
(b) is an enlarged view of the red box in (a); (d) is an enlarged view
of the red box in (c).

To further confirm our TEM observations, X-ray diffraction was used
lithiation-delithiation products of CoMoS; ;3
electrodes. Fig. 5a showed XRD patterns of the discharged
electrode. A broadened peak at around 20~25 ° can be ascribed to
the presence of carbon (carbon support or super P added in the

to examine the

electrode preparation process) in the electrode. Fig. 5b shows a
magnified image of the region enclosed by the red box. Only one
peak centered at 41.7 °, can be identified and assigned to Co ((100)
plane; JCPDS no. 05-0727). Other peaks were difficult to index due
to the high background signals of Cu as well as the small size of the
nanocrystals. In combination with our TEM data, it is likely that
Li,S, Mo and Co metals were indeed present in the discharged
CoMoS; 13 @ACD electrode.

Likewise for the charged electrode, the broadened carbon peak
centered at peak at 20~25 ° was also present. In addition, another
broadened peak centered at around 30° was also observed. The
position of the peak matched the overlapping peaks of CogSg ((311)
and (222) planes; JCPDS no. 86-2273) in Fig. 5d. Coincidentally, both
of these planes were also observed under HRTEM in Fig. 4f,
confirming the presence of CogSg in the charged products. Finally,
another obvious peak at 33.5° was also present, corresponding to
the well-defined MoS, (101) plane (JCPDS no. 37-1492). Hence,
based on the results of HRTEM and XRD, we determined that both
CosSg and MoS, were indeed generated during cycling of the
CoMoS; 13 @ACD electrode.

Next, the electrochemical performances of both MoS,@ADC and
CoMoS; 13;@ADC were also evaluated in LIBs. Fig. 3c and d show
galvanostatic charge—discharge curves of MoS, @ADC electrode and
CoMoS; 13 @ADC electrode for the first five cycles. From Fig. 3c, we
can see that the MoS,@ADC electrode exhibited a discharge

This journal is © The Royal Society of Chemistry 20xx
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capacity over 1100 mAh g'1 and a reversible capacity of 874 mAh g'1
at the first cycle with inconspicuous potential plateaus compared
with the reported pure MoSZ.SZTypicaI potential plateaus at ~1.2 V
(contributed by the formation of Li,MoS,), and at ~0.7 V
(contributed to the formation of Mo metal and LiSz)a‘ 67. 68 \vere
absent. The missing peaks can be explained by the presence of
carbon material within the electrode. ** %

As for CoMo0S; 13@ADC electrode, an initial discharge capacity of
1436 mAh g'land an initial charge capacity of 1121 mAh g'1 were
obtained (Fig. 3d). This result was significantly better than the
MoS,@ADC electrode, even comparable to the performance of
hybrid materials containing graphene (Table Sl).A’ 3039 Gimilar to the
MoS,@ADC electrode, there were no obvious potential plateaus
observed in the first discharge curve due to the presence of carbon
in the hybrid material. However, two potential plateaus around 1.8
V and 1.2 V appeared in the following discharge curves, consistent
with the cyclic voltammetry curve (Fig. 3b).

The cycle performances of MoS,@ADC and CoMoS;3@ADC
electrodes at 100 mA g'1 were also estimated from Fig. 3e and f
respectively. The cycle stability of CoMoS; 13;@ADC electrode was
clearly better than MoS,@ADC with a residual capacity of 1125
mAh g'1 after 50 cycles. In fact, the cycle performances of
CoMoS; 13;@ADC electrodes are superior than electrodes containing
graphene.3°‘ * The CoMoS; 13 @ADC electrodes also demonstrate
good rate capability, as shown in Fig. 3h. Reversible capacities of
about 1077 mAh g'1 at a discharge-charge rate of 100 mA g'1,965
mAh g'1 at 200 mA g'l, 877 mAh g'1 at 500 mA g'l, 801 mAh g'1 at1A
g'1 ,755 mAh g'1 at 2 A g'1 are achieved, respectively. Moreover,
when the testing current is regularly returned to low current rate of
200 mA g'l, the discharge capacity is recovered to 986 mAh g'l,
which is the same level or even slightly higher than that (965 mAh g
1) of the initial cycles at 200 mA g'l, indicating it exceptional rate
capability. The observation is consisted with the previous reports
for conversion electrodes 7% A possible explanation for this
phenomena is the presence of the 3D carbon supported CoMo0S; 13
hybrid architecture, which guaranteed the good conductivity of the
active materials even after the pulverization process (Fig. 4 a,d).
Therefore, even after high rate testing (10 C), a high discharge
capacity can be recovered at low current density owning to the
enlarged electrode/electrolyte interface area as well as good
conductivity.

Despite the lower specific surface area of CoMoS;,;@ADC than
MoS,@ADC, the CoMoS; ;3 @ADC electrode displayed significantly
better electrochemical properties. The enhanced properties could
be due to several reasons. First, CoOMo0S; ;3 has a higher theoretical
specific capacity (752 mAh g'l) than MoS, (670 mAh g'l). Second,
CoMoS; 13 nanocrystals are well-dispersed within the alginate
matrix, crosslinked by Co” ions. The alginate matrix decomposes
into a 3D conductive carbon matrix that further facilitates electron
transport within the material. In addition to the doping effects of
Co, reduced lithium-ion pathways resulting from the 3D
nanostructure and enlarged contact areas between the active
materials and the electrolyte, led to the overall outstanding
electrochemical properties of the CoMoS; 3 @ADC.

This journal is © The Royal Society of Chemistry 20xx

Conclusions

In summary, 3D carbon supported metal sulfides were successfully
synthesized through a facile, environment friendly and low cost bio-
inspired strategy. Alginate, a common biopolymer derived from
biomass, was used as a template for the preparation of 3D
MoS,@ADC and CoMoS; ;3 @ADC nanostructures. Particularly, the
presence of Co*" resulted in gelation of alginate, and homogeneous
nucleation of CoMoS;,3 nanocrystals within a porous carbon
matrix. When the electrochemical performances of both
CoMoS; 13;@ADC and MoS,@ADC are investigated as anodes in LIBs,
CoMoS; 1;@ADC was found to display exceptional capability
performance, excellent cycle stability and rate performances. We
show that alginate-assisted synthesis is a facile and environmentally
friendly strategy that can be extended to prepare a wide variety of
metal compounds with advanced electrochemical properties.
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