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ABSTRACT: The electrodes in lithium-ion batteries (LIBs)
are typically films that are arranged on metal foil current
collectors with a thickness of several tens of ym. Here, we
report on the preparation of a thick free-standing graphene
film synthesized by CVD as an alternative to Cu foil as an
anode current collector. As a model system, MoS, anodes with
a flower-like morphology were anchored onto the surface of
the thick graphene film. A hybrid and binder free anode
without a conventional metal current collector exhibited an
excellent capacity value of around 580 mAh/g (@50 mA/g)
and reasonable charge/discharge cyclability. The work
presented here may stimulate the use of graphene films as
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replacements for conventional current collectors and additive free electrode in LIBs.
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Bl INTRODUCTION

Lithium-ion batteries (LIBs) are increasingly used as energy
sources in portable electronic devices and represent attractive
power sources for electric transport vehicles in the near future.
A variety of carbonaceous materials have been utilized in
commercial LIBs due to their high structural stability, flat
voltage profile, good electronic conductivity, and low-cost
preparation. However, carbonaceous materials are limited by
their low theoretical specific capacity of 372 mAh/g.'
Graphene, which is essentially a monolayer of graphite, is an
attractive energy storage material”> for use in lithium-ion
batteries as it exhibits excellent electronic properties, good
mechanical flexibility, and a very high surface area that
facilitates lithium-ion uptake, which in turn increases the
specific capacity.”> Numerous efforts have been applied
towards developing different types of graphene-based anode
materials, including reduced graphene oxide,’ graphene paper,7
porous graphene,™” §raphene networks,'”"" and heteroatom-
doped graphene.'®”"* Moreover, several of the drawbacks that
hinder the performance of high-capacity materials (e.g., metal
oxides and sulfides), including low conductivity and poor long-
term cyclability because of volume expansion and pulverization
during charging and discharging, have been mitigated with the
introduction of graphene.'>~"®

Recently, bendable and rollable electronic devices (e.g.,
rollup and wearable displays) have garnered extensive interest
from the research community. However, a major obstacle to the
realization of bendable energy storage devices is the lack of
reliable materials that have superior electrical conductivity, high
mechanical flexibility, and high electrochemical stability. Metal
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foils have been employed as current collectors in conventional
LIBs, but their high cost, high weight, and low flexibility have
led to the exploration of alternative materials. To replace
conventional metal foil current collectors, graphene flakes have
been utilized for both the cathode and anode in flexible LIBs.”
However, the electrical properties of graphene films made from
graphene flakes are insufficient for use in LIBs. Therefore,
alternative graphene materials with suitable mechanical
flexibility, electrical properties, and electrochemical stability
must be investigated. Such materials must act not only as a
conducting agent, but also as a current collector.

In the present work, we describe a facile two-step synthesis
process for the preparation of a thick freestanding graphene
film (FSG) coated with a model anode material (MoS,)'® for
LIBs without the use of a polymer binder or conducting agent.
The proposed strategy can reduce the cost and total weight of
the cell, while increasing the flexibility of LIBs. The presence of
a binder (10—12% total weight of the electrode) can decrease
the capacity during longer cycles and induce thermal runaway
at elevated temperatures.'” Electrode materials with a polymer
binder have always required extra safety features when
incorporated into the batteries. Binder-free electrodes would
eliminate the need for such additional procedures, while
avoiding the use of a metallic current collector will reduce the
weight of the battery. The effective strategy proposed in this
manuscript may provide new insights into the fabrication of
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CVD Graphene Thick FSG

MoS, over FSG Li/separator/MoS,-FSG cell

Figure 1. (a) Schematic illustration of the synthesis procedure for thick FSG/MoS, films. Step 1: thick FSG grown on a Ni substrate by the CVD
method. Step 2: FSG film after etching of the Ni. Step 3: MoS, growth over FSG by the hydrothermal method at 200 °C. Step 4: fabrication of a coin
cell with an FSG/MoS, electrode. A cross-sectional view of the coin cell used for electrochemical testing is shown. (b) FE-SEM image of the FSG
surface; a photograph of a flexible FSG film is displayed in the inset. (c) Microstructure of the as-synthesized MoS, on FSG; uniform growth and a

vertical petal-like morphology are evident.

hybrid electrodes for safe, high-performance LIBs. Here, we
synthesized thick graphene films on Ni substrates. The Ni
substrates were subsequently etched away to provide free-
standing thick graphene films that could be used directly as
both a current collector and a support for MoS, grown via the
hydrothermal method.

B RESULTS AND DISCUSSION

A schematic of the fabrication process for FSG/MoS, hybrid
electrodes is shown in Figure la. Our synthesis strategy begins
with the growth of a thick graphene film over Ni using the
CVD method; the thickness of the graphene film is
approximately 8 ym (step 1 of Figure la). The formation of
a crystalline, thick freestanding graphene film is a process of
considerable interest from a scientific and technological point
of view. Polycrystalline Ni films (thickness = 25 um), which
served as metal catalysts to grow thick graphene films, were first
annealed at 1000 °C in an Ar/H, atmosphere, which increases
the grain size of the Ni. The films were then exposed to an H,/
CH, gas mixture under ambient pressure. Decomposition of
the CH, ensues and carbon atoms dissolve into the Ni film
through grain boundaries, leading to the formation of a Ni—C
solid solution (max. solubility 2.7 at %). Carbon atoms
ultimately diffuse out from the Ni—C solid solution and
precipitate on the Ni surface after fast cooling to form a
graphene film. Grain boundaries act as favorable sites for the
nucleation of graphene due to the local change in structure at
grain boundary intersections, while also serving as preferred
routes for the diffusion of carbon due to the effect of localized
impurity concentrations as a result of segregation to the
boundary. The graphene films grown on Ni substrates are
continuous and consist of thousands of layers that cover the
entire substrate surface. After chemical etching of the Ni, a
thick FSG film was obtained (step 2 of Figure la). FSG was
used as a base material on which MoS, was grown via the

hydrothermal method (step 3 of Figure 1a). Ultimately, three-
dimensional hybrid architectures are obtained. All required
chemicals ((NH,),MoO,, CS(NH,),, and NH,NH,) were
mixed in water and transferred to the hydrothermal vessel
together with the FSG films. During the hydrothermal process,
MoO,*” anions that adsorbed onto the FSG surface were
reduced and sulfurized by hydrazine and thiourea in solution
after heating at 200 °C, leading to the formation of a FSG/
MoS, hybrid structure. During the reaction, H,S was released in
situ from thiourea at high temperature and reacted with
MoO,* species to yield MoS,. The as-synthesized hybrid FSG/
MoS, structure was a freestanding film that could be directly
used as a battery anode without any post-processing or the
need for additives (e.g, polymer binder, carbon black). The
cross-sectional view of the coin cell structure used for
electrochemical testing shows the different layers consisting
of the lithium metal foil, the separator (polypropylene film),
and the hybrid electrode (FSG/MoS,) to be tested (step 4 of
Figure 1a). A FE-SEM image of the thick FSG film surface after
removing the Ni is shown in Figure 1b; a morphology of large
grains separated by grain boundaries is clearly evident. An
image of the thick FSG film after nickel etching is displayed in
the inset of Figure 1b, while the resistance of the FSG film at
different bending radii is shown in Figure S1b in the Supporting
Information. The FSG film retains its electrical properties even
at a bending radius of less than 2 mm. This indicates that the
films are flexible and bendable without any deformation, i.e., the
materials are mechanically robust. The growth of MoS, was
confirmed using various characterization techniques. Figure Sla
in the Supporting Information reveals that MoS, was grown
uniformly over the majority of the thick FSG surface and thus,
the structure could be used directly as an electrode in a coin cell
without any further processing. A more detailed view of the
MoS, morphology with flower-type nanostructures is shown in
the higher magnification images of Figure lc; isolated, vertically
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Figure 2. (a) XRD pattern of MoS,/FSG hybrid structure shows the 2H-MoS, peaks together with graphite peaks and inset shows the FSG film
without MoS,. (b) XRD pattern of MoS, powder synthesized during hydrothermal reaction showed well crystallized stacked 2H-MoS, (c) Detail of
peaks in Raman spectrum of MoS, shows two different vibration modes and (d) Raman spectraum of MoS,/FSG after cell testing for 20th cycle, the

inset shows the optical image of the same.

oriented MoS, nanowalls are clearly evident. The wall
thickness, as measured using ImageJ, was found to be in the
range of 30—40 nm with a gap of a few nanometres. Each
nanowall consisted of several thin nanosheets of MoS, that had
agglomerated during growth, leading to the formation of a
flower-like morphology.'”® The morphology of the 3D FSG/
MoS,-based hybrid structures, when used as anode materials,
provides a large surface area for good electrode—electrolyte
interaction and facilitates smooth charge transfer from the
MoS, to the FSG.

The XRD pattern of a FSG/MoS, film is shown in Figure 2a;
the pattern of a thick FSG film before MoS, growth is displayed
in the inset. The FSG synthesized by CVD exhibited a high
degree of crystallinity with intense XRD peaks, and primary
reflections from graphite (002) and (004) planes are clearly
observed. The MoS, peaks were weaker in intensity and
showed lower crystallinity when compared to the FSG
reflections. Upon annealing at 500 °C, sharp graphite and
MoS, diffraction peaks are seen after zooming in on the y-axis;
the intensities of the MoS, peaks are lower than those of the
FSG reflections. The presence of most of the MoS, diffraction
peaks in the XRD pattern confirmed the growth of 2H-MoS,
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on the thick graphene surface. The main diffraction peak
appearing at 20 = 14.2° with a d-spacing of 6.2 A implies the
existence of a well-stacked layered structure and demonstrates
that crystalline MoS, was formed. Figure 2b shows the XRD
pattern of MoS, powder synthesized during the hydrothermal
synthesis of FSG/MoS, which indicates that all the diffraction
peaks can be indexed as hexagonal 2H-MoS, identical to the
reported data without the presence of any impurity phase. The
Raman spectra of pure FSG and FSG after the growth of MoS,
by the hydrothermal method are shown in Figure S2a in the
Supporting Information. In the Raman spectrum of FSG, the
most intense features appeared at 1573 cm™ (G-band) due to
the in-plane vibrations of carbon atoms (also known as the E,
mode). Furthermore, a peak appeared at 1345 cm™ (D-band)
due to the presence of defects in the carbon lattice, while the
G’-band at 2685 cm™ is related to a second-order Raman
process.”” A change in the Raman spectrum after the
hydrothermal reaction is clearly seen by the formation of two
new peaks, which further confirmed the growth of MoS, over
FSG. The inset of Figure 2b shows an optical image taken at
the same location from which the Raman spectrum was
acquired. Two sharp peaks at 376 cm™ (Elzg) and 402 cm™!

dx.doi.org/10.1021/am500996¢ | ACS Appl. Mater. Interfaces 2014, 6, 11158—11166
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Figure 3. XPS survey spectra obtained for FSG/MoS, (a) before and (b) after cell testing. High-resolution XPS spectra acquired for the electrode
materials before and after cell testing: (c) Mo 3d, (d) S 2p, (e) C 1s, and (f) Li 1s peaks after Li-intercalation into the MoS,/FSG.

(Ay,), which correspond to first-order Raman vibrational modes
within the S—Mo—S, were also observed (Figure 2c).”° A more
detailed view of the vibrational modes is presented in the inset
of Figure 2¢; two MoS, layers and the corresponding vibrations
of bulk MoS, are displayed. The Raman spectrum obtained for
the hybrid electrode materials (FSG/MoS,) is shown in Figure
2d along with an optical image of the electrode material after
cell testing (inset). Structural changes in both the graphene and
MoS, could be monitored from the Raman spectra of the FSG/

11161

MoS, layers after various charge/discharge cycles. The shift in
the G-band (1572 to 1579 cm™") of graphene was attributed to
charge transfer from lithium intercalation into the graphene
layer.”' The D-band decreased in intensity as defects on the
FSG surface became saturated due to the formation of a solid
electrolyte interface. New bands were observed at 150 and 205
cm™! after electrochemical lithium intercalation in the MoS,.
These bands reflected the structural and electronic changes that
occurred in the material as a result of electrochemical lithium

dx.doi.org/10.1021/am500996¢ | ACS Appl. Mater. Interfaces 2014, 6, 11158—11166
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Figure 4. (a) Cyclic voltammograms obtained for a hybrid MoS,/FSG electrode used in a coin cell in a range of 0—3 V; the scan rate was 0.2 mV/s.
(b) Cyclic voltammetry data acquired after three cycles at the same rate. (c) Cyclic voltammograms of thick free standing graphene without Mo$, at
0.2 mV/s; the charge/discharge profile of the same structure is shown in the inset for comparison. (d) Impedance spectrum obtained for the coin cell
after 20 cycles by applying a signal with an amplitude of 5.0 mV over a frequency range of 100 kHz to 0.01 Hz; the equivalent circuit model of the

studied system is shown in the inset.

intercalation. The change in the Raman spectrum of the MoS,
film reflected a structural transformation from trigonal to
octahedral coordination, which was attributed to a process
driven by a decrease in the electronic energy of the octahedral
structure as electrons were transferred to the MoS, layer upon
intercalation.”? The chemical states of Mo, S, C, and Li were
investigated by XPS before and after cell testing, and the
acquired survey spectra are shown in panels a and b in Figure 3.
The intense Mo** 3ds/, and Mo*" 3d;/, components located at
229.3 and 232.5 eV, respectively, are displayed in Figure 3c;
these features correspond to 2H-MoS,. Similarly, in the S 2p
region of the XPS spectra, doublet peaks corresponding to 2H-
MoS, S 2p,/, and S 2p;,, were observed at 163.4 and 162 eV,
respectively (Figure 3d). The XPS results support the Raman
and XRD findings and provide further confirmation that MoS,
could be grown on the surface of a thick graphene film. XPS
spectra were collected for FSG/MoS, after cell testing by
etching the upper surface layer of the hybrid electrode in order
to remove oxygen present on the surface. The effects of lithium
intercalation on the Mo 3d and S 2p peaks are shown in Figure
3c and d, respectively. These features arose due to lithium
intercalation into the MoS,. The Mo 3ds, and 3d;,, peaks were
shifted by 1.4 eV to higher binding energies. A similar trend was
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observed in the XPS spectrum of S 2p, which was shifted by 1.2
eV. The C Is spectra are shown in Figure 3e before and after
cell testing. Before cell testing, the C 1s peak appeared at 284.3
eV, which corresponds to C—C bonding in the graphite lattice.
The strong intensity of the C 1s XPS peak indicates that MoS,
is not covering the entire surface of the thick freestanding
graphene film. After cell testing, the C 1s peak shifted toward
higher binding energies (284.8 eV) because of charge transfer
from lithium to the carbon. These features correspond to the
intercalated lithium compound Li,C4 in the cell** The XPS
results revealed that lithium intercalation occurred in both
MoS, and the graphitic carbon lattice. The presence of lithium
ions in MoS, was also confirmed by XPS, as shown in Figure 3f.
The Li 1s peak was observed at a binding energy of 55.9 eV,
which represents a shift toward higher binding energies due to
charge transfer to the MoS,, as the binding energy of metallic
lithium is centred at 55 eV.>> The XPS spectra acquired for the
electrode materials before and after cell testing confirmed both
the growth of MoS, over FSG and lithium insertion into the
hybrid material.

The electrochemical performance of the as-synthesized FSG/
MoS, samples as anodes was investigated using a half-cell
configuration (hybrid electrode/separator/lithium foil). It is

dx.doi.org/10.1021/am500996c | ACS Appl. Mater. Interfaces 2014, 6, 11158—11166
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important to note that the FSG/MoS, anodes employed in the
half cell for electrochemical testing (cyclic voltammetery (CV)
and charge/discharge) are used directly with no carbon
additive, binder, or metal current collector. The loading weight
(weight of active material) of MoS, used in coin cell for
electrochemical testing is 3 mg. CV testing was conducted on a
fabricated electrode (MoS,/FSG) at a scanning rate of 0.2 mV/
s, and the obtained curve was compared with that acquired for
FSG in the range of 0-3 V, as shown in Figure 4a—c. During the
first discharge process, distinct peaks were observed at 0.9 and
0.3 V vs. Li/Li*. The peak at 0.9 V was related to the
intercalation of lithium ions into the MoS, layer, which leads to
the formation of Li,MoS, species.””** The peak at 0.3 V was
characteristic of a conversion reaction from LiMoS, to
Li,S"Mo/Li,. Before the start of this conversion reaction at
0.3V, a broad shoulder indicative of the start of the conversion
reaction was observed at 0.7 V. The peak at 0.3 V shifted
toward lower voltages (as shown in Figure 4b) during
consecutive cycles due to changes in the electronic environ-
ment by charge transfer. These changes could be attributed to
lithium insertion into the MoS, layers or at defect sites.”>”>
On the other hand, anodic sweeps revealed two broad peaks at
1.68 and 2.4 V vs. Li/Li". The broad peak near 1.68 V may be
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associated with a two-step lithium-ion de-intercalation process
from Mo through a reduction reaction, whereas the sharp peak
at 2.4 V vs. Li/Li* may be related to the oxidation of Li,S to
form sulfur.”® During consecutive cycles, a peak at 1.75 V vs.
Li/Li" was observed during the cathodic sweep and was
attributed to the reaction of sulphur with lithium to yield
Li,S.*® The cyclic voltammograms suggest a mechanism for the
intercalation/de-intercalation of lithium into MoS,. The
obtained findings also served as confirmation that the hybrid
electrode based on FSG/MoS, was electrochemically stable.
The CV data acquired from the pure FSG electrode is shown in
Figure 4c for a comparison. The two peaks observed in the CV
of pure FSG correspond to lithium intercalation and de-
intercalation, which are typical characteristic peaks of a
carbonaceous material. The difference in the shape of the
CVs for FSG/MoS, and thick FSG is clearly evident and may
be ascribed to different lithium insertion mechanisms. The
electrochemical performance of the FSG/MoS, electrode was
further explored by ac impedance measurements carried out
after the 20th cycle; the results are shown in Figure 4d along
with an equivalent circuit model of the hybrid electrode (inset).
Here, R1 represents the internal resistance of the test cell, R,
and Q, denote the resistance and constant phase element of the

dx.doi.org/10.1021/am500996¢ | ACS Appl. Mater. Interfaces 2014, 6, 11158—11166
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solid electrolyte interface (SEI) film that formed on the
electrode surface, R; and Q3 are associated with the charge
transfer resistance and constant phase element of the interface
between the electrode and electrolyte, and W, denotes the
Warburg impedance that arises because of lithium insertion into
the anode materials. The impedance spectrum is characterized
by a well-defined semicircle at high and intermediate
frequencies and a straight line inclined at a constant angle
relative to the real axis at low frequencies. The high-frequency
semicircle corresponds to the resistance of the SEI film, while
the semicircle in the medium-frequency region represents the
charge-transfer resistance at the electrode/electrolyte interface.
The inclined line is associated with lithium diffusion within the
hybrid electrode materials.’”After fitting the impedance
spectrum, the internal resistance value was found to be 5.2
Q, whereas the SEI film resistance and charge transfer
resistance of the FSG/MoS, electrode are 28 and 196 Q,
respectively. These values are higher than those reported for
FSG/MoS, composites,”**® which may in part explain the
higher capacity of the latter. The impedance spectrum of MoS,
electrode using binder and conducting agent on copper foil has
also been acquired in order to compare with MoS,/FSG hybrid
electrode in coin cell. The internal resistance value was found
to be 3 Q, whereas the SEI film resistance and charge transfer
resistance of the FSG/MoS, electrode are 8.5 and 28 Q,
respectively. These values are lower than the FSG/MoS, hybrid
electrode. A higher impedance of MoS,/FSG hybrid electrode
is mainly expected because of the resistance at interface of
MoS, and FSG as compared with MoS, using binder and
conducting agent. However, the material used in the present
study is advantageous in that it is freestanding and contains no
additives. Considering that additive- and current collector-free
hybrid anode materials are beneficial for LIBs when compared
to conventional electrodes, we investigated the lithium storage
properties of the as-prepared MoS,/FSG freestanding film
when utilized as an anode. The performance of the MoS,/FSG
structure vs. Li/Li* during charge/discharge cycles and over
multiple cycles was examined along with the columbic
efficiency of the cell; the results are shown in Figure Sa—d.
Figure Sa shows the first discharge profile of the hybrid
electrode vs. Li/Li". The electrode displayed two voltage
plateaus at 0.9 and 0.6 V vs. Li/Li". The first plateau at 0.9 V
was associated with the formation of Li,MoS, (0 < x < 4) via
lithium intercalation into the interlayer spacing of MoS,, as
described by the reaction MoS, + xLi* + ne” — Li,MoS,.2%%
The long plateau at 0.6 V was attributed to a conversion
reaction related to the reduction of MoS, to Mo metal and the
formation of Li,S according to reaction MoS, + 2xLi"+ 2xe™ —
Mo + «Li,S.2® The plateau at lower voltages (below 0.2 V) is
attributed to the intercalation of lithium between graphene
planes and the formation of LiC, (0 < x < 6), as the surface of
the FSG is not completely covered by MoS,. Degradation of
the electrolyte at the electrode surface also contributes to the
appearance of the plateau at lower voltages. The charge profile,
which indicates lithium de-intercalation from FSG/MoS,, is
shown in Figure S5b. The first charge profile shows a voltage
plateau at 2.1 V, which was related to the oxidation of Li,S in
sulphur.”' Figure Sb displays the first three charge and
discharge curves of FSG/MoS, vs. Li/Li". The first discharge
and charge capacities of FSG/MoS, were 899 and 614 mAh/g,
respectively, resulting in a columbic efficiency of 68%. These
values were significantly higher (525—600 mAh/g) than those
obtained for bulk or exfoliated MoS,.> The discharge capacities

during the second and third cycles were 580 and 535 mAh/g,
respectively, and the values remained nearly constant.
Consequently, a columbic efficiency of 97% (Figure Sd) was
maintained up to the 30th cycle. The higher first discharge
capacity in the FSG/MoS, hybrid electrode was attributed to
the large surface area of the MoS, layer, which is composed of
vertically aligned flower-like structures. These structures
increased the surface area available to the electrolyte and
offered easy access for lithium insertion. To compare the
performance of binder-free electrode (MoS,/FSG), we have
shown the first charge/discharge profile of MoS, powder in
Figure S3a in the Supporting Information. The electrode was
fabricated by adding binder and carbon black and coating over
copper film. The coin cell using this electrode has been tested
at same current, which shows a discharge capacity and charge
capacity about 840 and 515 mAh/g, respectively. This value is a
little lower than that of the binder-free electrode. Figure Sc
shows the rated capacity of the FSG/MoS, hybrid electrode at
two different current rates. A capacity of 498 mAh/g was
obtained after the 20th cycle at a current density of S0 mA/g,
whereas a capacity of 385 mAh/g was obtained after the 30th
cycle at 150 mA/g. Good capacity retention was observed as
the current density was increased by a factor of three, indicating
good rate performance. The columbic efliciency of the
electrode vs. Li/Li* was 68% for the first cycle when the cell
was operated at a current density of 150 mA/g. The efliciency
improved during the second cycle and, in subsequent cycles,
reached a constant value (97%) that was similar to the
efficiency obtained when the cell was operated at a current
density of 50 mA/g. The inset of Figure 4c shows the first
discharge/charge profile of the thick FSG before MoS, growth.
The first discharge capacity of the FSG was found to be 240
mAh/g. Lithium intercalation in the FSG begins below 0.19 V,
which is a characteristic feature of carbon-based anode
materials. The difference in the first discharge profiles of FSG
and FSG/MoS, is clearly evident, as lithium intercalation takes
place at different voltages. Despite the absence of a binder and
carbon black, the reversible capacity of the hybrid electrode
stabilized after a few cycles at the two different current densities
(50 and 150 mA/g). The additive- and current-collector-free
hybrid electrode exhibited good capacity and stability for use in
LIBs. Although the hybrid electrode (FSG/MoS,) employed in
the present work had a lower capacity than that measured for
composites of MoS, and graphene or graphene oxide,*"*” the
morphology and particle size of the hybrid electrode described
here could be controlled and the introduction of impurities may
be avoided during the synthesis of graphene oxide. The
freestanding and additive-free (FSG/MoS,) hybrid structure
may also be useful as an electrode material in flexible energy
storage devices.

Bl CONCLUSION

In summary, we described a two-step (CVD and hydrothermal)
route to produce hybrid anode materials without the need for
additives, binders, or metallic current collectors. These anodes
can be used directly in a cell with no post treatment, which may
eliminate the need for additional LIB safety features. MoS,
nanostructures can be grown directly on a thick graphene
surface as an alternative current collector. The highly
conductive and freestanding thick graphene film covered with
MoS, has a large surface area that increases the electrode
surface area available for electrolyte interactions. Furthermore,
good adhesion exists between the MoS, and FSG. The thick
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FSG film serves multiple functions: a mechanical support for
MoS,, a current collector delivering electrons, and as a lithium-
storage material. The synthesis method adopted in the present
study can be extended to other transition metal oxides and
chalcogenides for the fabrication of high-performance electro-
des. These structures may advance the utilization of free-
standing thick graphene films and additive-free electrodes in
super capacitors and other energy storage and conversion
devices for the development of a new generation of thin,
bendable, and flexible devices.

B EXPERIMENTAL DETAILS

Thick graphene films have been grown on Ni metal foil substrate of
thickness 25 ym using the chemical vapor deposition (CVD) process.
The substrates were first placed away from the heating zone of tubular
furnace and temperature was raised up to 1000 °C in a steady flow of
argon with a flow rate of 100 sccm. The polycrystalline Ni substrates
were loaded into the centre of the tube furnace when the temperature
rose up to 1000 °C. The graphene growth started with decomposition
of methane at a flow rate of 400 and hydrogen at 150 sccm for 4 h.
The carbon source decomposed which dissolved and diffused into the
nickel layer and deposited on both sides of the nickel to form a thick
graphene film upon fast cooling. After etching away the nickel, thick
free standing graphene (FSG) film was obtained. The thick FSG was
used to grow MoS, over it using the hydrothermal method.
Ammonium molybdate ((NH,),Mo00O,) and thiourea (CS (NH,),)
(in 1:4 molar ratio) and hydrazine (NH,NH,) were dissolved in water
and hydrochloric acid (HCl) was added to the solution adjusting the
pH to 3. The resulting solution was transferred into a 100 ml Teflon
cylinder, sealed inside the stainless steel vessel where hydrothermal
reaction was carried out at the 200 °C for 36 h. After cooling, the
samples were taken out and washed with distilled water and ethanol
successively.

XRD analysis was performed on an X-ray diffractometer with
monochromatized CuKa radiation (4 = 0.15405 nm). Different
metal—sulfur vibration modes were obtained using a Raman
spectrometer having 532 nm lasers at 10 mW power. FE-SEM was
used to study the surface morphology of the samples. Further
investigations were done by XPS to study the binding energies of
various elements present and the formation of MoS,.

Electrochemical testing was carried out by using a coin cell
fabricated in the configuration of Li/separator/ (FSG-MoS,). Cells
were fabricated in an argon-filled glove box with oxygen and moisture
level less than 1 ppm. The Li metal foil was used as the counter
electrode and 1M LiPF; in EC/DEC (1:1 by volume) as the
electrolyte. The polypropylene film was used as a separator between
the electrodes which is an insulator for electrons but lithium ions can
diffuse through it. Cyclic voltammetry (CV) profile was obtained by
measuring current-voltage response at a scan rate of 0.2 MV/s within
the voltage window of 0.01—2.5 V. The electrochemical charge/
discharge was performed in the galvanostatic mode at two different
current densities 50 and 150 mA/g for 30 cycles. All the
electrochemical measurements were carried out at the room
temperature.

B ASSOCIATED CONTENT
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Additional FESEM image of FSG after MoS, and mechanical
bending of FSG vs resistance change with bending radius and
inset show the photograph during. Additional Raman spectra of
pure FSG before and after MoS, and EDAX. Additional
discharge profile and impedance spectrum of MoS, using
binder. This material is available free of charge via the Internet
at http://pubs.acs.org.
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