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Abstract: tanding electrodes are highly desired if we are to realise wearable/flexible

batteries aggrequired for the design and production of flexible electronic devices. Here, the excellent
electrochermgital @erformance and inherent flexibility of atomically thin 2D MoS, along with the self-
assembly pr es of liquid crystalline graphene oxide (LCGO) dispersion are exploited to fabricate

porous an foghigh performance lithium ion batteries. Flexible free-standing MoS,-reduced

1 &

graphene ) film with a three dimensional (3D) porous structure was fabricated via a facile

U

spontaneous self-assembly process and subsequent freeze-drying. This is the first report of a one pot
self-assem ion and subsequent reduction of MoS,/LCGO composite to form a flexible, high

performan odes for charge storage. The gelation process occurred directly in the mixed

dll

dispersion of MoS, and LCGO nanosheets at a low temperature (70 °C) and normal atmosphere (1

atm). The M with 75 wt% of MoS, exhibited a high reversible capacity of 800 mAh g at a

M

00 mA g. It also demonstrated excellent rate capability, and excellent cycling

current

stability wigh no capacity drop over 500 charge/discharge cycles at a current density of 400 mA g™

Ol

1. Introduc

Transition Raetal dichalcogenide (TMD) materials are two-dimensional (2D) materials with a layered

h

structu Id together by Van der Waals interactions. 2D MoS,, a most studied member of

L

this class of makerials, demonstrates a variety of excellent properties such as flexibility,

U

photoluminesc , direct bandgap and excellent electrochemical performance for applications in

A

This article is protected by copyright. All rights reserved.

2



WILEY-VCH

photo/electro-catalysts, transistors, energy storage & conversion devices.® There is a large

interlayer distance of 0.65 nm between each S-Mo-S layer that allows insertion and intercalation of

I

P

[1, 4]

small ato h as Li, which benefits the subsequent exfoliation of 2D MoS, and also the

electroche alation/deintercalation of Li ion in lithium-ion batteries (LIBs). 2D MoS,

possessgs 1gh specific capacity of 670 mAh g™, * thus a promising anode material in LIBs.

4

Bulk MoS, €rystal¥has a triangular prism structure (2H-MoS,), which is a semi-conducting material®

G

demonstrating poor rate capability. They are used as electrodes in combination with a conductive

S

material, b r,@nd current collector. After exfoliation by organolithium, the crystalline structure is

transformed to anWoctahedral structure (1T-MoS,), exhibiting metallic properties with higher lithium

Ul

(2, 5]

storage ca However, the electrode based on the exfoliated MoS, is not robust. The

I

volume ch ountered during cycling results in physical degradation of the MoS, sheets

leading to €ap ading.” The aggregation of MoS, sheets and the side reaction between Li,S and

d

[6,7]

electrol

e charge-discharge process also leads to poor cycling stability.

The ad of carbon based materials forming composites with a 3D porous structure can

M

effectively enhance the rate capability and cycling stability of MoS,.®! Among various carbon based
materials, or reduced graphene oxide has been the focus due to its large specific surface

area, high ity, excellent processability and robustness of the final structure.”*" However,

or

the realizati the ideal MoS,/graphene structure in order to enhance electrochemical

a

perfor anical robustness to ensure durability and stability remains elusive. The best

|

structure shou e a layered structure with MoS, sandwiched between graphene sheets, which

4

could not only efféctively enhance the electron transfer between MoS, sheets but also prevent

aggregatio 0S, sheets during the discharge/charge processes. In addition, a 3D porous

A
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structure could be formed by the interconnected graphene sheets, which could tolerate the volume

change of MoS, sheets and facilitate ion transport, giving rise to a greatly improved rate capability

and cycling'stabjlity.** *?

The large and excellent mechanical properties of graphene oxide sheets also allow for

the formaffon of free-standing flexible MG films.!*"!

With no need for addition of binders or

d

conductiveffdditiVes dead weight and volume are eliminated.™ Fabrication methods used to date

SC

include vacu tration,™ templating method™ ™ and self-assembly method™ . The filtration
method us duces compact MG films, in which MoS, sheets are prone to restack due to the

non-intimate cont@ct between graphene layers and MoS, Iayers.“z] The templating method usually

Gl

involves a vapor deposition (CVD) process producing 3D graphene foam template, which is

I

at low eff nd difficult for massive production. Self-assembly has been carried out via a

8ess involving a high temperature (180 °C for 24h) at the elevated pressure.™*

>
<
[
=
(]
=
>
0]
=
a

Very re e-standing MG hydrogel has been obtained at a temperature of 80 °C,"*® yet a

reducing age iourea was used in this process. In addition, a slicing and a subsequent

M

compression process were required to form robust MG films for use.

I

In this re id crystalline dispersions of graphene oxide (LCGO), a processable form of

graphene, gfeat promise for self-assembly system due to the flexibility in processing, high

unidirectio rties of the final architectures, and easy integration into complex layer-by-layer

n

archite ee-standing architectures from neat LCGO have been employed in high

{

performan€e energy storage devices due to the large specific surface area, high conductivity, and

excellent processalfility available and the robustness of the final structure.”!

J

A
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In the present work, we demonstrate that the key to producing such an ideal structure is the ability

of ultra-large GO sheets to support formation of lyotropic LC phase in the presence of MoS, in order

t

¥

to create 4 dispersion suitable for subsequent composite formation. This approach enables the

exploitatio rder of GO sheets to organize and align 2D MoS, in-between GO sheets. This

work d&ve ps a simple, straightforward and cost-effective method to fabricate self-assembled,

[]

layer-by-layer, free-standing porous MG hydrogels from the mixed dispersion of MoS, and LCGO.

C

Heating at (overnight at 1 atm), followed by a freeze-drying process resulted in an

electroactile, gordus, flexible film that was used directly as an electrode. The structure displayed

S

excellent e mical properties as a lithium-ion battery anode: a high discharge capacity of 800

U

mAh g’ at nt density of 100 mA g™; and an excellent cycling stability with no capacity drop

after 500 cycles at a current density of 400 mA g™.

[

2. Resu ssion

The aspect r. 1) of LCGO sheets was estimated by dividing the average lateral size of the sheets

Ma

(D) from SEM to the average sheet thickness (t) from AFM. Such exceptionally high aspect ratio (D/t

in the rang@ of 50,000) and flexibility of ultra-large sheets of LCGO provides a unique environment

[

for matrix- olecular level self-assembly of nanomaterials.™® Ultra-large Giant LCGO sheets

O

were forme e dispersion from exfoliated thermally expanded graphite (Figure 1a). The LCGO

sheets witRha large size of several micrometers are readily folded, as evidenced by the wrinkles

h

observe i a large surface area and aspect ratio with excellent flexibility."” The thickness of

L

a single-layer LC sheet is about 0.9 nm (Figure 1b), higher than the theoretical thickness of

U

graphene (0.3 ) due to the presence of oxygen-containing groups giving rise to this

A
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discrepancy.™ ' In contrast, MoS, sheets displayed a much smaller lateral size within tens of
nanometers and lower aspect ratio (Figure 1c), which may be the reason for poor mechanical
propertiesm‘Htered MoS; film. The thickness of MoS, sheets is about 1 nm (Figure 1d), which is
in accorda reported thickness for one single layer MoS, sheet, suggesting the successful
exfoliat%nmgoz powders in this work.”” High resolution TEM images of LCGO and MoS, sheets

(Figure 1e, f)wege also collected, in which single-layer LCGO and MoS, sheets were revealed.

Figure 2 shivsﬁoss—polarized optical microscope (POM) micrographs of different dispersions

indicated that those containing MoS, alone were isotropic, however, the birefringence typical of a

lyotropic nematic phase was observed with both LCGO alone as well as the LCGO dispersion

l

containing MoS,. karge areas of uniform orientation with random defects were observed, indicating

full orienta rge LC domains. The high aspect ratio and the resultant large excluded volume of

(2,221 \which was found to accommodate

ultra-large

ts resulted in a very robust LC phase,

dl

signific f MoS,; (75% by weight), while still maintaining LC order. This suggests that small

size 2D MoS heets are sandwiched between large LCGO sheets forming an ordered layer-by-
layer structure as shown in the schematic of Figure 2d. This layer-by-layer structure was observed in

transition €lectron detector images (Figure 2e and f). Comparing images of MoS,/LCGO and LCGO it

[

is evident t sheets were anchored on the surface of LCGO and embedded between large GO

sheets for ordered layer-by-layer structure. By controlling the ratio and concentration of

l

components in the dispersion, it was possible to control the self-assembly process to achieve a 2D

MoS, disgi oughout and between LCGO sheets as a secondary material.

It

Formation of such self-assembled layer-by-layer structures in the liquid phase facilitates processing

|

into practically useful structures. The superior aspect ratio of ultra-large LCGO sheets compared to

/
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2D MoS; sheets not only facilitates the instantaneous surface assembly on the nanoscale level but
also allows the entire architecture to remain stable in the liquid crystalline state for any subsequent
processMchis self-assembled structure was fundamental to formation of the MG hydrogel.
A graphica tion of the gelation process and the free-standing electrodes fabricated are
provideEil!wZe. The gelation process occurred in the mixed MoS,/LCGO dispersion at 70 °C
and 1 atm oyernight forming MG composites hydrogel. This type of hydrogel could also be formed at
room temeut after at least 15 days. At the same conditions (70°C and 1 atm overnight), no
such gelati@n @cculred in pure LCGO dispersion, while sedimentation was observed in pure MoS,
dispersion n in Figure S1( see Supporting Information, Sl). The understanding of self-
assembly ;%/ that occurr in formation of a layer-by-layer structure gives insights into the
structure gtained. Repulsive interactions among charged GO sheets result in configurationally
entropy dri luded-volume effects. Above a critical concentration, the GO sheets orientate
parallel tom\er in order to minimize the volume excluded from the center-of-mass of the
approa(§favoring LC phase.”®?" Equation S1 correlating formation of LC phase and the
aspect heets was given in Supporting Information. The high aspect ratio (in the range of
50,000) of LCGO sheets results in formation of LC at a very lower concentration (0.1 mg ml™).1*% 24

L

The mixed d LCGO dispersion was transformed into a glass petri dish (mould), and a film-like
MG hydrog ormed. The size of the hydrogel was dictated by the ratio of the LCGO to MoS,.
Larger VOI£E hydrogels can be obtained by using higher amounts of LCGO (Figure 2e), indicating
the supMof LCGO. After a freeze-drying process, flexible MG films were obtained (Inset in

Figure 2e). !Ee 5ensions of the formed hydrogel films is determined by the mould size and the

dispersion precuir content.

This article is protected by copyright. All rights reserved.

7



WILEY-VCH

As reported, MoS, sheets may anchor on the surface of LCGO sheets due to the electrostatic
interactions between the functional oxygen-containing groups on LCGO and positively charged areas
on the H{.[B] This process would also reduce the repulsive force between large LCGO
sheets, fac rogel formation. MoS, sheets tend to sediment in the acidic solution due to
hydroge-n Fnsmassociated from LCGO sheets.”” Heating treatment (70 °C) enhances the

interactions hetween LCGO and MoS, sheets as well as dehydration facilitating gel formation.

C

The XPS spectra_of LCGO and MG75 films were de-convoluted to analyze the chemical structure
changes (F >l In the C1s spectra of LCGO films, four peaks centered at 284.7, 285.6, 286.7

and 288.3 eV coulfl be observed (Figure 3a), and are attributed to the sp” carbon (C-C), sp> carbon

LIS

(c=C), and in C-O bond and C=0 bond, respectively.[zs] These peaks were also observed for

I

the LCGO fi ared by filtering LCGO dispersion (SI, Figure S2c). However, the intensity of C-O

and C=0 pg€a MG50 and MG75 films (Figure 3b-c) decreased dramatically, and MG75 with a

€0

higher t displayed the lowest intensity. The atomic ratio of carbon to oxygen (C/0)

increased fro for the LCGO film to 3.43 for the MG50 film, and 5.22 for the MG75 film. These
results clearly demonstrate that reduction of LCGO to form reduced graphene oxide (rGO) occurred,
and that I\!Sz played an important role in this. In the Mo3d spectra of MG75 films (Figure 3d), four
peaks refe Mo®*, Mo 3ds/,, Mo 3ds;, and S,s peaks can be found.””*! The Mo® peak at

235.3eV co ding to Mo-O can be ascribed to the oxidation of a small portion of Mo atoms."?®

The Mo 352 and Mo 3ds/, peaks representing Mo* in MoS, could be further fitted into two peak
doubletMlet at 232.8 and 229.4 eV is assigned to a 2H phase, while that at lower binding
energy (23:.5 an528.6 eV) matches with 1T-MoS,.2"? Clearly all the Mo3d XPS spectra (Figure 3d;

SI, Figure S2a, demonstrate the domination of 1T-MoS, in both MoS, and MG films. Not

This article is protected by copyright. All rights reserved.
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surprisingly, the MG75 film prepared at room temperature after about 15 days displayed very similar

XPS spectra (SI, Figure S2). LCGO showed a peak at 10.5° typical for graphene oxide materials in the

XRD pattet jsure S2f). MoS, displayed the peaks at 9.5° and 15.5° that can be indexed as
expanded 004) planes of MoS, as previously reported.m] A new broad peak at 23°

appeare% m!:eGB film, and this can be attributed to the (002) plane of rGO.

MG and M@S, film§ all displayed two characteristic peaks in the Raman spectra (Figure 3e): Elzg (380

cm™) and A cm™). The Elzg derives from the symmetric vibration of S atoms opposite to Mo

S5G

atom withi o-S layer, while A, peak is related to the out-of-plane vibration of two S atoms

in the opposite difections.””® The appearance of D band at 1342.2 cm™ and G band at 1593.1 cm™

Ul

indicates t tence of sp’ defective and disordered carbon, and sp” 2D graphite carbon in the

1

contained y are attributed to the breathing mode of A;; symmetry (D band) and first-order

scattering @f B w onons (G band), respectively.™ *” The intensity ratio of D band to G band (l¢/l,)

d

was sli ed from 1.18 for LCGO film to 1.27 for MG50 film, which could be explained by

the formation D structure with more defects from the edges,[”' 28l while a drop of 14/I; to 1.024

for MG75 film is attributed to a further reduction of sp® to sp.*"

The thermhation of MoS,, LCGO and composite films was compared using TGA (Figure 3f).

For LCGO, aI weight loss stages were observed: removal of functional oxygen-containing
groups on nosheets over the range of 180-210 °C, LCGO decomposition forming carbon
dioxideﬁ.m] For pure MoS; film, the major decomposition started from 450 °C that was
caused by ®he oxidation of MoS, to Mo0,.%? ** After heating to 600 °C, the weight losses were

100%, 29%: 67% ;ﬁ 50% for LCGO, MoS,, MG50 and MG75 films, respectively. The loading amounts

<
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of MoS, were estimated to be 70.4% and 46.5% for MG75 film and MG50 film, which was in good

agreement with the initial ratios.

e

To observ metrical effects of the self-assembly, gelation, low temperature reduction and
subsequen -drying on the final 3D architectures, FESEM microscopy was performed (Figure
I

4a-c). Botlﬂ:GSO and MG75 films displayed a uniformly interconnected 3D porous structure with
the pore gize of¥several micrometers, as revealed by their cross-sectional view and surface

morphology. elements distribution in the representative MG75 film was investigated. The

oG

uniform di u of C, O, Mo and S elements (Figure 4e-h) verifies the formation of a hybrid

structure.” TheyYalso indicate that 2D MoS, sheets are homogeneously distributed both on the

Ll

surface an ween the LCGO sheets, bridging them together and thus creating a highly

N

conductiv ork architecture. Such an ordered porous structure was formed associated with

the nematig li rystalline phase formed in the mixed MoS,/LCGO dispersion induced by large-

al

size LC ets."” 2! The formed ordered structure was retained during the freeze-drying

process. Mor the introduction of 2D MoS, between graphene sheets prevents agglomeration,

leaving sufficient space for electrolyte penetration and potentially resulting in high performance.
The cross—SctionaI SEM images of LCGO and MoS; films and their elements mapping images are
shown in Fj (S1). The freeze-dried pure LCGO film presented a porous structure, while the
pure MoS, owed a compact layered structure due to the re-stack and arrangement of 2D
nanosheet!during the filtration process. It was brittle and hard to handle, which can be ascribed to

the smaMSz sheets and weak Van der Waals force in-between these sheets.

The first cathodicsv scan of a MG75 film (Figure 5a) displayed four peaks. The broad peak around

1.75V @uted to the reduction of oxygen-containing functional groups remaining on the

This article is protected by copyright. All rights reserved.
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reduced graphene oxide sheets, in accordance with the large peak at 1.55 V observed in the first
discharge curve of LCGO film (S, Figure SSc).[34] The small cathodic peak at about 0.95 V can be

attributed to intercalation of lithium ions into the triangular prism structure of MoS,, forming

pi

Li,MoS, wi dral structure.®*! The smaller peak at 0.65 V corresponds to the formation
of a soIH ctrolyte interface (SEI),BG] while the peak at 0.40 V represents the reduction of Li,MoS,

that based qg thg.conversion reaction

Li,M0S, + (4-x) LL+ (4-X) & = Mo + 2LiZS.[26’ 37]

SCI1

All four peaks disappered in the following cycles, and two new reduction peaks at 1.80 V and 1.0 V

Lk

appeared, can be attributed to formation of Li,S and Li,MoS, according to:

2L +S+2 Li,S;

MoS, + x Lifl + Li,MoS,.> 37!

d

During ing process, there are a broad anodic peak centered at about 1.55 V and a peak at

2.40V, be assigned to the partial oxidation of Mo atoms and the delithiation process

M

Li,S: Li,S S@@Li* + S + 27128

I

These two @ ere in accordance with the peaks for MoS, film (SI, Figure S5a), providing further

0

evidence of their origin. The almost over-lapped CV curves at the second and third scans indicates

good re 4l

{

The first t arge-charge curves of MG75, MoS, and LCGO films at a current density of 100

U

mA gt we eed (SI, Figure S5d). The plateaus are inconspicuous for MG75 film in the first

A
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discharge process, which is in accordance with those four weak peaks in the first CV scan. Both

MG75 and MoS, films displayed two obvious plateaus in the following cycles, which matched well

t

P

with those“twg_strong peaks in the CV curves. The plateau at ~2.40 V during charging and that at
1.80 V du ing represent the formation and delithiation process of Li,S, respectively.
MG75 ffm elivered an initial capacity of 984 mAh g™ and a high reversible capacity of 786 mAh g™.

The irreversjble acity in the first cycle may be attributed to the formation of SEI, reduction of the

remained

Cli

ontaining functional groups on graphene sheets, and some lithium trapped in

15,

defect sit contrast, pure MoS; film had a slightly lower initial discharge capacity of 875

S

mAh g b lower reversible capacity of 631.5 mAh g™. The initial coulombic efficiency of

u

MG75 film , much higher than that for MG50 (72%), GO (49%) and MoS; film (72%). The high

efficiency flom MG75 can be attributed to lithium ions trapped in the porous structure.®

f

The MG758fil ivered a much higher capacity at all the applied current densities investigated

cl

1

(from 1 1A g"), compared to MG50, MoS, and LCGO films (Figure 5d). It was 799, 658,

526, 401 and Ah g'1 at a current density of 100, 200, 400, 800 and 1000 mA g'l, respectively. In

M

contrast, MoS, film delivered a much lower capacity of 508, 356, 189, 95 and 75.4 mAh g'l; an even

lower capd€ity of 160,127, 95, 67 and 59 mAh g'1 was delivered from LCGO film. This MG75 film

£

displayed tly higher capacity at 100 mA g’ than the reported for rGO@MoS,

O

nanocompo : 786 mAh g”, and 650 mAh g™ for MoS,/C composites®. Using a higher current

density (1 8 g™), the difference in perfromance over previous work was accelerated, it delivered a

A

much hi ity of 350 mAh g’ in sharp contrast to 158 mAh g*?® and 260 mAh g* &9

{

previously reportag. The MG75 electrode delivered a capacity of 745 mAh g™ when the current was

U

reverted to 10 A g', very close to its initial capacity of 799 mAh g, confirming good

A
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reversibility.'” In contrast, MoS2 electrode delivered a capacity of 400 mAh g™, only 79% of the initial
capacity. All these results clearly demonstrate the excellent rate capability of the MG75 electrode.
Grapher#act as highly conducting pathway for electron movement, but more importantly,
MoS; inhi king of the graphene sheets, thus increasing the effective surface area and

| q . .
number ofgn exchange channels for the electrochemical reactions.

The cyclingftabiliy of these electrodes (Figure 5e) was evaluated at a current density of 400 mA g™

MG?75 film only showed a slight discharge capacity drop from 400 mAh g™ to 357.4 mAh g after the

S

first 35 cyc creased gradually to 450 mAh g™ over 500 cycles. A similar trend was also found

for LCGO film, theBapacity increased from 90 to 125 mAh g™ over 500 cycles. This may be attributed

Ul

to the redugii f GO during the cycling test. In contrast, the MoS, electrode has an obvious

N

capacity d rom 250 mAh g* to only 150 mAh g™ over 500 cycles, probably due to the

deconstrudfio MoS, nanosheets and the shuttle effect of polysulfides.” * The coulombic

d

efficien reached 98% in the third cycle and stabilized between 98-100% till the 500th

cycle, illustratj high coulombic efficiency and cycling stability. These excellent electrochemical
properties may be derived from the synergistic effects between MoS, and rGO nanosheets. Firstly,
the introdStion of conductive rGO increased the conductivity of MG75 film enhancing the rate
capability. st rGO nanosheets could effectively tolerate the volume change and prevent the
restacking » hanosheets during cycling, improving the cycling performance same as reported

for MoSezgraphene foam composites®. The 3D porous structure also increased the interface

betweew and electrode materials facilitating ion diffusion for high capacity and good rate

capability. S

<
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On top of that, over prolonged cycling, the ordered stack of ultra-large graphene sheets pushes small

2D MoS; sheets to rearrange themselves to achieve higher level of orders.” In other word, in the

t

P

ordered c ite containing ultra-large GO sheets and much smaller 2D MoS,; sheets, the bigger
sheets ge ing force for smaller sheets for entropic rearrangement to form long range

. | . -
ordering. The presence of ultra-large sheets in our system, therefore, limits the movement of small

£

2D MoS, sheets, and pushes them toward higher level of ordering over the contraction and
expansion . This resulted in gradual introduction of new micro channels for electrolyte ions

and contriBute@ tdla higher intercalation of lithium ions. This phenomenon is unique in our system

SC

and result increased capacity over prolonged cycling rather than a decrease. Table S1

U

compared ing stability of MG75 film prepared from LC rout in this study against previous

reports onQthe state-of-art MG composites. A capacity fade could be observed in almost all the

A

reports ev se subjected to a low number of 80 cycles. The close to perfect layer-by-layer

d

structure prése here overcomes this challenge by utilizing soft self-assembly fabrication route
along wit echanical stability of ultra-large graphene sheets. Such high performances,

excelle

\

ility in conjunction with ease of preparation make these architectures an ideal

candidate for applications in flexible anode material in LIBs.

[

The Nyquis, f MG75, MoS, and LCGO films were collected (Figure 6) after the rate capability

O

and cycling y test, and fitted using an equivalent circuit model (Figure 6d). The slope of the

line at lowSrequency is related to Li" diffusion into electrode materials, while the semicircle at high

q

frequen dicates the contact resistance and charge transfer resistance at the interface

{

between electrod® and electrolyte. In the equivalent circuit, R, R, CPE and Z,, represents contact

U

resistance, charge transfer resistance, double layer capacitance and Warburg impedance,

A
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respectively.”*? The R, of LCGO film decreased from 255 Q to 142 Q after the cycling test, which can
be ascribed to the deep reduction of LCGO during cycling. These results provide the evidence for the
increaseﬁemonstrated in the cycling stability test. The R, of MoS, film increased from 212
Q to 241 be attributed to the restacking of MoS, nanosheets. This also explained its
poor ra!e m!apally and cycling performance.”o] Not surprisingly, the MG75 film possesses the
lowest charge transfer resistance (148 Q), which can be attributed to the doping of conductive rGO.
After the cut, R.: of MG75 film was further dropped to 135 Q, illustrating the deep reduction
of rGO arw.mtion of new micro channels. It also indicates that no restacking problems

occurred i; film due to the introduction of rGO nanosheets and the stable 3D porous
e

structure c d.

C
3. Conclusm
A self-Elexible free-standing MoS,-reduced graphene oxide composite films with a 3D
porous struc as fabricated, employing a novel yet facile soft self-assembly fabrication route.
The MG hydrogel can be formed from a mixed dispersion of MoS, and graphene oxide nanosheets. A
birefringer!lxotropic LC behavior is observed in this mixed dispersion, evidence of an ordered self-

assembly s@which is the fundamental to the MG hydrogel formation. The approach is readily

scalable an effective and can be used to produce multifunctional flexible 3D electrodes. This

MG electrse demonstrated a greatly enhanced performance, including high capacity, good rate
capabiliMng stability, compared to LCGO and MoS, films. Such enhancement can be

ascribed to the SSrergistic effect between these two components and gradual perfection of the

ordered&t is also clear that our method can be easily expanded for massive production.
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This work may provide a new avenue for the development of 3D porous flexible composite electrode

materials with high performance using the unique LCGO.

{

4. Experim
|

Preparatio liquid crystalline graphene oxide (LCGO) dispersion: LCGO was prepared by a modified

Hummer’s finethodusing thermal expanded graphite (EG).”g] Briefly, EG was synthesized by heating

C

expandable graphite flakes (3772, Asbury Graphite Mills) at 1050 °C for 15 s. The formed EG (2 g)

S

was adde owoncentrated sulfuric acid (400 ml) in a three-neck flask and being stirred for 24

hours, followed byaddition of KMnO, (15 g) and kept stirring for another 24 hours. Milli-Q water

Ci

(400 ml) w slowly into this reaction mixture in an ice bath and kept it stirred for 1 hour. A

color chan lack to light brown could be observed along with the introduction of H,0, (30%,

100 ml). This disp@rsion was subjected to repeatedly rinsing with 10 fold diluted HCI solution (4.2

all

wt%) a ter until its PH was ~5. Then a LCGO dispersion with large graphene oxide sheets

was obtaine was diluted to 2 mg/ml for future use.

Wi

Preparation of MoS, dispersion: Exfoliated MoS, dispersion was synthesized by a lithium-intercalated

process.[43]h g of molybdenum disulfide (99%, Alfa Aesar) in a round-bottom flask was dried
inan oven for 2 hours. Under the protection of argon, 10 ml of n-butylithium (n-Bu-Li, 2.5
M in hexa igma-Aldrich) was injected into the flask and kept it stirred for 48 h forming

n

Li,MoS, Itant dispersion was being sonicated for 1 hour, followed by a slow addition of

Milli-Q watér (100 ml) producing exfoliated MoS, sheets. The chemical reactions involved are:

UL

n—BuLils H-,0 . (23, 44]
MoS, — Li » —> MoS, (monolayer sheets) + LiOH + H,."™>

A
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This dispersion was dialyzed in water for more than 1 week to remove the residual chemicals. The

MoS, dispersion needs to be sonicated for 1 hour prior to the use.

e

Synthesis o ogel/film: The MoS, and LCGO dispersion with the same concentration (2 mg/ml)
was mixed mixer for 10 minutes in a vial. A MG hydrogel was formed after heating at 70
I

°Cin an oxs overnight. When the mixed dispersion was transferred into a glass petri dish with an
acrylic platéCoverffa film-like MoS,/LCGO hydrogel was formed at the same conditions. This film was
rinsed with

istilled water for 3 times, followed by a freezing dry process forming porous

MoS,/LCG

U

The total wei MoS, and LCGO in the dispersion was kept constant. The film formed was named

according t@ the percentage of MoS,. The film produced with equal amount of MoS, dispersion and

£

LCGO dispersion (8 ml each) was labelled as MG50 film, while the one from 12 ml of MoS, and 4 ml

&

of LCGO w ated as MG75 film. No free-standing MG films could be formed if the amount of

LCGO er reduced. As control samples, pure LCGO and MoS, films were prepared by filtering

their di s processing under same conditions as that for MG film. The LCGO film was freeze-

M

dried, while MoS, film was dried in an oven at 60 °C due to its poor mechanical properties.

[

Material cha rizations: The exfoliated LCGO and MoS, nanosheets were deposited on the pre-
cleaned m to collect their topographic data by atomic force microscope (AFM, Asylum
Research, -3D). Transmission electron microscopy (TEM) images of these nanosheets were

§

collected uging JEQL JEM-2200FS. The birefringence of dispersions was examined by polarized optical

t

microscop eica CTR 6000) operated in transmission mode by observing a drop of dispersion

U

on a glass "X-ray photoelectron spectroscopy (XPS) data was recorded using a hemispherical

A
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energy PHOIBOS 100/150 analyzer. Raman spectra were performed with a confocal Raman
spectrometer (Jobin Yvon HR800, Horiba) using 632.8 nm diode laser. Thermogravimetric analysis
(TGA) waslco ucted on a Pyris Diamond thermogravimetric/differential thermal analyzer at a

heating ra in" in air flow. Field emission scanning electron microscopy (FE-SEM, JEOL

JSM—75&)FEwas used to characterize the morphology, while the energy dispersive spectroscopy

(EDS) was MG’(O analyze the element distribution.
Electrochemical_measurement: After drying in a vacuum oven at 60 °C overnight, a MG film was
assembledw 2032 coin cell with a lithium foil as counter and reference electrode in an argon-

filled glovebox (grau, UNIlab Plus). The electrolyte used was 1 M LiPFg in a mixture of ethylene

carbonatet dimethyl carbonate (DMC) (1:1, v/v) (Aldrich). Cyclic voltammetry (CV) was
1

conducted to 3 V (vs. Li/Li*) using a Solartron Sl 1287 electrochemical system at a scan rate
of 0.2 mvmanostatic charge/discharge tests were carried out between 0.005 and 3 V (vs.
Li/Li") i ND CT2001A battery test system (Wuhan lJinnuo Electronics Co. Ltd.).

Electrochemic edance spectra (EIS) was measured using a Gamry EIS 3000 system over the

frequency range of 100 kHz to 0.01 Hz with an AC perturbation of 10 mV.

Supporting Information is available from the Wiley Online Library or from the author.
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LCGO ( ,/LCGO (f); (g) Schematic procedure to fabricate MG composites hydrogels
includin the formed MG foams and films, flexibility demonstration of MG75 film.
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C

Figure 4. Qgoss-seBtional SEM images of MG50 film (a) and MG75 film (b); Surface morphology of
MG75 film*c); Area used for the element mapping (d) and the EDS mapping of elements C (e), O (f),

Mo (g) andﬂ
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Figure 5. (a) t three cyclic voltammograms of MG75 film at a scan rate of 0.2 mV s™%; (b) The
first th /charge curves of MG75 film at a current density of 100 mA g™ over a potential
range of 0.005 to 3V; (c) Rate capability of MG, LCGO and MoS, films; (d) Cycling stability of LCGO,
MG75 andﬂ:osz films at a current density of 400 mA g (Labels: solid for capacity; hollow for

coulombic efifiei ).
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Figure 6. Nygui ots (symbols) and simulation curves (lines) of LCGO (a), MoS, (b), and MG75 (c)
films at ircuit potential over the frequency range of 100 kHz to 10 mHz; (d); An equivalent

circuit used to fit the Nyquist plots.

A flexible ding porous MoS,-graphene film is fabricated via a facile spontaneous self-

assembly d subsequent freeze-drying. The birefringent lyotropic liquid crystalline behavior
in the ciliates the hydrogel formation. The film produced exhibited greatly improved
electrochemi perties in lithium-ion batteries. This work may provide a new avenue for the
developm ible composite electrodes.
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