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Abstract
The construction of flexible electrochemical devices for energy storage and generation is of utmost importance in modern society.

In this article, we report on the synthesis of flexible MoS2-based composite paper by high-energy shear force milling and simple

vacuum filtration. This composite material combines high flexibility, mechanical strength and good chemical stability. Chronopo-

tentiometric charge–discharge measurements were used to determine the capacitance of our paper material. The highest capaci-

tance achieved was 33 mF·cm 2 at a current density of 1 mA·cm 2, demonstrating potential application in supercapacitors. We

further used the material as a cathode for the hydrogen evolution reaction (HER) with an onset potential of approximately 0.2 V vs

RHE. The onset potential was even lower (approximately 0.1 V vs RHE) after treatment with n-butyllithium, suggesting the intro-

duction of new active sites. Finally, a potential use in lithium ion batteries (LIB) was examined. Our material can be used directly

without any binder, additive carbon or copper current collector and delivers specific capacity of 740 mA·h·g 1 at a current density

of 0.1 A·g 1. After 40 cycles at this current density the material still reached a capacity retention of 91%. Our findings show that

this composite material could find application in electrochemical energy storage and generation devices where high flexibility and

mechanical strength are desired.
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Introduction
The world’s growing population has a nearly ever-increasing

demand for energy. Due to the well-known problem of global

warming, there are efforts to shift energy production from

burning fossil fuels towards renewable energy sources. Howev-

er, most of the established renewable energy sources are not

suitable to meet the energy consumption requirements today.

Hence, energy storage and conversion continues to be an impor-

tant and urgent issue [1,2].

Lithium ion batteries (LIBs) are one of the most promising

energy storage devices, combining high energy density and

extremely low self-discharge. Nevertheless, in order to fulfill

the (prospective) requirements and to extend their application to

large energy storage systems or to the electromobility sector, an

improvement in the energy storage capacity is necessary. Lay-

ered dichalcogenide materials such as molybdenum sulfide

(MoS2) are promising candidates for the replacement of the

commercial anode material graphite. Apart from this specific

application, chalcogenide materials also find numerous

applications in various scientific fields [3-5]. During charge/

discharge, MoS2 undergoes a 4-electron process resulting

in a theoretical specific capacity of 669 mA·h·g 1, which

is almost two times higher than that of graphite (372 mA·h·g 1)

[6].

However, poor electrical conductivity, capacity fading and large

volume changes upon charge and discharge make the commer-

cialization of MoS2 in LIBs problematic [6,7]. In order to

address this issue, the fabrication of MoS2 composites and car-

bonaceous support materials (such as amorphous carbon [8],

carbon nanofibers [7], carbon nanotubes [8] and graphene [9])

has already been demonstrated to be quite attractive. Typically,

the electrodes are prepared by mixing these composites as

active material with a polymeric binder, conductive carbon and

an organic solvent to form a slurry, which is then coated onto a

copper foil (current collector). The copper foil and the addi-

tives increase the overall weight, which dramatically decreases

the gravimetric energy density. These electrodes are not applic-

able as anodes in flexible batteries due to the loss of contact be-

tween the active material and the current collector upon

bending deformation [10]. However, there are promising reports

on freestanding MoS2/carbonaceous composite electrodes

which have demonstrated attractive electrochemical perfor-

mance [9-25].

Beside LIBs, supercapacitors (SCs) are seen as next-generation

energy storage devices having a high specific power, fast

charge–discharge rate and excellent cycling stability [2]. Free-

standing, binder-free electrodes are also of great interest, as

they can be used in flexible SCs [26]. In this regard, two-dimen-

sional (2D) graphene has attained significant interest. Neverthe-

less, materials with higher performance are necessary [26,27].

MoS2 is seen, due its layered graphene-analogous structure, as a

promising alternative providing a large surface area, which is

favorable for double-layer charge storage [27,28]. Moreover,

Mo can occupy multiple oxidation states, which enables a

pseudo-capacitive charge transfer by insertion of electrolyte

ions, such as Li+, Na+, K+ and H+ [28,29]. Upon cycling, MoS2

sheets can restack resulting in a decreased surface area, which is

then followed by poor capacitive performance. Moreover, an

appropriate heat management scheme has to be taken into

account in real applications as it has been already shown for

other nanomaterials [30,31]. Introducing support materials,

such as graphene or carbon nanotubes (CNTs) can alleviate

these problems and improve the performance of the materials

[26].

Another popular related field in the context of energy storage

and sustainable energy production is water splitting to produce

hydrogen. The best catalysts for the hydrogen evolution reac-

tion (HER) are unequivocally based on platinum and iridium,

however the scarcity and the high cost of these materials are

tremendous disadvantages for the production of hydrogen on an

industrial scale [16]. Hence, it is necessary to develop new cata-

lysts which are abundant, inexpensive and chemically robust

[16]. MoS2 is again a promising candidate. Theoretical and ex-

perimental studies have successfully demonstrated that nano-

scale MoS2 is more appropriate than the bulk phase equivalent.

The surface of the bulk phase mainly consists of thermodynami-

cally more stable basal sites, which are catalytically less active.

In contrast, the sulfur edge sites of MoS2 are highly catalytical-

ly active towards HER [32-34]. However, MoS2 possesses only

a low intrinsic conductivity, which hinders the charge

transport [35]. Using MoS2 together with conducting support

materials, such as multiwalled carbon nanotubes (MWCNTs)

has already been demonstrated to improve the catalytic proper-

ties [35].

Herein, we report on the synthesis of a freestanding MoS2-

based composite paper using a small addition of single-walled

carbon nanotubes (SWCNTs) and shear-force milling in

N-methyl-2-pyrrolidone (NMP). The paper was prepared simply

by vacuum filtration of the slurry on top of a filter. The result-

ing material exhibits high flexibility and combines the high

conductivity of SWCNTs and electrochemical potential of

MoS2. We also show that the material finds use as an anode in

LIBs, supercapacitor electrodes and HER catalyst. The applica-

tion for LIBs seems particularly promising as this composite

material requires no additional binders, conductive additives or

a current collector.
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into the 0.5 M H2SO4 electrolyte with SCE and a carbon rod as

the reference and counter electrodes, respectively. The scan rate

was 2 mV·s 1. For the n-butyllithium treated sample, the foil

was left in n-butyllithium solution (2.5 M solution) for several

days under inert Ar atmosphere. After that, water was added to

the solution. The foil was then dried and used.

Characterization
The morphology was investigated using scanning electron

microscopy (SEM) with a FEG electron source (Tescan Lyra

dual beam microscope). The elemental composition and

mapping were performed using an energy dispersive spectros-

copy (EDS) analyzer (X-MaxN) with a 20 mm2 SDD detector

(Oxford Instruments) and AZtecEnergy software. A 10 kV

beam was used for the measurements.

High-resolution X-ray photoelectron spectroscopy (XPS) was

performed using an ESCAProbeP spectrometer (Omicron

Nanotechnology Ltd, Germany) with a monochromatic alumi-

num X-ray radiation source (1486.7 eV). Wide-scan surveys of

all elements were performed (0–1000 eV, step 0.5 eV) with

subsequent high-resolution scans of the C 1s, S 2p and Mo 3d

regions with a step of 0.05 eV.

The dynamic mechanical analysis was measured on a DMA

DX04T (by RMI, Czech Republic) device. A sample with

dimensions 7.600 mm (width), 0.173 mm (thickness) and

10.200 mm (active length) was loaded with a tensile longitu-

dinal sinusoidal deformation with the amplitude of 0.02 mm

and pretension of 0.03 mm. The temperature range was 20 to

200 °C with a heating rate of 2 °C·min 1 in air atmosphere.

From the results, the values of the moduli and loss factor were

evaluated as the second-order sliding average.

Supporting Information
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