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a b s t r a c t 

This study reports a wet spinning method to spin composite micro-fibres of 2D liquid crystalline graphene 

oxide (GO) and exfoliated MoS 2 nanosheets with very high MoS 2 loading. The MoS 2 dispersion was found 

to be isotropic irrespective of solvent type or solute concentration in the dispersion and thus found to be 

non-spinnable via wet spinning process. The liquid crystallinity of GO induces birefringence in the com- 

posite dispersion and enables the spinning of the composite dispersion containing high loading of MoS 2 
with great flexibility. We were able to spin composite microfibers with 69 wt% MoS 2 loading for the first 

time. The resulting fibres were annealed at high temperature to produce flexible conductive rGO#MoS 2 fi- 

bres. Scanning electron microscopy (SEM) and Raman analysis strongly suggest homogeneous distribution 

of MoS 2 throughout the fibres. Mechanical properties of the fibres were studied and maximum tensile 

strength (76.5 MPa) and Young’s modulus (13.3 GPa) obtained with 10 wt% MoS 2 loading. All solid-state 

flexible symmetric supercapacitor from these composite fibres was fabricated and the electrochemical 

performance was studied. The electrochemical study shows high areal capacitance of the produced com- 

posite fibres (as high as 282.6 mF cm 

−2 ) with good cycling stability (82.5% capacitance retention after 

50 0 0 cycles) that indicates high potential of these composite fibres as energy storage system for smart 

textile of the future. 

© 2021 The Author(s). Published by Elsevier Ltd. 

This is an open access article under the CC BY-NC-ND license 

( http://creativecommons.org/licenses/by-nc-nd/4.0/ ) 
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. Introduction 

With the invention of smart technologies for sensors and de- 

ices, it is not very far that the very cloth we wear everyday will 

ecome smart fabric with incorporated sensors and devices. These 

ensors and devices can continuously monitor our vital life sign to 

aintain our basic bodily functions regularly to protect us better 

1–6] . To make this fabric smart, it will need to have incorporated 

nergy sources to provide enough power to run throughout the 

ay. Nanomaterial based advanced fibre technology will pave the 

athway in fulfilling the immense potential this technology holds 

wing to its high flexibility, knittability and wearability [ 7 , 8 ]. Num- 

er of studies have been published in recent years that reports fi- 
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re based supercapacitors [9–11] , sensors [ 12 , 13 ], actuators [ 14 , 15 ],

olar-cells [16–18] , and batteries [ 8 , 19 ] that could be impregnated 

nto smart textiles. 

2D Graphene have attracted intense research interest in past 

ecade due to its superior mechanical, electrical, chemical and op- 

ical properties [20–26] . Many studies have been carried out on 

aking graphene yarn for the textile application [27–30] . These fi- 

res have shown to incorporate good mechanical strength and per- 

ormance. However, graphene fibre-based energy storage devices 

uffer from comparatively lower capacitance then planer electrodes 

s well as stacking tendency of graphene layers in the fibre elec- 

rodes [ 11 , 31 , 32 ]. In recent years, liquid crystal graphene oxide has

ained a lot of attention as a precursor for graphene as it can be 

rocessed into films and continuous fibres with ease [ 29 , 33 ]. The 

nal architecture possesses high unidirectional properties as well 

s excellent flexibility. In recent years, many researches have re- 

orted a simple wet spinning method to produce continuous GO 
 under the CC BY-NC-ND license 
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bres from aqueous liquid crystal (LC)-GO dispersions with high 

egree of alignment and excellent mechanical properties [ 34 , 35 ]. 

hese fibres can further be treated via chemical or thermal reduc- 

ion to produce reduced GO (rGO) fibres that closely resembles the 

roperties of graphene [36] . This process is advantageous in many 

spects compared to the widely used energy intensive spinning 

rocess to produce carbon fibres commercially. 

Besides graphene, the most studied 2D material belongs to the 

roup known as transition metal dichalcogenides (TMDs) [37–39] . 

MDs possess wide variety of physical, electrical and mechanical 

roperties that can be efficiently utilized to produce high perfor- 

ance fibre electrodes. Compositing graphene/graphene oxide with 

MDs could be an effective solution for overcoming the challenges 

elated to graphene fibres as it can combine the excellent prop- 

rties of graphene and TMDs in one single fibre while compen- 

ating for their shortcomings [11] . Graphene will provide the con- 

uctive network and backbone of the fibre while TMDs can be 

tilized to impart the desired properties on the fibre. Also, they 

ill act as nano-spacers if intercalated effectively and thus pre- 

ent stacking of graphene layers. Several studies have reported 

raphene TMD based composite fibres that were utilized in textile 

pplications. The first reported graphene-TMD based fibre was by 

un et al . [9] which involved simple wet spinning process to fab- 

icate ultra-long hybrid microfibers of GO with TMDs (MoS 2 , TiS 2 , 

aS 2 etc.).MoS 2 is the most researched TMD for various applica- 

ions such as coating, electrocatalysis and supercapacitors [40–43] . 

owever, in terms of fibre manufacture, the reported achievable 

oS 2 loading was only up to 2.2 wt% above which the fibres disin- 

egrate in the spinning bath [ 10 , 11 , 44–46 ]. The highest achievable

oading of MoS 2 on a hybrid fibre was found to be about 34 wt% 

eported by Wang et al. [11] . They adopted a hydrothermal method 

o form graphene/MoS 2 hybrid fibres inside a sealed polytetrafluo- 

oethylene (PTFE) tube (ID 0.5 mm). The result showed good me- 

hanical properties with improved charge storage capacity to be 

sed as textile capacitor. The limitation in the method, however, 

as the continuous formation of fibres as the fibre length was lim- 

ted by the length of the PTFE tube used. Besides that, higher load- 

ng of MoS 2 beyond 34 wt% was not achievable. 

Herein, we demonstrate a simple wet spinning strategy to pro- 

uce hybrid microfibres of graphene oxide and MoS 2 with very 

igh MoS 2 loading. The mesophase ordering of GO in dispersion 

ictates the binder free spinning of fibres. It also has shown to in- 

uce LC-like ordering in isotropic MoS 2 dispersion and thus en- 

bles spinning of GO-MoS 2 fibres without the necessity of poly- 

eric binders. A range of GO-MoS 2 composite fibres were prepared 

here the MoS 2 loading were varied from 5 to 70 wt%. To the 

est of our knowledge, such high loading of MoS 2 has never been 

chieved. The fibres were extensively characterized and finally as 

 proof-of-concept application, flexible, solid-state two electrode 

upercapacitor devices were fabricated using these hybrid fibres 

nd their performance was studied. The efficient intercalation tech- 

ique produces high performance fibre electrodes that can not only 

e used for supercapacitor application but can be utilized for many 

ther potential applications. 

. Experimental 

.1. Synthesis of GO 

Liquid crystal dispersion of graphene oxide (GO) was prepared 

sing a modified Hummers method [ 33 , 35 , 47 ]. Acid-intercalated 

atural graphite was thermally expanded at 1050 °C for 5s to make 

hermally expanded graphite. This expanded graphite was used to 

roduce the GO sheets using the Hummers process which were 

hen redispersed with deionised (DI) water with GO concentration 

f 10.0 mg/ml. 
2 
.2. Exfoliation of MoS 2 

Bulk MoS 2 was exfoliated using probe sonication. 1.0 g of MoS 2 
owder (Sigma Aldrich, Average particle size ≈ 6.0 μm) was dis- 

ersed in DI water using 0.3 g of sodium cholate surfactant. For 

iquid exfoliation technique, sodium cholate acts as ionic surfac- 

ant to keep the graphene flakes apart in solution and thus prevent 

gglomeration [48] . The mixture was then sonicated with a probe 

onicator (60% of 400 W with 40% duty cycle) for 4.0 h in an ice 

ath. Afterward the resulting mixture was centrifuged at 10 0 0 rpm 

or 1 h and the supernatant was collected and used for further ex- 

eriments. 

.3. Fabrication of composite fibres 

GO and MoS 2 dispersions were mixed in different mass ratios 

sing a vortex mixer for 10 min to produce hybrid dispersions of 

ifferent weight loadings of MoS 2 . The dispersions were then cen- 

rifuged and rinsed with DI water for few times to remove sodium 

holate from it. Finally, the precipitates were redispersed in DI wa- 

er using a vortex mixer. These hybrid mixtures were then used to 

pin composite fibres with an overall GO concentration of 5.0 mg 

l −1 . For the wet spinning process, a solution of 10 wt% CaCl 2 in 

0:50 (v/v) mixture of water and ethanol was used. In a typical 

pinning process, the composite dispersion was injected in a rotat- 

ng bath (20 rpm) of coagulant at a flow rate of 20 ml h 

−1 using a

yringe pump. The schematic of the process is presented in Fig. S1. 

he fibres were formed immediately in the bath and then left in 

he bath for an hour before washing with ethanol to remove CaCl 2 
alt. The fibres were then collected from the bath after 24 h and 

ried overnight in tension at room temperature. 

.4. Reduction of the fibres 

To improve the conductivity of both, GO and GO#MoS 2 com- 

osite fibres, they were reduced in a similar manner to remove 

unctional oxide groups. To achieve that the fibres were mounted 

n ceramic crucible and annealed at 400 °C for 1 h with N 2 (flow 

ate 300 SCCM) to produce r-GO and r-GO#MoS 2 fibres. Besides re- 

ucing the surface functional group, the annealing process also in- 

rease nanocrystallinity in MoS 2 that can enhance the overall elec- 

rochemical properties [ 34 , 49 ]. 

.5. Mechanical testing of the composite fibres 

The tensile properties of both neat GO and GO#MoS 2 compos- 

te single fibres were determined using a dynamic mechanical an- 

lyzer (DMA) (TA Instrument DMA 2980). Single fibres were at- 

ached to paper windows of 30 × 10 mm size with 10 mm holes 

unched into them to give a gauge length of 10 mm. Polyvinyl ac- 

tate (PVA) glue was used to hold the fibres in place on the pa- 

er window. The fibres were then placed under an optical micro- 

cope and inspected with a calibrated eyepiece (200x magnifica- 

ion) to determine the average diameter of each of the fibres. The 

aper window was then placed into the grips of the DMA tensile 

lamp, and the sides of the paper window were cut, leaving only 

he single fibre between the grips. Single fibre tensile tests with at 

east 10 replicates per sample were conducted using a DMA with 

 crosshead speed of 0.5 mm/min. All the tests were performed at 

5 °C with a preload force of 0.001 N. 

.6. Characterization 

Individual GO sheets and MoS 2 nano sheets were examined 

sing a Zeiss Ultra Plus Field Emission Scanning Electron Micro- 

cope (FESEM). The nanosheets were deposited onto silanized sili- 

on wafer. Silanization was carried out using a pre-cleaned silicon 
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afer into 3-aminopropyltriethoxysilane (Sigma–Aldrich) in water 

1:9 v/v) with one drop of hydrochloric acid (Sigma–Aldrich) for 

0 min. The nanosheets were then deposited by immersing the 

ilanized silicon wafer into 5 μg ml −1 dispersions of GO or MoS 2 
ispersions for 5 s followed by washing with DI water. The mor- 

hology of GO and hybrid fibres was also investigated using the 

ESEM. Prior to SEM, the non-conducting fibres were first sputter 

oated with 15 nm of Au for better resolution. The birefringence 

f GO and GO#MoS 2 hybrid dispersions was studied using a Leica 

TR 60 0 0 polarised optical microscope (POM) operated in trans- 

ission mode. For sample preparation, 200 μL of the dispersion 

as placed in a glass slide and covered with a cover slip. The Ra- 

an spectra were measured using a Renishaw microRaman spec- 

roscopy system with a 514.5 nm argon-ion laser under ambient 

onditions. To confirm the consistency of the results, scans were 

aken at various spots of each individual film. X-ray photoelectron 

pectroscopy (XPS) analysis was carried out using an instrument 

ESCALAB250Xi) with mono-chromated Al K alpha (energy 14 86.6 8 

V) X-ray source of radiation at 90 o electron take-off angle. TGA 

nalysis was performed using a Netzsch TG209 Tarsus DTA-TGA 

rom RT to 700 °C at a heating rate of 20 °C min 

−1 under an Air

nvironment. 

.7. Electrochemical characterization 

The two-electrode configuration was tested using cyclic voltam- 

etry and galvanostatic charge discharge in H 2 SO 4 -PVA based 

olymer gel electrolyte. Well defined CV curves were observed 

ithin the potential window of 0.0 to -0.8 V. The working elec- 

rode was constructed using 2 pieces of fibre of about 51 μm di- 

meter. The volumetric specific capacitance C v ol of all the devices 

ere calculated from the galvanostatic charge discharge curves ac- 

ording to the following equation [50] . 

 v ol = 

4 I 

v (d V/d t) 
(1) 

here, I (A) is the discharge current, v is the total volume of the 

bres in the device that is exposed to the electrolyte, dV (V) is the 

otential window and dt (s) is the discharge time. 

The energy density, E and power density, P of the devices were 

alculated according to Eqs. 2 and 3 , respectively, as shown below: 

 = 

C v ol V 

2 
max 

2 

(2) 

 = 

E 

dt 
(3) 

here, V max is the maximum operating voltage of the discharge 

urve. 

. Results and discussion 

Liquid crystalline dispersion of graphene oxide (GO) was pre- 

ared using a modified Hummers method. Fig. 1 (a) shows the 

canning electron microscopic (SEM) image of the as synthesized 

O sheets mounted on silanized Si-wafer. Large monolayer GO 

heets with wrinkled appearance can be seen with average/lateral 

heet size ranges from 50 μm − 80 μm. These high aspect-ratio 

O sheets facilitates the formulation of nematic liquid crystals of 

O in aqueous medium [ 33 , 34 ]. 

The isotropic to nematic phase transformation (liquid crys- 

allinity) of GO in aqueous medium is a concentration dependent 

roperty [35] . We studied the isotopic to nematic phase transfor- 

ation of aqueous GO dispersions with concentration by observ- 

ng their birefringence under polarized light using an optical mi- 

roscope with cross polarizer. The result showed a visible phase 
3 
ransformation from isotropic to nematic above GO concentration 

f 0.5 mg ml −1 to a concentration of 2.0 mg ml −1 and above this 

oncentration range the dispersion displays complete nematic be- 

aviour. The inset of Fig. 1 (a) shows an image of GO dispersion 

1 mg ml −1 ) in glass vial under polarized light. It shows a pattern 

hat is typical of a nematic liquid crystal [ 34 , 51 ]. Fig. S2(a) rep-

esents the polarized optical microscopy image of GO dispersion 

f 5.0 mg ml −1 concentration which exhibits full nematic phase 

exture under cross polarizer. This advantageous LC property has 

nabled the spinning of GO into fibres without the addition of any 

ort of polymeric binders to hold the GO sheets together [33] . Ra- 

an is a widely used non-destructive characterization technique 

hat was used to study the GO further. The Raman spectra of LC- 

O shown in Fig. 1 (b) consists of two characteristic peaks observed 

t 1350 cm 

−1 and 1602 cm 

−1 corresponding to D and G band, re- 

pectively. The G band is ascribed to the in-plane vibration of sp 

2 

arbon atoms, while the D band is attributed to breathing modes 

f six-atom rings and requires a defect for its activation. The I D /I G 
atio used as an index for GO and graphene quality was found to 

e 0.93 for the LC-GO. 

Aqueous dispersion of layered MoS 2 was prepared by exfolia- 

ion of bulk MoS 2 particles (Sigma Aldrich, mean size > 6 μm) 

n aqueous medium using a probe sonicator. Upon sonication, the 

tacked multilayer MoS 2 particles are exfoliated to a few layer 

anosheets with the size range of a few hundred nanometres. 

ig. 2 (a) shows the exfoliated MoS 2 dispersions of different con- 

entrations. The degree of exfoliation was investigated using TEM 

nd HRTEM as shown in Fig. 2 (b–d). It is evident from the figure 

hat the bulk particles had exfoliated to a certain degree to form 

D nanosheets with a fewer layer and a few hundred nanometres 

f size. 

To further inspect the degree of exfoliation, RAMAN analysis 

as also performed which can provide vital information about ma- 

erial exfoliation. Fig. 2 (e) shows Raman spectrum for bulk and ex- 

oliated MoS 2 . Well-defined peaks within the range of 350 cm 

−1 

450 cm 

−1 were observed which are indicative peaks of MoS 2 . 

 shift in peaks was observed towards the right for the sonicated 

ispersion, which is believed to be due to the exfoliation of the 

ulk particles to a fewer layer. 

Formation of liquid crystalline in aqueous dispersion enables 

he formation of novel self-assembled 3D architectures. The as 

ynthesized surfactant stabilized exfoliated MoS 2 dispersion is 

sotropic regardless of the size and concentration of MoS 2 . Fig. 

2(b) shows the POM images of aqueous exfoliated MoS 2 disper- 

ion, which indicates the isotropic nature of the dispersion. To rule 

ut the concentration effect, the POM images were taken at higher 

oncentrations, but no visible change was observed. 

It is therefore not possible to spin fibres from MoS 2 dispersion 

rrespective of the concentration of the dispersion. For being able 

o spin fibres, we either have to add polymer binder that can hold 

he individual particles of MoS 2 together to form continuous mi- 

rofibre architecture or have to transform the isotropic MoS 2 dis- 

ersion to nematic phase (induce liquid crystallinity). Herein, we 

ook the second route and inspect the outcomes of inducing liquid 

rystallinity in isotropic MoS 2 dispersion by adding aqueous LC-GO 

ispersion in it. LC-GO and MoS 2 dispersions were mixed in exact 

roportion to maintain the final concentration of GO in the mix- 

ure to be 5.0 mg ml –1 . Thus, we can rule out the possibility of the

ispersion not being liquid crystalline due to the final concentra- 

ion of GO falls below the level where GO does not exhibit liquid 

rystallinity. 

The effect of addition of LC-GO into MoS 2 dispersion was ob- 

erved using an optical microscope with a cross polarizer as shown 

n Fig. S2(c). It is evident from the micrographs that with addition 

f LC-GO into the MoS 2 dispersion it transforms from isotropic to 

ematic dispersion. The lyotropic LC formation in aqueous disper- 
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Fig. 1. (a) SEM micrographs of GO nanosheets mounted on a pre-silanized silicon wafer. Inset shows the image of a GO dispersion under polarized light, and (b) Raman 

spectrum of GO. 

Fig. 2. (a) Image showing exfoliated MoS 2 dispersion at different concentrations with the concentration decreasing from left to right, (b) TEM image of an exfoliated MoS 2 
particle mounted in a copper grid, (c) TEM and (d) HRTEM image of exfoliated MoS 2 nanosheets, and (e) Raman spectrum of bulk and exfoliated MoS 2 . 
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ions was well studied by Jalili et al. and described as an entropy- 

riven process [ 35 , 52 ]. Two types of entropy, namely orientational 

ntropy and positional entropy plays the key role in isotropic- 

ematic transition in dispersion. We extend their findings relating 

o the formation of LC phase in aqueous GO dispersion to explain 

he isotropic to nematic phase transformation in our composite 

ispersions and their spinnability. The addition of ultra large GO 

heets into a dispersion of small MoS 2 nanosheets produces a poly- 

ispersed colloidal suspension. The larger GO sheets create the ex- 

luded volume for smaller MoS 2 sheets and thus impart long range 

C like ordering to show birefringence under polarized light. This 

xcluded volume effect induces entropic rearrangement giving rise 

o positional entropy and reduction of orientational entropy, which 

overns the formation of LC phase in the composite [ 35 , 47 ]. 

The crystal-like ordering of MoS 2 layers induced by the addition 

f adequate amount of large GO sheets in dispersion allows us to 

abricate composite microfibres of GO#MoS 2 with high loading of 

oS in the composite in a simple wet spinning process without 
2 

4 
he need of using polymer binder. We fabricated wet spun microfi- 

res from the GO#MoS 2 composite dispersions with MoS 2 loading 

anging from 5 % to 70 % in the fibre. A composite microfiber with 

oS 2 loading as high as 69 % has been prepared which was never 

chieved before. A further increase in weight loading of MoS 2 was 

ot possible as the fibre tends to disintegrate easily in the coagu- 

ation bath. 

One big advantage of the wet spinning process employed in this 

tudy is that it is scalable and can produce continuous fibre with- 

ut any complex synthesis needed. The fibre formation here can 

e divided into two stages [34] . Firstly, when the LC dispersion 

s pumped through the spinneret needle, shear force is applied to 

he dispersion due to the high velocity flow in the needle capillary 

hat induces alignment of the LC domains along the direction of 

he shear force [ 33 , 34 , 53 ]. When the dispersion goes into the co-

gulation bath, gelation of the stream begins instantaneously that 

auses the formation of an outer skin layer of GO sheets, and thus, 

orms the fibre-like architecture [34] . The Ca 2 + ion in the coagu- 



A.K. Roy, S.N. Faisal, A. Spickenheuer et al. Carbon Trends 5 (2021) 10 0 097 

Fig. 3. FESEM image of (a-b) GO-MoS 2 -5, (c,d) GO-MoS 2 -10, (e,f) GO-MoS 2 -20, and (g,h) GO-MoS 2 -50 at low and high magnification, respectively. 

5 
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Fig. 4. (a) SEM image of the cross-section of a GO#MoS 2 composite fibre with 10 wt% MoS 2 loading, (b) Shows the higher magnification SEM of the same cross-section 

of (a), (c) SEM image of a knot tied with a GO#MoS 2 composite fibre (20% MoS 2 ), and (d) Raman spectra of a GO#MoS 2 composite fibre with 20 wt% MoS 2 loading (inset 

showing well-defined peaks within the range of 350–450 cm 

−1 ). 
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Fig. 5. TGA curves of GO-MoS 2 with different MoS 2 contents. 
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k 2 
ation bath plays a vital role here. The diffusion of Ca 2 + cations 

nside the fibre structure induces further cross-linking among indi- 

idual GO sheets inside the structure, and thus, helps in solidifica- 

ion and improvement in mechanical properties. The second stage 

f the spinning process involves further alignment of the LC do- 

ain arises from the drawing force imparted on the fibre due to 

he difference between injection rate of the dispersion through the 

eedle and the rpm of the coagulation bath. Too high of a draw- 

ng force will produce fibre of very short length. In contrast, low 

rawing force will produce lumps of LC-GO#MoS 2 in the spinneret 

ozzle and irregularity in the fibre shapes. 
6 
The morphology of both GO and the composite fibres was stud- 

ed using SEM. Fig. S3 shows the representative SEM micrographs 

f GO fibre and its respective cross-section. Porous, non-circular 

eometry of highly aligned GO sheets are observed. Average fibre 

iameter was found to be within the range of 40 – 50 μm. 

Due to the poor conductivity issue, to get better SEM mi- 

rographs, the GO#MoS 2 composite microfibres were annealed at 

00 °C for 1 hr in an inert environment (N 2 flow). The SEM images 

f the composite fibres are shown in Fig. 3 . The morphology de- 

icts the creation of highly porous, non-circular, crumpled microfi- 

re with diameter in the range of 40–50 μm. A closer look into the 

orous fibre surface Fig. 3 (b,d,f,h) reveals the uniform distribution 

f 2D MoS 2 nanosheets between individual layers of comparatively 

arger graphene oxide sheets. This uniform distribution was facil- 

tated by the formation of LC phase in the composite dispersion 

hat is believed to be dictated by LC-GO. 

The cross-section of a composite fibre is shown in Fig. 4 (a). It 

eveals the excellent alignment of the layered nanosheets that is 

ot disrupted due to the addition of MoS 2 into LC-GO. This finding 

upports our claim of inducing liquid crystallinity onto MoS 2 by 

rdered domains of GO in solution. 

The cross-section of the GO-MoS 2 fibres observed under SEM as 

hown in Fig. 4 (b) reveals good alignment of GO sheets in the fibre. 

ven at very high loading of MoS 2, the fibres maintained an LC like 

rdering with high degree of orientation. To demonstrate the flexi- 

ility of the processed fibre obtained from the coagulation bath we 

ied multiple knots as demonstrated in Fig. 4 (c). It is clear from the 

gure that the fibre shape was not distorted by the formation of a 

not in the fibre. Further investigation on the distribution of MoS 
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Table 1 

Performances of some recently reported graphene and MoS 2 based fibre supercapacitors. 

Device configuration and cell voltage Electrolyte Capacitance Energy and power density Cycle life Tensile properties Refs. 

Strength (MPa) Modulus (GPa) Strain (%) 

Parallel and 1V (Fibre shaped rGO) PVA-H 3 PO 4 0.726 mF cm 

−2 – – – – – [36] 

Parallel and 0.8V (rGO/Ni-Cotton 

yarn) 

PVA/LiCl – 6.1 mW h cm 

−3 and 1400 mW 

cm 

−3 

̴ 82 % for 10000 cycles 53 – 8 [58] 

Parallel and 1V (rGO coated carbon 

fibre) 

PVA- H 3 PO 4 307 mF cm 

−2 0.0131 mW h cm 

−2 and 8.5 mW 

cm 

−2 

̴ 85 % for 5000 cycles – – – [59] 

Twisted and 1 V (rGO fibre) PVA–H 2 SO 4 1.7 mF cm 

−2 1.7 10 −4 mW h cm 

−2 and 

0.01 mW cm 

−2 

– 145 – 0.95 [60] 

Coaxial and 0.8 V (all core graphene 

fibre) 

PVA– H 2 SO 4 205 mF cm 

−2 0.0175 mW h cm 

−2 100 % for 10 000 

cycles 

– – – [31] 

All solid-state intertwined and 1.2 V 

(NaDC/GO/MoS 2 fibre) 

PVA/H 3 PO 4 332.8 mF cm 

−2 32 mW h cm 

−3 and 1.18 W cm 

−3 73 % (550 cycles) 204.3 – 13 [61] 

All solid-state parallel and 1V 

(MoS 2 /rGO/CNT hybrid fibre) 

PVA/H 2 SO 4 93.2 m Fcm 

−2 26.4 Wh/Kg and 4000 W/Kg 85 % (5000 cycles) 88 – 1.4 [62] 

Coaxial solid state and 0.8V (rGO/20 

wt% MoS 2 fibre) 

PVA- H 2 SO 4 282.6 mF cm 

−2 4.92 mW h cm 

−3 and 0.051 W 

cm 

−3 

87 % (1000 cycles) 37.3 5.8 0.95 Current study 

Coaxial solid state and 0.8V (rGO/10 

wt% MoS 2 fibre) 

PVA- H 2 SO 4 185.3 mF cm 

−2 3.38 mW h cm 

−3 and 0.0936 W 

cm 

−3 

– 76.5 13.3 0.86 Current study 

7
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Fig. 6. Mechanical test results obtained from stress-strain curve showing (a) fibre radius, (b) tensile strength, (c) Young’s modulus and (d) % elongation at break for GO and 

GO#MoS 2 composite fibres. 
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hroughout the fibre were done via performing Raman spectrom- 

try on number of individual spots in the composite fibres. The 

epresentative Raman spectra of GO#MoS 2 composite microfibres 

s shown in Fig. 4 (d). The result shows a good correlation with the 

EM micrographs as all the spectra consist of all the corresponding 

eaks for graphene oxide (GO) and exfoliated MoS 2 . 

XPS elemental analysis of GO-MoS 2 (10 wt.%) was conducted 

nd the C/O ratios was calculated (Fig. S4). The atomic weight per- 

entages of C1s and O1s were 77.29 wt.% and 18.74 wt.% respec- 

ively, and the C/O ratio was found to be 4.12. No peak for cal- 

ium was observed in full survey indicating the complete removal 

f CaCl 2 . 

XRD analysis was carried out to compare the spectra of pure 

oS 2 nanosheets with 10 wt.% rGO-MoS 2 sample (Fig. S5 in SM). 

he results showed that during the liquid exfoliation with GO, the 

rystallinity of MoS 2 remain identical as all the identifying peaks 

f MoS 2 were seen in rGO-MoS 2 sample. 

The thermal stability test using TGA ( Fig. 5 ) of GO-MoS 2 com- 

osite fibres with different weight percentages of MoS 2 nanosheets 

ere carried out to further confirm the MoS 2 loadings in the com- 

osites. The GO-MoS 2 composite fibres have seen to have an initial 

eight loss around 100 °C, which is attributed to the evaporation 

f surface absorbed water. 

For the GO-MoS 2 composite fibres, the initial decomposition 

emperature of around 300 °C is attributed to the loss of co- 
8 
ntercalated water molecules and the liberation of co-intercalated 

itric acid. The weight loss in the temperature range of 30 0–70 0 °C 

s related to the oxidation of MoS 2 and the removal of organic 

olecules present in the composite fibres [54] . The highest resid- 

al weight at 700 °C was found for 69 wt% MoS 2 and decreased 

ith the reduction of MoS 2 weight percentages. 

The tensile properties of our neat GO and GO# MoS 2 wet spun 

bres were carried out with DMA using the method described 

n the experimental section. Fig. S6 shows some typical load- 

isplacement curves for GO and GO# MoS 2 composite fibres which 

re similar to the typical shapes reported in literature for this kind 

f fibres [34] . 

Fibre diameters and the results of the tensile properties ob- 

ained from the mechanical study of the fibres are presented in 

ig. 6 . The details of the calculation procedure of tensile strength, 

oung’s modulus, and elongation at break is given in Appendix A 

f SM. The average fibre diameters are found to be about 27 μm for 

eat GO and 26 to 29 μm for GO# MoS 2 composite fibres at dif- 

erent MoS 2 content. However, the average fibre diameters of dif- 

erent fibres do not seem to be significantly different considering 

heir standard deviations. From the results of the tensile properties, 

t can be seen that the tensile strength and Young’s modulus was 

8 MPa and 3.2 GPa, respectively for bare GO and they were found 

o increase with the increase of the content of MoS 2 up to 10 wt.%. 

he addition of MoS 2 beyond 10 wt.% (20 wt.% and 50 wt.% in 
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Fig. 7. (a) Schematic illustration of a two-electrode fibre supercapacitor device and (b) an actual device tested electrochemically made of two rGO-MoS 2 (20 wt%) fibre. 
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his case) was seen to reduce the tensile properties. Although fi- 

re manufacturing using MoS 2 content of 69 wt.% was possible us- 

ng the current method, the fibres were too weak to withstand the 

esting preload of 0.001 N. The highest tensile strength and Young’s 

odulus (76.5 MPa and 13.3 GPa, respectively) was obtained for 

oS 2 content of 10 wt.%. The best intermolecular interaction be- 

ween GO and MoS 2 is believed to obtain at this fibre content to 

roduce synergistic effect to increase the tensile properties. Above 

0 wt.% MoS 2 content, (20 wt.%, 50 wt.% and 69 wt.% in this case) 

he fibre properties become MoS 2 dominant, and hence, the fibre 

ecomes weak and eventually fails. Elongation at break (%) was 

ound to increase for fibres with 5% MoS 2 content and was found 

o decrease for 10 wt.% MoS 2 content which would be expected as 

he Young’s modulus was increased to a great extent for this type 

f fibres. 

As a proof-of-concept application of the composite microfibres 

e fabricate two electrode solid state supercapacitor device and 

ested their performance using a potentiostat. The photograph and 

 schematic of the device is shown in Fig. 7 . 

The two-electrode configuration was tested using cyclic voltam- 

etry and galvanostatic charge discharge in H 2 SO 4 based polymer 

el electrolyte. Well defined CV curves were observed within the 

otential window of 0.0 V to -0.8 V as can be seen in Fig. 8 (a–

). For all five devices, an increase in current density with the in- 

rease in scan rate is observed. A comparison of all the devices 

t 5 mV s -1 is shown in Fig. 8 (f). Comparatively higher current 

ensities were observed per unit volume with increased loading 

f MoS 2 in the fibre up to 20 wt.% MoS 2 after when it decreased 

ubstantially. The CV curves of rGO fibre ( Fig. 8 a). showed the pres- 

nce of pseudocapacitive behaviour and resistive in nature due to 
9 
he low-conductivity of rGO. [55] . The addition of 5 wt.% MoS 2 in 

he rGO fibre showed the enhancement of the conductivity as well 

s improved electrical double layer capacitance (EDLC) behaviour 

 Fig. 8 b). The further addition of MoS 2 (10, 20 & 50 wt.%) in the

GO fibres indicated their capacitive behaviour was more EDLC 

ontributed ( Fig. 8 c). It is also worth noting the improvement in 

he shape of the CV curve with the addition of MoS 2 in the fi- 

re. The improvement is believed to be due to efficient incorpora- 

ion of MoS 2 particles between large GO sheets that act as nano- 

pacer and prevents the restacking of the reduced GO layers. It also 

mproves ion diffusion and charge transfer in the fibre electrodes 

 56 , 57 ]. 

The galvanostatic charge discharge curves for all the devices are 

hown in Fig. 9 (a–c). The charge-discharge curves resemble typical 

riangular shape for different MoS 2 loadings with a slight poten- 

ial drop. The volumetric capacitance was calculated from the dis- 

harge curves according to Eq 1 , and the results are plotted against 

urrent densities as shown in Fig. 9 (d). As can be seen here, with 

he increase in MoS 2 loading the volumetric capacitance starts to 

ncrease up to 20 wt% and above this MoS 2 content the volumetric 

apacitance starts to decrease rapidly. Firstly, with the increment 

f weight ratio of MoS 2 in rGO fibre, the MoS 2 may induce semi- 

onducting environment in the fibre. It may obstruct the conduc- 

ivity of the electrodes and thus decrease the capacitive properties. 

econdly, the decrease in mechanical property may reduce the ca- 

acitance properties due to the poor mechanical connection in the 

bres. 

The highest volumetric capacitance of 55.4 F cm 

-3 (areal capac- 

tance of 282.6 mF cm 

−2 ) was observed for GO#MoS 2 (20 wt%) at 

urrent density of 2.3 mA cm 

−3 ( Fig. 9 (e)). Based on the charge- 
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Fig. 8. Representative CV patterns of supercapacitor devices at different scan rate made of (a) rGO, (b) rGO-MoS 2 (5 wt%), (c) rGO-MoS 2 (10 wt%), (d) rGO-MoS 2 (20 wt%), 

(e) rGO-MoS 2 (50 wt%) in H 2 SO 4 –PVA gel electrolyte. (f) A comparison of CVs at 5 mV s −1 for all the capacitor devices. 
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Fig. 9. Galvanostatic charge discharge curves of supercapacitor devices at different currents for (a) rGO-MoS 2 (5 wt%), (b) rGO-MoS 2 (10 wt%), (c) rGO-MoS 2 (20 wt%) in 

H 2 SO 4 –PVA gel electrolyte. (d) Comparison of device volumetric capacitance calculated from discharge curve for all the devices at different current densities, (e) Volumetric 

capacitance calculated from the charge-discharge study at 10 mA cm 

−3 current density plotted against MoS 2 loading in the composite fibres, and (f) capacity retention curve 

showing the cycling stability of rGO-MoS 2 (20 wt.%) fibre-based supercapacitor device at a current rate of 2.5 μA. 

d

(

8  

T

t

t

M

c

i

(

p

t

p

fi

b

v

p

l

c

M

c

p

ischarge result, we studied the cycling stability of GO#MoS 2 
20 wt%) device. The device shows good cycling stability with 

2.5 % capacity retention after 50 0 0 cycles as depicted in Fig. 9 (f).

he stable capacitance retention after 1200 cycles indicates that 

he initial drops of the overall capacitance was due to the con- 

ribution of the pseudocapacitance from the oxide groups and 

oS 2 . After certain cycles ( ∼ 10 0 0 cycles) that pseudocapacitive 

ontribution get reduced and the remaining stable capacitance 

s maintained by the intrinsic electrical double layer capacitance 

EDLC). 

Table 1 summarises the performances of some recently re- 

orted graphene and MoS based fibre supercapacitors along with 
2 

11 
he performances of the fibre supercapacitors produced in the 

resent study. The capacitance performances and cycle life of the 

bre supercapacitors produced in the present study are compara- 

le to those reported in the literature. 

The results obtained from the electrochemical study suggest 

ery high potential for the implementation of our technique to 

roduce hybrid microfibres. These hybrid microfibres can be uti- 

ized as high efficiency flexible material to fabricate all solid-state 

able capacitor that can be used in smart textile of the future. 

oreover, this study shows the simple wet spinning strategy that 

an be extended to produce flexible hybrid microfibres by com- 

ositing any 2D layered material with GO. 



A.K. Roy, S.N. Faisal, A. Spickenheuer et al. Carbon Trends 5 (2021) 10 0 097 

4

n

i

b

c

fi

o

d

r

c

d

w

G

c

t

M

o

e

w

b

m

c

n

t

f

t

m

o

o

t

t

f

fi

u

D

c

i

S

f

R

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

[  

[

[  

[  

[

[

[  

 

[

[

[  

 

[  

[  

[  

[  

[  

[  

[  
. Conclusions 

We have presented an efficient, low cost, binder-free wet spin- 

ing approach to prepare composite microfibres. High MoS 2 load- 

ng of up to 69 wt.% in the GO#MoS 2 composite fibre was achieved 

y this method. Solid-state fibre supercapacitor devices were fabri- 

ated using these fibres and their performance was evaluated. The 

bres demonstrated improved mechanical properties with addition 

f MoS 2 up to 10 wt.% after which the mechanical performance 

egradation was observed. Supercapacitor device fabricated with 

GO#MoS 2 (20 wt.%) shows highest areal capacitance (282.6 mF 

m 

−2 ) with excellent cycling stability of 82.5 % after 50 0 0 charge- 

ischarge cycles. The results show a great promise for the reported 

et spinning approach in fabricating composite fibres involving LC- 

O and other 2D layered materials at ease. Even though the me- 

hanical properties degraded after 10 wt.% and capacitance proper- 

ies degraded after 20 wt.%, the possibilities of loading 69 wt.% of 

oS 2 in rGO fibres reported in this work can open up several areas 

f applications on wearable electronics, fibrous sensors and printed 

lectronics. The mechanical tests performed in the present study 

as to determine the tensile strength (fibre failure stress) of the fi- 

res. As it was a destructive process, changing of capacitance with 

echanical stress was not considered. However, to determine the 

apacitance change with fibre stress (before failure stress), there 

eeds an extensive set of experiments which was out of scope of 

his study. In terms of checking capacitance trend with fibre sur- 

ace area as reported by [63] , effort was made to keep the diame- 

er of the fibres similar by using a needle of constant diameter. To 

easure the change of capacitance with surface area, the diameter 

f the needle needed to be altered which would require a series 

f experiments. Again, it was out of the scope of this study. These 

wo studies on fibrous energy storage are indeed interesting and 

herefore, further studies will be conducted to investigate the ef- 

ect of stress on capacitance and to modify the surface area of the 

bres by changing the fibre diameters with various needle widths 

sed in the electro spinning process. 
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