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Graphene fibres have great potential in future wearable electronics due to their promising thermal and electrical properties. 

However, fibre brittleness limits their implementation while the researchers are still seeking for easily scalable and eco-

friendly production methods. Here we propose a green and continuous wet-spinning assembly approach to continuously 

spin flexible graphene oxide (GO) fibres. Highly stable aqueous GO suspensions up to 40 mg mL-1 are achieved and GO fibres 

are spun from highly oriented liquid crystals through customized continuous fibre production line. GO fibres with spesific 

ultimate tensile strength of 7 N/tex show strain to failure (%) of 10%; subsequent NaBH4 chemical reduction gives graphene 

fibres with electrical conductivity of 214 S cm-1. The scalable production presented here facilitates flexible strong and 

electrically conductive graphene fibres, which have emerged as promising graphene based electronic textiles and sensors.  

Introduction 

As a well-known two dimensional (2D) natural material, there 

have been numerous reports of graphene’s superior electrical 

and mechanical characteristics, compared to other carbon 

nanomaterials 1, 2. Graphene properties, empowered by its 

unique sp2 formation of carbon atoms leading to 2D layered 

structures, have been desired in a variety of disciplines 3, 4. 

These superior properties make graphene a perfect candidate 

in various fields including composites as reinforcement 

additives 5, 6, clean and renewable energy production 1-4 

biocompatible thin films 1-7, nanoelectronics 8. There have been 

several reports of different forms of graphene-based 

substances 5, 9. Among which, the three-dimensional (3D) 

graphene fibres exhibit promising electrical, mechanical and 

thermal properties in macroscopic scale 10. The previous studies 

have first led to formation of graphene oxide (GO) aqueous 

liquid crystals (GOLCs) for fibre spinning 9, 11-14. The key of GOLCs 

preparation is to achieve the uniaxial alignment of GO layers 

called nematic phase 12, which is required for the optimum 

mechanical, electrical and morphological properties 15. The 

substantial increase in alignment of GOLCs leads to better 3D 

macroscopic fibres as demanded both in academia and industry 
9, 11-14, 16, 17 due to their high specific surface area and high tensile 

strength compared to other particle geometries 2, 18, 19. The wet-

spinning method, as a well-known approach for preparation of 

polyacrylonitrile based carbon fibres, possesses several 

advantages including easy scalability, low cost of operation, 

higher processing yield and eco-friendly manufacturing 20.There 

are several studies about the fabrication of graphene fibres 

however, to the best of our knowledge a very few of them offer 

continuous flexible green fibre production with the potential of 

scalability. For instance, Gao et al., 11 prepared graphene fibres 

using wet-spinning method and the concentration of graphitic 

nanosheets used in the GOLCs was lower than 10 mg mL-1 

whereas hydroiodic acid (HI) chemical reduction which prompts 

release of caustic by-product gases, was used. Besides, the low 

density of GO nanosheets in GOLCs and harsh reduction 

methods resulted in low layer packing inside the fibres, thus 

reduced their mechanical properties. In another study, Yu et al., 
21 produced pristine graphene fibres by a similar approach using 

surfactant coagulation bath. They observed better alignment of 

GO nanosheets in the GOLCs which leaded to higher packing 

density of graphene layers and better resultant properties. Not 

only GOLC characteristics but also the selection of coagulation 

media is an essential parameter which affects fibre tensile 

properties. As shown in Table 1, the GO fibres tensile strength 

coagulated in CaCl2 bath is approximately three orders of 

magnitude higher than those prepared in different coagulation 

media such as CTAB, ethanol and NaOH 13, 21, 22. In this approach, 

the elimination of functional groups present on the graphene 

layers are required to conduct electrons. Among different 

approaches such as thermal reduction 5, microwave irradiation 
23, chemical reduction 24 method was the most reliable one 

without sacrificing the mechanical performance. At the same 

time, the defect density of graphene nanosheets is also 

tuneable compared to thermal reduction approach 11, 13, 25-27
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Table 1. Summarizes the studies conducted in literature by revealing process parameters and their final properties. (Hydroiodic acid (HI), cetyl trimethylammonium bromide (CTAB) 

and deionized water (DI)) 

Ref. Coagulation Bath  Diameter (µm) 
Reduction 

Method 

Tensile 

Strength 

(GPa) 

 

Conductivity 

(S m-1) 

10 
NaOH 

 
40–150 

HI  

(40 wt.%) 
0.183 221 

      

11 
5 wt % NaOH / 

methanol 
50–100 

HI  

(40 wt.%) 
0.14 2.5×104 

13 
Aqueous 

KOH;CaCl2;CuSO4  
6 

HI 

 (30 wt.%) 
0.36;0.5;0.48 3.9×104;4×104;3.8×104 

21 Aqueous CTAB 60 
HI  

(40 wt.%) 
0.18 3.5x103 

22 5 wt% NaOH ethanol -- Hydrazine vapor 20.1 4.1×104 
26 5 wt% NaOH ethanol ≈ 26 HI (40%) 0.19 2.3x104 

25 Ethanol 10–60 
HI  

(40 wt.%) 
0.24 3.1×104 

28 Glass pipeline 35 Thermal at 800 °C  0.42 103 
29 Diethyl ether 50×104 Thermal at 1000°C  0.17 14×103 

 

In this study, we aimed to propose scalable and green 

production of GO and graphene fibres without sacrificing 

mechanical and electrical properties. First, a mild process of GO 

synthesis based on Hummer’s modified method was conducted 

while the temperature was reduced and via substitution of 

nitric acid with phosphoric acid production of NOx pollutant 

gasses were eliminated24, 30. Afterwards, the GOLCs with 

dominant nematic phase formation were prepared via 

ultrasonic homogenization of GO nanosheets in aqueous media. 

At this stage, no surfactant and/or stabilizing agent was used to 

achieve 40 mg mL-1 GO concentration with densely packed GO 

nanosheets. Thus, pristine GO fibres were produced by avoiding 

the inevitable effect of surfactants and stabilizers on 

mechanism of electrical conduction. Then, GOLCs were wet-

spun and for the first time systematically optimized fibre 

production line was designed for continuous, strong and 

electrically conducting graphene fibres. Various processing 

conditions (e.g. the feeding rate, take up speed and drawing 

speed) and coagulation composition were investigated and 

optimized through production (Figure 1). For fibre finishing, 

another systematic study on the improvement of electrical 

conductivity was conducted by exploring the effect of different 

chemical reduction methods. To the best of our knowledge, this 

study reports highest specific tensile strength for flexible and 

electrically conductive graphene-based single fibres, and also 

reveals the prerequisites of better mechanical, electrical and 

morphological properties by discussing the optimal material 

and process parameters. We should also emphasize that 

starting from GO synthesis to GO fibre reduction, green 

strategies including material and method selection has been 

promoted for flexible graphene fibre production.  

Experimental Section 

Graphene oxide (GO) synthesis via chemical oxidation 

Graphite flakes (particle size +100 mesh (≥ 75% min) and 

melting point 3652-3697°C), potassium permanganate 

(KMnO4), sulfuric acid (H2SO4), phosphoric acid (H3PO4), 

hydrogen peroxide (H2O2), hydrogen chloride (HCl), sodium 

borohydride (NaBH4), HI, ascorbic acid (AA), calcium chloride 

(CaCl2), sodium hydroxide (NaOH), and ethanol were purchased 

from Sigma-Aldrich and used without further purification. The 

improved synthesis protocol was tuned according to Hummer’s 

method during which, KMnO4 was mixed mechanically with 

natural graphite flakes. As a substantial change of nitric acid 

(HNO3) in Hummers’ modified method24, H3PO4 was used in this 

study to have mild conditions30 using the same protocol in ref 5. 

First, one equivalent mass of graphite powder was put into glass 

flask placed in oil bath followed by pouring and mixing of KMnO4 

and graphite flakes with 6:1 mass ratio, respectively. Then, with 

respect to graphite flake mass fraction, 9:1 and 1:1 mass ratios 
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of H2SO4 and H3PO4, was added slowly to the initial solid mixture 

and distilled. The mixture was kept for 24 hours and then cooled 

by using ice bath. The resultant brownish slurry was introduced 

to the 20:1 (v:v) ice-H2O2 mixture for further neutralization. The 

final GO powder was washed with DI water and ethanol 

aqueous solutions several times. The GO nanosheets were dried 

for 48 hours at 70°C and conditioned. 

 

GOLCs formation via high energy sonication 

The chemical functionalization provides controlled exfoliation 

of graphite layers with hydrophilic functional groups 5. Our 

functionalized GO can be readily dispersed in hydrous media 

with mild ultrasonic treatment due to the hydrogen bonding 

affinity of the existed surface functional groups. GOLCs were 

prepared in DI water at four different GO concentrations as 20, 

25, 30 and 40 mg mL-1. Each sample was sonicated during 

different consecutive periods (4 hours with cool-down intervals) 

in sonication bath (Power: 340 Watts) and later high power 

probe sonicated (Power: 650 Watts) as detailed in Table S1. At 

higher GO concentrations slightly higher energy was consumed. 
By eye examination, there is no changes observed at each GO 

concentration level due to tuned ultrasonication power. 

 

Wet-spinning of GO fibres 

Meter-scale continuous graphene fibres were produced by 

custom-designed wet-spinning line (Figure 1). For continuous 

production of neat GO fibres, the condensed aqueous GOLCs 

were injected through spinneret into the coagulation media at 

a rate of 60 µL min-1. Based on previous studies, several 

chemicals (e.g. KOH, CuSO4, NaOH, CaCl2) were used for 

coagulation, however the best reported results were obtained 

at the coagulation baths of 5 wt.% and 3 wt.% NaOH in ethanol 

and CaCl2 in 3:1 (v:v) ethanol: DI water solutions. The solidified 

GO fibre was collected onto the spinning drum at 70 rpm. The 

process was followed by washing with methanol to remove the 

residual coagulation chemicals. The collected fibres were dried 

for 24 hours at room temperature and conditioned. The wet-

spinning process was conducted by the continuous 

spinning/washing custom setup (Figure 1) and Table 2 gives the 

detailed fabrication parameters and the sample coding of 

produced GO fibres in our study. In this prototype spinning line 

as in industrial scale devices, the main factors such as flow rate, 

drawing speed through methanol washing with linear velocity 

1.3 cm/sec and take up speed affecting the fibre properties 

were precisely controlled. 

 

Chemical reduction of GO fibres 

Three different reduction method were conducted as: (i) 

Reduction with HI aqueous solution 55 wt%, at 100°C 17, (ii) AA 

reduction, 2mM solution in DI water at 60°C 31 and (iii) (NaBH4) 
32 aqueous solution reduction. At this step, we explored the 

alternatives of harsh methods of hydrazine reduction and 

thermal reduction (See Table 1), so the proposed methodology 

could be easily implemented in large scale production. The 

reduced fibres were then washed with DI water for chemical 

removal and dried overnight at 60°C. A series of optimization 

studies was conducted based on the electrical conductivity of 

reduced fibres, by tuning time, temperature and concentration.  

 

Figure 1. Schematic of continuous GO and electrically conducting graphene fibre formation via designed wet-spinning production line   



RSC ADVANCES  

ARTICLE 

This journal is © The Royal Society of Chemistry 20xx J. Name., 2013,  00, 1-3 | 4   

Please do not adjust margins 

Please do not adjust margins 

Table 2.  GO concentration, coagulation bath composition and sample coding of as-spun GO fibre 

GO Fibre 
GO Concentration 

 (mg mL-1 ) 

Coagulation Bath Concentration 

(wt.%) 

Coagulation Bath 

Composition 

G20N3 20 NaOH (3) Ethanol 

G20N5 20 NaOH (5)  Ethanol 

G20C3 20 CaCl2 (3) Ethanol: water(3:1) 

G20C5 20 CaCl2 (5) Ethanol: water(3:1) 

G25N3 25 NaOH (3) Ethanol 

G25N5 25 NaOH (5) Ethanol 

G25C3 25 CaCl2 (3) Ethanol: water(3:1) 

G25C5 25 CaCl2 (5) Ethanol: water(3:1) 

G30N3 30 NaOH (3) Ethanol 

G30N5 30 NaOH (5) Ethanol 

G30C3 30 CaCl2 (3) Ethanol: water(3:1) 

G30C5 30 CaCl2 (5) Ethanol: water(3:1) 

G40N3 40 NaOH (3) Ethanol 

G40N5 40 NaOH (5) Ethanol 

G40C3 40 CaCl2 (3) Ethanol: water(3:1) 

G40C5 40 CaCl2 (5) Ethanol: water(3:1) 

 

Characterization of GO nanosheets, GOLCs, GO fibres and 

graphene fibres 

X-ray Diffraction (XRD) measurements of GO nanosheets, GO 

fibres and graphene fibres were performed with Bruker D-8 

Advance X-Ray Diffractometer. The wavelength of irradiation of 

Cu Kα was 0.154 nm. The scan rate was 2.4°/min with the 

operating voltage of 40 kV and current of 40 mA. XRD 

measurements were carried out at 2Ɵ angle ranging from 5° to 

90°. Raman spectroscopy investigations were conducted via 

Renishaw Raman spectrometer with a laser, excitation line at 

532 nm, at spectral range of 100-3200 cm-1. Polarized optical 

microscopy (POM) measurements of the GOLCs were 

conducted with a Carl Zeiss Axio Scope A1 MAT model POM in 

cross-polarized mode. For POM sample preparation, liquid 

nitrogen immersion for a few minutes in order to induce the GO 

layer packing for high quality imaging. To examine anisotropy of 

GOLCs, four different GOLCs concentrations as 20, 25, 30, 40 mg 

mL-1 were studied. Scanning electron microscope (SEM) images 

were performed on a field emission scanning electron 

microanalyzer (Zeiss LEO Supra 35 VP) at an acceleration voltage 

5 kV in order to monitor the orientation and packing degree of 

GO fibres. Mechanical properties of the GO fibres were tested 

by Universal Testing Machine (UTM), Shimadzu AG-X plus with 

1 kN load cell. The strain rate was 100 µm min-1 and testing 

speed was 0.5 mm min-1. ASTM D3379-75 standard was 

followed. Test specimens were prepared, as shown in Figure S1, 

where the GO and graphene fibres were placed into frames with 

fixed 3 cm gauge length. At least 8 specimens were tested for 

each material set.  

Electrical conductivity was conducted on the graphene fibres 

with a CR-Cascade Microtech CP 4-point probe conductivity 

measurement device. The probe distance was 1 mm. The 

electrical conductivity (σ) was calculated from the equation (1) 
33 as: 

 𝜌 =
(
𝜋𝑡

𝑙𝑛2
)𝑉

𝑖
=

1

𝜎
 (Equation 1) 

where ρ, t, V, and i are the resistivity, thickness, voltage, and 

current, respectively.  

Results and Discussion 

Structural Analysis of GO Nanosheets and Characterization of 

GOLCs  

Figure 2a shows the XRD pattern of synthesized functionality 

rich GO nanosheets revealing two different 2Ɵ peaks of GO 

regarded as the proof for the presence of pendant groups and 

graphene layers. The sharp 2Ɵ peak at 9° pointed out the 

presence of graphene crystalline structure while the formation 

of pendant functional groups was confirmed by the broad 2Ɵ 

peak at 23°11. The rich functionalization of graphene layers 

through the chemical oxidation resulted in increased interlayer 

spacing of GO11. Nevertheless, addition of oxygen-containing 

groups intensified the defect density on the layered structure, 
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thus disturbing the ordered graphite layer packing. The 

presence of graphene layers also augmented intensity of 2Ɵ at 

23° while the packing disturbance prompted through oxidation 

led to emergence of the 2Ɵ at 9° peak in the GO diffraction 

compared to graphite layer5. These two diffractions indicated 

that the oxidation of graphite layers was not only successful at 

the bulk but also its extent was enhanced towards the surface 

edges, where the presence of functionalities at that region was 

detected by the broad diffraction at around 2Ɵ=23°. The 

promoted oxidation for improved graphite layer exfoliation was 

in line with the observations of Xu et. al 13. The intensity ratio of 

D and G peak (ID/IG) was calculated as 0.8 and 1.04 by 

integration for graphite and GO, respectively (Figure 2b). 

Compared to graphite, ID/IG of GO nanosheets reveals that the 

density of functional defects was higher in GO due to the 

increase in interlayer spacing 34 while graphite peak at 2750 cm-

1 was completely removed from the GO spectrum. TEM 

micrograph of individual GO sheets (Figure 2c) showed that 

large, few-layers of GO can be obtained where physical 

perturbations were minimized. However, SEM micrograph 

(Figure 2d) revealed the multiple layer stacking in solid phase. 

Thus, one of the prerequisites to produce 3D structured GO 

fibres, is to have ordered GOLCs where the aligned GO 

nanosheets has been succeeded (Figure 3) 28.  

The alignment of GOLCs was evaluated in cross-polarized mode 

POM. The birefringence behaviour of GOLCs assisted to the 

detection of distinctive domains visible by different contrasts 

(Figure 3), which pointed out the local alignment of GO layers in 

the liquid crystal phase. This local GO stacking reflected the 

ordinary and extraordinary rays of the polarized light by 

different angles, thus due to the cross-polarization of reflected 

light, local contrast differences were detected. To explore GOLC 

concentration effect on phase formations, first GOLCs at 20 and 

25 mg mL-1 concentrations were studied. Figure 3a and Figure 

3b revealed the nematic phase formation at these 

concentrations, whereas due to relatively short-range order of 

GO layers, the birefringence was quite limited. This effect was 

interpreted from the few numbers of birefringent sites with 

different contrasts in their respective POM images 10. At 30 mg 

mL-1 GO concentration, more distinctive GOLC layer alignment 

leading multiple birefringence was observed (Figure 3c). The 

clear change in contrast and colour of nematic phase at higher 

concentrations was the result of their relatively different 

interference of ordinary and extraordinary light rays 35. By 

varying the incident angle and so the interference of each locally 

aligned stacks, the colour contrast map changed and this 

enabled to visualize a series of local orientation sites in a single 

specimen 9. Figure 3d displayed better alignment compared to 

lower concentrations so it is predicted that spinning at this 

concentration tends to form denser and stronger fibres due to 

long range order of GO layer stacks 10, 25. 

 

 
Figure 2. a) XRD analysis of graphite revealing (002) and (004) hkl planes and as inset image GO showing 2θ peaks of hydroxyl and carboxylic pendant groups at around 
23° and graphene layers at 9°, b) Raman spectra of graphite (G and 2D peaks at 1550 and 2750 cm -1) and GO (D peak at 1370 cm -1 and G peak at 1550 cm -1), c) TEM and 
d) SEM micrographs of GO nanosheets 
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Continuous GO fibre production via wet-spinning line 

The continuous GO fibres were produced through a customized 

spinning line, where spinning and take-up speed were 

controlled effectively. A syringe pump to dispense GOLCs was 

used to control feeding rate. The spinneret designed with 

d/L>150 ratio was preferred to assist further alignment towards 

the flow direction for higher layer packing, ultimately for better 

fibre properties. Then, additional washing step was added to 

remove the coagulation bath residues by the aid of hydroxide 

groups in methanol. At this step, the residual NaOH and CaCl2 

moieties remained on fibres was also neutralized, thus 

improving the green nature of GO fibres. Besides, H2O 

molecules interacted with GO was partially removed via 

dehydration of fibres, promoting an easier drying process. As an 

experimental point of view, the results showed that unwashed 

fibres had entrapped H2O molecules even after three days while 

the methanol washed fibres were fully dry within a few minutes. 

Thus these dry fibres could be easily collected by a rotating 

drum without any noticeable damage.  

The effect of coagulation media on structural and mechanical 

properties of fibres is still intriguing. Herein, we systematically 

studied the material parameters such as coagulation chemicals 

(e.g. CaCl2, NaOH), their concentrations (e.g. 3 wt.%, 5 wt.%) and 

coagulation composition (e.g. ethanol, ethanol:water), as 

detailed in Table 2. Fibres coagulated in CaCl2 coagulation bath 

(Figure 4a- Figure 4d) showed higher packing density compared 

to their equivalent GO fibres coagulated in NaOH (Figure 4f to 

Figure 4h). Nevertheless, we should emphasize that as in G40C5 

and G40N5 fibres coagulated in NaOH (Figure 4d and Figure 4h), 

the packing density could be enhanced by increasing GO 

content. At such high GOLCs concentrations, the infusion of 

metal ions in coagulation bath could be prevented due to GO 

layer alignment and packing 28. Thus, Figure 4d and Figure 4h 

exhibited similar packing densities free from coagulation 

medium. As expected, the surface topologies of low GO 

concentration fibres (e.g. 20 mg mL-1 and 25 mg mL-1) were 

significantly different from high GO concentration fibres (e.g. 30 

mg mL-1 and 40 mg mL-1) in both coagulation media. The GO 

fibres produced from 20 mg mL-1 (Figure 4a and Figure 4e), and 

25 mg mL-1 suspensions (Figure 4b and Figure 4f) had noticeable 

wrinkling effect and some irregular features. When GO 

concentration increased to 30 mg mL-1 (Figure 4c and Figure 4g) 

and 40 mg mL-1 (Figure 4d and Figure 4h), such loose and 

irregular features were transformed to highly packed and 

extremely aligned structures. These densely packed fibres could 

withstand drawing and further finishing stresses during 

spinning, with showing higher tensile strength. Therefore, we 

observed that fibre formation was more successful even up to 

several meters at higher GOLCs concentration (e.g. 30 mg mL-1 

and 40 mg mL-1) (Figure 1). It is noteworthy that the reservoir 

capacity significantly affects the final fibre length in our spinning 

line and as predicted, larger reservoir leads to longer fibres13, 29. 

 

Mechanical Properties of GO fibres 

GOLCs concentration, coagulation bath media and stress 

applied during spinning process has major effect on the final 

fibre properties. First, tensile properties of 40 mg mL-1 GO fibres 

(Figure 5a) and 30 mg mL-1 GO fibres (Figure 5b) coagulated in 

different media (detailed in Table 2) were compared. Each 

single fibre was implemented into UTM as shown in Figure 5c, 

where the cross-section of fibres might be varied due to their 

crumbled layered structures. Thus, as displayed in Table 3, 

specific ultimate strength (N/tex) was also calculated for each 

fibre class to eliminate fibre diameter effect due to the different 

ion diffusion mechanism in CaCl2 and NaOH media. The results 

suggested that enhancement in the ultimate tensile strength of 

as-spun GO fibres due to higher GO concentration and GO 

stacking had minor effect about 10% depending on the 

coagulation medium, whereas strain to failure (%) decreased in 

general. 
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Figure 3. Cross polarized optical microscopy images of aqueous GOLCs at a) 20 mg mL-1, b) 25 mg mL-1, c) 30 mg mL-1 and d) 40 mg mL-1 GO concentrations. The cross dark arrows 

represent the cross-polarization direction. 

 

Figure 5a pointed out that at same GO concentration level, the 

preference of CaCl2 coagulation bath resulted in higher ultimate 

strength and strain to failure (%). For instance, G40C5 fibres 

coagulated in 5 wt.% CaCl2 medium exhibited 2 fold higher 

ultimate strength and 5-fold increase in strain to failure 

compared to G40N5. Even though the same amount of GO 

dispensed, as shown in Table 3, mean fibre diameters differed 

drastically due to differences in ion diffusion mechanism. It is 

clear that CaCl2 coagulation media which contains divalent Ca2+ 

ions, contributed to the fibre toughening and produced 

compact thinner fibres. The interaction between divalent metal 

ions (Ca2+) and the carboxylic groups of the GO nanosheets has 

been explained by Park et al. 36. They stated that divalent ions 

easily diffused into the fibre’s interior, thus reacted completely 

with functional sites on the edges of GO sheets, which improved 

the toughness of the fibres 36. Our results showed that not only 

ultimate strength but also strain to failure % was affected from 

these interactions. The affinity of Ca2+ ions towards GO sheets 

caused compact crumbled intrinsic morphologies and finally 

finer fibres. Higher number density of contact sites between 

each nanosheet induced much higher ultimate strain % and 

assisted plastic deformation mechanism. Meanwhile, the 

coagulation in NaOH media promoted in-situ partial reduction 

of GO layers, thus reducing the possibility of hydrogen bond 

network formation among the functional groups at the GO basal 

planes 12, 22. It is noteworthy that GO concentration has minor 

effect on tensile properties 11, 37 while packing density and 

hydrogen bond network 26 promoted by coagulation process 

significantly dominate the mechanical response of fibres. Figure 

4i and Figure 5d demonstrated the fracture surfaces of G30C5 

and G40C5, respectively, where G40C5 fibres showed lower 

ductility than G30C5 fibres. Higher GO content per specific area 

contributed to brittleness of fibres due to the restrictions on 

plasticization. Restricted void formation and stress 

concentration sites might increase the strength while trading 

the ductility off. Overall, our results have shown that increasing 

GO content and packing density may alter fibre strength which 

would result in further changes in segmental mobility and 

depression of strain to failure (%).  

As summarized in Table 3, compared to reference studies, 

proposed coagulation and washing protocol assembled more 
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flexible (about 9-fold) continuous GO fibres without impeding 

stiffness 26, 38.  

 

Continuous graphene fibres via chemical reduction 

Structural analysis of graphene fibres 

The lack of electron conduction mechanism of as-spun GO fibres 

definitely limits the use of these fibres in sensing and electronic 

applications. To gain electrical conductivity, among several 

approaches chemical reduction was preferred due to 

possessing lower pollution and energy consumption 31, 32. 

Besides, instead of using harsh reduction methods such as 

hydrazine and thermal treatment, we proposed an efficient 

green strategy to provide electrical conductivity. Thus, 

reduction process parameters including reaction time and 

temperature were also studied. Meanwhile these methods 

provide higher flexibility and versatility, and most importantly 

cause the reduction of graphene sheet disturbance (e.g. 

breakage and unintended layer dislocation) with promising 

mechanical properties of fibres 39. Herein, flexible G30C5 fibres 

with the highest specific strength and larger ductility were 

selected for further chemical reduction studies. Figure 6a shows 

the suppression of functional groups presented in GO due to 

NaBH4, AA and HI reduction, interpreted as decreased 2Ɵ at 9° 

in XRD spectra. Distinctively, 2Ɵ at 23° was completely removed 

only in NaBH4 reduction process, revealing that proposed 

approach enabled the highest reduction degree in terms of 

interlayer spacing. Raman characterization of graphite and GO 

(Figure 6b) pointed out that the D peak at 1350 cm-1 was 

detected only for GO structure while the G peak, which 

indicates E2g mode of graphite layers, was seen at 1600 and 

1650 cm-1 for graphite and GO, respectively 27. The disruption of 

interlayer spacing leaded to G peak shifts in GO compared to 

graphite 40. The D peak of Raman spectra of the graphene-based 

materials emerged in high intensity due to formation of 

structural defects within their layered formation of 

nanosheets41. The comparison between the ID/IG ratio of as-

spun GO and reduced graphene fibres showed the level of 

success in elimination of functional group-driven defects, 

interpreted from reduced ID/IG ratio. Figure 6b suggests that 

NaBH4 reduction approach (ID/IG=0.53) provided the most 

successful route to remove the structural defects.

Figure 4. SEM images of a) G20C5, b) G25C5, c) G30C5, d) G40C5, e) G20N5, f) G25N5, g) G30N5, h) G40N5 coded GO fibres taken from their  surfaces and i) fracture 
surface of G30C5 fibre after tensile testing 
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Figure 5. a) Stress(σ)-strain (ε) curve of 40 mg mL-1 GO coded fibres, b) Stress(σ) - strain (ε) curve of 30 mg mL-1 GO coded fibres, c) implementation of single GO fibre 

for tensile testing d) SEM image of the fracture surface of as-spun G40C5 fibre after testing revealing intrinsic crumbled structure 

Table 3. Tensile properties of GO fibres coded in Table 2 and reference studies from literature.  
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GO Fibre Diameter (µm) Strain to failure (%) Specific ultimate strength (N/tex) 

G30C5 130 10±2.1 7±0.5 

G40C5 130 6.7±0.5 5.9±1.3 

reduced G30C5  229 4.7±0.5 4.5±2 

reduced G40C5  271 2.8±1.7 14.5±0.4 

G30N5 189 1.3±0.2 5.8±1.5 

G40N5 203 0.9±0.1 6.4±0.7 

GO fibre Ref26 (draw ratio 1.09) 26 1.64±0.12 1.04±0.006 

GO fibre Ref 26 (draw ratio 1.27) 26 0.84±0.08 1.26±0.013 

Reduced GO fibre Ref 38 240 1.5 ±0.1 1.02±0.03 

 

Electrical conductivity of graphene fibres 

We first attempt to reveal the effects of reducing agent and 

their relative reaction times on electrical conductivity of 

reduced fibres. It is assumed that 24 hours of reduction time 

enabled to reach stability for electrical conductivity 22. 

However, Figure 7a unveiled that the highest electrical 

conductivity of 73 S cm-1 was achieved by NaBH4 reduction after 

72 hours. Hence, NaBH4 reduction method was selected for 

further studies to explore temperature and concentration 

effect. The effect of temperature on electrical conductivity of 

NaBH4 reduced fibres (Figure 7b) was investigated. Reduction 

kinetics at 90°C yielded 3 fold higher electrical conductivity 

compared to reduction at 30 and 60°C. Overall, NaBH4 reduction 

at 90°C for 72 hours reached highest conductivity of 255 S cm -1. 

Graphene fibres exhibited semiconductor characteristics as 

displayed in Figure 7b, as temperature increases, conductance 

increases resulting in dwindling of resistance. It could be 

associated to excitation of valence band electrons by 

temperature, as observed in semiconductors.  

In shorten reaction times at 90°C, we enquired into NaBH4 

concentration (from 0.3M to 2.4 M) effect. Figure 7c revealed 

the highest electrical conductivity of 214 S cm-1 along fibre axis 

prevailed at concentration of 2.4 M NaBH4. The high 

conductivity of graphene fibres is believed to be due to 

increased number of reduced sites. This effect further leads to 

higher conductivity of reduced graphene fibres while preserving 

the oriented fibre structure which minimized the contact 

resistance. The combination of good flexibility, high tensile 

strength and enhanced electrical conductivities of graphene 

fibres make stretchable wires for promising wearable functional 

textiles. Thus, G30C5 and G40C5 GO fibres reduced by eco-

friendly NaBH4 (2.4 M) at 90°C for 24 hours were tested under 

tensile loading, in next section. 
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Figure 6. a) XRD spectra (the inset figure represents the XRD spectrum of GO sheets as detailed in Figure 2) and b) Raman spectra of GO and graphene fibres reduced 
by NaBH4, AA and HI agents revealing D peak at 1370 cm -1 and G peak at 1550 cm -1.  

Mechanical properties of graphene fibres 

To calculate the mechanical behaviour of graphene fibres and 

monitor the effect of reduction process, we performed tensile 

testing of both reduced G30C5 and G40C5 fibres. The 

mechanical tests described in experimental section were 

carried out to determine the stress-strain behaviour along fibre 

direction (Figure 8). Table 3 also summarizes ultimate tensile 

strength and strain to failure (%) of G30C5 and G40C5 graphene 

fibres. Here, we first investigate the change in strain to failure 

(%) during the process of reduction. NaBH4 reduction caused 

swollen fibres, which failed in brittle manner. This change in 

ductility could be associated to prevented slipping of graphene 

layers due to the corrupted network after reduction. 

Furthermore, depending on GO density, ultimate specific 

strength might be increased or decreased 27. For instance, 

tensile ultimate strength drastically improved for reduced 

G40C5 graphene fibres, whereas there is slight reduction 

observed in reduced G30C5 graphene fibres. Apart from the 

spinning process, the structural difference of these fibres came 

from the presence of higher number of reduction sites. The 

graphene fibres with higher degree of reduction as in G40C5 

fibres were less affected from this post process in terms of 

tensile strength whereas high number of stiff graphene sheets 

prevented plastic deformation and caused brittle failure. We 

should also note that the specific stress of reduced G30C5 

graphene fibres was higher compared previous studies as 

described in Table 3. 
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Figure 7. Electrical conductivity of graphene fibres by revealing a) effect of reducing agent depending on reaction time, b) effect of reduction times depending on 
temperature for NaBH4 (1.2 M) reducing agent, c) effect of NaBH4 concentration 

 

Figure 8. Stress (σ)-strain (ε) curves of G30C5, G40C5 GO fibres and reduced G30C5 and G40C5 graphene fibres
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Conclusion 

Scalable production of graphene oxide and graphene fibres 

from stable aqueous GOLCs were fabricated via the designed 

continuous wet-spinning line while process (e.g. the feeding 

rate, take up speed and drawing speed) and material 

parameters including coagulation composition and 

concentration were precisely controlled through the proposed 

green approach. The results show that as-spun GO fibres 

coagulated in CaCl2 ensured promising tensile properties where 

reduced GO fibres showed strain to failure (%) of 10% with 

higher specific ultimate strength. NaBH4 reduction approach 

(ID/IG=0.53) performed at 90°C for 24 hours with 2.4 M 

concentration, enabled facile route to gain electrical 

conductivity while individual reduced G30C5 fibres exhibited 

electrical conductivity of 214 S cm-1 along fibre axis. Overall we 

suggest that green and scalable production of graphene fibres 

could have promising applications in sensing and wearable 

electronics since they are non-toxic, flexible and have high 

tensile strength.  
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