
ABSTRACT 

PAN, QIN. Interface Engineering of Graphene/Polymer Conductive Composites and Their 

Application in Energy Storage. (Under the direction of Dr. Wei Gao). 

 

Conductive polymer composites (CPCs) with high electrical/ionic conductivity and 

polymeric flexibility have received tremendous attention in recent years due to their 

widespread applications in flexible electronics. A variety of conductive fillers such as metal 

particles and carbonaceous materials have been studied. Among them, graphene as a 

monolayer of sp2-hybridized carbon atoms arranged in a honeycomb structure has been 

demonstrated as an ideal filler due to its excellent electrical conductivity (~106 S cm-1), 

mechanical strength, and flexibility. Moreover, owing to its high surface area (theoretically 

2630 m2 g-1) and active electrochemical properties, graphene-based CPCs have shown 

promising applications in flexible energy-storage devices. The underlying polymer matrices, 

especially textiles or nonwovens based on fibrous building blocks can further benefit wearable 

energy-storage applications. Graphene can be integrated into textiles via two general routes: 1) 

direct coating graphene onto fiber/textile surfaces, 2) mixing graphene flakes in polymer 

solutions/melt followed by fiber extrusion and spinning. Many researchers have demonstrated 

relevant treatments to deliver conductivity and energy-storage performance on fabric-like 

structures, but few of them have provided detailed discussions on the structural role of textile 

framework in relation to the resulted properties.  

The first major goal of this research is to investigate the electrical conductivity of 

graphene coated nonwovens (G/NW). Two kinds of nonwovens, nylon (hydrophilic) and 

polypropylene (PP, hydrophobic) with different fiber diameters were prepared via melt 

blowing processes. Conductive graphene/nylon (G/nylon) and graphene/polypropylene (G/PP) 

nonwovens were prepared via dip coating in graphene oxide (GO) dispersions followed by 



chemical reduction. Water-based GO dispersion was used to coat the hydrophilic nylon 

nonwovens. The process, structure and conductivity of G/nylon have been carefully studied. 

The nonwoven with smaller fiber diameter (‰) showed higher conductivity due to more 

conductive contacts within unit area. The G/nylon (‰ σȢς ‘m) showed an ultra-low 

percolation threshold of 0.005 wt%, because the nonwoven acting as the pre-constructed 

network provided a more efficient way to utilize graphene. Theoretical modeling was 

conducted by Geodict, showing good consistency with experimental results. Similar with 

G/nylon, G/PP was prepared in the similar processes, except for replacing GO/water dispersion 

with GO/DMF dispersion based on its wetting behavior. A comprehensive study of the wetting, 

surface treatment, and the resulted properties of PP nonwoven has been conducted. PP 

nonwoven can overcome the surface tension of GO/DMF dispersions, leading to direct coating 

without pre-treatment such as plasma and ozone. The G/PP nonwoven also offers high 

conductivity of 35.6 S m-1 at the graphene loading of 5.2 wt%, highest among the existing 

conductive PP systems reported in literature. 

The second major goal is to investigate the application of graphene-based CPCs in 

energy-storage systems, e.g. supercapacitors. Monolithic supercapacitors have been developed 

on GO/nylon and GO/PP nonwovens via a programed CO2-laser patterning process. Detailed 

electrochemical analyses were carried out to investigate the effects of device geometry, matrix 

structure and electrolyte on the energy-storage performance. The best monolithic 

supercapacitors on GO/nylon exhibited an areal capacitance of 10.37 mF cm-2 in PVA-H2SO4 

electrolyte, much higher than the typical value of 1~3 mF cm-2 reported for other micro-

supercapacitors. Such laser writing process can be easily applied on the GO/PP nonwoven to 

derive similar nonwoven-based supercapacitors. Apart from GO/NW, GO/poly(vinyl alcohol) 



electrospun mat (GO/PVA-m) has been investigated as solid-state electrolyte. The GO/PVA-

m successfully mitigated the ionic conductivity decay in pure PVA-based electrolytes, with the 

decrease in ionic conduction limited to 38.4% after 1-month storage in ambient environment, 

much lower than that of pure PVA mat (84.0%). The supercapacitor derived from GO/PVA-m 

offered an areal capacitance of 9.9 mF cm-2 at 40 mV s-1 even after 1-month storage, 

demonstrating great promises as a stable power supply for wearable electronics. 
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CHAPTER 1: AN OVERVIEW  OF CONDUCTIVE  

GRAPHENE/POLYMER  COMPOSITES 

Conducting polymers have received significant attention from both science and 

engineering communities ever since the invention of conductive polyacetylene in the 1970s.1-

2 This culminated in 2000 when the Nobel Prize in Chemistry was awarded to Alan J. Heeger, 

Alan G. MacDiarmid and Hideki Shirakawa for their discovery and development of electrically 

conductive polymers. As our society becomes more technologically advanced, the demands 

placed on polymersô electrical capabilities are continuously growing and becoming more 

challenging to satisfy. Technological applications for conductive polymers have evolved from 

the conventional static charge dissipation, electromagnetic interference shielding, corrosion 

inhibition etc., to the novel flexible electronics such as sensors, diodes, antennas and energy 

storage systems.3-6 Each of these applications requires polymer capable of offering high level 

of electrical/ionic conduction. In addition, this polymer would ideally retain the benefits 

associated with its polymeric nature: light weight, flexibility, toughness and ease in processing.  

Currently, the most adopted manufacturing method for conducting polymers in industry 

is incorporation of conductive additives such as metal and carbon materials into polymer 

matrices. Carbon materials, including graphene, carbon nanotubes, carbon black, exfoliated 

graphite, etc., thanks to their light-weight, chemical stability, high electrical conductivity and 

environmental friendliness, have attracted increasing interests in both academic research and 

industry development. Among them, graphene and its oxygenated form graphene oxide (GO) 

have drawn extensive attention in developing electrically/ionically conductive polymer 

composites for the past decade, mainly due to their unique structures and physical/chemical 
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properties.7 Graphene, a monolayer of sp2-hybridized carbon atoms arranged into a honeycomb 

structure, was the key material in the 2010 Nobel Prize in Physics owing to its exceptional 

properties, including excellent electrical (~106 S cm-1) and thermal conductivity (~5000 W m-

1 K-1), fast mobility of charge carriers (~200,000 cm2 Vs-1), high Youngôs modulus (~1100 

GPa), and large specific surface area (theoretically 2630 m2 g-1).8-11 Its oxidized form, GO with 

both sides of the basal plane attached with various oxygenated functional groups e.g. epoxy, 

hydroxyl, carbonyl and lactol groups, has been widely studied as an ideal precursor in 

fabricating graphene/polymer composites, by virtue of its scalability, wet-chemical 

processability, high chemical activity, and good dispersability in various solvents.12-14 

Although electrically insulating, GO can be easily converted to graphene via a variety of 

recipes (both chemical and physical), leading to highly tunable electrical/ionic conductivity.15  

In this chapter we will review the recent advances in conductive graphene/polymer 

composites, their preparation methods, properties, and a variety of applications mainly in 

energy-storage systems. The background information about GO and graphene is also briefly 

discussed. 

1.1 Graphene Oxide and Graphene 

1.1.1 Synthesis of Graphene Oxide  

Modified Hummers Method. So far, the most commonly used synthesis recipe for GO is the 

modified Hummers method, firstly developed by the chemists Hummers and Offeman in 

Mellon Institution of Industrial Research and later modified by Kovtyukhova.16-17 The original 

Hummers method describes the graphite oxidation by mixing concentrated H2SO4, NaNO3 and 

KMnO4 below 45 ᴈ. The resulted final product showed high degree of oxidation, with the 
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atomic ratio of C/O=2.25. However, the drawback of Hummers method is that the core of the 

resulted GO still remains graphite, thus Kovtyukhova introduced a pre-expansion process, 

which involves oxidizing graphite with concentrated H2SO4, K2S2O8, and P2O5 at 80 ᴈ for 

several hours, later widely known as modified Hummers method.17 Figure 1 shows the whole 

process of the modified Hummers method. The morphology of the obtained GO is small flakes 

with the thickness of 1 nm (corresponding to a single layer) and the average lateral dimension 

of ca. 1 ʈm. Although the product shows a higher degree of oxidation, with chemical 

composition C:O:H =4:2.95:2.5, the purification process still remains time-consuming.  

 

Figure 1 Schematic illustration of the modified Hummers method. Inset picture: the 

photographic image of the obtained GO dispersion in deionized (DI) water (left) and after 

reduced by hydrazine with ammonia (right) (adapted from ref [18]). 

 

Tour Method. Tour method, introduced in 2010, avoided the use of NaNO3 which eliminates 

the generation of toxic gases such as NO2, N2O4 or ClO2 during the reaction, and increased the 
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amount of KMnO4. The process occurs in an acidic environment with a mixture of 

H2SO4/H3PO4 with the ratio of 9:1, with the introduction of H3PO4 for more intact graphitic 

basal planes. Graphite reacts with six equivalents of KMnO4, leading to a higher degree of 

oxidation.19 Figure 2 compares the process of Hummers, modified Hummers, and Tour method 

to prepare GO and their efficiency of oxidization.  

 

Figure 2 A comparison of procedures and yields among different preparation methods of GO, 

including Hummers, modified Hummers and Tour method (referred as improved in this figure) 

(adapted from ref [19]). 

 

In summary, two most widely used synthesis recipes of GO have been discussed here 

in light of their chemical processes and the resulted products. Nowadays, commercialized GO 

are already available in market, thanks to the simplification of the oxidation process, and 

improvement in the yield and product quality. However, scientists are still making efforts to 

clarify the oxidation mechanisms, in order to further control the structure and properties of GO. 
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1.1.2 Chemical Structure of GO 

The precise structure of GO has long been a topic for endless debate over the years, 

due to the complexity of the materials. GO is nonstoichiometric, with compositions varying 

from sample to sample. Despite this, scientists have used various characterizations to elucidate 

its structure. Spectroscopic analysis is one of the most widely used and powerful technique to 

characterize GO, including X-ray diffraction (XRD) analysis, solid state 13C NMR, Raman 

spectrum, X-ray photoelectron spectroscopy (XPS) analysis, etc.  

XRD patterns of GO shows a broad peak (002) at around 11°, which can be influenced 

by moisture content and oxidation level of GO. For a one molecule-thick layer of water that is 

presumably hydrogen-bonded between the GO sheets, the d-spacing is about 8.3 Å.20 When 

exposed in high humidity, GO due to its hygroscopic nature, will absorb water molecules from 

air and intercalate them between layers via hydrogen bonding, leading to increased d-spacing. 

Besides, the reduction of GO will decrease the d-spacing due to the removal of oxygenated 

groups; however, the ozonated GO with higher oxidation level doesnôt show increased d-

spacing as expected.21 The interlayer distance of GO calculated based on the (002) peak can 

vary from 5.97 Å to 9.5 Å.12  

NMR is one of the most powerful technique to characterize the structure of GO. Cai et 

al. clarified the structure of C-O-C epoxy carbon, C-OH hydroxyl carbon, and sp2 carbon 

respectively by testing a 13C-enriched GO sample in cross polarization/magic angle spinning 

(CP/MAS) experiments.22 Additionally, Gao et al. confirmed the presence of five- and six-

membered-ring lactols in GO.23 
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Raman spectrum of GO displays two major peaks, D peak at ~1350 cm-1 corresponding 

to structural defects, and G peak at ~1594 cm-1 corresponding to graphitic domain vibration. 

The D/G ratio is around 0.95, indicating lots of defects in the graphitic plane.24-25 After 

reducing to graphene, the D/G ratio often increases due to more defects generated during the 

reduction process.  

The XPS analysis of GO shows two typical broad peaks at around 284 and 286 eV, 

corresponding to graphite carbon and oxidized carbon respectively. Deconvolution of these 

peaks to analyze the quantitative relation between carbon at different oxidizing states has been 

reported, but due to semi-quantitative analysis nature of XPS analysis, the accuracy is 

limited.26-27 

Microscopic analysis such as Atomic Force Microscopy (AFM), Scanning Electron 

Microscope (SEM) and Transmission Electron Microscopy (TEM) have been used to 

understand the morphology of GO. The thickness of the two-dimensional GO nanoflakes is 

around 1~2 nm in average, but the lateral dimensions can vary between several nanometers to 

microns. In addition, the surface of GO sheets is usually wrinkled with holes occasionally 

observed.28 

Based on the various characterization results, researches have proposed several 

structure models for GO (Figure 3), but the precise structure of GO is still elusive. 
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Figure 3 Proposed structure models for GO (adapted from ref [12]). 

 

1.1.3 Reduction of GO to Graphene 

Reducing GO to graphene will cause many obvious change, including visual 

characteristics, dispersability, electrical conductivity, C/O ratio etc. Scientists have developed 

various methods to convert GO back to graphene. Chemical reduction is the most widely used 

method to reduce GO. A variety of reducing agents including hydrazine (NH2NH2), hydroiodic 

acid (HI), sodium borohydride (NaBH4), vitamin C, etc. have shown the capability to reduce 

GO to different levels. Chemically reduced GO (rGO) often contains heteroatoms introduced 

by the reducing agents, leading to more defects and complicated structure in the final product.  
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Unlike chemical reduction, thermal annealing is a scalable process to convert GO to 

graphene without additional reducing agents. GO decomposes easily upon heating, resulting 

in the loss of oxygenated groups, as well as carbon atoms from the graphite plane, leaving 

behind lattice defects throughout the sheet. Thermal annealing has various derivatives such as 

microwave and laser reduction, with unconventional heating source allowing heating process 

to occur more rapidly or in a precisely controlled/designed area. Table 1 compared several 

typical methods to convert GO and the properties of the resulted products.  

Table 1 Comparison in reduction protocols of GO. 

 

Electrical 

Conductivity  

(S cm-1) 

C/O 

ratio 
Raman (cm-1) 

XRD  

(d-spacing, 

nm) 

XPS (eV) 

GO [23, 26] 5.3 10-6 2.7 
1594(G) 

1363(D) 
0.63~1.2 

284.8 (C-C) 

286.2 (C-O) 

287.8 (C=O) 

289.0 (C(O)-O) 

Pure NH2NH2 [29] 
108-fold higher 

than GO 
/ 

1600 (G) 

1350 (D) 

2700 (2D) 

2950 (D+G) 

D/G increase 

/ 284.5 

HI/HAc [30] 

3.04 102, 

7.85 103 

(vapor) 

15.27 

1581 (G) 

1350 (D) 

D/G=1.10 

0.362 284.6  

NaBH4 [31] 45 8.6 D/G increase 0.373 284  

Na2S2O4 [32] 13.77 / 

1570.7 (G) 

1347.3(D) 

D/G=1 

0.377 / 

Vitamin C [33] 77 12.5 
D/G=1.752, 

increase 
0.37 284.5  
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Table 1 (continued) 
H2 [34] 1×103 / / / 284.3  

Thermal 

annealing 
0.009~2.75 / D/G increase / / 

Microwave [35-36] 2 4.5 

1591 (G) 

1348 (D) 

D/G=0.96, 

/higher 2D/G 

0.355 284.5  

Solvent thermal 

reduction [37] 
/ 6.8~8.3 

1586 (G) 

1347 (D) 
0.36 / 

 

 

1.2 Graphene/Polymer Composites via Coating and Their 

Applications 

Among the commonly used methods to fabricate conductive polymer composites, 

coating turns out to be the most efficient, low-cost and easy-to-process protocol that requires 

relatively low loading of additives to achieve high electrical conductivity, more compatible 

with industrial practices. In this part, we will review the state-of-art of coating graphene into 

various polymer matrices for electrical conductivity, from the aspect of surface science, coating 

processes, structures and properties of the composites, and their relevant applications.  

 

1.2.1 Coating GO onto Hydrophilic  Polymer Surfaces 

The dispersibility of GO in water are typically on the order of 1~4 mg mL-1 via 

sonication or mechanical stirring, which is highly compatible with aqueous coating of GO onto 

the hydrophilic polymer surfaces. Dip coating, spray coating and drop casting are the most 

widely used methods to coat GO onto hydrophilic polymers such as poly (ethylene 
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terephthalate) (PET), cotton, and cellulose. Due to the wettability of hydrophilic surface, 

usually coating can be directly performed without any pre-treatment. However, to achieve 

desired loading of GO or graphene, the coating process usually needs to be repeated for many 

times, which is time consuming and low in efficiency. Parameters such as the concentration of 

GO bath, dipping time, cycling number, drying temperature etc., should be optimized 

according to different polymer matrices, in order to ensure the desired graphene loading and 

the uniformity of the coating layers. Besides, the stability of coating layers is also a key issue 

to be investigated, since coating layers are usually sensible to mechanical force such as 

scratching, rubbing, and washing. 

Liu et al. fabricated conductive PET nonwoven fabrics using reduced graphene oxide 

via a simple one-step dyeing-like approach (Figure 4).38 The resulted composite fabrics 

exhibited a rather low electrical percolation threshold due to the homogeneous coverage of 

graphene sheets on the nonwoven surface, and the highest conductivity was about 2.0×10ī5 S 

sq-1. The conductivity of the obtained composite is usually a function of the graphene loading. 

Higher graphene loading will lead to higher conductivity as expected.  
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Figure 4 Schematic for the fabrication of reduced GO (rGO)-coated PET nonwoven fabrics 

(a). Change in the surface conductivity of the composite fabrics with the increase in the weight 

fraction of rGO (b). The insets display SEM images of the composite fabrics prepared at rGO 

fractions of 0.001 (I), 0.030 (II) and 0.080 wt% (III) (adapt from ref [38]). 

 

One of the most feasible way to control graphene loading is to control the coating 

cycling number. Yu et al. coated graphene onto porous PET textiles by repetitive dipping of 

the PET fabric into graphene inks (see Figure 5). They found the sheet resistance decreased 

significantly with more number of dipping cycles, and finally reached a sheet resistance of 

Ḑ700 ɋ sq-1.39 Similarly, Xu et al prepared graphene/cotton composite fabrics by the dipping-

and-drying approach, with a lowest resistivity of 611 ɋ sq-1 after 20 cycles.40  
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Figure 5 Coating graphene nanosheets onto porous textiles. (a) Photograph of graphene-coated 

conductive PET textile. (b) AFM image of graphene nanosheets deposited on a SiO2/Si 

substrate and the corresponding line scan profiles. (c) Typical TEM image of graphene 

nanosheets. (d) Sheet resistances Rs versus the number of dipping cycle for graphene-coated 

fabric sheets (G-textile) with and without nitric acid treatment. (e) SEM image of a sheet of 

graphene-coated textile. (f) High-magnification SEM image on the region highlighted in red 

rectangle (adapt from ref [39]). 

 

The stability of the coated graphene layers against washing is anKazarian important 

issue not tackled so far. Usually adding an additional coating layer will enhance the stability 

of the coated graphene layers but might compromise the conductivity. For example, Hu et al. 

coated cotton fabrics with graphene via a pad-dry-cure process. To enhance its wash fastness, 

they added polyurethane (PU) to stabilize the graphene coating, leading to a slight increase of 

the surface electrical resistivity from 2.94×10-1 to 3.35×10-1 ɋ m after 10 times of laundering.41 
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Leary J. D. studied coating carded and hydroentangled PET staple fiber nonwovens 

with GO or exfoliated graphite (EGF) through multiple dip-coating cycles.42 The average 

graphite loading per cycle was higher for the nonwovens coated with GO than those coated 

with EGF (Figure 6 (a)), indicating the use of GO dispersions results in a more efficient coating 

process. Chemical reduction was conducted to improve the electrical conductivity of GO-

coated nonwoven. After reduction with Na2S2O4, the rGO-coated nonwovens displayed 

resistances around three orders of magnitude lower than the GO-coated nonwovens (Figure 6 

(b)). The electrical resistance in the fabric x-y in-plane direction (IPR) and z-direction (TPR) 

was studied (Figure 6 (c) and (d)), since the fabric is a three-dimensional (3D) object and has 

anisotropic electrical properties. The electrical conductivity in the in-plane and through-plane 

directions of the EGF-coated nonwoven are both higher than that of the rGO-coated 

nonwovens, leading to the conclusion that EGF leads to better electrical conductivity even with 

its lower carbon mass loadings. Although her work has included the discussions on the coating 

process and the resulted conductivity in detail, some description of the fabric conductivity lacks 

consistency, with mixing use of resistance and resistivity. 
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Figure 6 Graphite mass as a percentage of initial fabric mass for PET staple fiber nonwovens 

coated with EGF and GO dispersions (a). Mass loading also shown for GO coated samples 

after reduction to rGO. (b) IPR of PET nonwovens coated with GO and after reduction to rGO. 

IPR (c) and TPR (d) of PET nonwovens coated with rGO and EGF (adapted from ref [42]). 

Usually coating a graphene layer onto polymers is more than merely delivering 

electrical conductivity, but a preliminary step for further treatment. Scientists have investigated 

the electrochemical deposition of active materials, such as MnO2, NiS, polyaniline, etc., onto 

the coated graphene layers, for their application in flexible fabric-based supercapacitors.39, 43-

44 More discussion on the textile supercapacitor applications is in the following Chapter 1.2.3. 
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In summary, coating graphene onto textile is a convenient way to prepare conductive 

textiles, especially for hydrophilic polymer matrices, but the major limitations on this topic 

include:  

1) Limited coating efficiency. To achieve higher loading of graphene, it usually requires 

tedious and time-consuming coating processes with tens of cycles. The uniformity of the 

coating layer will be compromised if the loading is too high.  

2) Week adhesion. Due to the weak affinity between polymeric fibers and graphene, an extra 

adhesive layer or binder is often required to stabilize graphene coating, which possibly leads 

to inferior surface conductivity.  

 

1.2.2 Coating GO onto Hydrophobic Polymer Surfaces 

To ensure the uniform coating with good affinity, the wettability of the polymer 

matrices with the coating bath is critical, which is mostly determined by the surface tension of 

the coating bath and the surface energy of polymer matrices.45-46 In other words, polymer 

frameworks should have high enough surface energy to overcome the surface tension of the 

coating bath. Hydrophilic polymer matrices are readily wettable with aqueous coating 

solutions. However, many industrial polymers such as polypropylene (PP), polyethylene (PE), 

and polystyrene (PS) are hydrophobic, leading to great challenges in surface coating. 

Direct coating of hydrophobic polymers with conductive carbon materials requires 

binders. Research progresses are lacking on the coating of hydrophobic polymer with 

carbonaceous materials, the process optimization, and the interface engineering. For instance, 

scientists have coated graphene and other carbon materials onto PP membrane separators in 
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batteries to improve the performance of separation.47-48 PVDF as a binder was mixed with 

graphene in NMP to form a slurry, and further coated onto the PP separator with the Dr. Blade 

process (Figure 7).  

 

Figure 7 Schematic illustration of coating graphene onto PP separator used in Li-S battery 

(adapted from ref [47]). 

 

Limited research progress on the direct coating of hydrophobic polymers is probably 

due to the poor wetting and limited adhesion between the hydrophobic polymer and the coating 

layer. Researchers have made great efforts to improve the surface hydrophilicity by chemical 

and physical treatments, such as plasma, atomic or molecular layer deposition, surface grafting, 

nanostructure engineering, etc. For example, Skarmoutsou et al. used oxygen plasma to treat 

the surface of polymethylmethacrylate (PMMA) for better hydrophilicity. They pointed out 

one of the disadvantages of plasma is that long time of etching will lead to a decrease in 

mechanical properties.49 Hyde et al. improved the wettability of PP nonwoven by atomic layer 
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deposition, but it requires 40~50 times of treatment to intrigue the hydrophilic transition, 

indicating the low efficiency of the process.50 The major limitation of these surface 

modifications is that it usually requires complex processes, some of which are low-efficient, 

high-cost, or only result in temporary effects that fade away in a few hours. 

In addition to binders and surface modifications, other strategies to coat carbon 

materials onto hydrophobic polymer matrices have rarely been reported. From the view of 

surface science, as long as the polymer surface have high enough surface energy to overcome 

the surface tension of the coating bath, the liquid should be able to spread on the surface and 

form continuous interfaces. Table 2 lists the surface energies for common polymers, many of 

which are hydrophobic in nature (adapted from ref [51]).  

Table 2 Surface free energies (SFE) for common polymers (adapted from [51]). 

Name 

Surface free 

energy (SFE) at 

20 °C (mN/m) 

Temp. 

coefficient SFE 

(mN/(m K))  

Dispersive 

contrib. of 

SFE (mN/m) 

Polar contrib. 

of SFE (mN/m) 

Polyethylene-linear PE 35.7 -0.057 35.7 0 

Polyethylene-branched 

PE 

35.3 -0.067 35.3 0 

Polypropylene-isotactic 

PP 

30.1 -0.058 30.1 0 

Polystyrene PS 40.7 -0.072 -34.5 -6.1 

Polyvinylidene fluoride 

PVDF 

30.3 - -23.3 -7 
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Table 2 (continued) 
Polytetrafluoroethylene 

PTFE (TeflonÊ) 

20 -0.058 18.4 1.6 

Polyvinylchloride PVC 41.5 - -39.5 -2 

Polyvinylidene chloride 

PVDC 

45 - -40.5 -4.5 

Polyvinylacetate PVA 36.5 -0.066 25.1 11.4 

Polymethylmethacrylate 

PMMA 

41.1 -0.076 29.6 11.5 

Polyethyleneoxide PEO 42.9 -0.076 30.9 12 

Polyethyleneterephthalate 

PET 

44.6 -0.065 -35.6 -9 

Polyamide-6,6 PA-66 46.5 -0.065 -32.5 -14 

Polyamide-12 PA-12 40.7 - 35.9 4.9 

Polydimethylsiloxane 

PDMS 

19.8 -0.048 19 0.8 

Polycarbonate PC 34.2 -0.04 27.7 6.5 

 

Choosing a proper solvent for the coating material in order for it to spread and wet the 

polymer surface uniformly might be another simple but yet unexplored strategy for the surface 

coating of hydrophobic polymers. Graphene oxide can be easily dispersed in a variety of 

solvents due to its amphiphilicity. It has been reported as an amphiphilic surfactant capable of 

forming stable Pickering emulsions, so it might be capable of lowing the surface tension of the 

solution it disperses in.52 More studies are needed to further understand the wetting behavior 
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of the graphene oxide dope, its surface tension, interaction with polymer matrices, in order to 

engineer the interfaces between hydrophobic polymer and graphene.  

 

1.2.3 Applications of Graphene-Coated Polymer Composites 

Graphene/Polymer composites via coating have demonstrated various applications in 

electronics such as antistatic substances, printed antennas, sensors, diodes, energy-storage 

systems etc., by the virtue of its simple, scalable, and controllable process. Here we enumerate 

some typical applications of graphene-coated polymer composites.  

Flexible Supercapacitors. Due to the flexible nature of polymer matrices and the 

conductive graphene coating layers, graphene/polymer composites have been widely studied 

as flexible supercapacitors. Early research developed traditional sandwich supercapacitors on 

textiles. For example, Yu et al. prepared graphene/MnO2/PET textile-pseudocapacitors, which 

yields high specific capacitance up to 315 F g-1, a maximum power density of 110 kW kg-1, 

and an energy density of 12.5 Wh kg-1.39 With the development of micro-fabrication, scientists 

have created monolithic supercapacitors on polymer matrices with minimized dimension and 

controllable shape, along with high energy/power densities, which are easier to be integrated 

into circuits.53 El-kady et al. fabricated micro-supercapacitors via laser patterning process on 

a GO-coated polyimide film (Figure 8), which are compact, energy dense, charge quickly, and 

possess long lifetime.54  
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Figure 8 Engineering of 3D interdigitated micro-supercapacitors with high energy density. (A-

C) Illustration of the fabrication process for an asymmetric micro-supercapacitor based on laser 

scribed graphene (LSG)/MnO2 composites as the positive electrode and LSG as the negative 

electrode (adapt from ref [54]). 

 

Lithium -Sulfur Battery Separator: As mentioned before, coating graphene onto PP 

separator is the most common application in the field of hydrophobic polymers, which can 

enhance the energy storage performance of Li -S batteries. Graphene can be either coated or 

filtrated onto PP separators. 55-56 The conductive graphene can block and collect the polysulfide, 

and reuse it by acting as an internal current collector, therefore improving the rate capability 

and cycling stability of Li-S batteries.   

Electromagnetic Interference (EMI) Shielding. EMI shielding is also a very 

attracting application for conductive graphene/polymer composites. In this case, a high content 

of graphene sheets (5~30 wt%) in polymer matrices is usually essential to form effective 

conductive networks and obtain an ideal shielding. Therefore, coating is the most efficient and 

widely used approach. Shen et al. prepared ultralight weight graphene/polymer composite for 

adjustable EMI shielding by simple solution dip-coating of graphene on commercial 

polyurethane (PU) sponges (Figure 9). The resulted graphene/PU foams showed an excellent 
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specific shielding effectiveness ranging from 210 to 320 dB·cm2 g-1, which is even tunable by 

compressing the porous polymer matrix.57 

 

Figure 9 Fabrication of compressible polymer/PU composite foams for adjustable 

electromagnetic interference (EMI) shielding (adapt from ref [57]). 

 

Sensors. Graphene/polymer composites combine the advantages of the electrically 

conductive nature of graphene and the elastic/flexible feature of polymers, therefore especially 

fit for strain sensor applications. Bonavolontà et al. reported that the electrical resistance of 

graphene/poly(methyl methacrylate) (PMMA) slats changed with applied stress while 

maintained high structure stability, showing great promise as a novel stress sensor.58 Shi et al. 

developed a health-monitoring device to detect human motions by coating graphene 

nanoplatelets on the polydimethyl siloxane (PDMS) (Figure 10). Its high sensitivity, skin 

friendliness and flexibility resulted in the tunable gauge factors of 27.7~164.5, enabling 

sensing various human motions from ýnger bending to pulse.59 
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Figure 10 Strain sensors used to monitor health. (a) Photographs of a strain sensor attached 

onto forearm like a tattoo. The insets are SEM images for top view and cross view of the sensor. 

(b) Real-time monitoring of human motion by detecting resistance change on finger movement 

(adapted from ref [59]). 

 

1.3 Electrospun Graphene/Polymer Mats and Their Applications 

Electrospinning is a process when an external electrical field is used to draw very fine 

(< 1 ʈm in diameter) fibers from a liquid, either a polymer solution or a polymer melt. It is an 

important and rapidly developing technique to fabricate nanofibers with desired additives. 

Figure 11 illustrates the process of electrospinning. Due to their unique properties such as 

nano-scaled fibers, high specific surface area, light weight and flexibility, the electronspun 

mats have demonstrated considerable potential to be used as separators or electrodes in energy-

storage systems, as well as applications in filtration membranes, drug delivery and tissue 

engineering.60-62 A uniform dispersion is essential for electrospinning of high-quality fibers. 

Since GO can be dispersed in either aqueous or organic solvents together with polymers 

homogeneously, the electrospun GO/polymer composites have attracted great interests, 

especially with water soluble polymers. Research on electrospinning of GO and polymers into 



 

23 

composite nanofibers arises in the recent decades. The major motivation of incorporating GO 

or graphene into polymer nanofibers is to enhance mechanical properties, increase porosity 

and/or surface areas, introduce ionic/electrical conductivity, or impart biomedical properties 

e.g. antibacterial features.  

 

Figure 11 Electrospinning diagram. Diagram by Joanna Gatford at The New Zealand Institute 

for Plant and Food Research Ltd (adapted from [63]). 

 

1.3.1 Preparation and Properties of Graphene/Polyvinyl Alcohol 

Electrospun Mats 

Polyvinyl alcohol (PVA) is one of the mostly studied polymers with nanofibers 

incorporated with GO, mainly due to its water-solubility, fiber-forming capability, 

environmental friendliness, low cost, and biocompatibility.  
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Wang et al. first prepared GO/PVA electrospun fibers with low GO loading (<1 wt%) 

and investigated the process-structure-property relationship.64 During the electrospinning 

process, the voltage was carefully adjusted throughout the process to maintain the current at 

0.02 mA. Figure 12 (a) shows the variation of the voltage vs. the spinning time. It indicates 

that the initial voltage increased with a higher GO content, probably due to the increasing 

surface tension of the dope due to the presence of GO. The GO/PVA nanofibers obtained were 

homogeneous without any beads, showing a typical diameter of 100~500 nm (Figure 12 (b)). 

Since the lateral size of GO sheets is about 1~5 ʈm, much larger than the fiber size, they 

believed that the GO sheets may locally restrain the motion of the polymer chains and very 

delicately assembled inside the fiber. However, due to the low contrast between PVA and GO 

in HRTEM images (Figure 1.12 (c)), the detailed clarification of interactions between GO 

sheets and the nanofibers is not available. Nominal tensile stress-strain tests have been run on 

the GO/PVA nanofibers (Figure 1.12 (d)). GO reinforced the nanofibers, with the tensile 

strength of the nanofibers increased by more than one order of magnitude, from 0.22 MPa of 

pure PVA, to 9.37 with only 0.02 wt% of GO, 14.39 MPa with 0.04 wt % loading, and finally 

saturated. On the contrast, GO decreased the elongation at break of the composite nanofibers. 

At very low loading of 0.02 wt%, the elongation at break dropped from 180 % to 145% 

compared with pure PVA. Higher GO content caused further decrease in the elongation at 

break. This could be due to the interaction between GO and the matrix restricted the movement 

of the polymer chains. The authors optimized the electrospinning processes of GO/PVA 

nanofibers, as well as their structures and mechanical properties comprehensively. However, 

they didnôt explore the possible applications of the resulted GO/PVA electrospun mats.  
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Figure 12 The variation of voltages with time during the electrospinning (a). Typical FESEM 

(b) and HRTEM image (c) of GO/PVA nanofibers. (d) Tensile stress-strain curves of 

nanofibers with various GO loading (adapted from ref [64]). 

Apart from GO, scientists have also investigated the electrospinning of pristine 

graphene and PVA. In this case, surfactants are often required to form a stable and 

homogeneous co-dispersion of graphene and PVA. The loading of graphene is usually limited 

by its dispersibility in solvents. Das et al. first reported electrospinning of pristine graphene 

(0.5 wt% loading) with PVA in presence of polyvinylpyrrolidone (PVP).65 The obtained 

graphene/PVA electrospun fibers were at the submicron level in diameters (0.7~1 ʈm), without 

any beads (Figure 13 (a)), relatively larger than the GO/PVA electrospun fibers reported.64 

They believed that it was due to the viscosity increase upon adding PVP that resulted in 
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decreased elongation during spinning. Different from GO/PVA electrspun nanofibers in which 

no GO can be identified, they actually observed protrusion of graphene out of the PVA fiber 

in HRTEM image (see Figure 13 (b)). The graphene/PVA electrospun fibers showed 

significantly increased thermal stability (increase of 15 °C) and crystallinity (59% increase). 

Although pristine graphene was introduced, no electrical conductivity was reported.  

 

Figure 13 SEM images of electrospun 0.5 wt% graphene/PVA mat (a). The fibers were bead-

free and the observed fiber diameters ranged from 0.7 to 1 ɛm. HRTEM images of a single 

graphene/PVA/PVP fiber (b). Since the lateral dimension of graphene is comparable to the 

fiber diameter, the graphene occasionally protrudes out of the PVA fiber (adapted from ref 

[65]). 

 

Huang et al. investigated the electrospinning of graphene and PVA at the presence of 

sodium dodecylbenzene sulfonate (SDBS), emphasizing the effects of graphene on the dope 

rheology, conductivity and fiber structure.66 In the presence of graphene, the zero-shear 

viscosity (–) increases from is 3.04 PaϽS of pure PVA to 3.33 PaϽS at the loading of 7 wt%. 

At low frequency (<7 rad s-1), the graphene/PVA dispersion shows Newtonian flow behavior, 

indicating no graphene/PVA network formed in the dispersion (Figure 14 (a)). The 
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conductivity of the graphene/PVA dispersion was also measured by a Consort conductivity 

meter. Adding graphene into PVA solutions significantly improved the ʆ value by 73%, from 

1.03 mS cm-1 of pure PVA to 1.78 mS cm-1 at the loading of 7 wt%, given that graphene is a 

conductive filler (Figure 14 (b)). The changes in viscosity and conductivity led to different 

fiber diameter. They found the fiber diameter abruptly decreased upon adding graphene and 

further decreased with more graphene, but eventually increased slightly when the loading was 

up to 7 wt% (Figure 14 (c)). At relatively low loading, the increased conductivity dominated 

the fiber diameter, which induced higher electrostatic force and reduced the fiber size; but at 

high graphene loading, the effect of viscosity become dominant, which hindered the fiber 

elongation and slightly increased the fiber diameter. Similarly, the protrusion of graphene out 

of fiber was also observed (Figure 14 (d)). 
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Figure 14 Effects of graphene concentration on (a) solution viscosity and (b) solution 

conductivity at 25°C. (c) fiber diameter versus graphene content of graphene/PVA nanofiber. 

(d) TEM images of electrospun PVA nanofibers filled with 1 wt% of graphene (adapted from 

ref [66]). 

 

In addition to electrospinning of PVA filled with GO and graphene nanoflakes, 

researchers further develop hierarchical structures with two additives in PVA electrospun 

fibers. For example, Wang et al. prepared the PVA/GO/TiO2 core-shell nanofibers via 

electrospinning followed by interface sol-gel reaction.67 GO not only increased the tensile 

strength of the nanofibers, but also served as the reactive sites to grow TiO2 to reduce the 

nanoparticle aggregation, which is favorable in various applications such as energy storage and 



 

29 

photocatalysis (Figure 15). This work provided new insights to further functionalize GO/PVA 

nanofibers and develop one-dimensional hybrid materials.  

 

Figure 15 TEM images of composite nanofibers: TiO2/PVA (a and b) and TiO2/GO/PVA (c 

and d) (adapted from ref [67]). 

 

To sum up, electrospinning is an important strategy to fabricate one-dimensional hybrid 

nanocomposites. Research on electrospun GO/PVA or graphene/PVA mainly focuses on 

process-structure-relation studies and mechanical or thermal properties. As far as we know, 

the conductivity of the as-spun mats has not yet been reported. Post-carbonization/thermal 
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annealing has been a widely used to impart electrical conductivity to these electrospun mats 

though.  

 

1.3.2 Applications of GO/PVA Electrospun Composite Mats 

The potential applications of GO/PVA electrospun mats mainly lie in energy storage 

and biomedical engineering. 

Usually for energy-storage systems, GO/PVA as-spun nanofiber mats due to their low 

conductivity, require further treatment to deliver energy-storage capability. A typical example 

is to coat GO/PVA mats with PEDOT (poly(3,4-ethylenedioxythiophene) via electrodeposition. 

Abdah et al. reported the supercapacitor performance of the PEDOT-coated GO/PVA 

electrospun mat in 1 M KCl solution.68 The as-prepared supercapacitor showed a high specific 

capacitance of 224.27 F g-1, with an extended voltage window up to 1.8 V (Figure 16). But the 

detailed mechanism on the enhanced electrochemical performance was missing in the reported 

work. 
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Figure 16 Morphology and electrochemical performance of the PEDOT coated GO/PVA 

electrospun mat (adapted from ref [68]). 

Besides, thermal annealing is another widely used strategy to carbonize GO/PVA 

electrospun nanofibers and turn them into carbon nanofibers (CNFs) and graphene, which can 

serve as the highly conductive matrices for other electrochemical active materials used in the 

Li -ion battery. Xu et al. prepared GO/PVA/Si electrospun nanofibers followed by thermal 

annealing and obtained graphene/CNF/Si composite nanofibers.69 The as-spun composite 

nanofibers contained 1 wt% of GO and 20 wt% of Si nanoparticles, showing  individual Si 

nanoparticles attached on the GO/PVA electrospun fiber surfaces without obvious 

agglomeration (Figure 17 (a)). After carbonization, the Si nanoparticles were wrapped and 

encapsulated by graphene within CNFs (Figure 17 (b) and (d)). In this system, the electrospun 

nanofiber structure helped distribute Si nanoparticles homogeneously, and relieved the stresses 

generated from the Li+ intercalation/extraction. Graphene sheets not only offered extra 

conducting pathways for electron/ion charge transfer, but also encapsulated the Si 

nanoparticles to buffer volumetric change, which is the main issue of Si-based electrode. 
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Therefore, the as-prepared graphene/CNF/Si electrode showed remarkable cyclic performance 

in Li-ion batteries compared with other Si-based electrodes (Figure 17 (c)). 

 

Figure 17 SEM image of GO/PVA/Si as-spun nanofibers (a). (b) and (d) HRTEM images of 

Si/CNF/graphene. (c) Cyclic performance of electrodes made from neat Si, CNF, Si/CNF, 

Si/CNF and Si/CNF/graphene at a current density of 100 mA g-1 (adapted from ref [69]). 

 

In addition, biomedical applications of GO/PVA electrospun fibers have also attracted 

great interests. The biocompatibility and hydrophilic nature of GO make it an ideal candidate 

for bio-composites. Qi et al. cultured the osteoblasts on PVA and PVA/GO scaffolds (different 

GO loading) for 4 days.70 The formazan absorbance value is an indicator of the proliferation 
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ability of the cell. Figure 18 shows the viability of osteoblasts increased with longer culture 

period for all scaffolds, and their growth and proliferation on the GO/PVA scaffolds tend to 

increase with higher GO content, which can be attributed to the excellent intrinsic 

biocompatibility and the hydrophilic nature of GO.  

 

Figure 18 Formazan absorption (at 490 nm) in MTT assay was expressed as a measure of cell 

viability of MT3T3-E1cells seeded on the electrospun PVA and PVA/GO composite scaffolds 

with different GO contents for 24, 48, and 96 h (adapted from ref [70]). 

 

1.3.3 Other GO/Polymer Electrospun Mats and Their Application in 

Energy Storage 

Apart from PVA, GO also has been incorporated into a variety of other polymer 

matrices to improve the conductivity, increase the surface area, construct unique structure, and 

enhance mechanical properties via electrospinning. Among them, polyacrylonitrile (PAN) is a 

popular candidate, owing to its good spinnability, miscibility with GO, and easy conversation 
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into CNF via thermal annealing. Khan et al. reported the fabrication of electrospun PAN and 

polymethyl methacrylate (PMMA) nanofiber mats embedded with graphene nanoflakes as the 

separator for Li-ion batteries.71 They pointed out the incorporation of graphene raised the ionic 

conductivity of  the electrospun mats, which may contribute considerably to the enhanced 

battery functionality and lifetime. Table 3 shows the ionic conductivity of the electrospun mats 

of PAN and PMMA as a function of graphene concentration. At 8 wt% of graphene loading, 

the ionic conductivity of PAN and PMMA electrspun mats increased by 44.7% and 28.0%, 

respectively.  

Table 3 Ionic conductivities of PAN and PMMA electrospun mats as a function of graphene 

concentration (adapt from ref [71]). 

Graphene 

concentration 

(wt%) 

Ionic conductivity (S m-1) ¦10-4 

PAN nanofibers PMMA nanofiber 

0 1.83 ± 0.03 3.97 ± 0.03 

2 2.25 ± 0.05 4.52 ± 0.024 

4 2.72 ± 0.04 5.30 ± 0.038 

8 3.31 ± 0.025 5.52 ± 0.03 

 

In addition to the separator in Li -ion battery, the GO/PAN electrospun mat is also a 

good candidate for the separators in Li-S battery. Zhu et al. reported that the GO/PAN 

electrospun separator led to improved cycling capability and anti-self-discharge performance 

in Li-S batteries, mainly because the porous structure of electrospun mat increased the 

electrolyte uptake and GO as a proton conductor improved the ionic conductivity. Moreover, 
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the high affinity between -CŭN and polysulfides (Li2Sn) and the electrostatic interactions 

between GO and negatively charged species (Sn
2-) hindered the shuffle effects.72 Table 4 

compares the physical and electrochemical properties of different electrospun mats working as 

the separators in Li-S batteries. 

Table 4 Physical and electrochemical parameters of PP membrane, electrospun mats of PAN, 

and PAN/GO as the separator in Li-S battery (adapted from ref [72]). 

Sample Porosity (%) Electrolyte Uptake (%) Ionic Conductivity (mS cm-1) 

PP 41 152 0.60 

PAN 70 275 1.00 

GO/PAN 72 303 1.36 

 

Except for battery separators, another important application in energy storage of these 

mats is to be used electrodes in supercapacitors or batteries.  In this case, further treatment such 

as carbonization or chemical reduction of GO is usually required in order to boost the electrical 

conductivity.  

Zhou et al. prepared GO/PAN electrospun mats and further carbonized them to 

graphene/CNF (G/CNF) hybrid structures as electrodes in supercapacitors. The composite 

mats showed a hierarchical structure of graphene sheets and carbon nanofiber (Figure 19 (a) 

and (b)). Such a unique nanostructure was believed to contribute to the great electrochemical 

performance of the G/CNF electrodes. The maximum specific capacitance of the G/CNF in 6 

M KOH reached up to 263.7 F g-1, with excellent capacitance retention ratio of 86.9% after 
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2000 cycles, owing to the high electrical conductivity and large specific surface area of the 

G/CNF composites (Figure 19 (c) and (d)).73 

 

Figure 19 SEM (a) and TEM (b) image of G/CNF electropsun mats. (c) Variation of the 

specific capacitance of G/CNFs with the current density. (d) Cycling performance of the 

G/CNF and CNF electrodes at a constant current density of 2.5 A g-1 (adapted from ref [73]). 

 

Zhu et al. also employed the electrospinning to prepare GO/PVP/Li 4Ti5O12 (LTO) 

nanofibers as the anode material for Li-ion batteries.74 After electrospinning, GO was reduced 

to graphene with hydrazine hydrate vapor at 100 °C . Since LTO offers very low electrical 

conductivity, graphene was chosen as an effective carbon coating to improve the surface 



 

37 

conductivity of the nanocomposites. They found with only a low loading of graphene (1 wt%), 

the charge transfer resistance (Rct) reduced from above 212 ɱ to only 36 ɱ, which contributed 

significantly to the rate capability and cycling properties of the electrode (Figure 20).  

 

Figure 20  TEM image (a), AC impedance measurements (b), rate capability (c) and cycling 

performance (d) of graphene-embedded LTO nanofiber composites (adapted from ref [74]). 

 

In addition, the incorporation of GO can often generate unique structures and enhance 

mechanical properties. For example, GO/nylon-6 electrospun mats showed spider-wave-like 

nanonets containing interlinked fibers with a wide distribution of diameter (14~192 nm), which 

sufficiently decreased the pore size and thus formed nanoporous mat.75 Yoon et al. prepared 

reinforced poly(d, l-lactic-co-glycolic acid) (PLGA) electrospun nanofibers with GO, and 
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found the tensile moduli of GO/PLGA with low GO loading of 1% and 2% showed significant 

enhancement by almost 3- to 5-fold, respectively.76  

 

1.4 Compounding of Graphene/Polymer Composites 

1.4.1 Melt Compounding 

Melt compounding is the most commercially attractive process of composite 

fabrication, due to its advantages in scaling up, environmentally friendliness, and versatility. 

It basically involves direct mixing the graphene or its derivatives with polymer melts in a 

mixing chamber and extruding them by a twin-screw extruder under certain parameters such 

as screw speed, temperature and time. The extruded composites can be further hot pressed into 

films, injected into mold, or melt spun into fibers. It is especially popular in fabricating 

thermoplastic polymer nanocomposites, such as PP, PE, nylon 6, etc. Since GO is not thermally 

stable and will release gas due to decomposition of oxygenated groups, graphene or exfoliated 

graphite (EG) are more commonly used during melt compounding.  

   The nonhomogeneous dispersion of fillers in polymer matrix is the major challenge 

in melt compounding. Aggregation of graphene or graphite flakes makes it more difficult to 

form the conductive pathways inside the polymer matrix, resulting in high percolation 

threshold. To solve this problem, Kalaitzidou et al. put forward a new compounding method 

for exfoliated graphite nanoplatelets (xGnPTM)/PP, in which xGnP and PP powder were 

premixed in isopropyl alcohol (IPA) using sonication to coat individual PP powder particles 

with dispersed xGnP.77 They claimed the main advantage of this method is sonication can 

break down the xGnP agglomerates and the thick xGnP/IPA solution covered the PP particles 
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very efficiently, resulting in homogeneous xGnP-coated PP powder that can be used for 

compression or injection molding (Figure 21 (a) and (b) ). Such xGnP/PP showed a much lower 

percolation threshold of ~0.3 vol%, much lower than that made from conventional melt mixing. 

(Figure 21 (c)) At the comparable loading (1, 3, 5 vol%), its conductivity was also higher than 

the composites made from other two compounding methods (Figure 21 (d)).  

 

Figure 21 SEM images of fracture surface of 10 vol.% xGnP-15/PP composites made by (a) 

melt mixing and (b) coating and melt mixing. (c) Effect of xGnPôs loading on the electrical 

conductivity of xGnP/PP. (d) Comparison of the conductivity of xGnP-1/PP nanocomposites 

made with/without coating (adapted from ref [77]). 
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Kalaitzidou et al. further investigated the nucleating effect of xGnP and its influence 

on the crystal structure and electrical conductivity of xGnP/PP.78 They pointed out that xGnP 

can induce the nucleation of the ɼ-form PP crystals as the nucleating agents, and increase the 

crystallization temperature and crystallization rate. They further investigated the relationship 

between crystallinity, which was altered by different cooling rate, and the percolation 

threshold/electrical conductivity of xGnP/PP (Figure 22 (a)). They found fast cooling resulted 

in higher percolation threshold, because there were more but smaller/thinner crystals in the 

fast-cooled xGnP/PP. Therefore, more graphite platelets were inside the crystals and thus fewer 

available to form the conductive path. In addition, the more and smaller crystals may disrupt 

the formation of the conductive network thus increasing the percolation threshold (Figure 22 

(b) and (c)).  
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Figure 22 Effect of the cooling rate on the electrical conductivity of xGnP/PP. FC stands for 

fast cooling, and SC stands for slow cooling. xGnP-1 and xGnP-15 means the diameter for 

nanoplatelets is 1 ʈm and 15 ʈm, respectively. Schematic of the microstructure of (b) slow 

cooled and (c) fast cooled xGnP/PP. The arrows indicate the formation of conductive network 

which can span across the whole sample in case of slow cooling (adapt from ref [78]). 

 

Graphene can also be incorporated into polymers together with other carbon materials. 

Nilsson et al. used two different carbon fillers: carbon black (CB) and graphene nanoplatelets 

(GNP) to prepare conductive PP composites via cryogenically grind and mixing followed by 

melt compounding.79  They found the percolation threshold for GNP/PP, GNP+CB/PP, and 
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CB/PP are about 8, 4, and 2 wt%, respectively (Figure 23 (a)). In addition, they tried to produce 

conductive fibers with a core/sheath structure on a bicomponent melt spinning line, with core 

of the hybridized GNP+CB/PP nanocomposite and sheath of polyamide 6 (PA 6). The reason 

why they chose GNP+CB/PP as the conductive core is that it shows favorable rheological 

properties (Figure 23 (b)).   

 

Figure 23  Electrical conductivity as the function of the weight fraction filler for CB, GNP + 

CB (ratio 1:1), and GNP in PP (a). Storage modulus of different PP composites (b) (adapted 

from ref [79]). 

 

Table 5 shows the spinning parameters and properties of the produced bicomponent 

yarns. The fiber conductivity was lost during melt and cold drawing, but could be partially 

restored with heat treatment, which involved the diffusion and rearrangement of CB particles 

that reformed the electrical pathways upon heating.  
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Table 5 Spinning parameters and properties of produced bicomponent yarns (adapted from ref 

[79]). 

Sample Sheath/core 

volume ratio 

Melt 

draw 

ratio 

Solid state 

draw ratio 

Conductivity 

(S cm-1) 

Conductivity after 

heat treatment (S 

cm-1) 

Tenacity 

(cN tex-1) 

1 13/3 44 2.0 0.023 0.143 21.7 ± 4.0 

2 13/3 35 2.5 0.012 0.134 20.0 ± 3.5 

3 3/1 88 1.0 0.036 0.090 8.4 ± 3.9 

4 3/1 53 1.7 0.014 0.138 15.5 ± 3.5 

 

In addition to acting as conductive additives, graphene can also be used to enhance 

other polymer properties such as thermal and mechanical properties. Achaby et al. fabricated 

the graphene/PP composites (GNs/PP) via melt mixing and discussed the effects of graphene 

on the thermal, mechanical and crystallization behaviors.80 The addition of graphene increased 

the thermal decomposition temperature by ca. 40 ᴈ at weight loss of 5%, 20 ᴈ at weight loss 

of 15%, and 10 ᴈ at maximum weight loss, indicating graphene enhanced the thermal stability 

of GNs/PP significantly (Figure 24 (a)). The hindered diffusion of volatile decomposition 

products within the composites was believed to be the major cause behind this phenomenon, 

which strongly depending on the nanosheets-polymer chain interactions. Besides thermal 

stability, the incorporation of graphene also increased the Youngôs modulus and the tensile 

strength significantly (Figure 24 (c) and (d)). With 1 wt% and 3 wt% of graphene loading, the 

Youngôs modulus showed a substantial increase of 64% and 100%, respectively, and the tensile 

strength increased by 54% and 81%, respectively. The reason for the improvement could be 

the large aspect ratio and the high intrinsic mechanical characteristics of graphene, as well as 
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the relatively strong interfacial interaction between graphene and PP, which resulted in high 

interfacial stress transfer efficiency. However, the elongation at break decreased dramatically 

even when the graphene loading was as low as 0.2~0.5 wt% due to the restriction of polymer 

chain movements (Figure 24 (d)).  

 

Figure 24 TGA and DTG thermograms (a), typical stress-strain curves (crosshead speed set at 

10 mm/ min) (b), Youngôs modulus (c) and the tensile strength and the elongation at break  (d) 

of the neat PP and GNs/PP with various graphene contents of 0.2, 0.5, 1.0, 1.5, 2.0, and 3.0 

wt% (adapted from ref [80]). 
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Melt mixing is a convenient, environmentally friendly, cost effective way to fabricate 

graphene/polymer composites. The major disadvantage is that the percolation threshold is 

relatively high due to the difficulty to achieve uniform dispersions of fillers. High electrical 

conductivity requires high loading of graphene, whereas more graphene will decrease the 

elongation at break of the composites, leading to brittle products. Strategies to lower the 

percolation threshold and optimize the trade-off between conductivity and tenacity are still 

under investigation.   

 

1.4.2 Solution Compounding 

Compared with melt compounding, solution mixing is also a convenient method to 

prepare graphene/polymer composites with some advantages. The most important one is the 

easiness in achieving homogeneous dispersions, which will fully utilize the function of fillers, 

especially important for forming conductive pathways in the polymer matrices. GO, due to the 

presence of oxygenated surface groups, can be dispersed in water and some organic solvents 

easily. Therefore, itôs feasible to mix GO and polymer solutions together, followed by a 

reduction process with reducing agents such as hydrazine (N2H4), sodium borohydride 

(NaBH4), hydroiodic acid (HI), to prepare graphene/polymer composites. However, there are 

also disadvantages for solution compounding. One is the solvents for polymer solution and GO 

or graphene dispersions should match, which is challenging especially when some polymers, 

such as PP, only dissolve in few solvents. Besides, the organic solvent is often environmentally 

harmful.  
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Xylene is widely used to dissolve PP and further mix with graphene. Li et al. 

investigated the electrical conductivity of the graphene/PP composites (GnP/PP), prepared by 

mixing PP/xylene solution with graphene nanoplatelets under overnight stirring (Figure 25 

(a)).81 The obtained GnP/PP still contain aggregated graphene flakes, indicating solution 

mixing cannot solve the filler distribution problem thoroughly (Figure 25 (b) and (d)). Due to 

the aggregation, the percolation threshold was not significantly lowered. They claimed the 

electrical percolation was around 12.0 wt% when the resistivity of graphene/PP decreased 

significantly to 1.6 Ĭ 104 ɋϽcm (Figure 24 (c)).  
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Figure 25 Experimental setup and the procedure for preparing GnP/PP composites (a). (b) 

SEM image of GnP/PP with graphene nanoplatelets loading of 5.0 wt%, with enlarged region 

shown in (d). (c) Resistivity of the GnP/PP as a function of graphene loading (adapted from 

ref [81]). 

 

Apart from electrical conductivity, the incorporation of graphene also has influence on 

the crystallization behavior of PP. Xu et al. prepared graphene/PP composites (PPG) by mixing 

PP/xylene solution with the graphene/xylene dispersion, and further dried and melt molded 

into thin films. They investigated the effect of graphene on the crystallization behavior of PP 

by in-situ synchrotron wide-angle X-ray diffraction (WAXD) techniques, and found graphene 

acting as the heterogeneous nucleating sites directly induced Ŭ-crystals of PP and promoted 
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the crystallization kinetics of PP (Figure 26).82 However, they didnôt quantitatively calculate 

the detailed kinetics.  

 

Figure 26 2D WAXD patterns of neat PP (PPG0) and its graphene composites with 5 wt% and 

10 wt% of graphene loading (PPG05 and PPG10 respectively) isothermally crystallized at 145 

ᴈ under quiescent conditions (adapted from ref [82]). 

 

Latex-based fabrication is also employed to prepared graphene/PP composites with 

homogeneous dispersion. Wang et al. prepared rGO/PP composites through a latex technique, 

which consisted of mixing PP aqueous emulsion with GO/water dispersion followed by in-situ 

chemical reduction of GO.51 The PP latex composed of 30 wt% of maleic anhydride-grafted 

isotactic PP (MA-g-iPP) and 5 wt% of anionic surfactant of the oleic acid type. By this 
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approach, the graphene nanosheets were homogenously dispersed in PP matrix without 

discernible aggregation (Figure 27 (a)). The graphene sheets were even not pulled out at the 

cross-section (Figure 27 (c)), indicating strong adhesion between rGO sheets and the PP matrix. 

They believed the homogenous dispersion originated from the interactions via hydrogen 

bonding between the residual hydroxyl and carboxyl groups on rGO surfaces and the carboxyl 

groups on MA-g-iPP chains, which rendered the rGO nanosheets absorbed onto the surface of 

colloidal PP particles rather than aggregation. The obtained rGO/PP composites showed 

improvement in dielectric properties. At low rGO loading (<0.03 vol%), the AC (alternating 

current) conductivity of the composites increased with the frequency and showed a strong 

dependence on the frequency owing to their insulating nature. The insulator-semiconductor 

transition occurred at the rGO loading of 0.033 vol%, when the AC conductivity exhibited a 

conducting feature that remained nearly frequency independent in the range of 102~106 Hz 

(Figure 27 (b) and (d)). They attributed the ultra-low percolation threshold to the two-

dimensional (2D) nature of graphene, as well as the processing technique that efficiently 

suppressed the aggregation of rGO and resulted in homogenous dispersion. Dielectric 

conductivity or permittivity was attributed to the so-called micro-capacitor effect, which means 

the charge carriers migrated and accumulated at the interfaces between the rGO nanosheets 

and the PP matrix due to local electric field (interface polarization). Due to the mechanism 

difference between the dielectric permittivity and the electrical conductivity, the application of 

the dielectric composites might be limited in some AC only situations.  
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Figure 27 TEM (a) and SEM images (c) of the rGO/PP latex composite (0.2 vol% of rGO). (b) 

Conductivity of the rGO/PP composites with different volume fraction of graphene as a 

function of frequency at room temperature. (d) Dielectric permittivity (Ů') of the rGO/PP 

composites as a function of graphene volume fraction, measured at 103 Hz and room 

temperature (adapted from ref [51]). 

 

The latex technique can also be combined with melt compounding. Song et al. prepared 

the exfoliated graphene-based PP nanocomposites by first mixing GO/water dispersion with 

PP latex, and then chemical reduced to graphene and melt-blended with PP matrix.83 The 

electrical conductivity, thermal stability and mechanical strength were investigated in detail 

(Table 6). The conductivity of graphene/PP composites increased with graphene loading and 

exhibited a relatively high conductivity of Ḑ10-5 S m-1 at the loading of 2.0 wt%, implying the 
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formation of conductive network through the polymer matrix. The percolation threshold was 

roughly estimated between 1.0 wt% and 2.0 wt%. But no further analysis regarding to 

conductivity was conducted. Similar with other reports on graphene/polymer composites, the 

resulted graphene/PP showed higher Youngôs modulus and yield strength, higher thermal 

degradation temperature, but lower elongation at break as aforementioned. 

Table 6 Properties of graphene/PP nanocomposites with various graphene loadings (adapted 

from ref [83]). 

Sample  

Graphene 

(wt%) 

Crystallinity 

… (%) 

Peak 

temperature of 

crystallization 

Tp (°C)  

Electrical 

conductivity 

„ (S m-1) 

Youngôs 

modulus 

(GPa) 

Elongation 

at break (%) 

Neat PP 0 42 116 3.2 × 10ī13 1.02 ± 0.10 1120 ± 100 

PPG-0.1 0.1 41.6 117.5 1.3 × 10ī12 1.25 ± 0.12 1150 ± 120 

PPG-0.5 0.5 42.8 117.7 3.6 × 10ī10 1.50 ± 0.15 330 ± 30 

PPG-1.0 1 42.7 117.9 2.7 × 10ī9 1.76 ± 0.25 130 ± 20 

PPG-2.0 2 43.1 118.5 4.5 × 10ī5 1.66 ± 0.20 120 ± 18 

PPG-5.0 5 44.7 120.3 1.8 × 10ī4 1.23 ± 0.13 100 ± 15 

 

Solution mixing is especially suitable for polymers soluble in water or various organic 

solvents. Due to the formation of uniform dispersions, some of the resulted graphene/polymer 

composites can exhibit very low percolation threshold. For example, Stankovich et al. first 

reported highly conductive polystyrene (PS) filled with graphene prepared via solution mixing 

in DMF, which shows a very low percolation threshold of 0.1 vol%.84 However in the PP 
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system, such a low percolation threshold can hardly be achieved, probably due to the structure 

difference between PP and graphene, the crystallization behavior, solution solubility etc. In 

general, solution compounding is still an effective way to prepare graphene/polymer 

composites with uniform filler distribution, and can be easily combined with melt 

compounding or followed with other fiber processing techniques, such as electrospinning, melt 

and wet spinning. 

 

1.5 Summary 

In this chapter, we have reviewed the state-of-art of graphene/polymer composites 

fabricated via three major methods, i.e. coating, electrospinning, and compounding 

(melting/solution). The advantages and disadvantages of each method, in terms of fabrication 

process, composite structures, and product properties (electrical, mechanical, thermal etc.), 

have been discussed and compared in detail. Taking advantages of the highly capacitive and 

conductive graphene additive, the conductive graphene/polymer composites can be widely 

used in energy-storage systems such as batteries and supercapacitors, working as electrodes, 

electrolytes and separators. On the other hand, in retention of original benefits of polymers, the 

composites have shown great promises in flexible and wearable electronics. Today, although 

some graphene/polymer master batches have been commercialized in the market, there still 

remains large empty space to be explored to achieve higher electrical or ionic conductivity. 

The applications of the graphene/polymer composites have also attracted increasing interests 

from relevant fields, such as micro-energy-storage systems, wearable sensors, and biomedical 

devices.  
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CHAPTER 2: RESEARCH OBJECTIVE S AND 

DISSERTATION OUTLINE  

The objective of this work is to 1) create electrically/ionically conductive polymer 

composites with two dimensional (2D) carbon flakes graphene oxide or graphene, which 

deliver high conductivity while retain the original polymer features such as light weight and 

flexibility; 2) provide fundamental understanding on how GO interacts with polymer 

solutions/individual fibers and influences the properties of composites; 3) investigate the 

applications of graphene/polymer composites in energy-storage systems. The main research 

work includes:  

2.1 Thermal Decomposition of GO in Air via In-situ X-ray 

Diffraction Analysis 

Thermal decomposition of graphene oxide (GO) has been extensively investigated in 

the last decade, but the detailed reaction kinetics remains elusive so far. Here we employ in-

situ X-ray diffraction (XRD) analysis to clarify the kinetics of GO decomposition in different 

atmospheres and sample morphologies. The XRD peak (002), which is the major diffraction 

peak corresponding to the interlayer distance in GO samples, shifted from 11.5Ј to 23Ј along 

with significant decrease in intensity when samples were heated from 25 °C to 350 °C in air. 

The decomposition in air exhibits a higher reaction rate compared with that in pure nitrogen 

gases, because the O2 molecules in air facilitate the oxidation of carbon atoms and oxygenated 

functional groups, leading to the evolution of CO and CO2. Free-standing films of GO also 

decompose significantly faster than GO powders, owing to their slower heat dissipation into 

the environment and higher thermal conductivity within the well-stacked lamella. This study 
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has provided new insights on the reaction kinetics of GO thermal decomposition and offered a 

novel perspective on kinetic analysis based on the in-situ XRD technique. 

2.2 Conductive Graphene/Polymer Composites via Coating and 

Compounding 

Most polymeric matrices involved in graphene coated polymer composites so far are 

bulk polymer films, polymer fibers, woven or knitted polymeric fabrics. Nonwoven fabrics, on 

the other hand, have rarely been reported as the basic host of conductive additives. Nonwoven 

systems, usually as three dimensional (3D) porous matrices made from molten polymers or 

entangled fibers, have notable advantages over traditional woven or knitted fabrics as the 

matrices of conductive textiles, due to their better absorbency of additives, higher porosity, 

more stretchiness and lower cost. Here we investigated the coating of GO onto hydrophilic and 

hydrophobic melt-blown nonwovens, nylon and polypropylene, respectively, followed by 

chemically reduction into graphene to offer electrical conductivity. A systematic study both 

from experimental and theoretical modeling perspectives has been conducted on the key 

factors that influence the conductivity of the obtained graphene/nonwoven (G/NW) composites, 

in terms of matrix hydrophilicity, fiber structure, dope properties, graphene loading, etc. The 

obtained G/NW composites offered high conductivity, low percolation threshold and good 

wash fastness. For comparison, melt and solution mixing of graphite with PP has also been 

investigated which delivers much lower efficacy than coating.  
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2.3 Graphene-coated Nonwovens as Energy-storage Textiles 

To further investigate the applications of the conductive G/NW in wearable electronics, 

herein monolithic supercapacitors have been developed on the GO/nylon nonwoven 

composites via a programed CO2-laser patterning process. The nonwoven works as an efficient 

matrix with high surface area, ensuring enough electrode materials generated via the 

subsequent laser patterning processes. It also improves the electrolyte uptake and ionic 

diffusion during the charge/discharge process owing to the highly porous structure. Similar 

application has also been demonstrated on the GO/PP nonwoven. Detailed electrochemical 

analysis of those GO/nonwoven supercapacitors have been conducted, including the effects of 

electrode geometry, electrolyte selection, kinetic analysis, bending performance, etc. High 

areal capacitance, energy density and power density, have been achieved and the G/NW based 

monolithic supercapacitors carry great promise to be used as lightweight, flexible and 

minimized energy-storage systems.  

2.4 Electrospun Mat of Polyvinyl Alcohol/Graphene Oxide as 

Solid-State Electrolyte with  Superior Performance 

Electrospinning of polymer solution with additives is a simple and widely-used 

approach to produce composite nanofiber mats. Here we describe a polyvinyl alcohol (PVA) 

and GO composite mat prepared via electropinning of their co-dispersion in water. The resulted 

GO/PVA mat is ionically conductive, due to the oxygenated groups in GO and PVA 

functioning as proton-hopping sites, potentially to be used as polymer electrolyte. The proton 

conducting behavior of the mat has been further investigated in a sandwich supercapacitor 

derived directly on the mat via a well-developed laser-patterning process. The PVA-GO mat 
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overcomes the major issue of conventional PVA-based electrolytes, which is the ionic 

conductivity decay upon drying. After exposure to 45¤5% relative humidity at 25 Ņ  for 1 

month, its conductivity decay is limited to 38.4%, whereas that of pure PVA mat is as high as 

84.0%. This mainly attributes to the hygroscopic nature of GO and the unique nanofiber 

structure within the mat. Monolithic supercapacitors have been derived directly on the mat via 

a well-developed laser-scribing process, which offers an areal capacitance of 9.9 mF cm-2 at 

40 mV s-1 even after 1-month storage in ambient conditions, with high device-based volumetric 

energy density of 0.13 mWh cm-3 and power density of 2.48 W cm-3 respectively, 

demonstrating great promises as a more stable power supply for wearable electronics. 
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CHAPTER 3: THERMAL DECOMPOSITION OF 

GRAPHENE OXIDE IN AIR VIA  IN-SITU X-RAY 

DIFFRACTION ANALYSIS  

3.1 Introduction 

Graphene, a monolayer of sp2 carbon atoms, has shown excellent performance in 

transistors, sensors, supercapacitors, batteries, electrocatalysts, and solar cells due to its 

excellent electrical, optical, thermal and mechanical properties.13, 85-93 A lot of effort has been 

made toward the large-scale production of graphene through various approaches after it was 

first exfoliated from graphite, among which conversion of graphene oxide (GO) has attracted 

enormous attention due to its large scale accessibility and versatility.8, 15, 26, 94 GO, typically 

made via chemical oxidation of graphite,95 is a nonstoichiometric compound, with oxygenated 

groups, such as hydroxyl, epoxy, ester, lactol and carboxyl groups, attached on the surfaces 

and peripheries of the basal planes.12, 23 When dispersed in water, GO hydrolyzes and bares 

negative charges on its surface, thus GO flakes are well exfoliated into single layers.96 

Chemical reduction of GO dispersion along with some surfactants, can lead to large quantities 

of monolayer graphene in water, which is hardly available through any other protocols.29, 97-98 

In addition, thermal conversion of GO back to graphene also attracted considerable attention 

since itôs a simple and nontoxic process with great potential in lowering the cost of graphene 

production.36, 99-101 GO decomposes easily upon heating, resulting in the loss of oxygenated 

groups and the evolution of H2O, CO and CO2.
23, 102-103 However, all of the reported 

conversions only result in partial recovery of the sp2 carbon lattice, and the conversion 

mechanisms remain elusive.15, 104 
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The extent of GO conversion to graphene can be characterized by the color, microscale 

morphology, carbon-to-oxygen (C/O) ratio, electrical conductivity, and dispersibility of the 

resulted products. These analyses can offer detailed information of structural changes in GO 

before and after decomposition, but are quite limited in providing a dynamic scheme of the 

reaction. In-situ characterization techniques can observe the entire reaction process directly 

and would therefore be able to collect real-time data for mechanistic and kinetic studies. 

However, very few studies have been reported to date on GO decomposition via in-situ analysis 

techniques. Sampath et al. analyzed the electrochemical reduction of GO via in-situ Raman 

spectroscopy measurements, and confirmed that GO can be reduced electrochemically in 

deaerated KNO3 solutions starting from -0.2 V vs. saturated calomel electrode (SCE).105 

However, the reduction kinetics was not mentioned. Ruoff et al. investigated the mechanism 

and kinetics of thermal reduction of GO platelets via monitoring its resistivity at different 

stages of reduction in high vacuum.103 They reported an estimated value of reaction order of 

2.2 and activation energy of σχ ρ kcal/mol for the thermal decomposition of a single GO 

platelet in high vacuum, but did not discuss other important factors that will influence the 

kinetics, such as reaction atmosphere and sample morphology. Huh characterized the thermal 

decomposition process of GO from room temperature to 2000 °C under N2 gas flow with the 

in-situ XRD technique.99 He qualitatively studied the thermal decomposition process of GO 

by establishing the correlation between the position of the (002) diffraction peak and the 

corresponding stage of decomposition. Although the change in the peak intensity was briefly 

mentioned, no further quantitative analysis was presented.  

In this study, thermal decomposition of GO in different morphologies and reaction 

atmospheres have been investigated via in-situ XRD measurements. Due to its high sensitivity 
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to structural changes in crystals, the in-situ XRD technique is particularly useful in the 

elucidation of reaction mechanisms during alloying, decomposition and lithium-ion 

intercalation.106-108 In the case of GO thermal decomposition, the in-situ XRD measurements 

clearly revealed the evolution of the overall decomposition process, involving the escape of 

intercalated water, removal of oxygenated groups and the formation of defects on the graphene 

basal planes, through the shift of the (002) peak position from 11.5° to 23°, corresponding to 

the d-spacing between GO flakes decreasing from 7.7 Å to 3.9 Å. Meanwhile, the intensity 

decrease of the (002) diffraction peak, as the result of the removal of functional groups and the 

defects formation on the graphene basal planes, served as the basis for our quantitative analysis 

of the reaction kinetics. Our in-situ XRD analysis was further used to understand the effects of 

reaction atmosphere (air vs. nitrogen) and GO morphologies (powders vs. free-standing films) 

on the kinetics of GO thermal decomposition. 

 

3.2 Experimental Methods 

3.2.1 Preparation of GO Powder and Film 

GO was prepared by modified Hummerôs method as reported in the literature.95 The 

graphite (Micro 850) from Asbury Graphite Mills Inc., Kittanning, PA was used. Free-standing 

GO films were made by vacuum filtration. For a typical film preparation, 100 ml of 

homogenous GO dispersion in a concentration of 3 mg/ml was filtered with a nitrocellulose 

membrane (0.025 ɛm, Millipore) by using a vacuum filtration setup for 5 days. The resulting 

free-standing film is around 20 ɛm in thickness, 8.7 cm in diameter, and approximately 200 

mg by weight. GO powder is obtained by drying GO dispersion in a vacuum desiccator together 

with P2O5 overnight. Both GO film and powder are from the same preparation batch.  
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3.2.2 Analytical Instrumentation  

The in-situ XRD measurements were carried out using a Panalytical Empyrean X-ray 

diffractometer with an Anton Parr XRK 900 reactor chamber. Diffraction patterns were 

acquired throughout the whole heat treatment every 5 ÁC in a 2ɗ range of 5Á to 35Á. Each XRD 

pattern was measured in a step size of 0.0263Á (2ɗ) and count time of 24 sec/step, respectively. 

For the thermal decomposition to determine the temperature of annealing, GO sample was 

firstly heated in the chamber from 25 °C to 105 °C with a heating rate of 3 °C /min and held at 

105 °C for an hour to remove all the water. After that, the sample continued to be heated to 

350 °C with a heating rate of 3 °C/min. It is observed that 150 °C was the onset from which 

the intensity of (002) diffraction peak began to decrease significantly, indicating the 

acceleration of the thermal decomposition. Therefore, the thermal decomposition of GO at a 

constant temperature of 150 °C was also conducted following the same heating process and 

held at 150 °C for 2.5 hours. 

Raman spectra were obtained with a Bayspec 3 in 1 nomadic Raman microscope by 

exciting a 532 nm laser. FT-IR spectra (ATR) were collected with a Thermo Nicolet Nexus 

470 instrument. 

 

3.3. Results and Discussion 

3.3.1 In-situ X-ray Analysis of Thermal Decomposition Kinetics 

Figure 28 (a) showed the shift of XRD patterns of a GO free-standing film in the 

temperature range between 25 °C and 350 °C in air. The temperature profile consisting of three 

stages was shown in Figure 28 (b). When temperature was firstly elevated from 25 °C to 105 °C, 

the (002) peak position shifted from 10.8° to 13.1°, indicating the interlayer distance decreased 
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from 8.2 Å to 6.8 Å. In this stage, the d-spacing decline was mainly due to the evaporation of 

physically adsorbed water molecules intercalated between GO layers. The d-spacing of GO 

can vary from 5 Å to 9 Å, depending on the number of intercalated water molecules.109-110 

Considering that water molecules play an important role in the change of interlayer distance in 

GO, the GO film was held at 105 °C for 1 hour to ensure all the physically-adsorbed water 

molecules were removed from GO layers. In the end of this process, the (002) peak position 

and intensity remained almost constant. As we set the temperature to increase from 105 °C, 

the (002) diffraction peak continued to shift to a higher angle (2ʃ). At 150 °C, the peak intensity 

started to drop extensively, indicating the accelerated decomposition process at this 

temperature. The (002) peak degraded into a very broad bump at around 200 °C. During this 

process, the decline of the interlayer distance is mainly due to the removal of oxygenated 

groups including hydroxyl, epoxy and carboxyl groups as well as some carbon atoms on the 

graphene basal planes. In addition, the decrease in the peak intensity implied the in-plane 

defects, such as pinholes, generated in the sp2 lattice. The resulted carbon structure was 

partially amorphous and comprised of many defects with the sp2 and sp3 carbon atoms 

coexisting in the structure. The broad bump slowly raised up above 200 °C, which might 

attribute to the further removal of more oxygenated groups that extended the sp2 carbon lattice. 

Finally, the diffraction peak shifted to ~23.5°, corresponding to the d-spacing of 3.8 Å, which 

is approaching the typical d-spacing in graphite, ca. 3.4 Å via traditional wide-angle XRD 

analysis.100 The thermally decomposed GO can never retrieve the perfect graphitic structure, 

thus bares a slightly higher d-spacing of 3.6 Å. This is mainly due to the residue functionalities 

and the lattice defects formed during thermal annealing processes.111 Although high 

temperature and chemically-reducing atmosphere are preferred for the conversion of GO to 
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graphene, our experimental condition, 350 °C in air, is good enough to push this conversion to 

a reasonable extent. 

 

Figure 28 Evolution of the (002) XRD peak of a free-standing GO film, during the thermal 

annealing from 25 °C to 350 °C in air. (a) the contour plot of (002) peak in the 2ʃ range from 

5° to 30° throughout the thermal annealing process, when the (002) peak position gradually 

shifted from 11° to 23° as the temperature increased following a temperature profile as shown 

in (b). (b) Temperature vs. time profile of the programmed heating process: temperature was 

raised from 25 °C to 105 °C at the ramping rate of 3 °C/min, then held at 105 °C for 1 hour to 

remove all the intercalated water molecules, and finally increased to 350 °C at the ramping rate 

of 3 °C/min.  

 

Our in-situ XRD measurements characterized the evolution of interlayer spacing in GO 

throughout different thermal decomposition processes. More importantly, they provided 
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information about the real-time intensity of the (002) peak, allowing us to analyze the reaction 

kinetics with this unique set of diffraction data. Quantitative analysis of peak intensities has 

been well developed in clay mineral studies.112 It has been proven that the intensity ratio of 

different diffraction peaks is proportional to the weight percentage of their corresponding 

phases.113-114 In the case of GO thermal decomposition, the (002) diffraction signals come from 

the X-ray diffraction from stacked GO platelets within various GO samples. When GO 

decomposes, the intensity of (002) diffraction peak decreases dramatically, because the 

evolution of oxygenated groups also carries with them some carbon atoms from the graphitic 

plane, leaving behind vacancies in the sp2 carbon lattice.115 These pinholes on the graphene 

basal plane lead to less X-ray diffraction signals, thus lower the intensity of the (002) peak. 

Consequently, the peak intensity here is correlated with the progress of GO thermal 

decomposition. In other words, the intensity is indirectly correlated to the concentration of un-

decomposed oxygenated groups on GO at every data-collecting point within a certain 

temperature range (< 200 °C). As the temperature goes higher (e.g. >200 °C), the variation in 

the peak intensity becomes less prominent, and the sp2 carbon domain starts to dominate the 

XRD signals at higher 2ʃ (above 20°). Therefore, our kinetic analysis here will only focus on 

the decomposition process at 150 °C, when the correlation between the peak intensity and 

functional-group concentration in GO exists. Although the numeric correlation in-between is 

still hard to clarify, it is reasonable to assume that the reaction rate equation, commonly known 

as Ö Ëὧ  (where v represents the reaction rate, k refers to the reaction rate constant, c refers 

to the concentration of reactants, and n refers to the reaction order), can be transformed into a 

similar equation to describe the reaction rate of GO thermal decomposition: Öᴂ ËὭ , where 

i is the intensity of (002) diffraction peak and v' refers to the rate of intensity decrease (v'
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ὨὭὨὸϳ ). In this equation, kô and nô play the similar role as the reaction rate constant (k) and 

reaction order (n). Higher kô indicates faster reaction rate, and nô relates to the decomposition 

mechanism. Based on the calculation of these two key parameters, we analyzed the effects of 

different reaction atmosphere (air and nitrogen) and GO morphologies (free-standing films and 

powders) on the rate of thermal decomposition. Figure 29 shows the decomposition process of 

GO to graphene and summarizes the kinetic studies on the basis of real-time intensity changes 

of the (002) peak obtained with in-situ XRD measurements. 

 



 

65 

 

Figure 29 Structural changes during the thermal evolution from GO to graphene a) schematics 

showing the interlayer-distance decrease in GO due to the removal of water and oxygenated 

groups upon heating from 25 °C to 350 °C; b) kinetics of the in-situ XRD data indicating the 

significant influences of atmosphere and sample morphology on the reaction rates and 

mechanisms of thermal decomposition at 150 °C. 

 

3.3.2 Effect of Atmosphere 

To further investigate the effect of atmosphere on the decomposition process, thermal 

annealing of a GO free-standing film at a constant temperature of 150 °C in air and pure 
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nitrogen atmosphere has been conducted. Previous reports indicated that GO started to 

decompose above 150 °C.99 In our experiments, 150 °C was chosen to ensure that the 

decomposition was slow enough for us to observe and characterize via our in-situ XRD 

instrument.  

Figure 30 (a) demonstrated the typical decline in the peak intensity of the GO film in 

both air and nitrogen atmosphere upon heating. The decrease was slightly faster in air than that 

in the nitrogen atmosphere. This implies a higher decomposition rate of GO film in air, as 

demonstrated by the kinetic analysis results shown in Figure 30 (b). The natural logarithm of 

intensity decrease rate (ὰὲὨὭȾὨὸ)) was plotted against the logarithm of peak intensity (ὰὲὭ), 

where intensity decrease rate ( ὨὭȾὨὸ) was determined by taking the first-order derivative of 

the curves in Figure 30 (a). A good linear fit was achieved between ὰὲ ὨὭȾὨὸ ὺίȢὰὲ Ὥ in 

both atmospheres. The values of ὲȭ and Ὧȭ were calculated according to the slopes of the linear 

fitting and the intercepts with the y-axis. For the thermal decomposition of GO film at 150 °C  

in air, Ὧȭ was calculated to be ςȢσ ρπ ί ȟ a bit larger than Ὧȭ in nitrogen (ρȢω ρπ ί ), 

which may be due to the oxygen (O2) in air accelerating the decomposition by eliminating the 

carbon atoms in GO in the form of carbon oxides (CO and CO2).
115 However, both atmospheric 

environments shared a similar ὲȭ of ca. πȢφ, indicating the mechanism of thermal 

decomposition in air and nitrogen was almost the same. The value of ὲȭ is significantly 

different from that in Ruoffôs calculation (ὲ  ςȢς),103 which can be attributed to three 

possible reasons: 1) although ὲȭ played a similar role as the real reaction order in the equation 

of Ö ËὭ , corrections are still needed to correlate it with the real ὲ and validate its physical 

significance, since the intensity but not the concentration of oxygenated groups was used for 

the calculation; 2) Ruoffôs calculation was based on thermal annealing GO at a higher 
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temperature of 200 °C ; 3) their GO samples were thermally decomposed in high vacuum 

instead of any atmosphere. 

 

Figure 30 Time-dependent evolution of the intensity of (002) diffraction peak in a free-

standing GO film at 150 °C in air and nitrogen atmosphere (a). All peak intensity was 

normalized with an external standard (the intensity of the same GO film measured at 25 °C as 

the standard). Kinetic analysis of thermal evolution of GO film at 150 °C in air and nitrogen 

atmosphere (b). A good linear fit was achieved in the logarithm plot of the rate of intensity 

decrease vs. the intensity itself ὰὲὨὭὨὸϳ ὺίȢὰὲ Ὥ  for both decomposition processes. ὲȭ 

and Ὧȭ were obtained through the slopes and y-axis intercepts. 

 

3.3.3 Effect of Morphology 

In addition to the reaction atmosphere, the morphology of GO samples also impacts the 

kinetics of thermal decomposition. Figure 31 compared the kinetics of GO film and GO powder 

samples annealed at 150 °C  in the same atmosphere (air), which showed an obvious difference 

in the rate of decomposition between the two samples. The as-made GO powder, as shown in 

the inset picture of Figure 31 (a), consists of small GO flakes, while the free-standing GO film 
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has a smooth and continuous surface. Both of them exhibited significant decline in the (002) 

peak intensity, demonstrating their evolution to graphene at 150 °C . There is a small difference 

between the ὲȭ values of GO film (ὲᴂ πȢφ and GO powder (ὲᴂ πȢψ samples, 

which may be due to more edges in the GO powder sample exposing more dangling 

oxygenated groups to the heat. On the other hand, the GO film was much more sensitive to 

thermal treatment than powder as shown in Figure 31 (b). The Ὧᴂ  (as mentioned above, 

ςȢσ ρπ ί ) was more than three times higher than that of Ὧȭ , which was calculated 

to be χȢσ ρπ ί . The reason for that may lie in the film sampleôs better heat conservation 

and higher heat transfer rate compared with that of the GO powders. The decomposition of GO 

is highly exothermal.116 The heat release during thermal decomposition of GO can be divided 

into two parts: 1) thermal convection at the GO/air interfaces and 2) heat transfer inside GO 

samples. GO powder, due to its higher surface area, can dissipate the generated heat into the 

environment more rapidly and efficiently than GO film. Therefore, the thermal energy from 

GO decomposition was accumulated and transported directly within the GO film, which in turn 

boosted its thermal decomposition rate. This can be considered as self-promoted 

decomposition, and due to the better accumulation and utilization of that thermal energy in GO 

films, we observed a faster decomposition in film samples as compared to powder samples. 

Moreover, it is expected that GO film has a higher heat transfer rate as compared to randomly 

stacked GO powders. Free-standing GO film was highly oriented and tightly stacked together 

because of its self-assembly during vacuum filtration processes.20 However, the naturally-dried 

GO powder has randomly-oriented GO flakes with much larger amount of gaps in between. It 

has been pointed out that the effects of phonon-boundary or defect scattering were among the 

significant factors that limited the thermal transport in few-layer graphene.117 In GO powder, 
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the loosely stacked and disordered flakes generated more boundaries. These boundaries 

overlapped with each other in uncontrolled angles and faces, which scattered the phonons and 

limited heat transfer inside GO. Nevertheless, such boundary effects were mostly eliminated 

in free-standing GO films, because the dense stacking of GO flakes at the microscale generated 

semi-ordered structures that suppressed thermal loss. As a result, the efficiency of heat transfer 

inside the free-standing GO film was higher than that of powder, which also provided stronger 

driving force for its fast thermal decomposition.  

 

 

Figure 31 Kinetic analysis of thermal decomposition of GO powder and free-standing GO film 

at 150 °C  in air. (a) time-dependent evolution of the intensity of (002) diffraction peak 

throughout the entire process. Insets are photographic images of the as-made free-standing GO 

film and GO powders at 25 °C  for testing; (b) ὰὲ ὨὭȾὨὸ ὺίȢὰὲ Ὥ plots and the linear 

fittings of the data points in (a). The tested film and powder samples were from the same 

synthesis batch and were comparable in weight. 
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To further clarify the differences between GO film and powder samples, spectroscopic 

analyses such as Raman and FTIR were conducted. Figure 32 (a) compares the Raman spectra 

of the GO film and powder samples. Both GO film and powder exhibited two peaks at 1350 

cm-1 and 1580 cm-1, which are associated with the disordered (D) and graphitic (G) bands of 

carbon materials respectively.118 The D peak came from the structural imperfections on the 

carbon basal plane due to the oxygenated groups, while the G peak corresponded to the first-

order scattering of the E2g mode.27 A small but perceptible difference in D-to-G ratio existed 

between GO film and powder. ὍὈȾὍὋ  was πȢψφπ for the free-standing film, a bit smaller 

than that for the powder sample, which was calculated to be πȢψχτ, indicating the stacking 

structure of GO flakes in the free-standing film allowed less defects to be exposed and detected 

in Raman.119 This indirectly supported that the semi-ordered structures of GO films lead to 

higher thermal conductivity. Figure 32 (b) displays the FT-IR spectra of the GO film and 

powder samples. Both of them have the bands of around 1060 cm-1 (n C-O), 1220 cm-1 (n phenolic), 

1620 cm-1 (n HOH bending in water) and 1720 cm-1 (n C=O), corresponding with the adsorbed water 

and the oxygenated groups attached including hydroxyl, carboxyl, epoxy, ester and lactol 

groups.23 No evident difference in the peak positions can be observed, indicating that the 

chemical structures of GO in films and powders are similar, which corroborates with the 

previous discussion. Despite of reaction atmospheres or sample morphologies, the thermal 

decomposition of GO shared a similar ὲȭ due to the common reaction mechanism that mainly 

involved the removal of water and oxygenated groups. 
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Figure 32 Comparison of (a) Raman spectra, showing a bit lower D-to-G ratio of free-standing 

GO film πȢψφπ than that of GO powders πȢψχτ; (b) FT-IR spectra, presenting bands 

around 1060 cm-1 (n C-O), 1220 cm-1 (n phenolic), 1620 cm-1 (n HOH bending in water) and 1720 cm-1 

(n C=O) for both GO free-standing film and powder. 

 

3.4 Conclusion 

In conclusion, in-situ XRD characterization of thermal decomposition processes in GO 

shows that the temperature-dependent evolution from GO to graphene involves water 

evaporation, oxygenated groups decomposition and recovery of hexagonal carbon network 

with defects. A new protocol of kinetic analysis has been developed based on the quantitative 

analysis of the intensity of (002) diffraction peak: ὺ ὯȭὭ . For the thermal annealing of 

GO films at 150 °C , the apparent reaction order ὲȭ was calculated (ὲȭ πȢφ). GO powders in 

air exhibited a slightly higher ὲȭ (0.8), probably due to the more exposed edge structures. The 

effects of atmosphere and GO morphology on the decomposition kinetics have been analyzed. 

In air, Ὧȭ  was calculated to be ςȢσ ρπί , larger than Ὧȭ  (ρȢω ρπ ί ), 
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probably because O2 helps eliminate the carbon atoms from the graphitic planes and accelerate 

the pyrolysis. On the other hand,  Ὧȭ  was calculated to be χȢσ ρπί , much smaller 

than Ὧȭ  (ςȢσ ρπ ί ), perhaps due to the slower thermal transport inside the GO powder 

matrix and more heat dissipation into the environment. This protocol can be further developed 

to analyze the real reaction rate coefficient, reaction order and the activation energy of GO 

thermal decomposition when the numerical correlation between the (002) peak intensity and 

the number of oxygenated groups is established. As far as we know, this is the first report that 

has elaborated on the kinetic analysis of GO thermal decomposition using in-situ XRD 

technique. The results provided a new perspective for quantitative analysis based on in-situ 

XRD methods, as well as useful insights for mass industrial production of graphene by thermal 

annealing. 
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CHAPTER 4: CONDUCTIVE  GRAPHENE/POLYMER 

COMPOSITES VIA  COATING  AND COMPOUNDING  

4.1 Introduction  

Conductive polymer composites have received significant attention from both science 

and engineering communities, due to its widespread applications in antistatics, electromagnetic 

shielding, corrosion inhibitors, disposal electronic goods, light emitting diodes, energy storage 

devices, etc.120-122 Such conductive polymers can be fabricated via the incorporation of additive 

materials into polymeric matrices such as graphene. At certain critical concentration 

(percolation threshold), graphene can form an electron-transport pathway, resulting in the 

transition from insulators to electrical conductors.123 So far, the lowest threshold reported for 

graphene-polymer composites is πȢπρχτ wt.% by Wang et al.124 Most polymeric matrices 

involved so far are bulk polymer films, electrospun nets, woven or knitted polymeric fabrics, 

etc. Nonwoven fabrics, on the other hand, have rarely been reported as the basic host of 

conductive additives. Nonwoven systems, usually as 3D porous matrices made from molten 

polymers or entangled fibers, have notable advantages over traditional woven or knitted fabrics 

as the matrices of conductive textiles, due to their better absorbency of additives, higher 

porosity, more stretchiness and lower cost.125-126 Melt-blowing and spun bounding, both as 

novel and economic techniques recently developed to mass produce nonwoven fabrics, have 

received enormous attention in the textile industry in the past decade.125, 127-128 

Researchers have demonstrated three major methods to fabricate conductive polymers 

including coating, blending, and co-polymerization. Among them, coating turns out to be the 

most efficient, low-cost and easy-to-process protocol that requires relatively low loading of 
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additives to achieve high electrical conductivity, more compatible with industrial practices. To 

ensure the uniform coating with good affinity, the wettability of the polymer matrix with the 

coating bath is of great significance, which is mostly determined by their surface free energy.45-

46 

Hydrophilic polymers such as as nylon 6 can be completey wettable by the water-based 

GO dispersion, therefore itôs easy to coat it with GO and further reduced to graphene to deliver 

high electrical conductivity. Whereas most of conductive nylon-6/graphene composites 

reported were prepared via in-situ polymerization or solution blending. For instance, Zheng et 

al. polymerized Ů-caprolactam monomer in the presence of GO, followed by thermal reduction 

of GO within the composite. They obtained a low percolation threshold of ~ πȢχυ wt.% and a 

high electrical conductivity of Ḑ πȢπςψ S m-1 at ~ ςȢωχ wt.% of GO.129 Pant et al. blended 

nylon-6 with GO in the solution of CH3COOH/HCOOH, and employed the electrospinning 

and hydrothermal treatment to obtain nylon-6/graphene spider-wave-like nano-nets. However, 

their highest electrical conductivity was only ρςυ mS m-1 at the graphene loading of ςȢς 

wt%.75 Compared with these complicated recipes, engineering nylon-nonwoven structures and 

infiltrating them with GO in aqueous dispersion turns out to be a much simpler process, which 

is also more efficient and compatible with industrial practices.  

On the other hand, many industrial polymers such as polypropylene (PP) are 

hydrophobic, which poses huge challenges in surface coating. Therefore, conventional recipes 

to fabricate conductive PP composites include melting/solution blending, and in-situ 

polymerization with various carbon materials, all of which are quite complex in protocols and 

less effective in conductivity enhancement.9-11 For instance, Taipalus et al. blended carbon 

fibers with molten PP matrix, and obtained a conductivity of υ ρπ  S m-1 for the composite 
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when the loading of carbon fiber reaches σȢς vol.%.130 Kalaitzidou et al. mixed PP powder 

with exfoliated graphite nanoplatelets under sonication in isopropyl alcohol, but a high loading 

of graphite as τπ vol.% is needed to achieve high conductivity of  ͯρπ S m-1.77 Huang et al. 

firstly prepared PP/GO nanocomposites by in-situ Ziegler-Natta polymerization, which gives 

the electrical conductivity of πȢσ S m-1 at the GO loading of τȢω wt.%.131 Direct coating of PP 

with conductive carbon materials was rarely reported, probably due to its hydrophobic nature 

leading to the poor wetting and interface adhesion in between. Therefore, engineering the 

interfaces between PP matrix and GO to improve the affinity turns out a possible way to 

fabricate conductive graphene/PP composites. 

Here we develop simple coating methods to coat graphene onto nylon (hydrophilic) 

and PP (hydrophobic) nonwovens. The obtained graphene/nonwoven composites show very 

low percolation threshold, high conductivity meanwhile maintain good wash fastness and 

mechanical properties. The effects of nonwoven structure and graphene additives to the 

composite properties have been discussed in detail from both experimental and theoretical 

modeling views. To compare with coating process, melt/solution compounding of graphite/PP 

composites have also been investigated, which shows much lower efficacy regarding to 

imparting conductivity. The effects of graphite on the thermal and crystallization behavior of 

the composites were also investigated in detail. 
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4.2 Experiments 

4.2.1 Preparation of Nylon and Polypropylene Nonwovens 

Nylon-6, Ultramid® B27E (supplied by BASF), was made into nonwoven fabrics by 

melting-blow method at the Nonwovens Institute Pilot Facility (North Carolina State 

University Raleigh, NC). Fabrics with different fiber diameters were prepared by setting 

constant die-to-collector distance of ςππ mm and throughput of πȢσ ghm (gram per hole per 

minute) but different air flow rates of υππ, ρπππ and ρυππ m3 h-1. 

Polypropylene was made into nonwoven fabrics also by melt-blowing method at the 

Nonwovens Institute Pilot Facility (North Carolina State University Raleigh, NC). Fabrics with 

fiber diameter of σȢσ mm were prepared by setting constant die-to-collector distance of σππ 

mm, throughput of πȢσ ghm (gram per hole per minute) and air flow rates of ρπππ m3 h-1. 

4.2.2 Preparation of Graphene Coated Nylon and Polypropylene 

Nonwoven  

GO dispersion in deionized (DI) water was prepared by adding a certain amount of GO 

(πȢυ g, ρȢςυ g, and ςȢυ g) into υππ mL deionized (DI) water with vigorous sonication for ρ h 

until homogenous dispersion was formed. GO was prepared by modified Hummerôs method 

as reported in the literature.95 Graphite (Micro 850) was purchased from Asbury Graphite Mills 

Inc., Kittanning, PA.  

The typical process to prepare GO coated nylon nonwoven (GO/nylon) was as 

following: nylon-6 nonwovens, typically cut into ς inch × ς inch, were dipped into the as-

prepared GO dispersions under stirring for υ mins at ςυ °C, and taken out for drying in the 

oven of χπ °C.  This process will be repeated for several times until obtaining the target loading 
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of GO. The GO/nylon was soaked in the υπ wt.% hydrazine aqueous solution at ςυ °C  

overnight. After the chemical reduction, the as-prepared graphene coated nylon nonwoven 

(G/nylon) was washed in DI water extensively and dried in the oven of χπ °C.  

The typical process to prepare GO coated PP nonwoven (GO/PP) was as following: 

GO/DMF dispersion was prepared by adding ςȢυ g amount of GO into υππ mL DMF with 

vigorous sonication for ρ h until homogenous dispersion was formed. PP nonwovens typically 

cut into pieces of ς inch×ς inch, were directly dipped into GO/DMF dispersions under stirring 

for υ mins and taken out for drying in the oven at χπ ᴈ. This process was repeated for several 

times until the targeted loading of GO was achieved. Then the obtained GO/PP nonwovens are 

soaked in the hydroiodic acid solution (HI, aq. υυ wt.%) and heated to ωπ ᴈ for σ h to reduce 

GO sufficiently and obtain graphene coated PP nonwoven (G/PP). For the control group to 

compare, the ozonated PP (o-PP) nonwoven was dip-coated in the GO/H2O dispersion with 

the same concentration and reduced in the same way. Ozone was produced by an ozone 

generator (AtoZ ozone, Inc) with pure oxygen as input. PP nonwovens were put into a flask 

under continuous ozone flow at ςυ ᴈ for ρȢυ hour. 

4.2.3 Preparation of Graphite/PP Composites by Compounding  

Both melt and solution compounding were used to prepare graphite/PP composites. 

Table 7 shows the specifications of commercialized PP and graphite we use. 
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Table 7 Specifications for PP and graphite. 

Raw materials Supplier Specifications 

PP 

United Nanotech 

Innovations PVT. LTD 

Density: 

0.89~0.94 g/cm3 

MFR (g/10 min): 

9 

CAS #: 9003-

07-0 

Graphite 

(Micro 850) 

Asbury Graphite Mills 

Inc. 

Typical size: 3-5 

‘m 

Resistance: 

0.088 ɱϽcm 

Surface area: 

13 m2/g 

 

For melt compounding, the mini-compounder we use was the Xplorer DSM Extruder, 

with capacity of 15 g/trial and two screws. The temperature and mixing rate was controlled by 

the program, which were set to be 200 ᴈ and 130 RPM for 10 mins. Four samples with 

different graphite loading of 2.5%, 5%, 10% and 15% were prepared respectively. After 

compounding, the composites were molded into film by hot pressing for further measurements. 

For solution mixing, PP was heated in xylene at 140 °C under stirring for half to one 

hour. PP can be completely dissolved and form clear solution. Graphite was dispersed in xylene 

for long time, whereas GO canôt be dispersed in xylene. Then the PP solution and graphite 

dispersion were mixed and stir for 30 mins. The mixture was precipitated by adding into 

ethanol. After extensive washing by water and methanol, and dried in the oven of 70 ᴈ, the 

solution mixed composites were obtained. Same as after melt mixing, hot pressing was also 

used to mold them into film for further characterizations.  

4.2.4 Materials Analysis  

Scanning electron microscopy (SEM) pictures were collected with a Phenom ProX 

desktop SEM. Samples were sputter coated with palladium for τυ seconds before use. Electric 
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conductivity test was measured by a standardized four-point probe setup with probe spacing 

of πȢσ cm. The scheme of the four-probe was shown in the Figure 33. Each sample was 

measured three times to obtain an average value.  

 

Figure 33 Scheme of the four-probe set-up.  

Wash fastness was tested following the standards in ISO 105C-106.132 In detail, the 

G/NW composites were washed in τππ mL of DI water under stirring for ρπ mins at ςυ ᴈ. 

After washing, the fabrics were dried in the oven of χπ ᴈ and then measured their electrical 

conductivity again. FT-IR spectra (ATR) were collected with a Thermo Nicolet Nexus 470 

instrument. Tensile strength was measured by MTS tensile tester ATSM D5035. Contact angle 

was measured with the OCA 15 contact angel goniometer. Liquid interfacial tension of 

GO/H2O and GO/DMF dispersion was measured via pendant drop method using the same 
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goniometer. The surface tension of the hanging liquid was calculated by Bashforth and Adam 

Equations: 

ὄ ς,                                               Equation 1 

where B is: 

 "
Ў

                                                                         Equation 2 

where ‎  is the liquid surface tension, Ўʍ is the difference between the density of the 

drop and its environment (air or another liquid), Ç is the gravitational acceleration, Á is the 

radius of curvature at the apex, Ø, Ú and ʒ are the coordinates of the drop as shown in the 

Figure 34.  

 

Figure 34 Geometrical component of a pendant drop. 
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The modeling of graphene/nylon nonwoven was conducted with the software Geodict. 

FiberGeo module was used to simulate and create the nonwoven structures based on the 

structures of the nylon melt-blown nonwovens as prepared in Chapter 4.2.1. ConductoDict 

module was used to calculate the theoretical conductivity of the G/nylon nonwoven.  

 

4.3 Results and Discussion 

4.3.1 Graphene/Nylon Nonwoven Composites as Highly Conductive 

Fabrics 

The nylon-6 nonwoven fabrics were prepared via the melt-blowing method at air-flow 

rates of υππ, ρπππ and ρυππ m3 h-1, respectively. With the increasing air-flow rates, the 

average fiber diameter decreased from ρπȢυ mm, to φȢσ mm and eventually to σȢς mm, since the 

faster air flow applied higher shear force to the fibers during its flight from the spinneret to the 

collector (Figure 35 (a) to (c)). Finer fibers, due to their higher specific surface area, have been 

proven to take up more GO under the same conditions (Figure 36). Since nylon is hydrophilic, 

the hydrogen bonding between nylon fibers and GO flakes ensured the good affinity between 

them. The mass loading of GO can be controlled through the number of coating cycles. After 

chemical reduction with 50 wt.% hydrazine, the graphene/nylon nonwovens (G/nylon) with 

different loading of graphene can be obtained.  
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Figure 35 SEM images of the nylon-6 nonwoven fabrics prepared via the melt blown method 

at different air-flow rates of (a) 500, (b) 1000 and (c) 1500 m3 h-1, respectively.  

 

 

Figure 36 The correlation between the weight percentage of loaded GO and the cycle number 

during the dip-coating process of the nylon-6 nonwoven fabrics with different fiber diameters 

of 3.2 ɛm (blue), 6.3 ɛm (yellow), and 10.5 ɛm (pink). The concentration of GO in DI water 

dispersion was 0.5 wt%. 

 

Figure 37 shows the morphology of G/nylon with increasing graphene loading from 

πȢρ wt.% to φȢυ wt.%. Pure nylon fibers exhibit quite smooth surfaces, with obvious 
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entanglement and localized alignment between individual fibers (Figure 35). This is one of the 

key characteristics of nonwoven fabrics, which enhances the capillary flow of GO dispersion 

through the inter-fiber spaces during dip coating, also known as the wicking ability, and thus 

improves the coating effectiveness.133 When the graphene loading was as low as πȢρ wt.%, the 

graphene flakes formed ultra-thin layers covering the surfaces of nylon fibers as shown in 

Figure 37 (a). These thin layers turned out to be larger sheets that either wrapped around the 

buddle of nylon fibers or spread out in the gaps between individual fibers, when the loading 

rise to ρȢσ and ςȢψ wt.% shown in Figure 37 (b) and (c). At the highest loading of φȢυ wt.%, 

the graphene itself formed a continuous network inside the matrix and the fibers penetrated 

through the network of graphene as shown in Figure 37 (d). The loading-dependent 

morphology in G/nylon samples indicated the formation of different conductive pathways 

inside the nonwoven fabric, which significantly influenced the electrical conductivity of the 

G/nylon. 
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Figure 37 SEM images of G/nylon with different graphene mass loading of 0.1 wt.% (a), 1.3 

wt.% (b), 2.8 wt.% (c) and 6.5 wt.% (d). 

 

Previous studies have proved that chemically-reduced GO (rGO) showed very high 

electrical conductivity, indicating its potential as an effective additive to impart conductivity.23, 

26 Figure 38 (a) showed the increase in the conductivity of G/nylon as a function of graphene 

weight fraction. The electrical conductivity was measured by a four-point-probe method. Our 

G/nylon sample offered the conductivity of πȢπσ S m-1 at the low loading of πȢπφ wt.%, which 

exceeded the required value (ρπ  S m-1) for antistatic applications of thin films.134 This also 

indicated that an infinite network of connected pathways of graphene formed at an ultra-low 














































































































































