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Along with the rapid development of wearable and flexible electronics, there is an ever 

increasing demand for lightweight, flexible, and wearable energy storage devices as power 

sources. Because of the high power density, fast charging/discharging rate, long cycle life and 

easy fabrication, flexible supercapacitors have been widely explored for this purpose. 

Graphene-based nanomaterials are promising as electrode materials for flexible 

supercapacitors due to their extremely large surface area, excellent mechanical and electrical 

properties, and high electrochemical stability. The two-dimensional structure and high aspect 

ratio of graphene sheets make them easy to assemble into freestanding films or fibers with 

robust mechanical properties. In recent years, tremendous progress has been achieved for 

developing flexible and wearable graphene-based supercapacitors. In this article, we 

summarize the material and structure design strategies for developing film-shaped and 

emerging fiber-shaped flexible supercapacitors based on graphene nanomaterials. 
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state supercapacitors based on graphene nanomaterials,[12-17] we will give a focused review on 

the material and structural design strategies for developing  film-shaped and emerging fiber-

shaped flexible supercapacitors based on graphene nanomaterials. 

 

2. Film-shaped flexible supercapacitors 

2.1. Graphene-based films as platforms for fabricating flexible supercapacitors 

The two-dimensional structure and high aspect ratio of graphene sheets make them easy 

to assemble into freestanding films with robust mechanical properties.[18-20] By vacuum 

filtration of graphene dispersion through an Anodisc membrane filter, Chen et al. fabricated 

graphene papers with a Young’s modulus of 41.8 GPa, a tensile strength of 293.3 MPa, an 

elongation at rupture of 0.8%, and an electrical conductivity as high as 118 S cm-1.[21] 

Therefore, graphene-based papers are very promising for flexible supercapacitors. However, 

graphene sheets are tightly stacked in graphene papers and the electrolytes cannot diffuse into 

the interlayers of graphene sheets to form electrical double layers, leading to a specific 

capacitance far below the theoretical value of 500 F g-1 for a graphene paper. Therefore, a 

number of strategies were developed to prevent aggregation of graphene sheets in graphene-

based films in order to increase accessible surface area and promote transport of electrolyte 

ions. 

The first strategy is intercalating some “spacers” such as carbon nanotubes[22], 

nanodiamond[23], polymers[24-26], and metal oxides[27,28] between graphene sheets. The 

resulting composite films can still maintain part of graphene film’s excellent mechanical 

properties while having much higher accessible surface area and facilitated pathways for the 

diffusion of electrolyte ions, leading to ideal electrode materials for flexible supercapacitors. 

Many methods have been developed to intercalate “spacers” between graphene sheets, such as 

layer-by-layer (LBL) self-assembling[22], vacuum filtration[23,25] and solution casting[24]. By 

LBL electrostatic self-assembling poly(ethyleneimine)-modified graphene sheets with acid-
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respectively. As the SC yarn is assembled on the basis of textile materials and solid-state 

electrolyte, it is ideal for different wearable applications. The composite electrodes could be 

directly used as threads in commercial embroidery machines (Figure 8d). The solid-state SC 

yarns were woven into a fabric with other pristine cotton yarns in a conventional weaving 

process (Figure 8e). 

 

4. Concluding remarks 

Supercapacitors represent one of the major emerging energy storage devices due to their 

long cycling stability and high power densities. Flexible supercapacitors are receiving 

tremendous research interest due to the increasing need for flexible and wearable energy 

storage devices. Graphene-based materials have been extensively investigated as electrode 

materials for flexible supercapacitors due to their large surface area, excellent mechanical, 

optical, electrical and electrochemical properties. We have provided a focused review on the 

material and structure design strategies for fabricating film-shaped and fiber-shaped flexible 

supercapacitors based on graphene nanomaterials. 

Although impressive progress has been achieved for graphene-based flexible and 

wearable supercapacitors, there remain some challenges for practical applications of these 

electrode materials. Freestanding compact graphene-based paper electrodes exhibit high 

electrical conductivity and excellent mechanical flexibility, but they have only moderate rate 

stability and power density due to limited porous structures. In contrast, 3D porous graphene-

based electrodes show excellent rate and power performance, while they usually have limited 

mechanical strength and need some flexible support substrate to endow them with flexibility. 

Fiber shaped supercapacitors are highly flexible and can be woven or knitted into 

fabrics/textiles with excellent wearability. However, the large-scale production of graphene-

based fibers with high conductivity and quality at low cost is still challenging. Although 

flexible supercapacitor based on graphene nanomaterials were reported to show excellent 
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performance in small-scale devices, it is still a big question that if this good performance can 

still be maintained in industry-scale big devices. 
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Figure 1. Cross-section SEM images of onion-like carbon/ CCG composite film (a) and pure 

CCG film (b). Reproduced with permission.[23] Copyright 2011, Royal Society of Chemistry. 

(c) Cross-section SEM images of rGO/PVP composite film, (d) The typical stress-strain curve 

of an rGO/PVP composite film. Inset is the photograph of a flexible rGO/PVP composite film. 

Reproduced with permission.[24] Copyright 2014, Royal Society of Chemistry. Cross-section 

SEM images of PANI nanofibers/CCG composite film (e) and CCG film (f). Reproduced with 

permission.[25] Copyright 2010, American Chemistry Society. 
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Figure 2. (a) The low-power infrared laser reduces brown GO film to black laser-scribed 

graphene (LSG) film. The cross-sectional SEM images show that stacked GO sheets change 

into well-exfoliated few-layered LSG film. (b) A schematic diagram of the all-solid-state 

LSG-EC illustrates that the gelled electrolyte can serve as both the electrolyte and separator. 

(Inset) A digital photograph showing the flexibility of the device. (c) Bending the device has 

almost no effect on its performance, as seen in these CVs collected at a scan rate of 1000 mV 

s-1. (d) Galvanostatic charge/discharge curves for four tandem ECs connected in series. 

Reproduced with permission.[34] Copyright 2012, The American Association for the 

Advancement of Science. 
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Figure 3. (a) Digital photograph of a flexible functionalized graphene hydrogels (FGHs) thin 

film electrode. (b) Low- and (c) high magnification SEM images of interior microstructures of 

the FGH film. (d) Digital photograph of an FGH-based flexible solid-state supercapacitor. (e) 

A schematic diagram of the solid-state device with H2SO4-PVA polymer gel as the electrolyte 

and separator. Reproduced with permission.[35] Copyright 2013, Wiley-VCH. 
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Figure 4. Cross-sectional SEM images of (a) the interface between the IL-CMG film and 

PVA–H2SO4 electrolyte and (b) RuO2–ILCMG film in an asymmetrical supercapacitors 

device. (c) Galvanostatic charge-discharge curves with a constant current density of 1 A/g for 

asymmetrical SC and symmetric IL-CMG-based SC devices. (d) Long-term cycling stability 

of asymmetrical SC devices under normal, twisted, and bent states with a constant current 

density of 1 A/g over 2000 cycles. Reproduced with permission.[38] Copyright 2012, Royal 

Society of Chemistry. 
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Figure 5. SEM images of (a) an Au wire and (b) an ErGO/Au electrode. (c) Cross-section 

SEM images of an ErGO/Au electrode. (d) The schematic diagram of a fiber-shaped solid SC. 

(e) CV curves of the typical fiber-shaped solid SC at different bending angles. Reproduced 

with permission.[42] Copyright 2013, Royal Society of Chemistry. 
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Figure 7. (a) Schematic of the synthesis of carbon hybrid microfibers. (b) Photograph of the 

as-prepared fibers collected in water. (c) Schematic of a micro-SC constructed using two fiber 

electrodes on a polyester (PET) substrate. (d) Galvanostatic charge/discharge curves at 

various current densities. (e) Energy and power densities of the micro-SC compared with 

commercially available state-of-the-art energy storage systems. (f) Capacitance retention after 

1,000 cycles up to a 90o bending angle. Inset is the photograph of a bent micro-SC. 

Reproduced with permission.[51] Copyright 2014, Macmillan Publishers Limited. 










