
This is an Accepted Manuscript, which has been through the 
Royal Society of Chemistry peer review process and has been 
accepted for publication.

Accepted Manuscripts are published online shortly after 
acceptance, before technical editing, formatting and proof reading. 
Using this free service, authors can make their results available 
to the community, in citable form, before we publish the edited 
article. We will replace this Accepted Manuscript with the edited 
and formatted Advance Article as soon as it is available.

You can find more information about Accepted Manuscripts in the 
Information for Authors.

Please note that technical editing may introduce minor changes 
to the text and/or graphics, which may alter content. The journal’s 
standard Terms & Conditions and the Ethical guidelines still 
apply. In no event shall the Royal Society of Chemistry be held 
responsible for any errors or omissions in this Accepted Manuscript 
or any consequences arising from the use of any information it 
contains. 

Accepted Manuscript

Nanoscale

www.rsc.org/nanoscale

http://www.rsc.org/Publishing/Journals/guidelines/AuthorGuidelines/JournalPolicy/accepted_manuscripts.asp
http://www.rsc.org/help/termsconditions.asp
http://www.rsc.org/publishing/journals/guidelines/


Nanoscale  

REVIEW 

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

Please do not adjust margins 

Please do not adjust margins 

Received 00th January 20xx, 

Accepted 00th January 20xx 

DOI: 10.1039/x0xx00000x 

www.rsc.org/ 

Moving beyond flexible to stretchable conductive electrodes 

using metal nanowires and graphenes 

Hanleem Lee
a
, Ikjoon Kim

b
, Meeree Kim

b
 and Hyoyoung Lee

a,b* 

Stretchable and/or flexible electrodes and their associated electronic devices have attracted great interest because of 

their possible applications in high-end technologies such as lightweight, large area, wearable, and biointegrated devices. In 

particular, metal nanowires and graphene derivatives are chosen for electrodes because they show low resistance and 

high mechanical stability. Here, we review stretchable and flexible soft electrodes by discussing in depth the intrinsic 

properties of metal NWs and graphenes that are driven by their dimensionality. We investigate these properties with 

respect to electronics, optics, and mechanics from a chemistry perspective and discuss currently unsolved issues, such as 

how to maintain high conductivity and simultaneous high mechanical stability. Possible applications of stretchable and/or 

flexible electrodes using these nanodimensional materials are summarized at the end of this review. 

 

1. Introduction 

 In recent years, stretchable or flexible types of robotic skins
1
, 

morphing touch screens
2
, biometric devices

3
, wearable 

supercapacitors
4
, and solar cells

5
 have been successfully 

produced. Stretchable and/or flexible electronics are 

commonly fabricated on polymer substrates such as 

polyethylene terephthalate (PET), polyethylenimine (PEI), or 

polydimethyl-siloxane (PDMS) rather than a rigid substrate. 

The elastic nature of the substrate effectively suppresses strain 

localization on the relatively rigid active layer, leading to the 

realization of bendable, stretchable, and three-dimensional 

(3D) attachable devices (wearable displays, therapeutic 

biointegrated devices, and real-time healthcare monitoring). 

Stretchable and/or flexible electronics can be categorized into 

microelectronics and flexible electronics. In microelectronics, 

hard unit devices link with flexible interconnectors. Most of 

the strain stress is accumulated on a flexible conductive 

interconnector and the rigid microelectronic unit device on the 

polymer substrate survives during bending/stretching. Metals 

with new structural layouts serve as interconnectors. The 

thickness of the conductive material influences the ductility of 

film such that bending strain decreases linearly with 

thickness
6
. Very thin metal can sustain a large strain and avoid 

subsequent deformation; however, it is not sufficient for the 

generation of completely stretchable or flexible electrodes due 

to defects
7
, elastic mismatch between substrate and 

conductive materials
8
, weak adhesion

9
, and the size of the 

hard unit device
10

,
11

. Additional 2D or 3D layout structure can 

facilitate mechanical stability during operation: a wavy 

structure using mechanical buckling
12

, a 2D horseshoe 

configuration
13

, percolation network
14

, and 3D configurations 

such as mesh layouts with planar leaf-arm
15

, coiled springs
16

, 

and non copolanar configurations
17

. The curvature of shape 

and the degree of percolation govern the strength of a 

material, which is the ability to withstand an applied stress 

without failure
18,19

. Figure 1 shows three failure modes of 

cracking/channelling, sliding, and delamination (or debonding). 

They are dominant in new  structural layouts strategy and the 

interfacial state between the polymer and conductive film 

determines the type of failure
20

. Cracking occurs under tensile 

strain or in a strongly adhered film, whereas channelling 

occurs under compressive strain or in a weakly adhered film. 

However, in spite of the remarkable stretchability and 

flexibility of electrodes with the new structural layout, the 

complicated fabrication and low transparency hinder 

integration of theses optoelectronic devices over a large area. 
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Another strategy to achieve a soft electrode is the use of new 

materials. Conductive polymers, graphene, carbon nanotubes 

(CNT), and metal nanowires (NW) have been intensively 

studied not only as conductors, but also as transparent 

conductive films in soft electronics. New materials have been 

widely used to overcome several unsolved challenges for 

conventional soft electronics: (1) Stable device performance 

under conditions of high strain and omni-direction, (2) High-

quality electronic performance with excellent mechanical 

robustness, (3) High interfacial interaction with the human 

body in the case of bio-integrated devices, (4) Simple 

fabrication method, and (5) The need for high transmittance 

with high conductivity for optoelectronics. Especially, 

graphene and metal NWs have been considered as candidates 

to substitute for indium tin oxide (ITO) or rigid metal film in 

soft electronics. Both graphene and metal NW can be flexible 

in a certain direction as a result of their ultrathin nature, but 

their stretchability relies on the dimensionality. Only 1D NW 

exhibits high stretchability through the design of a percolating 

network whereas it is hard to make 2D graphene stretchable. 

For stretchable electronics with graphene, a new structure 

layout strategy and percolation network with reduced 

graphene oxide (rGO) has been suggested. Kim et al. report 

that graphene films show mechanical failure beyond ~6% on 

the unstrained PDMS substrate, compared with 12% on the 

prestrained PDMS substrate
21

. In addition, in the case of an Ag 

nanowire (AgNW), the biggest problem associated with this 

strategy is the high resistance changes for initial elongation 

compared with that of metallic materials with a new structure 

layout.  

Here, we review stretchable and flexible soft electrodes 

generated using metal NWs and graphene derivatives of great 

interest, and also introduce their unique properties and 

possible applications. Several excellent reviews on the trend of 

stretchable and flexible electronics have been published 

recently, mainly dealing with layout strategy
22,23

. Regarding 

new materials for the soft electrode, however, most reviews 

only provide a brief introduction about 

materials processing techniques and flexible 

electrodes, with very limited information on 

stretchable electrodes despite the huge 

interest in this area. Therefore, in this review 

we aim to discuss in depth the intrinsic 

properties of new electrode materials and 

methods to control their properties, allowing 

us to evaluate the benefits of stretchable 

electrodes over flexible electrodes. To avoid an 

immense volume of information, we will focus 

only on metal NW and graphene, which show 

high conductivity and high mechanical stability, 

among other known candidates. First, we will 

introduce the properties of metal NW and 

graphene that are driven by their 

dimensionality and discuss unsolved issues for 

each material. Second, the strategy for 

enhancing electrical and mechanical properties 

with NW and graphene will be covered from 

the perspective of chemistry. Possible applications of the 

stretchable electrodes instead of or with flexible electrodes 

using these nanodimensional materials are summarized at the 

end of this review.  

2. Soft electrode materials 

There are many conductive materials such as metals, 

conductive polymers, carbon allotropes, and conductive 

nanocomposites. In recent studies, a nanostructure of these 

conductive materials has been widely used due to the 

extraordinary electrical and/or mechanical properties driven 

by their dimensionality. In this chapter, we will discuss in 

depth the intrinsic properties of metal NW and graphene in 

terms of dimensionality and also introduce processing 

techniques and associated issues.  

2.1. One-dimensional metal NW 

2.1.1. Percolation theory. 1D nanostructures such as 

nanowires, nanorods, nanotubes, and nanobelts are good 

candidates for both interconnects and functional units in soft 

electronics, soft optoelectronics, and soft electrochemical 

devices because the 1D material exhibits a strong tolerance to 

stretching as a result of intersliding behaviour. The percolating 

theory plays an important role in determining electrical, 

optical, and mechanical properties of 1D materials. The 

percolation theory for 1D wires approximately predicts a 

threshold areal wire density (Nc) by equation 1 and sheet 

resistance of network by equation 2
24

. The resistance of the 

network is related to NW length, density, and NW diameter. 

1�														L��πN	 
 4.236	 
2�														R� ∝ �D � N	��L�

�
 

Where L�is the average NW length, D is density of the NW, α is 

a parameter related to spatial arrangement, and β is a 

parameter related to junction resistance and intrinsic 

conductivity of the material. A network with longer NW with 

small diameter and higher density shows a lower resistance 

Fig. 2 Representative coating method for ordered morphology. Schematic illustrations of a) NW co-assembly 

process
59

. b) Parallel array of NW by microfluidic method
35

, and c) blown bubble film process
37

. 

Page 2 of 33Nanoscale

N
an

os
ca

le
A

cc
ep

te
d

M
an

us
cr

ip
t



Nanoscale Review 

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

Please do not adjust margins 

Please do not adjust margins 

because of its percolative nature. However, a network with 

very small diameter presents higher resistance because the 

mean free path of electrons of the bulk materials is smaller 

due to surface scattering of the electrons, which is dominant 

over the percolation theory. In addition, the alignment of NW 

also attributes to the resistance of network. When the number 

of junctions between NWs is large and/or the degree of 

contact length is small, the network resistance increases. 

Vigolo et al. found that a single wall CNT (SWNT), which is 

another example of 1D material in an aqueous surfactant 

solution, leads to higher percolation thresholds than the SWNT 

without surfactant
25

. The surfactant prevents intermolecular 

interaction between SWNTs, whereas SWNTs without 

surfactant adhere strongly by van der Waals force interactions, 

resulting in an increase in the effective length of SWNTs 

network. The alignment of the NW network affects not only 

the electrical property, but also various unique properties 

because of the dramatic increase in surface area/volume ratio 

and the manifestation of collective nanoscale properties. 

Optical property change is the best-known phenomenon. The 

optical features of a 1D material are dominantly caused by 

quantum confinement effects, such that a different optical 

signature occurs depending on the growth direction of NW. 

Another significant character of the metal NW is two surface 

plasmon resonance modes (SPR, transverse mode and 

longitudinal excitation). These two SPRs show a different 

tendency; the wavelength of the transverse mode is fixed 

depending on the type of metal (approximately 410 nm for 

Ag), whereas their longitudinal modes are fixed or broadened 

by distribution of the  aspect ratio and their morphology
26

. 

Hong-Yan Shi et al. demonstrated that the degree of change in 

electromagnetic fields is related to the ordering of the NW
27

. 

The electromagnetic field coupling between the aligned NW 

shows peak broadening in the 700-800 nm range and the 

transmission intensity changes depending on the polarization 

angle, whereas the randomly deposited NW does not show 

these effects. The other interesting feature is that NW shows 

higher transmittance than bulk material. The vacancy of the 

network plays an important role in transparency because the 

transmittance loss is mainly induced by reflective scattering of 

light by the 1D shape of NWs.  

Table 1. Coating method 

In fact, the haze factor, which is the degree of scattering of 

transmitted light, becomes a more critical factor. The haze can 

be controlled by NW density, diameter, coating method, and 

post processing. Lower diameter and longer length of NWs 

lead to a larger vacancy, minimizing the light scattering. Thus, 

the degree of vacancy is strongly dependent on the fabrication 

method.  To obtain the desired properties, many researchers 

have tried to engineer well-defined ordered complex 

architectures. These findings are summarized in Table 1. 

2.1.2. Coating Method. Coating methods for the flexible 

electrode can be divided into two categories: the first is to 

make an ordered network and the second is to make a 

disordered network. The well-ordered network can be 

fabricated by interface-induced assembly
28,29

, external field- 

induced assembly
38,39

, microfluidic flow
35

, bubble-blowing 

process
37

, and electrospinning
41

. The Langmuir-Blodgett (LB) 

technique is a representative coating method using an 

interface-induced assembly. Tao et al. produced a densely 

packed AgNW layer by the LB method for high-performance 

electronics
57

. AgNWs with thiol ligand are spread onto a water-

supported surface. Ligand exchange from the PVP capping 

agents to the thiol ligand is crucial to alter the NW 

hydrophobic surface. After evaporation of the volatile solvent, 

the sample is compressed slowly. As a result, an AgNW 

network forms an isotropic phase assembled film because of 

both material-material and material-substrate interactions
58

. 

The alignment depends on the nanomaterial’s size distribution 

and dewetting of the solvent during the assembly process. 

Others suggested a co-assembly of two NWs using the LB 

method to synthesise a uniform mesh like a network(Figure 

2a)
59

. They demonstrated an AgNW and TeNW co-assembly 

network using the LB method, followed by etching of TeNW by 

treatment with 1 M NaOH solution at room temperature. The 

molar ratio of two NWs can determine the vacancy of the 

network. Microfluidic flow is another famous coating method 

because NW strongly follows the rheological behaviour of 

solution. The NW network with a mesh-like assembly using a 

fluidic alignment with surface patterning techniques is 

presented in Figure 2b
35

. The parameters affecting alignment 

are flow time, flow rate related to shear force, and 

concentration of NW. The combined effect of the capillary flow 

and strong interaction makes NWs ordered. In addition, Yu et 

al. report a blown bubble method that can fabricate a network 

with NW on a large wafer(Figure 2c)
37

. A homogeneous 

concentration polymer suspension of NWs is expanded using a 

circular die to form a bubble and then the bubble film is 

transferred to the substrate. Pressure, external vertical force, 

and concentration of NW are modulated to control the 

alignment of film. Even though it is much easier to manipulate 

the desired property of ordered NW, most methods are 

complex and it is hard to make a film with a large area. To 

solve this problem, new types of coating method were 

developed: Meyer rod coating
47

, drop casting
48

, spin coating
51

, 

spray coating
43

, layer-by-layer assembly (LBL)
56

, vacuum 

filtration
46

, and solvent evaporation
52

. A disordered NW with a 

certain degree of uniformity is produced by these methods. In 

the case of Meyer rod coating, a rod with wire coils is used. 

Ordered shape Disordered shape 

Langmuir-Blodgett(LB)
28,29

 

Evaporation induced assembly
30

 

Mechanical force 

(contact printing method
31

,  

roll printing method
28,32

) 

Strain release assembly
33

 

External nanostructure 

(coassembly behavior
59

) 

Microfluidic flow
34,35

 

Bubble-blowing process
37

 

Magnetic38, electric field
39

 

Electrophoresis
40

 

Electrospinning
41

 

The knocking down method
42

 

Spray coating(air brush
43

, electro 

hydro-dynamic method
44

, 

electrostatic method
45

) 

Vacuum filtration46 

Rod coating
47

 

Drop casting 
48,49,50

 

Spin coating
51

 

Solvent evaporation 

method(vertical spinning
52

) 

Slot-die coating
53

 

Doctor blade coating
54

 

Controlled dip coating
55

 

Layer-by-layer assembly
56
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The grooves between the wire coils and the diameter of the 

rod influence the amount of material needed for coating. Drop 

casting and spin coating use a centrifugal force to make a thin 

film, and the spray method uses a fluidic force at high 

pressure. Rotation speed, material-substrate interaction, 

material viscosity, and material concentration determine film 

quality in the drop cast and spin coating process. The NW 

networks produced by drop casting with improper conditions 

may show spatial inhomogeneity that is known as a coffee ring 

effect during the solvent evaporation step. The air spraying 

method of coating is usually more homogeneous because 

coating efficiency is mostly controlled by the degree of 

pressure on the nozzle. Accordingly, the spray method has the 

advantage of scaling up the coating area and the possibility of 

depositing a material that has low interaction with the 

substrate. The choice of solvent, concentration, and adductor, 

which affects the degree of dispersion of the material, are the 

dominant factors determining the uniformity of the film. The 

LBL method is the most homogenous coating technique among 

these methods. LBL allows the generation of novel 

nanocomposites with high loading and/or controlled 

composition, and more precise thickness control at a 

nanoscale(Figure 3a)
60

. Dip coating or spin coating is used to 

produce the LBL assembly. A continuous coating using desired 

material-washing-coating using oppositely charged material-

washing process is sequentially performed until the desired 

thickness is reached. Polyelectrolyte has an opposite charge 

material to nanomaterial and therefore strongly bonds with 

nanomaterial during the coating process, leading to its survival 

during the washing procedure. Common positively charged 

poly-electrolytes are poly(allylamine), 

poly(dimethyldiallylammo-nium), and polyethylenimine and 

common negatively charged polyelectrolytes are poly(styrene 

sulfonate), poly (acrylic acid), and poly(vinyl sulfonate)
61

.  

Stretchable electrodes can be made by the same coating as 

that used for flexible electrodes, but are more commonly 

prepared by a transfer and/or embedding technique because 

of their poor adhesion with polymer. In an embedded 

technique, AgNWs are simply surrounded by a polymer 

substrate or a polymer coating. When the strain applied, NWs 

receive intensive stress in common case, but the embedded 

NWs can disperse the stress because the strain localization on 

the AgNW film can be suppressed by the polymer substrate
293

. 

As a result, the embedded NW film shows high strechability 

over flexibility. Figure 3b shows a general scheme to 

synthesize a stretchable electrode with nanomaterials
62

. 

AgNWs are drop-casted onto a substrate and then liquid PDMS 

is casted on top of the AgNW film. After the substrate is peeled 

off, the resulting AgNW embedded polymer film can withstand 

50% tensile strain under ~1 Ω/sq changes. Moreover, some 

researchers have produced a stretchable AgNW film using an 

alternative embedded technique with a dipping method 
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instead of drop casting. A 3D foam template with AgNW-PDMS 

shows 160% resistance change (∆R/R0) at 100% strain(Figure 

3c)
55

 and a fiber template with AgNW-PDMS exhibits high 

conductivity (688 S/cm) at 500% tensile strain(Figure 3d)
63

. In 

addition to the mechanical strength, the embedded NW film 

shows a low surface roughness and a high chemical stability. 

The 1D shape of an AgNW film tends to present a large surface 

roughness which can trigger an electrical shorting or a high 

leakage current, but the embedded NW film shows a few nm 

surface roughness, leading to a highly efficient OLED device
189

. 

In addition, a chemical stability of the embedded AgNW film is 

demonstrated with an example of an electrochromic device
203

. 

As a result, the embedded AgNW film can be survived in a 

chemically and mechanically harsh environment during 

operation 

 2.1.3. Issues: Junction and Adhesion. NW shows good 

conductivity along the axis, but exhibits a magnitude greater 

resistance on the junction side because electrons should be 

tunnelling quantum mechanically across the stacked NWs. If 

there are plenty of surfactants on the junction side, it is much 

harder for electrons to jump into the other NWs. Resistance on 

the junction, called contact resistance, will be increased 

depending on the interfacial state between the upper and 

bottom NWs. According to a computational calculation, a 

lower contact resistance reduces the sheet resistance
64

. In the 

real device, the contact resistance is measured over ~GΩ/sq. 

This means that if we can reduce the contact resistance to 

100Ω/sq, we can obtain the lowest sheet resistance with same 

number of NWs. Thus, modulation of the junction side plays an 

important role not only in terms of the electrical property, but 

also in terms of surface roughness and optical properties. A 

rough surface morphology has a crucial impact on the 

operation of devices; the out–of-plane oriented wires result in 

poor mechanical adhesion to the substrate
65

, leakage 

currents
66

, short circuits
67

 and recombination sites in device 

systems. Light scattering can be also intensified by a rough 

surface, leading to increased haze.  

There are several methods to solve junction resistance. First, 

the property of the NW itself can control contact resistance 

and light scattering (as discussed on page 7). A smaller 

diameter with a longer length leads to higher conductivity and 

lower haze (Figure 4c). A Second, a welding technique is the 

best- known and most widely used method to decrease the 

contact resistance. The NW junction can be fused by exposing 

it to extra energy because it will be locally heated up by 

vibration of the electrons. Direct heating
68

, pressure
67,69

, 

potential
70

, and plasmon
71

,
72

 are candidate energy sources. 

The remarkable reduction in melting point due to a 

nanodimension makes it possible to weld NWs at mild 

temperatures. In their study, Garnett et al. describe plasmonic 

welding(Figure 4a)
71

. Light-induced plasmonics shows an 

extraordinary behaviour, called a self-limited welding process, 

compared to other welding process. In the case of plasmonic 

welding, the heat is generated primarily in the bottom NW and  

the heat generation efficiency depends on the gap/overlap size. 

After welding, no more heat generation occurrs because the 

heat from the gap plasmon modes in the wire junction is no 

longer excited on the welded junction. NWs can join together 

and further damage can be prevented by the self-limited 

welding process. Another method is chemical welding, 

involving post-treatment with chemical compounds or 

integration of Ag NW with other materials (Figure 4b). This is a 

much simpler way to modulate a physical property. Gaynor et 

al. present chemical welding with PEDOT:PSS
84

. PEDOT:PSS 

enhances contact resistance and substrate adhesion so that a 

large transparent electrode with good functionality is 

produced. In addition to conductive polymers, integration of 

NW with other nanodimensional materials such as TiO2
81

 and 

Au
47

 has been intensively studied. We will introduce and 

compare integration of NWs with various materials in chapter 

3. 

Page 5 of 33 Nanoscale

N
an

os
ca

le
A

cc
ep

te
d

M
an

us
cr

ip
t



Review Nanoscale 

6 | J. Name., 2012, 00, 1-3 This journal is © The Royal Society of Chemistry 20xx 

Please do not adjust margins 

Please do not adjust margins 

 The major problem associated with making a NW film is a 

weak adhesion of the NWs to the substrate. The random 

arrangement of the NW network results in peak-to-peak 

roughness that is 2-fold higher than the diameter of NW. 

Adhesion of the NW layer to the substrate plays a critical role 

in the surface roughness and homogeneity during the coating 

process and this determines a mechanical properties as well as 

electrical and optical properties of NW. Mechanically, low 

adhesion of the network to the substrate causes large friction 

on the NW, leading to failure at low strain. Electrically and 

optically jointed junctions formed by strong adhesion between 

NW and the substrate show high conductivity and low haze. 

Such strong adhesion can be developed by surface 

modification of the substrate or the material itself. Plasma 

treatment
73,74,75

 and chemical treatment
76,77

 are well-known 

techniques to modify the substrate surface. Our group 

demonstrated a highly conductive AgNW film with high 

transmittance using plasma treatment(Figure 5a)
85

. Plasma 

treatment alters a hydrophobic PET substrate to a hydrophilic 

one. An ultrathin 2D GO layer can tightly hold AgNWs though a 

strong interaction between the hydrophilic GO layer and 

hydrophilic PET. A chemically self-assembled molecule on the 

hydrophilically modified substrate causes a similar effect. 

Furthermore, our research group was able to fabricate a 

stretchable transparent electrode
86

. Silane molecules with a 

terminal amine functional group are coated on PET using a 

self-assembly technique. Amine functionality induces strong 

complex-type bonding with AgNW so that the strongly 

adhered AgNWs prevent hydrophobic recovery of PDMS, 

resulting in a uniform and stable film conformation. In another 

paper, PDDA, which is a cationic polyelectrolyte, is used to 

enhance an adhesion by electrostatic interaction
56

. Likewise, 

numerous studies on surface modification methods for the 

substrate and nanomaterial have been published. The surface 

modification methods for substrate and NW are introduced in 

Table 2. 

Modified NW has been investigated to produce a highly 

stretchable electrode. Functionalization of NW is not easy, but 

can be partially modulated by stabilizer, a self-assembly 

technique using silane or thiol molecules, and ligand exchange 

to alter the outer capping agent to another functionality. 

Figure  5b shows a tailed NW with hexylamine formed by a 

ligand exchange process
82

. The NW with hexylamine is 

necessary for a homogenous dispersion of AgNWs in styrene-

butadiene-styrene (SBS) elastomer because SBS elastomer is 

only dispersible in nonpolar solvents. As a result, the mesh 

heater with modified AgNW shows stable resistance changes 

and joule-heating characteristics under 30% strain over 5,000 

cycles.  

 Here, we compare the electrical, optical, mechanical 

properties before and after improving the junction resistance. 

It is suggested that the resistance of NW proportionally 

decreased as the NW junction is reduced, but transmittance 

doesn’t show a pronounced effect. It is because the junction 

area only covers approximately 1% (average nanowire spacing 

of approximately 1 µm). However, a scattering light is 

influenced by junction state. The scattering efficiency in dark 

field microscopy (related to back scattering) demonstrates the 

linear relationship with the reduced junction resistance. In 

case of a haze factor (related to forward scattering), a haze 

value decreases even with small numbers of AgNW junctions. 

AgNWs with a small diameter show almost similar 

transmittance with AgNWs with a large diameter when the 

resistance is same, but the haze factor with the small diameter 

Table 2. Surface modification 

Type Material Condition Changes  

Plasma 
O2

73
 

 
Hydorphillicity (240Ω/ at 86%) 

H2
74

 100W, 5S to heat the samples  
 

C
h

e
m

ical 

Silan
e

 

OTMS
75

 60˚C, 24hrs, toluene Hydrophobicity for film uniformity  

NH2
76

 1hrs, baked 120 

˚C,toluene 

work function modulation   

phenyl
77

 3000rpm,1hrs, toluene Improve mobility, hysteresis, and bias stress stability 

SH SH
78

 22˚C, 24hrs, ethanol hydrophobicity,  

prevent electron transfer from Au p
o

ly 

Polyelectrolyte(PDDA) 
56

 PDDA solution  

(1 mg/mL) for 5 min 

Induce electrostatic interaction 

(Rs ≈ 10 Ω/sq and T = 91%) dopamine
79

 24 h. and air dried Hydrophilicity, adhesion 

(Rs ≈ 35 Ω/sq and T 80%) 
AgNW Modification 

Type Material Condition/Changes λ Tbefo

 

Rbefore Taft

 

Rafter 

Inorganic 

Au
47

 to reduce R   260Ω(>1G

Ω*) 

 220Ω(450

Ω*) 
AZO

80
 to reduce R near 

IR 

~80 18 ~7

0 

12 

TiO2
81

 to prebind AgNWs connection 550 84 >1M 84 19 

Ligand 

exchange 

hexylamine
82

 homogeneous dispersion with SBS - - σ=1.5kS/c

m 

- σ=3.5kS/c

m 1H,1H,2H,2H-

perfluorodecanethiol
83

 to disperse in highly fluorinated solvent 
550 ~82 10 70 48 

Stabilizer 

perfluorinated methacrylate 

polymer(EGC-2702)
 234

 to disperse in highly fluorinated solvent 
550 ~82 10 81 10 

Aa-PDA
65

 to improve adhesion ability of AgNWs 550   89 16.3 

Page 6 of 33Nanoscale

N
an

os
ca

le
A

cc
ep

te
d

M
an

us
cr

ip
t



Nanoscale Review 

This journal is © The Royal Society of Chemistry 20xx J. Name., 2013, 00, 1-3 | 7 

Please do not adjust margins 

Please do not adjust margins 

depicts twice smaller than that of the long diameter. Thus, 

AgNW junction state can modulate the haze degree of the 

AgNW film. Our group demonstrated that AgNWs with a GO 

coating layer showed lower haze than that without the GO 

coating layer
85

. The GO coating layer reduces the AgNW 

junction resistance. The mechanical strength of the AgNW film 

is also affected by the AgNW junction state. When AgNW 

networks are wrapped with the GO layer that leads to 

improving a junction adhesion, the resistance of the AgNW 

film decreases from R/R0=7 to R/R0=2 and the stretchability 

increases. 

 2.1.4. Research trend of NW. AgNW can be synthesized by two 

different ways: a template assisted method and a solution-phase 

method. In case of the template assisted method, anodic aluminium 

oxide
297

, porous materials
298

, carbon nanotubes
299

, block co-

polymers
300

, DNA chain
301

, rod-shaped micelles
298

, and 

calix[4]hydroquinone nanotubes
302

 have been used as a template. 

Most cases among the template assisted method produce AgNW 

with high aspect ratio and homogeneity, but some problems such 

as a complex procedure and a small amount are still remained.  

In contrast, the solution phase method synthesizes AgNW with 

reduction of AgNO3, which is appropriate to a large scale production. 

The important thing in this method is the role of the capping 

molecules. They prefer to attach specific facet so that an isotropic 

growth of Ag is encouraged. In a previous time, this method shows 

limitations in making a high aspect ratio of AgNW, an irregular 

shape or length, and a polycrystalline domain structure. However, 

endless efforts for developing a capping agent and a reductant 

agent enable to produce high quality of AgNW even with a solution 

phase method. Furthermore, to reduce the cost issue of the metal 

NWs, the copper nanowire (CuNW) regards as a substituent of 

AgNW due to its extremely low cost with a comparable conductivity. 

For that reason, there have already been plenty of studies how to 

make a commercially available CuNW. Aaron R. Rathmell et al. 

produces a long and well dispersed CuNW solution using PVP 

instead of ethylenediamine (poor dispersant for the CuNW)
295

. 

Others also suggest new synthetic procedure for ultra-long single 

crystal using hexadecylamine and cetyltriamoninum bromide
296

. In 

current, the length and dispersibility issues are intensively 

investigated and some parts are solved. However, several 

disadvantageous properties including a reddish color that leads to a 

low transparency (1), a poor crystallinity (2), a low yield (3), a non-

linear morphology (4) and a rapid oxidation under ambient 

condition (5) must be still enhanced for the real applications. One 

possible candidate for the quick application, called cupronickel NW, 

has been introduced. The cupronickel NW consists of a core CuNW 
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with a Ni shell. The conductivity of this material is dominantly 

originated from CuNW, leading to high conductivity while Ni 

effectively protects Cu from any oxidation environment, resulting 

high oxidation stability. In addition, Cu:Ni(2:1) depicts neutral gray 

color, making them more suitable for practical application
294

.  

 Another research trend of AgNW is to produce commercial 

products. AgNW exhibits extraordinary conductivity compared to 

other new materials, so many practical applications have been 

suggested. Especially, AgNW is favored in large area device because 

of an easy coating processing with a high conductivity. In large area 

device, the high conductivity should be maintained on whole area. 

The most widely used solution is embedding technique, which is 

already introduced in page 4. For example, the prototype of an 

organic light emitting diode (OLED) and a touch screen for large 

area display, smart window, and large area solar cell have been 

attempted. The flexible optoelectronics such as OLED, solar cell, 

touch screen, electrochromic, and sensor have been presented (in 

details in chapter 4). Until now, however, most examples using 

AgNW show a relatively poor device performance in comparison 

with the conventional commercial product. The detrimental factor 

of this poor device performance is considered as a surface 

roughness of the AgNW film and its easy oxidation on harsh 

environment.  

2.2. Two-dimensional graphene 

 2.2.1. Dirac fermion. 2D nanomaterials exhibit electron 

transport as described by a Dirac-like equation rather than a 

Schrodinger equation because of their quasi particle behaviour. 

The electrons on 2D materials follow relativistic quantum 

phenomena and the electron wave propagates through the 

layer of 2D material. Graphene is composed of a single layer of 

atoms and also follows Dirac physics, with p orbital Dirac 

fermions(Figure 6a,b)
87,88

. The most interesting phenomenon 

of graphene is its electronic spectrum. The 

valence band and conduction band of 

graphene join at a single point at the Fermi 

level in momentum space, which is called the 

Dirac cone. The Dirac cone provides great 

charge carrier mobility and zero effective 

mass near the point of charge neutrality. At 

room temperature, electrons propagate 

through the honeycomb lattice and travel for 

micrometres without scattering
89

. Graphene 

placed on an atomically rough substrate 

shows electron propagation without 

scattering at room temperature, resulting in 

sensitivity to neighbouring materials such as 

dielectrics, superconductors, ferromagnetic, 

and dopant. As a result, electrons of 

graphene exhibit unusual behaviour such as 

tunnelling
90

, confinement
91,92

, quantum 

effects at room temperature
93

, and integer 

quantum Hall effect
93

 by spin-orbit coupling. 

Electronic property can be modulated by an 

external electric/magnetic field and 

graphene geometry. Young Tak Lee et al. 

demonstrated that graphene is a good 

candidate as a source/drain electrode for 

vertical FET since it has excellent electrostatic integrity due to 

the 2D nature of the system
94

. However, the most interesting 

physical property of graphene is  

its huge carrier mobility(~200,000 cm
2
V

-1
s

-1
) with zero band 

gap
95

. To improve the conductivity of graphene films, the 

carrier concentration should move away from the Dirac point, 

where the density of states is zero. Physical and chemical 

doping is often used to modulate graphene mobility. H
+ 

and 

OH
- 
on the graphene backbone can result in poorly conductive 

graphene because of localized states close to the charge 

neutrality point. Moreover, weakly attached dopants are able 

to act as donors or acceptors
96

. This changes the carrier 

concentration of graphene and leads to high conductivity. In 

addition to material changes, strain and deformation also 

affect the electronic, optical, and phonon properties of 

graphene. Seon-Myeong Choi et al. reported that the metallic 

nature is maintained to a uniaxial strain of 30% and the work 

function also increases with both the uniaxial and isotropic 

strain increase
97

. 

In addition, graphene has been spotlighted as a soft electrode 

due to its outstanding optical properties. The thickness of 

graphene is far less than the wavelength of light so light 

absorbance by the material becomes very small. Graphene 

absorbs in significant light (πα=2.3%) and results in 97.5% 

transmittance and negligible reflectance (<0.1%) for 

monolayer graphene
98

.  Four-layer graphene shows 89.4% 

transmittance because light absorption is linearly proportional 

to the number of layers
99

. Another interesting optical property 

is high transmittance in the visible region but low 

transmittance near the ultraviolet region for multilayer 

graphene, which is attributable to inter band electronic 
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 transition from the unoccupied π∗states (~250 nm)
100

. 

However, graphene still exhibits good physical properties as 

transparent electrodes because of uniform transmittance with 

a large wavelength window compared with an ITO film
101

. 

2.2.2. Coating Method. Among graphene derivatives, CVD 

graphene is widely used as a soft electrode material because 

of the inexpensive and readily accessible approaches for 

obtaining a high-quality graphene. A CVD graphene metal 

catalyst must be transferred onto a desired substrate to act as 

an electrode. The transfer method is one of the important 

parameters determining the quality of graphene because a 

high-quality graphene from the synthesis step can be degraded 

during the transfer process. Transfer is typically performed in 

two different ways: wet transfer or dry transfer. In the case of 

wet transfer, graphene is first coated with polymer supporter 

and the metal catalyst is removed by etchant (FeCl3 in HCl, 

Fe(NO3)3 in H2O, (NH4)2SO8 in H2O). Graphene is transferred 

onto the desired substrate after washing with H2O several 

times and then the polymer supporter is also etched. During 

the wet transfer process, the etching rate, the type of 

supporter, washing process with H2O, and polymer etchant 

conditions are important. Rapid etching and consequential 

generation of bubbles lead to cracks or wrinkles on graphene. 

Few micrometre cracks have been observed when graphene 

on Ni is etched by nitric acid, which is a stronger etchant than 

(NH4)2SO8 or FeCl3
102

. Even though every polymer supporter is 

used to facilitate free standing of graphene during transfer, 

each polymer undergoes different mechanism to transfer 

graphene. PDMS, which is a well-known molecular stamp, 

maintains low adhesion with graphene so the target molecule 

can be transferred from PDMS to the desired substrate(Figure 

7b)
21

. PDMS transfer requires a long etching time, but induces 

minimum polymer residuals. PMMA is another widely used 

polymer supporter. PMMA forms strong bonding with 

graphene, thus preventing graphene damage during the metal 

catalyst etching process. Hence, the Rouff group found that 

PMMA can cause cracking or winkling during the PMMA 

removal process(Figure 7a)
103

. The PMMA coating holds 

graphene rigid as it forms covalent bonds with it. The ripple on 

graphene that is generated during the growth and cooling 

process is maintained and hinders contact between graphene 

and substrate, leading to tear off in polymer removal 

procedure. To overcome this problem, they propose an 

additional PMMA coating before PMMA removal a second 

PMMA layer redissolves the original PMMA and relaxes the 

winkles in graphene. As a result, the additional PMMA coating 

successfully yields high-quality graphene. The important 

component of the wet transfer method is the polymer or 

etchant residue, which affects the physical properties of 

graphene. Suk et al. studied the effect of polymer 

residue(Figure 8a)
104

 and found that PMMA at high 

concentration can maintain high P-type doping I-V 
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characteristics after polymer washing, and that amide  

treatment easily recover the original I-V characteristic through 

electron donation of formamide in the polymer residue. A 

heating method of graphene to remove polymer residue under 

an Ar/H2environment was also introduced. Recently, to 

enhance the poor electronic coupling by polymer residues 

Christian and co-workers incorporated 1-pyrene butyric acid 

between the top and bottom graphene layers(Figure 8b)
105

. 

Plane-to-plane tunnelling conductivity of stacked CVD 

graphene layers was improved by 6 orders of magnitude after 

pyrene derivative insertion compared with the original 

graphene. To minimize damage to graphene, many dry 

transfer methods have also been attempted. Lock et al. used 

linker molecules to detach graphene from metal 

catalyst(Figure 7c)
106

. Azide molecules as a linker are spin-

coated on the oxygen plasma-treated polymer substrate and 

then graphene is attached onto the modified substrate. After 

applying heating and pressure, azide molecules form carbine 

with the graphene backbone. Strong bonding between 

graphene and substrate allows clean detachment of graphene 

from the metal catalyst during transfer. Yoon et al. introduced 

the use of epoxy to peel off graphene in a similar way
107

. 

Another strategy called the “roll to roll process” was 

demonstrated by Sukang Bae et al. to fabricate a large-area 

graphene electrode(Figure 7d)
108

. The graphene film on Cu foil 

and a thermal release tape are inserted together between 

rollers with soft pressure. After the Cu foil is etched, graphene 

is attached to a polymer substrate with thermal release tape 

by mild heating between rollers, yielding 30-inch graphene 

with 125 Ω/sq is developed. However, this method can cause 

damage to the graphene by shear stress caused by the rolling 

speed or rigidity of the substrate and low conductivity due to 

the polymer residue. As a result, the hot pressing method is 

suggested as a new transfer method
109

. 

On the other hand, through chemical exfoliation many 

graphene derivatives such as graphene flake solution
110,111

, 

graphene oxide (GO), and reduced graphene oxide (rGO) can 

be produced. These graphene derivatives show much lower 

electrical properties than the CVD grown graphene, but their 

low cost, easy handing, possible functionality, and various 

applications make them interesting. Chemically exfoliated 

graphene can easily generate an ordered film by LB
112

, drop 

casting
113

, spin coating
114

, dip coating
115

, spraying
116

, Meyer 

rod coating
117

, LBL
118

, vacuum filtration deposition
100

, and 

electrohydrodynamic jet printing
119

. Laura J Cote fabricated a 

monolayer of GO by LB assembly without a surfactant or 

stabilizing agent
112

. Strong electrostatic repulsion between 

edge-to-edge and face-to-face graphene prevents overlapping 

and stacking of graphene sheets during LB assembly. A GO film 

made by the above method guarantees high uniformity 

because of the formation of stable colloidal suspensions in 

water through oxygen functional groups
120

. In addition, a 

porous electrode can be simply fabricated by modulation of 

GO-solvent interactions. Our research group proposes a GO 

film with non-stacked porous structure produced by vacuum 

filtration using an anti-solvent method. A porous rGO 

electrode gives a high surface area (1435.4 m
2
/g) and high 

conductivity, which is appropriate for use as an electrode in a 

supercapacitor(Figure 9a)
121

. However, it is hard to make a 

good film directly using rGOs or graphene flakes due to strong 

van der Waals interaction between graphene sheets, and in 

general preparation of GO film by chemical/thermal reduction 

is preferred. Figure 12a,b depicts the electrical property of rGO 

film depending on the coating method. Subsequently, our  
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 group developed a direct rGO coating method to avoid the 

need for a post treatment that can damage an active material. 

The GO suspension is reduced by 5.0 µl hydrazine solution 

with 35.0 µl ammonia and the solution is placed in a water 

bath at 95 ℃ for 1h. Ammonia solution prevents aggregation 

of rGO during reduction, leading to formation of a uniform and 

thin rGO film. Finally, the rGO electrode is deposited on the 

substrate by spin coating or spray coating to give a highly 

conductive thin electrode for use in molecular electronics
122,123

. 

Moreover, the Pasquali group demonstrated a direct coating 

technique to produce densely packed graphene fibres and 

sheets using the proper solvent(Figure 9b)
124

. A strong acid 

(chlorosulphonic acid) protonates graphene so that graphene 

flakes in superacid undergo competition between short-range 

repulsion and long range attraction, resulting in a well-

dispersed and highly concentrated graphene or rGO solution. 

As a result, transparent conducting films (1000 Ω/sq with 80% 

transmittance) are produced with uniform and large liquid 

crystal domains. A functionalized rGO film for a flexible 

electrode has also been proposed. The advantage of 

functionalized rGO is the ability to make homogeneous 

colloidal suspensions using special functional groups to 

provide functionality to enhance adhesion on the substrate 

and to improve conductivity by a doping effect. Choi et al.
125

 

produced a functionalized rGO film through self-assembly of 

the hydrophobic backbone of nafion that shows high 

conductivity of around 1176 S/m, good electron transfer 

characteristics, and low interfacial resistance in the bio-sensor.  

 2.2.3. Issues: CVD graphene. High sheet resistance is one of 

the most important factors influencing the poor performance 

of electronic devices that use transparent electrodes based on 

graphene. In theory graphene has remarkably high 

conductivity, but the real conductivity is 3 orders of magnitude 

lower than the expected value because of grain boundaries, 

defects, and oxygen-containing groups in the graphene sheet. 

Strategy to improve the conductivity of the graphene films are 

to control the degree of grain boundaries, control the 

topography of graphene such as wrinkles, edges, and defects, 

and to incorporate a conductive material into them (doping or 

hybrid composite). First, high-quality graphene with a large 

grain domain have been researched by high-

throughput approaches for graphene synthesis. A 

single crystal metal catalyst normally ensures high-

quality of graphene. Gao et al. synthesized 

millimetre-sized single-crystal graphene on a Pt 

single crystal metal catalyst by ambient pressure 

CVD. The graphene showed a low wrinkle height 

and huge carrier mobility (7100 cm
2
/Vs) under 

ambient conditions
126

.  Furthermore, the type and 

flow rate of carbon source
127

, growing 

temperature
128

, and partial pressure of 

hydrogen
129

 also affect the size and morphology of 

the graphene domain. Second, various coating 

techniques (transfer and deposition) have been 

tested to modulate the topography and 

morphology of graphene such as wrinkles, cracks, 

and edges. Wrinkles, cracks, and edges of 

graphene are known as scattering sites and prevent charge 

transport by limiting the electron mean free path, leading to 

low conductivity. In the case of CVD, transfer-induced defects 

are dominant in affecting electrical properties.  As mentioned 

earlier, reactions during the etching of Cu can cause cracking in 

the graphene film and degrade the carbon sp2 network. Thus, 

the choice of a proper etching solution and transfer method is 

significant. Finally, doping is often used to enhance the 

conductivity as a result of an increase in carrier densities. 

Doping of graphene may be simply classified as electrical 

doping (achieved by changing gate voltage) and chemical 

doping (obtained using chemical species). Chemical doping can 

be further divided into physical adsorption and chemical 

adsorption. Physical adsorption with gas, metal, or organic 

molecules does not disrupt the structure of graphene. The 

relative position of density of states of the highest occupied 

molecular orbital (HOMO) and lowest unoccupied molecular 

orbital (LUMO) of the dopant and the Fermi level of graphene 

affect the electronic property of modified graphene
130

. When 

the HOMO of a dopant is above the Fermi level of graphene, 

the dopant acts as a donor, with carrier transfer from the 

dopant to the graphene layer. Electron withdrawing groups 

adsorbed on the surface generally exhibit a p-type doping 

effect, whereas electron donating groups show an n-type 

doping effect. Characteristics of doped graphene depending on 

dopant are demonstrated in Table 3. Surface transfer doping 

by acid treatment such as H2SO4, HCl, HNO3 is well-known for a 

p-type dopant and can enhance the charge transfer and 

conductivity of graphene. A 4 layer graphene film with HNO3 

treatment shows 30 Ω/sq with 90% transmittance, which is 

comparable to ITO
108

. Chemical adsorption involves the 

substitution of carbon atoms in graphene by atoms with a 

different number of valence electrons, such as nitrogen and 

boron. Chemical adsorption is achieved by direct synthesis 

(CVD, segregation growth, solvothermal method) and post-

synthesis treatment (thermal, plasma treatment)
131

. 

Interestingly, substituted nitrogen affects the charge 

distribution of carbon atoms so that the Fermi level moves 

above the Dirac point, resulting in band gap opening. Thus, N-

Fig. 9 a) Schematic illustration of the fabrication of porous non-stacked GO
121

. b) Photograph 

showing solubility of superacid-driven exfoliated graphene. Graphoil, HOPG, or microstalline 

graphite is used an initial graphene source. c) Raman shift at G band as a function of acid strength.

Raman shift is examined to predict the degree of protonation of graphene
124
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doped graphene is better for application in semiconductor 

devices than in electrodes.  

2.2.4. Issues: rGO. The rGO electrodes provide several 

advantages: 1) One-phase reaction is possible without 

additional surfactant because of water-soluble properties, 2) 

The homogeneity and composition of the films are simply 

determined by the composition of the parent suspension and 

surface modification of the substrate, 3) rGO film with various 

morphology and functionality such as dispersability, adhesion, 

work function, and conductivity can be fabricated by low 

temperature and high throughput processing, 5) Work 

function of rGO (4.2–4.6 eV) correlates with the HOMO level of 

most of the organic materials that are used in layered 

structure devices such as solar cells, light emitting diodes 

(LEDs), and sensors. However, the biggest problem associated 

with rGO electrodes is the relatively low conductivity 

compared with CVD graphene due to the large number of 

defects on the sp2 domain. Such effects are generated during 

the oxidation and reduction process. The average domain size 

of graphene (LD) is estimated by the Raman intensity of D (ID) 

and G bands (IG) of the rGO film using the equation: 

L�
� 
 �1.8 � 0.5� � 10��λ!

"�#$
#%
��& 132

, Where λL  is the 

excitation laser wavelength. The average domain size of 

graphene is only 2.5-6 nm and sp2 domain coverage is less 

than 60%. Because there are many defects in rGO sheets, 

space charge limited conduction and coulomb blockade effects 

are observed in real devices. The physics of rGO electrodes are 

more similar to those of a graphene quantum dot array than to 

graphene itself. sp2 domains behave like quantum dots 

whereas oxidized domains act like tunnel barriers such that 

electrons are transported by a hopping mechanism among 

localized states
133

. 

To enhance the conductivity of rGO and recover graphene like 

behaviour (long-range ballistic transport), repair of any defects 

is necessary. Defects can be recovered with certain post-

treatments such as heating
134

 or functionalization. Oxygen-

containing groups on GO become a defect site during 

reduction. Chemical, electrochemical, photocatalytic 

reduction, flash conversion, and heat treatment above 200 °C 

have been tested for recovery. For chemical reduction, various 

reducing agents are used including hydrazine
135

, hydrides
136

, 

dimethyl-hydrazine
135

, hydrides
136

, dimethylhydrazine
137

, 

NaBH4
138

, AlCl3
139

, iodic acid
122

, hydroquinone
140

, and p-

phenylene-diamine
141

. Each regent shows different degree of 

reduction, resulting in different C/O ratios and conductivity. 

Hydrazine is effective for removal of in-plane functional groups 

(epoxy, hydroxyl) but not for the edge moieties (carboxyl and 

carbonyl). However, many oxygen groups still remain after 

chemical reduction. Thermal treatment is known to be a high 

recovery method. The C/O ratio obtained by XPS spectra of 

chemical and thermal reduction is 8.8 and 14.1, 

respectively
142

. However, during the heating, melting can 

occur at sites of defective pairs and small lateral size, 

preventing sp2 recovery. Thus, the combination of chemical 

and thermal reduction is more efficient than reduction by any 

one process. Our group investigated structural information on 

the single rGO and the influence of atomic dopants during 

thermal treatment
143

. Chemically reduced rGO showed quite 

high topographical fluctuation and rGO treated with only 

thermal reduction exhibited many defect sites due to the 

removal of oxygen groups (CO/CO2) in Figure 10a-d. However, 

post-thermal treated chemically reduced rGO resulted in the 
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formation of crystallized patches because cyclic ether (-O-) 

groups on graphene can be formed at the edges of wrinkles in 

a buckle-type fold upon thermal treatment. Chhowalla et al. 

also predicted that the healing mechanism of hydrogen atoms 

is through reduction of hydroxyl and epoxy groups to highly 

stable carbonyls and ether groups (Figure 10e). Desorption of 

hydroxyl and epoxy groups generates  CO2 and CO gases at low 

temperatures, leading to defective graphene formation, 

whereas thermal treatment with hydrogen transforms initial 

hydroxyl and epoxy group to carbonyl and ether groups, which 

prevents defective reduction of  GO
144

.  

Reduction of functionalized GO is possible to fabricate a rGO 

electrode with the desired band gap and/or conductivity by 

the formation of a donor-acceptor complex with graphene. 

Tuning its work function to match the interface and/or active 

materials is important to decrease contact resistance in the 

device and/or enhance the collection and transfer of electrons 

to the collecting electrode. Functionalization of GO is much 

more convenient than that of graphene because of the highly 

active oxygen functional group. Functionalization with 

nanoparticles, organic materials, and polymers has been 

proposed for GO-based electrodes. Fu-An He et al. suggested 

Ag nanoparticle (10–100 nm)-decorated rGO prepared using 

an in situ method
145

. (3-mercaptopropyl) triethoxysilane 

functionalized GO in DMF is mixed with HAgCl4, sodium citrate, 

and ammonia solution, and then hydrazine is added to reduce 

GO and Au ions simultaneously. The consequently obtained 

rGO–Ag with PVDF shows a significant increase in AC 

conductivity when the rGO–Ag content is 2wt%. 

2.2.5. Issues: Graphene chemistry. Graphene chemistry is 

another interesting issue in the graphene field that has not yet 

been not fully explored, although several outstanding features 

of the chemistry of graphene have been introduced: 1) surface 

chemistry sensitive physical property, 2) local reactivity 

changes depending on strain and curvature, 3) periodical 

absorption of molecules. We can obtain desired properties of 

graphene using the appropriate specific chemistry. In some 

cases, even though conductivity losses occur, functionalization 

of graphene may be used to improve solubility, processability, 

and other specific properties to facilitate the practical 

utilization.  

Chemical functionalization of graphene can be achieved using 

graphene flake, rGO, CVD graphene, and GO. With the 

exception of GO, all of these undergo similar reactions such as 

alkylation, fluorination, hydrogenation, doping, and 

physisorption because they react with the π electron on the 

graphene basal plane and edge plane. These reactions are 

shown in Figure 11. Graphene flake shows better solubility, but 

smaller size and less mobility due to larger defects, and higher 

inhomogeneity than CVD grown graphene. Interestingly, 

graphene flake, unlike CVD graphene, can be diversely 

functionalized because of the larger number of more active 

edges and defect sites. The merit of graphene flake is its ability 

to be modified by solution processes and numerous transfer 

procedures such as spin coating, spraying, and nanoprinting.  
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However, graphene flake can be re-aggregated due to strong 

van der Waals interaction and a dispersant or surfactant is  

 normally used to prevent aggregation of graphene, although 

this can affect the yield of the reaction. In contrast, CVD 

graphene is modified by surface reaction after transfer onto 

the desired substrate. Only the upper surface of graphene 

reacts with reagent, and the reaction mainly changes the basal 

plane of graphene by fluorination
146

, hydrogenation
147

, 

cycloaddition by aryne
148

, nitrene
149

, Diels-Alder reaction
150

, 

and alkylation by diazotization
151

, radical reaction
152

 as well as 

physisorbtion
153

. Alkylation and fluorination of both CVD 

graphene and graphene flake damage the π electron state and 

lead to decreased conductivity whereas physisorption 

maintains the electrical property of graphene. Thus, 

physisorption is widely used to develop graphene-based 

electrodes. π−π stacking or van der Waals interactions 

influence the physisorption of graphene. Mostly, molecular 

assembly occurs during physisorption on graphene. Molecules 

with strong directional bonds such as coordination bonds or 

hydrogen bonds produce porous assemblies on graphene, 

whereas weak bonds such as halogen-halogen and van der 

Waals interactions produce a densely packed array
154,155

. 

Adsorption of pyrene and derivatives, tetracyanoquinodi-

methane (TCNQ), sulfonated poly(aniline) (SPANI), perylene 

derivatives, poly(styrene sulfonate) (PSS) and other aromatic 

species has been successfully studied. Moreover, physorption 

of certain molecules such as PBASE suggests that the 

hydrophilic character, work function, and device performance 

such as power conversion can be improved
156

. Furthermore, 

one proposes non-covalent functionalization of graphene using 

self-assembly of alkane amines
157

. Amine anchor group-

graphene interactions and inter-chain interactions between 

molecules stabilize self-assembly on graphene. Amine has no 

preferential bonding site to the graphene plane (i.e., directly 

over an atom versus the centre of phenyl rings) and a small net 

charge transfer to graphene, leading to stable formation of an 

aminodecane layer at room temperature.  

 Interestingly, functionalized rGO can be made not only by 

functionalization of rGO but also by reduction of functionalized 

GO. The latter strategy is preferred because GO has more 

diverse feasible reactions. GO is an excellent template for 

manipulating the functionality of graphene owing to its unique 

chemical structure composed of small sp2 domains with sp3 

carbon domains and oxygen functional groups. However, 

randomly oriented oxygen groups make it hard to control 

selective chemical modification, leading to minimal changes in 

electrical and optical properties. Table 4 indicates 

methodology for controlling the functionality of GO. For each 

oxygen functional group, GO is modified by a different route of 

amidation and esterification. First, the carboxylic group 

requires a coupling reagent such as thionyl chloride (SOCl2), 1-

ethyl-3-(3-dimethylaminopropyl)-carbodiimide (EDC), N,N’-

dicyclohexyl-carbodiimide (DCC), or 2-(7-aza-1H-benzotriazole-

1-yl)-1,1,3,3-tetramethyluronium hexafluorophosphate (HATU) 

to add a nucleophilic species for amidation or esterification. 

Tang et al. presented covalently functionalized GO with 2-

amino-4,6-didodecylamino-1,3,5-triazine (ADDT). The presence 

of ADDT changed the polarity of GO and led to homogenous 

dispersion in non-polar solvents
158

. In addition, covalent 

bonding between GO and chromospheres such as 

oligothiophene, P3HT, porphyrins, phthalocyanines, 

azobenzene, have been attempted in order to change optical 

properties (fluorescence intensity, lifetime, extinction 

coefficients) and dispersibility. GO can be also grafted to a 

polymer, where its property is affected by dispersibility, 

mechanical strengthening, and morphologic characteristics of 
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the polymer, and by conductivity, chemical reactivity, and 

mechanical reinforcement from graphene. The aim of polymer 

grafted GO is mostly to enhance mechanical properties, 

dispersibility, and biocompatibility. In particular, polyethylene-

imine (PEI)/polyethylene glycol (PEG)-modified GO has been 

comprehensively investigated for biological applications 

because PEI/PEG is a biocompatible superhydrophilic polymer. 

PEI/PEG modified graphene allows adsorption of negatively 

charged biomolecules via electrostatic interaction, leading to 

low cytotoxicity and a fluorescence quenching effect
159

.  

3. Hybrid electrodes with NW or Graphene 

Hybrid composites have been developed with a combination 

of different nanomaterials on/in various polymers to 

overcome the disadvantages of each individual material. Here, 

we will first compare the intrinsic mechanical and electrical 

properties of metal NW and graphene and then we will look 

into hybrid composites that overcome the mechanical and 

electrical limitations of NW and graphene. 

3.1. Mechanical property modulation 

AgNW has been intensively used in both stretchable and 

flexible electrodes. Structural defects, size, and adhesion of 

NW affect flexibility, which is related to the yield strength of 

the composite. Structural defects and size affect the intrinsic 

mechanical stability of NW, whereas adhesion determines the 

macroscopic mechanical stability of the network
160

. NW with a 

small number of defects and smaller diameter exhibits a large 

young’s modulus, high yield strength, and high ultimate tensile 

strength due to the concentrated stress on the defect site and 

stiffening size effect in the young’s modules, respectively
161,162

. 

The degree of adhesion of NW on substrate, however, 

determines the mechanical stability of composite more 

dominantly, because a soft electrode with nanomaterials has a 

very large substrate thickness (approximately -100 µm) 

compared with nanomaterial film (<100 nm). When NWs 

adhere loosely on a substrate, the NW network peels off or 

slides by application of friction or adhesive tape directly on the 

NW. Tightly linked NW with a stretchable matrix has an 

excellent ability to follow the substrate flexibility and NW 

movement relies on the strain history remaining on the 

substrate, leading to reversible stretchability within the range 

defined by the first strain. Interestingly, a physically welded 

NW network shows a “meandering” mesh-like mechanical 

tendency, which is reported to be stretchable up to 100% for a 

biaxial strain
163

, unlike the sliding phenomenal of non-welded 

NW. One study showed clear differences in mechanical 

stability before and after welding
72

. Non-welded Ag NWs 

showed huge sheet resistance fluctuation, especially in the 

first 1-3 cycles, but there was no significant change in sheet 

resistance even after 10,000 bending cycles following the 

welding process. Another mechanical disadvantage of NW is its 

weakness to rubbing or scraping, although this can be reduced 

by encapsulation. Our group has developed an encapsulation 

system with multilayered graphene oxide and 

polydiallyldimethylammonium chloride (GO-PDDA) that can 

prevent rubbing of the AgNW network
164

. Tribological tests at 

the micro- and nanoscale demonstrate that (GO-PDDA) layers 

can effectively protect AgNWs on the substrate from external 

friction to enhance a sliding phenomenon of GO, which affects 

the lower subsurface maximum von Mises stress. As a result, 

(GO-PDDA)/AgNW/PET films can sustain a longer or larger 

force than AgNW/PET film.  

 Theoretically, the extraordinary mechanical stability of 

graphene makes graphene-based soft electrodes a fascinating 

option. Graphene is highly unique because it demonstrates 

high flexibility and brittleness at the same time. It also shows 

high mechanical stability, such as a breaking strength of 40 

N/m and Young’s modulus of around 1.0 TPa, and it can be 

stretchable by as much as 20%
165

. However, grain boundary 

and defects dramatically decrease the original mechanical 

strength (150 GPa fracture strength)
166

. Young Hee Lee’s group 

observed crack creation and propagation depending on 

applied strain using optical microscopy
167

. More cracks were 

created as the radius of curvature decreased and the crack was 

propagated along the strain direction and terminated at the 

graphene grain boundaries. The crack length is more 

important than the crack shape in determining the tensile 

strength of defective carbon  material
168

. Finally, defective 

graphene induces a dramatic degradation of electrical 

performance during stretching. Thus, several strategies to 

overcome defect-induced low fracture strength have been 

developed. The capability to endure large strains can be 

provided by using pre-strained substrate or by 3D graphene 

formation.  Reversible control of crumpling and unfolding of 

graphene is demonstrated using a biaxially pre-stretched 

substrate because strongly adhered graphene pulls the 

delaminated graphene region, whereas uniaxially relaxed 

graphene electrodes lead to wrinkling and delaminated 

buckles
169

. Another group reported a direct 3D graphene 

synthesis method. Graphene grown on wavy Cu foil presents 

approximately 60% transmittance (at 550 nm) and 

stretchability up to 40% strain on PDMS
170

 and 3D graphene 

generated by direct graphene growth on Ni foam also exhibits 

high electrical conductivity of 10 S/cm and a maximum stain of 

50%
171

. 

A hybrid composite with enhanced mechanical properties is 

derived by different strategies for NW or graphene. Even 

though NW gives high stretchability by percolation theory, the 

low intrinsic mechanical strength (4.8 GPa fracture strength for 

Ag, 2-8 GPa for Au
160

), low adhesion with other materials, and 

lack of functionalization methods hamper production of a 

highly stretchable NW-based composite. A mix of NW and 

another conductive nanomaterial is an alternative way to 

overcome these limitations of NW. Most hybrid systems with 

NW are related to enhancing the adhesion between NW and 

polymer.  

We compare the mechanical stability of various AgNW hybrid 

composites in Figure 12c and f. AgNW-CNT composite was 

intended to enhance the stretchability of the AgNW 

network
172

. SWCNT have a more elastic nature and better 

interaction with polymer, leading to mechanical stability 

greater than 460%. In addition, CNTs fill the space between 
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nanowires and thus reduce deformation of the NW network 

and reduce resistance, providing local electron transport 

paths. In other studies, a polydopamine modified elastomer 

was used for a stretchable NW transparent conductive film. 

Polydopamine, which is present in the adhesive threads of 

mussels, plays an important role in bonding AgNW with 

polymer substrate. The resulting film exhibits 80% 

transmittance with an average sheet resistance of ∼35 Ω/sq 

and maintains up to 20% mechanical elongation. Unlike NW, 

integration of graphene with other materials is mostly focused 

on electronic property modulation because of its good 

adhesion with polymer but relatively low conductivity. 

Graphene strongly interacts with polymer via van der Waals 

interaction, and further interaction can be generated by 

controlling the functionality of graphene. Polymer-conjugated 

graphene combines the physicochemical properties of both 

graphene and polymer. Polyanilines
173

, polypyrroles
174

, 

polythiophene
175

, poly(phenylene vinylene)
176

, and 

polyfluorenes
177

 can be attached to graphene either covalently 

or non-covalently. Polymer-conjugated graphene produces 

well-dispersed single-layer graphene nanosheets in the 

polymer matrix, leading to enhanced mechanical and electrical 

properties of graphene-polymer composites.  

3.2. Electrical property of soft electrode 

NW seems to be a better electrode candidate than graphene 

derivatives because of its high carrier concentration and 

mobility. Takehiro Tokuno et al. reported that an AgNW 

network with CNT increases film conductivity to enlarge 

electrical paths and reduce the contact resistance between 

NW
178

. However, graphene may be more suitable with respect 

to the tunability of electronic properties. A simple way to 

control the work function of graphene is by chemical doping. 

An rGO electrode with hydrazine reduction and subsequent 

thermal reduction has been reported as a n-doped graphene 

electrode and exhibits good conductivity with high 

transmittance and high electroluminescence efficiency (17000 

cd/cm
2
 ) at flexible PLED due to the reduced barrier for 

electron injection
179

. The graphene derivatives demonstrate 

slightly different work function. With hydrazine-treated 

reduction, CVD graphene shows 4.94 eV whereas rGO shows 

approximately 4.7eV. The work function of rGO is different 

depending on the reduction type. The initial state of GO 

exhibits HOMO at 5.0 eV and LUMO at 3.5 eV, and after 

reduction the work function of rGO is determined by existing 

oxygen functional  groups
180

. A large oxygen content ratio 

produces a higher work function. Especially, carbonyl-rich rGO 

presents a higher work function (~5.2 eV for rGO with 12% 

oxygen remaining) than hydroxyl-rich rGO (~5.1 eV for rGO 

with 12% oxygen remaining). Graphene can also be modulated 

by the underlying or overlying material. Boseok Kang et al. 

observed that a self-assembled monolayer on the substrate 

controls the work function of the graphene above it
181

. A NH2 

(aminopropyl triethoxysilane, APTS) modified surface shows 

graphene N doping behaviour (φ=4.6 eV), whereas direct 

functionalized rGO showed a shifted work function (φ=4.31) 

with the same APTS molecule. Interestingly, some types of 

doped rGO/graphene undergo both work function changes 

and decreased resistance, but others exhibit the desired work 

function shift and increased resistance. In general, acid 

treatment and metal insertion using a metal precursor solution 

dramatically decrease the resistance of graphene derivatives.  

However, rGO, graphene, and doped graphene still have much 

lower conductivity than metal NW therefore graphene 

integrated with other materials has been proposed as an 

alternative method to enhance conductivity as well as to 

control work function of graphene-based electrodes. Most 

hybrid composites with graphene for soft electrodes are a 

combination of graphene-polymer-metal component, such as 

NP and NW. Physisorbed metals such as Al, Cu, Ag and Pt, 

which have weak interactions with graphene, affect the Fermi 

level of graphene shifts without perturbing the graphene band 

structure because of the work function differences
182

. Thus, 

insertion of such weak interacting metals into graphene is 

widely exploited. Especially, AuCl3 with nitromethane-doped 

graphene shows p-type behaviour and the highest decrement 

in resistance among other doping methods shown in Figure 

12d,e
183

. Graphene with metal ion insertion or metal NP is not 

comparable to a metal-based soft electrode because 

numerous NP-NP junctions generate high contact resistance 

and charge carrier scattering. Thus, graphene with 1D metal 

NW has recently been intensively researched. A 1D material is 

able to cross-link different domains that are divided by grain 

boundary. AgNW provides new conductive pathways for 

charge carriers in polycrystalline monolayer graphene, 

resulting in a high conductivity. This co-percolating conduction 

of the NW network and graphene domain mutually helps the 

transport bottleneck of each material. The NW percolating 

networks reconfigure with strain and bridge the cracks in the 

graphene film to maintain the electrical conductivity
184

. 

Consequently, graphene with AgNW electrodes show very low 

resistance of around 22 Ω /sq and n-type doping behaviour 

due to the lower work function of Ag (4.3 eV) . Jang-Ung Park’s 

group also studied a transparent conductive film using 

graphene with AgNWs. The film shows not only low sheet 

resistance (33 Ω/sq) with high transmittance (94% in visible 

range), but also high flexibility (sustain 27% strain) and 

strechability (100% in tensile strain)
290

. High mechanical 

strength is governed by AgNW linker between neighbouring 

graphene domains, leading to enable a stretchable transparent 

electrode with in plane configuration as well as out-of-plane 

configuration
291,292

. Furthermore, graphene protects chemical 

and radiation damage of NW in graphene/NW hybrid structure. 

In many applications NW suffer from oxidation during both 

manufacturing process and operation. However, hybrid 

structure prevent in any oxidant component, even light
290

. 

Same group demonstrate good oxidation resistant under 85% 

in humidity, 85 °C and successfully produce wearable soft 

contact lenses. As a result, Chemical stability and mechanical 

stability are governed by the graphene and high conductivity is 

determined by the metal component. In addition, graphene 

fibre with AgNW was also suggested and the amount of NW 

determines the electrical conductivity and mechanical 

compliance of such fibres
185

. Similarly, graphene–metal 
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nanothroughs hybrid system can effectively enhance 

electronic properties by a complementary strategy
186

.  

4. Applications 

4.1. Optoelectronic devices 

4.1.1. Layered structure devices: LEDs and OPVs. Light 

emitting diodes (LED) and organic photovoltaics (OPV) function 

through opposite mechanisms; LEDs generate light from 

electricity, whereas solar cells create electricity from light. To 

convert electricity to light or light to electricity, the electron 

and hole should subsequently move through the layered 

structure with minimum recombination. Thus, two electrodes 

(cathode and anode) play an important role in collecting or 

injecting carriers in the desired direction. Transparent 

conductive film is generally placed in the electrode that 

generates or injects the hole carrier. For high efficiency, an 

ohmic contact between the transparent conductive film and 

nearby active layer is essential to reduce the energy barrier for 

carrier transport and carrier recombination. The work function 

of the electrode and the adjacent layer determines whether 

there is ohmic contact or not. For efficient hole transport the 

HOMO level of active material and one electrode should be 

matched and for efficient electrons transport the LUMO level 

of active material and  opposite electrode should be 

matched
187

. Additionally, absorption in the visible region of the 

electrode material is important because light must pass 

through to the active material or out of the device. In general, 

a LED with an AgNW electrode shows high power efficiency 

because of the large local current density around the AgNW 

and high light extraction efficiency due to the light scattering 

effect of AgNW. An embedded AgNW electrode can be used 

for a flexible LED to reduce surface roughness
66

. Because of 

the 1D shape, AgNW shows large surface roughness, which can 

trigger electrical shorting or disproportional carrier flow 

related to leakage current. Most OPV devices use an AgNW 

electrode, and therefore have an additional PEDOT:PSS layer 

Fig. 13 a) Resistance changes at the stretching (40% strain) and releasing process for Go soldered AgNW network and thermal fused AgNW composite. b) Schematic configuration 

of stretching behaviour of Go soldered AgNW network
190

. c) OLED device structure with graphene hole injection layer and performance as a function of the number of graphene 

layers
191

. d) Representative band diagram of an ultrathin heterostructure LED device
192

. 
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as both a smooth layer and hole injection layer (HIL); however, 

a PEDOT:PSS that is too thick reduces average current density. 

Polyvinyl alcohol (PVA) can be used to reduce the surface 

roughness of NW percolation networks by an embedded 

technique. The AgNW/PEDOT:PSS/NPB/Alq3/LiF/Al device 

shows higher power efficiency with a significantly reduced 

surface roughness (to 1-5 nm) and thermal and chemical 

stability compared to ITO-based organic LED. However, the 

embedded technique commonly suffers from poor hole 

injection. Other studies have demonstrated improved organic 

LEDs using a simple plasma treatment to remove the thin 

polymer overlayer on the NW network
188

.  

 Interestingly, Qibing Pei’s group fabricated a stretchable LED 

device with AgNW composite189. The AgNW and poly(urethane 

acrylate) (PUA) composite showed sheet resistance of 10 Ω/sq 

and transmittance of 80% at 550 nm. The stretchability of film 

depicts the resistance change to 235 Ω/sq at 100% strain and 

the associated LED sustained 120% uniaxial strain for light on. 

To improve mechanical sustainability, the same group applied 

a GO soldered AgNW transparent electrode on polymer 

LED(Figure 13a,b)
190

. Oxygen functional groups on GO 

effectively interact with the polymer, narrowing the AgNW 

junction. Accordingly, the AgNW network is wrapped with GO, 

which increases conductivity and minimizes disjointing or 

sliding of AgNW when the strain is applied.  

Graphene is another fascinating candidate in the field of 

flexible LEDs because of its atomically thin and flat nature. The 

low conductivity and relatively low work function (~4.4 eV) of 

graphene hamper luminous power efficiency by high operation 

voltage, and current efficiency is reduced by a high injection 

barrier in flexible electronics with graphene electrodes. One 

group modulated the electronic properties of graphene by 

doping with nitric acid AuCl3(Figure 13c)
191

. Doped graphene 

presents surface work function of up to 5.95 eV and reduced 

sheet resistance of 30 Ω/sq. A LED device with p-type doped 4-

layer graphene gives a high luminance of approximately 30.2 

cd /A, current efficiency of 98.1 cd/A, and luminous efficiency 

of 37.2 lm/W and 102.7 lm/W in flexible fluorescent and 

phosphorescent LEDs respectively. Interestingly, the 

Novoselov group demonstrated a novel type of flexible LED 

using only 2D,  nanosheets(Figure 13d)
192

. Quantum walls are 

considered an active layer in the ultrathin vertical 

heterostructure LED. Single quantum wells (SQW) are 

composed of hBN/GrB/2hBN/WS2/2hBN/GrT/hBN and 

multiple quantum wells (MQW) are composed of 

hBN/GrB/2hBN/MoS2/2hBN/MoS2/2hBN/MoS2/2hBN/MoS2/2

hBN/GrT/hBN. hBN is used for a passivation layer that 

prevents spontaneous carrier transport in an undesired 

direction and to enhance the probability of photon generation 

for injected carriers. Accordingly, MQW, rather than SQW, 

increase quantum efficiency to increase the overall thickness 

of the tunnel barrier. This system allows higher current 

densities, reduced contact resistance, and luminescence 

uniformity. Emitting light frequency can be tuned by the 

appropriate choice of 2D semiconductors and the final 

structure gives an extrinsic quantum efficiency of nearly 10% 

within 10-40 atomic thickness.  

The issues concerning AgNW-based OPV and graphene-based 

OPV are similar to those of LED with AgNW and graphene 

electrodes. Reducing surface roughness and modulating the 

state of the junction are dominant issues for AgNW-based 

OPV. Surface roughness can be reduced by a two-step process. 

ZnO is deposited on an AgNW network and roll-to-roll pressing 

is subsequently applied on the film
193

. OPV using a compacted 

AgNW electrode shows good performance in both single cells 

with lower band gap polymer and tandem solar cells because 

of the flat and well-conjugated AgNW network with a low 

resistance (10–20 Ω/sq) and high transmittance. Use of AgNW 

with PEDOT:PSS, which is a similar strategy to the AgNW-based 

LED, was also attempted
194

. On the other hand, junction 

welding can be prepared by biocompatible polymer sol-gel 

transition
195

. PET is modified by alginate and then AgNW is 

deposited by bar coating. After CaCl2 is exposed on the film, 

the stabilizer on AgNW is removed and metallic Ca
2+

 ion reacts 

with the alginate, leading to gel formation. The tightly bound 

alginate gel at the AgNW junction is water resistant and the 

P3HT polymer solar cell with this flexible and stable electrode 

has a power conversion efficiency of 2.44%.  

Graphene has been used as both a cathode and anode in solar 

cells. The resistance of the electrode itself and the parallel 

resistance of the device are important to improve the 

efficiency of graphene-based OPV. One study reported OPV 

with modified single-layer graphene as a cathode
196

. The 

device structure was ITO/PEDOT/CuPC/C60/TPBi/graphene. 

Single-layer graphene undergoes contact doping by the TPBi 

molecule with a successful shift in work function, leading to a 

power conversion efficiency of 0.41% in OPV (compared with a 

power conversion efficiency of 0.24% when graphene is used 

as an anode with the same device configuration). Other 

studies observed improved power conversion efficiency above 

1.71% to modulate the work function of a graphene anode
156

. 

When pyrene buanoic acid succidymidyl ester is physisorbed 

on a layered graphene the work function of the electrode 

changes from 4.2 eV to 4.7 eV. The graphene/PEDOT:PSS/ 

P3HT:PCBM/LiF/Al structure demonstrates ~55.2% of the 

power conversion efficiency of a handmade OPV with an ITO 

electrode (ITO/PEDOT:PSS/ P3HT:PCBM/LiF/Al). Yu Wang et al. 

also developed OPV using a layer-by-layer stacked graphene 

anode, and modulated its work function from 4.36 eV to 5.47 

eV with acid doping and MoO3 doping
197

. In particular, the 

hydroxyl groups of MoO3 strongly interact with PEDOT:PSS 

therefore the uniformity of the film is enhanced during the 

coating process. As a result, interface engineered graphene-

based OPV yields 83.3% of the power conversion efficiency of 

ITO. To date, the conductivity of graphene is still not high 

enough, and should be enhanced by more effective doping or 

by interface control in the future. 

4.1.2. Touch screens. ITO has some drawbacks with respect to 

flexible touch screen devices, for example, brittleness, 

relatively high index of refraction (n=2.0), poor transparency in 

the near infrared (NIR) region, restrictive deposition 

conditions, and low chemical stability (in basic and acidic 

conditions). Graphene and AgNW have different strengths and 

weaknesses as a transparent electrode for touch screens. 
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Graphene exhibits high chemical stability, good transparency 

in the NIR region, and high flexibility, but relatively low 

conductivity and a high index of refraction (n=3.0)
198

. On the 

other hand, AgNW presents a low refractive index of around 

1.5 (d=750 nm, l=45 µm), good transparency in the NIR region, 

and good conductivity with high flexibility, but poor chemical 

stability and high light scattering. In other words, the two 

materials can be applied to different types of touch screen. A 

touch screen is fabricated by resistive, capacitive, surface 

acoustic wave, surface capacitance, or projected capacitance 

methods. Among these, resistive method and capacitive 

methods are the most commonly used. Flexible transparent 

CVD grown graphene and CNT electrodes are applied to touch 

screen panels by the resistive rather than the capacitive 

methods due to the relatively high sheet resistance. The 

resistive method determines the position of a finger by 

pressure-induced current changes such that relatively high 

resistance on the electrode does not significantly affect 

current changes dependent on touching. The capacitive 

method perceives this by capacitance changes; the finger 

changes total capacitance as a result of integration of 

additional impedance in the circuit, which is called capacitive 

coupling
199

. For instance, ByungHee Hong’s group fabricated a 

large area graphene electrode using a roll-to-roll process to 

make a resistive touch panel
108

. The graphene-based panel is 

sustained until 6% strain, whereas ITO easily breaks under 2-

3% strain. Although rGO has relatively low conductivity 

compared to CVD graphene, flexible touch screens with rGO 

have been successfully demonstrated
117

. A uniform graphene 

film is produced by mayrod coating, leading to a standard 

deviation of resistance of 3.7–9.8% over 100 cm
2
. The final 

device shows 1.4% x-axis linearity and 1.2% y-axis linearity, 

which is comparable to that of conventional ITO-based touch 

screens. 

 In addition, a NW-based touch panel was proposed using a 

planary AgNW network with PEDOT:PSS
200

. Previously, many 

researchers have deposited PEDOT:PSS on the underlying 

AgNW network. During the coating process, PEDOT:PSS 

solution tends to destroy and sweep away AgNW. To 

overcome this issue, PEDOT:PSS can be selectively deposited 

on the junction area of the AgNW network, rather than on all 

regions. Additionally, isopropyl alcohol is added to the 

PEDOT:PSS solution to control the surface tension of 

PEDOT:PSS and the solvent evaporation rate. The capillary 
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force assists the nanosoldering behaviour of PEDOT:PSS and 

leads to enhanced contact resistance on the junction and 

adhesion to the substrate.  

 4.1.3. Electrochromic/Photo-switch devices. In electro-

chromic devices, the colour of electrochromic material 

between two electrode changes reversibly as a result of 

transported electrons or liquid/polymeric ion movement at the 

applied voltage. Thus, we can observe colour changes through 

the side of transparent electrode. Polat et al. suggested a 

novel type of flexible elecrochromic device using multilayer 

graphene as both electrode and electrochromic 

material(Figure 14c-e)
201

. Graphene has high contrast optical 

modulation over a broad spectrum, and significant doping 

induced by ionic movement at distributed electric field can 

change its optical behaviour. The transmittance of graphene 

increases to 55% at 900 nm when 5 V is applied, whereas that 

of graphene decreases by 8% with broad wavelength at 0 V. 

The gate-tuable optical properties of graphene originate from 

blocking interband transition of the graphene layers via 

electrostatic doping. Not only the optical properties, but also 

high electrical conductivity and good flexibility, allow 

graphene-based electrochromics with excellent performance. 

One group demonstrated an electrochromic device using ionic 

liquid functionalized graphene
202

. The electrochemical and 

optical properties of PEDOT, which is an active material, are 

changed depending on the applied voltage. Without applied 

voltage, PEDOT maintains a fully oxidized state and shows 

transmissive colour in the visible region. At -1.5V, Li
+
and ClO

4-
 

on graphene move toward PEDOT and PEDOT is altered to a 

reduced state, resulting in a blackish-gray colour. In addition, 

AgNW has been researched as an electrode in flexible 

electrochromic devices, despite the disadvantage of easy 

oxidation by electrolytes or in an acid/base environment. 

Chaoyi Yan proposed an inorganic electrochromic device with 

an AgNW electrode in which AgNW is embedded on PDMS and 

acts as a protecting layer(Figure 14a)
203

. Thus, embedded 

AgNWs in this device can survive in a chemically and 

mechanically harsh environment during operation. They 

authors observed fast coloration (-1.8V) and bleaching (-0.5V) 

processes even in a stretched state (50% strain). 

 Graphene and AgNW-based transparent electrodes can be 

used in various photoswitch devices such as molecular 

electronics or photodetectors. Because of its atomically flat 

surface graphene is dominantly used in molecular electronics, 

not only for photoswitching but also for voltage-derived 

devices. Molecular electronic devices have been investigated 

in terms of understanding molecular charge transport 

mechanisms and potential device applications. The main issues 

in this field are device yield and the leakage current. Direct 

metal deposition on the molecules easily causes filamentary 

paths and damage to the molecules, resulting in electrical 

short circuits and unexpected current voltage characteristics. 

To deal with these issues, our group explored graphene-

graphene electrodes for molecular electronics(Figure 14f)
204

. A 

chemically inactive and flexible graphene electrode does not 

affect the state of assembly of molecules or their degradation. 

Only electronic coupling between graphene and molecules 

occurs and further covalent bonding is able to reduce the 

contact resistance of the device. In this system, a molecular 

monolayer between graphene provides a similar molecular 
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length-dependent J-V characteristic to that of previously 

reported molecular electronic system. The same device with a 

photoactive molecule can serve as a photoswitching molecular 

electronic because of the high transparency of graphene 

electrodes. The graphene-aryl azo benzene monolayer graph- 

 ene junction shows current changes with UV/VIS irradiation. 

Another type of photoresponse device called a photodetector 

has been developed using graphene and AgNW. In this device 

photoactive copper hexadecafluorophthalo cyanine between 

rGO gap electrodes provides a photo-response
205,206

. A clean 

and highly conductive rGO electrode is fabricated by applying 

an electric current on GO film and deposition of copper 

hexadecafluorophthalocyanine between two rGO electrodes. A 

final rGO-based photodetector gives a switching ratio of 

approximately 20 before and after light on. Other studies 

report AgNW-based photodetectors formed with Zn2SnO4 

active NW channel in which Zn2SnO4 NW is sandwiched by two 

AgNW electrodes
206

. Two AgNW electrodes are patterned in a 

parallel direction, whereas Zn2SnO4 NW is in the cross 

direction. The device was examined with 5 V and on and off UV 

light and exhibited response time below 0.8 s, a fast reset time 

of 3 s, and high stretchability up to 50%.  

4.2. Biointegrated devices 

 Improvements in stretchable and flexible electrodes appear to 

offer significant opportunities for emerging human interface 

applications, such as conformal biosensors, measurement of 

electrophysiological signals, and delivery of advanced 

therapies. Electrodes on biointegrated devices should be non- 

toxic and stable in an aqueous environment. Up to now, new 

structural layout strategies have been predominantly 

employed in flexible bioelectronics. For example, the Lieber 

group propose high-yield syringe-injectable electronics using a 

polymer-encapsulated metal mesh
207

. The mechanical 

properties of the free standing mesh electronics are 

determined by the width of the mesh, the angle of tilt, and the 

inner diameter of the syringe. Tilted metal mesh results in 

enhanced free standing of the electrode during injection and 

adhesion to neurons because a tilted shape reduces transverse 

bending stiffness. Recently, nanodimensional materials have 

been applied in numerous biological fields due to their unique 

properties such as high flexibility, photoluminescence, and cell 

penetration ability. In particular, graphene, a naturally 

occurring carbon material, has attracted great interest because 

of its high conductivity and high transparency, in addition to its 

environmentally and biologically friendly nature
208,209

. 

Moreover, AgNW has been exploited as a sensitive conductor 

because of the unique electronic properties and 1D shape of 

NW. In this chapter, we briefly introduce the current status of 

each bio-integrated device and present some examples of the 

use of AgNW and graphene electrodes.  

4.2.1. Biosensors. High surface area, good electrical 

conductivity, chemical and electrochemical stability, and 

acceptable biocompatibility make graphene fascinating for 

application in the bioanalytical area of electrode design. 

Recently, many studies on graphene and its derivatives (GO, 

rGO, and multilayer graphene) in enzyme-based biosensors 

have been published. Graphene has been integrated on 

common biosensor systems with various enzymes and proteins 

such as cytchrome  c
210

, horseradish peroxidase
211

, alcohol 

dehydrogenase
212

, acetylcholinesterase
213

, tyrosinase
214

, 

glucose oxidase
215

, and hemoglobin
216

 to detect analytes such 

as glucose, H2O2, O2, phenolic pollutants, organophosphates, 

catechol, ethanol, NADH, and nitric oxide. There are many 

issues related to graphene-based enzyme biosensors: good 

operational and storage stability, enzyme loading capacity, 

high sensitivity, selectivity, reproducibility, and the 

maintenance of an efficient link between the sensing molecule 

and a transduction component. M. Zhang et al. demonstrated 

a graphene solution-gated transistor for dopamine detection 

in which electro-oxidation of dopamine modulates the degree 

of gating on the transistor
217

. A higher amount of dopamine 

increases the effective gate voltage applied on the transistor, 

leading to an increase in drain current. As a result, the 

detection limit of this device is decreased to 1 nM, compared 
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with 1 mM for the previous dopamine sensor, mainly because 

the weak π−π interaction between dopamine and graphene 

alters electrical changes in this system. In addition, AgNWs 

have been used as glucose biosensors
218

. AgNW with high 

electrical conductivity, high surface area, and small size 

provides direct electron transfer between the enzyme and the 

electrode. AgNW improves the electrocatalytic activity of the 

enzyme and enhances the detection limit to 50 µΜ.  

4.2.2. Electro signal recording/stimulation: Brain and Heart. 

High-resolution interface devices enable us to observe 

unknown features in the human body. Penetrating electrodes 

and surface-contacting electrodes with high flexibility and 

good biocompatibility are used to detect neuro- or 

cardiosignals. Penetrating electrodes sometimes lead to 

damage of tissue or cells during electrical recording, whereas 

microelectronic arrays for surface-contacting electrodes suffer 

from size-dependent electrode impedance and weak 

interfacial adhesion between the electrode and the bio-

material, resulting in low resolution and sensitivity. In a recent 

study, improving the flexibility of the device and modifying the 

electrode significantly enhanced the electrical resolution of 

biointegrated devices to meet both the biological and 

electrochemical requirements of interfacial interaction. For 

instance, the Muccini group invented a transparent organic cell 

stimulating and sensing transistor using N,N’-

ditridecylperylene-3,4,9,10-tetracarboxylic diimide (P13) as a 

channel material(Figure 15a-c)
219

. P13 facilitates cell 

arrangement and cell coupling with the electrode so that the 

device yields a high signal to noise ratio to stimulate and 

record a single cell in real time. Neurons become active at a 

threshold voltage of 26.3 mV. Depolarization and 

hyperpolarization of the neuron is examined with and without 

tetrodotoxin (TTX), which inhibits the positive spike of 

neurons. Neuron cells treated with TTX show a decrease in the 

number of detected events. In addition, the transparent 

nature of the material allows optical imaging of the neuron. 

Another interesting strategy to detect the biosignal is using a 

highly flexible substrate. Dae-Hyeong Kim et al. demonstrated 

use of a balloon catheter device to map cardiac 

electrophysiological signals(Figure 15d-f)
220

. Balloon-like 

electronics allows effective attachment of the electrode to 

organs, cells, and tissues by controlled inflation and lead to 

minimally invasive insertion. Cardiac electrophysiological 

studies using a tactile sensor or temperature sensor in a 

balloon-like device generate a high-quality electrical activation 

signal. In bioelectronics, conductive polymers have been 

widely explored as channel electrodes because of their 

biocompatibility, effective surface area, and low impedance at 

the interface. Functionalized conductive polymers with 

biomolecules, growth factors, and neurotransmitters increase 

the quality of the signal even more, leading to better 

stimulation and monitoring of the biological process. However, 

low resolution, high signal to noise ratio, low scalability 

(necessary for comprehensive mapping of brain activity), and 

low interfacing ability with optical or drug delivery element 

prevent further application of conductive polymers
221

.  

There have been several attempts to apply graphene 

electrodes for these electrosignal recoding/stimulation 

devices. A graphene-based transistor is used to record cellular 

interface electrical signals in Figure16a,b
222

. Both the back gate 

and water gate modulate the electronic features of graphene 

in this system; in particular, the water gate offset value affects 

the sensitivity of the device. Finally, a graphene transistor with 

cardiomyocytes yields a high signal to noise due to a stable 

interface between the graphene transistor and cell. 

Furthermore, Zhenqiang Ma and co-workers have suggested 

optogenetic application on neuron cells with a graphene 

electrode array(Figure 16c)
223

. To date, a transparent 

microelectrocorticography device has yet to be applied in a 

real living body because of the toxicity and rigidness of ITO 

with respect to chronic implementation. However, graphene, 

which has broad-spectrum transparency and biocompatibility, 

facilitates development of a microelectrocorticography device. 

A graphene-based device and a pt-based device were 

implanted side-by-side in rats and mice. At the early stage 

after implantation, the initial tissue response led to a sharp 

increase in impedance on both devices. Soon after, the tissue 

response become stable and provided minor day-to-day 

fluctuations in the impedance changes. Compared to the pt-

based device, the graphene-based device exhibited a higher 

baseline:signal recording ratio and a successfully evoked 

potential when the implanted electrode was stimulated. Both 

potential stimulation and light stimulation have been 

examined to test optogenetic behaviour. Graphene shows 

transmission of over 90% in the UV to IR region, therefore light 

can pass through into the targeting organ or tissues. Here, a 

blue laser is used to stimulate brain signals and ensure in vivo 

imaging of neurons in addition to light-driven stimulation.  

4.2.3. Artificial Skin. Significant efforts to find novel active 

materials and new fabrication strategies have been devoted to 

the realization of smart textiles. The actuator, a kind of motor 

to replace or simulate muscle, is the one representative case. 

In the actuator, an active polymer changes its shape in 

response to an electric field or ion movement. When actuated 

by the electrical field, a dielectric elastomer, electrostrictive 

polymer, and liquid crystal elastomer typically comprise the 

active materials whereas when actuated by ions CNT, the 

conducting polymer, and ionic polymer-metal composite 

perform that function. To achieve a high performance, AgNW 

has been regarded a promising candidate because of its 

intrinsic properties as a soft material. In one study of a 

bifunctional actuator, bistable electroactive polymers (BSEPs) 

were combined with AgNW to support high actuation strain 

and Joule heating(Figure 17b)
224

. AgNW embedded in 

polymers endured external friction without loss of conductivity 

and resulted in 140% strain durability. Therefore, AgNW fulfils 

the role of a new compliant electrode for both electrically and  
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 thermally induced actuation. Focusing on reversible sliding of 

the NW network, another group suggested an electrostatic 

actuator with AgNW electrode
225

. The sliding behaviour of the 

NW network brings high stretchability and also large variations 

in transmittance to the device. When a voltage is applied and 

the area of the network increases, densely connected NWs 

spread by sliding over each other. This phenomenon of NW 

can lead to actuation over a broader range of transparent 

states than among any other materials, which can be further 

evaluated by modulating the percolation. Actuators based on 

graphene electrodes have also been tested because of their 

high specific surface area, mechanical strength, and electrical 

conductivity, which might yield remarkable performances in 

combination with active materials. In electrochemical 

actuators, it is likely that the graphene sheet induces actuation 

through coulombic and quantum chemical-based expansion. 

Based on this explanation, Jiajie Liang et al. generated a much 

higher actuation strain (0.1%) by inserting Fe3O4 nanoparticles 

to prevent re-stacking of graphene flakes than with pristine 

graphene (0.06%)
226

.  

Pressure sensors, another application related to artificial skin, 

have also been investigated. Operating through an opposite 

mechanism to the actuator, which deforms its shape in 

response to electrical changes, the pressure sensor displays 

electrical signals in response to the applied pressure. Although 

CuNW-PVA aerogel
227

 or AgNW
228

 can be used as an electrode 

in the pressure sensor, the aerogel type is preferred for its low 

cost and mild and simple processes despite a much lower 

sensitivity (0.036 kPa
-1

) than the AgNW-based device (5.54 kPa
-

1
). In the case of graphene, use of graphene foam, which has 

higher stretchability than 2D graphene sheets, results in 

constant resistance under external strain. Although low 

sensitivity is a weak point of a graphene foam-based sensor, 

one group achieved 20 times higher sensitivity by 

fragmentizing graphene foam and showed 70% stretchability 

with PDMS (Figure 17a)
229

. 

A large contact area between graphene foam fragments 

contributes to an increased change in contact resistance under 

the applied strain, which can sensitively detect less than 1% of 

strain. Going beyond artificial skin, the Bao group introduced a 

self-healing conductive organometallic polymer into a 

pressure/strain sensor
230

. Nickel nanostructured microparticles 

are embedded in a supramolecular polymer host of weak 

hydrogen bonds that readily break under the strain. With 

these broken hydrogen bonds, which are known to associate 

and dissociate at room temperature (passive healing), the 

polymer chain is subsequently rearranged, wetted, and 

diffused on the fractured region because of its low Tg and 

finally accomplishes self-healing behaviour. A high conductivity 

of 40 S/cm can be obtained, and electrical properties are 

restored after a few seconds whereas mechanical properties 

are restored after few minutes. Finally, a tactile pressure 

sensor composed of stretchable and electrically self-healing 

electrode exhibits excellent pressure sensitivity
231

. 

Piezoelectric PVDF fibres are sandwiched between conductive 
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PVA/rGO foam combined with PDMAA self-healing polymer 

and can detect a very light touch (0.02 kPa).  

5. Perspectives for future work 

Recent advances made with stretchable and flexible 

electronics provide new directions of research in various 

optoelectronic and biomedical fields. However, stretchable 

integrated electronics with layered structure systems still 

exhibit several unsolved issues. Especially, the complex 

fabrication process and transparency are major obstacles of 

these systems in spite of their stable device performance 

under high strain. New materials have received intensive 

attention due to their extraordinary electrical and mechanical 

properties. Investigations of stretchable soft electrode were 

carefully reviewed with an emphasis on mechanical and 

electrical properties depending on dimensionality of the 

nanomaterials. The new nanomaterials, 1D metal NW and 2D 

graphene derivatives, exhibit different intrinsic properties to 

those of the single materials and the collective behaviour of 

their network. In the case of metal NW, electrical, optical, and 

mechanical characters of NW rely highly on the percolation 

theory therefore the junction state is important. Generally 

speaking, low adhesion of NW tends to cause large contact 

resistance, high surface roughness, and high light scattering, 

which result in a low-quality electronic performance. Thus, for 

the metal NW, high adhesion on the substrate has become a 

key issue. On the other hand, graphene has huge charge 

carrier mobility because of p orbital Dirac fermions with zero 

effective mass and its physical properties can be modulated by 

specific surface chemistry. However, unlike theoretical single 

crystalline graphene, polycrystalline graphene and rGO show 

relatively low conductivity; this is one of the biggest drawbacks 

of graphene, although strategies to overcome low conductivity 

driven by grain boundary, defects, and oxygen functional 

groups are under development. In particular, a doping 

technique on graphene can be considered an effective method 

to modulate the work function and carrier density of 

graphene. Even though many technical improvements on 

AgNW and graphene have been demonstrated to enhance the 

performance of soft electronics, the use of each material alone 

still has its own intrinsic limitations. Consequently, hybrid 

electrodes have been developed as promising new candidates. 

A combination of different nanomaterials can exhibit sharply 

enhanced conductivity and mechanical stability. The 

limitations associated with the mechanical property of AgNW, 

which has high conductivity but a fragile nature, can be 

overcome by adding carbon allotropes and/or conductive 

polymer, which has high mechanical strength. Hence, 

graphene derivatives have been mixed with metal NP and/or 

NW to enhance their conductivity. The hybrid electrodes show 

huge improvements and have been successfully applied to 

many stretchable electronic applications.  

In this report, we also attempt to offer some perspective on 

the best applications for each material or material 

composition. For example, graphene, which has an ultrathin 

transparent conductive layer, may be the most appropriate 

choice for molecular electronics using monolayer molecules 

whereas AgNW should be the best fit as a sensing material due 

to its high conductivity and high aspect ratio. Especially, 

graphene electrodes are attractive in many biomedical 

applications because of their high conductivity combined with 

biocompatibility. AgNWs and graphene flakes can serve many 

different and various purposes not only in optoelectronics, but 

also in biological applications, even though both graphene and 

AgNW have a huge potential to alter ITO on stretchable and 

flexible devices. Electrosignal recoding/stimulation, pressure 

sensors, and actuators for artificial skin have been 

demonstrated using graphene and/or AgNW. Some of these 

show outstanding performance while others need to be 

further developed. To overcome their limitation, in-depth 

discussions about the intrinsic properties of each material and 

modulation of signal to noise ratio, flexibility, adhesion, and 

stability are needed. It is highly expected that the 

extraordinary physical properties of nanomaterials for 

stretchable electrodes will lead to breakthroughs in new types 

of optoelectronics and biointegrated devices in the future.  
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Table 3 Chemical doping for graphene derivatives 

 

 

  

Type Material condition R φ Device ref 

metal 

Increase 

φ 

Au spin coating 500 5 

 

234
 

Ir spin coating 600 4.9 
 

Mo spin coating 720 4.8 
 

Os spin coating 700 4.68 
 

Pd spin coating 520 5 
 

Rh spin coating 620 5.14 
 

Au(OH)3 spincoating and annealing 820 4.6 

 
235

 
Au2S spincoating and annealing 600 4.8 

 
AuBr spincoating and annealing 530 5 

 
AuCl3 spincoating and annealing 300 4.9 

 

Decrease 

φ 

NaCl 

 

1350 3.7 

 
236

 
KCl 

 
1370 3.76 

 
CaCl2 

 
1530 3.81 

 
MgCl2 

 
1630 3.9 

 

organic 

p-type 

TFSA(CVD) spin cast 129 -0.7ev* 
 

237
 

F4-TCNQ 
  

4.7 
 

238
 

TCNQ(CVD) 
 

629 5.13 solar cell 239
 

PDI(Hummer’s) ReG-PDI dispersion 
  

photovoltaic 240
 

phosphonic acid(exfoliation) spread-coating 
   

241
 

fluoroalkyl 
   

FET  242 

nitrobenzen(exfoliation) drop-coating 
  

FET 243
 

n-type 

MeO-DMBI(CVD) spin-coated onto graphene sheets 767 3.46 FET 244
 

An-ch3(exfoliation) drop-cast 

  

FET 

130
 

Na-NH2(exfoliation) drop-cast 
  

FET 

TPA(exfoliation) drop-cast 
  

FET 

Ab-Br(exfoliation) drop-cast 
  

FET 

hydrazine(CVD) Immersion for 2 h 517 
 

FET 245
 

aniline(exfoliation) drop-coating 
  

FET 243
 

TTF(exfoliation) drop-coating 
  

I/V characteristics 246
 

Triazine 
   

bandgab tuning 247
 

PyS(hummer's) ReG-PyS dispersion 916 
 

photovoltaic 240
 

VOPC(exfoliation) thermally deposited 
   

248
 

PTCDA Deposition 
  

Semiconductor 249
 

Polymer 

PEDOT:PSS(exfoliation) spin coating 
  

DSSC 250
 

nafion(exfoliation) coating 30k 
  

250, 

251 PANI(exfoliation) mix&ultrasonication 
  

supercapacitors 252
 

PDDA(exfoliation) PDDA Functionalized Graphene  
  

253
 

*is relative value compared to non doped graphene. - 0.7eVmeans work function increase by vacuum level. 
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Table 4. Chemical Reaction of GO  

OH component Activation agent & condition Purpose ref 

 

DCC, DMAP in DMSO Mechanical property 
(tensile strength, Young’s modulus) 

254
 

 

SOCl2, 65°C, 24hr 

Triethylamine, THF, 36hrs 

Charge transfer as electron donor 

for PV 

255
 

 

 

SOCl2, reflux 
Pyridine/THF, reflux 

TFA/MC, hydropysis 

Aniline, APS 

 

Conductivity 256
 

Amino component Activation agent & condition Purpose ref 

<Active site : COOH> 

 

SOCl2, DMF, 70°C 

R-NH2, 120°C 

Dispersibility 257,258 

 

 

 

Isocyanate, DMF, 24hrs 

 

Dispersibility 259
 

 

COCl2, 80°C, 18hrs 

(Aminopropy)imidazole, 100°C, 18hrs 

 

Dispersibility 260
 

 

SOCl2, 70°C 

ADDT, 120°C 

Dispersibility  

 

SOCl2, 70°C , 24hrs 
Et3N, DMF,130°C, 72h 

Optical property change 
Increment of Extinction 

coefficiency 

261
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SOCl2, 70°C , 24hrs 

Et3N, MC,rt 

Optoelectronic application  262
 

 

3M NaOH, EDC, Sonication 

 

Biocompatible 

Drug delivery 

263
 

 

CS in MES buffer 

EDC, NHS 

Solubility 

Biocompatible 

Nano carrier 

264
 

 

H2O, EDC, 24hrs Low cytotoxicity  

Higher transfection efficiency 

265
 

<Active site : epoxy> 

 

Acyl chlorinatedgraphene oxide 
Et3N, DMF,130°C, 72h 

Mechanical property 
(tensile strength, Young’s modulus) 

266
 

 

IL-NH2, KOH, water 
65°C, reflux 

dispersibility 267
 

 

APTS, catalyst 

1) Mechanical reinforce 

2) Intermediate for further rxn 

 

268
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