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ABSTRACT

In view of the bulk production, resolvability, dispersibility of aqueous solution,

graphene oxides (GO) prepared by strong chemical oxidation of graphite flakes

have been widely used for the production of graphene-like materials. However,

because of the insulating nature caused by amounts of defects on its surface, the

application of GO material is greatly constrained. Hence, effective reduction of

GO becomes critical. The photoreduction of GO showed more attractive prop-

erties than conventional thermal/chemical routes due to its synchronous

reduction and flexible patterning, which facilitates a number of applications,

such as the electrochemical energy storage devices, electronic devices, and

biomimetic substrates. In this review, we dedicatedly summarized the latest

advances in photoreduction including the fabrications and applied values in

multiple fields. We deem that the photoreduction and synchronous patterning

of GO will have very prospects in the development of graphene devices.

Introduction

Ever since the first mechanical peeling of graphite in

2004, the two-dimensional (2D) carbon crystal with

0.34 nm thickness, named graphene, has raised much

concern [1–4]. Subsequently, a series of exceptional

physical/chemical properties (e.g., high carrier

mobility [5, 6], optical transmittance [7, 8], pyrocon-

ductivity [9, 10], Young’s modulus [11, 12], electrical

conductivity [13, 14], flexibility [15, 16], stability

[17, 18], and biocompatibility [19–21]) have been

successfully discovered, which leads to a great

upsurge in research interests with respect to gra-

phene and its related materials [22, 23]. The research

not only focuses on the intrinsic properties of mate-

rials, but also on the application potentials in the field

of electrochemical (EC) energy storage [24, 25], elec-

tronics [26, 27], mechanics [28, 29] and even tissue

engineering [30, 31]. The common preparations

include the mechanical exfoliation [32–34], chemical
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vapor deposition (CVD) [35, 36], epitaxial growth

[37, 38] and ultrasonic exfoliation in 1-methyl-2-

pyrrolidinone (NMP) [39, 40]. Nevertheless, all of

these methods suffer from complex procedures or

low yields, which more or less limit the wide appli-

cations of graphene in various scientific fields [41, 42].

As an alternative choice, graphene oxides (GOs),

which could be considered as defective graphene

with abundant oxygen-containing groups (OCGs)

such as hydroxyl, carboxyl and epoxy, show several

advantages that are of great benefit to practical

applications [43, 44]. For instance, the GO can be

produced on a large scale; it is possible to function-

alize with various organic groups through covalent

grafting [45–47]; the solution processing capability

makes it tractable [48–50]. However, GO also has

some drawbacks. The OCGs destroy the motion path

of electron seriously and make GO dielectric, which

significantly affects its application in electronics

[51–53].

To partially restore the conductivity, research

efforts have been devoted to find suitable methods

that could be used for GO reduction. Typically, two

kinds of methodologies with chemical [54–56] and

thermal methods [57–59] have been successfully

developed. The former needs the chemical reduction

materials such as the hydrous ammonia, hydrazine

and ascorbic acid, whereas the latter depends on

high-temperature reaction environment [60].

Although the fact that these two methods make it

possible to obtain reduced GO (RGO) with certain

conductivity, practical issues with respect to the

energy consumption, usage of toxic chemicals and

dependence of special instruments significantly lim-

its the applications. Compared with the aforemen-

tioned traditional reduction methods, recently the

unique superiorities of irradiation processing tech-

nique of RGO along with the adjustable multi-pa-

rameter and patterning operation make the so-called

photoreduction exhibit higher development pro-

spects. This review summarizes the recent research

progress of optical strategies that are capable of

making RGO patterns through photoreduction pro-

cesses, and it laid emphasis on its unique advantages

in various fields. Although many challenges need to

be faced at the present stage, for example, it is diffi-

cult to prepare high-quality graphene with less OCGs

and defects, the controllability and flexibility have

still revealed growth potential for widespread

applications.

Photoreduction methods

Generally, according to the different reduction

mechanism, the photoreduction of GO could be

roughly categorized into photothermal (PT) and

photochemical (PC) effects [61–63]. The PT effect is

common since GO would adsorb light with a broad

range of wavelength. But when the photon energy is

so large it that triggers a chemical reaction, OCGs

could be eliminated through the PC route [64, 65]. In

this section, we do not pay attention to these mech-

anism but focus on the photoreduction and pattern-

ing methods according to the processing features, in

which they are simply categorized into mask-free

direct laser writing (DLW) and common irradiation

with the help of shadow masks. To make the state-

ment clearer, we will first introduce the properties of

photoreduced graphene and then present a detailed

introduction of the photoreduction methods on the

basis of illumination wavelengths.

Characterization of the photoreduced
graphene

Graphene oxide is a highly oxidized graphene sheet,

which is decorated by plenty of OCGs. Under the

photoreduction along with the removing the OCGs,

the chemical composition and geometrical shape of

the GO sheets can be changed simultaneously,

resulting in the significant alteration in physi-

cal/chemical properties. However, due to the differ-

ent preparation process, reduction degree and the

raw graphite materials, the specific properties in

independent photoreduced samples exist individual

differences. As an example, we show a comparison of

the characteristic performance of GO paper before

and after solar irradiation [66]. The detailed experi-

mental process is shown below.

As shown in Fig. 1, the RGO side of the GO/RGO

paper and the pristine GO paper were characterized

from X-ray diffraction (XRD), Raman spectroscopy,

Fourier transform infrared (FTIR), resistance and

X-ray photoelectron spectroscopy (XPS), respectively.

The diffraction peak of pristine GO paper is at

2h = 11.8� (Fig. 1a). After the sunlight photoreduc-

tion, the peak disappears, predicating removal of

OCGs. From the Raman spectroscopy (Fig. 1b), the

ID/IG ratio of RGO sample shows a larger value than

that of pristine GO, which is interpreted as some

OCGs have been removed after photoreduction, but
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at the same time there are some small fragments of

GO that exist. This leads to a slight improvement in

the defects of the material after reduction. As another

characteristics method to identify the changes of

chemical components after photoreduction, the FTIR

spectra are also measured (Fig. 1c). Most transmis-

sion bands of OCGs have been eliminated after

photoreduction, which also suggests the effective

removal of OCGs. The electrical conductivity of the

membrane material to a certain extent has been

restored after reduction of sunlight due to the

removal of some OCGs. The resistance of the pristine

GO paper (2 mm 9 5 mm) was measured to be ca.

4.1 9 108 X, whereas the resistance of RGO side

decreased to 1.66 9 106 X (Fig. 1d). Furthermore, the

XPS measurements of GO side, interlayer and the

RGO side was tested (Fig. 1e). From the XPS results,

we find that the C/O mass ratio of GO side is lowest

which is about the same as the pristine GO paper.

The C/O mass ratio of the RGO side increased due to

the removal of OCGs, and the ratio at interlayer of

GO/RGO paper was between the GO and RGO sides.

The photoreduction and patterning of GO

The light source used in photoreduction can be a

laser or the ordinary electro-magnetic radiation. Both

the PT and PC effects can be considered during this

process [61–63]. As a powerful tool for designable

reduction and synchronous patterning, the mask-free

DLW technology is undoubtedly a preferred choice

[67, 68]. Whereas if an ordinary light source is con-

sidered, the photoreduction process may be more

flexible. GO could be reduced either in aqueous

solution or in the form of a solid film [69–71]. The

RGO patterns can also be prepared with the help of

shadow masks. In this part, the advance in photore-

duction of GO is summarized according to different

laser wavelengths.

Ultraviolet (UV) photoreduction of GO

The UV light irradiation is a common method for

photoreduction. To GO, getting enough energy from

outside is a better avenue to remove the OCGs and

restore the sp2 domains. The UV radiation with high

power can provide enough energy to the acceptor to

Figure 1 Characterization of GO and the photoreduced graphene

(RGO) paper. a XRD patterns, b Raman spectra, c FTIR spectra of

the pristine GO paper and RGO side of the GO/RGO film.

d Current–voltage (I–V) characteristics of the GO and RGO

papers (2 mm 9 5 mm), the inset is a photograph of RGO paper

lighting a bubble. e C1s XPS of the GO, the interlayer and the

RGO. Reprinted with permission from [66], copyright (2015)

Wiley-VCH.
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induce the generation of electron hole pairs. Many

outcomes can be demonstrated from the perspective

of experiments; UV light irradiation can effectively

reduce GO [72, 73].

Excimer laser with the wavelength of 248 nm is the

representative UV laser that can trigger GO reduc-

tion. Using this method, Orlando et al. first reduced

GO to shaggy multilayer graphene with the C/O ra-

tio of 40 [74]. The resistance is* 100–500 X sq-1 [75].

Figure 2a–c exhibits the typical scanning electron

microscope (SEM) images of GO before (smooth) and

after (rough with abundant edges) laser reduction.

The inset is the Raman mapping of the G peak at

2672 cm-1 as a function of XY position, which indi-

cates the reduction of GO in the irradiated regions.

As compared with other laser sources, the excimer

laser is capable of thorough reduction of GO. This

reduction permits making both microscale and

macroscopic patterns. The resultant RGO shows

highly porous structures, and it promotes the appli-

cations in EC energy storage devices.

To achieve patterning of high-throughput pho-

toreduction on large-area GO films with nanometer

resolution, Prezioso et al. first made patterns over

large areas (* 10 mm2) with sub-micrometer reso-

lution via spatially resolved photoreduction by direct

high-throughput resistless extreme-UV (EUV,

46.9 nm) laser exposure (Fig. 2d) [76]. The GO stripe

patterns with 2 lm periodicity were obtained

through modulating irradiated optical path of the

EUV with the help of a Lloyd’s interferometer

(Fig. 2e). The entire EUV range is below the energy

threshold of photoreduction of GO (& 3.2 eV,

k\& 390 nm) that causes the conjugated structures

breaking [77]. It has been proved to be an ideal choice

to fabricate graphene-based devices with high-reso-

lution flexible patterns, and this technique will

exceed the resolution limit of ultraviolet radiation in

standard lithography.

Another representative reduction and patterning of

GO was reported by Sun’s group using the two-

beam-laser interference (TBLI) technique. A standard

single-mode Nd:YAG laser (Spectra-Physics, 355 nm,

10 Hz and 10 ns pulse duration) was used as the light

source. By splitting the incident laser into two beams

and then focusing them at one point, the optical field

Figure 2 The UV photoreduction of GO. Typical SEM images of

GO before (a) and after (b) excimer laser irradiation in high

vacuum. The inset is the Raman mapping of G peak at 2672 cm-1.

c Photographs of RGO Logos. Reprinted with permission from

[74], copyright (2013) Elsevier Ltd. Schematic diagrams of

photoreduction (d) and patterning (e) using EUV laser exposure.

Reprinted with permission from [76], copyright (2012) American

Chemical Society. f Illustration of TBLI reduction of GO film.

Reprinted with permission from [78], copyright (2012) Elsevier

Ltd. g Schematic diagram and SEM images of photopatterning

using the high-pressure Hg lamp. Reprinted with permission from

[79], copyright (2010) American Chemical Society.
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distribution with high-resolution interference fringes

can be obtained [78]. Grating-like periodic GO

structures with nanoscale roughness has been fabri-

cated during the laser processing process (Fig. 2f).

The OCGs have been reduced during the laser

interference process; in the high-laser-intensity

region, the OCGs were the most thoroughly restored,

and in the low intensity region the OCGs were to be

preserved in part. Additionally, during the photore-

duction, there exist both PT reaction and PC action.

Laser-induced PT action causes part of OCGs to come

out, also accompanied by ablation of graphene sheets

by laser cutting. The existence of these two roles

forms a special periodic graphene patterning.

Except for the photoreduction using laser, Mat-

sumoto et al. [79] also reported a research using a

500 W high-pressure Hg lamp in H2 or N2 atmo-

sphere (Fig. 2g). This method can significantly

remove OCGs and partially restore sp2 domains. Due

to the PC process of photoreduction, the surface

temperature of GO material generally does not

exceed 40 �C, which can avoid PT effects and allow

micrometer size patterning with relatively flat

topography. This UV light reduction technology is a

relatively simple photoreduction technology requir-

ing mild operating environment. Thus, it will extend

the multitudinous applications of GO.

Visible photoreduction of GO

The photoreduction of GO using visible irradiation is

the most common method because of its visibility,

effectiveness and easy operation. As mentioned

above, visible photoreduction process is quite dif-

ferent the UV operation in principle. Irradiation of

the sample at a longer wavelength allows it to absorb

enough light energy and obtain higher heat, so the PT

effect is more pronounced during this process.

The difference in the photoreduction by incident

light at different wavelengths was first studied by

Sokolov et al. [80]. They compared the features of

graphene by Raman spectroscopy via continuous-

wave (CW, 532 nm) or pulsed (532 and 355 nm) laser

excitation of GO in air atmosphere and N2, respec-

tively (Fig. 3a). For graphene materials, Raman

spectroscopy is a convenient and rapid method to

detect and analyze the information of graphene layer

number, defect degree, doping condition and so on

[81–85]. In experiment, it was found that the G peak

of the material in the irradiated area using 532 nm

CW laser was the narrowest in N2, indicating that the

reduction at this time was the best. Compared with

the reduction of pulsed laser, the results also show

that the existence of D peak, that is, the reduction

degree depends on the output form of laser.

Diode laser could remove OCGs and patterning of

GO all at once. Teoh et al. reported a method to create

3D rGO–GO–rGO stacked-layered structures with

micropatterns defined in each layer through using of

focused diode laser beam (532 nm) to reduce GO and

appropriate controlling of laser temperature on the

spin coating substrate of rGO patterning (Fig. 3b)

[85]. Zhou et al. [87] used diode laser ‘‘direct-write’’

technique to reduce GO with patterns through laser

cutting effect, and in his experiment he used laser

wavelength of 663 nm (Fig. 3c). Amount of thermal

energy has been produced by laser cutting effect, so

that the GO film ([ 5 layers) can absorb heat to raise

its temperature to the threshold of evaporation, while

causing the reduction and combustion of GO film in

air. It can be predicted that this method of reduction

and patterning can achieve more precise control by

optimizing parameters like the choosing high-ther-

mal conductivity-based material and regulating the

temperature of the substrate which equal to the

energy of the laser.

Additionally, to effectively remove the OCGs on

GO sheets, a xenon discharge tube assembled on a

camera has been applied. As typical delegates, Cote

et al. [61] first reported the reduction and patterning

of GO by flash lamp under ambient conditions.

Xenon flash bulbs can provide visible light

([ 400 nm). For an ordinary camera flash unit, it can

offer 0.1–2 J cm-2 of energy per pulse at short range

(\ 2 mm), according to the optical absorption of GO

in the visible range (400–800 nm, * 63–1260 mJ/m2).

Based on the thermal analysis, thermal energy of

70 mJ can heat the GO film to 100 �C. So the enough

energy provided by a single exposure of the flash can

induce an effective reduction of GO (Fig. 3d). This

shows many unique advantages, for instance, GO

could be rapidly reduced upon flash treatment; an

expanded RGO structure would be formed due to the

emission of carbon species, which could significantly

increase the surface area and reveal great potential in

EC energy storage applications. Later, Gilje et al. [62]

investigated the flash-induced PT reduction of GO

for large-area array patterning and combustion

applications. Figure 3e shows a comparison of pho-

tograph and SEM images before and after the
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photoreduction of GO foam. After flash treatment,

the exfoliated layers of graphene were leaving.

Near-infrared (NIR) photoreduction of GO

The PT effect of NIR photoreduction is more obvious,

and the energy requirement for light is higher. In this

segment, we will mainly recommend three repre-

sentative works using laser including the LightScribe

technology (788 nm), femtosecond laser direct writ-

ing (FsLDW, 790 nm) and picosecond pulsed laser

irradiation (1064 nm). For LightScribe technology, it

was first invented by Hewlett-Packard Company for

the preparation of labels and patterns on optical disks

[88]. Then it was reported by the Kaner’s group for

photoreducing and flexible patterning of GO toward

all graphene devices (Fig. 4a) [89]. In general, to the

graphene devices prepared by LightScribe method,

first the GO film is coated on a flexible, transferable

substrate and then fixed to cover on the specific

LightScribe-enabled digital video disk (DVD),

dielectric disk. The film was photoreduced by the

NIR laser in DVD driver. According to computer pre-

design, graphene images with high grayscale reso-

lution have been generated simultaneously. While

removing most of the OCGs on the GO layer to

enhanced conductivity up to 1738 S m-1, the low-

power NIR photoreduction can change the surface

topography of GO to form porous structures with

high specific surface area (1520 m2 g-1), which is

benefits to store energy for carriers and reveals

application prospects in the field of EC. This tech-

nique is low-cost and environment-friendly and

brings the development of graphene-based

electronics.

Another work using the FsLDW technology

(790 nm, 120 fs) for GO reduction was first reported

by Zhang et al. [90]. The laser is concentrated by 1009

objective lens (NA = 1.4). When the GO is processed,

the exposure time is adjusted to unit voxel 600 ls and
the laser scanning step length is 100 nm. This inno-

vative progress developed a novel method to fabri-

cate micro-current patterns on GO films (Fig. 4b).

Soon afterward, in 2014, their team reported a

method of programmable N-doping and reduction of

GO, which was realized by the FsLDW technique in

the ammonia atmosphere of the microcavity (Fig. 4c)

[91]. Doping is widely used to tailor the energy band

structures of bulk and nanoscale materials, facilitat-

ing the construction of various multifunctional

materials and devices [92–94]. The unique method

allows fine control of the doped region, so it is pos-

sible to make complex patterns with high resolution

on multiple substrates. Figure 4c shows the atomic

force microscope (AFM) images of an araneose RGO

micropattern. It can be found that the film of GO has

been reduced * 30 nm compared to the original

thickness after the FsLDW treatment. The thinning of

Figure 3 The visible photoreduction of GO. a–c Schematic

diagram of different setup for visible laser reduction of GO.

Respectively, reprinted with permission from [80, 86, 87], copyright

(2010) American Chemical Society (2012) American Institute of

Physics and (2010) Wiley-VCH. d, e Photograph and SEM image

comparisons of GO before and after flash reduction. Respectively,

reprinted with permission from [61] and [62], copyright (2009)

American Chemical Society and (2010) Wiley-VCH.
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GO film can be attributed to the compound PT effect

caused by the electron excitation, which makes the

loss of a part of the carbon materials in the laser

scanning region and the production of CO2, CO and

H2O [95].

Trusovas et al. [69] reported the picosecond pulsed

irradiation was also a commonly used method for GO

reduction, which exhibited more PT effect. Raman

spectrum was selected to characterize the depen-

dence of the reduction degree and the laser energy.

Although several micrometers ribbon patterns of

RGO have been exhibited, laser heating causes

evaporation of volatile components in GO membrane

materials, resulting in swelling of membrane mate-

rials. According to the temperature dynamic model,

when the energy of the single pulse laser is

0.04 J cm-2 (50 mW), the surface temperature of the

GO can be increased by 1400 �C for a number of

nanoseconds. Then most of the hydroxyl, carboxyl

and oxygen groups were removed. Unique mor-

phology makes it achieve greater success in electronic

fields, such as electrical energy storage applications.

It can be seen from the above that the photore-

duction conditions of GO are not harsh. The are

various methods although the mechanism is differ-

ent. Actually, the reduction process can also be

achieved easily under the illumination of solar light

[66]. As a summary, Table 1 represents the details of

GO photoreduction with different light sources. In

general, the photoreduction is a kind of flexible, non-

chemically modified, highly efficient, cost-effective

and patterned method to regulate the properties of

the surface/interface of GO films.

Potential application

In most cases, RGO films prepared by classical ther-

mal or chemical methods are often seen as potential

alternatives to graphene samples because of their

comparable and similar features. Indeed, unlike the

clumsy and small-scale mechanical exfoliated gra-

phene preparation method, this facile prepared RGO

can be applied to in various fields even for industrial

production. Considering the superior characteristics

of these methods, we have reasons to believe that

photoreduction of GO will have an excellent prospect

in the future.

Electrochemical (EC) energy storage devices

Li-ion batteries

Graphene is a relatively ideal electrode material as a

good candidate for the Li-ion battery, because it is

seized of a few excellent properties such as good

electrical conductivity, large specific surface area,

Figure 4 The NIR photoreduction of GO. a A complex colored

original photograph (man’s head) and the corresponding laser

scribed graphene with different degree of photoreduction.

Reprinted with permission from [89], copyright (2012) American

Chemical Society. b Schematic diagram of RGO microcircuit with

FsLDW technology. Reprinted with permission from [90],

copyright (2010) Elsevier Ltd. c Schematic illustration of the

preparation process of N-doped photoreduced GO and the AFM

images of the processing samples. Reprinted with permission from

[91], copyright (2014) Wiley-VCH.
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strong mechanical strength and chemical–physical

stability [66, 96]. As an electrode material, graphene

is required to have a full contact with the electrolyte

to make battery have a good cycle stability and a

shorter path to charge and discharge (Fig. 5a) [97].

Thus, regarding the reduction of GO, it is very

appropriate to develop a structure with high specific

surface area. In addition, in order to facilitate the

fabrication and integration of devices, the design of

the patterns on macroscale can provide an opportu-

nity to be realized. Flash-reduced GO anodes own

unique ‘‘open-pore’’ structures as a result of the

drastic expansion; Kaner et al. took advantage of this

phenomenon for realizing efficient intercalation

kinetics allows lithium ions to enter the underlying

graphene sheets at a high rate [98]. Since GO con-

tained plentiful OCGs, many methods can be used to

carry out intense reduction treatments leading to

porous and loose graphene structures. In addition,

the photothermally reduced GO anodes displayed

excellent stability and cycling ability.

The ordered, patterned, nanostructured graphene

electrodes can be obtained via photoreduction by

using an appropriate optical mask. On the macro-

dimension, the preparation of patterns is positive in

Table 1 Different conditions of photoreduced GO and their typical applications

Light sources Reduction and

patterning mannera
Mechanismb Atmosphere

(catalysts)

Application References

Extreme-UV laser

(46.9 nm)

ULRP PC – – [76]

Excimer laser (248 nm) ULRP PT and PC Vacuum FETs [75]

CW Raman laser (532 nm) VLRP PT and PC Air, N2 – [80]

Nd:YAG laser (355 nm) VLRP PT and PC Air Humidity-sensing device;

Biomimetic devices

[78, 127]

Diode laser (532 nm) VLRP PT and

Thermal

Air – [86]

Diode laser (663 nm) VLRP PT N2 – [87]

LightScribe technology

(788 nm)

NILRP PT Air Flexible electrodes; Supercapacitors [89, 108]

FsLDW(790 nm) NILRP PT and PC Air Flexible electrodes; FETs [90, 91, 118]

Picosecond pulsed laser

irradiation (1064 nm)

NILRP PT N2 – [69]

Camera flash (400–800 nm) VLIRP PT Air or N2 Flexible electrodes; Li-ion batteries;

Humidity-sensing device

[61, 71]

High-pressure Hg lamp

(500 W)

ULIRP PC H2 and N2 Gas sensors [79]

Focused sunlight FSIRP PT Air Actuator [66]

Universal X-660 CO2 laser LDWRP PT Air Supercapacitors [109]

UV light ULIRP PT Air Actuator [129]

aULRP ultraviolet laser reduction and patterning, VLRP visible laser reduction and patterning, NILRP near-infrared laser reduction and

patterning, VLIRP visible light irradiation for reduction and patterning, ULIRP ultraviolet light irradiation for reduction and patterning,

FSIRP focused sunlight irradiation for reduction and patterning, LDWRP laser direct writing reduction and patterning
bPT photothermal reaction, PC photochemical reaction

Figure 5 The schematic diagram of RGO-based Li-ion batteries.

Reprinted with permission from [97], copyright (2009) the Royal

Society of Chemistry.
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that it facilitates integration of more kinds of elec-

tronic devices. In the case of the Li-ion batteries

themselves, the utilization of nanostructured materi-

als with higher specific surface area could improve

the energy storage capacity of the EC reaction.

However, it must be pointed out that pure graphene

is not the ideal electrode material for Li-ion batteries

as compared with composite materials. By using

appropriate material synthesis methods, active sub-

stances such as silicon, tin or aluminum have been

placed in the gap of nanostructured graphene,

thereby further enhancing the charge density of the

device [99, 100].

Supercapacitors

Electrochemical (EC) supercapacitors have been

widely concerned in energy storage technologies

owning to their significantly higher power densities

as compared to batteries [101–103]. The electrode

materials determine the performance of the electrical

parts, and the graphene and its derivatives are ideal

electrode material for supercapacitors owning to their

large surface area, mechanical strength and electrical

properties. As a typical example, GO has been widely

used in energy storage devices. The EC reaction

mechanism of the supercapacitor is accompanied by

an oxidation–reduction reaction [104–107]. The GO

itself has a large number of OCGs even after the

reduction step. At the same time, the preparation of a

plate capacitor is an urgent need for the development

of EC technologies. GO dissolved in water is the best

candidate for an in-plane capacitor, convenient film-

ing, patterning, and is highly convenient for the

integration of complex patterning devices. El-Kady

et al. [108] reported the production of RGO-based

supercapacitors by using the laserscribing technique.

This treatment can not only prepare complex pat-

terns, but also produce a porous structure with sur-

face area of 1520 m2 g-1.

Gao et al. [109] reported a novel fabrication method

of microsupercapacitors on hydrated GO films by

laser direct writing. They used a CO2 laser to scan on

GO film as a solid electrolyte and fabricated in-plane

RGO electrodes with different designable micropat-

terns. Plentiful imprisoned water molecules in GO

made this material both a good electrical insulator

and ion transport medium, allowing it to serve as

electrolyte and electrode separator in the whole

device. Thus, a new type of all-carbon, monolithic

supercapacitor was developed by laser reduction and

patterning. Figure 6 shows schematics of CO2 laser

patterning of GO films to fabricate all graphene

devices and their related EC performance. In partic-

ular, the capacitance–voltage (C–V) curves revealed a

highest specific capacitance of ca. 0.51 mF cm-2 and a

volumetric capacitance of ca. 3.1 F cm-3.

Electronic devices

Owning to its ultra-high carrier mobility, high con-

ductivity, transparency and excellent mechanical

strength, graphene has emerged as a promising

material for the development of the next generation

of electronics such as electrodes and tuning layer

[110, 111]. However, a series of challenges lies ahead

to meet the need of fabrication of graphene-based

electronics such as the regulation of the band gap and

the preparation technology of the device [112, 113].

As an alternative material, GO holds promise for

mass preparation, compatibility with any base and

devisable patterning. For traditional thermal and

chemical reduction methods of GO, on the other side,

another shortcoming lies in the impossibility of using

these materials to operate with flexible electronic

devices such as PET (polyethylene terephthalate), PC

(polycarbonate) and PMMA (polymethyl methacry-

late), whereas the photoreduction strategies show

obvious advantages [114–116]. For instance, making

use of the nonthermal laser reduction technique, the

Kymakis’s group easily reduced a large area of GO

spin-coated on flexible substrates, and the experi-

ment showed that RGO sheet could be served as an

electrode for organic photovoltaic cells [117].

Considering the accompanying process of pho-

toinduction for GO and film-patterned design, the

photoreduction, and the non-contact and mask-free

characteristics, this method is ideal to fabricate

practical graphene-based micro-electronic devices

such as transparent electrodes, field-effect transistors

(FETs) and sensors. As shown in Fig. 7, the prepa-

ration of FET devices has been realized by laser

writing RGO microchannel between two pre-vapor-

ized electrodes reported by Guo et al. [118]. In this

work, the tunable bandgap of RGO microchannel

resulting from laser reduction induced controlling of

oxygen content studied from the first-principle were

obtained. In detail, the bandgap of GO has been

adjusted in the range of 2.4 to 0.9 eV by regulating

and controlling the laser power. During this process,
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Figure 6 Schematics of CO2 laser patterning of GO films to fabricate in-plane/sandwich RGO–GO–RGO devices (a) and EC behavior of

devices (b). Reprinted with permission from [109], copyright (2011) Springer Nature.

Figure 7 a Scheme of the

RGO FET. Optical

microscopic images of

b parallel microlines with

different width, c sinusoid and

d hexagon grid was patterned

between source and drain

electrodes as a channel. e I–

V curves of the above three

channels with Vg = 0 V.

Reprinted with permission

from [118], copyright (2012)

American Chemical Society.
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they created desirable RGO patterned channels and

fabricated the following bottom-gate graphene FETs

successfully. The results revealed an on–off ratio of

56 by optimizing exciting laser energy at room tem-

perature, implying the possibility of applying these

devices in practice despite not fully meeting the

technical indicators. Therefore, we are confident that

the novel photoreduced GO containing ascendant

bandgap-tunable feature can not only be used in the

field of flexible micro-electronic devices, but also

other graphene-based devices in the future.

Sensors

With the carbon atoms exposing to the external

environment directly, graphene, the only single atom

layer material, can act as electron donors or acceptors

by absorbing or desorbing gaseous molecules effec-

tively, which makes it a promising gas-sensing

material [119, 120]. Recently, the graphene-based

structures have been successfully verified to be sen-

sitive to various gases, especially toxic aromatic

compounds, just because of the uncommon electron

transport characteristics on its surface. However, the

graphene-based sensors would not be put into oper-

ation on a large scale unless graphene preparation

methods become more convenient and the interaction

with guest molecules becomes intense. Fortunately,

thanks to plentiful hydrophilic OCGs on GO, the

water-soluble attribute makes it a good alternative for

both solution processing and interacting with sensing

molecules [45, 48, 121]. By appropriate reduction

treatment, the conductibility of GO can be improved,

thereby allowing RGO to be regarded as potential

active element for molecule detection. Additionally,

the patterned graphene-based sensors were also

developed for the improvement of the detection

efficiency of various gases.

Unlike traditional reduction processes, the pho-

toreduction of GO may be developed as a new

method to exhibit outstanding features such as tun-

able conductivity, manipulative interactions with

molecules and acceleration of adsorption/desorp-

tion. Previously, we reported a humidity-sensing

device fabricated by camera flash treatment of GO

[61]. When the GO film exposed to the flash, reduc-

tion and micronano-patterning have been occurred.

That made the RGO areas conductive with the sheet

resistance of 9.5 kX square-1 (GO: 2 9 108 X
square-1). Figure 8 shows the reduction of GO for

sensing device and GO/other material composite for

detection [61]. The response/recovery times of the

sensors could be ascribed the interaction between

H2O molecules and RGO sheets. In addition, the

hierarchical micro-nanosheets generated during the

flash treatment made the interlayer RGO come out

and promoted the sensing performance significantly.

Biomimetic devices

In the field of bionics, the wettability is described as

the mutually exclusive physical properties between

molecules of solid surface and the polar water

molecule, which has been treated as a significant

property characterizing the surface of the material

[122, 123]. To imitate the biological template in nat-

ure, a large number of artificial bionic surfaces with

balanced wettability described by steerable water

contact angles (CAs) ranging from 0� to 150� above

(superhydrophobic) have been readily fabricated

[124]. Study on the wettability control of graphene

surfaces has also been urgently carried out with the

advent of graphene materials and the related devel-

opment of various electronic devices have been pur-

sued. GO also showed its value in the field of

biomimetic materials. Experimental results showed

that the water CA of the CVD graphene was ca. 95�,
which is not in agreement with the calculation results

considering a superhydrophobicity based on the 2D

honeycomb structure [125]. It is not easy to directly

and effectively tune the wettability of pristine gra-

phene, while in the case of GO, the nature of the

material itself allows to control its surface structure

and chemical composition, thereby favoring opera-

tions [126].

The water CA of drying GO films is about 70�. The
regulation of the wettability of GO is still facing two

challenges. One is reducing the number of surface

functional groups followed by the modulation of the

surface energy. The other is changing of surface

structure and increasing its roughness. Photoreduc-

tion of GO provides a convenient method to solve

these two problems simultaneously. The reaction is

accompanied by the integration of an ordered struc-

ture and pattern. For example, Jiang et al. fabricated

periodically micronano-structured graphene films

with grating and grid patterns that feature superhy-

drophobic wettability and rainbow color with the

help of laser holography technique to simulate but-

terfly wings [127]. As shown in Fig. 9a, the presence
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of double-periodical, ordered arrays of microstruc-

ture and layered nanostructure of the material itself

make the graphene films having excellent superhy-

drophobity (Fig. 9b). Besides, the graphene films also

exhibited transmission diffraction property and bril-

liant iridescence, due to which it could be directly

observed by naked eyes (Fig. 9c–e). Considering

these unique optical properties, it is predicted that

these bionic films can be applied to some optoelec-

tronic devices such as organic light emitting diodes

and organic solar cells. The bioinspired graphene

devices would be found to have broad application in

the immediate future, such as tissue engineering

which is proved by favorable biocompatibility of

graphene and GO films in some previous reports.

Other applications

In addition to the above-mentioned applications, GO

has also proved its value in other disciplines, actua-

tors for instance. As previously mentioned, UV can

reduce GO papers resulting in splendid RGO pat-

terns through masking. However, the filtered GO

paper has not completely reduced with circum-

scribed transmittance and heat transmission, yielding

to the effect of self-coordinated photoreduction, the

large-scale, programmable and arbitrary patterned

GO/RGO bilayer structures have been fabricated in

accordance with its natural tendency. Owing to the

plentiful hydrophilic groups of GO, the double-layer

structures show some sensitivity of humidity under

air atmospheres [128]. As a result, they will bend

Figure 8 a Photographs of

RGO/polystyrene

interdigitated sensors. b The

response performance of RGO

sensor device exposed in

100 ppm of ammonia vapor.

Reprinted with permission

from [61], copyright (2009)

American Chemical Society.

Figure 9 a SEM image of superhydrophobic graphene film.

b Photograph of a water droplet on its surface, the CA is measured

to be & 155�. c–e Structural color and diffraction spots fired by

laser with wavelength of 405 nm on the RGO film. Reprinted with

permission from [127], copyright (2014) Wiley-VCH.
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along the direction from GO to RGO, selectively

absorbing more water in the GO layer as compared to

the RGO layer. For this kind of bilayer structures, the

response of curvature can be tuned by controlling the

humidity. In order to better use the response char-

acteristics of these materials, different patterns can be

integrated for preparing functional components

which can effectively convert the chemical energy in

the material into mechanical energy, allowing con-

venient transport and movement of the devices.

The designable ideas and manufacturing of artifi-

cial actuators are inspired by the unique tempera-

ment of animals and plants in nature. Han et al. [129]

prepared a smart graphene actuator by reducing

RGO diagonal banded patterns on the GO banner

paper with a UV masking which had been simulated

tendril of the vines. As shown in Fig. 10a, the vine

tentacles are spiral line which can stretch out or draw

back freely and clamber over other plants vines. So

the actuator with simple production presents unique

humidity response characteristics. The GO/RGO

ribbon bends into a certain curvature under room

humidity and curl to helical shape under high

humidity. Figure 10b shows a smart manipulator

driven by the humidity can grab and put down any

objects with appropriate size and mass. However, the

releasing mechanical energy is equal to the change in

the chemical energy in graphene materials under

opposite humidity atmosphere environments. Here,

the author put the graphene ‘‘tendril’’ on a plastic

tube with adherency, on the one hand, to be a sup-

port for hand operation, on the other hand serve as a

communication device connected to humidity atmo-

sphere. By debugging the moisture, graphene

manipulator can enwind slender objects under high

humidity and release them in dry air. However, even

if operational humidity–response graphene actuators

could be readily realized through rational design of

patterns of the GO/RGO bilayer structure, the

development model of a graphene actuator is not

unique. Thus, the development model is somewhat

differently depending on the material, which gives us

sufficient confidence to design and fabricate various

smart actuators by incorporating unilateral UV pho-

toreduction of GO paper and the laser lithography

technique.

Figure 10 a Schematic

illustration of smart graphene

‘‘tendril.’’ b The smart

graphene ‘‘tendril’’ was

adhibited to a tube, which will

make it grab and release

objects under the humidity

switch. Reprinted with

permission from [129],

copyright (2015) Wiley-VCH.
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Conclusions and outlook

This review systematically summarizes series of

photo-assisted methods for GO reduction and pat-

terning. Different light source, such as laser, camera

flash, UV lamp and focused sunlight, can be used as

tools for reduction implementations, which mainly

depends on the photon energy threshold at 3.2 eV.

But most of the cases, considering the complexity of

GO’s chemical structure and the diverse emitting

mechanism of different sources, the PT and PC pro-

cesses play key roles during the reduction. Compar-

ing with the traditional reduction methods, the

photoreduction is distinguished for its accurate con-

trol of the graphitization degree, desirable patterning,

integrative assembly, environmental friendless, eco-

nomical and practical. So it endows unique advan-

tages for development in various research fields

including Li-ion batteries, supercapacitors, electron-

ics and bio-sensing. However, the photoreduction

still faces many challenges in the process of practice.

One is the surface integrity control of materials dur-

ing the light irradiation, and another is the large-area

precise operation for industrial development. But we

have sufficient reasons to believe that the photore-

duction will certainly have more room for develop-

ment in the future with the continuous progress of

the novel theories and manufacturing technology,.
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