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ABSTRACT 
Green synthesis has grabbed appreciable attention to eliminate the negative effects associated with various chemical processes. 
Due to the unparalleled electrical, mechanical, thermal and excellent physical properties, graphene, as the thinnest two-dimensional 
material with high surface area, has the unfathomable potential in the domain of green chemistry in terms of both synthesis and 
application. In this regard, we present an overview of the research progresses on the greener synthesis of graphene, including 
micromechanical exfoliation, chemical reduction of graphene oxide (GO), chemical vapor synthesis and popping of GO. Meanwhile, 
various applications of graphene pertinent to sustainable developments, such as energy storage, catalysis, electrochemistry, fuel 
cell, supercapacitor and biomedicine have also been highlighted. 
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1 Introduction 
The application of green chemistry has been one of the most 
impressive research fields to solve the problem of reducing the 
negative effects on society and environment in the reaction 
process through chemical strategies, including reactants, reaction 
environment, reaction products and additives used as catalysis 
in the reaction process. In 1998, Anastas et al. put forward 12 
principles based on the perspective of green chemistry [1]. It 
is committed to meet the requirements of improving the yield 
and benefit, as well as reducing the generation of waste and 
harmful substances, so as to meet the requirements of safety, 

economy and environmental friendliness. 
Graphene, which consists of hexagonal lattice of carbon 

atoms and sp2 hybrid orbitals [2, 3], has excellent properties in 
the electrical, optical, mechanical and thermal fields [4–7], which 
exhibits high carrier mobility (200,000 cm2·V−1·s−1) [8], super 
strength (125 GPa) [9], large specific surface area (2,630 m2·g−1) 
[10], high Young’s modulus (~ 1,100 GPa) [9], as well as typical 
bipolar electric field effect and quantum Hall effect of charge 
carriers [11, 12]. There are many existing research technologies 
on the preparation, including chemical vapor deposition (CVD) 
[13–15], epitaxial growth [16], arc discharge [17], chemical 
embedding [18], and thermal/chemical reduction of GO (Table 1) 
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Table1  The list of various of synthesis and properties of graphene 

Method Thickness Lateral Advantage Disadvantage 

Micromechanical exfoliation [5] Few layers μm to cm Large size and unmodified  
graphene sheets Very small scale production 

Plasma enhanced chemical  
vapor deposition [10] Carbon nanowalls size of 50–150 nm long 

and < 10 nm wide 

Large growth、less defective 
and a high degree of 

crystallinity 

High economic cost and 
insufficient technical maturity 

Chemical vapor deposition [11] Single and few layers ~ 20 μm A large fraction and 
features are well controlled Very small scale production 

Epitaxial growth [12] Single and few layers > 100 μm Very large area of pure 
graphene 

Uneven thickness, unstable 
electronic performance 

Arc discharge [13] 2–4 layers 10–40 × 103 nm2 Pure graphene and few 
layers 

High environmental 
requirements and low 

production 

Chemical embedding [14] few-layer and single- 
layer μm to cm Good electrical properties 

and pure graphene 
Low production, difficult to 
control the number of layers 

Thermal/chemical reduction of  
graphene oxide [15, 16] Single and few layers μm to cm 

Increased conductivity, 
adjustable performance and 

reduction 

Low yield, limited reductant, 
uncertain reaction steps and time
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[19, 20]. Based on the above methods, green and efficient 
industrial production of graphene still faces great challenges. 
The route of preparing graphene by chemical reduction method 
has broad application prospect, which has been used for mass 
production [21, 22]. In general, the preparation of graphene 
by reducing GO requires strong reductants. The traditional 
methods are usually by hydrazine or derivatives, however, the 
strong reductants will produce unstable factors in conventional 
production with certain impact on the environment [23]. In 
recent years, green synthesis and applications of graphene 
have been continuously developed. Meanwhile, low-cost and 
high-efficiency synthetic route are also the basic principle to 
promote the application of graphene. 

Graphene has many excellent performances, these charac-
teristics have attracted great attentions in the fields of chemistry, 
physics and materials (Fig. 1). Especially the application prospects 
in capacitors, electrode materials, catalysis and sensors.  

In this review, we will discuss graphene synthesis and 
application based on the concept of green chemistry. Synthetic 
methods have been systematically summarized from traditional 
to innovative categories. It also involves different methods on 
the performance of the final synthesized graphene. Meanwhile, 
we are focused on the application of graphene with the concept 
of green and sustainable, which can be applied to the fields of 
new energy and catalysis. 

2  Green synthesis of graphene 
In recent years, it is obvious that the chemical reduction 
oxidation method of graphene has the prospect of industrial 
mass production [24, 25]. However, considering that hydrazine 
or derivatives are mainly used in experiments and production 
processes, which will cause harmful effects on the environment. 
Obviously, how to synthesize graphene in a green, safe and 
efficient way is the factor that determines whether graphene 
can be full play to potential. Above all, the green synthesis 
methods such as the micromechanical exfoliation technology [1], 
chemical reduction method and CVD have been developed 
[17, 19, 26, 27]. 

2.1  Greener synthetic protocol 

In order to find an innovative route to prepare environmentally 
friendly graphene, the strategy of “green chemistry” can’t be 
ignored in the synthesis. As a collaborative system, “twelve 

principles” provide a new reform idea for the development of 
graphene. The synthesis path, reaction materials and power 
consumption are “green” designed [28, 29]. Recently, the issue of 
renewable has become a research hotspot, including looking 
for green, economic and efficient biomass reducing agent to 
prepare reduced graphene oxide (RGO) [30]. Meanwhile, the 
utilization of raw materials and the minimization of waste 
production are realized, such as graphene can be used in fuel 
cells with excellent performance, which makes it feasible in 
environment and economy [31, 32]. 

2.1.1  Micromechanical exfoliation 

In 2004, Geim and co-workers firstly used micromechanical 
exfoliation to obtain graphene from graphite. This technology is 
also called transparent tape technology [5]. Micromechanical 
exfoliation is the simplest and lowest cost method for preparing 
graphene with high yield. The method mainly uses transparent 
adhesive tape to separate graphite layers. Interlayer graphene is 
combined by van der Waals force. The weak binding force 
makes the mechanical stripping feasible [33]. There are two 
methods to obtain graphene by mechanical peeling: adding 
force and lateral force. One is the transparent adhesive tape 
technology, in which a normal force of van der Waals force is 
applied to peel off between graphite layers. The other is to 
apply lateral force to promote the mutual displacement 
between layers, so as to peel off the graphite. However, this 
route is not feasible for obtaining ideal area (Figs. 2(a) and 
2(b)) [34].  

Preparation of high-quality graphene from mechanically 
exfoliated graphite is considered as a first choice. The advantages 
are not only simple source of materials with low cost, but also 
high quality that provides a feasible way to expand the synthesis 
path of graphene [35]. However, there is also some shortcoming 
in the micromechanical exfoliation method, which leads to the 
limitation of industrial production. Due to process factors, the 
yield is greatly limited. At the same time, the mobility of carriers 
may be limited due to the existence of substrate. Fragmentation 
effect is still not feasible for the large-area production. As a 
result, this method greatly limited in the capacity of large-scale 
production [36, 37]. Fu et al. prepared high-quality graphene 
using re-expansion and stripping of graphite interlayer com-
pounds (Fig. 2(c)).  

Micromechanical stripping technology can provide more 
ideal strategy for the production of high-quality microstructure 

 
Figure 1  The main characteristics and properties of graphene. 
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graphene with precise control, including the factors of size, 
defects and layers.  

2.1.2  Chemical reduction of graphene oxide 

Chemical reduction of GO is a high selectivity synthesis 
method with low-cost and high-yield [38, 39]. There are two 
types of synthetic methods, bottom-up and top-down. Bottom- 
up is a kind of graphene continuously constructed from the 
original state. While top-down is a method of continuously 
obtaining graphene through graphite. 

GO is an ideal intermediate substance from graphite to 
graphene. The oxidation treatment can increase the spacing, 
thus contributing to the exfoliation of graphene [40]. As early 
as 1859, Brody et al. obtained GO for the first time through 
experimental preparation. Since then, this method has been 
continuously improved, high carbon-oxygen ratio GO substitute 
have been explored [41, 42].  

The chemical reduction method requires oxidizing graphite 
with strong acid or oxidizing agents [43, 44]. There are many 
choices of reducing agents. Pumera et al. provided a method 
to divide the reducing agents into two types, which were called 
the “well-supported” mechanism and “proposed” mechanism. 
The reducing agents classified include traditional synthetic 

chemistry reacting with specific oxygen-containing functional 
groups, since this type of reducing agent has specific functions 
and reactions. This type of reducing agent does not react 
against specific oxygen-containing functional groups. Graphite 
can be transited to graphene through the chemical reduction 
process from graphite to graphene requires the transition of 
GO (Fig. 3) [45]. 

The researches of reducing agent in chemical reduction are 
mainly with the advantages of high yield of reducing agent, 
no pollution to the environment, easy removal after reaction 
and avoidance of products. The existing comprehensive types 
of reducing agents are as follows. With the “well-supported” 
mechanism such as borohydride [46, 47], aluminum hydride [48], 
hydrohalic acid [49], sulfur-containing reducing agents (thiourea 
dioxide, etc.) [50]. The reducing agents in the classification 
with “proposed” mechanism are nitrogen-containing reductant 
(hydrazine, urea, etc.) [51, 52], reductant (alcohol, sugar, gallic 
acid, etc.) [53, 54], sulfur-containing reducing agents (sulfur- 
containing compounds, sodium bisulfite, etc.) [55, 56], metal- 
acid [57, 58], metal-base [59–61], amino acids (glycine, lysine, 
etc.) [62, 63], plant extracts [64, 65], microorganisms [66], 
proteins and hormones [67, 68]. 

In view of the low cost of chemical reduction and the great 

 
Figure 2  (a) The method of mechanical stripping graphite to fragment graphene. (b) Preparation of highly ordered pyrolytic graphite by transparent tape 
method. Reproduced with permission from Ref. [34], © The Royal Society of Chemistry 2015. (c) The synthesis path of reduced graphene sheets. Reproduced
with permission from Ref. [37], © Springer Science+Business Media New York 2014. 

 
Figure 3  (a) The path of graphene preparation by chemical reduction. Reproduced with permission from Ref. [45], © The Royal Society of Chemistry 2014.
(b) The preparation process of GO to graphene. (c) The GO are dispersed in different solvents. Reproduced with permission from Ref. [54], © The Royal 
Society of Chemistry 2013.  
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prospect in the industrial production of graphene, as well as 
emphasizing environmental friendliness, the research on 
reductant of GO chemical reduction method still requires a 
further development. It can be confirmed that although the 
chemical reduction method exists some defects, it is still to be 
considered as a comprehensive method of graphene production 
with the specific reduction mechanism. 

2.1.3  Chemical vapor synthesis 

Somani et al. firstly synthesized multilayer planar graphene by 
simple thermal CVD. Different from the methods we summarized 
above, the CVD belongs to the “bottom-up” synthesis mechanism, 
which is in the opposite solution with the structural defects 
of vital importance [69, 70]. Here we overview the process and 
reaction mechanism of the graphene synthesis by CVD in detail. 

Generally, transition metals are used as substrates due to 
reducing reaction energy barriers [71]. A variety of transition 
metal substrates have been studied, including Ni [72], Cu [73], 
Ru [74], Ir [75], Pt [76], Co [77], Pd [78] and Re [79]. Different 
solubility and growth conditions of carbon in these transition 
metals can accurately affect the thickness and surface charac-
teristics of graphene. 

Since different transition metals weakly effect, the results in 
the conditional growth for the substrate reaction, copper can 
be used as the reaction substrate to describe the steps of 
synthesizing graphene by CVD synthesis. In 2009, Li et al. 
produced high quality and well-proportioned graphene films 
on copper foil with the progress of annealing in a hydrogen 
environment at 1,000 °C [73]. It is noteworthy that the solubility 
of carbon in copper was very poor, as a result, graphene could 
be used as a reaction substrate with large size and uniform 
thickness. Meanwhile, the graphene monolayer covered by the 
copper surface could reach more than 95%. Visibility, copper 
was more promising for preparing graphene by CVD 
comparing with other metals. 

There are lots of researches on selecting suitable carbon 
sources by CVD method, including methane, methanol, ethylene 
and ethanol [80]. Here we summarized the detail synthesis 
process and mechanism of CVD. In fact, among the carbon 
sources, methane is a highly stable saturated molecule, which 
is usually used to provide initial accumulation of carbon 
initially. The route of synthesizing graphene by CVD requires 
methane to be adsorbed on the surface of the substrate, and 
then methane is dehydrogenated so that carbon can diffuse on 
the metal surface to generate graphene [81]. In recent years, 
the research is no longer simply confined to the supply gas of 
carbon source. By introducing liquid and solid carbon sources, 
the temperature and energy required for reaction decomposition 
can be studied [82]. In 2010, Srivastava et al. reported that 
the uniform and continuous graphene film with large surface 
area was synthesized on polycrystalline copper foil using liquid 
precursor hexane [83]. Zhang et al. discovered a two-step 
CVD method in which toluene was used as a carbon precursor to 
produce a continuous monolayer of graphene on the copper 
foil surface [84]. 

Previous scholars have also synthesized graphene catalyzed 
by metal. For example, by controlling variables to change the 
performance of graphene synthesis, Huet et al. fabricated high 
junction graphene on polycrystalline and epitaxial copper film 
respectively, finally found that graphene grown on epitaxial 
copper could reduce the structural defects with excellent perfor-
mance on catalytic synthesis of graphene monolayer [85–87]. 
The experiment on Cu-Ni alloy also showed a very promising 
dissociation rate of carbon containing precursor. 

In addition to research the influence of fixed parameters on 
graphene preparation with metal purity substrates, the effect 

of dynamic parameters in experiment including pressure, 
temperature, ratio of precursor gas, flow rate and residence time 
[76]. In 2011, Liu et al. reported the excellent properties of high 
purity copper in graphene monolayer synthesis [88]. After 
that, the influence of dynamic parameters on the experimental 
results is still worth discussing. The effect of the experimental 
parameters is not only reflected on an independent basis, but 
also interacted with each other to base on the parameters. 
Such as the effect of CH4/H2 ratio, annealing time and cooling 
rate on the preparation of graphene. 

The adjustment of parameters in the CVD synthesis path will 
result in structural and performance gaps in the final synthesized 
graphene. CVD can adjust synthesis conditions in terms of 
controlling the number of layers and area. In order to obtain 
practical applications in various environments, one of the 
critical factors is that the synthesis can be completed at low 
temperature, so as to avoid structural defects (cracks, wrinkles) 
during the transfer process and the pollution of corrosive 
liquid on graphene [89]. 

In 2015, Yan et al. fabricated graphene sheets with GO via 
popcorn transformation at 180–220 oC. The experimental results 
still have excellent repeatability even under the conditions of 
air or inert gas. At the same time, the prepared graphene 
sheets with 400 m2·g–1 showed an enhancement of about 300 
times comparing with the pore volume of GO. It was found 
that blowout phenomenon was highly related to the oxygen 
content in GO. Moreover, they further proposed a three-step 
method for preparing metal nanoparticles to be loaded on 
graphene synthesized by explosion method, which was 
impregnates metal salt onto graphene (Fig. 4). Four different 
metals (Pd, Pt, Ni and Mn) were selected to prove the effective-
ness and universality in practical application. At the same 
time, the prepared composite material had good dispersibility 

 
Figure 4  (a) Synthesis route of metal nanoparticle catalyst supported by 
popping of graphite oxide (PGO). (b) TEM image, SEM image and XRD 
pattern of Ni(0)-PGO. (c) TEM image, SEM image and XRD pattern of 
Mn(0)-PGO. Reproduced with permission from Ref. [90], © WILEY-VCH 
Verlag GmbH & Co. KGaA, Weinheim 2015. 
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and high load of nano metal ions. Under the concept of green 
chemical method, graphene had a very promising application 
potential [90].  

2.2  Graphene from renewable carbon sources 

Graphene is currently one of the most valuable and attractive 
materials with the properties of efficient, low-cost and green 
synthesis. Hydrocarbons are usually used as carbon sources 
for graphene synthesis. However, the ingredient is expensive, 
toxicity and flammability, which is not suitable for industrial 
production. Therefore, the basic requirements for seeking 
carbon sources must be convenience, low cost and environment 
protecting. Kalita et al. synthesized large-area graphene sheets 
by camphor plant derivative [91]. Zhang et al. fabricated 
high-quality graphene by ferric chloride and glucose [92]. 
Interestingly, Nguyen et al. proposed that graphene could be 
prepared by CVD with six carbon-containing materials on 
the back of copper foil, namely biscuits, chocolate, grass, plastic, 
cockroaches and dog dung [93]. These methods provide further 
development for promoting the commercialization of graphene.  

2.2.1  Graphene synthesis from biomass (Shewanella, Escherichia 

coli, Sugar) 

Recently, the research on graphene synthesis has mainly focused 
on the attempt to reduce the reducing reagent of GO in order 
to satisfy the principle of green economy. Biomass is used as a 
substitute for traditional reducing agents, such as Shewanella, 
Escherichia coli, sugar and other environmentally friendly 
reducing agents. Shewanella is a heterotrophic and anaerobic 
microorganism, which can live in all kinds of fish and sapropels. 
We can use arsenate and metal oxides (such as chromium, 
uranium, iron, and manganese) as terminal electron receptors 
in metabolic pathways. Moreover, heavy metals produced in 
the reaction process can be well precipitated in insoluble by this 
microorganism [94, 95]. Salas et al. first studied the reduction 
of GO by Schwarzschild cells in an anaerobic environment 

in 2010 [96]. In addition, Zhang et al. also used Bacillus to 
synthesis GO nickel sulfide network, which provided a broad- 
prospect in the application of supercapacitor materials (Fig. 5(a)) 
[97]. Guruantan et al. reported the reduction of GO by 
Escherichia coli in an aqueous medium at 37 °C [98]. Figure 5(b) 
showed the biomass of yellow-brown GO dispersion, RGO with 
Escherichia coli, and bacteria inhibitor added Escherichia coli, 
respectively. It is found that the GO reduced by Escherichia 
coli had satisfactory dispersion state (Fig. 5(c)), the size was 
twice than that of pure GO (Fig. 5(d)). Combining the two 
significant features of Raman from Fig. 5(e), the RGO with 
Escherichia coli had higher G/O intensity. The relative change 
in intensity showed that the number of sp2 domains increased 
after Escherichia coli treatment. Graphene synthesis with glucose 
is a bottom-up method, and there are no harmful substances in 
the whole synthesis route. Meanwhile, the oxidation products 
can be used as the end-capping agent. Dong et al. found that 
glucose could promote the graphene synthesis in the alkaline 
environment. Glucose was firstly oxidized to aldose acid, 
further converted into ester, and final generate to oxygen- 
containing radicals, including hydroxyl and carboxyl groups. 
These oxygen-containing radicals could form hydrogen 
bonds with the oxygen-containing radicals on RGO [99]. In 
order to find environmentally friendly, efficient and low-cost 
reducing agents, there are still many directions to be explored, 
either in the selection of reducing agents or choice of 
synthesis path.  

2.2.2  Graphene synthesis from other alternative resources (vitamin C) 

bio-precursor reduction method 

Hydrazine derivatives are the common reductants in the 
preparation of chemically RGO. However, the promotion of 
these reductants is greatly limited by the toxicity of reaction 
products. Although they are satisfied the requirements of 
green and pollution-free, there is still some limitation to the 
product high yield of graphene. Therefore, the additives need 

 
Figure 5  (a) Green synthesize of bacteria-reduced GO-nickel sulfide networks. Reproduced with permission from Ref. [97], © American Chemical Society
2013. (b) Dispersion photos of biomass, GO, Escherichia coli reduced GO (ERGO) and inhibitor pretreatment GO. (c) Digital photograph of GO and ERGO.
(d) Size distribution of GO and ERGO. (e) Raman spectrum of GO and ERGO. Reproduced with permission from Ref. [98], © Elsevier B.V. 2013. 
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to be added to bring additional functional groups or capping 
agents to adhere graphene. The synthesized graphene has the 
characterization of irreversible aggregation, material pollution 
and even electronic conductivity [100]. On the basis of environ-
mentally friendly reducing agents, the research mainly focuses 
on how to find a reducing agent compete with hydrazine. 
Among the current green reducers, L-ascorbic acid (vitamin C) 
has the advantage in the reduction capacity that can be used as 
end capping agents. Vitamin C plays an indispensable role in 
hydroxylation and reduction. It contains only three elements 
(carbon, hydrogen and oxygen) so that it can reduce the hazard 
of leading impurity atoms in the synthesis process. At the 
same time, as a green reductant, vitamin C promotes stable 
graphene suspension in the organic solvent. In 2010, a 
highly GO suspension was prepared by sodium borohydride, 
pyrogallol, vitamin C and hydrazine under alkaline conditions 
(Fig. 6(a)) [101]. Figure 6(b) showed the unreduced GO and 
vitamin C RGO stewing for 4 weeks in aqueous solution, 
respectively. After that, Gao et al. proposed a new preparation 
that vitamins as the reducing agents and amino acids as the 
stabilizers to synthesize graphene. The synthesis process is 
green, environment-friendly and non-toxic, which have a wide 
application prospect in the fields of bio-related sensors [102]. 
Nevertheless, because of that the ascorbic acid cannot completely 
reduce oxygen-containing radicals in GO, the preparation of 
graphene by biological precursors reducing agents still faces 
many challenges. In addition, the reaction mechanism and 
theoretical explanation are not clear enough that require 
continuous exploration.  

2.3  Aqueous dispersible graphene 

Dispersion stability is the decisive influence on the synthesis of 
graphene. The irreversible aggregation of graphene will generate 
in the absence of dispersant. Graphene layers tend to accumulate 
π–π to form a three-dimensional (3D) structure, and even 
convert into graphite. Therefore, in recent years, many researchers 
focus on how to disperse graphene in aqueous solution to 
provide more utilization of it. 

It is reported that the stability of waterborne dispersed 
graphene is from the electrostatic repulsion. The influencing 
factors of the stability include pH value, electrolytic density 
and content of dispersed particles [103, 104]. Li et al. present a 
high-yield water-based graphene dispersion method that did not 
require high-yield water-based graphene dispersion method 
that did not require polymers and stabilizers. It was important 
to maintain stability of eliminating metal salts and acids from 
the system [105]. Konkena et al. also discussed the effects of 
varying pH and potential variables on dispersion stability. The 
RGO sheets formed a stable dispersing agent in a relatively 
alkaline medium with the pH value rang of 8–11.5 [106, 107].  

 
Figure 6  (a) AFM images of GO in different groups, and the photos of 
unreduced, Vitamin C RGO of water, DMF and NMP. Reproduced 
with permission from Ref. [101], © American Chemical Society 2010. 
(b) Schematic diagram of stable and dispersed graphene aqueous solution 
prepared by reduction. Reproduced with permission from Ref. [102], 
© American Chemical Society 2010. 

Kashyap et al. tested the ideal range of pH value for stable 
dispersion of graphene using hydrochloric acid and sodium 
hydroxide solution. It presented an excellent stability when the 
pH value in the range of 7–11, which could be as the influencing 
factors of preparing graphene by water processing [108]. 

In the past ten years, some interesting attempts have been 
made in the aspect of adjuvants. Tian et al. prepared water- 
dispersible graphene with 2–5 atomic layers by one-step 
electrochemical method using graphite as the original material 
without additive [109]. Unalan et al. used polysaccharides to 
assist graphite exfoliation to form high-quality water-borne 
dispersed graphene [110]. In fact, how to maintain the dispersion 
stability of graphene aqueous solution is still a challenge. Liu 
et al. synthesized functionalizing water-dispersed high-quality 
graphene nanosheets with polydopamine, which can be used 
as electrode materials for miniature supercapacitors [111]. In 
addition, Bepete et al. has dispersed graphite to single-layer 
graphene that can be maintained for several months [112]. The 
stable dispersion has great potential to promote the application 
of graphene. 

3  Applications of graphene in green chemistry 
As the thinnest and hardest two-dimensional (2D) nanomaterial, 
graphene materials have the characteristics of ultra-light, super- 
conductivity, excellent thermal conductivity, and good light 
transmission, which play an increasingly significant influence 
in traditional fields, such as aerospace, biomedicine and new 
energy. Based on these physical and chemical properties, it 
can be used as an important “additive” for industrial materials. 
Meanwhile, graphene has high electron mobility [113], extremely 
low resistivity, and fast electron migration at room temperature, 
which is expected to replace traditional semiconductor materials 
[114, 115]. In addition, the monolayer graphene present high 
transparency, and the absorption of visible light is only about 
2.3% [116], which can replace the traditional material indium tin 
oxide in application fields such as displays and photovoltaics 
[117, 118]. Here, we mainly stand on the perspective of green 
chemistry to review the research of graphene application.  

3.1  Energy storage applications  

The current energy crisis and environmental problems caused 
by the continued consumption of non-renewable resources are 
further intensified. According to the development of industry, 
the combustion products of fossil fuels have caused irreversible 
global climate problem. Therefore, searching for new renewable 
resources and improving the utilization efficiency are the main 
problems that striving to solve. Due to excellent properties, 
graphene in energy storage applications has rapidly increased 
which can be used in energy storage, battery and supercapacitor. 

Zhang et al. proposed a functionalized graphene nanosheet 
basing on polyethylene glycol and silver nanoparticles. The 
composite material could obviously improve the capability 
of absorbing visible light and photo-thermal conversion. The 
synergistic effect of polyethylene glycol and Ag nanoparticles 
could improve the thermal conductivity of the material to 95.3%, 
and the photo-thermal conversion rate could get to 88.7%–92.0%. 
In addition, the composite material had excellent performance 
in energy storage density, conversion rate, thermal stability and 
morphological stability, which had potential application prospects 
for the utilization of solar energy [119]. Khandelwal et al. 
reported a method by a simple hydrothermal method, in which 
alkylalkanolamine, triethanolamine and N,N-diethylethanolamine 
were used to simultaneous reduction without any surfactant. 
Compared with the original RGO, functionalized graphene 
had superior electrochemical performance, higher capacitance, 
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excellent cycle stability and energy storage performance [120]. 
Ghaly et al. reported a material of V2O5 nanospheres and Fe3O4 
graphene coated with 3D porous graphene for positive electrode 
and negative electrode respectively. The energy density was 
45.9 Wh·kg–1 and the power density could get to 898 W·kg–1. 
At the same time, after 10,000 cycles, the capacitance retention 
rate was 89.6%, which had favorable energy storage prospect 
and further commercialization application [121]. Fang et al. 
reported a highly pleated graphene film prepared by Fe3O4 
nanoparticles as template. The capacitance was as high as 
370 F·cm−3 in KOH electrolyte solution. In addition, 97% of 
initial capacitance could still be maintained after 10,000 cycles, 
providing the promising strategy for the industrial production 
of graphene [122]. The Fe3O4 nanoparticles graphene showed 
a highly folded morphology (Fig. 7(a)). At the same time, the 
observed fold formation ridges were inferred to be the reason 
for the stability of highly folded graphene. Figure 7(b) showed 
the CV curve from 5 to 100 mV·s−1, which proved that the 
capacitance mainly from double-layer capacitance. From the 
galvanostatic charge/discharge curve (Fig. 7(c)), it showed a high 
degree of corrugation by adjusting current density, meaning that 
the graphene had excellent electrical properties as electrode 
materials. The performance of supercapacitors could be observed 
by controlling resistance and speed (Figs. 7(d)–7(g)). 

Microcapsule phase change material is a tiny container 
containing phase change. In recent years, the requirements for 
the application of graphene functionalization energy storage 
are increasing. Chen et al. used melamine formaldehyde and 
octadecylamine to synthesize octadecylamine grafted GO by 
in-situ polymerization. The thermal conductivity was obviously 
improved on the basis of excellent dispersibility. When the 
microencapsulated phase contains 5% modified graphene, the 
thermal conductivity could increase to 38.52%, which would 
have great potential in the territory of thermopower deposit 
and temperature regulation [123]. Samantara et al. reported a 
one-dimensional mesoporous rod-like NiCo2O4 structure grown 
on RGO layer. It could be widely used as electrode materials in 
the supercapacitors, with small Tafel slope, good reaction 
kinetics and excellent energy density [124]. Liu et al. reported a  

method of preparing self-supporting flexible electrodes with 
high-quality graphene nanowires grown on graphene film. 
The assembled graphene nanowires could be used as electrode 
of the lithium-ion batteries. The reversible capacity could be 
301 mAh·g−1 at 1 C rate, while after 1,000 cycles there was still 
no attenuation. It opened a new way of graphene as anode in 
energy storage devices-batteries [125]. Deshmukh et al. reported 
a kind of matrix filled with polyvinyl alcohol, vanadium 
pentoxide and GO [126]. A novel ultra-high composite material 
was successfully prepared by colloid processing technology. The 
composite material had extra high specific inductive capacitance 
and low dielectric loss, which could be considered as an embedded 
capacitor to be applied in industry. It also provided a brand-new 
idea for developing ultra-high dielectric constant composite 
materials. Bashir et al. had made an interesting graphene com-
bination with energy storage applications and construction [127]. 
By controlling the mass fraction of the nanocomposites, the 
beeswax/graphene nanocomposites increased to 22.5% with the 
latent heat of 0.3 wt.%. The thermal conductivity coefficient 
was 2.8 W·m−1·K−1, which indicated that the composite materials 
showed a great potential in reducing building energy consumption. 
Considering the current tense situation of the global energy, 
the application of graphene energy storage materials is one 
of the most popular research topics in the world. However, 
although there are numerous researches on the storage 
applications, graphene, as an important participant, still needs 
to further explore the specific reaction mechanism. Meanwhile, 
it is still not mature enough from synthesis to the application 
in industry. 

3.2  Green catalysis  

With the specific surface area, excellent modification and 
adsorption, graphene is playing an increasingly important role 
as a catalyst and carrier in the field of green chemistry. It has 
exhibited high catalytic activity without by-products, as well 
as the advantages of high cycle, extraordinary selectivity and 
stability. In 2016, Vineesh et al. found that Ni doped graphene 
sponge had low overpotential, small Tafel slope and faraday 

 
Figure 7  (a) SEM images of Fe3O4-RGO with highly wrinkled graphene film (HGWF). (b) Electrochemical capacitive performances. (c) Galvanostatic
charge/discharge of different current densities. (d) Current density of HWGF. (e) Ragone plot of the two-electrode supercapacitor. (f) Cycling stability of 
HWGF. (g) Nyquist plots of HWGF electrode. Reproduced with permission from Ref. [122], © The Royal Society of Chemistry 2019. 
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efficiency [128], which had great prospects for sewage treatment 
and air purification. Zhang et al. proposed a new adsorbent 
grafted graphene synthesize method by ion exchange in aqueous 
solution, which provided an effective adsorption design approach 
[129]. Sahraei et al. synthesized the new magnetic biosorption 
hydrogel beads by gel method. It had a broad prospect in the field 
of water purification [130]. Li et al. prepared GO/polyacrylonitrile 
composite nanofiber membrane by electrospinning method [131]. 
The olive-like structure could greatly reduce the PM2.5 with 
the removal rate of 99.97%, which could play an indispensable 
role in air filtration performance.  

3.2.1  Thermal catalysis  

Graphene, with the characteristics of high specific surface area, 
excellent electron mobility and thermal stability, is considered 
to be an ideal catalyst [132], which has a broad application 
prospect in the field of thermal catalysis.  

In recent years, graphene-based catalysts had made considerable 
breakthroughs in the application of thermal catalysis. Lin et al. 
reported a high-quality Pt/RGO as an in-situ catalyst. The 
products could significantly improve the pyrolysis of xylan, 
which had a good effect on the deoxygenation performance 
of furan products [133]. In 2015, Lan et al. proposed a sol-gel 
method to synthesize graphene/Fe2O3 aerogels, and studied the 
catalytic thermal decomposition performance of ammonium 
perchlorate [134]. Wang et al. reported a one-step hydrothermal 
method to modify RGO/ZnFe2O4 as catalyst, which could 
promote the heterogeneous reaction rate when the thermal 
decomposition temperature reduced [135]. In addition, Zu 
et al. prepared a GO-MgWO4 nanocomposite and studied 
the catalytic effect on the thermal decomposition of cyclic 
trimethylene trinitramin (RDX) by controlling the ratio of GO 
to MgWO4. Obviously, GO-MgWO4 nanocomposite had an ideal 
performance as a catalyst [136]. Liu et al. successfully prepared 
GO-based nano-metal composite oxide CuFe2O4/GO, and 
studied the catalytic activity of CuFe2O4/GO nanocomposites 
for RDX thermal decomposition [137]. Meanwhile, Chen et al. 
reported an intelligent catalytic system established by grafting 
GO onto gold nanoparticles with poly brush, so as to control 
the reaction rate [138]. Ali et al. synthesized chromium 
nanoparticles supported on RGO, and studied the catalytic 
activity for carbon monoxide oxidation at low temperature. 
The catalyst had high catalytic activity with efficiency and 
stability [139]. Moreover, Ma et al. reported that an atom- 
dispersed copper catalyst was supported on defective nano- 
diamond graphene, which showed excellent performance in 
conversion rate, selectivity and stability [140]. Ma et al. also 
prepared a Pt nanocluster catalyst on the carrier of nano 
diamond/graphene composite core-shell material, which 
ensured the full utilization of metal atoms, high thermal 
stability and the best adsorption/desorption behavior. In the 
direct dehydrogenation reaction of n-butane, the selectivity of 
olefins finally reached 98% [141]. Karimi et al. have sensitized a 
Ni/Mo graphene catalyst in hydrocracking catalyzer. Compared 
with the industrial catalyst, the heterogeneous catalyst could 
improve the conversion rate of n-hexadecane hydrodesulfurization 
to 48%, which could reduce the deposition of carbon to inhibit 
the catalytic activity [142].  

3.2.2  Electrocatalysis  

Graphene has been widely used in the field of electrocatalytic 
energy conversion, including hydrogen evolution, oxygen 
reduction, nitrogen reduction and carbon dioxide reduction 
reaction [143，144]. In fact, due to the stability and low density 
of electronic states near Fermi level, pure graphene is 
chemically inert, which is not ideal for catalytic applications. 

Therefore, it is necessary to introduce defects and heteroatoms to 
change chemically inert by doping heteroatoms can produce 
the effect of spacing graphene between layers [145]. In 2011, 
Zhang et al. synthesized monatomic platinum catalyst with 
excellent catalytic performance in the reaction of CO for the 
first time, and proposed single atom catalysis (SACs) [146]. 
Graphene as a substrate can provide high surface area and 
abundant anchoring sites for SACs, effectively preventing 
the agglomeration of SACs during the catalysis process [147]. 
Meanwhile, the outstanding electrical conductivity of graphene 
can also ideally complete electron transport. The applications 
in the field of electrocatalysis are of great significance. 

In 2018, boron-doped graphene was synthesized by Yu et al. 
using thermal annealing of GO and boric acid [148]. After 
that, Wang et al. successfully prepared graphene-coated Co 
nanoparticles and embedded them into porous nitrogen- 
containing graphite carbon nanosheets, which had ideal 
durability and methanol resistance [149]. Yan et al. reported 
that graphene-manganese dioxide complex materials could be 
used as electrode materials for supercapacitors, which could 
undergo high-speed reversible redox reactions on the surface [150]. 
Gao et al. also prepared N doped activated carbons (GNACs) 
from graphene-polypyrrole composite material by alkali 
activation. The N, O functionalized surface with high capacitance 
and cycle performance [151]. Moreover, Jaffrey et al. proposed 
a thermal stripping method to prepare graphene nanosheets 
by nitrogen plasma body treatment [152]. The samples could 
be used as catalyst support materials for oxygen reduction 
reaction (ORR) platinum particles in proton exchange membrane 
fuel cells. So far, the doped graphene materials have shown 
excellent ORR performance. Currently, monoatomic catalysts 
have developed rapidly, the research is concentrated on the 
activity, selectivity and stability. How to effectively play a role 
under specific reaction conditions still needs to be discussed. 
Based on the SACs, Yan et al. discussed the application of 
SACs both in the energy conversion stability and catalytic 
activity. Whether to propose single atom electronic structure 
and coordination environment, or the detection method for 
comparison of catalysis, it was important for graphene to 
support metal atoms as a catalytic base in the field of catalysis 
(Fig. 8(a)) [153]. Li et al. demonstrated unique Ni-N4 site through 
topological chemical conversion strategy, which illustrated 
high activity and selectivity in the process of carbon dioxide 
emission reduction [154]. The nickel-loaded metal exhibited 
the lower reaction energy barrier with favorable catalytic 
activity, meanwhile, the Ni-N4-carbon appeared high selectivity 
to CO2 (Figs. 8(b) and 8(c)). However, the stability of single- 
atom catalysis is also an important role in the application. The 
methods were proposed to improve the catalysis based on this 
strategy, including electric field, electric potential and mechanics. 
Single atoms could not exist stably and tend to form nano-
particles with better stability. Therefore, the ionic liquid treatment 
methods were raised to form a better stability between the 
metal and carrier [155, 156].   

3.2.3  Photocatalysis  

Recently, by using graphene-based nanocomposites as photo-
catalysts to utilize solar energy is regarded as one of the effective 
ways to overcome the energy consumption problem. For the 
first time, Fujishima et al. discovered that electrochemical 
photolysis of water could occur more effectively compared with 
platinum electrodes on titanium dioxide (TiO2) electrodes [157]. 
Since then, the research on photocatalysis has grown rapidly. 
In 2008, Williams et al. successfully prepared well-separated 
TiO2-graphene nanocomposites, which is a breakthrough for 
graphene-based nanocomposites as photocatalysts in the 
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catalytic field [158]. After that. heterogeneous photocatalysis 
could be divided into three processes: absorption of incident 
photons, charge separation/transfer and surface charge utilization. 
The basic mechanism of heterogeneous photocatalysis and the 
research progress of graphene in photocatalytic field were 
reviewed in recent years [159]. However, some problems of 
photocatalysis are still controversial, including how to avoid 
the so-called photocatalysis caused by local heat generated. At 
present, the application of photocatalysis includes CO2 reduction, 
H2 generation and environmental remediation. As a result, the 
comprehensive understanding of photocatalytic mechanism and 
improvement of photocatalytic activity need to be contributed to 
the practical application of graphene-based nanocomposites. 

Bie et al. reported a nitrogen-doped graphene grown on 
cadmium sulfide hollow spheres. It has realized seamless contact 
between photocatalyst and cocatalyst, which could promote the 
large-area transmission interface to improve the photocatalytic 
transmission interface to improve the photocatalytic activity 
[160]. Xu et al. also studied the process of improving electron 
separation/transfer by photocatalytic reduction of CO2 with 
CsPbBr3/GO. The electron consumption rate was increased to 
realize CO2 reduction with high stability and efficiency [161]. 
In 2019, Wang et al. synthesized porous graphene/ZnO nanocom-
posites to study photocatalytic degradation. The nanocomposites 
could degrade methyl orange 100% in 150 min under natural 
light irradiation [162]. Meanwhile, Zhu et al. reported the 
photocatalytic reduction of CO2 by graphene under sunlight 
and ultraviolet light respectively, which found a unique way to 
improve the photocatalytic activity of GO [163]. Jiang et al. also 
prepared nitrogen-doped TiO2/graphene aerogel composites 
by chemical reduction self-assembly method. The products had 
excellent adsorption performance and visible light photocatalytic 
ability [164]. Dong et al. successfully synthesized graphene/Bi2WO6 
nanocomposites with macroscopic three-dimensional structure 
by in-situ hydrothermal method [165]. Moreover, Jiao et al. 
proposed a surface one-step method to prepare a TiO2/graphene 
composite catalyst [166]. We also prepared ZnO nanotubes 
on transparent flexible graphene substrates via hydrothermal 
preparation method [167]. The composite with high photo-
catalytic performance would have great application prospect 
in photocatalytic devices. 

In recent years, graphene composites have been widely used in 
the fields of thermal catalysis, electrocatalysis and photocatalysis. 
Theoretically, as a catalyst carrier, graphene has a very ideal 

performance comparing with traditional catalysts. With the 
rapid development of computational chemistry, the design of 
catalysts has been further advanced. Nevertheless, the promotion 
of graphene catalysts to industrial applications still faces many 
challenges. Both the performance and the synthesis process 
are important issues that need to be resolved in future.  

3.3  Electrochemistry  

Graphene has particular physical and electrochemical properties, 
including ballistic conductivity, flexibility, high-intensity, large 
superficial area and rapid non-uniform electron transfer, which 
makes it having comprehensive prospects in electrochemical 
applications. Electrochemistry develops vital function in sensors, 
batteries, biological detection and electrocatalysis. Graphene 
has very high participation, especially electrochemical reaction 
mechanism, including electrochemical potential window, electron 
transfer rate and redox potential [168, 169]. Here, we summarize 
graphene as important participants in the field of electrochemistry, 
and provide inspiration for the future development direction. 

The remarkable surface area ratio and electronic characteristics 
of graphene make it easy to detect the surface intermolecular 
changes, which is crucial for the application of sensors. More 
importantly, the large number of edge planes/defects are the 
main factors for electrodeposition kinetics, active electrocatalysis 
and biosensing performance [170]. Lou et al. reported a 3D 
film platform self-assembled from natural viscoelastic and 
conductive material RGO, which had excellent performance 
with high sensitivity and low detection limit [171]. In addition, 
it remained stable for a long time under 100,000 cycles and in 
a short reaction time of 5 milliseconds, which could be applied 
to the manufacture of varistor pressure sensors. Huang et al. 
reported that single layer GO was prepared by ink jet printing 
on the flexible substrate of polyethylene terephthalate, polyimide 
and paper [172]. The graphene pattern showed high electro-
conductibility after thermal reduction treatment, and the 
conductivity did not decrease after 100 repeated bending cycles. 
It also showed very sensitive to hydrogen peroxide (H2O2) and 
excellent circuit properties. Mansouri et al. proposed a novel 
glucose sensing nano-biological composite membrane. The 
glucose oxidase immobilized on the 3D graphene membrane 
was used as a glucose bioanalytical sensing platform. The 
biosensor presents outstanding sensitivity and response perfor-
mance. In addition, it had excellent repeatability and long-term 
stability, which could be used to detect human serum samples 

 
Figure 8  (a) Application field of SACs. Reproduced with permission from Ref. [153], © Elsevier B.V. 2019. (b) Schematic illustration of the topo-chemical
transformation strategy. (c) Free energy diagrams of Ni-N4-C and N-C. (d) Difference in limiting potentials of CO2 and H2 in reaction. Reproduced with 
permission from Ref. [154], © American Chemical Society 2017. 
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[173]. Shang et al. prepared multilayer graphene nanosheet 
electrode by catalyst-free microwave plasma [174]. This electrode 
had favorable performance in the resolution of amino acid, 
dopamine and uric acid, which has become an ideal choice to 
supersede traditional electrodes to solve the defects of dopamine 
selectivity and sensitivity. In addition, graphene-based materials 
with wide electrochemical window, high transparency, chemical 
resistance and excellent electron mobility can undoubtedly be 
considered as a good choice for electrode related electronic 
devices (batteries, supercapacitors, etc.). Based on the charac-
teristics of high sensitivity, simple instrument, high operability 
and easy automation, graphene has a very promising application 
in the fields of biology, medicine, environment, food and 
industrial analysis. Goryacheva et al. reviewed microRNA 
detection using luminescent carbon nanostructures. The high 
π electron density of graphene could as a carrier for single- 
stranded oligonucleotides. Oxygen-containing functional groups 
(such as carboxyl) have a crucial effect on the dissolution of 
graphene. In addition, the size, defects, and the quantity of 
additives would all affect the luminescent performance. Based 
on the above influencing factors, carbon nanostructures used 
for microRNA detection are obviously excellent candidate 
materials. Meanwhile, the low cost and simple synthesis are 
more favorable for application and promotion [175]. Based on 
biocompatibility, flexible and electrical properties, Hébert et al. 
had studied spontaneous slow wave activity, sensory evoked 
response and synchronous activity in visual and auditory 
cortex of epileptic rat models [176]. Figure 9(a) showed that 
20 neural probes were added to the graphene solution gated 
field effect transistor. On the basis of ensuring the adhesion of the 
cell, a release-type free-standing neural probe was manufactured. 
The ratio of graphene field effect transistors was higher than 
that of PEDOT: PSS poly(3,4-ethylenedioxythiophene), which 
had obvious advantages of low noise, flexibility, stretch ability, 
biocompatibility and excellent nerve recording performance, 
providing a powerful tool for the cognition of internal nerve 
electrophysiology. Kanai et al. applied open-sandwich immu-
noassay for non-competitive detection of low molecular weight 
antigens graphene. The sensitivity had been increased by 
100 times with a wider antigen detection range. It also had 
good sensitivity under the condition of human serum in the 
environment with a promising promotion prospect in medical 
diagnosis (Fig. 9(b)) [177].  

Although there are many researches on the electrochemical 
properties of graphene, the reaction mechanism is still not 

comprehensive enough. The synthesis paths of graphene will 
affect the properties of samples, such as electronic properties, 
charge transfer mechanism and transfer density. At present, 
the electrochemistry application conditions of graphene-based 
2D materials in industry are still immature, further explorations 
are needed in terms of reducing costs, improving efficiency 
and practicability. However, according to the current research 
progress, the electrochemistry application performance of 
graphene is still worthy of expectation.  

3.4  Fuel cells and supercapacitors  

Fuel cells are energy storage applications that continuously translate 
chemical energy into electrical energy through electrochemical 
reactions between fuel (hydrogen, hydrocarbons, etc.) and 
oxidant. The fuel cell consists of negative electrode, positive 
electrode and separation membrane. It has the advantages of high- 
power generation efficiency, low environmental pollution and 
high specific energy. Moreover, there are some special charac-
teristics for graphene as catalyst carrier: (i) significant specific 
surface leads to high dispersion degree of catalytic, (ii) chemical 
stability, electrochemical stability and high electroconductibility, 
(iii) the electrode can be easily recovered from the catalyst [178]. 
As a result, countless researches in fuel cell applications have 
been reported. 

Platinum, gold and ruthenium are frequently used as cathode 
materials in fuel cells [179, 180]. Thus, the limited reserves of 
these metals will greatly confine the application of fuel cells. In 
2003, Li et al. used multi-walled carbon nanotubes supported 
platinum as a catalytic agent in wood alcohol fuel cells, showing 
enhanced ORR activity and excellent cell performance [181]. 
In 2009, Gong et al. proposed perpendicularity arranged 
nitrogen-doped carbon nanotubes as non-metal electrodes, 
which showed better catalytic activity and stability in basicity 
fuel cells [182]. In order to avoiding expensive precious metals 
as catalysts finding an economic, efficient and pollution-free 
nonmetallic catalyst has been frequently researched. On the 
basis of high conductivity and surface area, graphene has been 
applied in the field of fuel cells. 

Koo et al. first prepared RGO and then added to the cathode 
made of activated carbon, which could enhance the cathode 
performance and increase the power generation capacity of 
microbial fuel cells [183]. According to the different weight 
ratios of RGO, it could reduce the internal resistance of the 
cathode and enhance the electrical property. Luo et al. 
modified graphene-based materials to obtain nano complex 

 
Figure 9  (a) Technology of graphene SGFET arrays. Reproduced with permission from Ref. [176], © Hydrogen Energy Publications LLC. Published by
Elsevier Ltd. 2016. (b) Field effect transistor and open-sandwich immunoassay. Reproduced with permission from Ref. [177], © American Chemical 
Society 2020.  
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material for anion interchange battery [184]. Compared with 
common quaternate polysulfone membranes, the composite 
membranes had high water absorption, strong tensile strength, 
large elongation and good stability in alkaline solution. Papiya et 
al. synthesized NiCo/GO nanocomposites by silane modification 
of GO [185]. As potential cathode catalysts for microbial fuel 
cells, the power density was 2.1 times higher than platinum/carbon, 
showing great application prospects for ORR industrial 
cathode catalysts. Pothaya et al. had prepared Pt/C catalysts 
for polymer electrolyte membrane fuel cells using strong static 
electricity adsorption technology, which present high anti- 
agglomeration/sintering properties [186]. It would be potential 
value for prolonging the service time of proton exchange 
membrane fuel cells. Qu et al. reported a simple CVD method to 
prepare nitrogen-doped graphene as a nonmetallic electrode, 
which greatly improved the reaction efficiency of oxygen 
reduction in fuel batteries [187]. Compared with Pt/C electrode, 
it exhibited better electrocatalytic activity, as well as long-term 
stability, cross-resistance and toxicity of oxygen reduction. 
More importantly, it could be obtained inexpensively with large 
scale. Traditional fuel cell design requires strict guarantee of 
the interface between the two-pole electrolytes. Yang et al. 
proposed a flexible miniature fuel cell operating with 3D 
nickel foam and RGO as the positive and negative electrode, 
respectively [188]. The flexible fuel cell had high power density 
with good stability and consistency. Yang et al. reported a kind 
of palladium nano-plate using graphene as catalyst for methanol 
fuel, which had good electrocatalytic activity, stability and tolerance 
[189]. Yousef et al. prepared multilayer graphene/nickel nano-
composites as the active anode of fuel cell [190]. Yi et al. proposed 
a one-pot pyrolysis method of compound iron monoatomic 
(FeSA-G) on graphene [191]. The strong interaction between 
platinum and phosphate had adverse effects on the agglomeration 
of platinum/carbon catalysts at high temperatures. Compared 
with platinum carbon cathode, the high stability and tolerance 
of ferrous sulfate cathode catalyst were important factors for 
the stable output power of fuel cells. Ferrous sulfide catalysts 

could replace platinum carbon catalysts at high operating 
temperatures. Figure 10(a) showed the size of the Pt/C 
catalyst grains increased from 3.4 to 6.3 nm after 100 h of 
polarization. At the same time, Fe single atoms were evenly 
distributed and well dispersed on nitrogen-doped graphene at 
high temperatures. Figure 10(b) showed the electrochemical 
activity of Fe supported nitrogen-doped graphene, which present 
low cycle density, high catalytic performance and excellent 
resistance. When the temperature rises to 230 °C, FeSA-G as a 
catalyst, exhibited excellent operating performance (Fig. 10(c)). 
Meanwhile, the stability would be increased by controlling the 
voltage and battery density.  

Hou et al. used a binder to combine graphene and carbon 
fiber as a cathode for the first time, which was applied to the 
battery to increase the specific area of the cathode and improved 
the electrochemistry performance. The fuel cell had excellent 
performance in the simulated marine environment, which 
could be very resistant to seawater immersion for a long time 
with mechanical stability. It showed great potential application 
value in marine power supply equipment components such as 
submarine sensors [192].  

Graphene derivatives are widely used in fuel batteries as 
promising substitutes, playing a vital role in anion exchange 
membranes, electrodes and catalysts. With the participation 
of graphene, the concept of fuel cells has been further 
expanded in innovation. It can be predicted that graphene, as 
an important participant in the field of fuel cells, still has 
considerable development space, including catalytic performance, 
application of environment and further reduction of production 
costs.  

Supercapacitors, as energy storage components, have the 
advanced of fast charging, discharging characteristics and 
energy storage. Compared with traditional capacitors and batteries, 
supercapacitors are widely used in electric vehicles and portable 
supercapacitors, as energy storage components, have the advanced 
of fast charging, discharging characteristics and energy storage. 
Compared with traditional capacitors and batteries, super-

Figure 10  (a) TEM image for the cell with Pt/C and FeSA-G cathodes. (b) Detection of oxygen reduction reaction performance. Including linear scans
voltammetry (LSV) of FeSA-G and Pt/C, H2O2 yield and electron transfer number during the ORR process. (c) Detection of phosphate resistance and fuel
cell stability performance. Reproduced with permission from Ref. [191], © Cheng Y., et al. 2019. 
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capacitors are widely used in electric vehicles and portable 
electronic products. As a result, graphene with high specific 
area, excellent ecroconoucubuty and mechanical character 
that can be the preferred material for supercapacitors. The 
research of graphene supercapacitor mainly focuses on energy 
and power. 

Energy storage capacity is the concentrated expression, which 
directly determines the working time of supercapacitor. In 
theory, by enlarging the specific surface area of electrode is the 
main effective way to increase capacitance. The speed of 
energy discharge and charging of supercapacitors depends on 
the power density, which are the main factors hindering the 
promotion of electric power [193]. According to energy storage 
mechanisms, supercapacitors are split into double-layer capacitors 
and pseudo-capacitors. The former accumulate charge through 
the electrode-electrolyte interface. Therefore, the key point is 
how to obtain high energy storage and reduction of resistance. 
However, the electrochemical performance and service life of 
pseudocapacitance are greatly limited by imperfect conductivity 
[194]. Recently, there are some research on the application of 
graphene participates in the supercapacitors, including the 
synthesis methods and electrochemical properties. 

As an electrode material, graphene has excellent power 
density, yet its energy storage capacity is usually unsatisfactory. 
Ma et al. designed a mixture of 2D NiCo layered double 
hydroxides (LDHs) and zero-dimensional (0D) graphene quantum 
dots (GQDs) as electrode materials, which had high specific 
capacitance that could be used as toughening materials [195].  

The GQDs/NiCo LDH had specific capacitance and cycle 
stability. It provided a breakthrough attempt to enhance the 
cyclic stability of pseudocapacitive electrode materials. Ramadan 
et al. proposed a hydrothermal method to prepare polyaniline/ 
sulfur, nitrogen germanium quantum dot nanocomposites 
(PGQDx) by chemical in-situ polymerization process. By 
controlling the doping elements, PGQD20 exhibited a specific 
capacitance of 2,524 F·g−1 with 100% excellent cycle stability 
after 1,000 charge cycles, which effectively reduced the resistance 
effect during charge transfer [196]. Lei et al. reported a 
sufficient improvement in the electrochemically active surface 
area of MnO2 by reflowing graphite hollow carbon spheres 
in KMnO4 aqueous solution [197]. It had ideal performance 
in electron transport, which could be used as electrode in 
asymmetric supercapacitors. In addition, after 1,000 charge/ 
discharge cycles, the capacitance retention rate and Coulombic 
efficiency were 99% and 90%, respectively. Zhang and co- 
workers developed a conductive matrix from the pyrolysis of 
natural balsam wood [198]. The PWC/MnO2/GQDs electrode 
was prepared by hydrothermal deposition with manganese 
dioxide and graphene quantum dots. At the same time, the 
retention rate of capacitance was 95.3% after 2,000 cycles, which 
provided a new attempt of energy storage materials and further 
promoted the development of energy storage applications. 

One-dimensional graphene nanostructures are ideal in terms 
of conductivity, ion transport and stability [199]. Moitra and 
co-workers proposed a nano-composite material consisting of 
BiFeO3 nanowires and RGO. As an electrode material, it had 
desired power density and charge density, which would be pro-
mising in the field of supercapacitors. Kou et al. reported a 
method for continuously spinning polyelectrolyte-coated graphene/ 
carbon nanotube by coaxial wet spinning, which could be used 
as the safety electrode of supercapacitor. The high flexibility 
and braking made it have a promising application prospect 
in wear-resistant electronic products [200]. In addition, it 
has tremendous potential opportunities in the development 
of flexible supercapacitors. The increasingly microscopic and 
flexible portable electronic device revolution has further 

promoted the related research. The flexible asymmetric super-
capacitor composed of manganese dioxide, titanium dioxide 
and activated graphene [201, 202]. Lei et al. prepared MnO2- 
coated carbon nanotube (MnC) intercalated graphene composite 
material. The electrical performance of MnC/RGO was much 
higher than that of MnO2/RGO. It could still be maintained at 
about 70% of capacitance retention rate after 1,300 charging 
cycles, and the Coulomb efficiency was maintained at 94%– 
96% [203].  

In fact, 2D graphene structure has outstanding performance 
in conductivity, specific surface area and mechanical properties. 
Graphene is one of the candidate materials for flexible thin 
film supercapacitors in the future. Li et al. prepared flexible 
MnO2/graphene film as the electrode of the supercapacitor, 
which has showed excellent electrochemical characteristics. 
Meanwhile, the capacitance did not decrease significantly after 
10,000 cycles [204]. Tu and co-workers proposed a tungsten 
disulfide/RGO nanosheet using a molten salt process. As 
the electrode for supercapacitors, it has showed a specific 
capacitance as high as 2,508.07 F·g−1. After 5,000 cycles, the 
capacitance retention rate could still reach to 98.6% [205]. 
One main problem of 2D graphene is the aggregation between 
graphene layers, which ultimately hinders the performance of 
supercapacitor. In order to avoid this phenomenon, graphene- 
based metal oxide composites have been payed much 
attention. These metals include manganese [206], cobalt [207], 
nickel [208], ruthenium [209], titanium [210], zinc [211] and 
so on. Qiu et al. reported an ultrasonic treatment of GO compound 
using carbon as spacer. The capacitance of GO and carbon 
nanotube hybrid membrane was 140 F·g–1. It provided a more 
reasonable way for the long-term processability of for the 
application of carbon-based nanomaterials [212]. Yang et al. 
found that water spacer had quite an ideal effect in preventing 
graphene re-aggregation. It had great application value in 
limiting the formation of graphene re-stacking, as well as 
providing a reasonable development with higher energy density 
and power density [213]. What's more, there are also some 
researches on the unique electrode performance of graphene- 
metal oxide materials in supercapacitors. The composite 
materials can effectively reduce interlayer aggregation of graphene. 
Graphene materials with 3D structure have unique characteristics 
including porosity, superficial area, density, mechanical properties 
and electrochemical properties. In addition to further solving 
the problem of re-aggregation of graphene, it provided new 
possibilities for the application of bulk materials [214]. The 
3D material has a multi-hole structure, which could increase 
the land area between electrode and electrolyte solution, 
providing an electron transfer channel on graphene [215]. 3D 
graphene skeleton mainly includes porous structural materials 
such as aerogel, hydrogel and, sponge [216]. Shah reported a 
sol-gel self-assembly technology to synthesize hydrogel electrodes. 
The shear modulus and mechanical integrity of the hydrogel 
were significantly improved. Meanwhile, it showed high specific 
capacitance and excellent multiplying power performance. 
The structural filler of the electrode was further enhanced, 
providing more possibilities for the development of multi- 
functional energy storage devices [217]. Zhou et al. synthesized 
layered molybdenum disulfide and 3D graphene composites by 
impregnation and drying method. The capacitance retention rate 
could reach to 110.57% under 4,000 cycles. This outstanding 
property speculation might be due to the increase of graphene 
interlayer spacing caused by layered molybdenum disulfide and 
discontinuous deposition, which would affect the transmission 
process of electrolyte cations. However, the specific reaction 
mechanism for improving electrochemical performance still 
needs further in-depth study [218]. Li et al. prepared porous 
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carbon and Co3O4 composite materials by the pyrolyzing 
precursor of 3D graphene. The anoxic Co3O4 state enhanced 
the transmission of ions. This work provided a more practical 
application strategy for porous carbon/metal oxide hybrid 
type as electrode of supercapacitors [219]. Ramadoss et al. 
adopted a self-assembly strategy to prepare uniform 3D graphene 
powder on flexible graphite substrate by CVD, which exhibited 
excellent capacitance retention [220]. Meanwhile, He et al. 
synthesized a flexible 3D graphene network loaded with 
manganese dioxide as electrode. It provided an ideal method 
for the development of flexible supercapacitors [221]. The 
obvious porous structure was observed after the nickel 
template removed (Fig. 11(a)). The structural integrity was 
maintained at the same time. The CV curve indicated that the 
capacitance was mainly provided by double-layer capacitance 
at different scanning rates (Fig. 11(b)). Figure 11(c) showed 
the influence of mass contrast capacitance with different 
MnO2 added. Due to the principle surface, there was low 
proton diffusion constant so that the degree of participation in 
pseudo-capacitance reaction was unsatisfactory. Meanwhile, 
the conductivity of MnO2 also hindered the composite material. 
Figure 11(d) showed the relationship between specific capacitance 
and surface with different scanning rates. Obviously, MnO2 
could effectively promote energy storage capacity, which might 
be due to the highly porous structure.  

Chen et al. proposed the application of hydrothermal synthesis 
of nitrogen-doped graphene hydrogel in supercapacitors. 
Organic amines were used to controllably adjust the internal 
and nitrogen content of graphene. In addition, the current 
density was adjusted to 100.0 A·g−1, and the capacitance 
retention rate was 95.2% under 4,000 charge/discharge cycles. 
It showed that organic amine could effectively improve the 
application of nitrogen-doped graphene in ultra-high power 
supercapacitor [222]. Graphene has shown an excellent application 
prospect as candidate material. This section summarizes the 
outstanding electrochemical characteristics and cycle stability 
of graphene structures as electrode materials, including 
structure control, preparation technology and electrochemical 
properties. However, it is still tough for graphene as a practical 
electrode material, as well as how to effectively overcome the 
stacking between graphene layers and the influence of defects on 
electrochemical performance. For example, the relationship 
between porous structure and electrode dynamics mechanism 

has been intensively studied, including macropores/mesopores, 
mesopores/micropores, macropores/micropores and macropores/ 
mesopores/micropores. Macropores can serve as a buffer pool 
for the electrolyte to reduce the diffusion distance from the 
inner surface of the pores, while mesopores can provide 
available surface area for ion transport/charge storage [223]. 
Therefore, further research on the reaction mechanism of 
graphene electrode is one of the major issues to be solved at 
present, while finding a cost-effective working mechanism will 
play an important role in promoting the application of super-
capacitors. 

3.5  Biomedical application of biocompatible graphene  

Due to the biocompatibility of graphene, the research in the 
biomedical field has been continuously expanded and deepened, 
including drug delivery, cancer treatment, biosensors and medical 
imaging. Firstly, graphene has high surface area to obtain drug 
loading. At the same time, graphene is modified with active 
oxygen-containing groups, thus it has the ability to promote 
the absorption and function of hydrophobic drugs. Meanwhile, it 
can also modify ligands with targeting function. These excellent 
properties of graphene promote it have great potential for 
biomedical applications. 

Cancer therapy is currently one of the most concerning 
research topics in the global medical field. With favorable 
biocompatibility and stability, graphene can be predicted with 
application prospects and therapeutic effects on the biomedical 
field [224]. There are three methods for reducing GO as a 
drug carrier, including noncovalent interaction, covalent 
bonding, and hybridization with nanocarriers [225, 226]. In 
2008, Liu et al. formed graphene as a drug carrier with aromatic 
drugs through simple adsorption, opening up a new idea for 
graphene in medical application [227]. Shang et al. used 
labelling metabolism and differentiation of neural stem cells 
to study its absorption and biocompatibility. After treated with 
graphene quantum dots, the proliferation, metabolism and 
differentiation of neural stem cells did not change significantly. 
It showed great potential on the principle of effectiveness and 
environmental protection [228]. Xie and co-workers proposed 
a new drug transport system composed of GO, protamine 
sulfate and sodium alginate. The prepared nanocomposite had 
high dispersibility, stability and inhibition adsorption of non- 
specific proteins in physiological environment, providing a 

 
Figure 11  (a) and (d) Image of graphene-based flexible supercapacitors. (b) SEM image of 3D graphene networks after removal of Ni foam. (c) CVs of
graphene network electrode. (e) Specific capacitance vs. scan rate for samples. (f) Curve of the relationship between areal capacitance and mass density of 
MnO2. Reproduced with permission from Ref. [221], © Elsevier B.V. 2017. 
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broader application prospect of GO-based nanocomposite 
coated with natural polypeptide in biomedical field [229].  

Gai and co-workers prepared reduced nano GO with low 
cytotoxicity based on establishing photothermal therapy (PT) 
as a platform. The nano-GO was proved to be feasible as a PT 
therapy. At the same time, under the action of the constant- 
wave near-infrared laser, the effect of reduced nano-GO on 
esophageal adenocarcinoma cells cultured in vitro was studied. 
It was confirmed that the nano-GO was guaranteed to treat 
tumors [230]. Geng et al. had prepared nitrogen-doped graphene 
quantum dots with a concentration of 50 μg·mL–1, which had 
high blood compatibility and low cytotoxicity. In addition, 
the composite material had nice imaging function for stem 
cells and significantly enhanced the differentiation of rat bone 
marrow mesenchymal stem cells [231]. Guo et al. blocked 
dendrimers with amino groups grafted onto GO nanosheets. 
GO was modified with gadolinium diethylenetriamine pentaa-
cetate and prostate stem cell antigen monoclonal antibody. 
It had exhibited specific targeting to cancer cells and could 
deliver anticancer drugs to malignant prostate tumors [232]. 
Lima-Sousa et al. reported a new hyaluronic acid-based amphi-
philic polymer to modify RGO, which had effectively improved 
the cell compatibility and the ability of target tumor therapy 
(Fig. 12(a)) [233]. Wang et al. used heparin as reductant to syn-
thesize functional RGO in aqueous solution. The combination 
of heparin-RGO and drugs could achieve excellent carrier 
performance [234]. Dai et al. prepared multifunctional biocom-
patible nano-graphene oxides with various physical dimensions 
in a scalable manner. Anti-cancer drugs were loaded on NGO 
in large quantities and selectively transferred to specific cancer 
cells through antibody-guided targeting [235].  

Muñoz and co-workers reported an electrochemical sensor 
based on nanocomposite materials with gold nanoparticles, 
biological recognition agent and RGO. Thyroxine was identified 
and detected by supramolecular chemistry. In order to judge 
the role of gold nanoparticles in identification and detection, the 
comparison of different ingredients was studied. It provided a 
reasonable strategy for the development of high efficiency 
and low-cost detection applications [236]. Yan et al. reported 
a one-pot synthesis method using CO reduction reaction to 
adjust the size of gold sulfide nanoclusters. Fine-tuning of 
gold nanoparticles at atomic level it was of important meaning 
for the expansion of application, including biosensors and 
clinical medicine [237]. The particle size of Au nanocluster’s 
sulfide was correlated with pH value by ultraviolet-visible 

spectroscopy positively (Fig. 12(b)). Figure 12(c) indicated 
the production of Au-NCs by adjusting the pH value in the 
CO reduction method. Graphene-based materials applied to 
biomedicine still faces many problems for the real promotion 
in biomedical clinical applications due to the toxicity of 
graphene. The toxicity is decided by the factors of the size, 
shape, biological environment and concentration. In addition, 
there are many unclear problems in the inflammatory reactions 
that need further research. It has been found that graphene 
has adverse effects on the morphological development of 
organisms based on zebrafish embryos [238]. The interaction 
mechanism and absorption methods of graphene, as well as 
the circulation, accumulation and distribution can reduce the 
toxicity of graphene and provide constructive suggestion for 
biomedical applications.  

4  Conclusions 
The green synthesis of graphene has received excellent potential 
due to the advantages of high-efficiency, environmental- 
friendly and green reductants. RGO is currently more common 
green synthesis method including borohydride, biomass, plant 
extracts and even animals. Meanwhile, the unique applications 
of graphene provide a solid foundation for the development of 
environmental protection and renewable energy in the fields 
of energy storage, catalysis and biomedicine. As a potential 
material, graphene has the extensive application prospect in 
conductive ink, anti-corrosion coating, cooling materials, 
lithium batteries and ultracapacitors.   

Although graphene has shown supernormal properties with 
great attention, there are still massive problems in the reaction 
mechanism and practical application, such as electron transfer, 
impurity dislodge, as well as defects and stability. Admittedly, 
based on the industry benefits, it still needs much attention in 
the practical application of graphene with higher efficient, 
more pro-environment and better functionality. 
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Figure 12  (a) Preparation of hyaluronic acid-reduced GO and the application in cancer photothermal therapy. Reproduced with permission from 
Ref. [233], © Elsevier B.V. 2018. (b) UV–vis spectrum of Au18 (SG)14 NCs. (c) The synthesis of Au(x = 10–12, 15, 18, and 25) carbon nanofiber. Reproduced with 
permission from Ref. [237], © American Chemical Society 2013. 
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