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Abstract 

Graphene, 2D atomic‑layer of  sp2 carbon, has attracted a great deal of interest for use in solar cells, LEDs, electronic 
skin, touchscreens, energy storage devices, and microelectronics. This is due to excellent properties of graphene, 
such as a high theoretical surface area, electrical conductivity, and mechanical strength. The fundamental structure of 
graphene is also manipulatable, allowing for the formation of an even more extraordinary material, porous graphene. 
Porous graphene structures can be categorized as microporous, mesoporous, or macroporous depending on the 
pore size, all with their own unique advantages. These characteristics of graphene, which are further explained in this 
paper, may be the key to greatly improving a wide range of applications in energy storage systems.
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1 Introduction
Graphene is defined as a single-layer of  sp2 carbon struc-
ture, which forms two-dimensional hexagonal honey-
comb lattice [1, 2]. In 2004 Novoselov and Geim et  al. 
demonstrated single layer graphene by mechanical exfo-
liation of graphite using scotch tape for the first time [3]. 
Since this discovery of graphene, it has attracted great 
attention in scientific communities because of its fasci-
nating properties.

Graphene possesses excellent mechanical strength with 
a Young’s Modulus of about 1000 GPa [4, 5]. Effectively, 
it has been used to enhance the strength and stability 
of other materials [4, 5]. Even though graphene displays 
characteristics of a strong, conducting metal, it also has 
the capabilities of a manipulatable, flexible structure, 
making it a good candidate for flexible electronics [4, 5]. 
Additionally, graphene has a high thermal conductivity, 
of between 2000 and 5000 W/m K [6–10]. This allows it 
to be especially useful in thermal management in various 
applications [6–10]. It also has remarkable optical prop-
erties. One of which is that a large portion of incident 
white light (~  2.3%) can be absorbed by a single-layer 

graphene sheet, which makes it an attractive prospect for 
energy harvesting applications [11–16].

Graphene sheet can be further assembled or processed 
into porous structures that exhibit desired physical and 
chemical properties, Fig.  1. Porous graphene is a modi-
fied graphene with pores on the sheet and/or between 
the sheets that, as a result, has unique structural and 
electrochemical properties that are different from pure 
graphene. Energy storage is a very attractive application 
for porous graphene due to the increased surface area 
and additional porosity, which could potentially lead 
to improved electrochemical performance. Therefore, 
porous graphene has been extensively studied for various 
energy storage systems including lithium-ion batteries 
(LIBs), supercapacitors, lithium–sulfur (Li–S), lithium–
air (Li–air), and fuel cells [17–21]. For example, porous 
graphene could show superior electrochemical proper-
ties when used as anode in place of conventional graphite 
because of its higher surface area [17]. Similarly, electro-
chemical capacitors, also known as supercapacitors, have 
also taken advantage of the large specific surface area of 
porous graphene, proven by several recent studies [22, 
23]. A great deal of efforts have been devoted utilizing 
porous graphene for other advanced energy storage sys-
tems such as Li–S and Li–air batteries by fully exploiting 
its enhanced surface area and porosity [19, 20].

Open Access

*Correspondence:  jwjeon@ua.edu 
Department of Chemical & Biological Engineering, University of Alabama, 
Tuscaloosa, AL 35487, USA

http://creativecommons.org/licenses/by/4.0/
http://crossmark.crossref.org/dialog/?doi=10.1186/s40580-017-0123-0&domain=pdf


Page 2 of 19Ramos Ferrer et al. Nano Convergence  (2017) 4:29 

There are several review papers regarding graphene 
and its application in energy storage [24–29]. However, 
there are just few review articles on porous graphene and 
their energy storage applications despite rapid growth in 
this field [30, 31]. In this review article, we summarize 
various processing techniques to fabricate nanostruc-
tured porous graphene depending on the pore size with 
an emphasis on energy storage applications. Synthesis of 
graphene-based porous nanocomposites and their appli-
cations in energy storage are also discussed. We expect 
that this paper will give broad ideas about synthesis, 
processing, and properties of porous graphene and its 
composites.

2  Porous graphene
Graphene can be produced in a variety of ways includ-
ing a scotch tape method, chemical vapor depositions 
(CVD), and  chemical oxidations/exfoliation/reduction 
of graphite using Hummers’ methods [3, 32–37]. Each 
method has its own advantages and challenges. Using 
mechanical exfoliation, on one hand, it is difficult to 
obtain large quantities of graphene, but the small yield of 
product is of a high quality [3]. CVD could also produce 
high quality graphene, but it requires specially designed 
instruments and well-controlled synthesis conditions 
[32, 38, 39]. On contrary, chemical oxidation/exfoliation/

reduction methods could yield a large amount of gra-
phene although resulting graphene, which can also be 
called reduced graphene oxide (RGO), could have defec-
tive sites and functional groups on graphene sheets [37]. 
Even though electrical conductivity of RGO is lower than 
others, chemical production of graphene based upon 
Hummers’ method followed by reduction is particularly 
suitable for mass production of nanostructured graphene 
because graphene oxide (GO) is a good basic building 
block to create a wide range of porous structures using 
bottom-up approaches [37, 40–42].

Porous graphene can be synthesized using either tem-
plate or template-free methods. The template approach 
uses some predetermined structures as the “template” 
to create the appropriate size and shape of the pores 
required [43–45]. Alternatively, template free-methods 
require chemical etching or some other means to intro-
duce modifications onto the surface of the graphene [40, 
46, 47]. By carefully controlling assembly parameters and 
synthesis conditions, pore size and surface area of result-
ing graphene could be controlled and optimized for spe-
cific applications.

Nanostructured porous graphene could be classi-
fied as microporous (smaller than 2  nm), mesoporous 
(2–50  nm), and macroporous (bigger than 50  nm) gra-
phene depending on the pore size according to the 

Fig. 1 Schematic representation of graphene‑based materials and their applications in energy storage
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International Union of Pure and Applied Chemistry 
(IUPAC) definition [48]. While in many cases GO is 
used as the same intermediate and building blocks, it is 
the ability to alter the microscopic structure of the final 
structure of graphene that makes this product so widely 
applicable in energy storage.

2.1  Production of porous graphene
2.1.1  Self‑assembled macroporous graphene
The “breath figure” method is a promising approach to 
create the three-dimensional macroporous graphene 
structures possessing relatively large micrometer size 
pores [17, 40]. The breath figure process allows for finely 
tuned adjustments of the ordered hexagonal structures 
by varying solvents, substrates, temperature, humidity, 
airflow, and other factors [49]. This self-assembly method 
consists of the following basic steps. First, modification 
of GO should be performed to make it more hydropho-
bic because the breath figure method requires GO to be 
dispersed in an organic phase. A modified GO dispersed 
in an organic solvent is placed dropwise onto a substrate 
as humid air flows over [17, 40]. As the temperature of 
the interface between the air and solution is reduced due 
to endothermic evaporation of an organic solvent, water 
condenses into droplets [17, 40]. Because of capillary 
forces and coagulation, the droplets line up in an ordered 
way [17, 40, 50]. Eventually, the water droplets evaporate 
and all that remain are the porous structures in the sub-
strate, which in this case is modified GO sheets, Fig.  2 
[40]. This self-assembled modified GO macroporous 
structure can be reduced by various reduction methods 
to obtain macropous graphene architectures.

Kim successfully demonstrated flexible macroporous 
graphene film with controllable pore size ranging from 
1 to 4 um using the breath-figure method [40]. In this 
method, polystyrene-grafted GO was synthesized by 
surface-initiated atom transfer radical polymerization 
(ATRP) to make it dispersible in an organic solvent, ben-
zene [40]. This dispersion was drop-cast onto substrates 
under humid air flow, resulting in flexible macroporous 
modified GO films. This method demonstrated that 
the pore size could be controlled by simply altering the 
concentration of the precursor solution along with the 
polymer chain lengths on the surfaces of the GO sheet. 
By increasing the concentration of polystyrene-grafted 
GO dispersion, they were able to decrease the pore size 
from 4 to 1 μm [40]. Eventually, macroporous graphene 
was prepared after heat treatment of self-assembled GO 
at 1000  °C with hydrogen gas [40]. This macroporous 
RGO film was used as a supercapcitor electrode, exhib-
iting 86.7 F/g at a scan rate of 100 mV/s in 1 M  H2SO4 
aqueous electrolyte [40]. The capacitance could be fur-
ther increased to 103.2 F/g after nitrogen-doping through 

thermal treatment with ammonia gas because of the 
enhanced conductivity and additional pseudocapacitance 
from nitrogen heteroatom [40].

Chen also developed a scalable and facile self-assembly 
of graphene to fabricate macroporous graphene by the 
breath figure method [17]. Instead of using complicated 
polymerization steps for synthesizing modified GO, they 
adopted low-cost and green approach to modifying gra-
phene oxide to be dispersed in an organic phase using 
a cationic surfactant, dimethyldioctadecylammonium 
bromide (DODA·Br), Fig. 3 [17]. This cationic surfactant 
would self-assemble on the negative GO based on elec-
trostatic interactions, allowing it to be more hydropho-
bic and be dispersed in chloroform due to the long alkyl 
chains of DODA [17]. The resulting GO/DODA chloro-
form dispersion was drop cast on to a substrate under 
85% relative humidity [17]. After evaporation of the 
solvent and water, the 2  μm thick honeycomb film was 
formed with pore sizes of about 1.5 μm [17]. Following a 

Fig. 2 a Diagram illustrating the assembly of modified GO into the 
carbon films using breath‑figure method. b A photograph of a flex‑
ible semi‑transparent macroporous RGO film on PET. c A water drop 
on macroporous RGO film. d, e, f, and g Plane‑view and tilted SEM 
images of an RGO film (Reprinted with permission [40])
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chemical reduction step with hydrazine vapor, macropo-
rous graphene was obtained [17]. The films exhibited an 
electrical conductivity of 4.6  S/m and were thermally 
stable up to temperatures of 400  °C [17]. The high sur-
face area of the disordered honeycomb sheets allowed 
rapid diffusion of lithium ions, high capacity, and easy 
access for an electrolyte. Thus, these structures have 
great potential as anodes for lithium-ion batteries [17]. 
Using coin cells with Li counter electrode, it showed an 
initial large specific capacity of 3025 mAh/g and a revers-
ible capacity of 1612 mAh/g. For the first 25 cycles, the 
reversible capacity was 1300 mAh/g, and after 50 cycles it 
decreased to 1150 mAh/g [17].

A 3D architecture of macroporous graphene can also 
be created by in  situ self-assembly induced by a simple 
chemical reduction of GO [46, 47]. This method has 
great advantages over other reported methods in terms 
of simplicity, scalability and environmental benignity. 

Generally, other production methods of macroporous 
graphene often require sacrificial templates, multiple 
steps, or precisely controlled assembly conditions [17, 40, 
43]. However, with this method, no chemical or physical 
cross-linkers were used, and assembly can be performed 
at mild temperature and low pressure [47]. When GO 
went through chemical reduction by  NaHSO3,  Na2S, 
Vitamin C, HI and hydroquinone without stirring, 3D 
macroporous graphene hydrogel was generated with-
out using any template or cross-linker [47]. As-prepared 
hydrogels demonstrated notable mechanical properties. 
The elastic modulus of the graphene hydrogel was about 
0.13 MPa and the yield stress was 28 kPa. Such character-
istics are analogous to a chemically cross-linked polymer 
[47]. The specific capacities of graphene hydrogel were 
166 F/g at 10 mV/s and 156 F/g at 20 mV/s [47]. Depend-
ing upon the shape of the reactor, the shape of the gra-
phene hydrogel can also be manipulated, providing more 

Fig. 3 Processes to form honeycomb structures composed of graphene sheets: a schematic drawing of the preparation of the honeycomb struc‑
tured film based on graphene oxide; b photographs of the GO solution during phase transfer process by DODA; c the UVvis spectra of the GO in 
water (black), GO/DODA casting film (red), and the rGO/DODA film after exposure to N2H4 vapor (green) (Reprinted with permission [17])
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flexibility to production [47]. This macroporous graphene 
hydrogel can be converted to macroporous aerogel via 
freeze-drying [47]. The graphene aerogel with a density 
of 15  mg/cm3 exhibited a bulk conductivity of 87 S/m, 
which was higher than crosslinked 3D graphene [47].

In situ self-assembly by chemical reduction was also 
employed by Wang and coworkers [46]. In this case, by 
using a different reducing medium consisting of oxalic 
acid and sodium iodide, 3D macroporous graphene 
architectures were created even from very diluted GO 
dispersion of 0.1 mg/ml [46]. Interestingly, the pore size, 
bulk density and electrical conductivity of graphene 
aerogels were greatly affected by initial GO concentra-
tion [46]. With higher GO concentration, the average 
pore size of graphene became smaller, and electrical con-
ductivity became higher. For instance, the average pore 
size of graphene aerogels was 2.1 um when reduced by 
4.5 mg/ml GO dispersion, whereas 0.1 mg/ml GO disper-
sion formed very large pore around 24.2 μm [46].

2.1.2  Micro‑ and mesoporous graphene synthesized 
by chemical etching

For graphene, it is generally hard to obtain high surface 
area close to the theoretical value (2630 m2/g) because of 
aggregating nature of graphene sheets caused by strong 
van der Waals interaction [18, 51]. This restacking of 
graphene sheets reduces its accessible surface area that 
can be utilized for energy storage applications [52, 53]. 
Chemical etching is an effective way to produce micro- 
and/or mesoporous graphene nanostructures possessing 
high surface area [22]. The chemical activation method 
that was previously used to create activated carbons 
resulted in successful preparation of porous graphene 
having small pores less than 10 nm [22].

Micro- and mesoporous graphene sheets having 
extremely high surface area up to 3100  m2/g was pre-
pared by simple activation of GO with KOH [22]. The 
GO/KOH mixture was heated at 800  °C in an inert Ar 
gas environment [22]. This simple activation process gen-
erated nanoscale pores according to the following reac-
tion: 6KOH + C < − > 2 K + 3H2 + 2K2CO3 [22]. It was 
shown that the activation process etched the microwave 
treated-GO and generated a three dimensional distribu-
tion of meso-and micro pores ranging from 0.3 to 10 nm 
with a large pore volume of 2.14  cm3/g [22]. When its 
surface area was calculated by  the Brunauer–Emmett–
Teller method from nitrogen adsorption/desorption 
measurement, extremely high surface area of 3100 m2/g 
was obtained, which is much higher than the theoretical 
surface area of defect-free graphene sheets [22].

Micro- and mesoporous graphene, so called holey gra-
phene, has also been prepared using other etching agents 
including  H2O2,  HNO3,  Fe2O3 and NaI [23, 54–57]. For 

example, holey graphene was synthesize through hydro-
thermal reaction using  H2O2 as a pore forming agent 
[23]. Beginning with the well-dispersed GO,  H2O2 was 
added, then the mixture was sealed and heated to 180 °C 
in a Teflon-lined autoclave [23]. Simultaneously, during 
this process GO sheets self-assembled into a 3-D frame-
work, while the  H2O2 partially oxidized graphene oxide 
sheets, leaving vacancies that turn into nanopores [23]. 
This 3D hydrogel was further reduced in 1  M sodium 
ascorbate aqueous solution at 100  °C [23]. Freeze-dried 
holey graphene framework fabricated showed relatively 
high surface area of 830  m2/g, which was higher than 
non-holey graphene counterpart (~  260  m2/g) [23]. In 
this process, controlling the amount of the etching agent, 
 H2O2 is important for successful creation of holey gra-
phene. It was shown that excessive addition of  H2O2 
causes aggressive etching that would break the graphene 
sheets into small pieces [23]. The compressed holely gra-
phene frameworks exhibited excellent supercapacitor 
performance in both aqueous and non-aqueous electro-
lytes. In 1-ethyl-3-methylimidazolium tetrafluoroborate/
aceonitrile electrolyte, it showed a capacity of 298  F/g, 
leading to a high gravimetric energy density of 127 Wh/
kg [23].

More research explored synthesis of holey graphene 
oxide using  H2O2 to produce solution processable holey 
graphene oxide. In this case an aqueous mixture of GO 
and  H2O2 are heated to 100 °C for 4 h while stirring [58]. 
After removal of the  H2O2 the resulting HGO can be 
re-dispersed to form a stable aqueous dispersion. Via a 
reduction induced self-assembly process, holey graphene 
hydrogels were obtained from the holey graphene oxide. 
The resulting hydrogels displayed an interconnected 
three dimensional porous network that can be formed 
in many shapes and sizes simply by changing the reactor 
used in the reduction process. Similarly, this holey gra-
phene possessed improved electrochemical performance 
because of highly accessible surface area and pores.

Heteroatom doping of graphene is one of the most 
effective way to enhance its electrochemical performance 
for energy storage applications because of its modi-
fied properties such as additional pseudocapacitance, 
improved electrical conductivity and surface wettability 
[40, 56, 59, 60]. Therefore, heteroatom doped holey gra-
phene was demonstrated to further improve its energy 
storage performance [60–63]. For instance, nitrogen-
doped holey graphene was synthesized in combination 
of chemical etching and hydrothermal treatment [61, 62]. 
The resulting nitrogen-doped holely graphene retained 
meso-and macropores providing channels for rapid ion 
transport within the electrodes while providing enhanced 
electrical conductivity because of the nitrogen doping 
[61, 62]. When used as a catalyst for the oxygen reduction 
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reaction (ORR), it showed better better electrocatalytic 
activity than undoped graphene [61, 62].

2.2  Preparation of nanostructured graphene‑based 
porous composites

Apart from porous graphene and heteroatom-doped 
porous graphene, graphene-based composite materials 
could be an ideal platform for energy storage owing to 
tunable composition-dependent properties. In addition, 
graphene composites having specifically designed prop-
erties such as electrochemical properties, surface area, 
electrical and thermal conductivities can be synthesized 
by varying controlling composition and synthesis condi-
tions in line with specific applications. Nanoarchitectures 
of graphene-based composites could lead to superior 
energy storage capacities due to their additional surface 
area as well as larger pore volumes, which could facilitate 
diffusion of electrolytes when the composites are used as 
electrodes. So far, a wide range of graphene-based com-
posites have been demonstrated with various organic and 
inorganic materials through template-assisted synthesis, 
aerosol spray drying process as well as assembly of gra-
phene with other nanomaterials [18, 43, 51, 52, 64–69].

2.2.1  Template‑assisted synthesis of nanostructured porous 
graphene composites

Nanostructured graphene-based hybrid materials can be 
prepared with the use of a variety of soft and hard tem-
plates including polymers, carbon spheres, inorganic 
particles, micelles, ionic liquids, and nanostructured 
substrates [18, 43, 44, 51, 70–76]. Template approach is 
particularly useful to fabricate nanostructured compos-
ites having specifically designed porous morphology and 
pore size because morphology and architecture of result-
ing composites are determined by templates used during 
the preparation steps [43, 73]. A diverse range of gra-
phene-based composites including inorganic/graphene, 
carbon/graphene, and conducting polymer/graphene 
have been reported via template-assisted synthesis meth-
ods [18, 43, 51].

For example, three-dimensional macroporous gra-
phene/MnO2 composite was successfully prepared 
through vacuum filtration using a sacrificial polystyrene 
bead template [43]. In this method, chemically modified 
graphene (CMG) was mixed with polystyrene (PS) beads, 
and vacuum filtrated under controlled pH conditions to 
prevent agglomeration and form continuous compos-
ite films [43]. After eliminating PS out of composites, 
macroporous three-dimensional graphene architecture 
possessing about 2  μm pores was obtained, Fig.  4 [43]. 
Afterwards,  MnO2 was chemically incorporated into 
this macroporous graphene to increase its electroactiv-
ity [43]. This macroporous  MnO2-graphene composite 

had significantly increased capacitance (389 F/g at 1 A/g) 
as compared to the nonporous planar  MnO2-graphene 
counterpart (137 F/g) because of higher surface area and 
facilitated ion transport within three-dimensional inter-
connected macropores [43]. An asymmetric superca-
pacitor consisting of macroporous  MnO2/CMG positive 
electrode and macroporous CMG negative electrode can 
be operated in a relatively wide voltage range up to 2 V in 
 NaSO4 aqueous electrolyte [43].

A three-dimensional hierarchical carbon nanostruc-
ture composed of graphene sheets and mesoporous car-
bon spheres was also prepared using mesoporous silica 
spheres (MSS) as a sacrificial template [51]. The approach 
to synthesizing this three-dimensional carbon nanostruc-
tures was similar to the case of aforementioned macropo-
rous to CMG except for the fact that a different type of 
template and additional post-treatments are used [43, 
51]. First, positively charged amino-functionalized MSS 
colloidal particles were added to negatively charged GO 
dispersion at pH 3 to form uniformly MSS/GO com-
posites [51]. Mesoporous carbon spheres (MCS) were 
formed in MSS/GO composites and GO was reduced to 
RGO when a CVD method was employed at high tem-
perature using ferrocene as a carbon source [51]. Final 
hierarchical carbon nanostructures consisting of gra-
phene sheets and mesoporous carbon spheres were 
achieved after removing MSS templates with HF solu-
tion [51]. This hierarchical carbon showed substantially 
larger surface area of 1496 m2/g than the RGO counter-
part having 801  m2/g [51]. After thermal annealing the 
electrical conductivity of the composite was increased 
to 381 S/m because of the decreased oxygen-containing 
functional group. Even though RGO has higher spe-
cific capacitance of 218  F/g than the three-dimensional 
hierarchical carbon composite mainly due to additional 
oxygen-containing functional groups attached in RGO 
sheets, this composites showed greater rate capability 
and power density originating from hierarchical porous 
structure as well as improved electrical conductivity [51]. 
These results signify that oxygen-containing functional 
groups offer additional pseudocapacitance, enhancing its 
electrochemical performance, whereas electrical conduc-
tivity and porous structure of electrodes are also substan-
tially advantageous for supercapacitor performance at 
high rates.

Hierarchical porous graphene/polyaniline compos-
ites are other examples of a successful template-assisted 
synthesis [18]. In this case, when  CaCl2 was added in 
GO dispersion,  CaCO3 particles were formed on GO 
sheets, in which  CaCO3 were used as template to create 
a macroporous structure [18]. After chemical reduction 
with hydrazine vapor and removing template with dilute 
acid, three dimensional interconnected macroporous 
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RGO film was obtained [18]. This macroporous 3-D RGO 
exhibited increased rate performance and specific capac-
itance of around 115 F/g at 0.5 A/g in comparison with 
nonporous RGO counterpart showing about 90 F/g. This 
is mainly due to higher effective specific surface area and 
interconnected 3D porous structure, leading to facilitated 
ion transport [18]. The electrochemical performance 
was further increased by performing polymerization of 
aniline on 3-D RGO films [18]. This resulting 3-D RGO/
polyaniline (PANI) electrode possessed significantly 
improved capacitance up to 385  F/g at 0.5  A/g because 
of high pseudocapacitance contribution of PANI based 
upon its redox reactions [18]. Moreover, a flexible super-
capacitor was demonstrated using macroporous RGO/
PANI electrodes, showing great flexibility and stable per-
formance [18].

2.2.2  Crumpled graphene‑based nanocomposites
Graphene sheets has a tendency to restack and form 
lamellar structure because of strong van der Waals force 
between graphene sheets [53, 77]. The aggregation of 
graphene sheets reduce the accessible surface area, often 

resulting in inferior electrochemical performance [53, 
77]. In order to prevent undesirable restacking and aggre-
gation of graphene sheets, crumpled ball-like graphene 
was demonstrated [53, 77]. Crumpled ball-like graphene 
nanostructure was successfully synthesized via an aero-
sol spray drying process followed by chemical or thermal 
reduction [53, 77]. When micrometer-sized droplets of 
GO precursors generated by ultrasonic atomizer passed 
through preheated furnace, the droplets were shrunk by 
rapid evaporation because of capillary compression, lead-
ing to crumpled ball-like nanostrcutures [53, 77]. The 
crumpled graphene balls showed substantially improved 
electrochemical performance in terms of capacitance 
and rate capability due to its higher surface area and uni-
formly distributed pores [53, 77]. Notably, capacitances 
of crumpled graphene balls were not largely affected by 
the electrode mass loading while uncrumpled flat gra-
phene sheets showed mass-loading-dependent capaci-
tance, Fig. 5.

This development opened up the new opportunities for 
synthesizing crumpled graphene-based ball-like nano-
composites for energy storage applications [52, 64–68]. 

Fig. 4 a Low‑magnified and b high‑magnified cross‑sectional SEM images of the macroporous chemically modified graphene film. c, d TEM 
images of the macroporous chemically modified graphene film (Reprinted with permission [43])
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The same groups, Jang and Huang employed this aerosol-
assisted assembly to synthesize Si nanoparticles encap-
sulated with crumpled graphene sheets for lithium-ion 
battery anode [64]. The mixture Si and GO was nebu-
lized, and assembled in preheated furnace at high tem-
perature, 600 °C and further reduced at 700 °C [64]. This 
unique nanostructures could mitigate typical issues of Si 
electrode such as low cycling stability, low Coulombic 
efficiency, and excessive formation of a solid electrolyte 
interphase (SEI) layer. When used as an anode, crumpled 
graphene sheets could accommodated volume expan-
sion of Si during lithiation process, leading to improved 
cycling stability and Coulombic efficiency of Si/RGO 
balls due to flexibility of graphene shells [64]. In addition 
to Si/RGO, Pt-nanoparticles/RGO nanostructured was 
also successfully produced in a similar manner, which 
showed promising electroactalytic activity for a methanol 
oxidation reaction [52, 65].

Other crumpled graphene nanocomposites were also 
reported. For instance, a redox-active crumpled gra-
phene/few-walled carbon nanotubes electrode was cre-
ated using the partially reduced crumpled graphene 
oxide and functionalized few-walled carbon nanotubes 
mixture through vacuum-filtration process [78]. It was 
shown that this hierarchical nanostructure can exhibit 
improved capacities of up to ~ 170 mAh/g and rate capa-
bility compared to geometrically different counterpart 
with a similar composition. The high capacity and cycling 
stability can be attributed to fast ion diffusion and elec-
tron transport as well as redox-active oxygen-containing 
functional groups attached on partially reduced graphene 
oxide sheets and carbon nanotubes [78].

The aerosol-spray process was further extended to 
fabricate 3-D crumpled graphene/carbon nanotube/
polyaniline (CCP) nanocomposites for supercapacitor 

applications [66]. First, GO/carbon nanotube (CNT)/
PANI tertiary dispersion was formed after the polymer-
ization of aniline was carried out in the mixture of GO 
and functionalized CNT [66]. Following the aerosol-
spraying process, crumpled ball-like nanocomposite was 
obtained. Instead of conventional inactive and insulating 
polyvinylidene fluoride (PVDF) binder, graphene sheets 
were used as a binder to hold the materials together and 
form interconnected 3D structures. In this CCP nano-
composites, crumpled graphene and CNT could prevent 
restacking of graphene sheets while PANI provided addi-
tional pseudocapacitance based on its redox activity. This 
nanocomposites showed high capacitance up to 456 F/g 
when tested in KOH aqueous electrolyte [66].

2.2.3  Layer‑by‑Layer (LbL) Assembly for porous 
graphene‑based nanocomposites

Layer-by-layer (LbL) assembly is a pervasive film fabri-
cation technique that is characterized by its formation 
through alternating deposition of complementary species 
[79–83]. Multilayer films are created based upon electro-
static interactions, hydrogen boding, and/or other inter-
actions between complementary species [79–84]. LbL 
assembly is especially versatile due to its simplicity and 
control that can be exhibited with this technique. Differ-
ent film properties can be achieved by changing the con-
ditions at which the films are assembled [80, 85, 86]. LbL 
assembly can be carried out in various manners such as 
dip-, spray-, spin- and vacuum-assisted methods [67, 68, 
87–89]. In recent years LbL assembly has received great 
attention from many fields of research due to the great 
potential it has in film technologies [79–83].

With the demand for greater energy from micro-power 
sources, LbL assembly assists in pioneering a new era in 
micro-batteries or micro-capacitors for thin film devices 

Fig. 5 Schematic illustration of crumpled graphene balls and uncrumpled graphene sheets with their specific capacitances depending on the 
electrode mass loading (Reprinted with permission [53])
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[90–95]. Porous nanostructured graphene-base compos-
ites can be constructed by LbL assembly when assem-
bled with other nanostructured materials [67, 95, 96]. 
For example, all carbon multi-walled carbon nanotubes/
chemically reduced graphene oxide (MWCNT/CRG) 
electrode was fabricated through LbL assembly [95]. 
One-dimensional MWCNTs provide void volume in the 
resulting LbL films, and no additional binder is required. 
First, MWCNTs were functionalized with amine groups 
to render them positively charged, and negatively charged 
GO dispersion was directly used for LbL assembly [95]. 
The MWCNT/GO LbL films were chemically reduced 
to MWCNT/CRG using hydrazine vapor in order to 
increase electrical conductivity [95]. The capacity of 
160  F/cm3 was obtained in an acidic electrolyte origi-
nating from electric double layer capacitance and redox 
activity of oxygen-containing functional groups [95].

Porous polyaniline nanofiber/reduced graphene oxide 
(PANI NF/RGO) hybrid films were also demonstrated 
using dip-assisted LbL assembly followed by electro-
chemical reduction [67]. The LbL assembly was per-
formed with positively charged PANI NFs and negatively 
charged GO dispersion [67]. The film growth was affected 
by pH values of the GO dispersion; lower pH of GO dis-
persion led to thicker film growth presumably due to 
the degree of ionization of oxygen-containing functional 
groups of GO [67]. The LbL films were also successfully 
deposited onto a nonplanar complex substrate, cotton 
fabric, Fig. 6 [67]. The void fraction of LbL film calculated 
was 0.625, indicating 62.5% of LbL film are porous, which 
can facilitate ion transport during charge/discharge pro-
cesses [67]. In spite of high porosity, electrochemical per-
formance was greatly affected by film thickness owing to 
ion transport limitation in thicker electrodes [67]. The 
1520  nm thick PANI NF/RGO film showed 184  mAh/
cm3 at 0.03  A/g while the 1520  nm thick film exhibited 
123 mAh/cm3 [67].

Spray-assisted LbL assembly was adopted to fabricate 
the compositionally similar electrodes, PANI NF/RGO 
and address the previously encountered issues of dip-
assisted LbL assembly such as slow processing, cross con-
tamination, and scalability problem [96]. With this form 
of LbL assembly, the parameters on the graphene-based 
electrodes were mostly affected by the rinsing and blow-
drying times [96]. With fine tuning of those parameters, 
the optimal result could be obtained by eliminating the 
rinsing step and adding intermediate-blow drying [96]. 
The resulting films had a growth rate that was much 
higher than its dip-assisted counterpart [67, 96]. The 
electrodes also had a lower density and higher poros-
ity (74% void) [96]. This highly porous nature resulted 
in improved rate capability as well higher power density 
[96].

For flexible power systems, nanostructured aramid 
nanofibers (ANFs)/graphene sheets multilayer films were 
fabricated from ANFs and GO dispersions using dip-
assisted LbL assembly [69]. In this case, because both 
ANFs and GO are negatively charged, electrostatic inter-
action between ANFs and GO was not a driving force for 
the LbL assembly. Instead, hydrogen bonding and van der 
Waals interactions are the main driving force for the film 
assembly [69]. After reduction of GO, its electrochemical 
activity increased due to recovered  sp2-hybridized gra-
phitic domains. Notably, These LbL films showed excel-
lent mechanical flexibility and durability when subjected 
to repeated flexure, indicating that this ANFs/graphene 
LbL films can be used in structural energy systems.

3  Energy storage using porous graphene 
and graphene‑based nanocomposites

Energy storage is becoming more important to meet 
ever-increasing energy demands. To improve current 
energy storage efficiency, a wide range of materials have 
been explored as an electrode for energy storage devices. 
Among various materials, graphene is drawing great 
interest due to its excellent properties including good 
mechanical strength, high thermal and electrical con-
ductivities, good chemical stability, and high theoretical 
surface area [2, 7, 51, 97]. Nanostructured porous gra-
phene is particularly beneficial for energy storage appli-
cations because of its higher surface to volume ratio and 
larger pore volume. In the next sections, we will intro-
duce researches on porous graphene and graphene-based 
porous composites in energy storage applications includ-
ing lithium-ion batteries, supercapacitors, lithium-sulfur 
batteries, and lithium-air batteries.

3.1  Supercapacitors
Supercapacitors, also called ultracapacitors, can have 
higher power density than batteries, which means that 
supercapacitors can deliver energy much faster (within 
a few seconds) than batteriers [98]. Supercapacitors are 
also capable of storing 100–1000 of times more energy 
than conventional electrolytic capacitors [98]. However, 
energy densities of supercapacitors (1–10  Wh/kg) are 
much lower than batteries (100–150  Wh/kg) [98, 99]. 
Supercapacitors can be classified electric double layer 
capacitors (EDLCs) and pseudocapacitors depending 
upon their charge storage mechanisms [100, 101]. EDLCs 
store charges based upon the electrostatic adsorption of 
electrolyte ions on porous carbon electrodes while pseu-
docapacitors utilize redox reactions of electroactive spe-
cies such as conducting polymers and metal oxides [100, 
102].

Capacitor performance of EDLCs can be evaluated 
based on capacitance, which is the electrostatic charge 
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accumulation at the interface of the electrode/electrolyte, 
Fig. 7. For EDLCs, capacitance can be described based on 
the following Equation [98, 103, 104]

(1)C =

εrε0A

d

where ɛr is the electrolyte dielectric constant, ɛ0 is the 
dielectric constant of vacuum, d is the effective thickness 
of the electric double layer, and A is the effective surface 
area of the electrode [98, 103, 104]. As the Eq.  (1) sug-
gested, capacitance is directly proportional to the effec-
tive surface are of the electrode, which implies that 

Fig. 6 a Digital image of PANI NF/GO LbL films on cotton fabric, from left to right (0, 6, and 15 layer pairs). SEM images of b bare cotton fabric and 
c–e 15 layer pairs of PANI NF/GO on cotton fabric (Reprinted with permission [67])
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electrodes possessing higher surface area could lead to 
higher capacitance as well as higher energy density. It 
should be noted that the effective surface area is a sur-
face area that is accessible by electrolytes, not necessar-
ily the same as the one calculated by nitrogen adsorption/
desorption measurements. Porous graphene and porous 
graphene-based hybrids have been extensively studied as 
electrode materials for supercapacitors because of their 
high theoretical surface area along with good mechanical 
strength and stability.

3.1.1  Macroporous graphene for supercapacitors
Macroporous graphene structures generally possess 
larger pore and pore volume as compared to micro- and 
mesoporous graphene. Electrolytes can be held within 
large macropores, which could reduce required diffu-
sion path length of electrolyte ions. Indeed, macroporous 
self-assembled graphene hydrogels prepared by one-step 
hydrothermal process exhibited relatively high a specific 
capacitance of 152 F/g at a scan rate of 20 mV/s in 5 M 
KOH aqueous electrolyte [105]. When 3D macroporous 
graphene was created by in  situ self-assembly induced 
by chemical reduction of GO, it displayed a capacity of 
156  F/g at 20  mV/s [47]. These capacities of macropo-
rous graphene hydrogels were higher than that of non-
porous planar graphene (101  F/g) measured under the 
same conditions [106]. The increased electrochemical 
performance of macroporous graphene can be attributed 
to rapid ion transport due to the porous structures [47, 
105]. However, 3D macroporous graphene prepared by 
the breath figure method showed rather lower capacities 
(87 F/g for pyrolyzed macroporous RGO, and 103 F/g for 

N-doped macroporous RGO) in  H2SO4 electrolyte com-
paring with nonporous graphene electrodes [40]. These 
results indicate that macroporous structure does not 
necessarily guarantee higher capacities because there are 
many other factors affecting supercapacitor performance 
such as electrical conductivity, electrolytes, and surface 
properties [100, 102, 103, 107, 108].

3.1.2  Holey graphene for supercapacitors
Micro- and mesoporous graphene, also called holey 
graphene, is a particularly promising for supercapaci-
tor applications because extremely high surface area can 
be obtained in these materials [22]. For supercapacitor 
applications, high surface area can provide more active 
sites for electric double layer capacitive mechanism, 
which could lead to higher supercapacitor performance 
[98]. For instance, activated graphene by KOH hav-
ing surface area of 3100  m2/g showed promising elec-
trochemical performance in a non-aqueous electrolyte 
[22]. In 1-butyl-3-methylimidazolium tetrafluoroborate/
acetonitrile  (BMIMBF4/AN) electrolyte, a capacitance 
of 166 F/g was measured in the voltage window of 3.5 V 
[22]. The energy density was found to be  ~  70  Wh/kg, 
which is around four times higher than existing acti-
vated carbon-based supercapacitors [22]. The power 
density of  ~  75  kW/kg found for the synthesized pack-
aged cell was around an order of magnitude higher than 
commercial supercapacitors carbon of  ~  4–5 Wh/kg 
[22]. When holey graphene sheets etched by  H2O2 was 
assembled into 3D frameworks and formed hierarchical 
porous structures, it displayed an even higher capacity 
and energy density [23]. The high gravimetric capacity of 

Fig. 7 Schematic diagram of the charged and discharged electric double layer capacitor (Reprinted with permission [101])



Page 12 of 19Ramos Ferrer et al. Nano Convergence  (2017) 4:29 

298 F/g was obtained at the discharge current of 1A/g in 
1-ethyl-3-methylimidazolium tetrafluoroborate/acetoni-
trile  (EMIMBF4/AN) non-aqueous electrolyte, which led 
to an excellent energy density of 127 Wh/kg. This excel-
lent supercapacitor performance is ascribed to its unique 
hierarchical porous network that can accommodate rela-
tively large organic electrolyte ions [23].

3.1.3  Graphene‑based porous composites 
for supercapacitors

EDLCs generally suffer from limited energy density 
because their charge storage relies solely on electric 
double layer capacitive mechanism [102]. On the other 
hand, pseudocapacitors utilize fast faradaic reactions, 
and could store the larger amount of charges than EDLCs 
[98]. Nanostructure hybrid materials composed of gra-
phene and pseudocapacitance materials could be a good 
platform for high-performance supercapacitors since 
both electric double layer capacitive and pseudocapaci-
tive mechanisms can be utilized to store charges.

For instance, metal oxide/3D macroporous graphene 
could store large amount of charges because of its addi-
tional pseudocapacitve redox reactions of metal oxides 
with advantageous macroporous structures. The 3D 
 MnO2/macroporous graphene frameworks prepared 

by template-assisted assembly exhibited an excellent 
capacitance of 389 F/g at 1 A/g in 1 M  Na2SO4 aqueous 
electrolyte while 3D macroporous graphene showed 
around 202  F/g under the same measurement condi-
tions [43]. These results highlight that incorporating 
pseudocapacitive materials into macroporous frame-
works could significantly enhance electrochemical 
performance such as capacitance and energy density 
due to additional faradaic reactions. When macropo-
rous graphene networks were coated with an electro-
active conducting polymer PANI, high capacitance of 
385  F/g was achieved at 0.5  A/g in 1  M  H2SO4 elec-
trolyte, resulting from faradaic reactions of PANI as 
well as facilitated electrolytes transport caused by 
3D macroporous networks [18]. This PANI/graphene 
composite showed stable electrical performance even 
in bending states due to superior mechanical proper-
ties of graphene, Fig.  8. 3D crumpled graphene/car-
bon nanotube/PANI also exhibited a high capacitance 
of 295 F/g in KOH electrolyte when electrochemi-
cally inactive commercial PVDF was used as a binder 
[66]. Its capacitance could be further increased up to 
459  F/g by replacing the PVDF binder with graphene 
sheets [66]. The corresponding energy density was as 
high as 63.3 Wh/kg [66].

Fig. 8 a Images and schematics of a flexible film supercapacitor in different bending states. b CV curves of the film supercapacitor at scan rates of 
20 mV/s when bent by 0°, 90°, 180°. c Area‑specific capacitance of the flexible film supercapacitor under different current densities (Reprinted with 
permission [18])
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3.2  Lithium‑ion batteries
Lithium-ion batteries are the most widely used type of 
battery ranging from handheld devices to electric vehi-
cles due to their relatively high energy density and sta-
ble performance [109]. LIBs are generally composed of 
a cathode  (LiCoO2), and an anode (graphite), and non-
aqueous electrolyte [99, 109, 110]. Energy is stored based 
on the intercalation of lithium ions in LIBs where lithium 
ions move from anodes to cathodes during a discharge 
process [110]. Energy density, power density, cyclabil-
ity, safety, rate capability and cost are some of the most 
important parameters in LIBs. These electrochemi-
cal properties are highly dependent on the cathode and 
anode materials, and can be further improved by engi-
neering of electrode materials [111–123]. Graphene has 
been used both as an anode material and as an additive 
to the cathode to enhance the performance of LIBs [114, 
117–121, 123].

3.2.1  Porous graphene anodes
Graphite is the most widely used anode material in LIBs 
because of its good reversibility and stability [99, 109, 
110]. In graphite anodes, maximum one Li atom can be 
stored per six C atoms  (LiC6) based on the intercalation 
of Li, which gives a theoretical maximum capacity of 372 
mAh/g [124, 125]. In the case of graphene, two Li atoms 
can be stored per six C  (Li2C6) because both sides of gra-
phene are able to store lithium ions, giving a theoretical 
capacity of 744 mAh/g [24, 126, 127]. Furthermore, more 
Li atoms can be intercalated in defective sites and edges 
of graphene, which could lead to even higher capacity 
than 744 mAh/g.

Indeed, macroporous graphene assembled by the 
breath figure method showed an extremely high capac-
ity of 3025 mAh/g at a discharge current of 50 mA/g for 
the first discharge cycle, and lost about 50% of its capac-
ity from the second cycle [17]. This loss of capacity was 
ascribed to the solid electrolyte interphase formation as 
well as irreversible redox reactions of oxygen-containing 
functional groups of graphene sheets [17]. Afterwards, 
a capacity of 1150  mAh/g was obtained after 50 cycles 
for self-assembled macroporous graphene whereas non-
porous graphene showed a capacity of 678 mAh/g after 
50 cycles [17]. In other studies, mesoporous carbon 
prepared using a CVD method was demonstrated as an 
anode in LIBs [122]. Mesoporous graphene possessing 
a high surface area of 1654  m2/g with pores of 3–8  nm 
also exhibited a high capacity of 1723 mAh/g at 0.1 C as 
well as high rate capacity [122]. Interestingly, it showed 
promising cycling stability in that no significant capacity 
decrease was observed [122].

In order to further improve the performance of 
porous graphene anode, heteroatom doping has been 

demonstrated. For example, N-doped 3D macroporous 
graphene was prepared through a two-step process and 
tested as an anode in LIBs [128]. First, GO sheets were 
assembled with polystyrene spheres to form PS@GO 
composite, followed by thermal reduction and N-doping 
with 5%  NH3 gas at 550  °C [128]. The resulting anode 
proved to deliver a specific capacity of 1095  mAh/g 
after 100 cycles at 200  mAh/g with good rate capabil-
ity [128]. The 3D structure is beneficial for shortening 
the diffusion distance of electrons and Li ions leading 
to higher conductivity, as well as favoring ion migration 
by allowing easy access of the graphene surface to the 
electrolyte [128]. Phosphorous and nitrogen dual-doped 
mesoporous graphene was also demonstrated for LIBs 
anodes. It was successfully synthesized through a CVD 
method with a pore-forming template (MgO), carbon, 
nitrogen, and phosporous sources  (CH4 and  (NH4)3PO4) 
[123]. It was shown that 0.6 and 2.6 at % of P and N was 
doped in porous graphene, exhibiting even higher capac-
ity up to 2250  mAh/g at 50  mA/g [123]. This might be 
due to its defect sites on the graphene sheets caused by 
P and N doping as well as the porous structure, which 
allowed for greater interaction with  Li+ [123]. It also 
showed a great capacity of 750 mAh/g at a fast discharge 
current of 1 A/g, which is indicative of its superior rate 
capability [123].

3.2.2  Graphene‑based porous cathodes
Current LIBs mostly adopt inorganic cathode materials 
such as  LiCoO2,  LiFePO4, and  LiMn2O4 because of its 
relatively high capacity and reliable performance [124]. 
However, their electrical conductivity was generally 
very low ranging from  10−9 to  10−3 S/cm, which leads to 
inferior rate capability and low power of LIBs [28, 129–
132]. Incorporating electrically conductive graphene to 
inorganic cathodes is a good way to increase the overall 
electrical conductivity, which could potentially result in 
enhanced electrochemical performance. When porous 
graphene/inorganic composites are used, higher rate 
capability can be expected considering its porous nature 
and high electrochemically accessible surface area.

A continuous 3D graphene/LiFePO4 composite was 
prepared using a spray-drying method followed by ther-
mal annealing process [133]. This graphene/LiFePO4 
had a substantial void fraction within the 3D microme-
ter-sized network, which led to improved rate capability 
and cycling stability [133]. The capacity of this compos-
ite was 149 mAh/g at 0.1 C, and 70 mAh/g at 60 C while 
conventional carbon-coated  LiFePO4 could deliver only 
54  mAh/g at 30  C [133]. This enhanced cathode per-
formance was attributed to its 3D conductive networks 
as well as shorter diffusion length of  Li+ caused by its 
porous structure [133]. Micro- and mesoporous activated 
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graphene/LiFePO4 was also demonstrated as a cath-
ode in LIBs [134]. It turned out that  Li+ ion can migrate 
much faster in activated graphene/LiFePO4 than in 
 LiFePO4 and non-activated graphene/LiFePO4 because 
of additional small pores on activated graphene sheets 
[134]. This activated graphene/LiFePO4 showed impres-
sive rate capabilities. At a low discharge rate (20 mA/g), 
activated graphene/LiFePO4, non-activated graphene, 
and  LiFePO4 all showed similar capacities around 145 
mAh/g [134]. On the other hand, at a high current rate 
or 5000  mA/g, activated graphene/LiFePO4 composites 
could deliver significantly higher capacity of 60  mAh/g 
whereas both graphene/LiFePO4 and  LiFePO4 exhibited 
very low capacities less than 5 mAh/g at such a high cur-
rent rate [134]. A similar study was performed, in which 
activated graphene was decorated with 5  nm  LiFePO4 
for a cathode in LIBs [135]. Similarly, it also displayed 
greater rate capability and cycling stability due mainly to 
the enhanced electrical conductivity and the improved 
electrode–electrolyte contacts [135].

In other literatures, redox-active graphene electrodes 
and its composites have also been demonstrated for 
cathode materials in LIBs [78, 136–138]. In this strategy, 
oxygen-containing functional groups on graphene sheets 
can act as redox centers at ~ 3 V (Vs. Li), which provides 
pseudocapacitance in addition to electric double layer 
capacitance [78, 136–138]. For instance, when GO was 
reduced by tetrahydroxyl-1,4-benzoquinone (THQ) at 
80  °C, a 3D functionalized graphene structure was pro-
duced, which has a broad pore size distribution from 
tens of nanometers to tens of micrometers [138]. When 
used as a cathode, it showed high gravimetric capacities 
about 165  mAh/g with great cycling stability because 
of its oxygen-containing functional groups in graphene 
sheets as well as THQ [138]. Folded graphene sheets pro-
duced by hydrothermal reduction of graphene followed 
by compression and vacuum-drying process also showed 
a promising gravimetric capacity of ~ 160 mAh/g based 
on redox-active oxygen-containing functional groups as 
well as its microstructure [136]. Porous crumpled gra-
phene/few-walled carbon nanotubes composites were 
also demonstrated as cathode materials, which showed 
similarly good cathode performance up to ~ 170 mAh/g 
[78]. The important feature of this type of approach is to 
effectively utilize the redox-active functional groups on 
graphene sheet surface by rationally designing conduc-
tive 3D porous structures.

3.3  Lithium–sulfur batteries and lithium–air batteries
A great amount of effort has been made to develop more 
advanced energy storage systems, which could deliver 
higher energy than currently used commercial LIBs. 
Li–S and Li–air batteries are among those energy storage 

systems, which have much higher theoretical capacity 
and energy density [99]. These batteries have been dem-
onstrated with nanostructured graphene to fully utilize 
the excellent properties of graphene and enhance its elec-
trochemical performance.

Li–S batteries have a theoretical capacity of 
1675  mAh/g and its theoretical energy density reaches 
2600 Wh/kg, which are dramatically higher than those of 
current LIBs [139]. Despite of its high theoretical capac-
ity, Li–S batteries has not yet successfully replaced LIBs 
due mainly to its poor electrical conductivity and low 
cycling stability [140, 141]. During charge and discharge 
cycles, polysulfides  (Li2Sx) are formed and dissolved to 
electrolytes, leading to a loss in capacity and energy den-
sity [140, 141]. Several approaches have been taken to 
mitigate the shuttle effect of Li–S batteries using porous 
graphene [19, 142, 143]. Graphene-wrapped sulfur com-
posites were demonstrated, in which carbon black-loaded 
graphene was assembled with poly(ehtylene glycol) 
coated sulfur particles, Fig.  9. This graphene-encapsu-
lated sulfur cathodes showed better electrochemical 
capabilities by effectively reducing the shuttle effect and 
increasing conductivity, reaching capacity values around 
750  mAh/g at 0.2  C for the first cycle [19]. The rela-
tively high capacity around 600  mAh/g was obtained 
even after 100 cycles [19]. Interestingly, it showed bet-
ter cycling stability at higher discharge current of 0.5  C 
probably because it does not enough time for polysulfide 
shuttle [19]. A hybrid of CNTs and porous graphene 
was also created, allowing for excellent electrical con-
ductivity, mechanical robustness and interconnected 
micro and mesopores that favored the accommodation 
of polysulfides [144]. When used as a cathode mate-
rial, it showed a high capacity of 1121 mAh  g−1 at 0.5 C 
and an excellent rate capability showing 809 mAh g−1 at 
10 C [144]. Recently, nitrogen-doping has also been uti-
lized in Li–S batteries by synthesizing crumpled, highly 
porous N-doped graphene sheets with pore volume of 
5.4  cm3/g, which could accommodate high sulfur con-
tent up to 90 wt% in the composite [145]. A high specific 
capacity was obtained (1486 mAh/g at 0.05 C) with excel-
lent cycling performance (80% retention after 200 cycles) 
[145]. Nitrogen-doping allowed for a stronger polysulfide 
absorption in the interwoven N-doped graphene sheets 
because of the enhanced interaction between nitrogen 
heteroatoms and polysulfides [145].

Li-air batteries have also great potential because 
of extremely high theoretical energy density 
of  ~  11,680  Wh/kg and practical energy density 
of ~ 3500 Wh/kg, which is even comparable to those of 
gasoline (theoretical energy density of  ~  13,000  Wh/kg 
and practical energy density ~ 1700 Wh/kg) [146]. When 
discharged, oxygen reduction reactions occur at porous 
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cathode leading to the formation of  Li2O2 [147, 148]. At 
the same time, Li metal anode is oxidized, giving off elec-
trons during discharge processes [148]. Electrochemi-
cal performance are dependent on various factors such 
as composition, conductivity, surface area, porosity of 
a cathode as well as electrolyte composition [147, 148]. 
Research efforts in this area have focused on designing 
porous cathode materials to improve its poor cycling sta-
bility and while maintaining high energy density. It was 
reported that hierarchically assembled porous graphene 
sheets deliver a very high capacity of 15,000 mAh/g based 
on the mass of porous graphene without an additional 
catalyst in pure oxygen [20]. This high capacity is attrib-
uted to the unique morphology with the pores provid-
ing reaction sites for oxygen reduction reactions and the 
microporous channels facilitating oxygen diffusion [20]. 
Defective sites of graphene sheets was proven to sup-
press the aggregation of  Li2O2 because of strong inter-
action between defect sites and  Li2O2 [20]. In another 
paper, ruthenium (Ru) nanocrystal-decorated porous 
graphene was demonstrated as a cathode for Li-air bat-
teries [149]. It confirmed that pore size and architectures 
largely influence its electrochemical performance by 
the fact that nonporous graphene counterpart showed 
much smaller capacity at identical test conditions [149]. 
After loading the Ru catalyst, Ru/porous graphene com-
posites exhibited a high capacity of 17,710 at 200 mA/g 
with a significantly decreased overpotential [149]. When 
curtailing its capacity to 500  mAh/g during charge/

discharge processes, it showed very stable cycling per-
formance with high energy efficiency around 80% [149]. 
Other graphene-based nanocomposites have been pro-
posed and proved to be effective [150, 151]. For instance, 
macroporous graphene/graphitic carbon nitride pre-
pared by hydrothermal reduction and freeze-drying 
exhibited improved capacity higher than 17,000  mAh/g 
as compared to pristine graphene showing a capacity of 
13,000  mAh/g because of synergistic effect of graphene 
and carbon nitride [151].

4  Conclusion and perspective
As highlighted above, porous graphene has been a sub-
ject to extensive research and development in the past 
years due to its unique properties such as excellent 
mechanical strength and good electrical conductivity, 
which makes it a promising material in many applica-
tions, especially energy storage. This review paper has 
introduced various synthesis and processing approaches 
to preparing porous graphene and porous graphene-
based nanocomposites with emphasis on energy stor-
age applications. Overall, porous graphene could result 
in improved electrochemical performance in energy 
storage systems because of more available active sites 
and facilitated ion diffusion throughout the porous 
structures. However, several issues should be addressed 
to make porous graphene-based energy storage sys-
tems commercially viable. First, the porous architec-
ture of graphene should precisely be controlled during 

Fig. 9 Schematic of the synthesis steps for a graphene‑sulfur composite, with a proposed schematic structure of the composite (Reprinted with 
permission [19])
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preparation to maximize its electrochemical perfor-
mance. Morphology and pore size along with a graphene 
wall thickness affect the behavior and electrochemical 
properties of graphene. Therefore, it is critical to design 
hierarchically porous structures with optimized pore 
size and pore volume for achieving superior perfor-
mance. Second, production process of porous graphene 
would essentially be environmentally friendly, simple, 
affordable and scalable. The advancement of these pro-
cesses will make graphene more readily available for use 
in high-performance energy storage devices.

Based on the significant effort on porous graphene, it 
is likely that porous graphene will play important roles in 
the next-generation energy storage devices. The utiliza-
tion of porous graphene in supercapacitors, LIBs, Li–S, 
Li-air and fuel cells will promote manufacturing and 
commercializing efficient, safe, and more stable energy 
storage systems. Furthermore, excellent mechanical 
properties and stability of graphene will provide other 
opportunities to create multifunctional flexible energy 
storage devices, which can meet multiple market’s needs 
simultaneously.
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