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Graphene and graphene oxide (GO), as wonder materials, have pen-
etrated nearly every field of research. One of their most attractive features 
is the functionality and assembly of graphene or GO, in which they can 
be considered to be chemically functionalized building blocks for creating 
unconventional porous graphene materials (PGMs) that not only com-
bine the merits of both porous materials and graphene, but also have 
major advantages over other porous carbons for specific applications. The 
chemistry and approaches for functionalizing graphene and GO are first 
introduced, and typical procedures for pore creation (e.g., in-plane pores, 
2D laminar pores, and 3D interconnected pore assemblies), self-assembly, 
and tailoring mechanisms for PGMs to highlight the significance of 
precise control over the pore morphology and pore size are summarized. 
Because of their unique pore structures, with different morphologies 
and intriguing properties, PGMs serve as key components in a variety of 
applications such as energy storage, electrocatalysis, and molecular sepa-
ration. Finally, the challenges relating to PGMs from the understanding 
of chemical self-assembly to specific applications are discussed, and 
promising solutions on how to tackle them are presented. This provides 
an insightful outlook for the future development of the chemistry and 
applications of PGMs.
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due to their extraordinary chemical and 
physical properties,[1–4] such as tunable 
porosity, high specific surface area (SSA), 
large accessible internal space, variable 
chemical compositions, low mass den-
sity, and/or interconnected pore struc-
tures with different length scales. In 
particular, their extremely high ratio of 
surface area to mass or volume allows 
intimate interactions with diverse organic 
or inorganic species to take place both 
at the surface and in the interior porous 
space. According to pore size, PMs in 
principle are divided into microporous, 
mesoporous, and macroporous. Generally, 
hierarchically PMs with the multiple levels 
of pore size have bimodalities, or even 
trimodalities.[1]

Among the many PMs, porous nano-
carbon materials are extremely appealing 
due to their high electrical conductivity, 
low mass density, excellent thermal con-
ductivity, high biocompatibility, and good 
chemical stability under nonoxidizing 
conditions.[5] In addition, many different 
atoms are bond with them using different 

hybrid orbitals (sp, sp2, sp3), enabling the production of PMs 
with the desired morphologies and wonderful properties for 
various applications.[5,6]

Graphene, a typical 2D sheet of sp2-hybridized carbon, 
has superior chemical and physical properties, i.e., high SSA 
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1. Introduction

Porous materials (PMs) have received extensive attention for 
applications in energy storage and conversion, catalysis, gas 
adsorption and separation, and environmental protection, 
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(2630 m2 g−1), high Young’s modulus (1.0 TPa), extraordinary 
intrinsic electron mobility (200 000 cm2 v−1 s−1), and excellent 
thermal conductivity (5000 W m−1 K−1).[7–9] By virtue of these 
attractive properties, graphene has inspired research interest 
in energy storage and conversion,[10,11] catalysis,[12] gas adsorp-
tion and separation,[13] drug delivery,[14] green chemistry, and 
the environment.[15] Graphene oxide (GO) and reduced gra-
phene oxide (rGO) are two typical mono-layer graphene deriva-
tives containing oxygenate groups and defects. Furthermore, 
they can bond with many different atoms by sp, sp2, and sp3 
hybrid orbitals to produce porous graphene (PG) that effi-
ciently combine the merits of both PMs and graphene.[9] The 
structure and properties of porous graphene materials (PGMs) 
derived from both GO and rGO are highly dependent on their 
surface/interface, assembly and functionalization chemistry, 
which determine the functions of the PG for targeted specific 
applications.

According to the pore formation mechanisms, PGMs can 
be classified into three categories: monolayer PG with in-plane 
pores, stacked 2D laminar PG with interlayer pores, and 3D 
interconnected porous frameworks, all of which have many 
merits over conventional porous nanocarbons.[16,17] First, the 
high mechanical strength of graphene efficiently reinforces 
the porous structure. Second, the outstanding thermal and 
chemical stability of graphene enables its porous derivatives to 
be durable in tough environments. Third, electrically conduc-
tive graphene serves as a desired current collector for fast elec-
trons transportation through the porous framework. Last but 
not the least, GO, rGO, and graphene with heteroatom-doping 
can serve as alternative substrates for modifying a variety of 
inorganic or organic species to produce new PG hybrids with 
designable functionalities. Because of these advantages, a 
plethora of applications, including supercapacitors,[18–22] bat-
teries,[23–27] and molecular separation,[28–30] have been widely 
explored, in which the chemistry of graphene and GO play 
significant roles in the design and construction of well-defined 
PMs.

Given the widespread interest in graphene, advances in 
its synthesis, characterization, and applications have been 
previously reviewed.[31–36] However, most of the literatures 
focus only on the synthesis chemistry[32,37] and electrochem-
istry[38] of graphene, or certain specific applications of gra-
phene-based materials.[39–41] A comprehensive description of 
graphene and GO chemistry that involves the surface, inter-
face, assembly, and functionalization chemistry is missing. 
Although, the preparation of PGMs and their promising 
applications have been extensively investigated in many fields, 
the key roles of chemistry in “structure-determining-perfor-
mance” for targeted applications using PG has not been clearly 
elucidated.

In an attempt to fill this gap, this review will deeply dis-
cuss the chemistry of graphene and GO, and provide a com-
prehensive overview of their surface chemistry, pore-forming 
mechanisms, pore-tailoring approaches, and functionaliza-
tion chemistry as influenced by different driving forces such 
as ionic interactions, hydrogen bonds, π–π interactions, and 
van der Waals forces, which are critical for understanding 
the significant roles of PGMs in their applications (Figure 1). 
Given their unique porous structures with different 

morphologies and properties, the fabrication methods of 
three typical PGMs with in-plane pores, 2D laminar pores, 
and 3D interconnected pore assemblies, will be system-
atically summarized to highlight the importance of control-
ling the porous structure.  Furthermore, a variety of applica-
tions, e.g., supercapacitors, lithium sulfur batteries, lithium 
ion batteries, non-lithium batteries (Na/K/Mg/Al batteries), 
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electrocatalysis, and molecular separation with PGMs serving 
as key components will be analyzed and summarized. Finally, 
the unresolved challenges and future perspectives in this field 
will be considered to accelerate the development of PGMs for 
diverse functional applications and shed new light on their 
future directions.

2. Surface Chemistry of Graphene and GO

Since graphene’s discovery,[42] chemically modified graphene 
(CMG) has been synthesized for various applications,[43,44] thus, 
illuminating different functional groups, especially, oxygen-
containing functional groups (OCFGs) on the surface of GO. 
In addition, they also induce defect formation in the form 
of edges, doped- heteroatoms, other functional groups, and 
moieties.

2.1. Functional Groups

Graphene is a subset of graphite containing sp2-hybridized 
carbon atoms positioned in a honeycomb lattice in two 
dimensions.[42,45,46] Each carbon atom contributes to the delo-
calized electron network by virtue of its π orbital. Ideally, gra-
phene is pristine without any functional groups. As one of the 
graphene derivatives, GO can be described as functionalized 
graphene with many OCFGs like carbonyl, carboxyl, 

hydroxyl, epoxy groups attached to the edges and basal plane 
(Figure 2).[8,47,48]

Due to the presence of these OCFGs, GO exhibits lots of 
unique properties.[8,47,49,50] For example, unlike graphene, the 
highly negative charge on the surface of GO enables excellent 
colloidal dispersion in aqueous medium.[13,31] This allows the 
use of solution-based film fabrication protocols, such as self/
co-assembly, vacuum filtration, drop casting, and spin-coating. 
Additionally, nanoscale wrinkles and defects manifest in the 
basal plane due to the amorphous region of graphene caused by 
various functional groups.[8,51] In addition, these OCFGs offer 
many reactive sites for all kinds of surface modification reac-
tions, which is helpful for the development of a suite of func-
tionalized GO-based membranes with remarkably improved 
performance.[52]

2.2. Defects

The main reason behind defect production is the reconstruc-
tions in the atomic network permitting a coherent defective 
lattice in the absence of other coordinated atoms. In addi-
tion, thanks to the adsorbed atoms, these reconstructed 
defects partially enhance the structural properties. Typically, 
defect on graphene manifest as point defects that are 0D 
vacancies and interstitial atoms, such as single defects,[53] 
Stone–Thrower–Wales defects,[54] and multiple defects.[55] 
Graphene edge may also be considered as a defect,[54,56,57] 
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Figure 1. Schematic representing the chemistry of graphene and GO for specific applications.
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and is discussed in details in the next subsection. There are 
three mechanisms causing defects in graphene: i) crystal 
growth,[58] ii) irradiation with energetic particles,[59–62] and iii) 
chemical treatment.[61]

The functionalized or defective graphene (DG) obtained by 
the above methods can significantly affect its electronic, mag-
netic, mechanical, and chemical properties. It is suggested 
from theoretical simulations that OCFGs and other func-
tional groups could easily be connected with dangling bonds 
at a vacancy on graphene. Such reconstruction of defects can 
enhance local activity. From a theoretical point of view, the 
overlap of p-orbitals of graphene determines the electronic 
properties.[59] Therefore, the defects affect the electronic proper-
ties of graphene seriously.

2.3. Edge

Graphene edges have been explored extensively over the 
last few years, as a result of their unique electronic, chem-
ical, and magnetic properties.[60–64] Graphene nanoribbons 
(GNRs) with narrow widths can generate crystallographic 
orientation of the edges. Defined by the orientation of the 
hexagons relative to the ribbon length, the achiral edges 
in GNRs can be divided into zigzag and armchair edges 
(Figure 3a–c).[60]

The structural features of GNRs are directly dependent on 
the various fabrication methods.[64] Significant efforts have been 
devoted to the large-scale production of GNRs with bottom-up 
and top-down approaches, such as chemical vapor deposition 
(CVD),[65] nanofabrication,[66–67] sonochemical method,[68] nano-
wire lithography,[69,70] cutting with a diamond knife,[71] nanoscale 
cutting of graphene using nickel nanoparticles,[72,73] and unzip-
ping of carbon nanotubes (CNTs) (Figure 3d–f).[61,74–76] Among 
them, CVD offers a simple method for the fabrication of high-
quality GNRs in a relatively short time.[65] CVD growth of ribbon-
like filaments of graphite by the decomposition of a reactant gas 
containing CO/H2/Fe(CO)5 at 400–700 °C was first reported by 
Maeda’s group.[77] Further, the modification in reactant gas/solu-
tion can yield different products.[78] For example, with ferrocene/
tetrahydrofuran, iron-filled multiwall CNTs (MWCNTs) was 
produced while with ferrocene/ethanol/thiophene under the 
same heating condition of 950 °C, pure graphitic nanoribbons 

were yielded.[65] Overall, the CVD strategy provides an efficient 
method to synthesize high-quality GNRs with open edges.[79]

The alternative synthesis method for GNRs is the unzip-
ping of CNTs along their longitudinal direction. Pioneered 
by Kosynkin et  al.,[74] this method involves the unzipping of 
MWCNTs using chemical treatment with H2SO4 and KMnO4. 
The resulting nanoribbons have the length of 4  µm, width 
of 100–500  nm, and 1–30 graphene layers. However, the use 
of strong oxidizing agents led to a significant decrease in 
electrical conductivity. Since then, many ingenious routes 
for obtaining purer and longer GNRs with fewer defects 
have been explored. It has been noted that the presence of a 
second acid (C2HF3O2 or H3PO4) in addition to the previously 
discussed H2SO4/KMnO4 mixture prevents the generation of 
vacancies in the GNRs due to diol group protection. Incred-
ibly, this study resulted in long and narrow GNRs (>5  mm 
length, <100 nm width) with atomically sharp edges.[80] Inter-
calating CNTs with alkali-metal (Li) and ammonia as co-inter-
calants and their subsequent removal is yet another unzip-
ping method.[76] In addition, transition metals can also be 
used to cut through graphene sheets, e.g., cutting MWCNTs 
into GNRs under a hydrogen flow by selectively etching with 
Ni nanoparticles.[72]

Apart from these chemical routes, some mechanical strate-
gies also show promise for obtaining high purity GNRs. For 
example, it is known that oxygenation can create defects on the 
graphene basal plane. By extending this concept to MWCNTs, a 
mild gas-phase oxidation can allow oxygen to create “etch-pits” 
on their sidewalls, which when followed by a solution-phase 
sonication step facilitates the unzipping of MWCNTs to obtain 
GNRs with remarkably low ID/IG ratio, indicative of high-quality 
GNRs with excellent electrical conductivity and mobility.[79]

The fabrication of GNRs has made significant advances in 
the large-scale production of narrow ribbons and smooth edges 
in the last few years. Momentous progress has been reported 
in transmission electron microscopy (TEM) characterization of 
the atomic structure at graphene edges.[62,81,82] After exposure 
to electron beam irradiation for a long time, each graphene 
layer edge shows irregular structures (Figure 3g). The material 
receives significant resistive Joule heating when the voltage is 
across the surface of ribbon, which results in atomically dis-
cernible armchair edges, smooth zigzag, and edge junctions 
(Figure 3h,i).

Adv. Funct. Mater. 2020, 30, 1909035

Figure 2. Schematics of the molecular structure of GO with four types of OCFGs.
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3. Different Pore Structures  
and Tailoring Approaches

3.1. In-Plane PG

The term “in-plane PG” refers to graphene sheets with in-
plane nanopores. Two main techniques are used to generate 
monolayer PG nanosheets. One is bottom-up synthesis with 
organic molecular precursors and/or pore templates,[83–85] 
and the other is a top-down approach by defect generation in 

the graphene.[86–91] In general, such porous nanosheets are 
ultrathin and have large SSA, controlled pore size, and high 
electrical conductivity, exhibiting enormous potential for appli-
cations in molecular separation, sensing, catalysis, energy 
storage, and conversion.[92,93]

Bottom-up synthesis is essential for the formation of PG 
with strong crystallinity and well-defined pore structure.[84] 
The regular 2D polyphenylene network (i.e., graphene with 
single-atom wide pores) was first fabricated by Bieri and  
co-workers (Figure  4a).[83] The formation mechanism of this 
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Figure 3. a) Zigzag and armchair edges in monolayer GNRs. b) Energy levels. c) Kohn–Sham spin-orbitals of edge-localized states and the energeti-
cally closest bulk states. a–c) Reproduced with permission.[60] Copyright 2016, Nature Publishing Group. d–f) Schematic showing the method used 
for unzipping doped nanotubes to form GNRs: d) chemical route, e) intercalation–exfoliation of MWCNTs, f) catalytic approach. d–f) Reproduced 
with permission.[61] Copyright 2010, American Chemical Society. g) TEM image showing irregular edges and h) zigzag and armchair edges. i) High-
resolution TEM (HRTEM) image showing well-defined zigzag and armchair edges. g–i) Reproduced with permission.[62] Copyright 2009, the American 
Association for the Advancement of Science.
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2D polymer network was originated from Ag (111)-induced 
surface aryl–aryl coupling, which then conjugated to the 
hexaiodo-substituted macrocycle cyclohexa-m-phenylene com-
pletely. The high-resolution scanning tunneling microscope 
(STM) image showed an edge of the polyphenylene super-
honeycomb network with uniform pore spacing of 7.4 Å,  
demonstrating that nanoporous graphene materials could be 
precisely prepared by proper molecular design (Figure  4b). 
Various other methods for creating in-plane pores in mono-
layer graphene, such as oxidative etching,[89] electron or ion 
beam irradiation,[90,96] oxygen plasma etching,[88] and chem-
ical agents[86,94,97–101] have been explored to obtain mono layer 
PG.[84,92,102] For instance, the in-plane pores (≈3.5 nm) can be 
generated in suspended graphene sheets by the controlled 
exposure to focused electron beam irradiation.[86] Neverthe-
less, this method is not suitable for large-scale manufac-
ture of PG with large pore size distribution. Meanwhile,  
chemical methods have also been explored.[87] Duan’s group 
reported a PG nanomesh produced using block copolymer 
lithography (Figure 4c).[94] Specifically, as the protecting layer, 

a silicon oxide film was first covered onto graphene, and a 
poly(styreneblock-methyl methacrylate) (PS-b-MMA) block 
copolymer thin film was then fabricated as the etching tem-
plate. Afterwards, CHF3 oxygen plasma etching and plasma-
based reactive ion etching were used to generate holes in the 
monolayer graphene. TEM studies clearly showed the well-
arranged nanohole structure with an average neck width of 
7.1  nm (Figure  4d). Such graphene nanomesh-based room-
temperature transistors could drive nearly 100 times larger 
currents with a comparable on–off ratio tuned by varying the 
width of individual GNRs. However, the use of a toxic gas 
(CHF3), high cost, and inefficient production are detrimental 
to the acceptance of this strategy.

Chemical activation is another top-down approach for intro-
ducing in-plane pores in graphene. In 2011, a simple KOH acti-
vation method to prepare PG with a large number of in-plane 
micropores and mesopores was reported by Ruoff’s group.[99] 
The activated microwave-exfoliated GO (a-MEGO) showed 
abundant micropores and mesopores with a size distribu-
tion between 1 and 10  nm, and had ultra-high SSA of up to 

Adv. Funct. Mater. 2020, 30, 1909035

Figure 4. a) Bottom-up organic synthesis of PG by a surface-promoted aryl–aryl coupling reaction (top) and the three PG structures obtained (bottom): 
a cyclohexa-m-phenylene (CHP) structure, a polyphenylene super-honeycomb network, and a polyphenylene superhoneycomb network, from left to 
right. b) STM image of an edge of the polyphenylene superhoneycomb network. a,b) Reproduced with permission.[83] Copyright 2009, Royal Society 
of Chemistry. c) Schematic of the preparation of graphene nanomesh. d) TEM image of graphene nanomesh. c,d) Reproduced with permission.[94] 
Copyright 2010, Nature Publishing Group. e) Schematic of the preparation process of HGFs and HGF films. f) SEM image of HGF. g) TEM image of 
holey graphene in HGFs (scale bars: f) 1 µm, g) 10 nm). e–g) Reproduced with permission.[95] Copyright 2014, Nature Publishing Group.
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3100 m2 g−1, and high electrical conductivity. 3D holey graphene 
framework (HGF) with hierarchically porous structure was 
prepared by the low temperature etching of graphene to create 
nanopores and subsequently self-assembling into the 3D net-
work (Figure  4e).[95] During the hydrothermal process, H2O2 
molecules can partially oxidize to etch the carbon atoms around 
the more active defective sites of GO, leaving behind carbon 
vacancies to create the nanopores. The pore sizes of 3D HGFs 
include sub- and several micrometers with one- or few-layers 
graphene as pore walls (Figure  4f,g). The hierarchical porous 
structure ensures efficient ion diffusion to allow the produc-
tion of HGF-based supercapacitors with both high volumetric 
and gravimetric energy densities. In addition, Zhou et al. dem-
onstrated a general and scalable synthesis approach for PG by 
the carbothermal reaction between graphene and metal oxide 
nanoparticles.[103] On the surface of GO nanosheets, oxometa-
lates (OM) or polyoxometalates (POM) were thermally decom-
posed into metal oxide nanoparticles in which the neighboring 
carbon atoms in graphene layer were oxidized to carbon dioxide 
or carbon monoxide. Consequently, abundant pores or defects 
were generated on graphene to obtain PG by a thermal reac-
tion. Using K2TiO3, uniform nanopores of 1–10  nm size were 
observed. It is suggested that the top-down approaches for 
obtaining mesoporous graphene can be fast, low cost, and have 
a high yield.

In monolayer PG, a bottom-up synthesis strategy can pre-
cisely control the pore structure and morphology, but is time-
consuming and suffers from complicated protocols. For the 
top-down techniques, photo-, electron-, and plasma-etching 
have been used for the preparation of PG films.[89,93–96,102] 
Chemical etching is a relatively cost-effective and simple 
process for the large-scale fabrication of PG, but the defects 
introduced eventually affect the conductivity and mechanical 
properties.[104]

3.2. 2D Laminar PG

Besides monolayer PG,[105] producing 2D laminar sandwich-like 
PG hybrids by the direct loading of porous functionalized moie-
ties onto graphene has been demonstrated as an efficient strategy 
to prevent the restacking.[106–108] So far, 2D porous polymers, 
metal oxides, silica, and carbon-based nanohybrids have been 
reported widely.[109–112] These hybrids were prepared based on 
the interaction forces between graphene and other precursors, 
without the assistance of a template. Zhuang et al. fabricated a 
simple catalyst-free and graphene-inspired strategy for the large-
scale synthesis of Schiff-base-type porous polymer[109] nanosheets 
displaying high nitrogen content of 43.9 wt%, and single-sheet 
porous structure. Furthermore, they could serve as robust pre-
cursors for the formation of heteroatom-doped porous carbon 
nanosheets by template-free pyrolysis. As another example, Tong 
et  al. prepared uniform sandwich-like mesoporous Nb2O5/gra-
phene/mesoporous Nb2O5 nanosheets using a two-step hydrol-
ysis approach to produce high-rate and high-capacity sodium 
ion batteries.[113] Specifically, the mesopores were constructed by 
several nanometer-sized Nb2O5 particles on graphene. Because 
of its uniform 2D feature, large SSA, and highly mesoporous 
structure, electrodes fabricated from these nanosheets displayed 
excellent electrochemical performance.

The creation of PG hybrids with well-defined porous struc-
tures is very important in specific applications.[92] In gen-
eral, 2D-ordered PG hybrid nanosheets are obtained by the 
decoration of functional components on graphene with soft- 
and hard-templates.[92] For example, 2D sandwich-like gra-
phene-based mesoporous silica (GM-silica) sheets have been 
fabricated with cetyltrimethylammonium bromide as soft tem-
plate (Figure  5a).[107] After annealing, 2D sandwich-like GO-
based mesoporous silica (GOM-silica) nanosheets were reduced 
to GM-silica, showing a free-standing nanosheet morphology. 

Adv. Funct. Mater. 2020, 30, 1909035

Figure 5. a) Schematic of the fabrication of GOM–silica nanosheets. Reproduced with permission.[107] Copyright 2010, WILEY-VCH. b) Schematic of the 
fabrication, c) SEM, and d) TEM images of mPPy@GO nanosheets. b–d) Reproduced with permission.[114] Copyright 2015, Nature Publishing Group.
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It is worth noting that the GM-silica nanosheets could serve 
as a hard template for generating graphene-based mesoporous 
carbon (GM-C), with well-organized mesopores with the size of 
≈2 nm. Beside this, patterning 2D free-standing surfaces (e.g., 
graphene) with mesoporous conducting polymers, such as 
polypyrrole and polyaniline is a versatile route to develop 2D 
PG hybrid nanosheets.[114–116] In a typical fabrication, spherical 
micelles of the block copolymer polystyrene-b-poly(ethylene  
oxide) were used as a soft template for polymerizing the 
polypyrrole on the GO surface to produce mesoporous GO-
based polypyrrole (mPPy@GO) and GO-based polyaniline 
(mPANi@GO) nanosheets (Figure  5b). Notably, mPPy@GO 
nanosheets had a 2D free-standing morphology, tunable pore 
sizes ranging from 5 to 20 nm (Figure 5c,d), an adjustable thick-
ness of 35–45  nm, and large SSA of 85 m2 g−1. Such a novel  
structure of 2D mPPy@GO nanosheets delivered excellent 
capacitance and rate performance as electrodes of supercapaci-
tors and micro-supercapacitors (MSCs).

To summarize, 2D laminar PG hybrids with disordered or 
ordered pores couple the merits of graphene and porous functional 
materials while eliminating their individual drawbacks. They not 
only have the morphological characteristic of 2D graphene and a 
micro-/mesoporous structure, but also show excellent properties 
such as large SSA, ultrathin thickness, and impressive electrical 
conductivity, making them useful in medicine, biology, catalysis, 
environmental protection, energy storage, and energy conversion.

3.3. 3D Interconnected PG

3.3.1. Hydrothermal/Solvothermal Assembly

3D PG can not oly provide continuously interconnected 3D 
structures with a large surface area, low weight density, and 
high conductivity,[117–120] but also is a good support for loading 
metals and metal oxides. Wu et al. reported a 3D N-doped gra-
phene aerogel (N-GA)-supported Fe3O4 nanoparticle (Fe3O4/N-
GA) material as an efficient catalyst for the oxygen reduction 
reaction (ORR, Figure  6a).[117] Scanning electron microscopy 
(SEM) revealed an efficient assembly between graphene 
nanosheets and Fe3O4 NPs, in which a 3D interconnected PG 
framework with continuous macropores was observed. Soon 
after, Xu et  al. reported the preparation of graphene/Ni(OH)2 
hydrogels by using a one-step hydrothermal approach[121] sug-
gesting that a hydrothermal process which induced the 3D 
self-assembly of graphene with a porous structure by nonco-
valent driving forces may promote uniform chemical doping 
and in situ growth of metal oxide/hydroxide moieties on 3D 
graphene framework. Using hydrothermal and solvothermal 
reduction,[122] a series of heteroatom-doped graphene gra-
phene/CNTs,[123,124] graphene/polymers,[125,126] hydrogels/aero-
gels,[127,128] graphene/metal oxide and sulfide[129,130] composite, 
and hydrogels/aerogels graphene/metal nanoparticles[131,133] 
have been explored, which greatly expand the diversity and 
functions of 3D PG. Particularly interesting is the fact that, 
simple solvothermal treatment of an amphiphilic GO and acti-
vated carbon particles dispersion can be employed to prepare 
graphene/activated carbon organogels.[134] Therefore, the solvo-
thermal and hydrothermal reduction strategies are simple and 

effective routes to directly assemble 3D graphene networks by 
involving neither extra chemicals nor post treatment.

3.3.2. Chemical Reduction

The chemical reduction of GO is another efficient method for 
the assembly of 3D graphene networks by the major driving 
forces of hydrogen bonds and π–π stacking interactions, using 
reducing agents, e.g., L-ascorbic acid, hydrogen iodide, hydro-
quinone, sodium hydrogen sulfite, and sodium sulfide.[135–138] 
Chemical reduction can be accomplished under lower tempera-
ture and shorter hours compared to hydrothermal reduction.[139] 
Owing to the restoration of the π-conjugation and a more com-
plete reduction, PG obtained by chemical reduction has higher 
electrical conductivity than those produced by hydrothermal 
reduction. In addition, the macroporous graphene hybrids con-
structed by this method can maintain high flexibility very well 
after the self-assembly.[140]

In addition to the chemical routes, 3D self-assembled graphene 
framework can be obtained by an electrochemical deposition–
reduction strategy (Figure  6b).[118,141] The as-prepared PG hydro-
gels, consisting of perpendicularly aligned graphene strongly 
bonded to the electrode, are not only electrically conductive but 
also accessible to electrolyte ions serving as a new electrode for 
the further electrodeposition of secondary functional components.

3.3.3. Hard Template Method

In addition to the two above methods, template-induced CVD 
has emerged as a promising strategy to produce a 3D intercon-
nected flexible porous network of high-quality graphene, using 
porous nickel foam as a sacrificial template, with methane or 
ethanol as the carbon source. Chen et  al. fabricated a typical 
3D graphene foam (GF) by using porous nickel (Ni) foam as a 
template for the CVD growth of graphene from CH4 at 1000 °C 
under ambient pressure (Figure  6c).[119] The GF inherited the 
interconnected 3D scaffold of the Ni foam template with a high 
porosity and only few-layer graphene on the walls of the foam. 
Such unique GFs have enormous potential for use as foldable, 
flexible, and stretchable conductors and energy storage devices.

Colloidal synthesis is another template method for the prep-
aration of 3D interconnected PGMs.[18,142] 3D self-supported 
interconnected graphene framework was prepared by vacuum 
filtration and post-treatment method with CMG and a self-
assembled polystyrene sphere (PS) (Figure  6d).[18] Compared 
to the CVD template method, this PS-template synthesis can 
easily control the pore diameter of the obtained graphene 
framework by adjusting the size of PS. Moreover, the obtained 
3D macroporous CMG films provide rapid paths for electronic 
and ionic transport, thus providing ample potential for energy 
storage and conversion applications.

3.3.4. Laser-Induced Reduction

Since 1994, laser has been widely applied for producing micron-
sized features and 3D microdevices by exploiting localized 
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heating.[143] Later, laser-reduction became a straightforward, 
scalable patterning approach for producing graphene-based 
nanomaterials.[144] The structure of a laser-induced PG can be 
designed and altered by adjusting the laser energy and sub-
strate material. LightScribe DVD optical drive has been used 
to produce the direct laser reduction of GO to graphene pat-
terns by El Kady and co-workers (Figure  6e).[120] GO film was 

converted into a laser-scribed graphene (LSG) film by laser 
beam reduction, in which the gas produced by laser reduction 
generated 3D porous nanostructures with large accessible SSA 
(1520 m2 g−1). Further, a one-step scalable approach using CO2 
laser irradiation of commercial insulating polyimide under 
ambient conditions was developed for the preparation of a 
PG film,[145] which is promising for use in microscale energy 
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Figure 6. a) Fabrication process for 3D Fe3O4/N-GAs catalyst. Inset: SEM image of 3D macroporous-structured Fe3O4/N-GA. Reproduced with permis-
sion.[117] Copyright 2012, American Chemical Society. b) Diagrammatic of the preparation method for ERGO-based composite materials. Inset: SEM 
image of ERGO on copper foil. Reproduced with permission.[118] Copyright 2012, Royal Society of Chemistry. c) Synthesis of 3D GF and integration 
with PDMS. Reproduced with permission.[119] Copyright 2011, Nature Publishing Group. d) Schematic of the procedure to fabricate 3D macroporous 
MnO2/e-CMG film. Inset: SEM images of the e-CMG film, and 3D ionic and electronic transport paths in the MnO2/e-CMG electrode. Reproduced with 
permission.[18] Copyright 2012, American Chemical Society. e) Schematic showing the fabrication process of LSG-based supercapacitors. Reproduced 
with permission.[120] Copyright 2012, American Association for the Advancement of Science.
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storage devices. Very recently, Wu’s group demonstrated the 
fast and simplified production of integrated MSCs based on 
laser-induced graphene films with 3D interconnected porous 
network, large SSA (203 m2 g−1), and high electrical conduc-
tivity (8.5 S cm−1).[146] Importantly, the obtained all-solid-state 
planar-integrated MSCs showed high capacitance and out-
standing rate capability, indicative of great potential as on-chip 
power sources for miniaturized electronics.

3.4. Hierarchically PG (HPG)

Owing to their diversity and enhanced performance, HPG with 
two or three type pores have attracted considerable attentions. 
So far, several key approaches for fabricating of HPGs with 
bimodal porous structures have been developed, including 
assembly and post-treatment,[147] colloidal crystal templating,[24] 
freeze drying,[148] supercritical fluid,[149] and hydrothermal 
method.[150] Besides, HPGs can be synthesized by altering the 
chemical and physical parameters of phase separation, tem-
plating replication, and post-treatment.[151] Importantly, HPG 
can efficiently combine the structural advantages of each indi-
vidual porous structure, showing large accessible space, low 
mass density, high SSA, variable chemical compositions, and 
interconnected hierarchical porosity. Therefore, the HPG mate-
rials are benefit benefical for large ion storage, fast ion diffu-
sion, and rapid electron transportation, endowing them with 
technological importance in energy storage and conversion, 
catalysis, and separation. For instance, Xiao et al., reported hier-
archically porous air electrodes with functionalized graphene 
sheets that contain lattice defects and hydroxyl, epoxy, and car-
boxyl groups by a colloidal microemulsion approach.[24] The 
resultant 3D air electrodes were consisted of interconnected 
hierarchical porous structure of both micropore and mesopores, 
which were more suitable for Li-O2 battery in comparison with 
2D layered structure. In order to meet the practical demand 
of flexible supercapacitors for high mechanical strength and 
porous structure, Wang’s group developed the flexible graphene 
films with interconnected mesopore and macropore structures 
through post-reduction of a blade-cast GO hydrogel.[147] The 
as-prepared PG film prossessed high strength, superior tough-
ness, large SSA, and high electrical conductivity, making them 
one very promising electrode candidate for high-performance 
flexible supercapacitors. Further, Chen and Qiao demonstrated 
a 3D oxygen evolution reaction (OER) catalyst with hierarchical 
pores for water splitting.[152] Benefiting from the unique in- and 
out-plane pores structure, 3D conductive network, and N-doped 
graphene, the OER catalytic activity was remarkably promoted, 
which was well comparable to those of some noble metal cata-
lysts, e.g., IrO2.

4. Functionalization Chemistry of PG

Even though graphene’s astounding properties are suitable for 
different purposes, there may be some challenges like disper-
sion in a particular medium, a low intrinsic limit on certain 
properties or difficulties in processing that restrict their uni-
versal application. Such shortcomings can be overcome by the 

chemical functionalization of graphene or GO. There are two 
ways of functionalizing graphene, including noncovalent inter-
actions and covalent bonds.

4.1. Covalent Functionalization

The purpose of covalent modification of graphene is converting 
sp2 carbons to sp3, which has a preferential tetrahedral geom-
etry with longer bonds.[153] This transformation affects the 
sp3 carbons directly while creating a geometric distortion that 
extends over several lattice positions. Compared to graphene, 
the covalent functionalization of GO imposes fewer restrictions 
on the delocalized π network,[8] because it contains OCFGs, 
including epoxy, hydroxyl, carbonyl, and carboxyl functional 
groups.[47] Thanks to the presence of the oxygen groups on the 
surface, GO can often be the raw material for the formation 
of PG and PG derivatives through the covalent attachment of 
organic groups to its surface. As a typical study, in situ lithia-
tion synthesis of a nanosize lithium sulfide/graphene aerogel 
with COS bond interaction efficiently suppresses the shut-
tling of polysulfides in Li-S batteries.[154]

4.2. Noncovalent Functionalization

Noncovalent functionalization exists in all types of mate-
rials, and is critically important for determining the mate-
rials’ structure, stability, and function. Compared to covalent 
functionalization, some notable characteristics of noncovalent 
functionalization are as follows: i) noncovalent functionaliza-
tion is largely preferred to functionalize graphene and GO 
because although it introduces new chemical groups, the elec-
tronic properties and structure of graphene can still be pre-
served while dispersibility, reactivity, binding capacity, or other 
properties can be tuned; ii) the treatment methods offer high 
flexibility, due to the mild and nonpermanent character of non-
covalent interactions; iii) the total energies of noncovalent inter-
action can rival some covalent bonds.[153,155]

On the basis of driving force, the common styles of noncova-
lent functionalization can be divided into ion interactions, van 
der Waals forces, π–π effect, and hydrogen bonding.[155] Among 
these, it can achieve the noncovalent-functionalized graphene 
and GO by relying on π–π interactions and van der Waals forces 
with some polymers and organic molecules. Hydrogen bonds 
and ionic interactions often occur at the edges and the surface 
of GO with abundant OCFGs, which does not occur in pristine 
graphene.

4.2.1. π–π Stacking Interactions

The π–π stacking interaction as a noncovalent interaction plays 
an important role in graphene’s surface chemistry.[156–158] It 
refers to the weak interactions that often occur between elec-
tron-poor and electron-rich regions. It is commonly seen that 
π–π interactions are mainly divided into two types: a) face-
to-face stacking, and b) CH···π edge-to-face stacking. The 
interactions occurring between small molecules are used to 
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functionalize GO and graphene for further processing and 
property modification on both sides of graphene. Because of 
the defects and OCFG on the surface of GO or rGO, there are 
also both acceptor moieties and hydrogen-bond donors from 
OCFGs that contribute an additional interaction mode. With 
an increase in degree of reduction of GO, most OCFGs on 
the basal plane can be removed, leading to a material with an 
edge-dominant oxygen moiety. The π–π interactions have two 
major necessary conditions, one is the existence of π systems, 
and the other is the geometry of the interacting species. Con-
jugated molecules with abundant double carbon bonds have 
been applied to construct high-performance graphene-based 
composites by cross-linking adjacent graphene nanosheets with 
π–π interactions.[155] Xiao et al. reported that the plane-to-plane 
conductivity of layer-by-layer stacked CVD graphene films could 
be increased by insertion of 1-pyrenebutyric acid N-hydroxy-
succinimide ester into the graphene interlayer.[159] However, 
other small pyrene derivatives with pendant groups are able 
to undergo intermolecular bonding and are prone to aggrega-
tion through π–π interaction during the formation of graphene-
based composites, resulting in low electrical conductivity.[155]

4.2.2. Van der Waals Interactions, Ionic Interactions, 
and Hydrogen Bonding

Hydrophobic property of graphene promotes its interactions 
with hydrophobic or partially hydrophobic organic molecules, 
which are helpful for the dispersion of graphene nanosheets in 
both aqueous and organic media, as well as the incorporation 
in polymers. Due to the partial reduction of OCFGs in rGO, 
hydrophobic interactions also appear in rGO, which is more 
hydrophobic than oxygen-enriched GO and much closer to gra-
phene’s aromatic character. These surface functional groups 
and the hydrophilicity of GO, and hydrophobic properties of 
graphene and rGO play an important role in ionic interactions 
or hydrogen bonds with the analogous ionic parts of molecules 
or macromolecules.[8] For instance, in a typical hydrothermal 
method for producing 3D PG structures, strong cross-links 
of 3D graphene network were formed through π–π stacking, 
hydrogen bonds, and van der Waals interaction between the 
partially reduced and functionalized graphene.[136]

4.3. Chemical Doping

Chemical doping is a proven method for adjusting the electrical 
properties of pristine graphene by controlled doping with elec-
trons and holes, when pristine graphene is unstable in the sur-
rounding environment. The mechanisms of chemical doping 
in graphene can take two routes: electrical doping (induced by 
gate voltage)[42,160] and chemical doping (induced by chemical 
species).[161]

4.3.1. Surface Transfer Doping

Surface transfer doping is achieved by electron exchange 
between a semiconductor and adsorbed dopants on its 

surface.[162] It does not disrupt the graphene structure, and most 
cases of chemical doping are reversible. As a result of chemical 
doping, graphene can be divided into n-type or p-type.[163,164] 
Generally, molecules with electron withdrawing nature induce 
p-type doping on graphene upon adsorption, while donating 
groups confer n-type doping. The differences between gra-
phene with n- and p-type doping are summarized below. First, 
p- and n-type doping drives the Dirac point of graphene above 
and below the Fermi level, respectively. Second, p-type doping 
is accomplished by adding less than four valence electron 
atoms, while n-type doping is achieved by adding more than 
four valence electrons atoms. Third, n-type doping of graphene 
results in a stiffening of G band (demarcated by a downshift) 
while p-type doping leads to softening (demarcated by upshift). 
Correspondingly, the resistivity of p-type (n-type)-doped gra-
phene shifts toward positive (negative) gate voltage compared to 
Dirac point of pristine graphene.[165]

4.3.2. Substitutional Doping

Different from surface doping, substitutional doping is the sub-
stitution of carbon atoms in the graphene honeycomb lattice by 
different number of valence-electrons atom, which results in 
the disruption of sp2 bonding-atoms and involuntary doping.[15] 
Substitution doping can also be divided into p- and n-type 
doping. Compared to a carbon atom, a nitrogen atom has an 
additional electron, and serves as an electron donor for the 
n-type doping of graphene, while boron has one less electron 
and acts as an electron acceptor producing p-type doping.[166]

4.3.3. Synthesis of Doped Graphene

Heteroatom-doped graphene is obtained by two different strat-
egies: direct synthesis and post treatment, with the former 
producing more homogenous doping than the latter. In most 
cases, the latter leads to surface doping only. Generally, direct 
synthesis is achieved by CVD, solvothermal, segregation 
growth, and arc-discharge approaches,[167] while post treatment 
follows N2H4 treatment, and plasma treatment, thermal treat-
ment. A summary of the various approaches used to synthesize 
heteroatom-doped graphene is given in Table 1.

A typical example of n-type doping is the synthesis of 
N-doped graphene sheet using CVD with NH3 as the nitrogen 
source.[168] As shown in Figure  7, X-ray photoelectron spec-
troscopy (XPS) showed that N bonding was incorporated in 
the forms of “pyrolic”, “pyridinic”, and “graphitic”. Similar to 
n-type-doped semiconductors, N-doped graphene has a low 
conductivity, low mobility (200–450 cm2 V−1s−1), and large on/
off current ratio.

High temperature annealing with nitrogenous organic com-
pounds or ammonia as the nitrogen source is a general and 
efficient method of obtaining N-doped graphene.[174,175,187,190] 
Taking advantage of their hydrogel behavior together with 
the mechanical stability of GO sheets, an interconnected 
macroporous nitrogen-doped freestanding film was con-
structed (Figure  8a).[190] The doping process and reduction 
of graphene can be accomplished simultaneously, Wu et  al. 
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prepared heteroatom (N, B)-doped chemically derived gra-
phene in one step (Figure  8b,c).[187] The oxygen atomic per-
centage was significantly reduced from 8.55% for the pristine 
graphene to 3.13% for the N-doped graphene and 6.06% for 
the B-doped graphene, due to the formation of CN and CB 
bonds by the reaction of OCFG with NH3 and BCl3. Impor-
tantly, these heteroatom-doped graphene have extremely high 
rate and large capacity for lithium ion batteries for the fol-
lowing reasons. First, the electrochemical activity and elec-
trical conductivity of graphene in electrochemical process can 
be simultaneously increased by N or B doping. Second, doped 
graphene has higher thermal stability than pristine graphene 
due to the simultaneous reduction and doping process. Third,  
the increased disorder of surface morphology caused by 
doping also plays a significant role in improving the electro-
chemical properties.[170,171] Other heteroatom co-doped PG-
based materials have also shown improved electrochemical 
performance compared to nondoped graphene. For example, 
a 3D N, S co-doped rGO/carbonized cellulose paper with 
many nanosize holes used as the interlayer in Li-S batteries, 
achieved wonderful permselectivity for effective intercepted 
polysulfides and Li ions, delivering high areal capacity and sig-
nificant cycling stability (Figure 8d).[191] A nitrogen and iodine 
co-doped PG with a well-defined microstructure was fabricated 
by a hydrothermal self-assembly strategy followed by heat 
treatment at 900  °C (Figure  8e).[192] Compared to un-doped, 
nitrogen-, or iodine-monodoped PG, the co-doped material 
showed higher activity for the OER and ORR.

5. Promising Applications of PG

By virtue of the different advantages discussed above in terms 
of mechanical, electrical, and chemical properties, PGMs 
have enabled unprecedented advances in terms of device per-
formance in various sectors.[193] As mentioned in previous 
sections, these improvements are mainly attributed to the com-
bined effects of surface chemistry, dynamic chemistry, and elec-
tron-transfer chemistry of functionalized PG. Such effects allow 
us to chemically tune and precisely functionalize the features 
that are useful for certain structure-determined performance 
applications. In the following section, we shall give a concise 
account of the most attractive progress on chemically func-
tionalized PG-based materials for the key applications such as 
supercapacitors, Li ion batteries, Li metal/sulfur batteries, next-
generation batteries, electrocatalysis, and molecular separation, 
and attempt to fully analyze and comprehensively understand 
the inherent relationships between functional chemistry-related 
materials parameters (e.g., pore structures, morphology, com-
ponents) of PG and the performance of these devices.

5.1. Supercapacitors

As an important and promising electrochemical energy storage 
device, supercapacitors have the distinct attributes of a short 
charge/discharge time, long cycle life, high power density, 
and environmental friendliness.[194] According to the energy 
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Table 1. Summary of heteroatom doping on graphene.

Heteroatom species Synthesis methods Precursors Applications Refs.

Nitrogen CVD CH4/NH3 FET [168]

Nitrogen CVD NH3/He ORR [169]

Nitrogen CVD NH3/CH4/H2/Ar ORR [170]

Nitrogen CVD Acetonitrile Li ion battery [171]

Nitrogen CVD Pyridine FET [172]

Nitrogen Arc discharge NH3 (50%, v/v) – [173]

Nitrogen Thermal treatment Melamine, formaldehyde [174]

Nitrogen Thermal treatment H2/Ar ORR [175]

Nitrogen Thermal treatment Melamine, g-C3N4 ORR [176]

Nitrogen Plasma GO, N2 plasma Ultracapacitors [177]

Nitrogen Plasma Exfoliated graphite oxide, N2 plasma fuel cells [178]

Nitrogen Plasma Graphite oxide, N2 plasma Three electrode cell [179]

Nitrogen Plasma Graphite oxide, N2 plasma Biosensor [180]

Nitrogen N2H4 treatment GO, N2H4, NH3 – [181]

Nitrogen N2H4 treatment Exfoliated graphite oxide, N2H4 Electrochemical biosensor [182]

Boron Thermal treatment B2O3 ORR [183]

Boron Thermal treatment BBr3 Solar cells [184]

Boron Laser H3BO3 Micro supercapacitor [185]

Boron CVD H2/phenylboronic acid – [186]

Nitrogen and boron Thermal treatment NH3/Ar, BCl3/Ar Li ion battery [187]

Nitrogen and boron Thermal treatment C2H2N4, H3BO3 Supercapacitor [188]

Nitrogen and boron Arc discharge B2H6 – [189]
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storage mechanism, supercapacitors can be simply divided into 
two types including electrochemical double-layer capacitors 
(EDLCs) that store charge by the physical absorption of elec-
trolyte ions on the electrolyte/electrode interface, and pseudo-
capacitors that use fast and reversible faradaic reactions that 
occur between electrode and electrolyte.[194,195]

5.1.1. EDLCs

Aiming at achieving high capacitance, carbon materials (e.g., 
activated carbon, porous carbon, CNTs, graphene) require 
large SSA, an appropriate pore size distribution, abundant 
heteroatoms, high electrical conductivity, and stable physico-
chemical properties.[196–200] In this respect, graphene, including 
PG, would be a perfect candidate for achieving high energy 
density because of its large theoretical SSA and gravimetric 
capacitance.[201] However, strong π–π interactions between gra-
phene sheets will actually cause the irreversible aggregation 
and spontaneous layer restacking during electrode manufac-
ture,[202] which seriously compromises the available SSA and 
increases the contact resistance.[203] Ions in the restacked film 
need to travel a much longer distance to find the broken edges 
or defects of the graphene nanosheet in order to cross each 
graphene layer, which greatly reduces the ion diffusion rate 
(Figure 9a).[95] In this regard, PGMs by allowing the electrolytes’ 
fast access to the surface of the porous framework promise 
better performance than other porous carbons.[194,195]

To achieve high SSA without sacrificing other excellent 
properties, various approaches have been developed to obtain 
high-performance PG-based materials for supercapacitors. For 

instance, Zhu et  al. demonstrated the chemical activation of 
exfoliated graphite oxide to synthesize a PG-based carbon with a 
SSA up to 3100 m2 g−1 and abundant micropores (Figure 9b).[99] 
The 3D continuous network of highly curved, atom-thin gra-
phene walls ranging from 0.6 to 5  nm pores gives the sp2-
bonded carbon high capacitances of 165, 166, and 166 F g−1  
at current densities of 1.4, 2.8, and 5.7 A g−1, respectively, in 
1-butyl-3-methyl-imidazolium tetrafluoroborate (BMIMBF4/
AN) electrolyte in a two-electrode system (Figure 9c,d). In addi-
tion, they developed another PG-derived carbon with high SSA 
of 3290 m2 g−1 by the microwave expansion and KOH activa-
tion of graphite oxide.[201] The gravimetric and volumetric spe-
cific capacitances of these two graphene-derived porous carbons 
were measured to be 174 F g−1 and 100 F cm−3, respectively, in an 
EMIMTFSI/AN electrolyte. Usually, a porous structure with low 
packing density and high SSA tends to provide high gravimetric 
capacitance, but low volumetric capacitance. To simultaneously 
obtain both for EDLCs, Xu et al. used HGFs (Figure 4f,g) with 
nanopores as high-performance binder-free electrodes in super-
capacitors.[95] The nanopores in the holey graphene effectively 
shorten the ion transport distance between neighboring gra-
phene layers, which significantly accelerates ion transfer across 
the whole HGF assembly. As a result, HGFs not only had a 
high gravimetric capacitance of 298 F g−1, but also high volu-
metric capacitance of 212 F cm−3 in an organic electrolyte. In 
addition, the fully packaged device fabricated with HGFs pro-
vided volumetric and gravimetric energy densities of 49 Wh L−1  
and 35  Wh kg−1, respectively, comparable to a traditional 
lead acid battery. Another study worth mentioning, dealing  
with porous yet densely packed carbon electrodes with a low 
ion transport resistance, high SSA, and high packing density 
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Figure 7. a) N 1s XPS spectrum of N-doped graphene. b) Schematic and c) Raman spectra of N-doped graphene. d) Pristine graphene and N-doped 
graphene transfer characteristics. e,f) Ids/Vds characteristics at various Vg values for pristine graphene and N-doped graphene field effect transistor 
(FET) devices. Insets: presumed band structures. a–f) Reproduced with permission.[168] Copyright 2009, American Chemical Society.
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Figure 8. a) Schematic showing the fabrication process of N-doped graphene aerogel films. Reproduced with permission.[190] Copyright 2019, Elsevier. 
b) Illustration of the fabrication of all-solid-state supercapacitors based on BN-GA. c). N 1s (upper) and B 1s (bottom) XPS spectra of boron and nitrogen co-
doped graphene aerogels (BN-GAs). b,c) Reproduced with permission.[187] Copyright 2011, American Chemical Society. d) Illustration of the fabrication pro-
cess of nitrogen–sulfur co-doped reduced holey graphene oxide/carbonized cellulose paper (NS-RHGO-CCP) interlayer. Reproduced with permission.[191] 
Copyright 2019, Elsevier. e) Schematic of the synthesis of iodine-doped porous graphene (INPG). Reproduced with permission.[192] Copyright 2019, Elsevier.
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Figure 9. a) Schematic of the HGFs for electrochemical capacitors. Reproduced with permission.[95] Copyright 2014, Nature Publishing Group. b) Sche-
matic showing the generation of pores by chemical activation of MEGO with KOH. Inset: i–iii) Morphologies of 3D a-MEGO. c) CV curves of a-MEGO 
at different scan rates in BMIMBF4/AN electrolyte. d) Galvanostatic charge/discharge curves of a-MEGO-based supercapacitors under different con-
stant currents. b–d) Reproduced with permission.[99] Copyright 2011, American Association for the Advancement of Science. e) Volumetric capacitance 
and f) energy density of the EM-CCG film and dried CCG film. e,f) Reproduced with permission.[196] Copyright 2013, the American Association for  
the Advancement of Science. g) Schematic of the formation of Ni(OH)2/graphene sheets. h) Specific capacitance of Ni(OH)2 and Ni(OH)2/graphene 
obtained at various scan rates. i) Schematic of asymmetric supercapacitors based on PG as negative electrode and a Ni(OH)2/graphene as positive elec-
trode. j) Specific capacitance of PG and chemically reduced graphene at different current densities. g–j) Reproduced with permission.[197] Copyright 2012, 
WILEY-VCH. k) Schematic showing the fabrication process for an interdigital LSG-MSC, and photographs of more than 100 LSG-MSCs on a single disk.  
l,m) Galvanostatic charge/discharge curves of four LSG-MSCs connected in l) series and m) in parallel. k–m) Reproduced with permission.[198] 
Copyright 2013, Nature Publishing Group.



www.afm-journal.dewww.advancedsciencenews.com

1909035 (16 of 39) © 2020 WILEY-VCH Verlag GmbH & Co. KGaA, Weinheim

(1.49 g cm−3) was reported by Yang et al.[196] Electrolyte-mediated 
chemical-converted graphene (EM-CCG)-based supercapacitors 
delivered high specific capacitances of 255.5 and 261.3 F cm−3 
in an aqueous and organic electrolyte, respectively, at 0.1 A g−1 
(Figure  9e,f). It should be pointed out that the low packing 
density caused by the abundant porosity is a big obstacle for 
achieving high volumetric energy density for practical use.

Besides, designing vertically aligned graphene (VG) arrays 
is of great importance for enhancing ion diffusion to improve 
the capacitance in particular at high scan rates.[204] For example, 
Zheng et al, reported high-power micro-supercapacitors  
(VG-MSCs) based on high-density unidirectional arrays of verti-
cally aligned graphene nanosheets, obtained from a thermally 
decomposed SiC substrate.[205] Owing to their vertically oriented 
edges, high electrical conductivity, high-density structurally 
ordered alignment of graphene, and open intersheet channels, 
VG-MSCs displayed a high areal capacitance of ≈7.3 mF cm−2  
and a fast frequency response with a short time constant of 
9  ms. This strategy of producing high-density unidirectional 
VG nanosheets demonstrated the feasibility of manufacturing 
high-power compact supercapacitors. As another example, Lee 
et  al. realized the fabrication of vertically aligned 3D porous 
VOPO4-graphene by a general ice-templated self-assembly 
technique.[206] The resulting 3D VOPO4-graphene showed high 
SSA, vertically aligned and directionally porous structure, and 
excellent electrical conductivity, greatly facilitating the diffusion 
of electrolyte ions and transportation of electrons within the 
porous framework. As a result, the obtained electrodes exhib-
ited higher capacitance of 527.9 F  g−1 at 0.5 A  g−1 compared with 
≈247 F g−1 of 3D VOPO4 without graphene.

5.1.2. Pseudocapacitors

Pseudocapacitive materials including transition metal oxides 
(TMO), transition metal hydroxides, conducting polymers, or 
heteroatom-doped active materials are able to achieve higher 
energy densities but have an inferior rate performance and 
cycling life to EDLC materials. To overcome this issue, a prom-
ising and reliable strategy is to exploit PG-based hybrids to take 
full advantage of the combined effect of PG and electroactive 
components (e.g., TMO, polymers) for pseudocapacitors.[207,208] 
So far, many hybrids of graphene-TMO and graphene-con-
ducting polymers have been developed, in which the graphene 
serves as a flexible and conductive substrate for the electroac-
tive materials, thus improving the electrical conductivity and 
mitigating their agglomeration, and eventually increasing the 
electrochemical performance. For example, Dong et  al. pre-
pared 3D GF/Co3O4 composites by using GF as a 3D support to 
anchor metal oxide particles by a hydrothermal procedure.[209] 
High specific capacitances of 768, 618, 552, and 456 F g−1 were 
achieved when the composite was measured at 10, 15, 20, and 
30 A g−1, respectively. Yan et al. reported a flower-like Ni(OH)2/
graphene for use in supercapacitors,[197] which showed higher 
specific capacitance of 1735 F g−1 than that of pure Ni(OH)2 
(1600 F g−1) at 1  mV s−1, demonstrating the strong coupling 
effect. With the scan rate increasing to 50 mV s−1, the Ni(OH)2/
graphene still had a specific capacitance of 523 F g−1, indicative 
of outstanding rate capability (Figure 9g–j).

In addition to the combination of graphene with pseudoca-
pacitive materials, chemical doping of graphene itself is also 
a very useful strategy to improve the supercapacitive perfor-
mance by effectively tuning its electron mobility and offering 
additional pseudocapacitance.[210–212] Graphene doping with 
nitrogen, boron, sulfur, and other elements for supercapacitors 
has been extensively investigated,[213–216] and recent advances 
are summarized in Table  2. Typically, nitrogen-doped gra-
phene can be prepared by CVD, arc-discharge, ball milling, 
microwave plasma-CVD, thermal treatment, and hydrothermal 
treatment.[217–220] The significance of choosing N-doping is 
that the electrochemically active nitrogen atoms (pyridinic-N 
and pyrrolic-N) provide extra pseudocapacitance by the faradic 
redox reaction while the quaternary-N plays an important role 
in the improvement of electrical conductivity.[213] For example, 
pyrrolic-enriched N-doped graphene showed a capacitance of 
194 F g−1 in 1 m KCl, because the pyrrolic configuration has a 
better binding energy for electrolyte ions to boost the capaci-
tance.[221] Similarly, B-doped graphene also exhibited better 
electrochemical performance, which is explained by the fact 
that the deficiency of electrons in boron atoms is beneficial 
for attracting electrolyte anions and introducing pseudocapaci-
tance.[213] In addition to monoatomic doping, graphenes with 
dual or multielement co-doping (e.g., N/P, N/S, and S/P) have 
been developed, as shown in Table 2.

The trend of electronic devices toward miniaturization and 
integration into clothes has stimulated extensive research on 
micro-scale power sources. MSCs with the advantages of high 
charge/discharge rates and superior cycling stability are prom-
ising candidates for miniaturized energy storage which can be 
integrated with microelectronic systems to provide the required 
micropower.[222,223] Notably, graphene-based MSCs have drawn 
increasing attention because the unique structure and proper-
ties of graphene and its derivatives are ideal for meeting the 
demands of MSCs.[224–226] In 2011, Gao et  al.[227] reported the 
large-scale fabrication of monolithic MSCs by laser reduction 
and patterning of free-standing graphite oxide films. Both in-
plane and conventional sandwich configurations were pat-
terned with micrometer resolution. Similarly, EI Kady and 
Kaner[198] demonstrated a simple and cost-effective method 
for fabricating graphene-based MSCs (Figure  9k). By using a 
standard LightScribe DVD burner for direct laser writing of 
GO films, more than 100 MSCs were readily produced on a 
single disk, and easily integrated both in series and in parallel 
to obtain higher operating voltage and capacitance for practical 
applications (Figure 9l,m), respectively. The as-fabricated LSG-
MSCs delivered high power density of 200 W cm−3 with excep-
tional mechanical flexibility and cycling stability, demonstrating 
promising prospects for practical micro-power sources. Aiming 
at improving the energy density and specific capacitance, gra-
phene-based composites with a faradic charge storage mecha-
nism have been used as electrode materials for MSCs.[228–230] 
For example, Wu et al.[231] prepared uniform stacked-layer het-
erostructure films with a thickness of 105 nm by the alternate 
deposition of electrochemically exfoliated graphene and redox-
active conducting thiophene nanosheets. After a patterning pro-
cess using oxygen-plasma etching, the resulting MSCs showed 
a remarkable areal capacitance of 1.3 mF cm−2 and a volumetric 
capacitance of 123 F cm−3 at an ultrahigh rate of 100 V s−1.
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5.2. Lithium Batteries

5.2.1. Lithium Ion Batteries (LIBs)

LIBs are popular high-energy-density electrochemical energy 
storage devices in our daily life. However, a larger amount of 
energy stored in the active material is usually incompatible 
with a higher charge–discharge speed (i.e., power density). To 
this end, it is important to design and fabricate new electrode 
materials for high rate, high capacity, and long cycle life LIBs. 
Taking advantages of the inherent properties of graphene, 
PMs and their exceptional porous structure, PG frameworks 
provide a flexible space to suffer the large volume changes of 
LIB electrode materials during the charge–discharge process. 
In addition, the interconnected structure of PG-based electro-
chemically active materials can offer 3D electrically conducting 

paths to facilitate fast ionic transport, and eventually improve 
the electrochemical performance of the electrodes.[242,243]

The volumetric energy and power density of LIBs have 
been becoming a surging important parameter for practical 
applications.[95,244] For instance, Wang et  al. reported N-doped 
holey-graphene monolith with a dense microstructure and 
high density (1.1  g cm−3). The unique structure not only ben-
efited for electrons transport and ion diffusion channels for 
Li-ions, but also provided more edges on the sheet to increase 
Li-ion storage,[245] delivering three times the volumetric 
capacity (1052 mAh cm−3) of graphite anodes (370 mAh cm−3). 
Sun et  al. reported a 3D Nb2O5/HGF composite with tailored 
porosity (Figure  10), and high mass loading without obvious 
electrochemical performance decrease.[242] Figure  10a shows 
the synthesis process of the Nb2O5/HGF material and its struc-
tural advantages compared to Nb2O5/G composite. As shown in 
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Table 2. Electrochemical performance of graphene with heteroatom doping.

Host Elements (content) Synthesis methods Specific capacitance Electrolyte Measurement 
system

Cyclability and capacitance 
retention

Refs.

Graphene N (10.13 at%) Hydrothermal 326 F g−1@0.2 A g−1 6 m KOH Three-electrode 99.69% after 6000 cycles [213]

Graphene N (2%) Thermal reduction 144.9 F g−1@0.5 A g−1 1 m Et4N BF4/pro-
pylene carbonate

Two-electrode 94.3% after 2000 cycles [232]

Graphene 
hydrogels

N (5.86 at%) Hydrothermal 308 F g−1@3 A g−1 6 m KOH Three-electrode 92% retention after 1200 
cycles

[220]

rGO N (5.24 at%) Heat treatment with 
melamine resin

210 F g−1@0.5 A g−1 LiPF6 Two-electrode 96% retention after 20 000 
cycles

[233]

PG N (not provided) Hydrothermal 130 F g−1@1 A g−1 BMIMBF4 Two-electrode 96.6% retention after 20 000 
cycles

[234]

PG B (3%) Fried-Ice 281 F g−1@1 A g−1 2 m H2SO4 Three-electrode 100% retention after 4000 
cycles

[214]

Graphene B (4.7%) Pyrolytic synthesis 172.5 F g−1@0.5 A g−1 6 m KOH Three-electrode 96.5% retention after 5000 
cycles

[235]

Graphene 
nanoplatelets

B (1.1 at%) Reduction by a 
borane-tetrahydrofuran

200 F g−1@0.1 A g−1 6 m KOH Two-electrode 95% retention after 4500 
cycles

[212]

rGO aerogel S (1.9 at%) Thermal 445.6 F g−1@0.5 mV s−1 1 m H2SO4 Three-electrode 73.4% retention after 1500 
cycles

[236]

Graphene films S (7.1 at%) Bottom-up synthesis 582 F cm−3@10 mV s−1 H2SO4/PVA gel 
electrolyte

Two-electrode 95% retention after 10 000 
cycles

[215]

EG F (3 at%) Electrochemical 
exfoliation

134 F cm−3@1 mV s−1 EMIMBF4/PVDF-HFP 
gel electrolyte

Two-electrode 93% retention after 5000 
cycles

[216]

rGO S (0.38% at%)/ 
N(0.32 at%)

Solvothermal 254 F g−1@1 A g−1 0.1 m KOH and 0.5 
m KCl

Three-electrode 83.54% retention after 5000 
cycles

[237]

Porous GAs S (5.8% at%)/ 
N(4.6 at%)

Thermal 438 F g−1@10 mV s−1 1 m H2SO4 Three-electrode 93.4% retention after 10 000 
cycles

[148]

GO nanosheets N (3.0 at%)/ 
B(0.6 at%)

Hydrothermal reaction 
and freeze-drying 

processes

239 F g−1@1 mV s−1 H2SO4/PVA gel 
electrolyte

Two-electrode 100% retention after 1000 
cycles

[238]

Graphene hydrogel N/S Hydrothermal 45 F g−1@1 A g−1 PVA/KOH Two-electrode 69% retention after 4000 
cycles

[239]

GAs N(5.2%)/S(0.8%) Hydrothermal 203.2 F g−1@2 A g−1 EMIMBF4 Two-electrode 90% retention after 3000 
cycles

[240]

Graphene N(3.0%)/P(1.2%) Thermal 219 F g−1@0.25 A g−1 6 m KOH Two-electrode 86% retention after 20 000 
cycles

[241]
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Figure 10b,c, the as-prepared sample had a 3D porous structure 
and an obvious holey structure of the graphene nanosheets. 
The 3D porous HGF acted as a conductive network and sup-
port for Nb2O5 nanoparticles. The interconnected graphene net-
work accelerated electron transport, and the porous structure 
facilitated ion transport in the HGF. Hence, high mass loading 
and improved power capacity were simultaneously achieved 
by adjusting the pores of holey graphene in the composite 
(Figure  10d). Apparently, compared with Nb2O5/GF electrode, 
the Nb2O5/HGF electrode showed lower capacity decay at ultra-
high current density. The excellent capacity retention was 90% 
after 10 000 cycles at 10 C, and Coulombic efficiency was more 
than 99.9% (Figure 10e). Specifically, the excellent electrochem-
ical performance was attributed to the electron transport and 
rapid ion transport provided by 3D interconnected graphene 
network. Another example of creating ion paths throughout the 
electrode and improving the electrical conductivity of LiFePO4 
(LFP) was reported by Wang et al. The combination of N-doped 
graphene aerogels with LFP provided new and rapid paths for 
shortened the lithium ion diffusion length and lithium ion 
transport. A cathode composed of LFP modified by 3D gra-
phene showed excellent cycling stability with a 89% capacity 
retention over 1000 cycles at 10 C, and high rate capability, e.g., 
78 mAh g−1 at 100 C.[246]

5.2.2. Lithium Oxygen Batteries (LOBs)

LOBs are considered another promising candidate for energy 
storage due to their high specific theoretical energy density 
(3500 W h kg−1). PGMs can satisfy the requirements of the O2 
electrode of LOBs, such as high SSA, excellent electrical con-
ductivity, and electrochemical catalytic activity for the ORR and 
OER.[24,247–249] For instance, Sun et  al. fabricated ruthenium 
(Ru) nanocrystal-functionalized graphene with different pore 
sizes as cathode catalysts for LOBs (Figure 11a).[247] The highly 
PG not only facilitated oxygen diffusion through the electrode 
but also provided sufficient voids for the accommodation of 
Li2O2 (Figure  11b,c). In addition, the adsorbed Ru nanoparti-
cles on the surface of GO can reduce the charge overpotential 
efficiently and improve the cycling stability at different cur-
rent densities at 1000 mAh g−1 after 200 cycles without obvious 
capacity decay (Figure 11d–g). Recently, Han et al. demonstrated 
a novel bicontinuous nanoporous graphene cathode for LOBs, 
which delivered high energy density, large capacity, and long 
cycling lifetime.[248] The outstanding performance can be attrib-
uted to the combination of tetrathiafulvalene (TTF) redox addi-
tive and nanoporous graphene in a dimethyl sulfoxide-based 
electrolyte. In this case, nanoporous graphene offered conduc-
tive surfaces for both oxygen reduction and TTF oxidation, as 
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Figure 10. a) Schematic showing the preparation of porous 3D Nb2O5/HGF composites. b) Cross-sectional SEM image of 3D porous structure of 
Nb2O5/HGF composite. c) TEM image of graphene sheets with tailored pores. d) Rate performance of Nb2O5/HGF-2.0 and Nb2O5/G electrodes with 
different mass loadings. e) Retention of specific capacity at 10 C for three electrodes. a–e) Reproduced with permission.[242] Copyright 2017, American 
Association for the Advancement of Science.
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well as provided efficient paths for TTF+ migration and O2 dif-
fusion within nanopore channels.

5.3. Li-Metal/S Batteries

Sulfur (S) is a promising cathode material for the Li-S battery 
with high theoretical specific capacity of 1675 mAh g−1, low cost, 
and environmentally friendly.[250] However, it is still very diffi-
cult to develop practical long-life, high-energy-density Li-S bat-
teries due to the low electrical conductivity of S and its solid 
reduction products (Li2S and Li2S2), dissolution of polysulfides 
in the electrolyte, the volume expansion of sulfur during dis-
charge, inevitable Li dendrite formation, and the shuttle effect 
of the polysulfides.[251–254] These main issues in the Li-S bat-
teries lead to low Coulombic efficiency, low active materials 
utilization, and unstable cycling performance. In this section, 
we will highlight the vital functions of graphene including PG 
in Li-S batteries, including cathode, interlayer, separator, and 
lithium anode.

5.3.1. Cathode

Enormous effort has been dedicated to overcoming the above 
mentioned issues of Li-S batteries, most of which have been 
focused on developing novel cathode materials, including  
i) designing a nanostructured polymer scaffold or conduc-
tive carbon to confine the LiPSs,[255] ii) using inorganic yet 
conductive materials to increase the attachment and surface 
reduction path,[256,257] and iii) chemical functionalization of the 
polysulfide complex by adjusting the synergistic effect of the 
electrolyte solvents.[258,259] Among various carbon-based Li-S 

battery cathode materials, graphene has enormous potential 
as 2D conductive support because of its high SSA, chemical 
stability, mechanical strength, flexibility, high surface function-
ality, and abundant porosity, which are advantageous for high 
sulfur loading, stabilizing the anchoring of active materials 
and effectively preventing polysulfide shuttling.[260–262] In par-
ticular, GO with various functional groups is able to chemically 
bond with polysulfides, giving it a strong polysulfide trapping 
ability. Due to the abundant OCFG (-OH, -COOH, -O-) on the 
surface of GO, nano-S can grow in situ on the GO surface. Fei 
et al. reported an oxidation–reduction reaction between GO and 
H2S, and produced graphene-S hybrid nanosheets with chemi-
cally bonded G/S interfaces rather than weak physical contact 
(Figure 12a).[251] As a result, the dissolution of polysulfides was 
effectively reduced, and the cycling performance and rate capa-
bility of the batteries were substantially improved.

However, as a typical 2D material, graphene itself cannot 
effectively confine S (and polysulfides) inside the composite 
due to its intrinsic geometrical characteristics.[263] Therefore, 
3D PG material with an interconnected conductive pore net-
work not only further improves the ion diffusion and electron 
conduction, and inhibits the volume change of the nano-sulfur 
electrode during cycling, but also plays an important role in 
confining the sulfur and polysulfides. For instance, Cao et  al. 
demonstrated a Li-S cathode by the in situ growth of nano-S on 
GO sheets using the redox reaction between sodium thiosul-
fate and hydrochloric acid. Because of their large SSA and func-
tional groups, GO sheets not only provide sufficient nucleation 
sites for sulfur growth, but also significantly anchor sulfur 
particles and limit their further growth (Figure  12b).[252] The 
rGO-S hybrid films can serve as the cathodes of flexible Li-S 
batteries in different shapes, due to their excellent mechanical 
and electrochemical properties. Based on the high electrical 
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Figure 11. a) Schematic for the synthesis of PG and Ru-functionalized nanoporous graphene structures. b,c) SEM images of PGE-2, and Ru@PGE-2.  
d) First cycle charge/discharge profiles of LOBs with Ru@PGE-2 as the cathode catalyst at 200 mA g−1 in the voltage range 2.0–4.0 V. e) Charge/discharge 
profiles at different cycles and f) specific energy versus cycle number of a Li–O2 battery with Ru@PGE-2 catalysts at 200 mA g−1 by restricting the 
capacity to 500 mA h g−1 and g) 1000 mA h g−1. a–g) Reproduced with permission.[247] Copyright 2014, American Chemical Society.
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conductivity of graphene, Cheng Zhou et  al.[253] reported the 
fabrication of a self-supporting fibrous graphene-sulfur (G-S) 
hybrid without binder, a metal current collector, and conductive 
additive, by hydrothermal reduction of GO nanosheet and its 
assembly with sulfur nanocrystals (Figure 12c).

Moreover, an alternative strategy for improving the perfor-
mance of Li-S batteries is to composite graphene (or GO) with 
polar metallic compounds or to dope graphene with heter-
oatoms.[264–267] For instance, Wang et al.[267] demonstrated the use 
of amino-functionalized rGO with a strong covalent stabilization 
of S and its discharge products, which enabled excellent high-rate 
and stable capacity retention of 80% after 350 cycles with high 
capacities. Sun et al.[254] developed a conductive porous vanadium 
nitride (VN) nanoribbon/graphene composite as the cathode of 
a Li-S battery (Figure  12d). Because of the strong anchoring of 
the polysulfides and the fast polysulfide conversion and high con-
ductivity of VN, the composite cathode had a faster redox reac-
tion kinetics and lower polarization than a pure rGO cathode. 
Taking advantage of the excellent conductivity, 3D network and 

structural support of the PG, Hu et al. constructed Li-S batteries 
with a high sulfur loading (14.36 mg cm−2) on a graphene aerogel 
that delivered an impressive capacity of 1000 mAh g−1.[268]

Although recent years have witnessed an increasing interest 
in the development of graphene-based high-energy Li-S bat-
teries, both the fundamental electrochemistry of Li-S batteries 
and the interaction of lithium polysulfide species with PG 
needs to be further understood by the combination of experi-
mental approaches, advanced characterizations, and theoretical 
calculations. Taking into consideration of keeping pace with 
the recent fast progress on the S cathode side, more efforts are 
also needed on the Li anode side in order to accomplish the full 
potential of Li-S batteries.

5.3.2. Interlayer and Separator

According to the battery operation mechanism, the shuttling 
of LiPSs not only decreases the cycle life of Li-S batteries, but 
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Figure 12. a) Schematic of the space-confined synthesis of G–S hybrid nanosheets in a “sauna” reaction system and the interfacial bonding in it. 
Reproduced with permission.[251] Copyright 2015, WILEY-VCH. b) Schematic of the fabrication of freestanding rGO–S composite films by depositing S 
nanoparticles on the surface of GO sheets, self-assembly of the sheets with S nanoparticles on the surface of a Zn foil, and peeling the rGO–S film from 
the Zn foil. Reproduced with permission.[252] Copyright 2016, WILEY-VCH. c) Illustration of the formation process of the G–S hybrid and fabrication of 
its self-supporting electrode. Reproduced with permission.[253] Copyright 2013, American Chemical Society. d) Schematic of the fabrication of a VN/G 
composite and the cell assembly. Reproduced with permission.[254] Copyright 2017, Nature Publishing Group.
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also limits high energy density. Although a large number of pre-
vious studies have had huge success in overcoming the issue of 
shuttle effect, the dissolution of LiPSs seems inevitable in ether-
based liquid electrolytes. Construction of functional separators 
and interlayers in Li-S batteries is regarded as an alternative 
route to inhibit the shuttle effect except for modifying the elec-
trode materials and electrolytes.[260,269,270] In order to decrease 
the negative effect on rate performance caused by inducing the 
functional groups on the cathode side of the separators,[271] or 
using a solid electrolyte membrane to inhibit the permeation 
of LiPSs completely,[272] a Janus separator with graphene frame-
work (CGF)/polypropylene (PP) membrane to improve the 
utilization of the sulfur cathode was fabricated.[269] As shown 
in Figure  13a, with a CGF layer, the LiPSs were reduced and 
deposited on the conductive scaffold. The unique structure effi-
ciently inhibited the formation of the insulating film, allowing 
for the further penetration of LiPSs into the cathode. The inter-
plane pores of the CGFs can be clearly seen in Figure 13b, and 
they facilitate the transport of lithium ions and prevent the shut-
tling of the LiPSs. In addition, the CGF separator attached to 
the PP tightly has a much lighter yellow surface than the PP 
film (Figure 13c), which captured sulfur compounds and accom-
modate them without obstructing the ion channels. Taking the 

advantages of the high SSA, mesopores, large pore volume, and 
the extraordinary electrical conductivity, CGF layers play a posi-
tive role in boosting Li-S batteries with a long life. What is more, 
by incorporating other polar compounds that strongly interact 
with polysulfides, the electrochemical performance of Li-S bat-
teries was significantly improved (Figure  13 d–j). For example, 
Ni et al.[273] reported the use of a highly lithium-ion conductive 
lithium fluoride/GO (LiF/GO) interlayer to mechanically pre-
vent lithium dendrite formation and mitigate polysulfide shut-
tling, and obtained remarkable cycling stability with a 0.043% 
capacity decay per cycle during 400 cycles. Yuan et  al.[274] pro-
posed a triple-phase interface in the electrolyte/CoSe2/graphene 
to provide strong chemisorption and highly-stable Li-S batteries. 
This is because the interface efficiently increased the kinetic 
behavior of the soluble lithium polysulfides and regulated the 
uniform nucleation and controllable growth of solid Li2S pre-
cipitates at large current densities.

5.3.3. Lithium Anode

Li metal, with a high specific capacity of 3860 mAh g−1 and a 
very negative potential of −3.04  V (versus standard hydrogen 
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Figure 13. a) Schematic of a routine PP separator and a Janus separator with a CGF layer. b,c) SEM images of b) the CGF separator and c) cross-section 
of CGF separator. d) Optical image of the cycled PP separator and CGF separator. e) Raman spectra of the cycled PP separator and the CGF separator. 
f) Schematic of the cycled PP separator where a dense, nonactive film has formed and a CGF separator with unblocked ion channels. g–j) SEM images 
of the cycled CGF separator showing the g) cathode and h) anode sides in the charged state and i) cathode and j) anode sides in the discharged state. 
a–j) Reproduced with permission.[269] Copyright 2016, WILEY-VCH.
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electrode), is the highest specific energy solid anode material. 
As the anode of lithium batteries, it will become an important 
choice for next-generation high-energy lithium batteries.[279–282] 
However, in the use of Li metal anodes, lithium dendrites 
formed by the uneven deposition of Li metal are almost inevi-
table.[283–286] Lithium dendrites can get easily detached from the 
electrodes and cannot be used for charge and discharge reac-
tions, and become what is called dead lithium, resulting in a 
fast decrease in battery capacity. If the lithium dendrite grows 
larger, it will pierce the membrane and cause a short circuit in 
the battery, and even serious safety problems such as burning 
or even explosion. The formation of lithium dendrites will also 
lead to an accelerated reaction with the electrolyte, which would 
not only corrode the Li metal anode, but also consume the elec-
trolyte, causing the battery to dry up and reduce cycle life.

The study of graphene in Li metal anode has demonstrated 
its great potential for applications in high-energy-density and 
stable Li-S, Li-air, and Li-graphene batteries.[287–290] Using the 
high SSA of a 3D PG nanostructure skeleton as a Li metal 
anode carrier, the resulting graphene-Li anode significantly 
reduces the actual current density of the electrode surface 
during charging and discharging, thereby greatly reducing the 
deposition rate of lithium and achieving uniform deposition of 
metallic lithium which avoids dendrite formation. For instance, 
Zhang et  al.[275] proposed an unstacked graphene framework 
with deposited Li metal to obtain a Li metal anode with high 
efficiency and stability (Figure  14a). Unstacked graphene 
was a 3D hexagonal “drum” that exhibited large pore volume 
(1.65 cm3 g−1), SSA (1666 m2 g−1), and excellent electrical conduc-
tivity (435 S cm−1). The morphology of graphene-based anode 
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Figure 14. a) Schematic of Li deposition/stripping process on a graphene flake. b) SEM images of a graphene-based anode after Li deposition (left), 
and after Li stripping (right). a,b) Reproduced with permission.[275] Copyright 2016, WILEY-VCH. c) Schematic of Li plating on a CGB without den-
drite growth. d) SEM image of a CGB. e) TEM images taken during the lithiation process in a CGB. c–e) Reproduced with permission.[276] Copyright 
2017, Elsevier. f) Reduction of GO paper by thermal shock to produce a freestanding PGN. g) Capacity and Coulombic efficiency of the PGN anode.  
f,g) Reproduced with permission.[277] Copyright 2014, Nature Publishing Group. h) Schematic of Li nucleation and plating on a N-doped graphene 
electrode and a Cu foil electrode. i) Morphology of a NG electrode and a Cu foil electrode with the plated Li of 0.50 mAh cm−2. h,i) Reproduced with 
permission.[278] Copyright 2017, WILEY-VCH.
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showed a unique deposition/stripping morphology (Figure 14b). 
The large SSA provided an ultralow local surface current den-
sity, demonstrating the feasibility of regulating the Li deposition 
morphology. Lin et al.[291] prepared a layered Li-rGO hybrid elec-
trode by injecting molten Li into a rGO film. It contained 7 wt% 
of rGO with nanoscale gaps that efficiently accommodated the 
metallic lithium, and had a uniform periodic stack of nanoscale 
layered Li and rGO. Importantly, the layered rGO provided a 
stable scaffold for Li stripping/plating that significantly reduced 
volumetric changes during cycling. The layered Li-rGO surface 
remained dendrite free after ten cycles, and the uniform depo-
sition was sustained even at 3 mA cm−2 whereas a pure Li foil 
exhibited dendritic Li deposition. The outstanding lithiophilicity 
of rGO ensured uniform Li implantation and deposition during 
synthesis and subsequent cycles. The top rGO layer provided 
a mechanically and electrochemically stable artificial interface 
that efficiently stabilized the newly formed solid electrolyte 
interphase (SEI). Consequently, the Li-rGO film achieved highly 
improved electrochemical performance.

Using a specially designed PG structure, the stability of the 
graphene-based lithium metal anode can also be improved to 
some extent. Liu et  al. used crumpled graphene balls (CGBs) 
to achieve high Coulombic efficiency and plating/stripping 
capacity (Figure  14c).[276] Crumpled spheroidal graphene par-
ticles did not aggregate, so that a tightly packed continuous 
solid was easily formed to an affective scaffold for the Li 
(Figure 14d). It had a uniform thickness and pore size distribu-
tion and was lithiophilic to allow rapid lithium ion diffusion. In 
situ TEM showed that Li ions were injected into the crumpled 
graphene spheres when Li/Li2O was in contact with the CGBs 
and produced a voltage bias. Li was also deposited around the 
particles, but no dendritic Li growth was observed (Figure 14e). 
A 40  µm CGB electrode can plate and strip Li up to 12 mAh 
cm−2, without dendrite growth. As another example, Mukherjee 
et al. designed a PG network (PGN) that used defects to induce 
metal lithium plating inside it (Figure  14f).[277] The network 
acted as a cage to hold the lithium metal, which sufficiently 
prevented lithium dendritic growth and promoted extended 
cycling performance of the electrode (Figure 14g).

The stability of lithium metal anodes has also been improved 
by methods such as doping or compounding the graphene. 
This can inhibit the formation and growth of lithium dendrites 
and reduce the volume change during cycling. Zhang et al.[278] 
and Li et  al.[292] demonstrated that nitrogen-doped graphene 
could efficiently stabilize lithium metal anodes. In addition, 3D 
porous structures, e.g., a 3D GF, can act as a lithium reservoir 
and current density reducer, and when N-doped, uniform lithi-
ophilic sites are produced (Figure  14h,i).[278] Typically, Li et  al. 
developed a 3D fluorine-doped graphene shuttle-implanted 
porous carbon network to control the nucleation and growth 
of lithium deposits.[293] Graphene shuttle injection promotes a 
uniform distribution of current density and the homogenous 
nucleation of Li, and the F-doping ensures a uniform lithium 
ion distribution by the formation of a LiF-enriched SEI film. 
Wang et  al. proposed a new sulfur-doped graphene matrix 
design to guide the nucleation and growth of lithium metal. 
Based on theoretical simulations, it was found that a S atom 
uniformly increases the adsorption capacity of the surrounding 
area.[294] This characteristic of homogenous Li adsorption indi-

cates that a large surrounding area can be used as a nucleation 
region, resulting in dendrite-free lithium deposition by intro-
ducing a small number of S atoms.

High-surface-area graphene can act as a Li metal anode sup-
port, which significantly reduces the current density of the 
electrode surface, reduces the deposition rate of lithium, and 
achieves a uniform deposition of metallic lithium to avoid 
dendrite formation. The chemical functionality of PG with 
different structures, doping, and composite modification can 
also improve the uniform deposition of lithium, and further 
improve the cycling stability of graphene-Li metal anodes for 
high-energy-density lithium batteries.

5.4. Non-Lithium Metal Batteries

Because of their limited lithium resources, the use of a flam-
mable electrolyte, and unsatisfactory safety, the large-scale 
application of LIBs might be limited in the future. To address 
this issue, the alternative graphene-based non-lithium batteries, 
such as K-ion, Na-ion, Al-ion, Mg-ion, and Zn-ion batteries 
have been extensively investigated as next-generation electro-
chemical energy storage devices.[295–299] In general, the mecha-
nisms of non-lithium ion storage in graphene layers involves 
the insertion/extraction and adsorption/desorption processes.

5.4.1. Monovalent Metal Ion Batteries

Sodium (Na) is another typical monovalent metal, which shares 
the chemical properties of lithium in many aspects. Because 
of their abundance and low cost, sodium-ion batteries (NIBs) 
are attracting considerable interest as a promising alternative 
to LIBs for large-scale applications.[300,301] Among the reported 
electrode materials of SIBs, high-conducting PGMs have been 
extensively explored as key components in both the cathode and 
anode to boost Na ion diffusion and intercalation. For instance, 
Rui et  al. reported a 3D meso- and macroporous Na3V2(PO4)3 
(NVP)-based composite cathode with continuous Na ion/elec-
tron paths for ultrafast charge and discharge (Figure  15a).[26] 
A porous 3D framework with interconnect macropores and 
single-crystal NVP nanoparticles can be discerned. The small 
nanograins greatly shorten the distances of Na+ diffusion, and 
macro/mesoporous network enables rapid ion transport and 
accommodates strain during repeated Na+ extraction/insertion 
to maintain structural integrity, delivering outstanding cycling 
stability (64% capacity retention after 10 000 cycles at 100 C) 
and high rate capability with 86 mA h g−1 at 100 C. Owing to 
high theoretical capacity (2596 mA h g−1) and commercial avail-
ability, red phosphorus (P) is considered as a potential anode 
material for SIBs. For example, Gao et al. designed a novel 3D 
integrated carbon@red phosphorus/graphene aerogel (C@P/
GA) composite (Figure 15b).[298] In the interconnected 3D pore 
structure, the graphene and thin carbon layer can significantly 
minimize the P particle size to prevent the phosphorus volume 
change, and improve the conductivity by maintaining tight 
contact between phosphorus and the conducting matrix, and 
shorten the ion diffusion path in the porous framework, which 
are favorable for accelerating electron transfer and ion diffusion 

Adv. Funct. Mater. 2020, 30, 1909035



www.afm-journal.dewww.advancedsciencenews.com

1909035 (24 of 39) © 2020 WILEY-VCH Verlag GmbH & Co. KGaA, Weinheim

during cycling. Cui’s group[302] showed that a hybrid material 
synthesized with few-layer phosphorene sandwiched between 
graphene layers delivered a specific capacity of 2440 mAh g−1 
at 0.05 A g−1 (based on the mass of phosphorene) and 83% 
capacity retention after 100 cycles. The graphene layers act as 
a mechanically stable backbone and electrical conductors, and 
provide a suitable buffer space for the phosphorene layers for 
stable cycling operation.

Potassium ion batteries (KIBs) also exhibit great promise 
due to their low cost, high natural abundance, and lower redox 
potential (−2.92  V vs standard hydrogen electrode) of the ele-
ment.[299,303] Luo et  al. reported K insertion and extraction in 
to/from graphitic materials such as graphite and rGO, which 

occurred in three stages: C→KC24 (Stage III)→KC16 (Stage II) 
→KC8 (Stage I).[299] It was disclosed that graphite delivered high 
capacity of 207 mAh g−1, while a rGO film had a higher reversible 
capacity of 222 mAh g−1 after K+ insertion (Figure 15c,d). Later, 
Share et  al. demonstrated that the nitrogen doping increased 
the potassium capacity from 278 mAh g−1 (stage I KC8) in 
graphite to 350 mAh g−1 for few-layer graphene.[303] Meanwhile, 
the nitrogen doping greatly increased the rate performance, 
e.g., ≈200 mAh g−1 for doped graphene in comparison with  
≈30 mAh g−1 for undoped graphene at 100  mA g−1. Further-
more, the dual-doping of graphene by phosphorus and oxygen, 
synthesized by thermal annealing of triphenylphosphine and GO 
precursors, showed high capacity of 474 mAh g−1 at 50 mA g−1, 
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Figure 15. a) Schematic of a 3D meso- and macroporous NVP@C@rGO cathode with paths for both electron and sodium ion transport. Repro-
duced with permission.[26] Copyright 2015, WILEY-VCH. b) Schematic of the synthesis of a C@P/GA composite and C@P/GA electrode in the SIB 
system. Reproduced with permission.[298] Copyright 2016, WILEY-VCH. c) Schematic of electrochemical intercalation of K ions into graphite and rGO  
and d) the different stages of K-intercalated graphite, K shown in blue and C in yellow. c,d) Reproduced with permission.[299] Copyright 2015, American 
Chemical Society.
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and ultralong cyclability for 600 cycles at 2000  mA g−1 with a 
capacity of 160 mAh g−1.[304]

5.4.2. Multivalent Metal Ion Batteries

Magnesium ion batteries (MIBs) are considered as a typical 
two-electron redox reaction energy storage system, and are 
of particular importance in specific applications because of 
no dendrites formation on magnesium metal. Defective 2D 
carbon-based structures with 25% divacancy defects are 
broadly used as anode materials for MIBs, achieving a capacity 
as high as 1042 mAh g−1.[305] It is predicted that, from density 
functional theory (DFT) of the adsorption of divalent Mg ions 
on DG allotropes and graphene, high-concentration vacan-
cies and topological defects significantly increases Mg storage 
capacity. Different from the previously discussed batteries, the 
function of graphene in zinc ion batteries are mostly as a sup-
porting material. In this case, metal oxides can be anchored 
on graphene framework without the aggregation of metal ion 
nanoparticles. Furthermore, electron transfer is significantly 
improved by the interconnected graphene sheets, and the 
abundant pores facilitate good contact between electrode and 
electrolyte and shorten the ion diffusion paths, while the large 
spaces in the 3D PG framework provide an effective buffer to 
prevent volumetric expansion.[296,306–308] In particular, rGO was 
used to improve the electrical conductivity and cyclability of 
zinc ion batteries, delivering a high capacity of 423.8 mAh g−1 
at 100 mA g−1 with long-term cyclability.[307]

Rechargeable aluminum ion batteries (AIBs), with the 
advantageous features of low cost, a three-electron redox reac-
tion, and nonflammability, could satisfy the stringent require-
ments of electronics and grid energy storage.[309–319] A graphene 
cathode composed of high-quality graphene nanosheets, with 
high SSA, nanoporous structure, and large interlayer spacing 
provides sufficient adsorption sites and enough space for the 
rapid diffusion and (de)intercalation of AlCl4−.[314]

As a typical example, Gao’s group designed a graphene 
film cathode that provided a continuous electron conductor, 
ion-conducting channels, and active material (Figure 16a).[315]  
It was consisted of highly oriented high-quality graphene and 
gave a high capacity of 120 mAh g−1 at ultrahigh current den-
sity of 400 A g−1 with an extraordinary capacity retention of 
91.7% after 250 000 cycles. The GF-HC worked over a wide 
temperature range between −40 and 120  °C and displayed 
excellent flexibility, withstanding 1000 folding procedures. 
The excellent electrochemical performance of this GF-HC 
cathode was attributed to the defect-free graphene, which 
offered high conductivity and improved the intercalation of 
AlCl4− into the graphene layers (Figure 16b). In addition, the 
porous nature of the GF-HC cathode also facilitated the dif-
fusion of AlCl4− ions. Dai’s group reported a monolithic 3D 
graphitic foam (3DGF) containing aligned few-layer graphene 
with a low density of defects or oxygen groups for high-per-
formance AIBs.[316] As shown in Figure 16c, pyrolytic graphite 
was first charged in the electrolyte at a constant voltage, and 
heated to provide thermal expansion to accommodate the 
AlCl4− intercalant. The material obtained after the first expan-
sion was used as the cathode for the hydrogen evolution 

reaction (HER) to create significant void space inside the 
expanded PG, resulting in a highly porous structure with a 
dramatic overall expansion of 600 times the original thickness 
(Figure  16d). The use of this porous and aligned graphitic 
structure as cathode of an AIB gave a discharge capacity of  
60 mAh g−1 at a current density of 12 000 mA g−1 and could be 
stably cycled over 4000 cycles. Moreover, the porous graphitic 
foam provided high rate performance by shortening the dif-
fusion length of AlCl4− in the c direction. As demonstrated by 
Zhang et al., the size of the graphitic material in the ab plane 
and in the c-direction played an important role in the anion 
intercalation chemistry.[317] The kinetics and charge transfer 
of anion intercalation was improved by sharply decreasing 
the length of the c-direction while increasing the size of the 
planar dimension (ab plane) which was attributed to the flex-
ibility of the graphitic material. Very recently, Huang et  al. 
reported the construction of nanoporous densely stacked gra-
phene films derived from 3D graphene aerogels (3D GAs), 
prepared by the self-propagating combustion reduction of 
GO aerogels in seconds, which were used as a high-capacity, 
ultrafast, and binder-free cathode for AIBs (Figure  16e).[318] 
The obtained films showed high SSA, an expanded inter-
layer spacing, nanoporous structure, and excellent flexibility, 
delivering a high capacity of 245 mAh g−1 at 1 A g−1, excep-
tional cycling stability, superior rate capability, and stable 
operation over a wide temperature range. Importantly, these 
AIBs showed both surface adsorption charge storage and ion 
intercalation mechanisms, because the high SSA provided 
efficient adsorption sites for AlCl4−, and the large interlayer 
spacing obtained by the thermal reduction favored ion inter-
calation. A new electrode material was produced using CVD 
and Ar+-plasma etching to form GNRs with a large number of 
nanovoids in the graphene structure and thus offered a highly 
porous 3D graphene (GNHPG) foam with large SSA, high 
flexibility, excellent mechanical strength, and excellent con-
ductivity (Figure  16f ).[319] As expected, GNHPG-based AIBs 
exhibited high capacity of 123 mAh g−1 at 5 A g−1 with high 
Coulombic efficiency of about 98%, long cycle life (without 
capacity decay after more than 10 000 cycles), and impressive 
performance at high (40, 60, and 80 °C) and low temperature 
(0 °C) (Figure  16g). Such preliminary investigations on gra-
phene-based cathodes for AIBs indicate the future challenges 
for the precise preparation of high-quality and defect-free gra-
phene with a porous structure, opening up great opportuni-
ties for immediate practical implementation.

5.5. Electrocatalysis

The need for sustainable energy and environmental problems 
are two major challenges of today’s world.[320–322] Electrochem-
istry is at the heart of many energy technologies, as well as 
methods of pollutants treatment.[323] Electrochemistry uses 
the energy in the cleanest possible form to collect or inject 
electrons through electrodes.[324] Especially, graphene and its 
derivatives have brought a new perspective to electrochemical 
systems.[325] In this section, we will demonstrate the role of 
dopants on graphene electrochemistry and then focus on DG in 
electrochemical catalysis, clarifying the structure–performance 
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relationship. Finally, we describe in details the combined 
effect of graphene and single atoms on catalytic performance 
and outline future challenges for graphene-based systems for 
electrocatalysis.

5.5.1. Doped PG

Substitutional elements related to the type of dopant have large 
effect on the electronic properties of doped graphene-based 
materials. Owing to the excellent electronegativity, N atoms are 
able to induce charge polarization on the surrounding carbon 
atoms and produce positively charged carbon centers.[326] The 
resulting high spin density and hybridization freedom of carbon 
atoms are helpful to improve the critical step for ORR activity 

via adsorption of oxygen molecules on the materials as a result 
of the charge transfer.[324] It is found that the electrocatalytic 
activity of N-doped graphene is dependent on the presence of 
quaternary-N and pyridinic-N moieties. In addition, pyridinic-N 
improves the onset potential for ORR, while the quaternary-N 
determines the limiting current density.[327,328]

Except for N-doped graphene, doping graphenes with 
sulfur,[329] phosphorus,[330] fluorine,[331] etc., have also been 
used to produce versatile electrocatalysts with excellent cata-
lytic activity and long-term stability. However, the presence 
of a dopant in graphene materials is often not of itself suffi-
cient to produce a material that will compete with the perfor-
mance of the state-of-the-art electrocatalysts in certain appli-
cations. In other words, co-doped graphenes with various 
foreign elements have been explored to further promote the 

Adv. Funct. Mater. 2020, 30, 1909035

Figure 16. a) Illustration of a triple continuous material and trihigh design for a desired graphene cathode. b) HRTEM image of a trihigh tricon-
tinuous (3H3C) graphene film (GF-HC) with eight neighboring few-layer graphene sheets. Inset: HRTEM image of a GF-HC. a,b) Reproduced with 
permission.[315] Copyright 2017, American Association for the Advancement of Science. c) Scheme of the preparation of a 3D graphite foam (3DGF) by 
thermal expansion and electrochemical hydrogen evolution. d) SEM image of 3DGF. c,d) Reproduced with permission.[316] Copyright 2017, WILEY-VCH.  
e) Battery assembly of a GA film. Reproduced with permission.[318] Copyright 2019, Elsevier. f) Schematic of GNRs on the surface of highly porous 
3D graphene. g) SEM image showing GNR formation on the highly porous 3D GF. Inset: HRTEM image of GNRs on highly porous 3D graphene.  
f,g) Reproduced with permission.[319] Copyright 2017, WILEY-VCH.
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catalytic activity of graphene materials for electrocatalysts. For 
example, systematic investigation by Ito et  al. was done about 
the interaction between surface defects and chemical dopants 
in curved nanoporous graphene and subsequent synthesis of 
N, S, and P co-doped 3D np-graphene with a high dopant con-
tent (Figure  17).[329] The obtained material with large concen-
tration of topological defects can accommodate more dopants 
as donors or acceptors. In addition, their interaction with the 
defects can effectively adjust the local electronic structures and 
lead to a H* adsorption Gibbs free energy comparable to Pt 
catalysts. Such combined effects increase the number of highly 
active sites and thus produce superb catalytic performance 
of the material for highly efficient electrochemical hydrogen 
production.

5.5.2. Defective PG

From the above discussion, it is obvious that the nitrogen 
effectively alters the electronic and crystal structure of gra-
phene,[332,333] and changes its chemical stability, surface polarity, 
electrical conductivity, and electron-donor properties to improve 
its ORR performance.[334] However, many issues regarding 
N-doping are the subject of ongoing debate.[335] For example, the 

relationship between the nitrogen concentration and the ORR 
performance of N-doped graphene is usually linear.[320,336] The 
nature of heteroatom doping to improve the ORR activity of 
carbon materials is most likely to activate the adjacent carbon 
atoms to make them active for ORR,[337] which means that the 
real ORR active sites may be the carbon atoms themselves. 
Although a large number of investigations have been devoted 
to establishing a catalysis mechanism for ORR based on the 
defect structures of graphene, direct observation of the proposed 
defects is still very difficult. This is because most of the prepared 
defective carbon atoms are present in 3D porous structures and 
their complexity makes them unsuitable for TEM characteriza-
tion. In order to obtain direct evidence of the formation of the 
proposed defects, Yao and co-workers later selected single-layer 
graphene as a model material for fabricating DG. As illustrated 
in Figure 18a, a simple nitrogen doping and removal approach 
was used to prepare the DG.[332] It can be seen from the corre-
sponding XPS spectra (Figure 18b) that, compared to the intro-
duction of nitrogen into pristine graphene, few nitrogen atoms 
are detected after removal of the doped nitrogen in graphene. As 
expected, various defects can be clearly observed from the DG 
with the assistance of aberration-corrected HRTEM (Figure 18c). 
For example, the aforementioned edge pentagons and the 
G5-8-5 defect. In addition, other types of defects, such as the 7-5, 

Figure 17. a) SEM images of chemically doped nanoporous (np)-graphene with different pore sizes. b) Possible defect structures of nitrogen–sulfur–
phosphorus (NSP)-doped np-graphene. c) Highly curved graphene increases the amount of chemical doping. d) CV curves of samples with dif-
ferent chemical dopants. e) DFT calculations of the Gibbs free energy profiles for chemically doped highly curved graphene with topological defects.  
a–e) Reproduced with permission.[329] Copyright 2016, WILEY-VCH.
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5-8-5 and 5-7-7-5 defects are also found. The direct observation 
of these effective defects in DG is a solid evidence to support the 
proposed defect driven catalysis mechanism. It is suggested that 
the removal of nitrogen is more effective in producing defects 
in carbon materials than the introduction of heteroatoms. From 
the electrochemical results in Figure 18d–g, it can be seen that 
DG not only has a greatly increased ORR activity, but also is 
an ideal catalyst for the OER and HER. These results prove the 
versatility of the defect-driven catalysis mechanism for electro-
catalysis. The corresponding DFT calculations show that the 
most active configuration is the edge 5-1 defect for the ORR 
in alkaline electrolytes (Figure  18h–k) which is consistent with 
previous modeling and experimental results.[338,339] Therefore, a 
feasible method for designing efficient ORR catalysts is by cre-
ating unique defects for practical fuel cell applications.

Although DG has excellent electrocatalytic performance, the 
identification of the active sites of this metal-free catalyst is still a 
controversial issue due to the difficulty in controlling the defect 
types and their homogeneity in the material. For this purpose, 
Jia et al. designed a study of the active-site evaluation for a highly 
oriented pyrolytic graphite (HOPG) catalyst with specific carbon 

pentagon defects (D-HOPG).[340] The D-HOPG was synthesized 
by a well-controlled patterning method. Pristine HOPG with a 
perfect graphitic carbon structure was annealed at 700 °C in an 
ammonia flow, which allowed only armchair specific nitrogen 
dopants (Pr-N) to form at the edges of the N-HOPG. Because of 
the disruption of the hexagonal structure of the carbon matrix 
caused by nitrogen elimination, the dangling bonds of the 
nearby carbon atoms were reunited to generate nonhexagonal 
carbon lattice structures (carbon defects). As expected, the cor-
responding linear scan voltammogram curves showed efficient 
ORR activity for D-HOPG with an onset potential of 0.81  V 
versus reversible hydrogen electrode (RHE) at 0.05  mA cm−2 
in a 0.1 m H2SO4 aqueous solution. In comparison, the onset 
potentials of Ar-HOPG and N-HOPG were 0.73 and 0.76  V 
versus RHE, respectively, both inferior to that of D-HOPG.

5.5.3. Single-Atom Catalysts on PG

Except as a catalyst, graphene has recently been of particular 
interest as a host in electrocatalysis because of its attractive 

Figure 18. a) A diagram showing the synthesis of DG. b) N 1s XPS spectra of NG and DG. c) High-angle annular dark-field (HAADF) image of DG. 
Hexagons, pentagons, heptagons, and octagons are labeled in orange, green, blue, and red, respectively. d) ORR performance evaluation of samples 
prepared under an oxygen-saturated 0.1 m KOH solution. e) OER activity of the prepared samples tested in 1 m KOH. f,g) HER performance of the 
prepared sample tested in 0.5 m H2SO4 and 1 m KOH. h) Edge pentagon. i) 5-8-5 defect. j) 7-55-7 defect. k) Calculated energy profiles for the ORR path 
on DG in an alkaline solution. a–k) Reproduced with permission.[332] Copyright 2016, WILEY-VCH.
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features, including large SSA,[341] high electronic conductivity, 
chemical stability,[336] and abundant defect sites for attaching to 
metal atoms.[329] Metal-based single-atom catalysts (SACS) have 
been attracting extensive attention due to their many advan-
tages of maximum atom efficiency, low metal utilization, con-
trollable reaction selectivity, and superb specific activity.[342] In 
addition, the tunable electronic structures of the SACS because 
the different metal and nonmetal coordination possibilities at 
the atomic level make them appropriate for a wide range of 
applications.[343] With respect to the design and synthesis of 
SACS, continuous efforts have focused on graphene-supported 
SACS because of the strong interactions between the SACS and 
various types of defect sites at the atomic scale.[344,345]

Currently, a well-defined SAC-graphene would allow an  
in-depth understanding of the catalytic reaction paths and the 
rational design of a targeted catalyst with tailored activity. How-
ever, it is still quite challenging to prepare such catalysts with 
exclusive metal-defect coordination structures on graphene at 

the atomic scale. To solve this, Fei et al. reported a general hydro-
thermal-annealing method for synthesizing a series of mono-
dispersed atomic transition metals (M = Fe, Co, Ni) trapped on 
a N-doped graphene with a definitive M-N4-C4 moiety.[346] This 
allows a study of the correlation between the unambiguous 
structures of the active sites and the specific electrochemical 
reactions.

The catalytic activity of SACS can be tuned with replacing 
the bond sites of graphene. For instance, 3D nanoporous gra-
phene with single-atom Ni atom can be used as a catalyst for 
the HER in acidic solutions (Figure  19a,b).[347] In comparison 
of conventional Ni-based catalysts and graphene, this mate-
rial exhibited superior HER catalysis with a low overpotential 
of ≈50  mV and a Tafel slope of 45 mV dec−1 in 0.5 m H2SO4 
solution (Figure  19c). Theoretical investigations further dem-
onstrated that the excellent catalytic performance of this 
catalyst is attributed to sp-d orbital charge transfer between 
the surrounding carbon atoms and Ni dopants (Figure  19d). 

Figure 19. a) HAADF-STEM (scanning transmission electron microscope) image of Ni-doped graphene. Inset: Enlarged HAADF-STEM image. 
b) Hydrogen adsorption sites and configuration of the Nisub/G model with ΔGH* = −0.10 eV. c) Polarization curves of Ni-doped graphene samples with 
different Ni dissolution periods. d) Calculated Gibbs free-energy diagram of the HER at equilibrium potential for Pt catalyst and Ni-doped graphene 
samples. a–d) Reproduced with permission.[347] Copyright 2015, WILEY-VCH. e) Schematic of the fabrication of A-Ni@DG. f) LCF analysis of XANES 
theoretical modeling. g) HAADF-STEM image of the atomic resolution of the di-vacancy for A-Ni@DG. h) OER polarization curves of DG, Ni@DG, 
A-Ni@DG, and Ir/C measured in a 1 m KOH electrolyte. i) Energy profiles of the three configurations for OER. e–i) Reproduced with permission.[348] 
Copyright 2018, Elsevier.
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Zhang et  al. explored the electrocatalytic behavior of catalysts 
with defects in graphene coordinated with atomic Ni species 
(Figure  19e).[348] It was demonstrated that coordination struc-
tures of atomic Ni trapped in graphene defects exist in the as-
prepared atomically dispersed Ni catalyst on the DG (A-Ni@D) 
catalyst (Figure  19f,g). The A-Ni@DG catalyst has an efficient 
activity for the OER with superb water-splitting performance, 
e.g., an overpotential of 270 mV for the OER at a current den-
sity of 10 mA cm−2. This performance is superior to the bench-
mark IrO2 catalysts (Figure 19h). Furthermore, the DFT calcula-
tions reveal that the electronic structures of the atomic Ni can 
be well tuned by bonding to diverse types of graphene defects. 
The A-Ni@di-vacancy represents optimal binding energies for 
*O and *OOH intermediates, thus being beneficial for the OER 
(Figure 19i).

5.6. Molecule Separation

5.6.1. Gas Adsorption and Separation

As we know, the electron density of graphene aromatic rings 
is substantial and strong enough to obstruct atoms and mole-
cules trying to pass through the rings. As a result, the per-
fect graphene sheet is, in principle, impermeable to atoms 
as small as helium.[349,350] To overcome this issue, it is nec-
essary to design well-defined in-plane pore on monolayer 
graphene, 2D laminar, or 3D PG membranes to achieve gas 
permeability.[36] For example, Bunch et  al. reported a highly 
efficient one-atom-thick PG membrane that had two N-func-
tionalization features with hydrogen passivation and all-H 
passivation, demonstrating the possibility of using PG for 
gas separation.[349] Molecular building blocks have also been 
used to assemble porous 2D sheets.[29] Further improvements 
in these techniques would be helpful in creating ordered sub-
nanometer-size pores in graphene sheets that could be used 
as 2D molecular-sieve membranes for gas separation. For 
instance, Celebi et  al. reported highly efficient mass transfer 
double-layer graphene film with narrowly distributed diam-
eters pores (between < 10 nm and 1 µm) (Figure 20).[90] Owing 
to their atomic thicknesses, these PG membranes show out-
standing permeance of gases, liquids, and water vapor far in 
excess of those shown by finite-thickness membranes, high-
lighting their ultimate permeation.[351]

5.6.2. Water Desalination

Desalination is one of the most appropriate approaches for 
supplying fresh water in the context of a rapidly growing 
global water shortage.[352] Owing to their well-defined chan-
nels nanoporous materials with fast convective water flow, are 
of great significance for desalination because they can separate 
molecules of different sizes. The necessary conditions of an 
efficient separation membrane are shown as follows. First, it 
must be as thin as possible to maximize the permeance, and 
be strong enough to withstand the applied pressure. Second, 
the separation membrane should have a narrow pore size 
distribution for excellent selectivity.[13,88,353] However, current 

PMs have a wide range of pore sizes, poor temperature sta-
bility, weak chemical stability, and low mechanical strength are 
easy-fouled. It is therefore of vital importance to produce novel 
PMs to satisfy the requirements of targeted applications. For 
example, Cohen-Tanugi and Grossman reported that graphene 
with subnanometer pores has better water permeability than 
existing polymeric reverse osmosis membranes.[354] From the 
theoretical simulated point, depending critically on the pore 
size effect and chemical functional groups, the single-layer 
graphene can effectively separate salt from water. Because of 
the hydrophilic character of the edges of the graphene pores, 
hydroxyl groups can roughly double the water flux. As a result, 
the water permeability of this material is several orders of mag-
nitude higher than conventional reverse osmosis membranes, 
demonstrative of great potential of nanoporous graphene in 
water purification.

Surwade et  al. reported a single-layer graphene membrane 
with nanometer-size pores created by oxygen plasma etching, 
which further validated the effectiveness of the graphene-
based desalination of water.[88] These membranes showed both 
 exceptionally rapid water transport properties and a high salt 
rejection, due to their excellent mechanical properties, single-
atom thickness, flexibility, and chemical stability. Volume 
 production of these membranes for use in industrial and com-
mercial processes remains a great challenge. First, maintaining 
the mechanical stability of the membranes when faced with the 
high shear rates that are typical in water purification devices 
is an intractable issue, which requires large area, continuous 
graphene sheets that can be readily sealed into a membrane 
module. Supporting such large sheets and scalably creating 
nanopores in them is a big challenge. Furthermore, the prob-
lems of membrane fouling and concentration polarization are 
always present. Despite the many challenges facing such mem-
branes, current research has shown a proof of concept of the 
potential and effectiveness of nanoporous graphene for desali-
nation applications.

5.6.3. Bioseparation

Bioseparation of protein structure sequencing, DNA, or RNA 
at the single-molecule level are another indispensable applica-
tions of PGMs.[355–358] Nanopore device with the combination 
of graphene and Al2O3 dielectric layers in stacked membrane 
structures was unique for its potential to meet the require-
ments, in which a voltage was used to drive DNA molecules 
through a nanopore in a thin membrane between two electro-
lytes. By monitoring the nucleobase-dependent ionic current 
through the pore when a single DNA chain passed through 
the nanopore, the sequencing was achieved (Figure 21).[355–357] 
Thus, the membrane used for this purpose should have high 
robustness and durability, and be as thin as possible to provide 
high resolution.

6. Conclusions and Future Prospects

We have reviewed the chemistry, different structures, and func-
tionalities (OCFGs, defects, and edge) of graphene and GO, 



www.afm-journal.dewww.advancedsciencenews.com

1909035 (31 of 39) © 2020 WILEY-VCH Verlag GmbH & Co. KGaA, WeinheimAdv. Funct. Mater. 2020, 30, 1909035

and systemically summarized the generation and tuning of 
the physical and chemical properties of pores of different sizes 
from monolayer PG with in-plane pores, 2D laminar porous 
films to 3D interconnected porous frameworks. We then gen-
eralized the state-of-the-art advances of PGMs in supercapaci-
tors (EDLCs, pseudocapacitors), batteries (LIBs, Li-S, LOBs, 
and Na/K/Mg/Al ion batteries), electrocatalysts (HER, OER, 
and ORR), and molecule separation (water desalination and gas 
separation). The structure–performance relationships between 
the pore structure of the graphene and its specific applications 
have been discussed in details. Such PGMs can efficiently com-
bine the advantages of both PMs and graphene for specific 

applications. Despite the significant advances in the chemistry 
of PG related to its preparation methods and applications, sev-
eral key challenges remain unsolved.

I) Bio-inspired synthesis strategies

The development of low-cost efficient methods for the large-
scale production of PGMs with controlled structures (e.g., pore 
size, wall thickness) and large SSA is challenging. The soft and  
hard template methods are most commonly used for the crea-
tion of 2D in-plane PG and the self-assembly of 3D PGMs. How-
ever, the high cost and shortage of templates as well as the energy  
consuming process for template removal always inhibit their 

Figure 20. a) Schematic of the PG fabrication process. b) Photograph and SEM (bottom) of the structure of a whole membrane. c) N2 permeance per 
pore through different-diameter apertures. d) Permeance normalized with the free-molecular-flow prediction versus Knudsen number. e) Gas permse-
lectivity normalized by N2 permeance for graphene membranes with different pore diameters. f) H2/CO2 gas separation factors versus pore diameter. 
a–f) Reproduced with permission.[90] Copyright 2014, the American Association for the Advancement of Science.
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applications. One possible method may be learnt from nature 
which has mastered the construction of nanostructures with 
well-defined micro/macroscopic effects and purposes. Biolog-
ical minerals often have porous micro-/nanoscale structures 
that involve interfacial interactions between inorganic and 
organic components, and these could provide a good reference. 
Bioinspired strategies including bio-templating and other con-
struction methods are considered as efficient and promising 
approaches for large-scale production of PGMs with special 
morphologies.

II) Design of HPG

The design and controlled fabrication of PG assemblies (e.g., 
fiber, film, and 3D graphene) are the important topics for 
preventing the restacking and aggregation of 2D graphene 
sheets. So far, many studies have been focused on the con-
struction of graphene-based mesoporous nanosheets and the 
efficient assembly of 3D graphene frameworks. However, the 
preparation of graphene materials with 2D ordered pores and 
3D periodic pores is still a challenging issue. Furthermore, 
the combination of different pore sizes (i.e., micropores, 
mesopores, and macropores) is vital for the development of 

PG-based materials in order to take advantage of the combined 
effects of different pore sizes, in particular, in applications of 
EDLCs and the cathodes of Li-S and Li-air batteries.

III) Expanding the category of PG composites

The chemistry of covalent and noncovalent functionalization 
can also help to expand the variety of graphene composites for 
different applications. Among the functionalization species, 
the polymers mainly play an important role in the noncovalent 
modification of graphene, improving its hydrophilicity and bio-
compatibility. Another approach of noncovalent functionaliza-
tion of PG is the creation of PG with graphene analogs hybrids. 
For instance, the modification of graphene with OH-function-
alized MWCNTs results in a highly conductive and hydrophilic 
hybrid.[359] Designing hybrid PGMs could exhibit higher effi-
ciency and stability of electrochemical performance than pris-
tine TMO nanoparticles or conductive polymers since graphene 
can greatly improve electron transfer and ion diffusion.

IV) Development of in situ characterization techniques

To fully understand the influence of chemically functional-
ized graphene on properties, the techniques of both qualitative 

Figure 21. a) Schematic of a typical graphene nanopore device, in which an electrostatic field, applied between two Ag/AgCl electrodes immersed 
in the cis and trans reservoirs, electrophoretically drives the ions and DNA molecules through the graphene nanopore. The bottom inset illustrates 
the architecture of a 2D nanopore. Reproduced with permission.[355] Copyright 2011, Nature Publishing Group. b) Measured current in a graphene 
nanopore system in the absence and presence of dsDNA in the buffer solution. Reproduced with permission.[356] Copyright 2011, American Chemical 
Society. c) Schematic of graphene-dielectric-graphene membrane used in studying translocation of 850 bp dsDNA. A 6 nm pore is used. d) Trans-
location histograms for dsDNA translocations at transmembrane voltages of 300 and 500  mV, respectively. c,d) Reproduced with permission.[357] 
Copyright 2015, WILEY VCH.
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 characterization and quantitative determination will become 
more and more important for the direct observations of the 
structure (doped species, defects) of graphene and PG in order 
to clarify their differences. However, common characterization 
techniques cannot fully reveal the structural changes and sur-
face chemistry of PG. Therefore, advanced in situ characteri-
zation such as SEM, HRTEM, XPS, atomic force microscopy, 
STM, and X-ray absorption near edge structure (XANES) need 
to be used to monitor the real-time reaction dynamics, ther-
modynamics, structure, and surface chemical environment 
changes of graphene and PG in specific applications. Some 
special characterization techniques, e.g., electron cryomicros-
copy, and frozen electron microscopy, could be used to precisely 
observe the reaction process at different temperatures.

V) Pre-lithiation to improve the first Coulombic efficiency

The low initial Coulombic efficiency (or high initial irreversible 
capacity) caused by the formation of the SEI on high SSA PG-
based electrode materials is an unsolved problem for high-energy-
density metal ion batteries. To overcome this, one promising 
strategy is the combination of nanostructural design and pre-
lithiation of electrode materials (i.e., Si, Ge, and S) by regulating 
the interface chemistry of graphene and GO with strong coupling 
effects. The construction of pre-lithiated PG-based electrode mate-
rials can significantly increase ion transport and prevent volume 
changes, thus reducing the initial irreversible capacity and 
improving the initial Coulombic efficiency and cycling stability.

VI) Balancing gravimetric and volumetric energy density

The high volumetric energy density and power density are two 
important requirements for compact energy storage. Balancing 
the porosity and mass density of the materials, and optimizing 
the thickness of the electrodes require the design and precise 
preparation of PG-based materials, which may have potential 
uses in compact, flexible energy storage devices. In addition, 
the freestanding electrodes without binders and additives can 
avoid sloughing off from current collectors and side reactions 
with electrolytes, when increasing the mass loading.

VII) Balancing electrical conductivity and electrocatalytic 
active sites

Chemically derived defects are unavoidable in graphene 
materials. Therefore, more investigation of their effects on 
electronic properties of graphene, along with their elimina-
tion to improve the functionalities of graphene, needs to be 
deeply investigated. Such studies might shed new light on the 
interaction of defects in graphene and the relative design of 
PGMs with new functionalities. For electrocatalysis, the con-
centration of heteroatom dopants or defects in graphene must 
be as low as 1% level to maintain the conductivity.[360] In fact, 
heteroatom-doped or DG behaves similarly to an insulator and 
has a charge carrier mobility that is three orders of magnitude 
smaller than graphene when the concentration of dopants or 
defects is higher than 5%.[361] Therefore, increasing the con-
centration of dopants or defects in graphene as catalytic sites 
while maintaining the superior conductivity of graphene is a 
big challenge for electrocatalysis. In addition, the introduc-
tion of defects with the same single type is still difficult. Thus, 
creating effective doping or defect production in graphene is 

worthy of in-depth investigation. This might provide a fea-
sible approach to prepare low cost but highly active metal-free 
electrocatalysts. Besides, the challenging issue is to reveal the 
reaction mechanisms of graphene-based electrocatalysts. At 
present, theoretical simulations are normally used to assist 
the understanding of the electrochemical reaction paths. How-
ever, in situ investigation of the reaction intermediate products 
is still very difficult. This is because the reaction processes 
involve three phases (solid–liquid–gas) and are extremely 
complex. It is therefore crucial to conduct a well-designed 
experiment to directly probe the reaction intermediates. The 
experimental results combined with theoretical calculations 
could be helpful to gain a comprehensive and thorough under-
standing of the reaction mechanisms involved. After fully 
understanding these issues, the rational design and control-
lable fabrication of active electrocatalysts should become fea-
sible for various catalytic reactions and systems. It seems that 
the use of only one single approach is not enough to solve all 
the existing issues involving the use of PG in different appli-
cations. Multi-strategy approaches with specific aims might 
bring them to the reality.

All in all, owing to their exceptional chemistry and unique 
porous structure, PG-based materials are attracting great atten-
tion in the fields of such as energy storage and conversion. It is 
expected that a full understanding of the potential of PGMs has 
not yet been realized, and further intense collaboration between 
chemists, physicists, and material scientists should consider-
ably advance these promising materials.
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