
© 2016 WILEY-VCH Verlag GmbH & Co. KGaA, Weinheim 1wileyonlinelibrary.com

R
ES

EA
R
C
H
 N

EW
S

Edge Functionalization of Graphene and Two-Dimensional 
Covalent Organic Polymers for Energy Conversion 
and Storage

Zhonghua Xiang, Quanbin Dai, Jian-Feng Chen,* and Liming Dai*

Prof. Z. Xiang, Prof. L. Dai
BUCT-CWRU International Joint Laboratory
State Key Laboratory of Organic-Inorganic Composites
College of Energy
Beijing University of Chemical Technology
Beijing 100029, China
E-mail: liming.dai@case.edu
Prof. Z. Xiang, Prof. J.-F. Chen
State Key Laboratory of Organic-Inorganic Composites
Beijing University of Chemical Technology
Beijing 100029, China
E-mail: chenjf@mail.buct.edu.cn
Q. Dai, Prof. L. Dai
Center of Advanced Science and Engineering  
for Carbon (Case 4Carbon)
Department of Macromolecular Science and Engineering
Case Western Reserve University
10900 Euclid Avenue, Cleveland, OH 44106, USA

DOI: 10.1002/adma.201505788

research interest due to its peculiar 
structure and unique physicochemical 
properties.[2] Graphene has been demon-
strated to exhibit an extremely high car-
rier mobility (ca. 200 000 cm2 V−1 s−1),[3] 
large specific surface area (2630 m2 g−1),[4] 
excellent mechanical strength (breaking 
strength of 42 N m−1 and Yong's modulus 
of 1.0 TPa),[5] good thermal conductivity 
(ca. 5000 W m−1 K−1), and superior flex-
ibility.[6] These properties make graphene 
a promising candidate for a large variety 
of applications,[7] including energy con-
version and storage. Like many other 
conjugated macromolecules (e.g., 2D 

conjugated covalent organic polymers (2D CCOPs)), however, 
pristine graphene without functionalization is insoluble and 
infusible, which has hindered its practical application. Con-
sequently, various functionalization methods, including basal-
plane-functionalization via chemical grafting or noncovalent 
adsorption, asymmetrical functionalization of the basal plane 
with different moieties on the opposite graphene surfaces, 
and edge-functionalization, have been developed for pre-
paring solution-processable graphene sheets.[1] Among them, 
edge-functionalization is of particular interest as the dangling 
bonds at the edge of a graphene sheet have been demonstrated 
to be more reactive than the covalently bonded carbon atoms 
in the basal plane.[8] Edge-functionalized graphene (EFG) can 
be soluble, and hence processable, while the physicochemical 
properties of the pristine graphene can be largely retained. 
Furthermore, edge-functionalization can also impart the elec-
trocatalytic-activity and/or chemical-reactivity characteristics of 
the attached chemical moieties for specific applications. How-
ever, the research and development of EFGs[9] for device appli-
cations is still in its infancy.

On the other hand, 2D covalent organic polymers (COPs)[10] 
with conjugated macromolecular architectures are analogous 
to graphene, which can be constructed by controlled syn-
thesis and molecular engineering. Like graphene, 2D CCOPs 
can also be made soluble by functionalizing with appropriate 
functional groups at their perimeter (edge),[11] and they are, in 
essence, edge-functionalized graphene nanoribbon networks 
with hydrogen atoms/other chemical functionalities as the edge 
moieties. Here, we present a focused, concise review on recent 
progress in the development of edge-functionalized graphene 
and 2D CCOPs for energy conversion (e.g., fuel cells, solar 
cells) and storage (e.g., batteries).

Edge functionalization by selectively attaching chemical moieties at the edge 
of graphene sheets with minimal damage of the carbon basal plane can 
impart solubility, film-forming capability, and electrocatalytic activity, while 
largely retaining the physicochemical properties of the pristine graphene. The 
resultant edge-functionalized graphene materials (EFGs) are attractive for var-
ious potential applications. Here, a focused, concise review on the synthesis 
of EFGs is presented, along with their 2D covalent organic polymer (2D COP) 
analogues, as energy materials. The versatility of edge-functionalization is 
revealed for producing tailor-made graphene and COP materials for efficient 
energy conversion and storage.

1. Introduction

It has been predicted that the world will need to double its 
energy supply by 2050. Nanotechnology has opened up new 
frontiers in materials science and engineering to meet this 
challenge by offering a unique enabling technology to create 
new functionalized materials for energy conversion and 
storage (e.g., fuel cells, solar cells, batteries, supercapaci-
tors).[1] As a building block for all other multifunctional carbon 
materials (e.g., 0D buckyballs, 1D nanotubes, 3D graphite), 
graphene, the one-atom-thick layer of sp2-bonded, 2D hon-
eycomb lattice of carbon with a fully conjugated structure of 
alternating C–C and C=C bonds, has attracted tremendous 
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Although graphene has been demonstrated as an attractive can-
didate for energy applications due to its special structure and 
unique properties, it is rare for graphene-based materials with 
desirable bulk properties to also possess the necessary surface 
characteristics specific for certain applications. Therefore, sur-
face functionalization is essential to make graphene materials of 
good bulk and surface properties as required for efficient energy 
conversion and storage. Compared to the basal plane with highly 
delocalized π electrons over the covalently bonded sp2 hybrid-
ized carbon atoms, the edge sites of graphene with dangling 
bonds have been demonstrated to be more reactive,[8,12] and they 
can be used for the covalent attachment of various chemical 
moieties. Unlike functionalization of the graphene basal plane, 
which often causes significant distortion of the π–π conjugation 
and the associated physicochemical properties, the graphitic 
structure and graphene properties can be largely retained by 
edge modification. Both experimental and theoretical results 
have revealed certain edge-specific chemistry and properties 
for graphene nanoribbons.[13] It was found that the edge func-
tionalization of armchair graphene nanoribbon does not signifi-
cantly affect its bandgap whereas the electronic state of zigzag 
graphene nanoribbons varies with edge functionalization.[13]

2.1. Edge Functionalization of Graphene by Chemical Exfoliation

Baek and co-workers were the first to report the edge-func-
tionalization of graphite by covalently grafting 4-aminibenzoic 
acid (ABA) molecules, as organic molecular wedges, directly 
onto graphite particles in the presence of poly(phosphoric acid) 
(PPA) in N-methyl-2-pyrrolidone, leading to high-yield exfo-
liation of the 3D graphite into 2D graphene-like sheets.[14] In 
this particular case, the reaction medium, PPA, could not only 
protonate the surface of graphite, but also show strong ionic 
interaction with the ionized graphite surface to delaminate the 
graphite. Subsequently, carbonium ions (–C+=O) generated 
on the ABA wedge molecules, in the presence of PPA/P2O5, 
attacked the sp2 C–H bonds on the edge of the graphite, leading 
to the formation of EFGs without damaging the crystalline 
graphene basal plane, which is unreactive to carbonium ions 
(Scheme (a) in Table 1).

2.2. Edge Functionalization of Graphene Oxide

Oxidation–exfoliation of graphite with strong oxidizing rea-
gents (e.g., H2SO4, KMnO4), followed by reduction, has been 
the most widely used procedure for large-scale production of 
soluble graphene.[15] Solution-processable GO sheets, with 
reactive carboxylic acid groups at the edge and epoxy/hydroxyl 
groups on the basal plane, provide a good starting material for 
the functionalization of graphene, which would otherwise be 
very difficult, if not impossible, due to its poor solubility. The 
carboxylic acid groups at the edge of the GO can be used for 
covalent attachment of various chemical moieties to impart 
solubility, film-forming capability, and specific properties for 

device applications, as exemplified by some typical examples 
listed in Table 1 (Scheme (b)–(d)). This approach can be viewed 
as potentially promising for large-scale fabrication of soluble 
graphene sheets with region-specific chemical characteristics.

2.3. Edge Functionalization of Graphene by Ball Milling

Recently, Jeon et al. developed an alternative approach for 
mass production of edge-carboxylated graphene nanoplatelets 
(CGnPs) simply by ball milling graphite with dry ice (solid state 
of carbon dioxide) to produce surface-carboxylated graphite 
particles.[9a] During the ball milling of graphite, the strong 
shear forces generated between the high-speed rotating balls 
caused the mechanochemical cracking of the graphitic C–C 
bonds, leading to spontaneous incorporation of functional 
groups on the surface of the broken graphite particles. Owing 
to the large repulsive forces between the surface carboxylate 
groups and their strong interaction with polar solvents (e.g., 
water), the resultant surface-carboxylated graphite particles 
can be efficiently exfoliated into few-layer edge-carboxylated 
graphene (ECG) nanosheets in various polar solvents without 
basal plane damage, as the basal plane is effectively protected 
by the particle structure during the ball milling prior to the sub-
sequent dissolution exfoliation.[9a]

The edge carboxylate functional groups in the ECG can be 
readily confirmed by Fourier transform infrared (FTIR) spec-
troscopy with a strong C=O stretching peak at 1718 cm−1, in 
conjunction with a unique sharp peak for C–O stretching at 
1250 cm−1 exclusively arising from O=C–OH.[9a] In contrast, 
GO exhibits a broad C–O stretching band due to the coexist-
ence of C–OH (hydroxyl), C–O–C (epoxy) and O=C–OH (car-
boxyl) groups on its basal plane and edge. The obtained ECG 
also exhibits a large surface area of 389.4 m2 g−1. ECG film 
shows an electrical conductivity as high as 1214 S cm−1 after 
thermal decarboxylation.[9a]

Owing to the highly generic nature characteristic of ball-
milling technology, various heteroatoms, such as nitrogen 
and halogen, can be introduced at the edge of graphene nano-
platelets by ball milling of graphite powder in the presence of 
appropriate chemical(s) other than dry ice in any form (gas, 
liquid, and/or solid).[16] Indeed, various functional groups, 
such as halogens (F, Cl, Br, I), amine (–NH2), and sulfonic acid  
(–SO3H), have been efficiently introduced at the edges of gra-
phene nanoplatelets under similar ball-milling conditions as 
for ECG. To date, more than 20 edge-functionalized EFGs have 
been produced by this simple ball-milling approach (Scheme (e)  
in Table 1).[16,17] Therefore, ball milling can be regarded as a 
simple, but efficient, approach to a large variety of edge-func-
tionalized graphene nanoplatelets.

2.4. Edge-Functionalized 2D COPs

Graphene can be considered as a 2D conjugated aromatic 
polymer.[18] Like conventional polymers, therefore, graphene 
(particularly, graphene nanoribbons) can also be chemi-
cally synthesized via various organic synthetic protocols.[19] 
As shown in Figure 1a, a 12 nm graphene nanoribbon was 
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synthesized through the combination of a Suzuki–Miyaura cou-
pling and an intramolecular Scholl reaction, with the incorpora-
tion of alkyl chains as edge functional groups to improve the 
solubility of the resultant graphene nanoribbon.[20] Similarly, 

hexabenzocoronenes (Figure 1b) have also been chemi-
cally synthesized,[21] with more such examples reported in 
the literature.[19a,22] More generally, 2D CCOPs[10,11,23] can be 
regarded as edge-functionalized graphene nanoribbon networks 
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Table 1.  Representative edge-functionalized graphene for energy applications.

 Scheme for edge functionalization Applications

(a) ORR[17c] LIB[47a]

(b) PSCe)[36a]

(c) PSC[37]

(d) ORR[32b] sb:ORR[51]

(e)

Dopant: Gas: N2: DSSCa) amp; ORRb)[16a] DSSC[41]

H2: ORR[17a]

Cl2: ORR[16b] LIBc)[48] DSSC[39]

F2: DSSC amp; LIB[40] NH3
[9a]

SO3: ORR[17a]

Liquid: Br2 ORR[16b] LIB[48] Supercapacitor[52] DSSC[39]

Solid: Dry ice(CO2): ORR,[53] DSSC[41]

I2: ORR[16b] LIB[48] supercapacitor[52]

Sulfur: ORR,[34] LSBd)[49]

a)DSSC = dye-sensitive solar cell; b)ORR = oxygen reduction reaction; c)LIB = Lithium-ion battery; d)LSB = lithium–sulfur battery; e)PSC = polymer solar cell.
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with hydrogen atoms/other chemical functionalities as the 
edge moieties. As shown in Figure 1c,d, conjugated precursor  
molecules can be covalently bonded (e.g., via B–O and/or C–N), 
with or without different organic linkers, into various fully or 
partially conjugated 2D COPs with controllable porosity and pore 
size.[11] Functional groups from the organic linkers (Figure 1d)[24]  
can be used for further chemical functionalization to prepare 
edge-functionalized COPs with different edge moieties.[25] 2D 
COPs with a tailor-made chemical structure and ultrahigh spe-
cific surface area are useful for gas (e.g., H2) storage[26] and even 
electrocatalysis in energy devices (e.g., fuel cells).[24,27] Because 
of their fully conjugated and highly ordered network structures, 
2D CCOPs can readily form 2D crystal sheets, which can be 
exfoliated into few-layer or even single-layer sheets,[10a,28] attrac-
tive for electronic and many other applications.[10,29] Of par-
ticular interest, 2D CCOPs hold great promise as a class of new 
energy materials due to their controllable conjugated 2D archi-
tectures, high porosity, and multi-edge functionalities. Below, 
we present a focused review to illustrate the potentials of EFGs 
and 2D CCOPs for energy-related applications.

3. EFGs and 2D CCOPs for Energy Conversion 
and Storage

3.1. Fuel Cells

Fuel cells are clean energy devices that can convert chemical 
energy directly into electricity at a high efficiency and produce 
water as the only by-product by reducing oxygen gas at the 
cathode and oxidizing fuel (e.g., H2 gas) at the anode.[1] The 
oxygen reduction reaction (ORR) plays a key role in controlling 
the fuel-cell performance.[1,4,30] Although platinum (Pt)-based 
catalysts have long been regarded as the best catalyst for the 
ORR, the prohibitive cost and scarcity of the precious-metal cat-
alysts needed for catalyzing the ORR in fuel cells have largely 
hindered the development of fuel-cell clean-energy technology. 
In this context, the discovery of carbon nanomaterials as low-
cost, metal-free ORR catalysts with extraordinary performance 
is important.[1,30,31] As we shall see later, the ball-milling method 
has allowed large-scale production of edge-functionalized (or 
edge-doped) graphene sheets at low cost, as efficient metal-free 
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Figure 1.   Synthesis of graphene nanoribbons, covalent organic polymers (COPs), and edge-functionalized COPs. a) Reagents and conditions:  
i) 4-bromophenylboronic acid, Pd(PPh3)4, aliquat 336, K2CO3, toluene, 80 °C, 24 h, 93%.[20] ii) n-BuLi, THF, −78 °C, 1 h; 2-isopropoxy-4,4,5,5-tetra
methyl[1,3,2] dioxaborolane, rt, 2 h, 82%. iii) Pd(PPh3)4, aliquat 336, K2CO3, toluene/H2O, reflux, 72 h to produce compound 1, 75%. iv) FeCl3, CH2Cl2/
CH3NO2, 25 °C, 48 h, 65%. b) Reagents and conditions: i) FeCl3 (24 equiv)/CH3NO2, CH2Cl2, 24 h, 80–90%; ii) 1-tetradecyne, Pd(PPh3)4, CuI, piperi-
dine, 50 °C, 82%; iii) tetraphenylcyclopentadienone, diphenyl ether, reflux, 26 h, 72% to produce compound 2.[9c] c) The synthesis of compound 3 (i.e., 
COP-P-M, M = Fe, Co, and Mn[23a]) via Ni(0) catalyzed Yamamoto-type Ullmann cross-coupling reaction. Compounds 4, 5, 6 refer to COP-2,[23e] 4,[23e] 
T,[23b] respectively. d) Synthesis of compound 8, i.e., chiral COFs ([(S)-Py]x-TPB-DMTP-COFs, x = 0.17, 0.34, and 0.50;[24] 2,5-dimethoxyterephthalaldehyde 
(DMTA); 1,3,5-tri-(4-aminophenyl) benzene (TAPB); 2,5-bis(2-propynyloxy) terephthalaldehyde (BPTA); (S)-Py sites) via channel-wall engineering using 
a three-component condensation followed by a click reaction.
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ORR catalysts with an excellent long-term durability and toler-
ance to methanol crossover/CO poisoning effects.[30c,31]

Generally speaking, doping carbon nanomaterials with het-
eroatoms (e.g., nitrogen) can cause electron modulation to 
provide desirable electronic structures for catalytic and many 
other potential applications.[4,30] Since the discovery by Dai 
and co-workers in 2009 that nitrogen-doped vertically aligned 
carbon nanotubes (VA-NCNTs) can efficiently catalyze a four-
electron ORR process,[31] many new metal-free ORR catalytic 
materials of active centers associated with doping-induced 
positively charged carbon atoms have been developed for fuel 
cells and many other applications, including metal–air bat-
teries and solar cells.[4,30] With a similar atomic structure and 
size to, but different electron negativity from, that of carbon, 
nitrogen was considered as one of the most effective dopants 
to enhance the ORR activity of graphitic carbon materials.[30–32] 
The ball-milling approach has been used to prepare not only 
N-doped EFGs[16a] but also EFGs edge-doped with many other 
heteroatoms for the ORR, including EFGs edge-functionalized/
doped with hydrogen (HGnP), sulfonic acid groups (SGnP), 
and carboxylic acid/sulfonic acid groups (CSGnP).[17,30c] These 
EFGs exhibit ORR electrocatalytic activity in the order of SGnP 
> CSGnP > CGnP > HGnP > pristine graphite, which suggests 
that both the oxygen diffusion kinetics and the edge polarity 
of the heteroatom-doped EFGs can significantly contribute to 
the ORR. In addition to the doping-induced charge-density 
redistribution,[30] the spin effect is another important issue 
contributing to the ORR activity.[33] In the case of edge-halo-
genated graphene nanoplatelets (XGnP; X = Br, Cl, and I),[16b] 

the experimentally measured electrocatalytic activities for the 
ORR are in the order of IGnP > BrGnP > ClGnP. First-prin-
ciples calculations indicate that the efficiency of the charge 
transfer between the edge-doped halogen and the adsorbed O2 
follows the atomic size in the order of Cl < Br < I, and that 
the electronic spin density is most prominent for the case of 
IGnP, leading to the best catalytic activity for IGnP. Because 
of the almost identical electronegativity of sulfur (χS = 2.58) 
and carbon (χC = 2.55), S-doping of EFGs should not induce 
any charge transfer, and hence no ORR activity. However, ORR 
activities have also been observed for S-doped EFGs due to the 
doping-induced spin redistribution.[34]

Along with EFGs prepared by ball milling, chemically syn-
thesized EFGs and 2D CCOPs have also been demonstrated to 
show good ORR activities. In this regard, Baek and co-workers 
prepared a 4-aminobenzoyl EFG by a “direct” Friedel–Crafts 
acylation reaction in a poly(phosphoric acid)/phosphorus pen-
toxide medium with “pristine” graphite and subsequent pyrolyz-
ation at 900 °C in an inert atmosphere.[17c] Furthermore, Song 
et al. prepared 3D graphene architectures from terpyridine-
functionalized EFG via covalently grafting terpyridine groups at 
the edge of GO, followed by complexation with various metal 
ions (e.g., Fe, and Ru).[32b] The resultant 3D graphene showed 
significantly improved electroactivity for the ORR with respect 
to pristine GO (Figure 2a,b) and an electron-transfer number 
of 3.63–3.92 for Fe-tpy-GO at potential ranging from −0.7 to 
−0.5 V (vs saturated calomel electrode (SCE)). Using various 
N-containing molecular precursors (e.g., triazine derivatives) as 
building blocks, Xiang and co-workers also synthesized a class 
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Figure 2.  a) Schematic illustration of the complexation–decomplexation (self-assembling) process of tpy-GO. b) Linear sweep voltammetry (LSV) 
curves for oxygen reduction at the GO, tpy-GO, Fe-tpy-GO, and Pt/C electrodes in an O2-saturated 0.1 m KOH solution at a scan rate of 10 mV s−1. The 
electrode rotation speed is 1600 rpm. The current–time (i–t) chronoamperometric responses for the ORR at the Fe-tpy-GO and Pt/C electrodes in an 
O2-saturated 0.1 m KOH solution at −0.3 V versus SCE. Reproduced with permission.[32b] Copyright 2014, Wiley-VCH. c) LSV curves of COP graphene in 
O2-saturated 0.1 m KOH at 1600 rpm at a sweep rate of 5 mV s−1. d) LSV curves of C-COP-4 in O2-saturated 0.1 m KOH with different speeds at a scan 
rate of 5 mV s−1. e) Calculated charge distributions for the cluster for optimal O2 adsorbed in COP-4 graphene. The measured distance is presented in 
Angstroms, and the measured angle is presented in degrees. Reproduced with permission.[23b] Copyright 2014, Wiley-VCH.
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of new 2D CCOP networks with precisely controlled locations 
of N atoms and hole size.[23a,b] Subsequent carbonization of 
the 2D CCOP networks led to the formation of well-controlled 
N-doped holey graphene nanosheets. The combined experi-
mental and theoretical approach showed that the N-doped holey 
graphene nanosheets from 2D CCOPs are promising for effi-
cient energy conversion and storage, particularly as efficient 
metal-free catalysts for the ORR in fuel cells (Figure 2c–e). This 
work represents a new strategy to location control of N-dopant 
heteroatoms in the N-doped graphene structure, which, other-
wise, is impossible to achieve with conventional N-doping tech-
niques. Moreover, certain single- and/or multi-nonprecious-
metal-embedded (e.g., Co, Fe) COP materials have also been 
demonstrated to show high electrocatalytic activities for the 
ORR.[23a,35] The ORR mechanism in these system deserves fur-
ther investigation.

3.2. Solar Cells

Polymer solar cells (PSCs) offer a low-cost, large-area, and 
lightweight alternative energy source by spin-coating, ink-jet 
printing, or roll-to-roll printing the photovoltaic active materials 
even on flexible plastic electrodes. Although significant pro-
gress has been made during the past several decades, the power 
conversion efficiencies (PCEs) for state-of-the-art PSCs still 
need to be further improved for commercial applications. As is 
well known, the photovoltaic effect in a PSC involves the gen-
eration of electrons and holes under illumination, and subse-
quent charge transport and collection at opposite electrodes.[36] 
To improve the device efficiency of PSCs, therefore, one needs 

to enhance the charge transport and charge-collection efficien-
cies. Because of the large specific surface area and high charge 
mobility for both electrons and holes, graphene and its deriva-
tives (especially EFGs) have been used as a new class of charge-
transport and extraction materials in PSCs.[36a] Of particular 
interest, Yu et al. have covalently grafted regioregular poly(3-
hexylthiophene) (P3HT) chains onto carboxylic groups at the 
GO edge via an esterification reaction (Scheme (c) in Table 1).[37] 
A bilayer PSC based on the solution-cast P3HT-grafted GO 
sheets (G-P3HT)/C60 heterostructure showed a 2-fold enhance-
ment of PCE with respect to the P3HT/C60 counterpart 
due to the EFG-induced enhancement in charge transport 
(Figure 3a,b).[37] Furthermore, GO and its derivatives have also 
been studied as hole-/electron-extraction materials in PSCs.[36b] 
Knowing that GOs can serve as an excellent hole-extraction 
material with a work function of −4.7. eV, Liu et al., neutralized 
–COOH groups at the GO edge with cesium (Cs, Scheme (b) in 
Table 1). They found that the resultant cesium-neutralized gra-
phene oxide is an excellent electron-extraction layer, attributable 
to the work-function change from −4.7 eV for GO to −4.0 eV for 
GO-Cs.[36] Similarly, graphene nanoribbons with appropriate 
edge groups have also been demonstrated to be efficient hole-
extraction materials for PSCs (Figure 3c).[38] The same highest 
occupied molecular orbital (HOMO) (−5.0 eV) level of the 
edge-carboxylated graphene nanoribbon as that of the donor 
material, poly(3-hexylthiophene) (−5.0 eV), and the relatively 
higher lowest unoccupied molecular orbital (LUMO) (−3.5 eV) 
level of the edge-carboxylated graphene nanoribbon than that 
of the acceptor material, phenyl-C61-butyric acid methyl ester 
(PCBM) (−4.1 eV) can effectively improve hole extraction and 
electron blocking (Figure 3d), and hence a minimized possible 
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Figure 3.  a) Schematic diagram of a ITO/PEDOT:PSS/G-P3HT/C60/Al photovoltaic device. b) Current–voltage characteristics of the photovoltaic 
devices using P3HT/C60 or G-P3HT/C60 as the active layer. Reproduced with permission.[37] Copyright 2010, American Chemical Society. c) Schematic 
illustration of synthesizing GN from oxidative unzipping of SWCNTs. d) Device energy-level alignment for the graphene-nanoribbon-based PSC device 
of the ITO/GN/P3HT:PCBM (200 nm)/Ca (20 nm)/Al (100 nm) structure. e) The current-density–voltage (J–V) curves. f) The EQE curves under 
AM1.5G illumination. Reproduced with permission.[38] Copyright 2014, Wiley-VCH.
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charge combination loss at the anode and a high overall cell 
performance (Figure 3e,f).

Due to their high electrical conductivity and electrocatalytic 
activity, certain EFGs have also been used as highly efficient 
counter electrodes to replace Pt in dye-sensitive solar cells 
(DSSCs) with performances comparable to or even better than 
that of conventional Pt-based DSSCs. For instance, a DSSC 
based on a nitrogen-edge-doped graphene nanoplatelet (NGnP) 
cathode showed a PEC of 9.34% (PEC = 8.85% for the Pt-based 
counterpart).[16a] DSSCs with an IGnP counter electrode or an 
FGnP counter electrode exhibited fill factors (FFs) of 71.3%[39] 
and 71.5%,[40] and PCEs of 10.31%[39] and 10.01%,[40] respec-
tively. Edge-carboxylated graphene nanoplatelets (ECGnPs)- 
or NGnP-based DSSCs also showed high performance 
(FF = 74.4%, PCE = 9.31% for ECGnPs;[41] and FF = 71.9%, 
PCE = 10.27% for NGnP[42]).

Along with the development of linear donor–acceptor 
(D–A) type conjugated polymers of a low bandgap for PSC 
applications,[36b] the development of high-performance PSCs 
based on 2D CCOP analogous with donor polymers as the 
backbone and acceptor units pendant as the side chains/
branches has attracted a great deal of interest in the solar-cell 
community.[43] Recently, highly efficient PSCs have also been  
developed from a single-layer porphyrin-based 2D micropo-
rous, crystalline and indirect bandgap metal–organic frame-
work (MOF) film with a high photovoltaic efficiency and 
charge mobility due to extended π-electron delocalization.[44] 
Particularly, the well-defined periodic ordering of conjugated 
chains in semiconducting 2D CCOPs combine chemical 
stability and high hole mobility, leading to promising appli-
cations in solar cells.[10c,45] As far as the published work is 
concerned, it would be unfair to comment that not much has 
been achieved in this area. There remains, however, much 
work to do.

3.3. Lithium Batteries

Energy-storage devices, especially lithium-ion batteries 
(LIBs),[1,46] are just as important as energy-conversion devices, 
such as fuel cells and solar cells discussed above. To improve 
the charge/discharge rate of LIBs, and hence the device per-
formance, it is important to enhance the kinetics of lithiation 
and/or delithiation of electrode materials. In this regard, EFGs 

have been exploited as efficient electrode materials in high-per-
formance batteries due to their high conductivity in the basal 
plane and abundant active sites at the edge. By selectively con-
trolling the peripheral d-spacing through edge-functionaliza-
tion of graphite in the presence of P2O5 and poly(phosphoric 
acid),[47] Baek and co-workers demonstrated an almost two-fold 
increase in the capacity or energy density of a LIB from 110 to 
190 mA h g−1 at a 50 C discharge rate. Subsequently, Xu et al. 
prepared edge-selectively halogenated graphene nanoplatelets 
(XGnPs) by ball milling as efficient anode materials to increase 
the energy density of LIBs.[48] These authors found that the 
introduction of halogen atoms could not only contribute to the 
good reversible capacity or cyclability, but also facilitate lithium 
extraction/insertion.[48] In particular, the IGnP electrode was 
found to deliver an initial charge capacity of 562.8 mA h g−1 at 
0.5 C in the voltage range of 0.02–3.0 V, with a high retention 
rate of 84% even after 500 cycles.

Compared with LIBs, lithium–sulfur batteries (LSBs) exhibit 
a higher theoretical capacity (ca. 1675 mA h g−1) and energy 
density (ca. 2600 W h kg−1). However, sulfur-based cathode 
materials are still suffering from multiple drawbacks, including 
their low electrical conductivity, large volume expansion, and 
easy dissolution of sulfur into the electrolyte solution and/
or deposition on the lithium anode surface to increase the 
resistance and shorten the cycle life.[49] To overcome these 
drawbacks, Xu et al. used sulfur-edge-doped graphene nano-
platelets (S-GnPs) produced by ball milling 70% sulfur with 
30 wt% graphite as efficient cathode materials for LSBs.[49] 
LSB cells based on the S-GnP cathode were found to deliver 
a high initial reversible capacity of 1265.3 mA h g−1 at 0.1 C in 
the voltage range of 1.5–3.0 V with an excellent rate capability, 
and a high reversible capacity of 966.1 mA h g−1 at 2 C, with 
a low capacity decay rate of 0.099% per cycle over 500 cycles 
(Figure 4), which outperformed current state-of-the-art cathode 
materials for LSBs. These results clearly indicate that edge-
doped S-GnPs have great potential for next-generation high-
performance LSBs. Meanwhile, the tunable pore size in COP 
materials allows for the incorporation of S into their nanopores 
to reduce/eliminate soluble polysulfides shuttling between the 
anode and the cathode and to improve the cycling performance 
of LSBs.[50] Although recent studies show promise for the use of 
edge-functionalized graphene and 2D COPs as efficient cathode 
materials in LSBs, it is too early to celebrate, as the ultimate 
goal is still not in sight.
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Figure 4.  Rate capabilities of LSB based on S-GnPs cathode at 2 C (3350 mA h g−1) in the voltage range of 1.5–3.0 V. Reproduced with permission.[49] 
Copyright 2014, American Chemical Society.
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4. Concluding Remarks

As discussed above, edge-functionalized graphene and 2D 
covalent organic polymers with conjugated networks of tun-
able edge-functional groups possess unique optoelectronic and 
electrocatalytic properties useful for efficient energy conver-
sion and storage. Edge-functionalization with minimal carbon 
basal plane damage can further broaden their potential applica-
tions by introducing various specific chemical moieties at the 
edge of a graphene sheet and along the network of 2D covalent 
organic polymers to impart solubility, film-forming capability, 
electrocatalytic activity, and/or chemical reactivity. Here, we 
have revealed the versatility of edge-functionalization for pro-
ducing tailor-made graphene and covalent organic polymers for 
efficient energy conversion and storage. Compared with edge-
functionalized graphene, however, the development of covalent 
organic polymers as energy materials is still in its infancy. The 
synthesis of soluble 2D CCOPs with tunable bandgaps remains 
challenging. If realized, however, the availability of processable 
tailor-made 2D CCOPs could significantly facilitate their appli-
cations in energy-related and many other devices. Continued 
research in this exciting field should be very fruitful.
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