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Scalable Production of Edge-Functionalized Graphene
Nanoplatelets via Mechanochemical Ball-Milling

In-Yup Jeon,* Seo-Yoon Bae, Jeong-Min Seo, and Jong-Beom Baek*

Although there are a variety of methods for producing graphene, commer-
cialization remains challenging because each method has its own pros and
cons. For the wide use of graphene as a next generation material in diverse
applications, the process by which graphene is manufactured must be robust
enough to overcome barriers to commercialization, as has been experienced
in commercializing carbon nanotube products. Here, a recent discovery of a
new manufacturing process for efficient delamination of graphite into gra-

phene nanoplatelets (GnPs) via mechanochemical ball-milling is summarized.

In this process, transferring sufficient kinetic energy to graphitic frameworks
will crack graphitic C—C bonds, generate active carbon species (mostly carbon
free radicals), introduce edge-functional groups, and delaminate graphitic
layers into edge-functionalized GnPs (EFGnPs). While this process is a
method for mass production, it does not involve hazardous chemicals (e.g.,
corrosive acids and toxic reducing agents) such as those used for producing

Since the direct isolation of single-layer
graphene from graphite was successfully
realized by mechanical exfoliation—the
so-called “Scotch tape” method,!'—and
potential applications demonstrated, gra-
phene has been produced in several ways.
These techniques involve graphite-interca-
lation compounds (GICs),!'¥ electrochem-
ical exfoliation,'”) chemical oxidation/
reduction (or graphite oxide (GO)/reduced
graphene oxide (rGO)),2%! arc discharge
exfoliation,??! epitaxial growth on SiC,?3!
and chemical vapor deposition (CVD).[’24
Among these, the GO/rGO and CVD
approaches have mainly been utilized
for the synthesis of graphene for mass
and high-quality production, respectively.

graphene oxide (GO) and reduced graphene oxide (rGO). Owing to its edge-
selective functionalization, the EFGnPs have minimal basal area defects with
selectivity of a variety of edge groups by forming edge C-X bonds (X = non-

metals or metalloids) that are tunable.

1. Introduction

Graphene is a 2D sheet of sp?-hybridized, networked carbon..
Its extended honeycomb graphitic framework is the basic
building block for other important carbon allotropes. It can
be stacked into 3D graphite, rolled to form 1D nanotubes, and
wrapped to form 0D fullerenes. Its unique physical, mechanical
and electrical properties have drawn great interest among sci-
entists.™¥ Among these are its large theoretical specific surface
area (2630 m? g7!), high intrinsic mobility (200 000 cm? v-! s7}),
high Young’s modulus (=1.0 TPa) and thermal conductivity
(=5000 W m™' K1), good optical transmittance (=97.7%), and
good electrical conductivity. As a result, graphene has been con-
sidered to be a promising candidate for composite additives,>°l
transparent conducting electrodes,”®! field effect transistors,]
photovoltaic cells, "% fuel cells,'>'3 Li-ion batteries,'*!! sen-
sors, 1 supercapacitors,['”l and many others.
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When the GO/rGO and CVD methods
are compared, they can be clearly catego-
rized on the basis of graphene quality and
applications.

Although CVD is one of the most
viable methods for the formation of large-
area and high-quality graphene film,/#!
it has significant drawbacks that include a tedious manufac-
turing process, high manufacturing costs, and quality control
issues. Therefore, CVD graphene will be useful for only lim-
ited applications such as transparent electrodes and field effect
transistors. Compared with mechanically exfoliated and CVD
graphene, GO/rGO has relatively poor quality, but it is consid-
ered mass producible at low-cost. Specifically, it is possible to
produce affordable quantities to use for energy conversion and
storage, catalysts, composites, and flame retardants. However,
GO/rGO production is associated with many problems such as
low-quality, use of hazardous reagents (e.g., strong acids and
carcinogenic reducing agents), and a tedious process. Although
there are many limitations for commercialization of graphene,
both GO/rGO and CVD are still regarded as the most viable
approaches for practical uses. Nevertheless, they are not ade-
quate for commercial demands, and thus many scientists
have worked hard to find alternatives that would allow scalable
production of high-quality graphene and/or graphene nano-
platelets (GnPs, less than 10 graphitic layers), using a simple,
cost-efficient, eco-friendly, and mass producible process. At the
same time, the quality of the graphene and GnPs produced
should be good enough to meet commercial demands.

We recently reported a new approach for scalable production
of graphene nanoplatelets (GnPs), which involves simple but
efficient production via mechanochemical ball-milling graphite
in the presence of corresponding reactants.’®! High-speed
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ball-milling generates enough kinetic energy to crack graphitic
C-C bonds, to induce edge reaction, to delaminate graphitic
layers, and thus to yield edge-selectively functionalized gra-
phene nanoplatelets (EFGnPs). Large quantities of EFGnPs
could be efficiently prepared by mechanochemical ball-milling.
Due to the minimal distortion of the graphitic basal area,
EFGnPs have high crystallinity and show excellent performance
in a number of applications (e.g., fuel cells,?-3! solar cells,32-3!
Li-ion Dbatteries,?23¢ and flame retardants.’”) In addition, a
variety of functional groups and/or heteroatoms can be selec-
tively introduced at the edges for different applications. Hence,
this EFGnPs approach may thoroughly satisfy diverse demands
and overcome previous obstacles to commercialization. We
believe that this process could revitalize graphene research for
practical applications (e.g., polymer composites, energy conver-
sion and storage, flame retardants, conductive inks) and thus
enable graphene to take an actual leading position as a next-
generation material in future science and technology.

2. Mechanochemically Driven Reaction using
Kinetic Energy (Ball-Milling)

As a new method for large-quantity and high-quality produc-
tion of GnPs, a mechanochemical reaction was developed
utilizing ball-milling. Such ball-milling utilizes metal balls trav-
elling at high speed (significant kinetic energy) to unzip the
graphitic layers (C-C bond cracking), cause chemical reaction
at the unzipped edges (C-X bond formation), and physically
delaminating graphitic layers into GnPs (<10 layers). Chemi-
cally bonded X groups act as physical wedges, hampering the
restacking of the separated GnPs. As presented in Figure 1,
the bond cleavages of graphitic C-C frameworks are induced
by the high-energy metal balls in a planetary ball-mill machine
(Figure 1a). Active carbon species such as carbon radicals and
ions (cations and anions) are generated at the unzipped edges.
Active carbon species generated in situ are reactive enough
to promptly pick up appropriate reactants that are present
(Figure 1b—d). The reactants can be in different phases: vapors
(CO,™) N, 128 Fy32 and CL?7), liquids (SO, and Bry,*!
solids (I,,”) red P,3”] ¢l and Sb,B3Y or mixtures (CO,/SO;/%°
and SO;/1,*% under standard conditions. When the ball-mill
capsule lid is opened in ambient air, violent sparking could be
observed due to the termination/oxidation reaction between the
remnant active carbon species/metallic debris and the moisture
in the air.?>%”! After acidic work-up to remove metallic residue,
the EFGnPs contain some oxygenated functional groups (e.g.,
-OH, -C=0, —-COOH) at their edges along with the appro-
priate reactants. The polar edge-oxygenated groups help solu-
bility of EFGnPs in solvents (vide infra), allowing enhanced
processibility.

Considering the whole manufacturing process, the major
advantages of the ball-milling approach to produce GnPs (over
the GO/rGO method) are: 1) very simple, one-pot eco-friendly
process without use of hazardous wet-chemicals; 2) efficient
way to selectively introduce various functional groups; 3) min-
imal distortion at basal area for high-quality materials (Table 1).
The process for making EFGnPs only involves milling and
work-up procedures along with the diversification of reactants,
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in contrast with the tedious GO/rGO process (oxidation, soni-
cation, separation, fabrication, and reduction). After milling, it
is only necessary for EFGnPs to be treated with 1 M aq. HCl
solution to remove the metallic debris incorporated during
ball-milling. Namely, there is no need for additional processes
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Figure 1. a) Planetary ball-mill machine; b—d) schematic representation of the mechanochemically driven physical cracking, and chemical reaction by
ball-milling graphite in the presence of corresponding reactant(s) to produce edge-selectively functionalized graphene nanoplatelets (EFGnPs) with

desired functional group(s).

such as reduction, transfer, or etching. Therefore, a very simple
manufacturing process, along with the low-cost installation
of ball-milling devices, could lower the production cost of the
commercialization of graphene.

3. Edge-Selectivity of EFGnPs

The edge-selectivity was indirectly confirmed by focused micro-
Raman spectra.’ The Ip/I¢ ratio of EFGnPs was noticeably dif-
ferent between edge and basal plane (Figure 2a). The carboxylic
acid-functionalized graphene nanoplatelets (CGnPs) showed a
much higher Ip/I; ratio (1.32) at edges than the corresponding
value (0.33) for the basal plane. While pristine graphite exhibits a
similar trend (Figure 2b), GO (Figure 2c), which has oxygenated
groups at both edges and in the basal area, displays a similar I/I¢
ratio of the edges and basal area. In addition, CGnPs display sp*
peaks (1134 cm™) at the edges (arrow, Figure 2a), while both the
pristine graphite and GO do not show the sp* peak. The Raman
results suggest edge-selective functionalization of EFGnPs.
Furthermore, the edge-selectivity was visually elucidated by
atomic resolution transmission electron microscopy (AR-TEM).
Because the atomic sizes of carbon (covalent radius: 73 pm),
nitrogen (71 pm) and oxygen (66 pm) are similar, the electron
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microscope cannot discern the elements. To directly visualize
edge-selectivity, we introduced antimony (Sb, 139 pm) at the
edges of the graphene nanoplatelets (GnPs), in other words, we
prepared antimony-doped graphene nanoplatelets (SbGnPs).3!
A high-resolution TEM (HR-TEM) image shows thin SbGnP
platelets (Figure 2d), and the AR-TEM image clearly displays
the formation of C-Sb bonds along the edges of SbGnPs
(Figure 2e). The Sb atoms with dark atomic contrast are located
along the edge lines of the SbGnPs. A HAADF STEM image
(Figure 2f) with atomic Z-contrast, confirms the existence of a
single Sb atom without formation of Sb nanoparticles. Further-
more, due to the large atomic size of Sb, it is attached at the
armchair edge of SbGnPs (Figure 2g). The resulting formation
of C—Sb bonds suggest that high-speed ball-milling of graphite
and antimony ore could generate sufficient kinetic energy for
the formation of graphitic C-X bonds regardless of the reac-
tants used (X = nonmetals or metalloids).

Furthermore, the total number of active carbon species gen-
erated at the broken edges of graphitic layers can be estimated
by Eq. (1).*7)

8a§(%)k 4= 2ai2k 1)

k=1
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Table 1. Comparison of general characteristics of EFGnP and GO.1?’]
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Functional groups

Functional groupselectivity

Regio-selectivity

Powder conductivity (S cm™)

Char yield at 800 °C in N,

Dispersibility in basic solvents

Zeta-potential (mV)

Carboxylic acid only

Selective

Edge only
1.1x 1072

<65%
good
~34.2 (NMP)

Various (carboxylic acid, carbonyl,
aldehyde, epoxy, hydroxyl, etc.)

Non-selective

Edge + basal plane
6x107
6.8x 10710
<60%
good
-35.1 (NMP)

EFGnP GO Advantages for EFGnP
History 2017: Invention 1860: Brodie GO has known for longer than 150 years
1898: Staudenmaier
1958: Hummers
Reactant Graphite + CO, Graphite + NaNO3, KMnO,, H,SO, EFGnP is an eco-friendly process
Yield Very high (quantitative) Low Only limited by the size of the ball milling chamber
Interlayer d-spacing (A) 3.7 ~6.67-7.70 Graphite=3.4
C/O ratio 3.63 2.25 timeless C-basal plane damage
Ip/lg ratio 1.15 1.03 Depending on reaction time

Well-defined functional groups could be further selectively modified
by using carboxylic acid reaction

Highly selective, but other functional groups can also be selectively
introduced via the ball milling process (e.g., amine and sulfonic
acid)

Region-specific

Much higher conductivity (Graphite =10-1400)

ECG has better thermal stability
Higher stable concentration (=three times in NMP)

Similar
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—41.6 (water, pH =10)

—43.0 (water, pH =10)

where a is the initial average number of carbon atoms at the
edges of the pristine graphite, and k is the number in cross-
cuts. As a simple model, a square piece of graphene with one
hundred carbon atoms (¢ = 100) on an edge and with three
crosscuts (k = 3) can generate 2800 active carbon species (i.e.,
2800/10 000 x 100 = 28%), which is sufficient to functionalize
and thus affect the overall nature of the EFGnPs.

4. Edge-Tunability of EFGnPs with Various
Functional Groups and Heteroatoms

In the case of GO/rGO processes, the type of oxygenated group
cannot be specified and its physical location is not selectively
defined either at the edges or on the basal plane, since the
NaNO;/H,SO,/KMnO, mixture randomly oxidizes the gra-
phitic framework with a variety of oxygenated groups (e.g.,
-OH, —O—-, —-C=0, —COOH) together at the edges and on the
basal plane.3®3% Therefore, GO requires additional chemical
reaction and/or heat treatment to functionalize the desired
groups, and/or to introduce heteroatoms. Even with this poten-
tial, there are still a lot of limitations to imparting specific func-
tional groups and/or heteroatoms. For example, the GO/rGO
approach allows only the possibility of nonmetallic elements
(e.g., B, N, P, S, I) through chemical reduction and/or heat
treatment at high temperature. It is considered to be almost
impossible to introduce post-transition metals or metalloids.
On the other hand, the ball-milling process can selectively
introduce desired functional groups (e.g., -H, -COOH, —-SO;H
and —P=0O(OH),) and heteroatoms (N, S, F, Cl, Br, I and Sb) at
the edges of EFGnPs. This can be simply realized by changing

© 2015 WILEY-VCH Verlag GmbH & Co. KGaA, Weinheim

reactants without additional procedures, as summarized in
Table 2. Further chemical modification of EFGnPs is also pos-
sible. For example, CGnPs (edge-COOH containing GnPs)
can be converted to edge-COCI, and subsequently into edge-
CONH, by treating with SOCI, followed by ammonia.*" In
addition, polymers can be grafted to the edges of CGnPs using
esterification.!l Very recently, the formation of graphitic C-Sb
bonds has, for the first time, been realized using ball-milling
of graphite and antimony (Sb) ore.’!] The result suggests that
ball-milling generates enough kinetic energy to initiate chem-
ical reaction between active carbon species and various other
chemical species, and to form graphitic C-X bonds (X = non-
metals, metalloids, post-transition metals or metals) that have
not yet been reported elsewhere. Thus, new challenges for the
formation of graphitic C—X bonds could open new avenues for
controlling the structure-property relationship. This has not
been possible with other synthesis methodologies; hence, the
potential applications of GnPs will be beyond our imagination.

5. Solubility and Average Aumber of Aayers
of EFGnPs

EFGnPs are generally dispersible well in polar solvents such as
water, alcohol, tetrahydrofuran (THF), acetone, N,N -dimethylfor-
mamide (DMF), N,N-dimethylacetamide (DMAc), and N-methyl-
2-pyrrodine (NMP), indicating that the driving force for the good
dispersion stability must originate from edge polarity (enthalpic
contribution) and grain size reduction (entropic contribution) in
addition to the steric repulsion at the edges. This allows small
molecules (solvent molecules) to intercalate between graphitic

Adv. Funct. Mater. 2015, 25, 6961-6975
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Figure 2. a—c) Indirect validation of edge-selective functionalization using micro-Raman spectra: a) CGnPs after ball-milling for 24 h; b) Pristine
graphite; c) GO. Insets are confocal optical microscopy images of the D and G bands. Reproduced with permission.?l Copyright 2012, National
Academy of Sciences; d—g) Direct validation of edge-selective functionalization using TEM: d) Bright-field (BF) TEM image of SbGnPs after ball-milling.
Scale bar is 20 nm; e) Atomic-resolution (AR) TEM image obtained from the region marked with a red square in (d). Scale bar is 2 nm; f) HAADF
STEM image showing the contrast of single Sb atoms at the edges of SbGnPs. Scale bar is 1 nm; g) AR-TEM image of a single Sb atom attached at the
graphene edge with an armchair configuration. The inset is the fast Fourier transform (FFT) of the image. Scale bar is 1 nm. Reproduced with permis-

sion.B" Copyright 2015, Nature Publishing Group.

EFGnPs layers. As a result, EFGnPs solutions in various sol-
vents show zeta-potential values >-30 mV (Table 3), implying an
absolute value higher than 30 mV for a stable dispersion.*>*3l
Thus, the enhanced solubility of EFGnPs in various solvents
can be attributed not only to various functional groups and/or
heteroatoms, but also to some oxygenated groups at their edges.
These are unintentionally introduced by the reaction between
the remnant active carbon species and air moisture, which turns
out to be useful for solution processing.

The average number of layers in solid state EFGnPs after ball-
milling could simply be estimated on the basis of their surface
area. Given that the maximum Brunauer-Emmett-Teller (BET)
surface area of single layer graphene is 2630 m? g!, the average
numbers of EFGnPs could be calculated by simple dividing the
surface area of a single layer by the experimentally determined
BET surface areas of EFGnPs. That is, the average number of
layers is 2630/BET surface area of corresponding EFGnPs. This
is possible because the edge contribution of the graphene nano-
platelets (GnPs) is negligible with respect to the basal area. The
estimated average number of EFGnP layers is in the range of
=424 (Table 4) in solid state. However, it is noteworthy that fur-
ther delamination of EFGnPs occurs upon dispersion in solvents,
because edge-lifting can provide efficient kinetics for the inter-
calation of solvent molecules. Furthermore, as the atomic size
of edge-substituent increases (for example, in the order F < Cl
< Br < I), the BET surface area is accordingly increased, as the
average number of layers is decreased. The results indicate that
atom size is an important factor in the delamination of graphitic

Adv. Funct. Mater. 2015, 25, 6961-6975
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layers in solid state. EFGnPs containing polar edge groups, such
as CSGnPs, SGnPs, and ISGnPs that contain sulfonic acid, show
very low BET surface area (similar to pristine graphite: 2 m? g7}).
This is because of the relatively larger grain size (SEM mor-
phology) and tighter aggregates caused by stronger surface inter-
actions (H-bonding) between the sulfonic acids on the edges.

6. Applications of EFGnPs

Graphene has received such tremendous attention due to its
outstanding chemical, physical, mechanical, optical, and elec-
tronic properties. For example, the electron accepting/donating
ability of heteroatom-doped graphene can create net positive or
negative charges on adjacent carbon atoms in the graphitic lat-
tice to efficiently facilitate electrocatalytic activity.*Yl In the case
of EFGnPs, heteroatoms are located at the edges where most
catalytic activity occurs. Edge-selective doping of functional
groups/heteroatoms could play a pivotal role in the overall
enhancement of electrocatalytic performance for electrochem-
ical energy conversion and storage.

We have studied various EFGnPs as electrode materials for
energy conversion and storage, involving such as fuel cells,?6-31]
dye-sensitized solar cells (DSSCs),’23% lithium-ion batteries
(LIBs),B23¢ and vanadium redox-flow batteries (VRFBs).l*]
EFGnPs have demonstrated excellent electrochemical
performance with cycle stability In addition, graphene
phosphonic acid (GPA) showed great potential as a flame
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Table 2. Yield (starting with 5 g of graphite) and element content of
EFGnPs from XPS.

Sample Yield (g) C (at.%) O (at.%) X (at.%)
HGnP 5.32 89.68 10.32 -
CGnP 6.28 82.22 17.78 -
CSGnP 5.23 86.66 10.69 2.65 (S)
SGnP 5.03 88.52 7.47 4.01 (S)
NGnP 5.67 77.08 13.38 8.47 (N)
SGnP-Sg 5.75 86.99 8.07 4.94 (S)
GPA 1017 45.82 39.40 14.78 (P)
FGnP 5.15 87.94 12.06 3.00 (F)
CIGnP 6.09 89.09 7.54 3.37 (Cl
BrGnP 6.93 90.99 6.01 2.9 (Br)
IGnP 6.86 91.36 7.58 1.06 (1)
ISGnP 4.57 83.55 13.17 0.16 (1) and
1.50 (5)
MAGnP 6.45 89.47 10.53
MIGnP 7.09 87.99 9.05 2.96 (N)
SbGnP 6.11 82.87 15.95 1.18 (Sb)

HGnP: Hydrogen-functionalized graphene nanoplatelets; CGnP: carboxylic acid-
functionalized graphene nanoplatelets; CSGnP: carboxylic acid and sulfonic
acid-functionalized graphene nanoplatelets; SGnP: sulfonic acid-functionalized
graphene nanoplatelets; NGnP: nitrogen-doped graphene nanoplatelets; GPA:
graphene phosphonic acid; SGnP-Sg: sulfur(Sg)-doped graphene nanoplatelets;
FGnP: fluorine-doped graphene nanoplatelets; CIGnP: chlorine-doped graphene
nanoplatelets; BrGnP: bromine-doped graphene nanoplatelets; IGnP: iodine-
doped graphene nanoplatelets; ISGnP: iodine and sulfonic acid-functionalized
graphene nanoplatelets; MAGnP: maleic acid-functionalized graphene nanoplate-
lets; MIGnP: maleimide-functionalized graphene nanoplatelets; SbGnP: antimony-
doped graphene nanoplatelets.

retardant,?”! which could replace current brominated flame
retardants (BFRs) that are bioaccumulative and toxic.[*9)

6.1. As Cathode Materials for Oxygen Reduction Reaction (ORR)
in Fuel Cells (FCs)

As energy conversion devices, fuel cells possess many advan-
tages over batteries in terms of energy security, low operating
cost, stable power generation, fuel choices, clean emissions,
and high power conversion efficiency.*”) However, there are two
major technical pitfalls, namely manufacturing cost and reli-
ability, which have hampered their commercialization to date.
Specifically, the major drawback is related to the kinetically
sluggish cathodic oxygen reduction reaction (ORR) compared
with the fast anodic hydrogen oxidation reaction (HOR).[*84
Hitherto, platinum-based materials are the most efficient cata-
lysts. However, along with the high cost of Pt, there are a variety
of problems associated with Pt-based electrocatalysts. These
include the potential for carbon monoxide poisoning, fuel
selectivity, and long-term stability. Therefore, the development
of non-precious metall®®>! and metal-freel®>>3] electrocatalysts
with high activity has attracted considerable attention. More
importantly, practical durability has become one of the most
important challenges for development of fuel cells. Among the
better candidates, heteroatom-doped carbon materials such as
carbon black,¥ carbon nanoparticles,® carbon nanotubes,*4l

© 2015 WILEY-VCH Verlag GmbH & Co. KGaA, Weinheim
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Table 3. Dispersion and zeta-potential in various solvents of EFGnPs.

Sample Max concentration Zeta-potential Solvent
[mg mL] (mv]
CGnP 0.06 -30.5 NMP
CSGnP 0.14 -32.8 DMF
SGnP 0.14 -38.8 DMF
NGnP 0.10 -31.9 DMAc
SGnP-Sg 0.10 -33.7 DMF
PGnP 0.60 -333 H,0
FGnP 0.10 -33.5 NMP
CIGnP 0.10 -335 DMF
BrGnP 0.10 -31.6 DMF
IGnP 0.10 —34.8 DMF
ISGnP 0.40 —43.4 NMP

and graphenel'? have been intensively studied as efficient
metal-free electrocatalysts for ORR. As summarized in Table 5,
EFGnPs, a new class of electrocatalysts, displayed enhanced
ORR performance and outstanding electrochemical stability due
to edge-selective functionalization or heteroatom doping. This
suggests potential new insights for the design and synthesis of
low-cost and highly durable electrocatalysts in fuel cells.

A series of EFGnPs, hydrogen (HGnPs), carboxylic acid
(CGnPs), sulfonic acid (SGnPs) and carboxylic acid/sulfonic
acid (CSGnPs)-functionalized GnPs, were prepared by ball-
milling graphite in the presence of H,, CO,, SO; or CO,/
SO; mixture, respectively.?®l The electrocatalytic activities of
EFGnPs are closely related to the edge polarity nature in the
order of SGnP > CSGnP > CGnP > HGnP > pristine graphite.
These results suggest that the kinetic contribution related to
oxygen diffusion by edge polarity could also play an important
role in ORR, along with the electron accepting/donating capa-
bility (thermodynamic contribution) of EFGnPs.

As an extreme challenge, nitrogen can also be introduced at
the edges of GnPs by ball-milling graphite in the presence of

Table 4. Surface area, pore volume, pore size, and estimated average
number of layers of EFGnPs in solid state.

Sample Surface area Pore Volume Pore Size Average layer
[m?g™] [mLg™] [nm] number

Graphite 2.8 0.0016 2.27 -
HGnP 437 0.3909 3.58 5.99
CGnP 389 0.1841 1.89 6.75
CSGnP 2.7 0.0136 20.43 -
SGnP 29 0.0135 18.62 -
NGnP 109.0 0.0529 1.94 2413
SGnP-Sg 143.7 0.0715 1.99 18.30
FGnP 134.8 0.3090 9.17 19.51
CIGnP 471.2 0.2205 1.87 5.58
BrGnP 579.4 0.5474 3.78 4.54
IGnP 662.2 0.3413 2.06 3.97
ISGnP 6.0 0.0205 13.58 -
SbGnP 376.7 0.3857 4.10 6.98
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Table 5. ORR performance of EFGnPs.

Sample Electron transfer Cycle retention Reference
number (n)
Pt/C 4.0at-0.6V 81.1% after 100 000 cycles [31]
HGnP 3.0at-0.6V 84.3% after 10 000 cycles [26]
CGnP 29at-0.6V 60.6% after 100 000 cycles [26]
CSGnP 2.8at-0.6V 99.3% after 100 000 cycles [26]
SGnP 3.7at-0.6V 97.6% after 100 000 cycles 26
NGnP 4.0at-0.6 vV 95.5% after 100 cycles [28]
SGnP-Sg 33at-0.6V - [29]
SOGnP 3.6at-0.6V - [29]
CIGnP 3.5at-0.8V 95.4% after 100 cycles [27]
BrGnP 3.8at-08V 93.2% after 100 cycles [27]
IGnP 3.9at-0.8V 96.2% after 100 cycles [27]
ISGnP 4.0at-0.6 v 66.4% after 100 000 cycles [30]
SbGnP 4.0at-0.6 v 101.5% after 100 000 cycles [31]

nitrogen gas.?®! Density functional theory (DFT) calculation of
nitrogen-doped GnPs (NGnPs) reveals that the lone-pair states
of nitrogen in-plane orbitals constitute distinctive edge-local-
ized bands just below the Fermi-level. However, the 7 states of
graphene are well preserved, including the nitrogen P,-orbitals
in the conjugated networks. These unique edge-localized band
structures, in conjunction with the undamaged basal plane
of NGnPs, can lead to advantageous catalysts that surpass
the performance of Pt. The corresponding cathodic reduction
peak for NGnPs is positively shifted and provides a higher a
current density (-0.28 V and -0.54 mA cm™2), compared with

www.afm-journal.de

pristine graphite (-0.43 V and —0.19 mA cm™). Moreover, the
current-density of NGnPs is similar to that of Pt/C. Addition-
ally, NGnPs show an ideal four-electron process and superb sta-
bilities in both N,- and O,-saturated electrolytes.

Other series of halogen-doped GnPs (XGnPs, X = Cl, Br or I)
were prepared by ball-milling graphite in the presence of Cl,,
Br, or I,, respectively.?”l XGnPs show remarkable electrocata-
lytic activities toward ORR with high selectivity, good tolerance
to methanol crossover/CO poisoning effects, and excellent
long-term cycle stability (Figure 3). The edges of XGnPs have
enough activity to attract O, and to weaken the O-O bond of
adsorbed O,, which is favorable for efficient development into
water upon reduction and protonation. The origin of enhanced
ORR activity with the nitrogen-doped carbon-based materials is
due to the higher electronegativity (x) of nitrogen (3.04, com-
pared to carbon: 2.55) to polarize adjacent carbon atoms in
graphitic frameworks. This efficiently facilitates O, adsorption
and charge-transfer. However, although the order of electron-
egativity is Cl (3.16) > Br (2.96) > I (2.66), the order of ORR
activity of XGnPs is CIGnP << BrGnP < IGnP. This is due to
the enhancement of charge-transfer by the formation of par-
tially ionized bonds such as —Br*— and —I*— because of their
relatively larger atomic sizes.

Sulfur-doped graphene nanoplatelets (SGnP-Sg) were prepared
using sulfur (Sg) and then were treated in hydrogen peroxide to
oxidize SGnPs-Sg into SOGnPs.?% Both SGnPs-Sg and SOGnPs
demonstrate not only high ORR electrocatalytic activity but also
better fuel selectivity with longer-term stability than those of pris-
tine graphite and commercial Pt/C electrocatalysts. This is due
to covalently bonded sulfur, or oxidized sulfur, at the edge of
graphene that induced both charge and spin densities on the gra-
phene. This was because the charge polarization stemming from
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Figure 3. Cyclic voltammograms (CV) of XGnPs (X = Cl, Br, 1) and Pt/C on glassy carbon (GC) electrodes in N,- and O,-saturated 0.1 M aq. KOH
solution with a scan rate of 10 mV/s: a) Pristine graphite, b) CIGnPs, c) BrGnPs, d) IGnPs, and e) Pt/C; f) Linear sweep voltammograms (LSV) at a
rotation rate of 1600 rev min~' and a scan rate of 10 mV s, showing a gradual increase in current and a positive shift in the onset potential along the
order of the pristine graphite, CIGnPs, BrGnPs, IGnPs and Pt/C. Reproduced with permission.l?’) Copyright 2013, Nature Publishing Group.
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Figure 4. Electrochemical analysis of pristine graphite, Pt/C, and SbGnPs: a) Capacity retention in an O,-saturated 0.1 m aq. KOH solution with a scan
rate of 100 mV s7', illustrating that SbGnPs displayed no capacity loss after 100 000 cycles; b) Linear sweep voltammograms (LSVs) at a rotation rate

of 2500 rpm and a scan rate of 10 mV s~

1, ¢) Koutecky-Levich plots derived from the rotating disk electrode measurements at 0.6 V; d) The electron

transfer number at 0.6 V (versus Ag/AgCl).Reproduced with permission.l Copyright 2015, Nature Publishing Group.

the difference in electronegativity between carbon (y = 2.55)
and sulfur (y = 2.58) is almost negligible. Specifically, they are
strongly polarized by the covalently bonded sulfur atoms at the
edge of the graphene and there, the polarized zones should serve
as active sites for ORR. Additionally, SOGnPs show better elec-
trocatalytic activity than SGnPs-Sg due to their higher magnetic
moment (related to electron motion and transfer).
Antimony-doped graphene nanoplatelets (SbGnPs) are pre-
pared directly by ball-milling graphite in the presence of anti-
mony (Sb).2! Due to antimony doping, SbGnPs show the
cathodic reduction peak more positively (=0.13 V, compared
with that of pristine graphite) but manifests high electrocata-
Iytic activity. The current density of SbGnPs was almost 3-fold
greater than that of pristine graphite, and equivalent to commer-
cial Pt/C. The experimentally determined n value at the poten-
tial of =0.6 V (for both SbGnPs and Pt/C) exhibits an ideal one-
step, four-electron pathway (n = 4.0), while the electron pathway
of pristine graphite shows the classic two-electron pathway (n =
2.0) for ORR. For the tolerance against CO poisoning and meth-
anol crossover, SbGnPs also displayed performance superior to
that of pristine graphite and Pt/C. More importantly, SbGnPs
displayed zero loss of electrocatalytic activity for ORR, even
after 100 000 cycles. Density functional theory (DFT) calcula-
tions indicate that the multiple oxidation states (Sb** and Sb>*)
of Sb are responsible for this unusual electrochemical stability
(Figure 4). The free energy profile is favorable along the ORR
paths through intermediates that alternate between the multiple
oxidation states of Sb. Furthermore, the dissociative processes

© 2015 WILEY-VCH Verlag GmbH & Co. KGaA, Weinheim

are preferred to the associative ones, and thus the formation of
hydrogen peroxide (H,0,) is suppressed during the ORR pro-
cess, supporting the observed cycle stability.

Todine®”! and sulfuric acid?® functionalized GnPs showed
outstanding properties as electrocatalysts for ORR. Expecting
synergistic enhancement, iodine/sulfonic acid co-doped GnPs
(ISGnPs) were prepared by sequential ball-milling to use high
charge polarization for iodine and high polarity for -SO;H.1%
Despite low surface area (6.03 m? g!), the ISGnPs showed sig-
nificantly improved onset potential for ORR, compared to pris-
tine graphite and hydrogen-functionalized GnPs (HGnPs, low
grain-size GnPs). The electron transfer number (n) of ISGnPs
increased from 2.8 to 4.0 as the applied potential increased
from -0.4 to —0.6 V, which is a typical potential range of fuel cell
operation, indicating that ISGnPs contribute to efficient oxygen
diffusion and absorption. The introduction of iodine (I) and
sulfonic acid (-SO;H) at the edge of graphitic layers was found
to produce good ORR performance with higher capacitance and
better cycle stability than commercial Pt/C electrocatalyst.

6.2. As Counter Electrode Materials for Dye-Sensitized
Solar Cells (DSSCs)

Dye-sensitized solar cells (DSSCs), which were first developed
about two decades ago, are considered to be potential alterna-
tives to current silicon-based solar cells. The advantages of
DSSCs are low-cost, dye availability, easy fabrication, and high

Adv. Funct. Mater. 2015, 25, 6961-6975
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power conversion efficiency (PCE).’%7] The key roles of the
counter electrode (CE) in DSSCs are to rapidly transfer electrons
from the external circuit to the electrolyte and to efficiently cata-
lyze the reduction of the redox couple. Hence, the requirements
for efficient CEs include good charge-transfer properties due to
low sheet resistance and efficient catalytic reduction, via charge
polarization, of the redox couple.”® Thus far, Pt is one of the
Dbest catalysts that meet these requirements, for use in fuel cells.
As aforementioned, Pt is an expensive and scarce noble metal
and is subject to corrosion. Therefore, carbon-based materials,
such as carbon black,®! carbon nanoparticles,!®! carbon nano-
tubes,[®! and graphene,[®2%3 have been widely studied in hopes
of finding promising alternatives to replace Pt-based materials.
We have tested EFGnPs as CEs and they show good electrocata-
lytic performance for the Co(bpy);2*/3* redox couple, and lower
charge-transfer resistance (R.) values at the CE/electrolyte
interface. In particular, the electrochemical stability of EFGnP-
CE for the Co(bpy);2*/*>* redox couple is profoundly better than
that of the Pt-CE (Table 6).

For example, the NGnP-based DSSC shows a Jsc of 14.78 mA
cm™2, a Ve of 966 mV, a FF of 71.9% and a PCE of 10.27%.13%
For comparison, the Pt-based DSSC was also tested, showing
a Jgc of 14.57 mA cm™, a V¢ of 970 mV, a FF of 70.5% and a
PCE of 9.96% (Table 6 and Figure 5). The NGnP-based DSSC
displayed higher Jsc and FF than those of the Pt-based DSSC.
The result can be attributed to the low R at the CE/electro-
lyte interface, resulting in enhanced DSSC performance. The
enhanced performance of the NGnPs-CEs can be ascribed to
efficient charge polarization due to the high level (=11 at.%) of
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Table 6. Photovoltaic performance of EFGnPs for DSSC.

Sample Jsc Voc FF PCE Reference
[mA cm™] [mV] [%] [%]
Pt/C 14.24+£0.28 974 +4.2 706 +1.1 9.92£0.12 [35]
HGnP 14.05 £ 0.08 925 +8.7 45.8+0.13 5.96 £0.01 [32
CGnP 14.06 £0.16 889+ 1 74.4+0.9 9.31£0.03 33
NGnP 14.78 866 71.9 10.27 [34]
FGnP 14.44+£0.03 962+ 1.1 71.5+0.35 10.01 £0.06 [32]
CIGnP 14.40£0.25 962+ 4 69.2+25 9.58 £0.15 [35]
BrGnP 14.59+£0.13 974+3 71.6+0.6 10.03 £0.13 [35]
IGnP 14.81+£0.34 977+ 4 71.3+1.1 10.31+£0.11 [35]

edge-selective nitrogen-doping, and to the good charge transfer
resulting from low sheet-resistance, which originates from the
high degree of crystallinity of EFGnPs on their basal plane.
These results support the important role of carbon-based,
metal-free CEs in DSSCs. Furthermore, the electrochemical
stability of the NGnP-CE for the Co(bpy);**/3* redox couple, is
much better than of the Pt-CE.

Carboxylic acid-functionalized GnPs (CGnPs) were tested
as CEs in a DSSC. They showed much lower R (0.87 Q cm?)
and Dbetter electrochemical stability under prolonged cycling
potential than did a Pt-CE (2.19 Q cm?). The other values of
the DSSC with the CGnP-CE were Jsc, Voc, FF, and PCE of
14.07 mA cm™, 889 mV, 74.4%, and 9.31%, respectively. The
values were much better than those (13.69 mA cm~2, 877 mV,
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Figure 5. a) Rcr changes of the Pt and NGnP-CEs versus the EIS scan number, (b) Current-voltage characteristics of the DSSCs with Pt and the NGnP5
CEs under one-sun illumination (AM 1.5). The TiO, film thickness is 8.5 (5.5 + 3) pm and the active area (defined by a black metal mask) is 0.16 cm?.
The inset shows the Nyquist plots in the high frequency region of the DSSCs at a forward bias of -0.95 V under dark conditions. (c) FF and R, values

for the DSSCs containing the various CEs.4l
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Figure 6. a) Variation of R of Pt and XGnP-CEs versus EIS scan number, b) Current-voltage curves of DSSCs with various CEs under one-sun illumina-
tion (AM 1.5G). The TiO, film thickness is 8 (5 + 3) and active area (defined by a black metal mask) is 0.16 cm?. c) Nyquist plots in the high-frequency
region of the DSSCs at a forward bias of —0.95 V under dark conditions. d) Comparison of FF, Jsc, and R, for DSSCs with Pt-CE, and various XGnP-CEs.

Reproduced with permission.**l Copyright 2015, Elsevier.

68.7%, and 8.25%) of the corresponding DSSC with the Pt-CE
(Table 6).53]

In the case of halogen-doped GnPs (XGnPs, X = Cl, Br or I)
in comparison with Pt, the R values were 4.23, 2.24, 1.44, and
0.46 Q cm? for the Pt-, CIGnP-, BrGnP- and IGnP-CE, respec-
tively, in the first cycle, and 10.86, 4.87, 2.44, and 0.76 Q cm? in
the final cycle.® However, there were no noticeable changes in
the low frequency region, indicating that the Co(bpy);**/3* was
stable, even with severe external cycling potentials. The DSSC
with CIGnP-CE showed a J¢ of 14.40 mA cm ™2, a Vo of 962 mV,
an FF of 69.2%, and a PCE of 9.58%. The DSSC with a BrGnP-
CE showed an even higher performance, with a J¢ of 14.59 mA
cm™2, a Ve of 974 mV, an FF of 71.6%, and a PCE of 10.03%
compared with the Pt-CE (Jgc 14.42 mA cm™% Voe 975 mV;
FF 70.6%; and PCE 9.92%). The DSSC with the IGnP-CE
showed the best performance with Jgc of 14.81 mA cm™2, V¢
of 977 mV, FF of 71.3%, and a PCE of 10.31% (Table 6 and
Figure 6).

Due to the dangerous nature of fluorine (F,) gas, handling
it in an ordinary laboratory is not allowed. Recently, it was
found that diluted F, gas (less than 20 vol%) in argon can be
handled safely. Fluorine-doped graphene nanoplatelets (FGnPs)
can be prepared by ball-milling in the presence of diluted F,
gas. FGnP-CE displays even better electrocatalytic activity and
electrochemical stability than those of the other XGnP-CEs
(X =Cl, Br, 1), and of the Pt-CE in Co(bpy);**/** medium.?? The
DSSC fabricated using the FGnP-CE exhibited higher photo-
voltaic performance (FF, Jsc, and PCE: 71.5%, 14.44 mA cm™,
and 10.01%) than that with the Pt-CE (69.8%, 14.28 mA cm™2,
and 9.61%) (Table 6). The series resistance (R;) and R at the
CEs/electrolyte interface of FGnP-CE are 2.24 and 0.47 Q cm?,

© 2015 WILEY-VCH Verlag GmbH & Co. KGaA, Weinheim

respectively, whereas the corresponding values of Pt-CE are 2.27
and 1.87 Q cm?. The lower R value for the FGnP-CE suggests
high electrocatalytic activity for the reduction Co(bpy);>*/>* ions,
which should enhance the DSSC performance.

6.3. As Anode Materials for Li-ion Batteries (LIBs)

Because of their high specific energy density and appreciable
cycle life, Li-ion batteries (LIBs) are widely used energy storage
devices used in a variety of portable and smart devices. As a
commercial anode material in LIBs, graphite suffers from a
relatively small capacity (372 mAh g!) and should be replaced
by alternative anode materials with higher capacity and longer
cycle life for commercial electric vehicles.'>%* In order to
enhance the reversible capacity of the electrode, there have
been attempts to introduce defects, channels, and functional
groups on the graphitic surface. It is now clear that it is impor-
tant to develop carbon-based electrodes with enhanced charge
polarization and stable chemical bonds, and to reduce the over-
potentials for electrochemical reactions. This would make them
less susceptible to corrosion of the oxidative electrode (e.g.,
C + O, — CO,). The halogen-doped GnPs (XGnPs), specifically
X = F and I, have exhibited excellent electrochemical perfor-
mance and enhanced cycle life in LIBs.

For example, an FGnPs anode was able to deliver an ini-
tial charge capacity of 650.3 mAh g' at 0.5 C and a voltage of
0.02-3 V, which are higher than for a conventional graphite-
based electrode (a theoretical capacity of 372 mAh g), and
for the reference HGnPs with 511.3 mAh g1.32 Even after
500 cycles, FGnPs anodes could still maintain a high capacity

Adv. Funct. Mater. 2015, 25, 6961-6975
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Table 7. The initial capacity and capacity retention of EFGnPs for LIBs.
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energy sources currently in use.l°®%71 Carbon-based catalysts
such as carbon nanotubes (CNTs), carbon nanofibers (CNFs),

Sample Initial Capacity Capacity retention Reference and graphene are considered promising candidates due to their
[mAh g™] (after 500 cycle) large surface area, good conductivity, and stability in concen-

Graphite 372 (theoretical capacity) - [65] trated acids. 0869
HGRP 511.3 (05 Q) 40.8% 36] Carboxylic acid-functionalized GnPs (CGnPs) were tested as
FCnp 6503 (0.5 C) 76.6% B2] Fatalysts for.\./RFBs,[“S] because the numerous oxygen atoms
in the graphitic carbon frameworks assist the vanadium redox
clcnp 6265 (05) 36:6% 3] reactions.’”) The I,./I,, ratio of CGnPs (ca. 0.9) is higher
BrGnP 546.8 (0.5 C) 38.5% (3€] than for rGO (ca. 0.7), and the value of peak potential separa-
IGnP 562.8 (0.5 C) 81.4% 136] tion (AE = V,,—V,: 144 mV), associated with reversibility of

(498.2 mAh g7!) with capacity retention of
76.6% (Table 7). The cycling performance of
FGnPs are attributed to the higher electron-
egativity of fluorine (y = 3.98) at the edges
of FGnPs, creating a net positive charge on
adjacent carbon atoms (y = 2.55) that facili-
tates lithium extraction from/insertion into
the electrode during cycling.

Other halogen series doped XGnPs
(X = Cl, Br or I), and a reference hydrogen-
doped GnPs (HGnPs), had initial charge
capacities of 626.5 (CIGnP), 546.8 (BrGnP),
562.8 (IGnP), and 511.3 (HGnP) mAh g7},
respectively, at 0.5 C in the voltage range
of 0.02-3 V (Table 7 and Figure 7).3% After
500 cycles, the sample cells delivered charge
capacities of 229.5 (CIGnP), 210.6 (BrGnP),
458.0 (IGnP) and 208.5 (HGnP) mAh g,
with initial charge capacity retention of
36.6%, 38.5%, 81.4%, and 40.8%, respec-
tively. The cycling performance of IGnPs is
attributed to the large atomic size of iodine
(I). Although the electronegativity of I
(x = 2.66) is the lowest in the halogen series,
the covalent atomic radius of I (139 pm) is
the largest among them, as well as being
almost twice that of carbon (76 pm). The
enlarged entrance of iodinated edges can
more efficiently facilitate Li-ion insertion/
extraction between graphitic layers. In addi-
tion, after 500 discharge/charge cycles and
storage for one month under ambient con-
ditions (25 °C), the IGnPs cell still showed a
reversible capacity of 464.1 mAh g! at cycle
600. The outstanding cycling performance
further indicates that IGnPs provide very
stable and active anode materials for LIBs.

6.4. As Electrode Materials for Vanadium
Redox-Flow Batteries (VRFBs)

Vanadium redox-flow batteries (VRFBs) have
been considered as a promising large-scale
stationary energy-storage system to alleviate
issues of random and intermittent renewable

Adv. Funct. Mater. 2015, 25, 6961-6975
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CGnPs, is less than that of rGO (269 mV). The flow cell based
on CGnPs showed an improved EE (EE = VE x CE) value,
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Figure 7. a) Initial discharge-charge curves at 0.1 C, b) Rate performance: Inset charge capacity
retention at various current densities; c) cycling performance at 0.5 C of XGnP (X = H, Br, Cl
or 1) in the voltage range 0.02-3 V. The continued cycling performance of the IGnPs cell was
obtained after 500 cycles and one month storage under ambient conditions (25 °C). Repro-
duced with permission. 3¢l
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Figure 8. Electrochemical cycling performance of the untreated CF, rGO, and CGnP coated CF electrodes. a) Charge/discharge voltage profiles at a
current density of 50 mA cm=2; b) Coulombic and voltage efficiencies at different current densities ranging from 50-150 mA cm™2. Rate capability tests:
c) energy efficiency; d) capacity retention profiles of each electrode cycled at various current densities. Reproduced with permission.[*’]

>15% higher than that of untreated carbon felt (CF), which
is 5% higher than rGO at a current rate of 50 mA cm™. As
the current density increased, there was no capacity retention
in the rGO catalyst at over 150 mA cm™2, while the CGnPs
retained a substantially improved charge/discharge capacity.
In addition, upon abruptly changing the current rate to
50 mA cm?, the original capacity of the CGnPs catalyst was
almost recovered. The result implies stable cycling perfor-
mance over 50 cycles (Figure 8). Therefore, the enhanced
catalytic activity of CGnPs towards vanadium redox couples
can be attributed to the defect-free basal plane for fast elec-
tron transfer and to abundant oxygen functional groups at the
edges. It can be concluded that EFGnPs with edge-selective
functionalization with various functional groups and/or het-
eroatoms that could efficiently promote the mass-transfer rate
of the electrocatalyst used for vanadium redox-flow batteries
(VRFBs), are advantageous for adsorption/desorption of the
vanadium redox couples.

6.5. As Materials for Flame Retardants

Brominated flame retardants (BFRs) are currently used in var-
ious products to enhance fire safety. However, the usage pat-
terns of current flame retardants are changing in light of their
environmental hazard, exposure data, and new regulations. Due
to their persistent nature, tendency to bioaccumulate, and toxic
properties, the European Union (EU) and some US states have
banned the use of pentabromodiphenyl ether (pentaBDE) and
octabromodiphenyl ether (octaBDE).*®! Therefore, the phase-
out of several high-production-volume BFRs calls for increased
production and application of alternative flame retardants.
Specifically, phosphorus-containing flame retardants have

© 2015 WILEY-VCH Verlag GmbH & Co. KGaA, Weinheim

received tremendous attention due to their non-toxicity and
eco-friendliness.

When phosphorous can be introduced at the edges of GnPs,
the flame retardation/non-flammability would be maximized.
By using the mechanochemical ball-milling method, the for-
mation of C-P bonds at the edges of GnPs can be realized by
ball-milling graphite in the presence of safe, red phosphorus.>’!
Upon exposure to the moisture in air, the phosphorus at the
edges of phosphorus-functionalized GnPs (PGnPs) spon-
taneously oxidize into graphene phosphonic acid (-PO3;H,)
(GPA). The important characteristics of GPA are that it dis-
perses very well in neutral water (as high as 0.6 mg mL™),
which is the highest solubility reported in the literature
(GO = 0.1 mg mL 1.2 Together with water solubility, GPA is
readily dispersible in most polar solvents even without physical
agitation due to the polar nature of phosphonic acids. Aqueous
GPA solution displays zeta-potential values of —40.4, —46.5, and
—33.3 mV at concentrations of 0.40, 0.50, and 0.60 mg mL™},
respectively. An aqueous GPA solution is simply coated onto a
piece of paper (mulberry paper, hanji) to test the flame retarda-
tion. While the hanji without GPA coating completely burned
in 10 s, leaving traces of white ash, the GPA-coated hanji
emitted white smoke (moisture vaporization) in the beginning
without catching fire and maintained the initial shape with
little shrinkage (Figure 9). GPA exhibits outstanding perfor-
mance as a fire retardant by physical retardation. This is related
to the cooling of the burning surface by endothermic reaction
and vaporization (fuel cooling). It also exhibits chemical retar-
dation, which is related to the thermal condensation of phos-
phonic acid to form char on the surface of a solid fuel (hanji)
thus blocking the fuel supply. The results demonstrate that
GPA will be useful as alternative flame retardants and should
come to play key roles in flame retardation for the first time.

Adv. Funct. Mater. 2015, 25, 6961-6975
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Figure 9. a—h) Snapshot of flame results of mulberry paper (left) and GPA/mulberry paper (right) with respect to time in seconds, i-n) SEM images
at different magnifications: i, [) mulberry paper; j, m) GPA/Mulberry paper; k, n) flame results of untreated and GPA-treated Mulberry paper. The scale
bars are 100 pym (i, j, k) and 20 pm (I, m, n). Reproduced with permission.?”] Copyright 2014, American Chemical Society.

7. Summary

In the near future, graphene is expected to begin fulfilling its
outstanding potential and lead to greener, more efficient, and
more economical materials for various applications. However,
the existing major approaches, such as CVD and GO/rGO,
have failed to demonstrate adequate commercialization poten-
tial to meet the market demand for diverse uses. Reasons for
this include limiting factors such as high-cost, low-quality,
poor producibility, environmental issues, and/or compli-
cated tedious processes. Hence, there must be innovation to
overcome current technological obstacles. We believe edge-
selective functionalized graphene nanoplatelets (EFGnPs)
could be the answer. The approach is a very simple, efficient,
eco-friendly, and low-cost method for mass production. This
method utilizes mechanical force (kinetic energy) to activate
carbon species, which can then react with various chemical
species to form C-X bonds at the broken edges of GnPs. In
this way, the crystallinity on the GnP basal plane can be pre-
served to minimally scarify the outstanding natural properties
of graphene. The method is considered to be one of the most
powerful ways to achieve edge-selective formation of graphitic
C—X bonds, including those with nonmetals, semimetals, and
metalloids. As a result, EFGnPs can be used for many dif-
ferent applications and already show outstanding performance

Adv. Funct. Mater. 2015, 25, 69616975
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in energy conversion and storage, and as flame retardants.
This is because mechanochemical reactions can maintain the
intrinsic excellent properties of graphitic structure by edge-
selective functionalization. Furthermore, due to the availa-
bility of customizable edge-functional groups in EFGnPs, new
potential applications are unlimited. Tailoring edge groups is
possible simply by changing reactants. The properties of the
EFGnPs can be tuned to meet the specific demands of var-
ious applications, which is very difficult or impossible using
the CVD or GO/rGO approaches. Therefore, EFGnPs have a
number of advantages over conventional techniques for gra-
phene production such as simplicity, low-cost, high-quality,
tunable nature, and mass producibility. This technology has
been transferred to industry and EFGnPs will begin to appear
in the market. We anticipate a broad range of applications
from wet chemistry to device applications, and to this process
being recognized in the near future, as a method for mass
production of GnPs for next generation materials. Hence,
the mechanochemical ball-milling approach will contribute
to significant advances in materials science and technology.
Remaining challenges are controlling edge-functionality and
grain size with respect to reactants and milling conditions,
imparting more specific functionality for widening applica-
tions of EFGnPs.
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