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Mass production of high-quality graphene nanosheets (GNs) is essential for practical applications. We
report that oxidation of graphite by low concentration KMnO4 at relatively high temperature (606C) leads to
edge-selectively oxidized graphite (EOG) which preserves the high crystalline graphitic structure on its basal
planes while the edges are functionalized by oxygen-containing groups. Long-chain tetradecyl-ammonium
salt (C14N1) could be spontaneously intercalated into EOG to form intercalated EOG-C14N1 compounds.
Gentle and short-time sonication of EOG-C14N1 in toluene can full exfoliate EOG into edge-oxidized
graphene nanosheets (EOGNs) with concentration of 0.67 mg/ml, monolayer population up to 90% and
lateral size from 1 mm to .100 mm. The EOG and EOGN films show excellent electrical conductance, which
is far superior to their graphene oxide (GO) counterparts. Our method provides an efficient way to produce
high-quality GNs, and the resultant EOG also can be directly used for production of multifunctional
materials and devices.

G
raphene nanosheets (GNs), the first two-dimensional atomic crystal, have received tremendous interest
in recent years due to its unique properties1–7. The practical application of GNs will require developing a
method for mass preparation of this material. Several methods, including micromechanical cleavage by

Scotch tape5, chemical vapor deposition (CVD)6–10, epitaxial growth on SiC11–15, and liquid-phase exfoliation of
graphite16–23, have been developed to produce GNs. The micromechanical cleavage method gives the highest-
quality GNs, but it is unsuitable for mass preparation of this intriguing material. On the other hand, GNs can be
grown on SiC wafer by sublimating Si from SiC. However, epitaxial growth on SiC suffers from two major
disadvantages: the high cost of the SiC wafer and the high temperature used (.1000uC), which are not directly
compatible with silicon electronics technology1. Large-area GN films have been prepared by CVD6–10, but at
present, the CVD process is expensive for mass production owing to requiring extremely careful fabrication and
large energy consumption1.

Liquid-phase exfoliation of graphite allows large-scale production of GNs via an all-solution process16–23. High-
quality GNs have been prepared by exfoliation of pristine graphite in solvent N-methyl-pyrrolidone (NMP)16, but
the concentration of GN dispersions is low (,0.01 mg/ml), making many application impractical. Alternatively,
GNs can be prepared from the graphite in water or organic solvent with surfactant or polymer coating18–23. To full
exfoliate the graphite into GNs and stabilize the GN suspension with surfactants or polymers, harsh or long time
sonication is always necessary, which leads to destruction of GNs (most of GNs having a lateral size less than
1 mm)18–23. Exfoliation of graphite intercalated compounds (GIC) has also been considered as an efficient way to
produce GNs. However, so far, these GIC exfoliation methods still produce GNs with low monolayer population
or small lateral sizes24,25.

Extensive researches have been carried out to exfoliate graphite into graphene oxide (GO) by harsh oxidation,
followed by reduction of GO back to the parent graphene state26–31. GO is chemically functionalized by oxygen-
containing groups on both basal planes and edges, and has larger interlayer distance than parent graphite (,8Å
vs. 3.35 Å), which makes GO easy to be completely exfoliated into single nanosheets in water or other polar
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organic solvent. But the electrical properties of GO are severely
damaged by harsh oxidation. In fact, GO is an insulator, which is
significantly different from the semi-metallic graphenes19. Although
reduction can partially recover the conductivity, considerable struc-
tural defects still exist on the reduced GO32,33, compromising some of
the unique properties and morphology of the pristine graphene18.

More recently, In-Yup Jeon et al. have reported a method for edge-
selectively carboxylated functionalization of graphite (ECG) without
the basal plane oxidation by ball milling in the presence of dry ice34.
Because ECG preserves the high crystalline graphitic structure on its
basal plane, its electrical conductance is superior to its GO counter-
parts. This ECG sample could be exfoliated into GNs with monolayer
population of about 25% in polar solvent, but ball milling also sig-
nificantly breaks the large GN flake into small pieces.

Here, we reported that oxidation of graphite by low concentration
KMnO4 at relatively higher temperature (60uC) (the most common
Hummers method used for preparation of GO is performed under
lower than 40uC)35 could lead to edge-selectively oxidized graphite
(EOG) with low degree oxidation (Figure 1). More importantly, we
observed long-chain tetradecyl-ammonium salt (C14N1) could be
spontaneously intercalated into EOG to form intercalated EOG-
C14N1 compounds. Only mild sonication of EOG-C14N1 for short
time in nonpolar solvent can full exfoliate EOG-C14N1 into edge-
oxidized graphene nanosheets (EOGNs) with concentration of
0.67 mg/ml and monolayer population up to 90%. In addition, most
of EOGNs show large flake size from 1 mm to .100 mm. Finally,
EOG films show excellent electrical conductance even if they are not
deoxidized, which is far superior to their GO counterparts.

Results
Synthesis and characterization of EOG. Hummers method is
generally used to prepare GO26,35. Such method involves harsh
oxidation of graphite in the presence of high concentrated KMnO4

(generally, the mass ratio of KMnO4/graphite .3) and sulfuric acid.
Although KMnO4 is generally used as oxidant, the active species in
Hummers method is diamanganese heptoxide (Mn2O7), which is
formed by the reaction of KMnO4 with sulfuric acid30. Mn2O7 is
far more reactive than its monometallic tetraoxide counterpart, but
it can decompose into less oxidizing production (MnO2, O2) when
heated to temperatures higher than 55uC30,36 (the reaction shown
below). So, for preparation of GO using Hummers method, the
temperature needs to be kept low (less than 40uC).

KMnO4z3H2SO4?KzzMnO3
zzH3Ozz3HSO4{ ð1Þ

MnOz
3 zMnO4{?Mn2O7 ð2Þ

2Mn2O7?4MnO2z3O2 Tw55oCð Þ ð3Þ

Here we prepared EOG by a method somewhat like Hummers
method, but 5 times lower concentration of KMnO4 together with

high temperature oxidation (60uC) was used. In this reaction system,
several types of oxidizers might exist (MnO3

1, MnO4
2, Mn2O7 and

MnO2) at the early stage of the oxidation reaction. The edges of
graphite were first oxidized by these oxidizers (it is well-known the
edge carbon atoms are more reactive than those at the basal planes,
and oxidation start preferentially at edge planes37,38), but further
oxidization of the little chemical reactive basal planes was sup-
pressed because large numbers of strong oxidizers (Mn2O7) were
decomposed into less oxidizing MnO2 as the reaction proceeds.
Elemental analyses show that EOG has lower oxygen content than
Hummers GO (15% vs. ,50%), suggesting a low degree oxidation for
EOG. Field emission scanning electron microscopy (FE-SEM)
images show a compact edge surface for pristine graphite particles
(Figure 2A), while a loose and expanded edge surface was observed in
EOG sample (Figure 2B). We also fabricated EOG paper by vacuum
filtration of EOG suspension. FE-SEM image reveals that the fracture
edges of EOG paper exhibit a turbostratic structure (Figure 2C),
which is different from the highly ordered layered structure for
reduced GO paper prepared using same method39. These results
suggest the oxygen-containing groups on the edges might distort
and expand the edge structure. We performed Fourier transform
infrared (FTIR) spectroscopic measurement to insight the chemical
structures of the graphite, EOG and GO samples (Figure 2D). All
samples show two absorption bands at around 3400 and 1032 cm21

attributable to absorbed water molecules and structural C-O groups.
Both EOG and GO exhibit a band at 1725 cm21, which is assigned to
C5O groups. This band is pronounced in GO sample due to higher
degree oxidation. ECG gives a strong peak at 1230 cm21 exclusively
from the C–O stretching in carboxylic acid (O5C-OH) groups34,
whereas GO shows board C-O stretching bands from 1000 to
1400 cm21, indicating coexistence of O5C-OH (carboxyl), C-O-C
(epoxy), and C-OH (hydroxyl)40,41. It is well-known that epoxy and
hydroxyl groups are bound on both edges and basal planes while
carboxyl groups are mainly grafted on the edges of the oxidized
graphite34,40,41. This suggests the edge-carboxylation of EOG. Pris-
tine graphite and EOG display a sharp band centered at 1575 cm21

which has been assigned to the stretching of C5C bonds41. This band
disappeared in GO, and instead a band at 1624 cm21, assigned to
absorbed water40,41, was observed. This result is consistent with the
fact that EOG remains p-conjugated structure due to few (or no)
basal plane oxidations, while the sp2-bonded basal planes in GO are
severely damaged by the oxygen-containing groups and other
structural defects.

The samples were further characterized by powder X-ray diffrac-
tion (XRD) (Figure 2E). XRD patterns show a strong and sharp [002]
peak at 26.5u for the pristine graphite, corresponding to an ideal
layered-structure with d-spacing of 0.335 nm42. This [002] peak
was significantly shifted from 26.5u to 10.8u, corresponding to an
interlayer distance increase from 0.335 to 0.818 nm for GO. This
large increase in the interlayer distance is due to the uptake of a water
monolayer between the hydrophilic interlayer space of GO whose

Figure 1 | Schematic illustration for the preparation of monolayer graphene. (A) Edge-selective oxidization of graphite (EOG) by low concentration of

KMnO4 at 60uC. (B): Long-chain tetradecyl-ammonium salt (C14N1) spontaneous intercalated into EOG. (C) Gentle and short time sonication to

exfoliate EOG into monolayer graphenes.
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basal planes are heavily oxidated43. The [002] peak becomes board,
and slightly shifts from 26.5u to 25.4u for EOG samples, correspond-
ing to an interlayer distance increase from 0.335 to 0.35 nm. This
imperceptible increase in the interlayer distance suggests most of
oxygen-containing groups are not introduced onto the basal planes
of EOG but grafted onto the edges of graphite. The edge-selective
functionalization of graphite could lead to an edge-expansion in solid
state, which was confirmed by the board [002] peak of EOG34. In a
control experiment, graphite was oxidized at 20uC. We observed that
the resultant sample was a mixture of GO and graphite, as evidenced
by two distinct [002] peaks at 11.2u and 26.3u (see Figure S1). This
result indicates that high temperature oxidation (60uC) is necessary
to obtain pure EOG.

The EOG sample was further characterized by Raman spectro-
scopic measurement. As seen in Figure 2F, the sharp and strong G
(,1580 cm21) bands are clearly observed in both pristine graphite
and EOG samples. The D band (1338 cm21) associated with the edge
distortion and structural effects44 is hardly visible in the pristine
graphite. But GO shows a strong and broad D band with a ratio of
the D band to G band intensity (ID/IG) to be about 1.13 due to edge
effect and presence of large number of chemical and structural
defects on both edges and basal planes. In contrast, EOG shows a
D band with ID/IG 5 ,0.3. This D band could be attributed to edge
distortion by introducing chemical defects on the edges. To confirm
the edge-selective oxidation, micro-Raman spectra were recorded at
the edges and on the basal planes of graphite, GO and EOG sheets
(Figure 3). As expected, pristine graphite shows very week D bands
(ID/IG # 0.1) at both edge and basal planes (Figure 3A), whereas GO
exhibits broad and strong D bands (ID/IG $ 1.1) at both edge and
basal planes (Figure 3B). In contrast, EOG shows a much higher ID/
IG ratio at the edge (ID/IG 5 1) than the corresponding value (ID/IG 5

0.25) on the basal planes (Figure 3C). These results further confirm

the edge-selective oxidation of graphite in EOG samples. After EOG
was thermally annealed at 800uC, the D band intensity significantly
decreased and the ID/IG ratio is approximate to the value of the
pristine graphite (Figure 3D), indicating the edge groups and struc-
tural defects within EOG could be removed by thermal annealing.

The X-ray photoelectron spectra (XPS) spectroscopic measure-
ment also confirmed the edge-selective oxidation. As shown in
Figure 4A, the pristine graphite exhibits a pronounced C1s peak
(,284.5 eV) and a weak O1s peak (,532 eV) arising from the phys-
ically adsorbed oxygen34,45. An increase in the ratio of O1s peak
intensity relative to the C1s peak was observed in GO and EOG
samples, indicating GO and EOG contain more oxygen-containing
groups than pristine graphite (Figure 4A). High resolution XPS C1s
peaks (Figure 4B) show that besides the C1s peak at 284.8 eV, a
higher binding energy (287 eV) corresponding to C-O species was
observed in GO and EOG samples. As expected, GO contained more
C-O species than EOG. These C-O species were removed by 800uC
annealing in Ar (Figure 4C). The annealed EOG exhibits the same
C1s XPS spectrum as pristine graphite, confirming the lack of sig-
nificant defects on the annealed EOG. In contrast, annealed GO
sample shows broader C1s peak than pristine graphite, suggesting
significant number of structural defects still exist on the annealed
GO. Raman spectra (Figure 4D) show that the annealed EOG exhi-
bits very weak D band, just like pristine graphite, but the annealed
GO shows strong and broad D band associated with the edge distor-
tion and presence of structure defects. XRD results (Figure 4E) also
show that annealing of EOG restores the sharp [002] peak, corres-
ponding to ideal layered structure, while annealed GO exhibits com-
pletely disordered structure, which might be ascribed to gas (evolving
from intercalated water and functional groups) released from basal
planes, leading to explosive expansion of GO19,45. For EOG sample,
oxidation of graphite was relatively mild, and the covalently attached

Figure 2 | FE-SEM side-view images of pristine graphite (A), EOG (B) and EOG paper (C). (D) FTIR of pristine graphite, EOG and GO. (E) XRD of

pristine graphite, EOG, GO and EOG-C14N1 intercalated compound. (F) Raman spectra of pristine graphite, EOG and GO.

www.nature.com/scientificreports
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functional groups were most at the edges of EOG. These edge groups
can be easily removed by thermal annealing, leading to restore the
structure of pristine graphite. In contrast, both edge and basal planes
of the Hummers GO were severely damaged by harsh oxidation.
Thermal annealing can remove the oxygen-containing groups from
the edges but was unable to completely repair the large number of
chemical and topological defects formed within the basal planes of
the Hummers GO sheets19.

Exfoliation of EOG into EOGNs in solvent. Although oxygen-
containing groups were introduced on the edges of graphite, the
resultant EOG cannot be dispersed and exfoliated into EOGNs in
water, even if long time sonication was used, suggesting a hydro-
phobic nature for EOG. This behavior is similar to the pristine
graphite, but strong contrast to the hydrophilic GO which was
easy to be completely exfoliated into single sheets in water due to
presence of abundant functional groups within the basal planes.
EOGNs can be dispersed in N-methyl-2-pyrrolidone (NMP) and
N,N-dimethylformamide (DMF), but the concentration of EOGN
dispersion is very low (,0.02 mg/ml) and long time sonication
(.12 h) is required.

In order to obtain single-layer GNs with high yield, we intercalated
EOG with long-chain tetradecyl-ammonium salt (C14N1) to expand
the distance between graphite layers and weaken the van der Waals
interaction between graphite layers. During this process, EOG was
only soaked in C14N1 basic aqueous solution, no other avenues (such
as sonication, heating et al.) required to facilitate the intercalation
reaction. As seen from the XRD patterns in Figure 2E, the soaked
EOG shows a sharp diffraction peak at 3.07u, corresponding to an
interlayer spacing of 2.94 nm, which is much larger than the inter-
layer spacing of 0.35 nm for parent EOG sample. This large increase

in the interlayer spacing of EOG is consistent with intercalation of
monolayer C14N1 (chain length: ,2nm) within the interlayer space
of EOG (Figure 1). Gravimetric analysis indicated the EOG-C14N1

sample contained about 35% (w/w) C14N1. It should be mentioned
that the large increase in the interlayer spacing is not due to the
intercalation of solvent molecules (water) because no increase in
the interlayer spacing was observed when soaking EOG without
C14N1 (Figure S2). We also observed C14N1 cannot be intercalated
in the pristine graphite (Figure S3). Introduction of oxygen-contain-
ing groups on the edges of graphite is the key for intercalation of
C14N1 in the graphite. This intercalation reaction is sensitive to the
size of the ammonium salt. When tetradecyltrimethylammonium
salt (C14 N1(CH3)3) instead of C14N1 was used, large number of
EOG was not intercalated with C14 N1(CH3)3, as evidenced by a
strong [002] peak ascribed to parent EOG remaining in the resultant
sample (Figure S4). It seems that the intercalation reaction was
blocked by three methyl groups in C14 N1(CH3)3 due to steric effect.

The intercalated EOG-C14N1 compounds were readily dispersed
and form a homogeneous black dispersion in benzene or toluene by
low power bath sonication (100 W) for 30 min (Figure 5A). This
dispersion was stable and no precipitation was observed after stand-
ing for three months. However, EOG-C14N1 cannot form a homo-
geneous and stable suspension in some polar solvents (water,
ethanol, dimethyl sulfoxide (DMSO), DMF and NMP) by sonication
under same condition, and they precipitated immediately from the
suspension after stopping sonication. This result further confirmed
the hydrophobic nature for EOGNs due to the weak oxidation and
less destruction during sonication. Among all the solvents tested,
toluene was found to be the best for dispersing EOG into a stable
suspension, with the concentration of EOGNs in toluene up to
0.67 mg/mL (.30 times than that of EOGNs in NMP).

Figure 3 | (A) Micro-Raman spectra measured at the edge and on the basal plane of pristine graphite (A), GO (B), EOG (C) and annealed EOG (D).

www.nature.com/scientificreports
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We used Atomic Force Microscopy (AFM) to characterize the
EOG dispersion deposited on the cleaved mica surface (Figure 5B).
For one hundred of exfoliated EOGNs measured, we observed that
about 90% of EOGNs with average topographic height less than
1 nm are single-layer EOGNs with various shapes and sizes. The
most of EOGNs have the lateral size larger than 1 mm, and very large
EOGNs with size of .100 mm can also be observed. Transmission
electron microscopy (TEM) and electron diffraction (ED) were also
used to characterize the EOGNs (Figure 5C). The TEM shows the
edges of EOGN have a tendency to ‘‘restack’’ with basal planes due to
the strong van der Waals interactions between the defect-free basal
planes and the oxidized edges. The ED pattern of the deposited
EOGNs shows a typical sixfold symmetry peaks with the (0–100)
spots appeared to be more intense relative to the (1–210) spots
(I0–100/ I1–210 . 1.5), reflecting single layer of graphene with high
crystallinity46. The above results clearly indicated that the interca-
lated EOG-C14N1 compounds were readily exfoliated into single
layer EOGNs by mild sonication.

Performance of EOG and EOGN film. To demonstrate the
functionality of the EOG flakes in the electronic applications, the
electrical properties of EOG films was studied. A large scale
EOG casted film was first prepared from EOG water suspension
(Figure 6A). This casted film had an electrical resistance of 23.9 V
when measured with hand-held multimeter (Figure 6B), which is a
little higher than that of pristine graphite (,10 V)46, but significantly
lower than that of GO (.2 MV). The casted EOG film was further
compressed by hydraulic press at 45 MPa to form EOG film with
thickness of ,35 mm. The compressed EOG film had an electrical
resistance of 0.51 V/% measured with a four point probe, which is
far superior to the insulating GO counterpart. Upon thermal
annealed at 800uC for 2 h under argon to remove the edge groups

on EOG, the EOG film shows electrical resistance of 0.15 V/% while
remains a cohesive film (Figure 6C). In contrast, thermal annealing a
GO thin film led to an explosive expansion of GO film (intercalated
water and functional groups might evolve into gas)45, leaving few GO
on the substrate surface (Figure 6C). As mentioned before, the
annealed EOG retained ideal layered structure with less edge
distortion and few (or no) structure defects within the basal planes,
which is similar to the pristine graphite. Therefore, EOG is a better
candidate than GO for the direct formation of cohesive and con-
ductive GN films by high pressure compressing and subsequent
thermal annealing.

We also used the EOGN dispersions in toluene to prepare trans-
parent conductive films as shown in Figure 6D. This film was pre-
pared by vacuum filtration of EOGN dispersions onto mixed
cellulose ester membrane, transferred to a silica slice by dissolving
away the ester membrane in acetone and thermal treatment at 800uC
to remove the edge groups. The transparence (transparence defined
as transmittance at wavelength of 550 nm) of the annealed EOG
films varied from 13.8% to 81.8%, depending on the calculated thick-
ness9,47 (Figure 6E). Figure 6F illustrates the transparence-depend-
ence of the sheet resistance, which shows that the sheet resistances of
GN films are proportional to their transparencies. With the trans-
parence varying from 13.8% to 82%, the sheet resistances increased
from 170 V/% to 26 KV/%, clearly showing that the conductivity of
the annealed EOG thin films are superb to their GO counterparts
(approximately 100 kV/%)29,34 by a few orders of magnitude.

Discussion
Intercalation of bulky organic molecules into interlayer of graphite to
open the basal spacing and weaken the p-p interaction between
graphite layers is a promising method to produce scalable and high
quality graphene19,48. But the ,2 nm chain length of C14N1 suggests

Figure 4 | (A) XPS survey spectra of pristine graphite, EOG, GO, annealed EOG and annealed GO. (B) High resolution XPS C1s spectra of pristine

graphite, EOG and GO. (C) High resolution XPS C1s spectra of graphite, annealed EOG and annealed GO. Raman spectra (D) and XRD patterns (E) of

graphite, annealed EOG and annealed GO.

www.nature.com/scientificreports
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this molecule is too large to intercalate and overcome the 0.335 nm
basal spacing of the graphite planes. Indeed, no interaction reaction
was observed when soaking pristine graphite in C14N1 solution, even
if short chain molecules such as C10N1 were used (Figure S5). In the
case of EOG, the spontaneous intercalation of C14N1 into the inter-
layer of EOG is definitely ascribed to the edge oxygen-containing
groups. We expected that the edge functional groups (C-OH and
COOH) on EOG could be dissociated into C-O2 and COO2 in the
basic aqueous solution. The long chain C14N1 can be absorbed and
intercalated into the edge planes of EOG via cation-anion inter-
action49,50, resulting in large expansion of the edge surface of EOG
and also switching the edges wettability from hydrophilic to hydro-
phobic. This facilitates further co-intercalation of C14N1 into the
interlayer spaces of EOG via hydrophobic interaction (van der
Waals interaction) between alkyl groups. Lagaly and Weiss51 have
systematically studied the hydrophobic interaction between alkyl
groups in the layered materials and found that enthalpy change
during absorption of alcohols into dodecylammonium-intercalated
layered silicates increased with increase of alkyl chain length of alco-
hols (0.12–0.17 kJ/mol –CH2–). For the case of C14N1, the hydro-
phobic interaction between long C14 chains is sufficient for them to
be co-intercalated and stay in the interlayer of EOG, leading to the
large expansion of interlayer spacing.

EOG retained high crystallinity of the graphitic structure on its
basal planes while its edge planes were functionalized by plenty of
oxygen-containing groups. This featured structure makes EOG
promising materials for advanced application. For example, we
found that when EOG was used as electrode materials in lithium
ion batteries, it exhibited much higher reversible capacity than

reduced GO (340 vs. 220 mA h g21 at 40th cycle) (See Figure S6).
This might be because that in EOG sample, lithium ion can be stored
not only within the defect-free basal planes via intercalation reaction
(just like in pristine graphite)52, but also on the edge oxygen groups
via Faradaic reaction between Li and oxygen (C 5 O 1 Li1 1 e2 «
C-OLi)53–56. In contrast, the presence of large number of defects
within the basal planes in reduced GO sample19,34 could lead to
more irreversible capacity. Additionally, for reduced GO sample,
the lower oxygen coverage (10% vs. 15%) contributed less Faradaic
capacity.

In summary, we have developed an efficient method for producing
high-quality edge oxidized graphene nanosheets (EOGNs). It was
first reported that long tetradecyl-ammonium salt (C14N1) could
be spontaneously intercalated into edge-selectively oxidized graphite
(EOG) to form intercalated EOG-C14N1compounds which could be
full exfoliated into EOGNs in toluene by gentle and short time soni-
cation. The resultant EOGNs are characterized by high monolayer
population (90%), few defects on basal planes, relatively large lateral
size and high concentration dispersion in non-polar solvent
(0.67 mg/ml). A large area conductive EOG film could be prepared
by a simple solution casting method. Since few defects exist on the
basal planes of EOG, the electrical conductivity of EOG film is similar
to that of pristine graphite, but significantly different from that of the
insulating GO. Thermal annealing can readily remove the covalently
linked edge groups from EOGNs and regenerate high-quality pris-
tine GNs which exhibited many superior properties to its thermal-
annealed GO counterparts. Additionally, while EOG is electrically
conductive, the presence of reactive oxygen groups on the edges
enables further chemical modification of EOG to form new type of

Figure 5 | (A) Photographs of EOG dispersion after sonication of EOG-C14N1 in toluene (a), benzene (b), NMP (c), DMF (d), DMSO (e), ethanol (f),

methanol (g), water (h) and acetone (i) for 30 min. The dispersions stand for 3 h after sonication. (B) AFM images of EOG nanosheets (EOGN) with

different sizes deposited on mica. All samples show a topographic height of less than 1 nm. (C) TEM image of EOGN (a) and the corresponding electron

diffraction (b).
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chemically modified GNs, which could find a wide application in
sensors, capacitors, batteries, electrocatalysts, and so on.

Methods
Edge-oxidized graphite (EOG) making. In a typical synthesis of EOG, 1 g of natural
graphite flakes (Sigma-Aldrich, Product Number 332461) were first ground with
NaCl crystallites. NaCl was removed by water washing and vacuum filtration. The
obtained graphite was then soaked in 23 ml of concentrated sulfuric acid. After the
suspension was stirred for 12 h, 0.1 g of NaNO3 and 0.7 g of KMnO4 were added
slowly for 1 h while the temperature was kept at 60uC (Caution: during adding
KMnO4, keep the container open and added slowly). The solution was then stirred for
2 days, and 3 ml of water was added. Another 3 ml of water was added after 5 minutes
later, followed by 40 ml of water after 5 min. Another 140 ml of water and 10 ml of
30% H2O2 were added to end the reaction after 15 minutes. The suspension was then
repeatedly centrifuged at 4500 rpm and washed with deionized water. The resultant
EOG was dried at 80uC.

Synthesis of tetradecylamine ammonium intercalated EOG (EOG-C14N1). A 0.5 g
of tetradecylamine was first dispersed in 20 ml of deionized water, and then the
concentrated HCl solution was added into this suspension to transform
tetradecylamine to tetradecyl-ammonium salt. The HCl was dropped until a
transparent and weak basic (pH < 9) tetradecyl-ammonium solution was obtained.
Weighed 50 mg of EOG powder was then soaked in that tetradecyl-ammonium
solution at 40uC for 4 days. After soaking, the suspension was filtered to remove un-
intercalated tetradecyl-ammonium salt and C14N1-EOG was obtained. Last, the
resultant EOG-C14N1 was air-dried.

Exfoliation of EOGs to graphene. The dried EOG -C14N1 was dispersed in 10 ml of
toluene at a concentration of 1 mg/ml by ultrasonication in a low power sonic bath
(100 W) for 30 minutes, and then centrifuged for 30 minutes at 400 rpm to remove
any aggregates. After centrifugation, the top 1/2 homogeneous black dispersion was
collected by pipet and retained for use.

Graphite oxide (GO) synthesis. GO was prepared by a modified Hummers method.
Briefly, 5 g of graphite flakes was transferred to a 1000 mL round-bottom flask, and
then 500 ml of concentrated sulfuric acid was added. The mixture was stirred at room

temperature for 12 h and 3.7 g of NaNO3 was added. Next, the flask was placed in an
ice bath, and 16.8 g of KMnO4 was slowly added to the flask for over 1 h. The
suspension was stirred for 2 h in an ice bath and further stirred for 5 days at room
temperature. Afterward, 20 mL of water was slowly added, followed by another
20 mL of water and 15 ml of H2O2 (30% aqueous solution). After the resultant
mixture was diluted by 500 ml of water (slowly added), it was then centrifuged and
washed with water for four times. The GO suspension was subjected to dialysis to
remove residual salts and acids, and then dried at 80uC to form GO samples. To
prepare reduced GO, the GO sample was mixed with hydrazine hydrate and stirred
for 48 h at 40uC. This product was filtered and washed with distilled water and dried
at 60uC under vacuum.

Preparation of EOG or GO films. EOG or GO film was prepared by pouring the
EOG or GO suspension (in water) into a teflon mould, and then dried at 80uC for 24 h
to form large EOG or GO film. These films can be further compressed at 45 MPa to
produce films with diameter of 2 cm and thickness of about 30–40 mm. EOG film can
also be prepared by filtration of EOG suspension through mixed cellulose ester
membrane (200 nm pore size), followed by drying and peeling from the filter.

The EOGN thin films were also prepared from EOGN dispersion. This thin film
was prepared by filtering approximately 3 mL of EOGN dispersion in toluene
through mixed cellulose ester membrane having 200 nm average pore size. After the
dispersion had passed through the membrane, the film was left to set over 30 minutes
and then dried at 90uC for 12 h. This film was transferred to a silica slice by placing
EOG film on the surface of a silica slice and then immersed in acetone to dissolve away
the ester membrane. The film on the silica slices was dried at 80uC for 12 h, and then
thermally annealed at 800uC for 2 h under Ar flow (100 ml/min) to remove the edge-
on functional groups on EOG.

Electrochemical experiments. Half-cell tests were performed using CR2016-type coin
cells with lithium-foil as counter electrode and EOG (or reduced GO) as working
electrode, assembled in an argon-filled glove box with oxygen and water contents less
than 10 ppm. The electrolyte was 1 M LiPF6 in the mixture of ethylene carbonate
(EC) and dimethyl carbonate (DMC) (151 in volume ratio). The working electrode
consisted of 80 wt% active material (EOG or reduced GO) and 20 wt% binder
(polyvinylidene fluoride dissolved in N-methyl-2-pyrrolidone) which was mixed
homogeneously and pasted on Cu foil. The electrochemical performances were tested

Figure 6 | (A) Photographs of large EOG film. This film was prepared by pouring the EOG water suspension into a teflon mould, and then dried.

(B) The electrical resistance of the EOG film measured with a hand-held multimeter. It shows an electrical resistance of 23.9 V. (C) Photographs of GO

(left) and EOG (right) films before (a) and after (b) thermal annealing at 800uC. (D) Photographs of transparent EOGN films deposited on silica slice.

These films were prepared by vacuum filtration of EOGN toluene dispersion onto mixed cellulose ester membrane, and then transferred to a silica slice by

dissolving away the ester membrane in acetone. (E) Optical transmittance of EOGN film with calculated thickness. (F) Resistance of the EOGN films

vs. the thermal-annealed EOGN transmittance at 550 nm.
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on a LAND battery test system (Wuhan Kingnuo Electronics Co., Ltd., China) at
room temperature, in the voltage range of 0.01–3 V.

Characterization. The morphologies of the samples were observed by field emission
scanning electron microscopy (FE-SEM, Carl Zeiss Ultra 55). Fourier transform
infrared (FTIR) spectra were recorded on Perkin-Elmer 70 using KBr pieces. Powder
X-ray diffraction (XRD) patterns were obtained with a RIGAKU diffractometer
equipped with Cu Ka X-ray radiation, operated at 40 kV and 20 mA. The scattering
and receiving slits were 1/6 and 0.3u, respectively. The transmission electron
microscopy (TEM) images were obtained from JEOL 2100. TEM samples were
prepared by sonication of EOG-C14N1 in toluene for 30 min and then evaporating a
drop of sample solution onto carbon micro-grids. X-ray photoelectron spectra (XPS)
were recorded on a Shimadzu/Kratos AXIS Ultra XPS spectrometer. Elemental
analysis (EA) was conducted with Thermo Scientific Flash 2000. The Raman spectra
were collected with a Dilor Labram-1B Raman spectrometer with He–Ne laser
(633 nm) as the excitation source by using confocal Raman microscopy. Atomic
Force Microscopy (AFM) images were obtained using an Environment Control
Scanning Probe Microscope (SII Nanonavi E-Sweep). AFM sample was prepared by
dropping EOG dispersion onto cleaved mica substrates and then dried at 80uC for
12 h to remove the solvent and absorbed water. The conductance of films was
characterized by four point probe method using Four Probes TECH RST-8. The
transparence of thin film samples on silica slices was measured by Lambda 950 UV/
VIS/NIR spectrometer.
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