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raphene’ 3 has recently attracted

increasing attention because of its

peculiar electronic properties such
as quantum Hall effect,* two-dimensional
(2D) Dirac fermions® and its various promis-
ing potential applications such as
composites,®” transparent conductive
films,%° lithium-ion batteries,'® supercapaci-
tors,"! organic photovoltaic cells,’>'? elec-
tron field emitters,' field effect transistors,'
and ultrasensitive sensors.'® Several strate-
gies are developed to produce this 2D car-
bon material, such as mechanical cleavage,’
epitaxial growth on SiC'” or metal sub-
strates,'® and chemical exfoliation of
graphite.”2' Among these methods,
chemical exfoliation is widely considered
as a promising approach for large-scale pro-
duction of graphene sheets (GSs). How-
ever, the GSs obtained by this method usu-
ally suffer from poor quality mainly due to
the introduction of oxygen-containing func-
tional groups during synthetic process,
which consequently prevents their further
applications, especially as electrically con-
ductive composites and nanodevices. As a
result, a post-treatment process, such as re-
duction of GSs by chemical method'9?'22
or thermal annealing,®? is required to re-
move the oxygen-containing groups. How-
ever, some structural defects such as vacan-
cies and topological defects are
simultaneously produced during the re-
moval of functional groups. Moreover,
some GSs are inevitably agglomerated dur-
ing the postreduction process, resulting in
an increase of the number of layers.

Recently, Hernandez et al. realized high-

yield production of graphene free of de-
fects or oxides by dispersion and exfolia-
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ABSTRACT We developed a hydrogen arc discharge exfoliation method for the synthesis of graphene sheets

(GSs) with excellent electrical conductivity and good thermal stability from graphite oxide (G0), in combination

with solution-phase dispersion and centrifugation techniques. It was found that efficient exfoliation and

considerable deoxygenation of GO, and defect elimination and healing of exfoliated graphite can be

simultaneously achieved during the hydrogen arc discharge exfoliation process. The GSs obtained by hydrogen

arc discharge exfoliation exhibit a high electrical conductivity of ~2 X 10° S/cm and high thermal stability with

oxidization resistance temperature of 601 °C, which are much better than those prepared by argon arc discharge
exfoliation (~2 X 10% S/cm, 525 °C) and by conventional thermal exfoliation (~80 S/cm, 507 °C) with the same
starting GO. These results demonstrate that this hydrogen arc discharge exfoliation method is a good approach for

the preparation of GSs with a good quality.
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tion of graphite in organic solvents.?* Aksay
and co-workers proposed a thermal exfolia-
tion method for the production of GSs in a
large quantity, where a rapid heating pro-
cess was involved to exfoliate graphite ox-
ide (GO) by quickly moving the GO into a
furnace preheated to a high
temperature.?>% X-ray photoelectron spec-
troscopy (XPS) measurements indicated
that the percentage of oxygen-containing
functional groups was dramatically de-
creased, and the ratio of C/O of the final ma-
terial was close to those of reduced GSs,"
indicating that the exfoliation and partial
deoxygenation of GO can be realized dur-
ing this rapid heating process. However, the
GSs obtained are usually a mixture of one
to three layers, and suffer from relatively
high oxygen-containing defects and struc-
tural defects such as vacancies and topo-
logical defects resulting from the release of
carbon dioxide during deoxygenation. Re-
cently, Wu et al. found that the number of
layers of GSs can be tuned to some extent
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Figure 1. XRD patterns of NFG, GO, and EG. Inset: XRD pat-
tern of EG within the range of 17.5—30°.

by using different starting graphite with different lat-
eral size and crystallinity, and the quality of GSs can be
improved by thermal treatment in H, atmosphere fol-
lowed by exfoliation.?’ Li et al. prepared high-quality
GSs by the thermal exfoliation—reintercalation— ex-
pansion of expandable graphite.® For the preparation
of GSs by thermal exfoliation of GO, two properties
need to be pointed out: (i) the higher the heating rate,
the greater the exfoliation degrees of GO and (ii) high-
temperature annealing in H, atmosphere is essential for
deoxygenation of GO and to remove structural de-
fects. Therefore, searching for an appropriate rapid
heating method is an important way to efficiently exfo-
liate graphite, remove structural defects or even heal
defects, and consequently obtain high-quality GSs.
The arc discharge method has been extensively used
for the production of fullerenes?® and multiwalled,*
single-walled,*'*? and double-walled carbon nanotubes
(CNTs).3334 Compared to chemical vapor deposition

Figure 2. SEM images of hydrogen arc discharge-exfoliated EG: (a) EG
with a transparent wormlike morphology, (b) top view and (c) side
view of the EG; (d) magnification of a part of the EG in panel c.
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method, CNTs synthesized by arc discharge method, es-
pecially in the presence of hydrogen, have merits of
good crystallinity and high thermal stability due to an
in situ defect-healing effect of the high plasma temper-
ature and the etching effect of H, on amorphous
carbon.®*3* Moreover, the temperature can be instanta-
neously increased to more than 2000 °C during arc dis-
charge process. Therefore, it is reasonable to expect
that hydrogen arc discharge heating can be used for ef-
ficient exfoliation and considerable deoxygenation of
GO, and defect elimination and healing of the result-
ant exfoliated graphite (EG). In this paper, we demon-
strated hydrogen arc discharge as a rapid heating
method to produce GSs with a good quality from GO,
combining with solution-phase dispersion and centrifu-
gation techniques. The GSs obtained exhibit a high
electrical conductivity of ~2 X 10° S/cm and high ther-
mal stability with an oxidization resistance tempera-
ture of 601 °C, which are much better than those pre-
pared by argon arc discharge exfoliation (~2 X 10?
S/cm, 525 °C) and by conventional thermal exfoliation
(~80 S/cm, 507 °C).

RESULTS AND DISCUSSION

Figure 1 shows the X-ray diffraction (XRD) patterns
of the starting graphite (natural flake graphite, NFG),
GO obtained by Hummers method,?’3> and H, arc
discharge-exfoliated EG. It can be found that the inter-
layer spacing was increased from 3.35 A for NFG to 8.3
A for GO without (002) diffraction peak of graphite, in-
dicating that the graphite was efficiently oxidized.?® Be-
cause the temperature can instantaneously reach more
than 2000 °C in less than 20 s during arc discharge pro-
cess, the decomposition rate of the oxygen-containing
groups of GO will exceed the diffusion rate of the
evolved gases during this rapid heating process, thus
yielding pressure that exceeds the van der Waals force
holding the graphene sheets together in GO. The ob-
tained EG (Figure 1) shows a weak (002) peak and a
broader peak at 20—30°, which illustrates that the stack-
ing of EG is substantially disordered.*® This can be con-
firmed by scanning electron microscopy (SEM) observa-
tions. Low-magnification SEM image (Figure 2a) of EG
shows that it has a transparent accordion- or wormlike
structure. Top-view SEM (Figure 2b) and side-view SEM
(Figure 2c) images reveal that most of the GO were effi-
ciently exfoliated to form separated ultrathin sheets
(Figure 2d). However, we should note that the specific
surface area (570 m2/g) of the EG (Figure 3) is much
smaller than the theoretical specific surface area of
single-layer GSs (2620 m?/g), indicating that some of
the GO were not well exfoliated or some of the indi-
vidual sheets in the EG were agglomerated and over-
lapped. Therefore, both sonication and centrifugation
processes are required to obtain single-layer GSs.

After GO was exfoliated by hydrogen arc discharge,
the EG can be easily conversed to GSs through sonica-

www.acsnano.org



Volume absorbed (cm’g™)
=]
(=2
3

O ‘
_o*®
] ﬂ -
-GIO00000 -0~

Y shant

0.0 02 04 0.6 08 10
Relative pressure (p/p°)

Figure 3. Nitrogen adsorption and desorption isotherms of
the hydrogen arc discharge-exfoliated EG.

tion and centrifugation, and a homogeneous GS-
containing supernatant was obtained. Transmission
electron microscopy (TEM) and atomic force micros-
copy (AFM) were used to characterize the structure of
the as-prepared GSs. Low-magnification TEM (Figure 4a)
observation shows that the hydrogen arc discharge ex-
foliated GS looks like a transparent thin sheet with a
few folds within its plane. This is quite different from
the GSs prepared by conventional thermal
exfoliation,'%2%3” which generally looks like a wrinkled
or crumpled thin paperlike structure with many folds
within the plane in low-magnification TEM image. This
flat structure is also demonstrated by AFM (Figure 4b
and 4c), indicating the higher quality of GSs than those
prepared by conventional thermal exfoliation. On the
basis of AFM measurements on hundreds of GSs, we
found that ~80% GSs have a topographic height of
0.9—1.1 nm as shown in Figure 4b,c, which are consid-
ered to correspond to single-layer GSs.'92>2628 This can
be further confirmed by the 2D band of GSs located at
~2644 cm™" (Figure 4d), which is consistent with that
reported for the single-layer GSs prepared by microme-
chanical cleavage®®*® and chemical exfoliation and fol-
lowed reduction of GO.° On the basis of the mass of the
single-layer GSs in the supernatant and the starting
graphite, it can be estimated that our process can pro-
duce single-layer GSs at a yield of ~18 wt % after first
dispersion and centrifugation. We should point out that
the yield of single-layer GSs can be further increased
to ~50 wt % of the starting graphite with sediment re-
cycling for several times.

To further evaluate the quality of H, arc discharge-
exfoliated GSs, XPS measurements were employed to
analyze the content of residual oxygen-containing func-
tional groups in the sheets. For comparison, the start-
ing graphite (i.e., NFG) and the GSs obtained by conven-
tional thermal exfoliation and argon arc discharge
exfoliation were also measured. Figure 5a shows that
the C1s peak of H, arc discharge-exfoliated GSs is simi-
lar to that of starting graphite, without significant sig-
nals of C—O species of GO. Elemental analysis based on
XPS measurements further reveals that H, arc

www.acsnano.org

discharge-exfoliated GSs have a C/O molar ratio of
15—18, which is higher than that of Ar arc discharge-
exfoliated GSs (~12), conventional thermally exfoliated
GSs (~9.4), conventional thermally exfoliated GSs fol-
lowed by H, reduction (~14.9),” and chemically re-
duced GSs (~10) by hydrazine,"® and comparable to
that reported for conventional thermally exfoliated GSs
(10—20).%4 We also measured the Fourier transform
infrared (FTIR) spectra of the GSs prepared by different
methods and the results are shown in Figure 5b. It can
be found that much weak signal for the (=0 stretch-
ing vibrations at 1730 cm~" was observed for GSs pre-
pared by hydrogen arc discharge exfoliation compared
to those prepared by Ar arc discharge exfoliation and
conventional thermal exfoliation, which is similar to that
of the GSs prepared by the thermal exfoliation-
reintercalation-expansion method.” These results sug-
gest that H, arc discharge exfoliation is a more effective
method to remove oxygen-containing groups than the
commonly used thermal exfoliation and postreduction.
Raman spectroscopy provides a powerful tool to de-
termine the quality of carbon materials. Therefore, we
performed Raman measurements on the GSs obtained
by different heating methods. We directly spin-coated
the graphene supernatants onto a SiO,/Si wafer for Ra-
man measurements, instead of graphene powders, to
weaken the contribution of edges to the D-band inten-
sity. Figure 6 compares the 632.8 nm Raman spectra of
H, arc discharge-, Ar arc discharge-, and conventional
thermally exfoliated GSs. All the Raman spectra of the
as-prepared GSs displays two prominent peaks at

2644

2500 2600 2700 2800
Raman shift (cm™)

Figure 4. Structural characterization of the hydrogen arc discharge-
exfoliated GSs. (a) Typical low-magnification TEM image of GSs. (b, c)
Tapping-mode AFM images of GSs obtained by spin-coating the super-
natant onto a 300 nm SiO,/Si wafer. Inset of panel c: The correspond-
ing height profile. (d) Typical 2D-band profile of single-layer GSs, taken
with a laser energy of 1.96 eV.
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Figure 5. (a) XPS of NFG, H, arc discharge-, Ar arc discharge-, and conventional thermally exfoliated GSs. (b) FTIR spectra of
H, arc discharge-, Ar arc discharge-, and conventional thermally exfoliated GSs. The dot square frame indicates the signals of

C=O0 stretching vibrations.

~1330and ~1590 cm™', which correspond to the well-
documented D band and G band, respectively.* It is
well-known that G band corresponds to the first-order
scattering of the E,; mode observed for sp? carbon do-
mains, and the pronounced D band is disordered band
associated with structural defects, amorphous carbon
or edges that can break the symmetry and selection
rule.3® A universal observation is that higher disorder

in graphite leads to a broader G band, as well as to a
broad D band of higher relative intensity compared to
that of the G band. Therefore, the intensity ratio of D
band to G band (Ip/lg) is usually used as a measure of
the disorder.3°4#2 For example, Kudin et al. systemati-
cally investigated the Raman spectra of GO and GSs pre-
pared by thermal expansion/exfoliation,*® and they
found that the Ip/Ig of GSs was decreased compared to
that of GO, attributed to a graphitic “self-healing” simi-
lar to what was observed for the intensity decrease of
the D band in heat-treated graphite.**** Here we also
use it as an indicator of the quality of the obtained GSs.
The Ip/lg of Ar arc discharge-exfoliated GSs shows a no-
ticeable decrease compared to that of conventional
thermally exfoliated GSs. However, it is worth noting
that a dramatic decrease of the Ip/lg was observed for
H, arc discharge-exfoliated GSs, indicating a much bet-
ter quality than those of Ar arc discharge and conven-

—H, arc discharge
Ar arc discharge
thermal exfoliation

Intensity (a.u.)

1100 1200 1300 1400 1500 1600 1700 1800
Raman shift (cm™)

Figure 6. G-band intensity normalized Raman spectra of H,
arc discharge-, Ar arc discharge-, and conventional thermally
exfoliated GSs, taken with a laser energy of 1.96 eV.
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tional thermally exfoliated ones. We should note that
our GSs (with a size normally <500 nm) are much
smaller than the used laser spot (typically ~1 um?),
and consequently graphene edges made considerable
contribution to the D band intensity. Therefore, the
quality of GSs prepared by hydrogen arc discharge ex-
foliation should be underestimated by the Ip//c.

It is generally accepted that the thermal stability of
a carbon material toward high-temperature air oxida-
tion can be increased with improving its quality. There-
fore, we have also performed thermogravimetry/deriva-
tive thermogravimetry (TG/DTG) measurements to
evaluate the quality of the GSs obtained by different
heating methods. Figure 7 shows the TG/DTG curves
of H, arc discharge-, Ar arc discharge-, and conven-
tional thermally exfoliated GSs. It can be found that
the arc discharge-exfoliated GSs are more stable to
high-temperature air oxidation than those obtained by
conventional thermal exfoliation. In the case of arc dis-
charge exfoliation, the oxidation resistance tempera-
ture of GSs is remarkably increased when a portion of
H, was added into the reaction system instead of pure
argon, as shown in Figure 7a. Compared with those ob-
tained by conventional thermal exfoliation (507 °C),
the oxidation resistance temperature of Ar (525 °C) and
H, (601 °C) arc discharge-exfoliated GSs were increased
18 and 94 °C, respectively, based on the T, (tempera-
ture corresponding to the highest combustion rate) of
DTG in Figure 7b. This further proves the good quality
of the H, arc discharge-exfoliated GSs, and suggests
that both arc discharge heating and H, play important
roles in improving the quality of GSs. Normally, the con-
ventional thermally exfoliated GSs contain some
oxygen-containing groups at their edges and on their
basal planes due to the oxidation process even though
most of them can be removed during thermal expan-
sion (typically <1100 °C). Moreover, some vacancies
and topological defects can be simultaneously pro-
duced on the sheets because of the release of carbon
dioxide during the thermal expansion/exfoliation pro-
cess in Ar atmosphere. These defect sites lead to a de-
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Figure 7. (a) TG and (b) DTG curves of H, arc discharge-, Ar arc discharge-, and conventional thermally exfoliated GSs.

crease in the thermal stability of these materials at el-
evated temperature. When H, is added to the Ar
atmosphere, the oxygen-containing groups tend to be
removed in the form of H,0 instead of CO, in some ex-
tent, avoiding the production of vacancies and topo-
logical defects because of less loss of carbon atoms.
More importantly, high plasma temperature (>2000
°C) in arc discharge exfoliation can facilitate the removal
of functional groups and heal the defects 333442~4
Therefore, H, arc discharge-exfoliated GSs display
higher quality and thermal stability toward high-
temperature oxidation than those obtained by Ar arc
discharge and conventional thermal exfoliation.

To study the effect of rapid heating mode and atmo-
sphere on the electrical conductivity of GSs, we investi-
gated the current—voltage (/I—V) characteristics of indi-
vidual H, arc discharge-, Ar arc discharge-, and
conventional thermally exfoliated GSs, using a Nanofac-
tory TEM-scanning tunneling microscopy (STM) sample
holder inside a TEM, as illustrated in Figure 8a. It is
clearly seen from Figure 8b that the current through
H, arc discharge-exfoliated GS is much larger than that
through Ar arc discharge-exfoliated and conventional
thermally exfoliated GS under the same applied volt-
ages, indicating a pronounced decrease of the electri-
cal resistance. We calculated the electrical conductivity
of GS on the basis of the most commonly used
thermionic emission model for Schottky contacts,*
mainly considering the nonlinear symmetric -V char-

a

Piezoelectric tube

TEM-Holder

Graphene

Au

W Tip

acteristics and the contact resistance contributions be-
tween the electrodes and GSs. The electrical conductiv-
ity of H, arc discharge-exfoliated GSs (~2 X 10° S/cm)
is higher by a factor of 10 than that of Ar arc discharge-
exfoliated GSs (~2 X 10% S/cm), and both of them are
much larger than that (~80 S/cm) of conventional ther-
mally exfoliated GSs. Considering the above structural
comparison, we reason that the improvement of electri-
cal conductivity of the H, arc discharge-exfoliated GSs
is attributed to the in situ defect elimination and heal-
ing of EG during the exfoliation. Several groups have
also developed various methods to reduce the as-
prepared GSs and to improve their electrical conductiv-
ity. 2192172327 For example, Gomez-Navarro et al. found
that the electrical conductivity of the reduced GO by hy-
drazine and hydrogen plasma is increased 10% times
than the pristine GO.22 However, this improved conduc-
tivity is still smaller with a factor of 103—10* than that
of our H, arc discharge —exfoliated GSs. This indicates
that the electrical properties of graphene can be tuned
by different rapid heating methods and our proposed
H, arc discharge exfoliation method is a better way to
improve the electrical conductivity of GSs, which will be
very helpful for their electrical transport-related applica-
tions such as nanoelectronic devices, conductive com-
posites, transparent conductive films, and electrode
materials for lithium-ion battery and supercapacitor.

b
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Figure 8. Electrical conductivity measurements of the GSs prepared by different heating methods: (a) schematic of the
TEM-STM sample holder; (b) typical I-V curves of H, arc discharge-, Ar arc discharge-, and conventional thermally exfoliated

GSs.
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CONCLUSIONS

We have developed a hydrogen arc discharge exfo-
liation technique for the synthesis of GSs with a good
quality from GO, combining with solution-phase disper-
sion and centrifugation techniques. It was found that
the GSs obtained by hydrogen arc discharge exfoliation
have a good electrical conductivity of ~2 X 10° S/cm
and high thermal stability with oxidization resistance
temperature of 601 °C, which are much better than
those prepared by argon arc discharge exfoliation (~2
X 102 S/em, 525 °C) and by conventional thermal exfo-
liation (~80 S/cm, 507 °C). On the basis of the structural
characterization and exfoliation process analysis, we

METHODS

The preparation of H, arc discharge-exfoliated GSs mainly in-
volves three key steps: oxidation of graphite, subsequent exfoli-
ation of the resulting GO by hydrogen arc discharge, and disper-
sion of EG to obtain GSs by ultrasonication. NFG (500 mesh) as
starting graphite was first oxidized by the Hummers method to
prepare GO, as we previously reported elsewhere.”” In a typical
experiment, 1 g of graphite, 0.5 g of NaNO3 and 23 mL of con-
centrated H,SO, were mixed and stirred at 0 °C. Then 3 g of KM-
nO, was added slowly to the above solution with stirring and
cooling. After this, the suspended solution was stirred continu-
ously for 12 h, and 46 mL of distilled water was added slowly to
the suspension for 15 min. Subsequently, the suspension was
added by 140 mL of warm water (40~50 °C) and 10 mL of H,0,
(30%). Finally, the resulting suspension was filtered, washed with
deionized water, and dried in a vacuum oven at 60 °C for 24 h
to obtain GO. After the as-prepared GO was fully dried in
vacuum, it was then rapidly heated by arc discharge in a mixed
buffer gas of H, (=10 kPa pressure) and argon (90 kPa pressure)
to obtain EG. The cathode is a graphite rod (10 mm in diameter
and 150 mm in length), and the anode is a rotatable graphite cyl-
inder with eight holes (20 mm in diameter and 10 mm in depth
each) used to load GO. The distance of two electrodes was main-
tained about 2 mm, and high-temperature discharge between
the two electrodes was generated by a direct current mode rang-
ing from 100 to 150 A. The resulting EG (10 mg) was dispersed
in 10 mL of N-methylpyrolidone (NMP) for 2 h by sonication to
form a homogeneous suspension. Then, the suspension was cen-
trifuged at 15000 rpm for 5 min to remove thick GSs and nonex-
foliated graphite, and to retain thin GSs in the supernatant. For
comparison, Ar arc discharge-exfoliated GSs and conventional
thermally exfoliated GSs were also prepared from the same GO
by argon arc discharge and by quickly moving the GO into a pre-
heated tube furnace (1050 °C) in argon atmosphere, respec-
tively, combining with the same sonication and centrifugation
processes as those for the preparation of hydrogen arc
discharge-exfoliated GSs.

XRD (D/max 2400 with Cu ka radiation), XPS (Escalab 250,
Al ka), IR (Nicolet 605XB FTIR spectrometer, KBr background), Ra-
man spectroscopy (Jobin Yvon LabRam HR800, excited by 632.8
nm laser), TG/DTG (Netzsch-STA 449C, measured from 30 to 1000
°C at a heating rate of 10 °C/min in air), nitrogen cryosorption
(Micromeritics, ASAP2010M), SEM (LEO, Supra 35, 15 kV), TEM
(JEOL JEM 2010, 200 kV), and AFM (Veeco MultiMode/NanoScope
Illa) were used to characterize the GO, EG, and GSs. The TEM
samples were prepared by drying a droplet of the graphene sus-
pension onto a Cu grid with a holey carbon film, and the AFM
samples were prepared by spin coating the graphene superna-
tant onto a 300 nm SiO,/Si substrate. The electrical conductivity
of the GSs obtained was measured inside a JEOL JEM-2010 TEM
equipped with a Nanofactory TEM-STM system (ST1000), which
integrates a fully functional STM into a TEM. The STM probe was
controlled by a piezo-manipulator that can approach individual
nanostructures inside the TEM. The obtained supernatant after

suggest that the high plasma temperature and reduc-
ing H, during hydrogen arc discharge exfoliation play
important roles in efficient exfoliation and considerable
deoxygenation of GO, and defect elimination and heal-
ing of EG, which are responsible for the production of
high-quality GSs. Our findings also indicate that the
electrical properties of GSs can be tuned by different
heating modes. The preparation of the highly conduc-
tive GSs opens up a possibility to a wide range of tech-
nological applications including graphene-based
nanoelectronics, transparent conductive films, con-
ductive composites, lithium ion batteries, and
supercapacitors.

centrifugation treatment was filtered and then dried in a vacuum
oven at 60 °C for 24 h. The resulting GS powders were attached
to an Au electrode, and the tungsten STM tip was controlled pre-
cisely in the TEM to connect the selected GS to measure its elec-
trical conductivity. The applied voltages were in the range of
—25-25V.
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