CARBON 77 (2014) 501-507

journal homepage: www.elsevier.com/locate/carbon

Available at www.sciencedirect.com

ScienceDirect

Solvent-free mechanochemical reduction

of graphene oxide

@ CrossMark

Dong Wook Chang *“*, Hyun-Jung Choi **, In-Yup Jeon ”, Jeong-Min Seo °, Liming Dai ",

Jong-Beom Baek *

@ Department of Chemical Systematic Engineering, Catholic University of Daegu, 13-13, Hayang, Gyeongbuk 712-702, South Korea
® School of Energy and Chemical Engineering/Low-Dimensional Carbon Materials Center, Ulsan National Institute of Science and Technology

(UNIST), 100, Banyeon, Ulsan 689-798, South Korea

¢ Department of Macromolecular Science and Engineering, Case Western Reserve University, Cleveland, OH 44106, USA

ARTICLE INFO ABSTRACT

Article history:

Received 22 February 2014
Accepted 21 May 2014
Available online 2 June 2014

We report a versatile and eco-friendly approach for the reduction of graphene oxide into
high-quality graphene nanoplatelets by simple solid-state mechanochemical ball-milling
in the presence of hydrogen. After the ball-milling process, the resultant graphene nano-
platelets show the efficient restoration of the graphitic structure completely free from

any heteroatom doping (e.g., nitrogen, sulfur) and enhanced electrical conductivities up
to 120 and 3400 S/m before and after an appropriate heat treatment (e.g., 900 °C for 2h

under nitrogen).

© 2014 Elsevier Ltd. All rights reserved.

1. Introduction

Along with the recent explosive interest on graphene due to
its outstanding mechanical, thermal and electrical properties
[1-3], several synthesis methods have been developed to pre-
pare graphene nanoplatelets (GnPs), including a simple
mechanical exfoliation from graphite [4], chemical vapor
deposition (CVD) [5], solvothermal synthesis [6], epitaxial
growth [7], and graphitization of graphene oxide (GO) [8,9].
Among them, the chemical reduction of GO into reduced
graphene oxide (RGO) has been the most widely investigated
approach to GnPs with a good processability and scalability
[1,8-10]. However, the preparation of RGO often involves the
use of very toxic and hazardous reducing agents, such as
hydrazine [9,11] and NaBH, [12,13]. In addition, the undesir-
able incorporation of heteroatoms from the reducing agent
(e.g., nitrogen from hydrazine) into graphene network could

* Corresponding authors: Fax: +82 52 217 2019.

significantly alter the electronic properties of GnPs produced
by chemical reduction [9,14,15]. To address the aforemen-
tioned issues, several alternative approaches for the transfor-
mation of GO into RGO have been reported, including the
reduction of GO by biomolecules as reducing agents [16-20],
irradiations (e.g., laser [21,22], UV [23,24]), electrochemical
method [25], and thermal treatments [26-28]. Like all other
methods for reducing GO to RGO, however, these green reduc-
tion methods of GO are still suffered from an incompleted
reduction, and hence a non-integrated graphitic network in
the final products.

Recently, we have developed a simple, but efficient,
approach to the large-scale production of edge-functionalized
graphene nanoplatelets (EFGnPs) with minimal basal plane
distortion by mechanochemical ball-milling of graphite
[29,30]. The EFGnPs display promising properties, including
high electrical conductivity and outstanding electrocatalytic
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Fig. 1 - (a) A schematic representation of solvent-free mechanochemical reduction of graphene oxide (GO) in the presence of
hydrogen. Photographs: (b) GO; (c) BMRGO. The color change from GO (brown) to BMRGO30 (dark black) is a visual indication of
the mechanochemical reduction and the shiny light reflection (white circles) of BMRGO30 implies high crystallinity. (A colour

version of this figure can be viewed online.)

activity toward oxygen reduction reaction (ORR) [31,32]. By
ball-milling of graphite with different reactants, various
chemically functionalized GnPs were produced [33-35].

To avoid the solution-based reduction process with multi-
ple drawbacks (vide supra), we report here a simple method for
eco-friendly, solid-state mechanochemical reduction of GO
into GnPs by ball-milling of GO, instead of pristine graphite
used for our previous reports [29-32], in the presence of
hydrogen (Fig. 1). We found that the ball-milled reduced
graphene oxide (BMRGO) pellets with an efficiently-restored
graphitic structure free from any heteroatom doping exhib-
ited electrical conductivities up to 120 and 3400 S/m before
and after an appropriate heat treatment (e.g., 900 °C for 2 h
under nitrogen, vide infra), respectively. Therefore, the solid-
state ball-milling approach, involving no hazardous chemi-
cals to generate undesirable contaminant(s), outperforms
the commonly used solution-based reduction process for
mass production of high-quality GnPs.

2. Experimental section

2.1.  Materials and preparation of ball-milled reduced
graphene (BMRGO)

Graphite (Alfar Aesar, natural graphite, 100 mesh, 99.9995%
metal basis, Lot#F22U001) was used as the starting material
in this study. Firstly, GO was prepared by the modified Hum-
mers’ method from graphite [36]. The ball-milling of GO to
produce ball-milled reduced graphene oxide (BMRGO) was
carried out in a planetary micro ball-mill machine (Pulveris-
ette 7 premium line, Fritsch) at 900 rpm. In a typical experi-
ment, 2.0g of GO and hydrogen gas (10bar, Daesung
Industrial Gases Co., Ltd.) were charged into a stainless steel

capsule containing stainless steel balls of 5 mm in diameter.
The container was fixed in a planetary ball-mill machine
and rotated at 900 rpm for a operation time ranging from 30
to 240 min to produce various ball-milled reduced graphene
oxides (BMRGO), including BMRGO30, BMRGO60, BMRGO120,
BMRGO180 and BMRGO240 (the digital number refers to 30,
60, 120, 180 and 240 min, respectively). After opening the con-
tainer lid at the end of ball-milling, the resultant black pow-
ders were carefully collected and purified by Soxhlet
extraction with a 1 M HCI solution to remove metallic impuri-
ties. The purified powders were washed with a plenty of water
and methanol and the final products were dried in vacuum
oven at 80°C under a reduced pressure for 48h to yield
1.15 g of BMRGO30, 1.09 g of BMRGO60, 1.05 g of BMRGO120,
1.03 g of BMRGO180 and 1.01 g of BMRGO240, respectively.

2.2. Characterizations

Elemental analysis (EA) was conducted with a Thermo
Scientific Flash 2000. The surface area was measured by
nitrogen-adsorption-desorption  isotherms using the
Brunauer-Emmett-Teller (BET) method on Micromeritics
ASAP 2504N. Themogravimetric analysis (TGA) was con-
ducted with a TA Q200 (TA Instrument) under air atmosphere
at a heating rate of 10 °C min~*. Solid-state 13C magic-angle
spinning (MAS) NMR spectra were recorded on a Varian Uni-
tylnova 600 (600 MHz) spectrometer, using a 5-mm probe
spinning at 9 kHz. Fourier transform infrared (FT-IR) spectra
were recorded on a Perkin-Elmer Spectrum 100 using KBr pel-
lets. Raman spectra were taken with a He-Ne laser (532 nm)
as the excitation source by using confocal Raman microscopy
(Alpha 300S, WITec, Germany), in conjunction with atomic
force microscopy (AFM). X-ray diffraction (XRD) patterns were
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recorded on a Rigaku D/MAZX 2500V/PC with Cu-Ka radiation
(35 kV, 20 mA, 2= 1.5418 A). X-ray photoelectron spectra (XPS)
were recorded on a Thermo Fisher K-alpha XPS spectrometer.
The field emission scanning electron microscopy (FE-SEM)
was performed with a FEI Nanonova 230, while the high-
resolution transmission electron microscopy (HR-TEM)
employed in this work is a JEOL JEM-2100F (Cs) microscope
operating at 200 kV. The TEM specimens were prepared by
dipping carbon micro-grids (Ted Pella Inc., 200 Mesh Copper
Grid) into well-dispersed samples in NMP. UV-vis spectra
were measured using Perkin-Elmer Lambda 35. Atomic force
microscopy (AFM) analysis was conducted with Veeco Multi-
mode V. The BMRGO pellets of diameter of 1.2 cm were pre-
pared by compression molding at 3000 bar using hydraulic
press (Specac Inc, Model No.: 21984). Conductivities of the
BMRGO pellets were measured by four-point probe method
(Advanced Instrument Technology (AIT) CMT-SR1000N). The
sheet resistance of each sample was determined from aver-
age values of five measurements.
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3. Results and discussion

Chemical compositions of all samples (i.e., graphite, GO,
BMRGO30, BMRGO60, BMRGO120, BMRGO180 and BMRGO240)
from the elemental analyses (EA) are summarized in
Table S1. As expected, the pristine graphite is mainly com-
posed of carbon atom (99.57 wt%). On the other hand, GO
contains a large amount of oxygen (43.85 wt%) due to the gen-
eration of various oxygenated functional moieties, such as
epoxy, hydroxyl, and carboxylic groups, by harsh oxidation
during the modified Hummers’ process [36,37]. Surprisingly,
ball-milling induced dramatic decreases in oxygen contents
for BMRGOs. It is noteworthy that these compositional changes
from GO to BMRGOs are initially proportional to the ball-
milling time up to 120 min, and then levelled-off at longer time
(~240 min, Fig. 2a). For example, the carbon (C)/oxygen (O) ratio
greatly increased from 1.51 for GO to 6.17 for BMRGO120 and
finally reached to 6.80 for BMRGO240 (Fig. 2a), indicating an
efficient solvent-free mechanochemical reduction of GO.
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Fig. 2 - (a) Changes in C/O ratios based on EA and BET surface areas of samples with respect to ball-milling time; (b) TGA
thermograms with heating rate of 10 °C min " in air; (c) Solid-state >C magic-angle spinning (MAS) NMR spectra, " indicates
the spinning sidebands [41,42]; (d) FT-IR spectra; () Raman spectra with Ip/I; ratio; (f) XRD diffraction patterns and the
numbers are d-spacing in angstrom (A) of graphite, GO, BMRGO30, BMRGO60, BMRGO120, BMRGO180 and BMRG0240. (A

colour version of this figure can be viewed online.)



504 CARBON 77 (2014) 501-507

Interestingly, the Brunauer-Emmett-Teller (BET) surface area
also marginally increased from 3.65 m?%/g for GO to 10.30 m%/g
for BMRGO120, and then levelled-off with further increasing
ball-milling time (Fig. 2a). The BETresults were well accordance
with EA results (Table S1). The low surface areas of BMRGOs
indicated that the efficient restoration of graphitic structure
was occurred during ball-milling GO, implicating that kinetic
energy (high speed balls) can be also used for the reduction of
GO. Hence, mechanochemical ball-milling can reduce GO into
RGO as well as grain size of RGO as precursor for delamination
into a few layers upon dispersion in solvents (vide infra).

Thermogravimetric analyses (TGA) of all samples in air
were conducted and the results are shown in Fig. 2b. As
expected, GO shows a weight loss starting from 100 °C, attrib-
utable to the evaporation of bound water molecules between
GO layers and from hygroscopic functional groups. The pro-
found weight loss at around 200 °C is related to the elimina-
tions of various oxygenated functional groups prior to the
oxidative decomposition of the graphitic structure over 200-
500 °C. Compared to GO, all BMRGOs show a greatly enhanced
thermal stability due to the significant loss of oxygenated
groups during ball-milling in the presence of hydrogen
(Fig. 2b). Among BMRGOs, BMRGO30 shows the highest ther-
mal stability due to its relatively large grain size.

The solid-state *C magic-angle spinning (MAS) NMR mea-
surements were also conducted to prove compositional
changes of GO during ball-milling. As shown in Fig. 2c, GO
exhibits several peaks at 61.35, 70.45, 188.69, and
130.37 ppm, arising form from the *3C nuclei associated with
epoxide group, hydroxyl group, carboxyl group, and un-
oxidized sp? carbons in the graphitic structure, respectively
[9,12]. However, all BMRGOs display a major peak at around
115 ppm corresponding to the sp? carbon atoms, in which
other oxygenated (61.35 and 70.45ppm) and carbonyl
(188.69 ppm) carbon peaks are overlapped due to the sensitiv-
ity of solid-state NMR measurements. These results reveal an
efficient structural restoration of the graphitic structure
(Fig. 2c) and are in accordance with the structural changes
of GO during ball-milling (Fig. 1).

To further understand the structural changes before and
after ball-milling, we carried out FT-IR spectroscopic mea-
surements. As shown in Fig. 2d, GO displays several oxygen-
ated peaks at 1730 (vc—o), 1618 (vc—=c), 1384 (vo-m), 1230
(Vepoxy) @nd 1057 cm™* (vc.o), along with hydroxyl bands
(3400cm ™) in consistent with previous results [12,15,38].
However, all BMRGOs show a major characteristic peak at
1590 cm ! attributable to the in-plane vibration of sp? hybrid-
ized aromatic C=C in graphitic structure in conjunction with
a concomitant decrease of several peaks from various oxy-
genated groups [18,19,39]. Once again, these results indicate
that GO has been efficiently reduced during the mechano-
chemical ball-milling process.

Raman spectra obtained from all powder samples are
shown in Fig. 2e. For the pristine graphite, the G and 2D bands
are clearly observable at 1564 and 2679 cm ™, respectively. In
addition, the ratio of the D to G-band intensity (Ip/Ig) of the
graphite approaches almost zero (~0.01) as the D band at
1335cm ™! associated with the edge distortion is negligible
due to its large grain size. However, GO showed a broad and
strong D band at 1357 cm ™" with a relatively high Ip/I; ratio

of 0.94, indicating an increased structural distortion and size
reduction of the in-plane sp? domains. Furthermore, the G
band of GO at 1598 cm ™! is slightly up-shifted from that of
graphite at 1564 cm™* due to the existence of isolated double
bonds with higher resonance frequencies than that of the G
band in graphite [40]. All BMRGOs show similar D and G bands
at 1357 and 1598 cm ™7, respectively, but a gradually increased
Ip/Ig ratio with increasing ball-milling time due to the grain
size reduction during ball-milling [29].

The powder X-ray diffraction (XRD) patterns of all samples
are shown in Fig. 2f. A sharp and strong peak at 20 = 26.6° (d-
spacing ~ 3.35 A) was observed for the pristine graphite while
a broad and weak peak at 20 = 11.6° (d-spacing ~ 7.60 A) was
obtained from GO, indicating a lattice expansion by the oxy-
genated functional groups and “bound” small molecules
between layers of GO. In comparison to GO, the XRD peaks
for BMRGOs significantly shifted up to 20=25.94° (d-spac-
ing ~ 3.43 A), indicating an efficient reduction of GO during
ball-milling. This is consistent with the RGO produced by
other solution-based environmental-friendly approaches
[18,19], though the peaks from BMRGOs are somewhat shar-
per and narrower.

The chemical compositional changes during ball-milling
of GO were further analyzed by X-ray photoelectron spectros-
copy (XPS) (Fig. S2). Fig. 3 shows the high resolution C 1s XPS
spectra of all samples investigated in this study. As expected,
the pristine graphite displays a prominent peak at 284.3 eV
from the graphitic sp® carbon. However, the high resolution
C 1s peak of GO can be deconvoluted into several peaks at
284.3, 285.6 and 288.7 eV, corresponding to C=C, C-O and
C=0, respectively (Fig. 3b) [9,26,41]. Upon ball-milling of GO
in the presence of hydrogen, a dramatic decrease in the oxy-
gen-bonded carbon components of the C 1s peak is observed
(e.g., BMRGO30, Fig. 3c), revealing the efficient removal of the
oxygenated functional groups in GO by ball-milling. Further
diminution in intensities of the oxygen-bonded C 1s peaks
is observed for other BMRGOs with a longer ball-milling time.
These results indicate an efficient mechanochemical reduc-
tion of GO even in solid-state by ball-milling.

Comparing with GO, all BMRGOs display a significantly
enhanced broad UV-vis absorbance with increasing the ball-
milling time up to 900 nm (Fig. S3), indicating that the elec-
tronic conjugation within the graphitic structure is largely
retained by the mechanochemical reduction during ball-mill-
ing of GO in the presence of hydrogen [23,28,41].

The morphological and micro-structural changes of GO dur-
ing ball-milling were monitored by scanning electron micros-
copy (SEM) and transmission electron microscopy (TEM). As
shown in Fig. 4, the pristine graphite and GO show micro-scale
(100 mesh, <150 um) irregular particle grains while BMRGOs
show a significant reduction of the grain size nearly inversely
proportional to the ball-milling time (Fig. 4). Fig. 5 depicts typ-
ical TEM images obtained from the BMRGO30. As can be seen, a
wrinkled paper-like morphology characteristic of GnPs is
observed at a low magnification (Fig. 5a). The edge-on view at
a high magnification shows the highly crystalline interior
(Fig. 5b), indicating the occurrence of a high degree structural
restoration during mechanochemical ball-milling. The corre-
spondingselected area electron diffraction (SAED) pattern with
a hexagonal symmetry given in Fig. 5c¢ further supports the
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Fig. 3 - High resolution XPS C1s spectra: (a) graphite; (b) GO; (c) BMRGO30; (d) BMRGO120; (¢) BMRGO180; (f) BMRGO240.

(A colour version of this figure can be viewed online.)

Fig. 4 - SEM images: (a) graphite, (b) GO, (c) BMRGO30, (d) BMRGO60, (€) BMRGO120, (f) BMRGO180 and (g) BMRGO240 at the

same magnification. The scale bars are 100 pm.

high crystalline structure of BMRGO30, which is ascribed to a
typical diffraction pattern of graphite [40,42]. Clearly, therefore,
the graphitic structure has been well restored in BMRGOs. In
addition, AFM analysis was also conducted to figure out the
number of layers of BMRGOs. As shown in Fig. S4, BMRGO30
typically consisted of a few graphitic layers upon dispersion
in solvents.

The four-probe van der Pauw method [29] was used to
measure the electrical conductivity of all samples (GO and
BMRGOs) for evaluation of the n-conjugated networks in the
graphene structure. For the electrical measurements, powder
samples of GO or BMRGOs were compressed into pellets with
a diameter of 2.5 cm and thickness of approximately 200 pm

(Inset, Fig. 5d). Comparing with the electrical conductivity of
GO (~0.2 S/m), the conductivity of BMRGOs increased as much
as three orders of magnitude (in the range of 13-120 S/m),
indicating an efficient structural restoration of n-conjugated
networks in BMRGOs by removal of various oxygenated
groups in GO during ball-milling. The highest conductivity
of 120 S/cm is observed from BMRGO30, which decreased as
the ball-milling time increased and finally reached to 13 S/m
for BMRGO240 (Fig. 5¢). The observed gradual decrease in con-
ductivity from BMRGO30 to BMRGO240 is attributable to the
reduction of grain size with increasing ball-milling time (see
Fig. 4) with a higher interfacial resistance for pellets of a
smaller grain size. The electrical conductivity of BMRGO30
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Fig. 5 - TEM Images of BMRGO30: (a) low magnification; (b) high-magnification at the edge; (c) selected area electron
diffraction (SAED) pattern. (d) Conductivity plots of GO and BMRGOs with different ball-milling time. Inset is a photograph of
BMRGO30 pellet with diameter of 2.5 cm used for the measurement. SEM images obtained from the surface of sample pellets
after heat treatment at 900 °C for 2 h under nitrogen: (€) BMRGO30; (f) GO. Scale bars are 100 pm.

(120 S/m) is comparable to that of the RGO reduced by hydra-
zine [9], but much higher than that of the RGO reduced by
other solution-based green approaches (Table S2). Further-
more, the post heat-treatment of BMRGO30 at 900 °C for 2h
under nitrogen can lead to additional increase in conductivity
up to 3400 S/m whilst the surface of the BMRGO pellet remains
intact as cohesive film with smooth surfaces (Fig. 5e). By con-
trast, the same thermal treatment of GO pellet makes it rough
and cracked (Fig. 5f). The hygroscopic nature of GO caused the
gas evolution during annealing, leading to the significant differ-
ence in thermal behaviors between GO and BMRGOs.

4, Conclusion

We have developed a solvent-free green method for the scal-
able production of graphene nanoplatelets (GnPs) by solid-
state ball-milling of GO in the presence of hydrogen. The
resultant BMRGOs show an efficient structural restoration of
graphene network by elimination of various oxygenated func-
tional groups of GO during mechanochemical ball-milling.
They show also superior structural integrity with completely
free from undesirable heteroatom doping. Furthermore, the
resultant BMRGO pellets show electrical conductivities up to
120 and 3400 S/m before and after heat treatment (900 °C for
2h under nitrogen), respectively. Therefore, the ball-milling
technique used in this study could be regarded as an efficient
general green synthetic approach toward the low-cost and
high-yield production of GnPs for various applications, rang-
ing from energy conversion through energy storage to elec-
tronic devices.
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