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Abstract : A seriesof graphene products have been
prepared through mechanica milling, oxidation treat-
ment and microwaveirradiation processes. Various
measurement results demonstrate that the products
arethegraphene nanosheetswith few layersandlittle
oxygen content due to not any KMnO, treatment.
Under the same experimental condition and proce-
dures, the corresponding products with additional
KMnO, oxidation have also been obtained, and the
compared measurements show that the products not
only exhibit better dispersion, but also have much

INTRODUCTION

Graphene hasrecently attracted enormous atten-
tion dueto its potential applicationsin energy storage
fields, nanocomposites, sensors, nanodevicesand cata-
lyst support™3l. In general, the applications need scal -
able graphene nano-sheetswith perfect structure. Itis
well known that alarge quantity of graphene can be
obtai ned from graphite oxide through areduction reac-
tion*%, but thereare concentrated structure defectsin
thesheet |attice. Tosmply and largdly preparegraphene
with few defects, mechanical milling method hasbeen
used. For exampl e, based on thistechnique, thereare

more oxygen content. Raman spectrareveal that the
G-pesak of the products appears splitting into G and
G* peaksowingto aphonon symmetry breaking at I"
point, and theintensity ratio of the D to G* peak for
the products without KMnO, oxidation treatment
gradually lowerswith prolonging microwaveirradia
tion timewithin 48 min, indicating the decrease of the
structural defects.  © Global Scientificlnc.

K eywor ds : Graphene; Defects, Raman; G-peak
glitting.

some papers to report the preparation process and
characteristic of the grapheme®%, and whereas the
prepared product still showsre atively much morelay-
ers as compared to the graphene obtained by Hum-
mers method. We have known that the exfoliation of
grgpheneshould overcomeand bresk theVan der Wedls
forces between graphitelayersmainly through ahigh
energy transformation from surroundings (e.g. sonica
tion or ball-milling) or an oxidation of carbon atoms
(e.g. chemical functiondization). However, only me-
chanicd activation difficultly exhibitsefficient prepara
tion processintheexfoliation of graphenewith few lay-
ersand defects, and thereby another preparation pro-
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cessincduding mechanicd activation should bedesigned.
Herein, mechanica milling combinedwith oxidationre-
action and microwaveirradiation treatment isconsid-
ered to obtain high-quality graphenewithfew layers.

Based onthepreparation of thegraphene only with
few layers, aRaman spectroscopy techniquehasbeen
used toinvestigatethe structure change of the prepared
graphene. It has been confirmed that Raman spectros-
copy techniqueisakind of powerful tool providing a
nondestructive and reliable method to obtain acom-
plete set of informati on about graphene, including iden-
tifying thickness™, measuring strain™ or thermal con-
ductivity™™®, and investigating the e ectronic and struc-
tural properties and so on. The structure change of
graphene can beanalyzed mainly by itsfeature D and
G peaks, such asintringc or extringc defects, generdly
studied by theintensity (integrated areaof peak) ratio
of D and G peaks (I /I ).

In the paper, powder graphite wasfirst mechani-
cdly milledfor ashort time, and then oxidized inasolu-
tionwithalittle bit concentrated H,SO,, HCIO, and
acetic acid. For a comparison, a certain amount of
KMnQ, isalso used and added into the sol ution under
the same condition to prepare additiona products. Sub-
sequently, al of the products were performed under
microwaveirradiation for different timeto investigate
the corresponding structure di screpancy. Raman spec-
traconfirmthat theintengity ratio of D to G pesk gradu-
ally decreaseswith prolonging microwaveirradiation
timewithin48 minutesfor theproductswithout KMnQO,
treatment, and whereas such ratio for the later prod-
ucts barely changes due to the strong oxidation of
KMnO,.

(1) NMilling
»

MATERIALSAND METHODS

Preparation procedure

A mixtureof flake-likegraphite, NaCl and NH,Cl
wasfirgt ground through amechanical milling process.
Then, themilled samplewasadded into asolution with
concentrated H,SO,, HCIO, and acetic acid at room
temperatureto react for many hours. Ascomparison,
another samplewas al so prepared through an oxida-
tion reaction of the milled samplewith amixturein-
cluding concentrated H,SO, and KMnO, under the
same condition. After washed with water and dried
for alongtime, the two productsweretreated sepa-
rately under microwaveirradiation for 0, 6, 24, 48
and 60 min, respectively, to obtain two series of
samples (denoted as GO-1, GO-2, GO-3, GO-4 and
GO-5without KMnO,; denoted as GO-k1, GO-k2,
GO-k3, GO-k4 and GO-k5 with KMnO,, respec-
tively). The schematic preparation process has been
showninFigurel.

Characterization

The sampleswere characterized by powder X-ray
diffraction (XRD) with a Shimadzu XRD-6000
diffractometer equipped with monochromatic highin-
tensity CuK radiation (4 =0.1541nm) at 40kV and
100 mA.. Scanning electron microscope (SEM) and
transmission e ectron microscopy (TEM) wererecorded
on JEOL JSM-6490 and JEOL JEM-2010, respec-
tively. Fourier Transforminfrared spectroscopy (FTIR)
was performed on Nicol et Avater-370. Raman spec-
troscopy was measured on HR 800 with 633 nm ra-
diation with an output power of 8 mW.

(3) Microwave
N

>
(2) Oxidation

Graphite + NaCl+ NH4C1

>

Graphene

Figurel: Schematic processof grapheneoxidewith few layers.
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RESULTSAND DISCUSSION

The SEM and TEM imagesof thepristinegraphite,
GO-1 and GO-5werefirst acquired asshownin Fig-
ure 2. Fromthe edgesof the graphiteflakesintheinset
of Figure2(a), theaveragethickness shows about many
tens of nanometer or much thicker owingto the con-
nection of theflakeswith each other. Through aseries
of ampletreatment, thethicknessof the GO-1 and GO-

5 becomesnotably thinner, evincing thenanosheetsonly
withfew layers. It isa so demongtrated that one hour of
microwaveirradiation bardly changesthe sizeand thick-
nessof the nanosheets.

TheXRD patternsand X PSprofilesof thepristine
graphite, GO-5and GO-k5 aredisplayed in Figure 3.
The graphite shows a very strong (002) peak at ca.
26.4°, much far higher than that of the GO-5, inwhich
aweak shoulder peak at ca. 26.1° attributed to (004)
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Figure2: SEM and TEM imagesof thepristinegraphi

plane a so appears on theleft of the (002) peak, de-
ducing that the nanosheetsin GO-5 have becomemuch
thinner and the distance between the nearest neighbor-
ing layershas partly exhibited longer*®, in good agree-
ment with the SEM and TEM measurements. How-

TR

te(inset), G—l (a,b)and GO-5(c, d).

ever, the (002) pesk for the GO-k5 (theinset in Figure
3(A)) not only obviously broadens and weakens, but
al so shows an asymmetric shape dueto the mixture of
amorphousand nanocrystalinephases, inferring that the
addition of KMnO, remarkably enhancesthe oxida-
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tion reaction of graphite during preparation process,
also supported by thefollowing X PS measurements.
InFigure 3(B), the change of C1shinding energy
for thethree samples can be observed. The Clsband
of the GO-5 |located at ~284.8 eV for carbon atomsin
C=Cfor unoxidized structures, similar to that of the
graphite, mainly exhibits one component. Also, some
carbon atoms for the two samples have been partly
oxidized due to the asymmetric shape of the peak.
Therefore, wecandicitthat it isnot efficient to oxidize
carbon atomswithout an additionof KMnO,. If alittle
bit KMnQ, isadded, much more carbon atoms can be
obvioudy oxidized, proved by the Clsbandsat ~286.7
and 288.6 eV, assigned to the carbon atoms singly

bonded to oxygen in hydroxyl/epoxy groupsand car-
bon atomsin C=0, respectively*16,

To further investigate the change of thefunctiona
groupsof thefive products, the FTIR spectraasshown
inFigure4 have been performed. The peaksshownin
therange of 1000-1750 cm* mainly correspondto C-
O stretching vibration, C-OH stretching vibration, C-
O-H deformation vibration and C=0 stretching of
COOH groups situated on GO sheets, in which the
peak a 1640 cmt isattributed to C=C skeletd stretch-
ing vibrationsof unoxidized 57 carbon atomg*”. How-
ever, al these peakstend to decrease after the treat-
ment of microwaveirradiation, revealing the oxygen-
containing functiona groupsweregradudly removed,
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Figure3: XRD patterns(A) and C1sXPSprofiles(B) of thepristinegraphite, GO-5and GO-k5.
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Figure4: FTIR spectraof theGO-1 (a), GO-2 (b), GO-3(c), GO-4 (d) and GO-5 (€).

and thusfurther demonstrating the partial reduction of
GOinthistreatment process.

Evolution of theRaman spectrafor thetwo seriesof
productsobta ned under microwaveirradiationisillus-
trated in Figure 5. Themain featuresinthe spectraare
the D band at ca. 1312 cm?, activated by finite size
effect, grain-boundariesor defects, and G band at ca.
1579 cnr?, corresponding to in-plane carbon atom
stretching vibrations, respectivel y1*#2, |t can befound
that the D band intengity in Figure 5(A) ismuch weaker
than the corresponding G band in the same spectrum,
whiletheD bandintengtiesin Figure5(B) arerdatively
much stronger, showing that thereexist many defectsin
the samples. The positions of the D and G bands of
theseproductshavebardy shifted, implyingthet thetensle
grainor compressioninlatticestructuresisvery smilar.

Inaddition, ashoulder pesk at ca. 1554 cm! exists
ontheléft of the G band in every Raman spectrum, and
such peak becomes obviously stronger dueto KMnQO,
oxidation effect. Thisisasplitting behavior of the G
band, termed as G* (high wavenumber) and G (low
wavenumber), corresponding to amixing of the sym-
metric and antisymmetric combination of G modesdue
to aphonon symmetry breaking at I' point(?-?2, Li and
co-workers have a so reported the splitting phenom-
enon after many aromatic molecul eswere adsorbed on
grapheme?, The splitting behavior of G-peak demon-
strates the existence of aband gap, which gradually
increaseswith thegrowth of G/G* intensity ratiod?. In
addition, adefect-activated D’ peak on the right of the

G* peak, partly covered in the G* peak, can also be
dimly observed.

It should be stressed that the D-peak intensity
gradudly dropswiththemicrowaveirradigiontimefrom
Oupto48 minfor the productsfrom the GO-1to GO-
4, and then slightly rises, and correspondingly, thein-
tensity ratio of the D to G* peak (I /1,,) showsthe
same changetendency; whereasthel /I, valuebarely
changesafter 6 min of microwaveirradiation duetothe
KMnO, oxidation. It has been reported that micro-
wave irradiation can reduce graphene oxideinto re-
duced graphene oxide owing to the deoxidation ef-
fect?, Density functional theory (DFT) calculationre-
ved ed that epoxy groupsare much moreinstablethan
hydroxyl groupsin GO®?%, and dl'so Gao et a. demon-
strated that hydroxyl groups attached to theinner aro-
matic domain are much moreinstable than those at-
tached to the edge’®”. Hence, the epoxy or hydroxyl
groupswithinthe graphene sheetsmay beeasily extir-
pated under microwaveirradiation, and whereasthe
structure appearspartly disorder duetotheweakening
of the G* peak.

Inorder to further investigate the cases, especidly
the effect of KMnO, oxidation on the sheet structure,
the GO-k5 was again treated in hydrazine solution at
200°C, and then heated under microwave conditionfor
different time to produce four samples, measured by
Ramean techniqueshownintheFigure6. It hasbeen veri-
fied that to someextent, microwavetrestment canlower
theintensity of the D-peak within 6 min, indicatingthe



234

ChemXpress4(2), 2014

ORIGINAL ARTICLE

£ | A Laser--785 nm 0.4 3_
c + c
G 8 ~a
:J. 2 0.2 \
= ' o=
= D 0.oL.
< . tlﬁnefﬁ’ﬂn 6{
= G|
‘» s I |
: : |..
@ |
= Wi
S| c /i A
E ) i |
4 ! i
e ]
| | | |} | | L}
1200 1400 1600 11800 2000
Raman shift/cm’
f
B Laser--785 nm 1.0}
::i os \Q_..-rl._____if
D G’ o
‘ . 0-00—35"20 %0
time/min)

Raman Intensity/Arbitr. Units

1200 1400

1600

1800 2000

- =1
Raman shift/cm
Figure5: (A) Raman spectraof the productsGO-1(a), GO-2 (b), GO-3)(c), GO-4 (d) and GO-5(e); (B) Raman spectraof the
productsGO-k1 (f), GO-k2 (g), GO-k3 (h), GO-k4 (i) and GO-k5 (k). Insetsarethedependenceof | /I , valuefor different

irradiation time.
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Figure6 : Raman spectraof the product (a) treated with hydrazine solution using theprecursor GO-k5in Figure5and the
graphene productsmicrowave-irradiated for 6 min (b), 24 min (c) and 48 min (d). I nset isthedependenceof | /I ., valuefor

differentirradiation time.

decrease of the defects caused by sp*-hybridized car-
bon. However with prolonging irradiation timefrom 6
minto 60 minin Figure5(B), thel /1 ., valuefor the
product GO-k5 unobvioudy happensdightly change.
After the GO-k5isreduced again at 200 °Cin hydra-
zinesolutionand followed by microwaveirradiationfor
6min, thel /I, valuecan beremarkably further |ow-
ered, but it showslesschangewithincreasingirradia-
tiontimeto 48 min.

Suchresultsreved that thehydrazinereductionand
subsequent microwavetrestment within many minutes
canfurther lower defect content and modify graphene.
However in contrast to the corresponding productsin
Figure5(A), thel /I ., vauesof these samplesaretill
higher, inferring the existence of much moreunrepaired
hole or porous defects dueto the strong oxidation re-
action of KMnQO, with carbon atoms. It has been
proved that KMnQO, can strongly oxide C atomsand
resultintheeimination of small part of C atomsinthe
nanosheet latticd®.

CONCLUSIONS
Wehaves mply prepared graphene sheetswith few

layersand ittle oxygen content using mechanica mill-
ing, oxidation and microwave treatments. Various

measurement resultsreved that the products obtained
without any addition of KMnO, exhibited much less
defects by compared to the products prepared with
the oxidation effect of KMnO,. Raman spectradem-
onstrate that the G peaks of all the products appear
splittinginto G* and G pesks, and dsowith prolonging
microwaveirradiationtimewithin 48 min, theintensity
ratio of the D to G* peak for the products without
KMnQO, treatment gradually decreases, indicating that
the sp3-type carbon atom number becomes|ess.
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