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Efficiently reducible graphene oxide (GO) was obtained, even if a high degree of functional-
ization is present. Graphite with few defects was used as starting material and oxidized
according to Hummer’s method. An extremely high Ip/Ig ratio for rGO of 2.8 (532 nm)
was observed in the Raman spectrum as a consequence of the lower defect density in

GO. It was also possible to demonstrate the impact of local defects on the structure in
rGO by local laser exposure experiments on single graphene oxide flakes. Raman spectros-
copy can visualize the laser impact by Ip/Ig ratio measurements.

© 2012 Elsevier Ltd. All rights reserved.

1. Introduction

Graphene is one of the most exciting materials known due to
its exceptional physical properties, as the extremely high
charge carrier mobility of 40.000 or even 200.000 cm?/V s that
makes new electronic devices reachable [1,2]. Further, trans-
parent electrodes are one desired application for graphene
utilizing the transparency and intrinsic conductivity [3]. The
main drawback is the poor processibility of graphene, be-
cause it is insoluble in most common solvents. This is one
reason why graphite is functionalized, either non covalent,
or covalent to gain soluble graphene [4-6]. Although this ap-
proach is promising, the yield is still poor. Otherwise, graph-
ene oxide (GO) is one promising material for the mass
production of graphene. The important advantages are the
ease of accessibility from graphite and the processibility in
aqueous solution, even at high concentrations of typically
1mg/ml [7]. After the removal of functional groups (in GO
mainly epoxy and hydroxyl groups) reduced graphene oxide
(rGO) is obtained and electronic properties are partially re-
stored but e.g. the electrical conductivity of rGO still lacks be-
hind that of pristine graphene and so does the charge carrier
mobility. Defects in rGO or inefficient reduction of GO are the
two most prominent reasons for poor performance [8].

One possible answer to that problem is to use GO with a
low degree of oxidation. Recently, it was shown that it is pos-
sible to prepare field effect transistors from that material and
charge carrier mobilities up to 10-15 cm?V s could be deter-
mined [9,10]. In another approach, GO was mildly oxidized
using less oxidant to yield an increased quality of rGO with
fewer defects after reduction what was proved by Raman
spectroscopy [11]. Recently, it was demonstrated that the
graphite grade used for the preparation can alter the structure
of GO [12]. To gain information about defects in graphene
based materials, Raman spectroscopy is an adequate method.
It provides information for the mean distance between de-
fects in rGO. The ratio between the intensities of the D and
G peak correlate with the mean distance of two defects in
graphene as it was found by Ar-ion bombardment on graph-
ene [13].

Here, we report a high ratio of about 2.8, the highest value
measured for rGO on single layer flakes that originates from
GO prepared by Hummer’s method. This observation is re-
lated to an increased quality of rGO, as discussed later. Fur-
ther, GO is highly oxidized, as it is proved by TGA-MS and
FTIR. This observation is in stark contrast to the latest litera-
ture [9,11]. Besides, the GO flakes described here can be struc-
tured by laser induced local heat causing defects (CO,
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Fig. 1 - Illustration of (A) GO according to the Lerf-Klinowski model; (B) GO during laser exhibition by Raman laser (532 nm); (C)
rGO (reduced by hydrazine hydrate), more defects remain (e.g. ethers) in middle region compared to loop region (if no laser
exhibition is applied rGO bears fewer defects than illustrated here).

formation) what can be identified by Raman spectroscopy
(Fig. 1). This new approach makes it possible to visualize dif-
ferent defect densities in rGO on the same flake for the first
time.

2. Experimental procedures

2.1. General methods

Natural flake graphite was obtained from Kropfmuehl AG,
Germany. The grade used as reference material was SC-200.
The high quality graphite was obtained from Asbury Carbon.
The grade used was 3061. Potassium permanganate, sodium
nitrate, sulfuric acid were obtained from Sigma-Aldrich®.
Thermogravimetric analysis (TGA) equipped with a mass
spectrometer (MS) was accomplished on a Netzsch STA 409
CD instrument equipped with a Skimmer QMS 422 mass spec-
trometer (MS/EI) with the following programmed time depen-
dent temperature profile: RT-800 °C (TGA-MS) with 10 K/min
gradient, and cooling to RT. The initial sample weights were
about 6-7 mg and the whole experiment was accomplished
under inert gas atmosphere with a He gas flow of 80 ml/
min. Bruker Tensor FTIR spectrometer equipped with ZnSe
was used for the measurements of GO films. Freeze-drying
was accomplished on an ALPHA 1-4 LDplus from Matrtin
Christ, Germany. For centrifugation a Sigma 4K15 centrifuge,
Sigma Laborzentrifugen GmbH, Germany, was used. Atomic
force microscopy (AFM) measurements were performed on
in tapping mode using SolverPro from NT-MDT. The samples
we prepared by dropping a diluted dispersion of graphene
oxide on Si/SiO, wafers. The oscillation amplitude was usu-
ally chosen to be 5 nm, the setpoint was about 3 nm. Raman
spectroscopic studies were done on Horiba Jobin Yvon Lab-
RAM Aramis confocal Raman spectrometer equipped with a
microscope and an automated XYZ table, at laser excitation
of 532 nm if not mentioned otherwise. Laser energy can be al-
tered by filters (D2: 0.06, D1: 0.38, D0.6: 0.97, D0.3: 1.94 mW).
Elemental analysis was performed by combustion and gas
chromatographic analysis with an EA 1110 CHNS analyzer
from CEInstruments.

The electrical conductivities and the surface resistances of
graphite were measured according to the 4-point probe
method on graphite pellets (13 mm diameter) pressed with a

typical IR-molding press at 10 t/cm?®. The resistivity test unit
used was RM3000 equipped with a cylindrical 4-point probe
head (probe spacing of 0.635 mm) from Jandel Engineering
Limited, UK. The thickness of the pellets was determined
using a calibrated optical microscope (Axio M1 m Imager, Carl
Zeiss, Germany).

2.2.  Analysis of starting materials

Grade SC-200. The electrical conductivity of grade SC-200
was determined by 4-point probe method to be 420 S/cm.
The ratio of I and I in the Raman spectra was determined
to 0.12 on the flake and 0.16 in average (900 um? from the
same pellets of the bulk graphite using DuoScan.

Grade 3061. The electrical conductivity of grade 3061 was
determined by 4-point probe method to be 1600 S/cm. The ra-
tio of I and Ig in the Raman spectra was determined to 0.04
on the flake and 0.10 in average (900 um?) from the same pel-
lets of the bulk graphite using DuoScan.

2.3.  Preparation of GO1 and GO2

Graphene oxide from grade SC-200 (GO1). No pre-treatment
of graphite was applied. Graphite (1g, grade SC-200, Kro-
pfmuehl AG) and sodium nitrate (0.5 g) were dispersed in con-
centrated sulfuric acid (24 ml). The dispersion was cooled by
ice to about 5 °C. After that, within a period of 30 min potas-
sium permanganate (3.0 g) was added in small portions and
the dispersion was stirred an additional hour at 20 °C. The
reaction mixture was then poured on ice (500 ml) and hydro-
gen peroxide (10 ml, 3%) was added drop wise until gas evolu-
tion was completed. The obtained graphite oxide was purified
by repeated centrifugation and dispersion in water until the
PH of the supernatant was neutral. Finally, GO1 was yielded
by mild sonication using a bath sonicator. The suspension
was finally centrifuged three times at 5000g to remove
remaining graphite oxide. Elemental Analysis: C 45.89, H
2.40, N 0.0, S 3.88.

Graphene oxide from grade 3061 (GO2). No pre-treatment
of graphite was applied. Graphite (1 g, grade 3061, Asbury Car-
bon) and sodium nitrate (0.5 g) were dispersed in concen-
trated sulfuric acid (24 ml). The dispersion was cooled by ice
to about 5 °C. After that, within a period of three hours potas-
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sium permanganate (3.0 g) was added in small portions and
the dispersion was stirred an additional three hours at
20 °C. Due to the lower reactivity of grade 3061 compared to
SC-200 a longer reaction time was necessary. The reaction
mixture was then poured on ice (500 ml) and hydrogen perox-
ide (10 ml, 3%) was added drop wise until gas evolution was
completed. The obtained graphite oxide was purified by re-
peated centrifugation and dispersion in water until the pH
of the supernatant was neutral. Finally, GO2 was yielded by
mild sonication using a bath sonicator. The suspension was
finally centrifuged three times at 5000 g to remove remaining
graphite oxide. Elemental Analysis: C 43.22, H 2.27, N 0.0, S
6.15.

2.4. GO films on ZnSe

A diluted dispersion of GO was drop-casted on a ZnSe window
and the film was formed by evaporation of the solvent at
ambient conditions. The thickness of the film was deter-
mined using the Z-indicator of the Zeiss microscope. Thereto,
the film was scratched and either the top of the film or the
substrate was focused. The thickness was about 2-3 um.

2.5.  Structuring GO by Raman laser

GO2 was structured using the Raman laser (532 nm) at low
dose using D2 filter and placed a 5s laser pulse (9 um?) in
the middle of flake (GO2b). A higher dose (5s, D0.3) was used
in the case of GO2c.

2.6.  Reduction of GO flakes
The flakes were reduced by hydrazine vapor for 1h at RT and

an additional 1 h at 80 °C. Finally, the material was annealed
at 120 °C to yield rGO.

3. Results and discussion

3.1. Preparation of GO

In this study we used natural graphite (grade 3061) from As-
bury Carbon and prepared GO according to Hummer’s meth-
od. The purity of that graphite is higher than 99% and the
grain size is rather large with about 300 pm (supplier informa-
tion). Further, Raman spectroscopy proves the low defect den-
sity of the graphite by the D peak being almost absent with an
Ip/Ig ratio of 0.04 on flakes, neglecting the edges and 0.10 on
the surface of 900 um?2 The structural integrity is also re-
flected by the electrical conductivity of 1600 S/cm which
was determined by four-point-probe measurements on pel-
lets. As reference material we used grade SC-200 from Kro-
pfmuel AG and here we found an Ip/Ig ratio of 0.12 on flakes
and 0.16 on the surface of 900 um?. The electrical conductivity
was determined to 420 S/cm, reflecting the higher defect
density.

We prepared GO from both materials (SC-200, GO1; 3061,
GO2) using Hummer’s method [14]. No pre-treatment of
graphite was applied and the graphite was oxidized in con-
centrated sulfuric acid with potassium permanganate as the
oxidant and small amounts of sodium nitrate. The work-up

was done using water and hydrogen peroxide. The material
was purified by repeated centrifugation and GO was obtained
after exfoliation (bath sonicator). In the case of grade SC-200
the oxidation time was 1.5 h compared to 6 h for grade 3061,
due to its lower reactivity.

3.2.  Characterization of GO by TGA-MS and FTIR

Both grades of GO (GO1, GO2) were analyzed by TGA-MS from
freeze dried GO samples and FTIR samples were prepared
from aqueous dispersions on ZnSe to verify that both materi-
als were oxidized in the same way. In the recent literature GO
with a low degree of oxidation is prepared to minimize de-
fects caused by oxidation [9,11]. We find that a low degree of
oxidation is not essential to yield rGO with fewer defects.
Here, we find a total weight loss of 53.1% for the reference
material GO1 and 50.6% for GO2 obtained from graphite with
fewer defects, see Fig. 2A.

The weight loss takes place in three temperature regions.
Between RT and about 120 °C the weight loss is mostly attrib-
uted to adsorbed water (m/z 18). A further weight loss of 18%
is observed for GO1 and GO2 with a maximum at 153 and
169 °C for GO1 and GO2, respectively. GO2 from graphite with
fewer defects (grade 3061) appears to be more stable, but
169 °C are still a reasonable value for GO. There are other
parameters, e.g. water content, that influences the decompo-
sition temperature of GO in TGA experiments as we demon-
strated recently [15]. Mainly m/z 18 (H,0), m/z 28 (CO) and
m/z 44 (CO,) are detected at this step. An additional weight
loss of about 15% and 17% for GO1 and GO2, respectively,
was found between 200 and 300 °C. In addition to water, CO
and CO,, m/z 64 (SO,) is detected that originates from sulfur
species. Even excessive washing with water cannot com-
pletely remove theses species. Qualitatively the amount of
sulfur appears to be constant in GO1 and GO2 with 4 and
6% according to elemental analysis, respectively. At higher
temperature up to 800 °C the carbon lattice decomposes and
the detected weight loss is 7.5 and 9.6% for GO1 and GO2,
respectively. From TGA-MS we conclude that GO1 and GO2
were oxidized in almost the same way. This means that the
degree of oxidation is identical with little differences in the
stability and the water content. Next, we verified that func-
tional groups are the same in GO1 and GO2. FTIR spectra ex-
hibit the same features as can be seen from Fig. 2B. The origin
of the vibrational absorption of functional groups in GO is still
discussed [16]. We assign the signals between 3600 and
3200 cm ! to the O-H stretching vibration of free water, asso-
ciated hydroxyl groups in GO and adsorbed water molecules.
In both materials carbonyl signals at about 1735 cm ™" and sig-
nals that originate from adsorbed water at about 1625 cm™*
are found [17]. The signals at about 1415 cm™* correspond to
O-H deformation vibrations from carboxylic groups [18]. A
shoulder at 1580 cm™* can be assigned to double bonds [17].
Vibrations of C-O of different species mainly epoxy and hy-
droxyl groups are present in the range of 1300 and 800 cm™*
and we find distinct signals at about 1270, 1230, 1050 and
830 cm™'. From FTIR we conclude that both materials are
chemically almost identical, with little changes for the inten-
sity of some signals, e.g. the signal at 1050 cm~* that might
also originate from skeletal C-C vibrational modes [19].
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Fig. 2 - (A) TGA-MS of GO1 and GO2 and the corresponding weight loss due to H,0, CO, CO, and SO,; (B) FTIR spectra of GO1

and GO2.

Finally, two weak signals at 2924 and 2852 cm ™' are found in
GO2 only that might be due to methyl groups as it was found
in methylated GO before [20].

3.3.  Characterization of GO and rGO by AFM and Raman
spectroscopy

Furthermore, we analyzed the size of the GO flakes (GO1, GO2)
by AFM on Si/SiO, wafers. The flakes of GO1 (reference mate-
rial) are shown in the Supplementary data and we find small
flakes with a diameter of approximately 1 ym. Larger flakes of
about 5 um are found in GO2, as can be seen from Fig. 4A. In
addition, we performed a Raman study of GO1 and GO2 in its
oxidized and reduced form. To gain homogeneous Raman
information as reference data we measured mean spectra of
an area of 100 and 400 um? for GO1 and GO2, respectively
(Fig. 3).

Generally, GO exhibits preserved graphene like regions
(about 1 nm diameter) and distorted regions (several nm) be-
neath defects (vacancies or additional atoms) due to the syn-
thesis, known from HRTEM [21]. The Ip/Ig ratio in Raman
spectroscopy can be used to evaluate the distance between
defects in graphene and for GO it is about 1 (532 nm laser
excitation) and increases with increasing mean distance be-
tween two defects (Lp) form 1 to about 3 nm (stage 2) followed
by a decrease (stage 1, larger than 3 nm) [13,22]. This relation
is shown in Fig. 4. We used this relation to characterize GO. In
Fig. 3, the main features of the GO Raman spectra are the D, G,
2D and D + D’ peak. The D peak at about 1330-1340 cm " that

originates from the breathing modes of six-membered rings
that are activated by defects and the G peak at 1580-
1600 cm ™" that is due to the E,, phonon at the Brillouin zone
center. The 2D peak at 2700 cm™* is the second order of the D
peak and the D + D’ peak at 2940 cm™* is due to the defect
activated combination of phonons. The Ip/Ig ratio in GO1
(1.14) and GO2 (1.19) are almost the same and the D + D’ peak
is higher in intensity than the 2D peak, in both spectra (black,
Fig. 3A and B). Next, GO1 was reduced by hydrazine hydrate
vapor to yield rGO1. The Raman spectrum of rGO1 (red,
100 um?) is shown in Fig. 3A and only little changes can be ob-
served for the Ip/Ig ratio. It changes from 1.14 to 1.28 that is
related to the removal of functional groups and formation
of defects. This observation is consistent with the literature
[23].

Now we studied single flakes of GO2 and rGO2 and ana-
lyzed them by AFM to prove that all subsequent Raman mea-
surements are performed on single layers. The AFM images of
GO2a—c are shown in Fig. 5A. The thickness was determined
to about 1.2-1.5 nm, neglecting the roughness of the flakes,
as it is shown in the corresponding height profiles. The rough-
ness is relatively high and we assume, this is due to adsorbed
molecules and salts still present on the surface that could not
be removed by the purification method and the processing.
The flakes were reduced by hydrazine hydrate vapor as de-
scribed before. The same flakes were analyzed by AFM and
in comparison to GO2a, rGO2a has a mean height of about
0.8 nm. Further, it is interesting to note that some wrinkles
present in GO2a disappeared in rGO2a and especially some
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Fig. 4 - Ip/Ig ratio vs. distance between two defects (Lp), for
532 nm laser excitation (maximum Ip/I; ratio 3.1).

edges folded on the rGO plane. The Raman spectrum of GO2
was already discussed above. Surprisingly, after the reduction
of GO2a to rGO2a we find an extremely high Ip/I; ratio of 2.7-
2.8, what means that there is a mean distance of about 2.5-
3nm (compare Fig. 3B, Fig. 5) between two defects instead
of about 1 nm as usually obtained for rGO. Besides, next to
the G peak the D’ peak at 1612 cm ™' can be observed caused
by a double resonance process. Further, the I,p is higher than
the Ip,p in contrast to the pristine GO2 material and rGO1.
To quantify this effect we measured a Raman map of the
same flake (rGO2a) after reduction and we find Ip/Ig ratios of

2.5-2.8 in the plane and a ratio of about 1.9 at the edges
(Fig. 5C). The ratio of up to 2.8 is an extremely high value com-
pared to other results based on rGO. For example an Ip/I¢ ratio
of about 1.4 was reported for rGO obtained from GO with a
low oxidation degree [11]. In another example GO was re-
duced at subzero temperatures and an Ip/Ig of about 1.4 was
found [24]. A high Ip/Ig ratio of about 1.9 was observed for
rGO reduced by HI at 100 °C [25]. We note that it is difficult
to compare the results in the literature because Raman spec-
tra are often recorded from bulk, few layer or multi-layer rGO,
what makes it difficult to quantitatively compare the results.

3.4. Structuring of GO and rGO by Raman laser exhibition

Due to the lower defect density in GO2 it is possible to struc-
ture single flakes by light induced local heating, what causes
defects mainly due to the loss of carbon (CO, formation). This
process is illustrated in Fig. 1, starting with GO, followed by la-
ser exhibition and subsequent reduction. That structuring
can be visualized by Raman mapping of Ip/Ig ratio. We further
analyzed the flakes by AFM. AFM images of the pristine
GO2b,c flakes are shown in Fig. 5A with an average height of
about 1 nm. We used the Raman laser (532 nm) at low dose
using D2 filter and placed a 5s laser pulse (9 um?) in the mid-
dle of flake GO2b and a higher dose (5s, D0.3) on GO2c. After
that the flakes were reduced by hydrazine vapor and AFM
images revealed a 0.7-0.8nm mean height of the flakes
(Fig. 5B). Further, in the case of rGO2b a wrinkle was intro-
duced by laser treatment and reduction procedure (Fig. 5B).
More striking is the introduction of wrinkles for rGO2c. Radial
wrinkles become visible and the position correlates well with
that where an Ip/Ig ratio of 1.5 in the Raman map (Fig. 5C) is
found. We assume that the laser pulse induces friction by par-
tially decomposing the material. Recently, we found that GO
can already decompose at about 50 °C to form CO, beneath
other species [15]. Loss of carbon (CO, formation) comes along
with the decomposition that can occur also by laser induc-
tion. Hence, the flakes were analyzed by Raman mapping
and the Ip/Ig ratio map (Fig. 5C) demonstrates the impact of
defects on the Ip/I; ratio. Even for the low dose treatment
(rGO2b), the structuring can be observed by the difference in
Ip/Ig ratios of 1.8 and 2.3 for the treated middle region and
the untreated loop region, respectively (illustrated in
Fig. 5B). For rGO2c there are more defects (assumedly vacan-
cies and ether groups) [26] in the middle region and the Ip/Ig
ratio is 1.5 with a loop region with fewer defects (Ip/Ig ratio
of about 2.2), as can be seen from Fig. 5C. We note, that Ra-
man spectra in Fig. 5D were not normalized and so it is strik-
ing that the D peak intensity remains almost the same for GO
and rGO, respectively. Since the D peak is due to the defect in-
duced breathing mode of six-membered rings we assume that
the intensity remains almost constant, because there remain
enough defects after reduction to activate almost the same
amount of six-membered rings. These experiments further
demonstrate that it is easily possible to tune the mean defect
distances in rGO between 1 and about 3 nm.

According to Cangado et al. it is possible to distinguish be-
tween stage 2 and stage 1 region by analyzing Raman spectra
in terms of the full width at half-maximum (FWHM) [22,27].
This is necessary because an Ip/Ig ratio of 2.8 can correlate
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Table 1 - D and G peak position; FWHM of D and G peak; Ip/I; of rGO2a and rGO2c.

rGO2a 1GO2Cmiddle rGO2C)00p
D peak (cm™) 1337 1337 1337
D peak FWHM (cm %) 42 81 56
G peak (cm ™) 1588 1591 1597
G peak FWHM (cm™?) 39 50 44
In/lg 2.8 1.3 1.9

to mean defect distances of about 2.5 or 4 nm whether the
material is stage 2 or stage 1 (Fig. 4). Therefore, we performed
high accuracy Raman spectroscopy in the region 1000-
2000 cm~! checking the calibration (G peak of graphite at
1580 cm™Y) before and after each measurement. The results
are summarized in Table 1. The Ip/I; ratio was found to be
2.8 for rGO2a (see Supplementary data). Further, the D peak
position is 1337 cm™? (532 nm) and 1327 cm ™' (633 nm) that
of the G peak is 1588 cm™* and does not shift by altering the
laser wavelength (see Supplementary data), typical for defec-
tive graphene [22]. We further find that the FWHM of the D
peak and G peak are 42 and 39 cm™?, respectively, and thus
typical for stage 2 region. For stage 1 region a FWHM of about
20 and 14 cm ' would be expected, respectively [22]. The
analysis was also done for the middle region and loop region
of rGO2c. In this example it is possible to make accurate Ra-
man analysis on the same flake that exhibits a middle region
and loop region and the G peak position shifts from 1597 to
1591 cm~! in the loop region. Besides, the FWHM of the D
peak gets sharper from 81 to 56 cm™* (see Supplementary
data). All these data support the laser induced defect genera-
tion in the middle region of rGO2c and underlines the lower
defect density in rGO2a that is close to the transition to stage
1 region.

4, Conclusions

We demonstrated that GO with fewer defects can be obtained
from graphite using Hummer’s method. Besides large grain
size, defects are almost absent in the starting material. Fur-
thermore, we found that Raman spectroscopy cannot distin-
guish between different GO qualities. FTIR spectroscopy and
TGA-MS show little differences also. Thus, the material must
be reduced to rGO to determine the distance between defects
by Raman spectroscopy utilizing the Ip/Ig ratio. We performed
that study on single flakes of GO, rGO and laser structured GO,
followed by reduction to visualize the different defect densi-
ties in rGO on the same flake for best comparison. In contrast
to control experiments on rGO prepared from ordinary graph-
ite we found an Ip/I¢ ratio of 2.8 instead of 1.3. We conclude
that the graphite grade is mostly responsible for the lower de-
fects generated in GO and rGO, respectively, what can be
probed by measuring the electrical bulk conductivity on
graphene pellets. Further we found that rGO with an Ip/I¢ ra-
tio of 2.8 is still defective and the Raman spectra correspond
to stage 2 region. We proved that by analyzing Raman peak
positions and FWHMs of the G and D peak. Besides, we found
the FWHM of the G peak decreases from 50 to 39 cm~* and the
FWHM for the D peak from 81 to 50 cm™?, what clearly dem-
onstrates the increasing quality. Moreover, we conclude that

the model of the Ip/I; ratio that is derived from Ar-ion bom-
bardment on graphene is generally valid for rGO also. These
investigations demonstrate that rGO with tuneable defect
densities can be prepared what will make electronic applica-
tions feasible. Obviously, rGO with fewer defects will also be a
stronger material and improve mechanical properties of com-
posite materials.
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