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Improved synthesis of large monolayer Graphene Oxide
Increased total yield of Graphene Oxide (25% yield)
Remarkable lower sheet resistance and higher hole mobility
Average size ~7 orders of magnitude larger than previously reported methods
Characterization of large monolayer Graphene Oxide
Demonstrated use in Field-Effect Transistor up to 100V

Figure: SEM image of a large GO sheet on SiO2 substrate produced from the reported modified method.

Abstract
This article presents an improved graphene oxide synthesis method and its subsequent simple
reduction technique with hydrazine vapour more efficiently to produce large area graphene flakes with
a dramatic change in average sheet resistance of ~145kΩ/□ as compared to existing annealing
methods. With the above characteristics, a high-performance and low-voltage operating graphene
field-effect transistor (FET) was achieved with the potential to be used as detection platform for
biomolecules.
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1. Introduction
Graphene, a single-atom-thick and two-dimensional carbon nanomaterial[1], has attracted increasing
attention in various applications including nano-electronics[2], energy storage[3], field-effect
transistors (FETs)[4, 5] and sensors[6-11] because of its unique physical and electrical properties[1214]. So far, single or few-layered graphene have been prepared by various methods including
mechanical exfoliation (“Scotch-tape” method)[6, 9, 15], chemical vapour deposition (CVD)[1, 10]
and chemical reduction of graphene oxide (GO)[7, 8]. The Scotch-tape method based on mechanical
cleavage has main disadvantage due to low yield of graphene obtained. This makes it unsuitable for
large-scale use. Efforts on chemical vapor deposition (CVD) have focused on growing films of
graphene in large scale up to centimeter-sized graphene films on metallic substrate like Ni or Cu but
the ability of transferring such films to other substrates still remains a cumbersome process[16]. Also,
unacceptable uniformity of Ni-CVD[17] and self-limited monolayer formation of Cu-CVD[18] limits
the applications of CVD based graphene, thus rendering it ineffective for biosensing applications.
Moreover, synthesis of graphene by high temperature chemical vapour deposition (CVD) techniques is
complicated, expensive and often time-consuming.
Chemical methods for preparing graphene oxide are highly suitable for low cost and large scale
production of graphene. Previously reported reduction methods (refer Table 1) refer to using hydrazine
vapour[19, 20] but it lead to only moderate electrical conductivity possibly due to inefficient reduction
process. In other cases 20% H2/Ar annealing at 800-1000oC was used [20, 21] but this would be
unsuitable for thermally unstable plastic materials. Besides using a facile and reproducible method
appropriate for the large-scale production of GO, the reduction process of GO sheets can still be
improved to make the final chip suitable for molecular sensing.

Table 1: Comparison of ultrathin electrodes prepared from various reduced GO sheets.
Process
Transparency
sheet resistance
@ 550nm (%)
(kΩ / □)
hydrazine reduction
at 70 °C for 16h
hydrazine reduction

98.3

145a

95.4

19000b

hydrazine reduction at 80 °C
hydrazine reduction at 80 °C for 24h

N.d.
60-95

4000c
100000d

20% H2 800 °C, 2h
20% H2/Ar, 900 °C, 2h
20% H2/Ar, 1000 °C, 2h

98.0
98.1
98.0

1005e
413e
188e

1100 °C vacuum annealing, 3h
95.0
500e
N.d. = not determined
a
Average sheet resistance obtained from our devices, refer to distribution in S5. bFrom ref.29 cFrom
ref.24 dFrom ref.20 eFrom ref.17
Here, we report a modification of Hummers’ method described by Su et al. 2009[20] that involves an
easy to perform re-suspension step, resulting in readily exfoliated graphene oxide (GO) sheets with
improvements in total yield. These sheets could be reduced by hydrazine vapour more effectively.
Our GO sheets, up to 3500 µm2 in size, were deposited on appropriate SiO2/Si wafer and the
subsequent reduction process using hydrazine vapour resulted in remarkable lower sheet resistance and
higher hole mobility of the devices, than from the original method[20]. No additional annealing step
after hydrazine reduction was needed to achieve high conductivities of the graphene flakes. Electronic
transfer measurements on our graphene devices indicate that they are very stable over a broad range of
gate voltages (Vg). Thus our graphene FET operates at low-voltage making it suitable for molecular
sensing applications.
Initially, we modified the graphene oxide (GO) synthesis method described by Su et al. 2009 by taking
only large floating flakes after the ultra-sonication and oxidation steps for further processing.
According to ref.[20], a graphite pre-oxidation procedure is needed to avoid incompletely oxidized
graphite-core/GO-shell particles in the final product. In our case due to the large size of the natural
graphite flakes (3-5mm), we also observed that the floating flakes were not fully oxidized, so GO
sheets might be weakly attached to the graphite core.
In a typical synthesis, large flakes were collected after the main oxidation step, washed and resuspended into 500 ml DI water by stirring overnight. Due to this mechanical movement, large GO
flakes that were weakly adhered to the core peeled off. Since GO is soluble in water because of its
carboxyl-and hydroxyl groups, exfoliation was achieved by this dilution step. In contrast to other
exfoliation methods [20, 21], our technique did not involve ultra-sonication as we believe that ultrasonication would lead to small size GO flakes.

2. Material and methods
2.1 Materials
Graphite flakes (3-5mm) were obtained from NGS Naturgraphit GmbH, Leinburg, Germany. Rest of
the chemicals (research grade) were obtained from Sigma Aldrich, Pro Analysi and Merck. De-ionized
water was used throughout the experiment.
2.2 Synthesis of Graphene Oxide
Graphene oxide (GO) sheets were prepared by the modified Hummers’ method from natural graphite
flakes (average size is 3-5mm). We modified the Hummers’ method reported by Su et al.2009 in
various steps. Briefly, 2g graphite flakes were mixed with concentrated H2SO4 (12ml) and stirred for
4-5 hours at 80 °C. After cooling to room temperature, the flakes were then ultra-sonicated for 1 hour
and diluted with DI water (500ml) and left overnight. The mixture was filtered through porous filter
(0.2µm) to obtained pre-oxidized graphite powders. The product was dried overnight in vacuum
desiccator. The yield was 1.43g of pre-oxidized product (~71.3% yield).
The dried graphite powder was then added slowly into concentrated H2SO4 (120ml) and KMnO4 (15g).
The solution was stirred for 2 hrs at room temperature and then diluted with DI water (250ml) in an
ice-bath and stir for another 2 hrs before final dilution with DI water (700ml). Shortly thereafter, H2O2
(20ml) was added into the mixture, resulting in a colour change to light yellow. The solution was kept
overnight and then the next day only the upper portion of the mixture was collected, filtered and
washed with 1:10 HCl aqueous solution to remove metal ions followed by 500 ml of DI water to
remove the acid. Finally, the resulting solid was stirred overnight in DI water (500ml) to obtain a stock
solution of GO. This solution was then centrifuged at 5000xg for 3 minutes and further purified by
dialysis (cutoff 3000MW) against DI water for one week. After drying 0.49g of the product was
obtained (~34.8%) meaning an overall yield of ~24.9% (compared with the starting material).
2.3 Reduction of Graphene Oxide
Silicon substrates were first cleaned with a standard RCA solution to remove undesired impurities.
Subsequently, the cleaned SiO2 substrates were modified with APTES self-assembled monolayers
(SAMs), in order to enhance the adsorption of graphene oxide. Therefore, the substrates were
immersed into a 1-2% APTES solution in ethanol for 1h, followed by extensively rinsing with absolute
ethanol, before baking for 2 hours at 120 °C. Devices (300nm silicon oxide layer chips) were dipcoated with GO solution (1.3 mg/ml) for 1 hour, followed by thoroughly rinsing with DI water and
drying with N2. For the hydrazine vapour reduction, samples were put into glass petri dishes and 500
µl of 98% hydrazine monohydrate was placed in the edge of the petri dish. The samples were kept in
the sealed petri dish at 70 °C for 16h.
2.4 Characterization techniques
SEM: Field Effect Scanning Electron Microscopy (FESEM) micrographs were taken using a JEOL
JSM-7600F instrument operating at 1KeV.
AFM: Imaging of GO and rGO (reduced Graphene oxide) flakes by atomic force microscopy (AFM;
Asylum Research AFP-3D) was performed with special emphasis on sheet thickness, morphological
features, and lateral dimensions. All images were taken using tapping mode under ambient conditions
and analyzed using WSxM Develop 3.3 software.
Raman: Raman spectra were measured in a WITec Alpha 300 confocal Raman microscopy system
(with a laser wavelength of 532nm and a laser spot size of 1µm2). The Raman spectra were acquired
using 10s integration time, with a laser power of 0.1mW. SERS spectra were analyzed using the
software package WITec control 1.54 & WITec project 2.06.

XPS: X-ray Photoelectron Spectroscopy (XPS) analysis was performed on a VG ESCALAB 220i-XL
with an Al Kα (1486.6eV) monochromatic X-ray source. Measured binding energy error is estimated
to be within ±0.2eV.
Sheet resistance: Sheet resistance was measured using the four point probe method (AIT
Instrument).
Electrical measurements: Electrical properties were monitored with a Keithley semiconductor
parameter analyser, model 4200-SCS.
2.5 Graphene Oxide FET Fabrication
Field-effect transistor devices were fabricated by evaporating Au electrodes (80-100nm thick) with Cr
adhesive layer (2-3nm thick) directly on top of the device using a hardmask. The obtained channel
length (L) between source and drain electrodes are 60µm.
3. Results and discussion
3.1 SEM and AFM characterization
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Figure 1: (left) SEM image of a large GO sheet on SiO2 substrate produced from the modified method.
(right) Size distribution of GO flakes. Solid curve indicates the Gaussian fit.
Figure 1 displays scanning electron microscopy (SEM) image of an ultra-large GO flake. The average
size of the GO flakes obtained by our method is 700 µm2, hence the GO membranes are of larger
magnitude in area than those produced using previously reported methods[19].
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Figure 2: (left) AFM image of GO and (right) AFM height profile for the GO sheet.

Figure 2 shows a typical tapping mode AFM image of GO and rGO. The thicknesses of monolayer GO
flakes are typically in the range of 0.7-1nm[21-24]. By the AFM height profile it is shown that the
thickness for the GO sheet obtained by our modified method is ~ 1nm, suggesting that mono-layered
GO could be proven over a large area. The AFM profile for rGO is observed as 0.8 nm. This is
equivalent to the thickness observed by other references enclosed [25, 26]
3.2 Raman and XPS characterization
As shown in Figure S1 the Raman spectrum of GO displays two prominent peaks at 1341cm-1 and
1601cm-1, which correspond to the well-documented D and G bands. At 2680 cm-1 the well
documented 2D band appears originating from a double-resonance process of the D band at 1340 cm1
.The Raman spectrum of rGO also exhibits both D and G bands (at 1330 and 1595 cm-1, respectively).
However, the D/G intensity ratio is increased in comparison with that of the GO spectrum.
In summary, the Raman spectral results described above are in good agreement with those reported by
Stankovich[27], indicating that graphitization took place in rGO.
X-ray photoemission spectroscopic (XPS) measurements were performed for the as-prepared GO
sheets and those after reduction with hydrazine vapour.
The C1s spectrum of GO (Figure S2) indicates the presence of two types of carbon bonds: C-C (284.5
eV) (composition = 46.5%), C=O (286.7 eV) (composition = 53.5%). After hydrazine reduction, the
peak intensity of the C=O (composition = 10.7%) species is much smaller than those in the spectrum
of GO, suggesting considerable de-oxygenation by the reduction process[28]. Also the composition of
C-C increased to 72.3% in rGO (284.5eV). These values are consistent with a reduction of GO [27, 29,
30].
3.3 FET fabrication and electronic properties
Moreover, we tested the hydrazine reduced GO sheets with regards to their abilities to serve as
conducting thin-film electrodes. Therefore bottom-gate operated transistors were easily fabricated
without using elaborate electron-beam lithographic techniques by evaporating Au electrodes (100nm
thick) directly on top of the selected rGO films that were previously deposited on 300nm SiO2/Si
substrates.

Figure 3: (a) Optical micrograph of the fabricated graphene device. (b) Output characteristics of the
transistor device under different applied gate voltages. (c) Current – voltage transfer curve of bottomgated graphene FET at a drain-source bias of Vd = 0.1V.
Figure 3a shows an optical micrograph of a typical fabricated device. The transfer characteristics were
measured to evaluate the efficiency of the FET device. Figure 3b shows the output characteristics
(drain current Id vs. drain voltage Vd) of the SiO2-gated graphene FETs at eleven different gate
voltages (Vg). The device showed a clear increase in conductance as the gate voltage changed from
+100V to -100V, indicating that the reduced GO films behaved as p-type semiconducting
materials[24]. Figure 3c demonstrates the typical transfer characteristics (Id-Vg) of the graphene fieldeffect transistor (FET) measured under ambient conditions (source-drain bias voltage Vds= 100 mV)
and its effective field effect hole mobility is ~ 159 cm2/Vs. In order to extract the field-effect mobility
of holes, only selected GO sheets with suitable size (~ 20µm x 50µm ) were used for the transistor
measurements[20]. As per the above indicated flake area, a graphene coverage corresponding to a
channel width of 500µm is assumed. The channel width (W) and length (L) were 4000 and 60µm,
respectively. The hole mobility was calculated from the linear regime of the transfer characteristics
using the equation
Cox the gate capacitance.

, where L and W are the channel length and width and

Figure S3 summarizes the distribution of the hole mobility of graphene FET chips (50 chips) on
SiO2/Si substrate. A Gaussian fit indicates an average hole mobility of 40 cm2/Vs, at a drain bias of
100 mV, which is once again remarkably higher than the reported ones after hydrazine chemical
reduction[20, 31] too. It is assumed, that by the improved graphene synthesis, the following hydrazine
reduction process was carried out more effectively, leading to field-effect mobility values even
comparable with those achieved with other methods like “alcohol vapour reduction” [32].
Table 1 compares the effect of different reduction methods on the resistance of GO transparent
electrodes. Although a similar transparency (T = 95-98%, corresponding to 1 or 2 layer GO[20] of the

films are reported, the sheet resistance values vary notably. The average sheet resistance of the GO
transparent electrode (T ~ 98%) (Figure S4) obtained by our modified method decreases dramatically
to ~145 kΩ/□ thus making it suitable for molecular sensing. This is lower than the typical sheet
resistance for hydrazine-reduced GO electrodes[24, 29, 33] and comparable with annealing at high
temperature (188-1005 kΩ/□) [20]. Furthermore, it should be mentioned that at least 23% of the 298
graphene devices tested exhibit sheet resistances significant lower than 100 kΩ/□ (Figure S5).
4. Conclusion
In summary, our improved graphene oxide synthesis followed by simplified hydrazine vapour-assisted
reduction led to enhanced electrical conductivity of graphene flakes, a sheet resistance of ~145 kΩ/□
(average observed over 298 chips), thus creating potential high-performance and low-voltage operating
graphene devices applicable for future applications in the field of molecular detection.
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