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Abstract Reduced graphene oxide (RGO) has many advan-
tages over graphene such as low-cost, aqueous processable
and industrial-scalable. However, two main limitations that
prevent the use of RGO in electronics are the high
electrical resistance and large electrical resistance devi-
ation between fabricated devices. This limits RGO’s use
in biosensors, capacitors and other electronic devices.
Herein, we present (1) a modified Hummer’s method
to obtain large RGO flakes via in-situ size fractionation
and (2) the novel growth of RGO which can bridge the
gaps in-between existing RGO flakes. Together, these
two processes reduced the electrical resistance drastical-
ly from 1.99E + 06 to 4.68E + 03 Ω/square and the
standard deviation decreased from 80.5 % to 16.5 %.
The RGO was then fabricated into a field-effect transistor
biosensor. A 1 pmol to 100 nmol change in Cytochrome C
protein corresponded to a 3 % change in electrical resistance.
The reported improved RGO synthesis method and

subsequent growth enable large-scale application of RGO in
practical electronic devices such as biosensors.

Keywords Large graphene oxide flake . Chemical derived
graphene flake, 2-dimensionalmaterial . Carbonmaterial .
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1 Introduction

Graphene, a single-atom-thick and two-dimensional carbon
nanomaterial, had attracted increasing attention in various ap-
plications such as field-effect transistors (Xia et al. 2010; Kim
et al. 2009a; Chen et al. 2016a; Chen et al. 2016b; Chen et al.
2016c; Huang et al. 2015; Chen et al. 2015). However, the
zero band-gap in the material limits its potential in bio-
sensors. Alternatively, reduced graphene oxide (RGO),
also known as chemically derived graphene (CDG) or
functionalized graphene nanosheets (FGS), has a natural
band-gap, can be scaled up and further functionalised
easily (Li et al. 2009a; Teng et al. 2012). RGO can be
used as an alternative to graphene and other carbon derivatives
in electronics because it is single-atom-thick and has a tunable
band gap with the advantage of a scalable solution processable
route (Jing et al. 2016; Stankovich et al. 2007; Dreyer et al.
2010; Loh et al. 2010; Eda et al. 2008; Gunho et al. 2010; Kim
et al. 2009b).

However, current RGO devices have high resistance and
high variation in its electrical resistivity. Prior applications,
such as for transparent conductors (Becerril et al. 2008) and
field effect transistors (Jung et al. 2008) were limited to indi-
vidual graphene oxide sheets. This is due to the varying cov-
erage of RGO flakes that ranges from 60 to 90 %. For this
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reason, large-sized and 100 % coverage like chemical vapour
deposition (CVD) grown graphene (Li et al. 2009a; Gunho
et al. 2010; Kim et al. 2009b; Li et al. 2009b) is necessary to
homogenize the RGO coverage. In this paper, we report a
modified Hummer’s method with in-situ size fractionation to
obtain large-sized GO flakes and subsequently, a post-
treatment process to extend the RGO coverage to 100 %.

In this paper, through a systematic manner, the role and
mechanism of pre-oxidation and in-situ size fractionation in
modified Hummer’s method are elucidated. This study allows
large mono-layered graphene oxide to be obtained, and is
subsequently used for subsequent growth of RGO to obtain
a highly-conductive and highly-electrical homogenous trans-
ducer suitable for field effect transistor biosensors.

2 Methods

2.1 Synthesis of large GO flakes

An improved modified Hummers method (Larisika et al.
2012; Su et al. 2009; Huang et al. 2016; Huang et al. 2014a)
was used to obtain large Graphene Oxide (GO) sheets.
Concisely, 2 g of 3–5 mm graphite flakes (NGS,
Leinburg, Germany) were mixed with H2SO4 (12 ml)
for 4 h at 80 °C and placed in an ultra-sonication bath
for 1 h. The flakes were then diluted. The diluted flakes
were then washedwith DI water over a 0.4μmnylon filter and
dried overnight.

For the drying process, three conditions were tested out -
under ambient drying (not as practical as the drying process is
long), mild heating (70 °C) and vacuum desiccator. A drop of
GO solution (from the same batch) was dropped onto SiO2

chip and each chip was dried under different conditions for
24 h. For mild heating, the chip was placed on a heater plate
with temperature controlled at 70 °C. All three samples were
kept away from the light during the process. GO dried under
these conditions were then characterized using the water con-
tact angle measurement.

To obtain the yield difference from this drying process, the
oven-dried and the vacuum-dried GO were oxidised. They
were then subsequently exfoliated and centrifuged at 5000G
for 3 min to obtain the GO solution. 1 ml of GO solution from
oven-dried and vacuum-dried were placed in 2 Eppendorf
tubes each and freeze-dried. The yield concentration of the
GO is obtained via the weight difference between the empty
tube weight and the tube after freeze drying. We hypothesized
that the drying condition could affect the final yield of GO.

The pre-oxidized graphite powder were then added to
H2SO4 (120 ml) and KMnO4 (15 g) and stirred for 2 h. DI
water (250 ml) was then slowly added to the mixture in an ice
bath and stirred for another 2 h. Thereafter, DI water (700 ml)
and H2O2 (20 ml) was added to stop the reaction.

The addition of concentrated sulphuric acid (H2SO4) to
potassium permanganate (KMnO4) is a potentially explosive
oxidation step. The reaction between sulphuric acid and po-
tassium permanganate form reactive dimanganese-heptoxide,
which is known to detonate when heated to above 55 °C.
Subsequent addition of hydrogen peroxide (H2O2) reduces
potassium permanganate to manganese sulphate and this stops
the oxidation process.

After the main oxidation step, two distinct layers were ob-
tained – floating graphite layer and the debris layer. The float-
ing layer were removed and transferred to a new container
with 1 l of DI water for physical exfoliation at 200 rpm
(48 h) using a magnetic stirrer. Subsequently, the mixture
was centrifuged at 5000G for 3 min. The centrifuged solution
separated into 3 distinct portions.

Different portions of the solution were used for the fabri-
cation of GO on SiO2 to obtain how the different portion of the
GO solution will affect the final fabrication of GO on SiO2.
Silicon dioxide (SiO2) substrates were RCA cleaned 2 times
and then functionalized in 1 % (v/v) 3-APTES ethanol solu-
tion for 1 h. The different portions of the GO solution was then
drop-casted on the substrates and left to react for 1 h. The
substrates were subsequently rinsed and kept under ambient
conditions. SEM (JEOL-7600F, 1KeV with gentle beam) was
used to analyse the GO on the SiO2 substrate. We hypothesize
that different portions of the GO solution will yield different
characteristic that are suitable for different applications.

2.2 Growth of GO on substrate

Silicon dioxide (SiO2) substrates were RCA cleaned 2 times
and then functionalized in 1 % (v/v) 3-APTES ethanol solu-
tion for 1 h. Stock GO solution was then drop-casted on the

Fig. 1 Schematic of improved GO synthesis. The reported method adds
the ultrasonication, the vacuum-drying and the selective exfoliation steps
to obtain large-sized GO suitable for subsequent post-treatment

(a) (b) (c)

Fig. 2 Water Contact Angle measurement for a Graphene oxide, b GO
dried under vacuum desiccator and c GO dried under mild heating
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substrates and left to react for 1 h. The substrates were subse-
quently rinsed and kept under ambient conditions.

2.3 Ethanol CVD growth of GO

The quartz tube of the CVD was first purged with argon for
30 min. Then, prepared substrates were placed into the quartz
tube of an ethanol CVD setup per batch. The temperature
ramp was set at 40 °C per minute and the final temperature
at 950 °C. The hydrogen and argon gas were set at 20 and 100
sccm respectively. These parameters were the optimized con-
ditions to produce carbon nanotubes in ethanol CVD setup
(Palaniappan et al. 2010).

3 Results and discussion

3.1 Modified Hummer’s method with In-situ size
fractionation

Although pre-oxidation steps had been commonly used in
synthesis of aqueous graphene, the role and mechanism of
pre-oxidation on graphite had yet been determined. For small-
er graphite flakes (micron-sized), a chemical pre-oxidation
was used to obtain a higher yield of GO from micron-
sized graphite (Xu et al. 2008). Then in 2009, Su et al.
(Su et al. 2009) used ultra-sonication on large graphite
flakes (3-5 mm across) to substitute the chemical pre-
oxidation step and this resulted in large flakes (up to 3 mm)
with higher mobility values up to 12cm2/Vs. Adding a ultra-
sonication pre-oxidation step to the Hummer’s method, was
reported to enlarge the size of aqueous graphene (Su et al.
2009; Kovtyukhova et al. 1999). With larger flakes, the carrier
mobility and the electrical conductivity (Kholmanov et al.
2012) could be increased while maintaining high optical trans-
parencies (Larisika et al. 2012).

Ultra-sonication was used as a pre-oxidation step (Fig. 1).
After ultra-sonication, small graphite debris was broken off
from the graphite cores. The weight and average size
(Dynamic Light Scattering) of the debris removed were
0.57 g and 6.79 μm respectively. As the maximum size of
aqueous graphene obtained was limited to the largest size of
graphene domains in the graphite flake from which it was

chemically synthesized (Eda and Chhowalla 2010), the bro-
ken down debris were removed via filtration.

The pre-oxidised graphite was then dried in a vacuum des-
iccator before being oxidised with the strong oxidising agents.
Literatures (Su et al. 2009; Hou et al. 2010; Luo et al. 2012)
had reportedly used mild heat to dry the pre-oxidised GO at
this stage. It was detrimental to the GO and it reduces the GO
permanently. Even usage of mild heating at 70 °C reduced the
GO. This reduction could be measured using the water contact
angle measurement shown in Fig. 2. Drying under mild
heating (70 °C) increased the contact angle by ~10° from
51.8°, whereas vacuum desiccator sample only increased by
1.8°. Although the GO after drying in vacuum desiccator was
not fully removed of water (Malhotra et al. 2010), but it was
safe for reaction with the concentrated acid in subsequent step.

From Table 1, the final GO yield concentration difference
between oven and vacuum dried sample was significant. The
concentration obtained from the oven-dried samples was 2.9
times less than the vacuum-dried. Thus, from the contact angle
measurement and the GO concentration measurements, oven-
drying was detrimental to the yield of GO synthesis.

In contrast to using ultra-sonication method for exfoliation
(Eda et al. 2008; Park and Ruoff 2009), after the pre-oxidation
our method do not use ultra-sonication that could break up
large GO to result in smaller GO sheets, A mixture of floating

Table 1 Comparison of GO yield concentration between oven-dried and vacuum-dried pre-oxidised samples (the GO solution was obtained after
centrifuging at 5000G for 3mins)

Freeze Dried Samples Samples Empty Tubes (mg) Final Weight (mg) Conc. (mg/ml) Average Conc. (mg/ml) Standard Deviation

Oven-dried A 993.23 993.48 0.25 0.1950 0.08
B 1005.17 1005.31 0.14

Vacuum-dried A 985.91 986.45 0.54 0.5650 0.04
B 996.22 996.81 0.59

Fig. 3 After main oxidation step, two distinct layers were obtained –
floating graphite layer and the debris layer
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graphite flakes and sunken graphite flakes was obtained after
synthesis (Fig. 3). Some graphite flakes floated because larger
GO sheets were adhered to the graphite core and these larger
GO sheets prefer the air-water interface due to size dependent
amphiphilicity of GO.

The floating flakes were removed from the original mixture
and transferred to a new container with fresh DI water for
subsequent exfoliation. The exfoliation of the aqueous
graphene from the graphite core was carried out by mild
stirring in DI water. The mechanical movement helped
the large graphene oxide flakes that were all weakly
adhered to the core peel off. The higher pH value also
helped with the effective exfoliation. This pH-dependent ex-
foliation behaviour of graphene-oxide aqueous solution
could be due to the deprotonate of carboxyl groups in
the GO sheets thus becoming more hydrophilic and dis-
solves into the bulk aqueous solution (Shih et al. 2012;
Bai et al. 2011).

Dynamic mechanical analyser (TA Instruments, DMA
Q800) was used to obtain the force needed to fully delaminate
the top layer of GO and graphene from the oxidised graphite
core and graphite core respectively. Vacuum-dried GO and
graphite were fixed (2 N force) using heat-releasing tape to
the holders of the DMA. The maximum force required to
delaminate the material was recorded. 30 samples of graphite
and GO each were measured.

The average forces needed for the graphite and GO were
0.330 N and 0.012 N respectively. The force needed to delam-
inate GO was ~30 times smaller than that of graphite. A
gentle exfoliation step after the oxidation by the me-
chanical stirrer was sufficient to separate the GO from the
oxidised graphite core.

The physical transferring of the GO flakes into another
container of DI water for exfoliation increased the effective-
ness of GO exfoliation. The exfoliation of GO was improved
at pH of 7 compared to a more acidic pH. This is could be due
to the presence of carboxyl groups that decreased the net en-
ergetic cost or enthalpy of mixing (Hernandez et al. 2008)
which increased the interaction between solvent and the GO
basal planes. To confirm if neutral pH is better for exfoliation,
the un-exfoliated floating flake was membrane-dialysed using
3000Molecular Weight Cut-Off (MWCO) membranes before
centrifugation. Then the membrane was sealed and placed in a

large reservoir of DI water under stirring. The result was tab-
ulated in Table 2 where the average concentration of
membrane-dialysed GO was increased 2.3 times, from
0.5650 to 1.2950 mg/ml. The increased GO yield obtained
for GO exfoliation at higher pH showed that neutral pH was
advantageous to exfoliation.

Figure 4a shows the mixture after this mechanical exfolia-
tion. After centrifugation, three distinct portions were obtain-
ed – a lower graphite portion with un-oxidised graphite
(Fig. 4b), middle portion with some un-oxidised graphite
(Fig. 4c) and upper portion with completely exfoliated GO
flakes (Fig. 4d).

Different portions obtained from the GOmixture were used
for the fabrication of GO on SiO2 substrates. The fabricated
GO on SiO2 substrates from the top portion (Fig. 5a) of the
GO synthesis mixture after centrifugation was generally well-
covered with large GO flakes besides some gaps. The GO on
SiO2 substrates fabricated from the middle portion (Fig. 5b)
showed multi-layered GO sheets which were not completely
exfoliated, while the lower portion (Fig. 5c) showed unreacted
graphite. Both the middle and lower portions of the GO syn-
thesis mixture are thus not suitable for applications that re-
quired single layer of GO, but suitable for electronic connec-
tors which do not require single layer GO.

Figure 6 shows a typical tapping mode AFM image of GO
deposited on a silica substrate by drop-casting method. The
thicknesses of monolayer GO flakes were typically in the
range of 0.7-1 nm (Stankovich et al. 2007; Marcano et al.
2010; Gao et al. 2010; Gilje et al. 2007). From the AFMheight
profile it was shown that the thickness for the GO sheet

Table 2 Exfoliated GO concentration obtained after the samples were exfoliated at different pH

Freeze Dried Samples Samples Empty Tubes (mg) Final Weight (mg) Conc. (mg/ml) Average Conc. (mg/ml)

Vacuum-dried, exfoliated at ~pH 1 A 985.91 986.45 0.54 0.5650

B 996.22 996.81 0.59

Vacuum-dried, exfoliated at ~pH 7 A 1037.41 1038.72 1.31 1.2950

B 1037.82 1039.1 1.28

(a) (b) (c) (d)

Fig. 4 aMixture after mechanical stirring of the large floatingGO flakes,
before centrifugation. After centrifugation, the solution shows 3 distinct
portions b lower graphite portion with un-oxidised graphite, c
middle portion with some un-oxidised graphite and d upper por-
tion with GO flakes
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obtained by the reported modified method was ~1 nm, corre-
sponding to a single layer of GO.

The scanning electron microscopy (SEM) image of an
ultra-large hydrazine vapour reduced GO flake, which was
approximately 60 μm in lateral size deposited on
SiO2/Si substrate, was shown in Fig. 7a. Smaller GO
fragments were also observed beside the ultra-large
flakes. About 1000 GO flakes were measured and the
corresponding size histogram is illustrated in Fig. 7b.
The average size of the GO flakes obtained by the improved
synthesis was 700 μm2, hence the GO flakes were ~7 times
larger in area than those produced using previously reported
method (Luo et al. 2009).

Thus the reported improved modified Hummer’s method
was able to synthesize larger GO flakes with a combination of
(1) vacuum-drying process, (2) selective fractionation of float-
ing flakes and (3) neutral pH exfoliation methods. These large
GO flakes were used as the template for the subsequent
growth of RGOs for homogenous transducer suitable for
FET sensors.

3.2 Growth of reduced graphene oxide for homogenous
biosensor transducers

To grow graphene, a catalyst such as copper (Li et al. 2009b)
or nickel (Kim et al. 2009c) is needed. The high carbon solu-
bility of nickel film allows the diffusion of carbon into the film
at growth temperature and precipitate out of the substrate upon
cooling; whereas the low carbon solubility of copper catalyt-
ically decomposes alcohol into radicals and allows precipita-
tion of the carbon on the surface (Li et al. 2009a).

Recently, the extended growth of carbon nanotube without
any additional catalyst has been reported (Yao et al. 2009).
The extended growth followed the configuration and structure
of the original nanotube template. A convincing model is still
lacking on how the carbon is nucleated and grown from this
template. There had been reports of using ethanol CVD to
repair both graphene and GO (Gong et al. 2012; Su et al.
2010); but no growth was observed. Herein, our group pro-
poses a hypothesis that extended growth of GO by ethanol
CVD is possible.

(a) (b) (c)Fig. 5 SEM images of GO flakes
on SiO2 from the a top b middle
and c lower portion part of the GO
synthesis mixture after
centrifugation

(a) (b)
Fig. 6 a AFM image of
GO and b AFM height
profile for the GO sheet

(a)
(b)

Fig. 7 a SEM image of a large
GO sheet on SiO2 substrate
produced from the improved
modified Hummer’s method.
b Size distribution of GO flakes
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The SEM images of the GO flakes before (Fig. 8a), after a
partial ethanol (Fig. 8b) CVD growth and the high magnifica-
tion of the new growth (Fig. 8c) are shown. The additional GO
new growth were observed to be lighter in shade compared to
pre-existing flakes. The contrast mechanism was due to e-
beam-induced surface potential between graphene of different
band gaps (Li et al. 2012). ImageJ software was used to obtain
the coverage area of GO and the new coverage areas on the
SEM images. After an ethanol CVD treatment of 1 h, the GO
coverage increased from 65 % to 80 %. The high magnifica-
tion image shows the new growth islets between the gaps of
two flakes. The ethanol precursor provides the carbon radicals
for deposition (Eq. 1); in direct competition with the hydrogen
in the gas precursor which etches away amorphous carbon

thus allowing controlled monolayer growth. The competition
between these two precursors can be written in the form of the
Le Chatelier’s equation (Eq. 2).

CxHy gð Þ↔x C sð Þ þ y=2ð Þ H2 gð Þ ð1Þ

C sð Þ þ 2 H2 gð Þ→CH4 gð Þ ð2Þ

From Fig. 9, as the ethanol CVD treatment time proceeds up
to the first hour, both the height of the original GO and new
growth increases. Height peaks begin to appear in the first hour.
In the second hour, only the new growth continue to increase
and it eventually forms a continuous layer with 2 nm thickness,
corresponding to ~2 layers of GO (Huang et al. 2013a).

(a) (b) (c)

Fig. 8 SEM image of aGO flakes, bRGO flakes after ethanol CVD treatment of 1 h and c the high magnification of the new growth. The GO coverage
increased from 65 % to 80 %. The GO flakes are highlighted in purple and the growth in yellow. SiO2 substrate is grey in colour

Fig. 9 AFM height profile and corresponding height of GO at different stages of ethanol CVD

(a) (b)Fig. 10 C1s XPS spectra
(hv = 1486.6 eV) collected on a
GO; and Reduced GO reduced in
similar CVD setup with b 1 h
ethanol CVD treatment
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The C1s spectral of rGO shown in Fig. 10 was deconvoluted
using Lorentzian with Gaussian broadening curve-fitting into
C = O (~287.2 eV), C-OH (~286.3 eV) and C-C
(284.5 eV). These values were in agreement with previ-
ous reports (Su et al. 2009; Huang et al. 2013a; Yang et al.
2009). The C-C spectra positions for both samples were de-
tected to be at 284.5 eV.

As shown in Fig. 10, the ethanol CVD treated sample had
both C = O and C-OH down-shifted. This showed that the
presence of hydrogen gas in the ethanol system acted as an
etchant which could anisotropically etch amorphous carbon to
produce reduced GO closer to that of HOPG, similar to what
had been reported for graphene systems (Zhang et al. 2011).
Hydrogen also preferentially etch away stacked carbon
(16 kJ/mol) and some oxygen moieties due to the weak-
er bond compared to in-plane carbon (345 J/mol) thus
leading to more graphitized rGO instead of amorphous carbon
(Yuan et al. 2009). The atomic percentages of the bonds pres-
ent in the XPS spectra was then calculated and presented in
Table 3.

Table 3 shows that for the sample with ethanol CVD treat-
ment, the C = O bond peak (initially at 2.4 %) was completely
removed indicating an efficient graphitization. The C = O
bond in the CVD treatment had been reduced to C-OH and
C-C (Huang et al. 2013a).

The effect of CVD process time on the electrical resistance
on the samples using a 4-point probe setup was also investi-
gated. Table 4 shows that average sheet resistance of RGO
decreased 3 orders of magnitude from 1.99E + 06 (12 h hy-
drazine) to 4.68E + 03 (2 h ethanol CVD) Ω/□. The corre-
sponding relative standard deviation also decreased from
80.5 % to 16.5 %. The decrease in electrical resistivity could
be due to the increased percolation pathways between flakes
from the new growths. The ethanol CVD treatment decreased
the standard deviation of inter-measurement sites

significantly, thus solving a critical problem for the practical
use of RGO in electronics such as the development of biosen-
sors (Faulkner et al. 2014; Huang et al. 2013b; Huang
et al. 2013c) and microelectronics (Su et al. 2009;
Huang et al. 2014b).

Figure 11 shows a schematic of a field-effect-transistor
(FET) biological sensor platform that could be fabricated on
top of the post-treated GO transducer reported in earlier sec-
tions. Gold electrodes are deposited on the transducer. Then, a
silicone rubber well is fixed on the electrodes. The liquid
analyte of interest can then be placed into the silicone well
and interact with the transducer. Different liquid analyte will
interact differently with the transducer and result in different
FET behaviour. This behaviour can be recorded in a semicon-
ductor parametric analyser. The signatures can be used to
identify and quantify the liquid analyte.

FET platform can be used for the (Xia et al. 2010) study of
the conduction mechanism, (Kim et al. 2009a) optimization of
the growth time, and (Chen et al. 2016a) the application of the
post-treated RGO to sensing of molecules (Fam et al. 2011)
such as Interleukin-6 bio-molecule (Leggate et al. 2010; Gray
et al. 2009) and hydrogen sulphide gas (Fam et al. 2009).

A three electrode system was applied to the fabricated field
effect transistor platform – source, drain and gate electrode,
using a semiconductor parametric analyser (Keithley, 4200-
SCS). Gate voltage applied via the electrolyte, shifts the post-
treated GO Fermi layer and results in a conductance change.
In Fig. 12a, when the Fermi level crosses over the Dirac
point(Vd), the majority charge carrier is changed and lead to
ambi-polar behavior (Hess et al. 2011). Two transport regimes
are observed on both sides of the Dirac point, the hole
(Vg < Vd) and electron (Vg > Vd) regime. The trans-
conductance or the slope of the Id vs. Vg graph shows that
the hole regime is higher. Thus transport in hole regime will
have a higher current response to a small modulation of the
gate voltage and thus the sensitivity. The minimum current,
which is the Dirac point, is observed at Vd = +230 mV. This
shift in Dirac point is due to substrate-induced doping. The
leakage current levels of the device chip were negligible (3
magnitudes lower) compared to the Id.

This set-up was used to test for Cytochrome C, a readily
available protein. PBSE-Cytochrome C was used for the
antibody-antigen binding. It was observed that the sensing
window is from 1pM to 100 nM(Fig. 12b). The chip is

Table 3 Atomic percentage of different carbon bonds identified by
XPS on a sample of mono-layered GO and a sample of CVD reduced GO

Samples C = O
(atomic %)

C-OH
(atomic %)

C-C
(atomic %)

GO 2.4 38.7 58.9

CVD Reduced GO 0 17.2 82.8

Table 4 Four-point probe sheet resistance for GO reduced under different conditions (n = 5)

Reduction Method Hydrazine vapour Ethanol CVD

Processing Time Average 12 h 15 mins 30 mins 1 h 2 h

Resistance (Ω/□) 1.99E + 06 6.10E + 04 2.87E + 04 2.23E + 04 4.68E + 03

Relative Standard Deviation (%) 80.5 72.6 43.6 32.1 16.5
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exposed to different concentrations of proteins and due to the
antigen-protein interaction or doping effect, there is a change
in conductance/mobility and this electrical change ismeasured
by a parametric analyser station.

The Cytochrome C Isoelectric Point is 10. Therefore at
pH 7.4 (test condition), Cytochrome C is positively charged.
Conductance of hole decreases as more Cytochrome C
is attached onto transducer. Sensing window from 1 pmol
to 100 nmol of Cytochrome C (3 % change in conductance).
The chip is stable up to 4 h in buffer solution without
optimization.

4 Conclusions

In summary, it was shown that large GO flakes could be
obtained using the improved modified Hummer’s method,

due to (1) larger graphite precursor, (2) physical size frac-
tionation and (3) neutral pH exfoliation. These large GO
flakes were used as the template for the subsequent
growth of RGO flakes for homogenous transducer suit-
able for FET sensors. The lateral size of GO could be
grown up to 100 % coverage on silicon substrate (from
~60–85 %). The growth reduced both the variable cov-
erage and the electrical resistance deviation between
chips (80.5 % to 16.5 %). In tandem, the improved
synthesis of GO and growth of GO technologies could
enable large-scale application of RGO to be used in
practical electronic devices such as biosensors. In virtue
of the signal enhancement effect by the post-treated
graphene, the developed FET sensor responded to pM levels
of target molecules. A 1 pmol to 100 nmol change in
Cytochrome C protein corresponded to a 3 % change in elec-
trical resistance.

Fig. 11 Schematic showing a top-view and b side-view of fabricated FET devices with silicone well suitable for analyte testing

(a) (b)

Fig. 12 a Concentration dependent response of Cyctrochrome C to drain current. Insert shows the position of the Fermi level b Detection of different
Cytochrome C concentrations on rGO device at gate voltage (Vg) = +100 mV
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