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Enhanced response and sensitivity
of self-corrugated graphene
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We introduce a high-performance molecular sensor using self-corrugated chemically modified
graphene as a three dimensional (3D) structure that indicates anisotropic charge distribution. This is
capable of room-temperature operation, and, in particular, exhibiting high sensitivity and reversible
fast response with equilibrium region. The morphology consists of periodic, “cratered” arrays that
can be formed by condensation and evaporation of graphene oxide (GO) solution on interdigitated
electrodes. Subsequent hydrazine reduction, the corrugated edge area of the graphene layers have
a high electric potential compared with flat graphene films. This local accumulation of electrons
interacts with a large number of gas molecules. The sensitivity of 3D-graphene sensors significantly
increases in the atmosphere of NO2 gas. The intriguing structures have several advantages for
straightforward fabrication on patterned substrates, high-performance graphene sensors without
post-annealing process.

Molecular detection using graphene is a promising method for use in gas sensors and biosensors because
of its outstanding electrical properties and large specific surface area1,2. This approach is also applicable
in compact, low-power, and flexible portable sensors. In order to produce high-performance molecular
sensors, several characteristics must be balanced, including sensitivity, selectivity, reversible fast response
with saturation region, fast recovery time, and room-temperature operation. In general, resistive-type
molecular sensing is governed by charge transfer between sp2 carbon and gas molecules. Specifically,
graphene-based gas sensors can detect individual molecular levels of gas adsorption3–5. This mechanism
operates via charge transfer, which is induced by resistance changes during adsorption and desorption
of molecules. Here, the gaseous molecules act as an electron donor or acceptor on graphene surfaces.
Thus, the large surface area and high electrical conductivity of graphene materials can increase the
charge transfer because of their abundant active sites and fast carrier transport3,6. To date, graphene, as
a two-dimensional material, has been prepared by various methods such as mechanical exfoliation, epitaxial growth, chemical vapor deposition (CVD), and chemical exfoliation7–10. As a practical approach,
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CVD and chemical exfoliation have attracted considerable attention because of their simple nature and
large-scale production capabilities. In particular, reduced graphene oxide (rGO), resulting from the
chemical exfoliation and reduction of graphite, is a possible candidate for flexible and wearable electronics because of its solution-based processing and low cost11,12. In turn, rGO can be easily and efficiently
applied to continuous-process applications such as screen printing, ink-jet printing, gravure, roll-to-roll,
spray methods, etc. However, rGO is rendered with various stoichiometries and local arrangements of
chemical functional groups, which can alter the intrinsic properties of graphene13. Because of these drawbacks, rGO exhibits poor performance in terms of molecular detection. Thus, it has been suggested that an
evaluation be performed on the sensing properties of rGO in terms of annealing at high temperature as a
drastic reduction using macro-, micro-, and nano-structured rGO—for instance, three-dimensional (3D)
graphene foam, etched porous graphene oxide (GO), graphene ribbons, graphene–metal oxide hybrid
materials, and carbon nanotubes—for the formation of large surface areas with high electrical conductivity14–18. Despite outstanding progress with rGO-based materials, these approaches are still lacking for
the practical use in terms of high-performance molecular sensing, reversible fast response to adsorption
and desorption of gaseous molecules, large-scale fabrication by simple methods, and room-temperature
operation. In addition, high-temperature annealing or UV irradiation is required to render an effective
operation of devices. This is due to the limiting factors of electron mobility during unstable charge transfer on graphene layers, in terms of mechanical or chemical defects and charge impurities.
Thus, the goal here is to develop an easily fabricated, high-performance rGO molecular sensor capable
of room-temperature operation, and, in particular, exhibiting high sensitivity and reversible fast response
with saturation region. For this purpose, we introduce self-corrugated, chemically modified graphene as
a 3D structure with anisotropic charge distribution. The accumulated electrons on the corrugated-edge
area of the graphene layers exhibit a high electric potential compared with two-dimensional rGO (2DrGO)
films. This local accumulation of electrons interacts with a large number of gas molecules, resulting in a
reversible faster response and higher sensitivity than with conventional rGO sensors. The density of states
of the self-corrugated graphene surface was confirmed by Scanning Kelvin Force Microscopy (SKFM),
and the gradient of electric potential as a function of wall height on the 3DrGO was modeled by computational simulation as a function of anisotropic charge distribution. The field-enhancement factor is
five times higher than that of 2D graphene film, and a fast response with saturation of resistance change
was confirmed for the adsorption and desorption of NO2 gas molecules. Moreover, the sensitivity of the
gas sensor increased significantly at various NO2 gas concentrations.

Results and discussion

The Fig. 1a illustrates the procedure for producing self-corrugated graphene on patterned electrodes by
the breath-figure method19. An octadecylamine-(ODA) functionalized GO solution in toluene with a
concentration of 1.5 g/L (added drop-wise) was spin-cast on a patterned electrode with a SiO2 thickness
of 300 nm for the fabrication of a resistive-type gas sensor. In order to produce a well-aligned, corrugated
rGO structure, the GO film was placed in a prepared chamber with a relative humidity of 80%. The rapid
evaporation of toluene reduces the temperature at the air–solution interface because the toluene is highly
volatile and immiscible with water vapor. Thus, condensation and nucleation of micro-sized water droplets results on the substrate. Rapid evaporation and airflow across the surface of the ODA-functionalized
GO solution led to convective flows in the solution; the water droplets then created regular corrugation
by packing of GO nanosheets. The GO nanosheets encapsulate the water droplets and precipitate at the
water–solution interface. Following the evaporation of water from the GO nanosheets, self-corrugated
regular vertical GO structures were produced on their surfaces. It has been established that solvents with
a low viscosity have a low surface energy and their droplets have a tendency to adopt a spherical shape
on the surface of high-viscosity solvents to minimize surface energy20. In general, the surface tension of
water and toluene at room temperature are 71.97 and 27.73 mN/m, respectively21. Though the viscosity
of water is higher than that of toluene, the viscosity of the ODA-functionalized GO in toluene is higher
than that of water, owing to the addition of solutes. Thus, the condensation of water droplets occurs
on the GO surfaces. The prepared GO structure then underwent GO reduction via fuming hydrazine
(N2H4) at 80 °C overnight. The both materials are deposited on the same interdigitated structure. This
process constitutes a simple means for the fabrication of resistive-type rGO-based devices with various
flexible substrates. Figure 1b shows the morphology of self-corrugated graphene on the patterned substrates as a 3DrGO structure. Conventional 2DrGO nanosheets were formed on the patterned electrodes
shown in the inset of Fig. 1c. The interdigitated pattern shown in this inset was fabricated by thermal
evaporation of Cr and Au, with thicknesses of 20 nm and 100 nm, respectively, on SiO2 at thickness of
300 nm. The length and width of interdigitated electrodes are 50 mm, respectively. Figure 1c shows rGO
nanosheets on the patterned substrates without self-corrugation, which represents a 2DrGO structure.
In order to intensively compare the effects of structural changes to rGO, 2DrGO was also prepared by
ODA-functionalized GO without further evaporation in humid conditions. This structure was prepared
by spin-casting and then drying at 100 °C on a hot plate for 30 min, with subsequent fuming reduction
by hydrazine. As a result, the rGO gas sensor was fabricated without changes to the chemical functional
groups on the rGO surfaces.
Structural changes, such as mechanical deformation, wrinkles, doping, and the number of layers of
rGO, can be described by Raman spectra, as shown in Fig. 2a. Second-order zone boundary phonon
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Figure 1. (a) Schematic diagram of the preparation of 3DrGO on patterned electrodes by the “breathfigure” method. (b) FE-SEM image of self-corrugated 3DrGO with a 45° tilted view between two metal
electrodes (scale: 20 μ m); inset: top view of the 3DrGO (scale: 100 μ m). (c) Tilted FE-SEM image of 2DrGO
without condensation and evaporation of water; inset: interdigitated metal electrode on a SiO2 substrate with
a 300 nm oxide-layer thickness (scale bar: 500 μ m).

(2D) peaks were observed at 2681 cm−1, with lower intensity ratio of I2D/IG than single layered graphene,
confirming heterogeneous structure22. In addition, the increased ID/IG ratio of 3DrGO reveals a large
number of structural changes or defects in the 3DrGO. However, the I2D/IG of 3DrGO is lower than that
of 2DrGO in Fig. 2b. This may be due to the introduction of i) doping by chemical functional groups and
ii) structural changes from the mechanical deformation of graphene. In general, the intensity of the 2D
peak decreases with increasing doping ratio, which also shifts the G and 2D peak positions23. However,
these peaks were not observed to shift in either sample, which rules out doping effects. Interestingly, the
2D peak position does not change between 2DrGO and 3DrGO, though the 3DrGO exhibited a larger
full width at half-maximum (fwhm)—about 93 compared with a value of 68 for 2DrGO. This broadening
of the 2D band arises from strain and defects, as reported previously24. For instance, a wrinkled graphene
structure induces local, intra-layer strain, which causes a decreased relative intensity and broadening of
the 2D peak25. In this case, the 3DrGO with corrugated surfaces of periodic architecture can be described
in terms of a structural modification with local strain. This result demonstrates that the differences in
rGO behavior are due to structural changes, not chemical functional groups. Figure 2c provides X-ray
photoelectron spectroscopy (XPS) spectra for the two samples. The functionality of rGO is represented
by the 2DrGO and 3DrGO. The C1s peaks of rGO and GO consist of four typical components arising
from C =  C (sp2, ~284.6 eV), C–C/C–N (sp3, ~285.8 eV), C–O (hydroxyl and epoxy, ~287.6 eV), C =  O
(carbonyl, ~288.3 eV), and O–C =  O (carboxyl, 289.1 eV) bonds. With subsequent reduction by fuming
hydrazine, the presence of oxygen functional groups was dramatically reduced. These results suggest that
the structural changes of rGO were not affected by the functionality of oxygen moieties. Figure 2d shows
the Ids–Vds of the interdigitated rGO electrodes for both 2DrGO and 3DrGO. The resistance of 3DrGO
(37 Ω ) is slightly higher than that of 2DrGO (29 Ω ), which agrees with the Raman analysis of structural
changes of rGO. Although the morphology is significantly different, the resistance is only slightly altered
because of the similar quantities of oxygen functional groups as insulating sites and the presence of
nearly flat rGO films on the bottom layer of 3DrGO, as shown in Fig. 3a.
There are several issues involved in producing high-performance molecular sensors. A large surface
area with corrugated surfaces facilitates the adsorption of large amounts of gas molecules and accelerated
charge accumulation, which can improve gas detection in terms of sensitivity and fast-response time.
In particular, the charge transfer induces significant changes in resistance due to the relation between
electrostatic potential and charge density which can be described by Coulomb interaction. Also, the
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Figure 2. (a) Raman spectra of 2DrGO and 3DrGO (dashed line: G peak at 1592 cm−2 and 2D peaks at
2680 cm−2). (b) Intensity ratios for 2DrGO and 3DrGO (black arrow: ID/IG ratio, blue arrow: I2D/IG ratio).
(c) XPS analysis of 3DrGO with 2DrGO in the inset. (d) Ids–Vds characteristics for the interdigitated 2DrGOand 3DrGO-based devices; inset: resistance of the samples.

corrugated surfaces induce an inhomogeneous charge distribution. For instance, electron charge density
increases on the rippled area of graphene surface26. In Fig. 3, significant morphological changes—including structural modification of rGO—are shown to induce an anisotropic charge distribution with accumulation of electrons on the regularly corrugated wall of the rGO layers. Figure 3a shows the hexagonal
morphology of 3DrGO in an area with a diameter of 10 μ m and wall height of 4 μ m. The periodic, cratered morphology is formed by condensation and evaporation of water on the GO solution. The bottom
layer of the structure is also formed by corrugated rGO, with a narrow diameter of 1 μ m. The edges of
the bottom layers are a few hundred nanometers tall, which is similar to the morphology of 2DrGO
shown in Fig. 1c. In order to estimate the anisotropic charge distribution on the edge sites of 3DrGO, a
computer simulation was carried out using COMSOL Multiphysics, which is based on Poisson’s equation (Fig. 3b)27. In other words, we generated a model using 3D simulation software based on the finite
element method. In addition, the relative permittivity of the graphene was given as 2.5 in these calculations. The permittivity is based on the graphite. The value can be altered by morphology, reduction rate,
and thickness of graphene layer etc. In particular, the potential ratio is crucial factor which depends on
height of 3DrGO. Although the permittivity is different, the ratio is not altered. The electric potential
distributions on the edge sites of 3DrGO are revealed to be higher than those along the bottom surface,
which corresponds to a high density of states in the former. An electric potential of 0.1 V was applied to
a virtual surface 3 μ m above the graphene surface. This virtual surface, not shown in simulation images,
has exactly same shape as the graphene surfaces. Figure 3c shows the potential profiles as a function of
the height of the edge areas (for 2, 3, and 4 μ m), where the electric potential is seen to increase with
increasing edge height. The potential of the 3DrGO with a 4 μ m edge height is five times greater than that
of the 2DrGO, as shown in the inset of Fig. 3c. Notably, the corrugated 2DrGO film along the walls below
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Figure 3. (a) FE-SEM image of hexagonal 3DrGO (scale: 5 μ m). (b) Computational simulation of electric
potential on a hexagonal structure at a specific height; inset: cross-sectional view of the electric potential.
(c) Potential profiles of 3DrGO as a function of edge heights (2, 3, and 4 μ m); inset: potential of the flat
2DrGO surface. (d) Measured charge distribution by SKFM on 3DrGO corresponding to Fig. 3a; inset:
morphological image by AFM of the 3DrGO. (e) Measured potential profile for 3DrGO on the dashed line
in the potential image of the inset. (f) Ids–Vgs characteristics for the 2DrGO and 3DrGO FET devices.

the height of 3 μ m is not affected by the anisotropic charge distribution. In other words, the ordered,
protruding rGO surfaces increased the field enhancement factor compared to flat rGO films because of
a high aspect ratio caused by geometrical modification28. In addition, the turn-on and threshold fields of
the modified rGO surfaces were higher than those of flat rGO films. In Fig. 3d, the charge distribution
of 3DrGO is confirmed by a surface-potential mapping using SKFM. This potential map resembles the
morphology of 3DrGO, which was validated by atomic force microscopy (AFM), as shown in the inset
of Fig. 3d. In addition, the wall thickness is about few tens nm in terms of staking of graphene layers
during breath figure process. These SKFM and AFM maps were acquired simultaneously, with each pixel
under precise control through a feedback-loop system. The Au-coated tips used had a 35 nm curvature
radius and an approximate resonance frequency of 300 kHz. The measured potential is about 17 mV from
the bottom to top position of the 3DrGO facet in Fig. 3e, which agrees with the simulation in Fig. 3c.
In terms of localized electrons on corrugated graphene walls with symmetric morphologies, the carrier
transport properties were altered compared with flat graphene surfaces. For instance, mesh-patterned
graphene fabricated by ion beam etching has been shown to introduce differences in carrier-transport
phenomena29. To demonstrate our samples’ electrical characteristics, an rGO field-effect transistor (FET)
was fabricated on a 300 nm-thick SiO2 substrate with respective Cr and Au source and drain electrodes of
30 mm length and width. Figure 3f reveals the Ids–Vgs characteristics for both samples. It is clear that the
strain and mechanical defects lower the on/off ratio due to the delocalization of electrons. In addition,
the threshold voltage is similar for both samples. However, the on current of 2DrGO is higher than that
of the 3DrGO, while the on/off ratio is lower. This is caused by mechanical deformation of graphene
surfaces such as corrugation, breakage, and wrinkles29,30. This analysis confirms that the Fermi level of
both samples is similar, which means an equal density of states, while the distribution of electrons on the
graphene is different. Thus, the electrons on the 2DrGO surface are more uniformly distributed on than
on the 3DrGO, which validates the electric-potential profile from the SKFM measurement. Therefore,
our results confirm the anisotropic charge distribution of self-corrugated graphene, with a high density
of states on the walls of 3DrGO.
Figure 4a illustrates the gas-sensing performance of 2DrGO and 3DrGO at a NO2 gas concentration of 20 ppm. The gas sensitivity (S) is defined as S =  Δ R/R0, where R0 is the initial resistance when
exposed to pure N2 gas, and Δ R is the resistance change after exposure to the N2 and NO2 mixture.
After exposure to NO2 gas at 20 ppm for 300 s, the resistance decreases due to the p-type property of
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Figure 4. (a) Real-time response curve for the 2DrGO and the 3DrGO-gas sensors at a NO2 concentration
of 20 ppm. (b) Sensitivity as a function of NO2 concentration. (c) Schematic diagram of an rGO-based
gas sensor and its charge-transfer mechanism with NO2 gas molecules—2DrGO: uniformly distributed
gas molecules on a flat rGO surface; 3DrGO: accumulated gas molecules on the localized electrons on the
self-corrugated edges on the rGO surface, which shows a cross-sectional view of 3DrGO as in the inset of
Fig. 3b. (d) Sensitivity change as a function of initial resistance on 3DrGO at 20 ppm gas concentration.

rGO and the electron acceptor of the NO2 molecules31. The relative degree of sensitivity is defined as
S =  Δ R/R0 ×  100 (%). The sensitivity of 3DrGO (65%) is roughly three times greater than that of 2DrGO
(20%). Figure 4b shows the sensitivity as a function of NO2 gas concentration for 20, 50, and 100 ppm;
the sensitivity increases linearly with increasing gas concentration. An extrapolation to lower gas concentrations predicts a sensitivity of about 0.2 at 1 ppm. This value is three times higher than that predicted for 2DrGO. The observed sensitivity values indicate that resistance increases with NO2 adsorption.
Since the NO2 molecule is electrophilic, charges are expected to transfer from rGO to the physisorbed
NO2, which confirms the p-type characteristic of rGO shown in Fig. 4c. The accumulated electrons on
the corrugated surfaces would seem to cause an increased charge transfer compared with flat surfaces.
This result demonstrates that such an anisotropic charge distribution—with electron accumulation on
the rGO surfaces—can increase the probability of significant changes in electrical conductivity, which
directly affects molecular sensitivity. In particular, 3DrGO exhibits a reversible fast response, unlike
2DrGO. This response mechanism comes from the charge transfer between gas molecules and active
materials. For instance, metal-oxide semiconductors have a fast response at high temperature, which
means that the activation energy of charge carriers increases with increasing temperature32. In this case,
the activation energy of 3DrGO facilitates the fast adsorption of molecules due to charge accumulation
in the corrugated walls of graphene shown in Fig. 3d.
The response curves for NO2 gas exposure can be separated into three regions, namely, (i) a sharp initial in gas response (fast-response region), (ii) a nearly linear intermediate region (slow-response region),
and (iii) a region in which the sensor completely saturates (saturation region), as shown in Fig. 4a. In
addition, the base-line before gas exposure is not stable. The drift effect might be occured by different
amout of active sites with residual functional groups with resepct to both samples due to large surface
area of 3DrGO compared to the 2DrGO. However, followed by NO2 gas exposure, the first and second
cycle are stable. The base-line is saturated as shown in Fig 4a. The noise level is 0.001 which can be negligible in this case. The fast response comes from low-energy binding between sp2 carbon and gas molecules, while the slow response is due to mechanical defects or oxygen functional groups, as described
earlier33. In this case, the slow response of 2DrGO is not well-saturated because of its strong interaction
with high-energy binding sites when compared to the physisorption on the sp2 sites. Conversely, the
Scientific Reports | 5:11216 | DOI: 10.1038/srep11216

6

www.nature.com/scientificreports/
3DrGO exhibits a reversible response with the saturation region (iii). This indicates that a certain limit
adsorption of gas molecules over the surface could be present. The excess NO2 molecules that did not
reach the surface active sites of the sensor could then be expected to remain in the surrounding region.
This establishes a constant gas response. These results demonstrate that a gas molecules interacting
with high-energy binding sites during are adsorbed continuously during gas exposure. Meanwhile, the
adsorption of gas molecules were saturated by accumulated gas molecules with fast response owing to
high electric potential on the graphene.
Figure 4d shows that the initial resistance was significantly reduced for the fume-and-heat-treated
rGO. However, the sensitivity of hydrazine-fume-reduced rGO is six times higher than that of the
fume-and-heat-treated rGO, indicating that the initial resistance is dominated by the contact resistance
between the Au electrode and the rGO. The fume-and-heat-treated rGO has lower initial resistance due
to high reduction rate compared to the fume-treated rGO. The small amount of residual oxygen functional groups decrease bandgap of graphene, and then the metallic rGO decreases the contact resistance
with metal electrodes. The dark current on resistive gas sensor can be generated in terms of electrical
current on intrinsic devices aginst charge transfer from gas molecules to active layer. In particular, low
contact resistance induces dark current. This strongly suggests that the presence of a sizable amount
of initial resistance suppresses the dark current so that even a small amount of gas adsorption causes
a large current increase. It is essential to maintain an optimal initial resistance to achieve high sensitivity in a molecular sensor34. In terms of structural modification of rGO surfaces, the exploitation of
the anisotropic charge distribution of a 3DrGO-based gas sensor is a promising approach to achieving
high-performance with a fast and stable response for practical use.

Conclusions

We introduce self-corrugated, chemically modified graphene as a 3D structure that governs anisotropic
charge distribution. This morphology can be formed by condensation and evaporation of water on a GO
solution using the “breath figure” technique. In particular, the accumulated electrons on the edge sites
of the corrugated graphene layers exhibit a strong electric field compared to flat graphene films. The
sensitivity, stability, and fast response of 3DrGO were significantly improved in terms of gas-molecule
detection. This method is a promising candidate among practical molecular sensors and flexible devices
using chemically modified graphene without post-annealing process.

Methods

Preparation of 3DrGO on patterned electrodes. Graphenen Oxide (GO) was obtained by natural
graphite (Alfa Aesar, 99.999% purity, –200mesh) according to a modified Hummers method35. Briefly,
20 g of graphite powder and 460 mL H2SO4 are mixed in a flask. Subsequently, 60 g of KMnO4 is slowly
added for 1 h. For safety, stirring was carried out for 2 hours in ice bath. Again, the mixture is stirred
vigorously for 24 hours at room temperature. DI (deionized) water is added and stirred for 10 min. A
volume of 50 mL H2O2 (30 wt% aqueous solution) was then added, and the mixture was stirred for 2 h at
room temperature. The mixture was precipitated and filtered to obtain the graphite oxide powder. This
was then exfoliated into GO nanosheets in deionized water by homogenizer for 1 h36. The exfoliated GO
solution was centrifuged at 10,000 rpm for 1 h to obtain almost single layered graphene. After decanting
the supernatant, the sample was freeze-dried for a formation of GO powder. The GO was then dispersed in DI water with concentration of 1.5 g/l by conventional sonication for 10 min. Octadecylamine
(ODA)-functionalized GO was dissolved in an organic solvent via ionic interactions. The ODA was
dissolved in methyl ethyl ketone by bath sonication for 10 min, followed by added 20 vol % of ethanol.
GO was functionalized with ODA via mixing a 2 mM ODA solution with the above GO dispersion.
Subsequent stirring for 10 min, the ODA-functionalized GO nanosheets become aggregated. The addition of toluene in a volume amount equal to that of the GO dispersion resulted in the migration of the
GO aggregates into the toluene phase. After stirring for 10 min, the solution is well dispersed in toluene
with GO. The supernatant ODA-functionalized GO was then decanted delicately. Self-corrugated GO
structures were achieved by ‘breath figure’ technique which comes from condensation and evaporation
of solvent in terms of different vapor pressure between water and toluene. Specifically, 500 mL of an
ODA-functionalized GO solution was drop-casted onto the patterned electrodes on SiO2 substrate with
thickness of 300 nm. The interdigitated electrode was fabricated by simple shadow mask with deposition
of metal source such as Cr and Au. The channel width and length of metal electrodes were 50 μ m. The
Cr/Au electrodes were deposited using thermal evaporator at 2 ×  10−6 torr with a thickness about 20 nm
and 100 nm respectively. In order to produce the regular structure of 3DrGO, humid air which has a
relative humidity of 80% and a flow rate of 0.1 L/min was supplied from a nozzle affixed to a funnel. The
vertical distance between the substrate and the end of the funnel was kept at 6 mm inside a desiccator.
After complete evaporation of the solvents, vertically aligned patterns of the ODA-functionalized GO
were obtained. Subsequently, the film was transferred to a furnace to eliminate the ODA from the GO.
Pyrolysis was carried out at 250 °C for 1 h under atmospheric pressure. The self-corrugated rGO with
uniform array structures were achieved after fume reduction using hydrazine monohydrate (N2H4) at
200 °C for 24 h. The 3DrGO gas sensor could be fabricated with high uniformity as shown in Fig. 1. In
addition, there was no degradation of interdigitated electrodes during reduction and heat treatment.
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Characterization of the 3DrGO structure and its device performances. The morphologies of
rGO were obtained by field emission scanning electron microscopy (FE-SEM, HITACHI S4800). The
optical image of interdigitated electrodes for gas sensor was also revealed by optical microscope (Nikon
Eclipse LV100). The structural and chemical characteristics in the 2DrGO and 3DrGO sheets were investigated by confocal Raman spectrometer (NTEGRA SPECTRA, NT-MDT) with an excitation wavelength
of 532 nm and Rayleigh line injection filter with a spectral range of 100–3600 cm−1 for Stokes shift. To
confirm the alteration in the atomic ratio of carbon to oxygen with presence of functional group with
respect to the 2DrGO and 3DrGO samples after fuming reduction by hydrazine, the X-ray Photoelectron
Spectroscopy (XPS: Thermo VG Scientific Inc. MultiLab2000) analyses were carried out on an X-Ray
photoluminescence spectrometer with an Al cathode as the X-ray source with power of 150 W. The
fitted peaks of XPS spectra were determined by considering a combination of Gaussian and Lorenzian
distribution. The Ids-Vds and Ids-Vgs characteristics were measured using a two-probe method (Keithley
4200-SCS). The total resistance with respect to 2DrGO and 3DrGO devices with interdigitated electrodes
was measured by Ids-Vds. In order to measure the gating effect as depending of structures in Fig. 3f, the
rGO field effect transistor (FET) was fabricated on a patterned electrode as described in the gas sensor
with the same width and length. This is not interdigitated electrode but one pair electrode with source
and drain. In order to confirm an anisotropic charge distribution on the rGO surfaces, the surface potential and morphology was measured by Scanning Kelvin Force Microscopy and Atomic Force Microscopy
(SKFM, AFM: NTEGRA SPECTRA, NT-MDT). The system included simultaneously a tapping and
mapping modes for measuring potential differences and morphology with 27 mm/s of scan speed. The
potential measurement was carried out at room temperature with a humidity of 20%. In addition, the
computational simulation which described in Fig. 3b,c was used by COMSOL Multiphysics which is
the platform for physics-based modeling and simulation. The electric potential of 0.1 V was applied to
a virtual surface in this case. The sensitivity and response time of interdigitated rGO gas sensors were
obtained in a quartz chamber with nitrogen atmosphere. In addition, the NO2 gas was mixed with N2
gas. The concentration of NO2 gas with respect to 20, 50, 100 ppm was controlled by Keithley 2700
multimeter with solenoid valve system. The resistances of sensors were measured by Keithley 2000 multimeter, recording electrical resistance as a function of time for gas exposure. Two-probe DC resistance
measurements was used by Au wires for current and voltage leads. The measured values were carried
out under atmospheric pressure.
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