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Graphene oxide (GO) nanostructures have been aligned between conducting electrodes via
dielectrophoresis (DEP) with different electrical configurations. The arrangement of ground with

respect to peak-to-peak voltage (Vpp) plays a crucial role in manipulating the GO nanostructures.

Grounds on both sides of the Vpp electrode give an excellent linking of GO nanostructures which is

explained by scanning electron microscopy and current-voltage characteristics. A finite element

method simulation explains the electric field and voltage variation profile during DEP process. The

optimized aligned GO nanostructures are used as hydrogen gas sensor with a sensitivity of 6.0%

for 800 ppm hydrogen gas. VC 2015 AIP Publishing LLC. [http://dx.doi.org/10.1063/1.4921524]

Graphene oxide (GO) is a fascinating carbon nanostruc-

ture and has received strong interest for device applications

due to its exceptional electrical and optical properties. Its

superior flexibility, large surface-to-volume ratio, chemical

stability, and biocompatibility render GO an excellent mate-

rial for electronic device applications.1–8 The presence of

functional groups provides an opportunity to modify its chem-

ical functionalities as well as its optoelectronic properties.9

Fully oxidized GO can be considered as insulating, while par-

tially oxidized GO can act as a semiconductor. The band gap

of GO can be tuned by just varying the oxidation level.10–13

However, the integration of GO into a device in a controlled

and precise manner has been challenging. Methods such as (i)

drop casting, (ii) rapid freezing by spraying, and (iii) dip coat-

ing from GO suspensions have been used to obtain isolated

individual and multilayer sheets or thin films.14–17 Here, we

describe dielectrophoresis (DEP) technique that allows uni-

form and controlled alignment of nanoparticles, nanotubes,

and biomaterials for nano-device applications.18–30 DEP of

GO nanostructures allows the controlled manipulation of GO

nanostructure thin films with thickness ranging from a single

monolayer to several layers over a large area with an excellent

linking of the electrodes. The GO nanostructure was

assembled into microgap electrodes by controlling the DEP

parameters, such as the applied frequency, applied peak-to-

peak voltage (Vpp), and processing time.31

DEP refers to the motion of electrically polarizable par-

ticles in non-uniform electric field gradients. The magnitude

and direction of the DEP force depend on the relative polariz-

ability of the particles and of the surrounding medium and is

expressed as, ~F ¼ 2pr3e0emRe½KðxÞ�rE2, where e0 and em

are the permittivity of the free space and the surrounding me-

dium, respectively, r is the particle radius, rE and is the elec-

tric field gradient. Re[K(x)] is the real part of the Clausius-

Mossotti factor defined as, Re K xð Þ½ � ¼ e�p�e�m
e�pþ2e�m

, where e* is the

complex permittivity and subscripts p and m denote the

particles and the medium, respectively.32,33 In this letter, we

show that the arrangement of electrical configuration plays a

significant role during the DEP of the GO nanostructures, i.e.,

the arrangement of ground with respect to Vpp (i.e., with no

ground, one ground, and two grounds) and the aligned net-

work of GO nanostructures between microgap electrodes has

been further used for hydrogen gas sensing at room

temperature.

Fig. 1 shows the schematic representation of the experi-

mental setup used for DEP process. The functional generator

(Tektronix AFG 3102) connected with an oscilloscope

(Tektronix TDS3052C) is used to supply an ac voltage at a

particular fixed frequency. The Ti/Au electrodes with 4 lm

gaps were fabricated on a SiO2/Si substrate using photoli-

thography and lift-off technique. Prior to DEP process, the

chip with Ti/Au with numbering from 1 to 5 was passed

through a cleaning process using acetone and ethanol and

rinsed with de-ionized water. Afterwards, the chip was dried

with nitrogen gas. The GO nanostructures were synthesized

by a modified Hummers method as described by Wang

et al.21,22 After DEP processing, scanning electron micros-

copy (SEM) (JEOL, Model: JSM-7401F) was used to exam-

ine the DEP alignment of GO nanostructures between the

micro gap electrodes. An X-ray diffraction (XRD) study was

carried out using a PANa-lytical Xpert Pro with nickel-

filtered CuKa (k¼ 1.54 Å) radiation as the X-ray source. The

FIG. 1. Schematic representation of the setup used for the DEP of GO nano-

structures. The Ti/Au electrodes with 4 lm gap were fabricated on SiO2/Si

substrate with numbering from 1 to 5.
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chemical bonding characteristics of the GO nanostructures

were examined using X-ray photoelectron spectroscopy

(XPS) (ESCA 2000, VG Microtech, UK) using twin anode

X-ray sources Ka(1,486.6 eV)/Mg Ka (1253.6 eV) in a vac-

uum of 10�9 Torr. A finite element method (FEM) was used

to simulate the electric field profile of GO nanostructures on

the Si/SiO2 substrate. Current-voltage (I-V) characteristics of

the assembled GO nanostructures were investigated using

Keithley, Model: 4200-FCS I-V measurement system. The

sensing behavior of the assembled GO nanostructures device

is performed in a vacuum chamber by observing the change

in resistance with and without gas flow.

Fig. 2 shows the typical XPS data of the GO nanostruc-

tures with characteristic peaks of the sp2-hybridized carbon,

and hydroxyl, epoxy, and carboxyl functional groups. XRD

pattern of the GO nanostructures with XRD peak at 11.8� is

shown in the inset of Fig. 2. Similar XRD pattern correspond

to 0.7 nm interlayer distance is observed by Wang et al.21,22

During DEP, GO nanostructures with concentration of

10 lg/ml in de-ionized water is used because the spherical

droplets with GO nanostructures inside can be readily gener-

ated between the electrodes. The relative permittivity of a

GO nanostructure and water is 3 and 80, respectively, indi-

cating Re[K(x)]> 0 at DEP frequency less than 1012 Hz.34,35

This implies that GO nanostructures will be dragged to a

region with higher electric field strength. A solution of GO

(0.1 ll) was dripped into the Ti/Au electrode using a micro-

pipette. A Vpp of 10 V with different ground at 500 kHz fre-

quency was applied for 30 s to begin the DEP process. The

Vpp of 10 V and 500 kHz frequency in 30 s duration are the

optimized DEP parameters.22 During DEP, the GO nano-

structures are attracted randomly between the 4 lm gap elec-

trodes and become immobilized before they are precisely

aligned. After DEP processing, the sample was cleaned by

isopropyl alcohol and gently dried by nitrogen flowing.

Fig. 3 shows the SEM images of the assembly of GO

nanostructures between the micro gap electrodes when DEP

was carried out at different ground configurations with

respect to fixed Vpp. The darker region near the conducting

electrode is the GO nanostructure aligned during DEP

process. When DEP was carried out at 10 Vpp voltages with

no ground at fixed 500 kHz and 30 s, it is found that the GO

nanostructures are randomly distributed within the electrodes

(Fig. 3(a)). This is because during DEP process no gradient

field is developing within the electrodes that can align the

GO nanostructures. Fig. 3(b) shows the SEM images of the

GO nanostructure when DEP was carried out with one

ground Vpp. From the SEM images, it is found that the GO

nanostructure is well aligned at the ground side, while the

GO nanostructures on the other part of the chip are not uni-

formly distributed. The density of the GO nanostructures

decreases as we move away from the Vpp electrode, while

there is no GO nanostructure present next to the ground elec-

trode. This indicates that a ground with respect to Vpp pro-

vides sufficient field gradient to align the GO nanostructures

between electrodes. When we use two grounds on both sides

of the Vpp electrode, the alignment of the GO nanostructures

is uniform as shown in Fig. 3(c) indicates excellent linking

of GO nanostructures.

This precise alignment of the GO nanostructures can be

further explained by FEM simulated electric field and

voltage-profile of the GO nanostructures on Si/SiO2 sub-

strates. For simulation, a fixed Vpp was applied at one of the

inner metal electrode using frequency domain mode set for

500 kHz. For the condition of single voltage source with no

ground, a fixed potential of 10 V was applied at one elec-

trode, while the ground was considered at an infinite point in

the air surrounding the droplet. For other electrodes configu-

ration, i.e., with single and double grounds, the condition for

Vpp is similar but for the ground, zero electric potential was

considered at the metal electrodes. The boundary conditions

of current conservation and electric insulation were also

applied to the enclosed simulated domain and SiO2, respec-

tively. Fig. 4 shows the simulated electric field and voltage-

profile inside the droplet with different electrical connections

of (a) no ground, (b) one ground, and (c) two grounds,

respectively. Simulation result shows that the electric field

variation is not possible when there is no ground, and hence,

there is no DEP force that can align the GO nanostructures

FIG. 2. XPS data of the GO nanostructures with characteristics peaks of sp2-

hybridized carbon, and hydroxyl, epoxy, and carboxyl functional groups.

Inset shows the XRD pattern of the GO nanostructures.

FIG. 3. SEM images of the GO nanostructures in Ti/Au electrodes when

DEP was carried out using different electrical configurations of ground: (a)

no ground, (b) single ground, and (c) double grounds with respect to Vpp.

The darker region near the conducting electrode inside the circle is the GO

nanostructure aligned during DEP process.
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between conducting electrodes. For no ground condition, we

find that the electric field is negligible in the solution; how-

ever, it is stronger near the solution boundary in an upward

direction (Fig. 4(a)). Hence, the probability for the alignment

of GO nanostructures between Au electrodes is almost negli-

gible. When we use one ground with respect to Vpp electrode,

we observe that there is spatial distribution of electric field

lines from the Vpp electrode towards the ground electrode

(Fig. 4(b)). Due to this non-uniform electric field, an interfa-

cial polarization between a GO nanostructure and water

induces a FDEP on the GO nanostructure. This induces FDEP

to align all the GO nanostructures from the ground side elec-

trode in a precise manner, while the GO nanostructures are

still randomly distributed on the other side of the Vpp elec-

trode. This may be due to there being no electric field avail-

able to generate DEP force to align the GO nanostructure

from the ground electrode side while a random electric field

near the Vpp electrode results in GO accumulation on the

other side. Therefore, when we use two grounds on both

sides of the electrode, we find that all GO nanostructures

align precisely between the electrodes. The schematic repre-

sentation for the alignment of GO nanostructures between

micro gap electrodes with different electrical configurations

is shown in Figs. 4(d)–4(f), respectively.

The controlled manipulation of the GO nanostructures is

further explained by I-V measurement. Fig. 5(a) shows the I-V
characteristics of GO nanostructures when DEP process was

carried out with no, single, and double grounds, respectively.

It has been found that DEP process with no ground does not

show any noticeable current. This indicates that no GO nano-

structure channel formed between Au electrodes, clearly

shown by the SEM images (Fig. 3(a)). I-V characteristics with

single and double grounds show linear behavior indicating a

well aligned current path between Ti/Au electrodes. However,

the I-V behavior with two grounds shows an observed current

value of one order of magnitude larger than the single ground

value. This means that the DEP process with two grounds

more prominently aligns the GO nanostructures with an excel-

lent networking. The resistance value of the GO nanostruc-

tures is found to be 1 MX indicating the presence of the

functional groups as described by XPS analysis. The aligned

GO nanostructures are further used for hydrogen gas sensing

at 300 K. The resistance of the GO nanostructures decreases

when exposed to hydrogen gas.13,21,36,37 The adsorption

kinetics of hydrogen gas on the surface of GO nanostructures

is according to Langmuir kinetic theory which can be further

modified by Freundlich isotherm considering that surface of

GO nanostructure is inhomogeneous.38–41 The gas sensitivity

is defined as sensitivity¼ R�Ro

R0
� 100 %, where Ro is the re-

sistance when there is no target gas flow and R is the resist-

ance with gas flow. Following steps are essential for sensing

measurement, i.e., (i) clean air flow to record initial value of

the resistance, (ii) the target gas with an optimized concentra-

tion has been introduced into a mixing chamber with clean

air, (iii) flow of mixed gas to register a sensing signal, and

(iv) clean air flow for sensing recovery. Fig. 5(b) shows the

sensing behavior of the GO gas sensors fabricated with differ-

ent electrical configurations when they are exposed to hydro-

gen gas at different concentrations from 200 ppm to 800 ppm,

respectively. It has been found that the gas sensor formed

with no ground shows almost zero response for hydrogen gas

at all concentration because of the absence of GO network.

On the other hand, the gas sensor with single and double

ground configuration shows a sensitivity of �1% and �4.0%,

respectively, for 200 ppm hydrogen gas. The large gas sensing

response for double grounded configure device is expected as

from SEM and I-V characteristics. The sensitivity of the

hydrogen gas for double ground configured device increases

from �4.0% to �6.0% as the hydrogen gas concentration

increases from 200 ppm to 800 ppm, respectively, whereas the

sensitivity of hydrogen gas is almost constant for single

ground configured device. This sensitivity is almost double

when compared to the sensing devices fabricated via spin

coated or drop casting method.13,22 This is because the assem-

bly of GO nanostructure between electrodes via spin coating

or drop casting method requires a higher concentration of GO

solution (�1–0.5 mg/ml) to ensure electrical connection

between the electrodes. This results in a comparatively thicker

film of GO nanostructures which leads to reduced surface-

to-volume ratio and hence the response of the sensing device

FIG. 4. (Left) FEM simulated electric

field and voltage-variation indicated by

arrow and color, respectively, between

Ti/Au electrodes for different electrical

configurations, (a) no ground, (b) sin-

gle ground, and (c) double grounds

with respect to Vpp. (Right) Schematic

representation of the alignment of GO

nanostructures between Ti/Au electro-

des with (d) no ground, (e) single

ground, and (f) double grounds.
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decreases. On the other hand, an extremely low concentration

of GO solution (0.1–0.01 mg/ml) is used for the DEP of GO

nanostructures, which results in the increased surface-to-vol-

ume ratio as only few layers GO nanostructures are aligned

under DEP forces instead of thick multi-layers.22 Fig. 5(c)

shows the response time and the recovery time of the GO gas

sensors with single and double ground configuration at vari-

ous hydrogen gas concentrations. The recovery time of the

gas sensors increases whereas the response time decreases as

the hydrogen gas concentration increases from 200 ppm to

800 ppm, respectively. Over all, the sensitivity, recovery time,

and response time of the double grounded configure GO

nanostructures based gas sensor at 800 ppm hydrogen gas are

6.0%, 306 s, and 270 s, respectively.

In conclusion, we aligned GO nanostructures between

conducting electrodes by DEP method with different electri-

cal configurations. It is found that the configuration of

ground electrode with respect to Vpp electrode plays a crucial

role in the alignment of GO nanostructures in a precise and

controlled manner. Grounds on both sides of the Vpp elec-

trode are essential for GO nanostructures manipulation,

which is well explained by SEM images and I-V characteris-

tics. The excellent alignment of GO nanostructures between

conducting electrode via double grounded configuration is

further explained by observing hydrogen gas sensing behav-

ior of GO nanostructure at different gas concentrations and it

has been found that the sensitivity, response time, and recov-

ery time for 800 ppm hydrogen gas at 300 K are 6.0%, 270 s,

and 306 s, respectively.
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