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ABSTRACT: Alternating current dielectrophoresis (DEP) is an excellent technique to assemble nanoscale materials. For
efficient DEP, the optimization of the key parameters like peak-to-peak voltage, applied frequency, and processing time is
required for good device. In this work, we have assembled graphene oxide (GO) nanostructures mixed with platinum (Pt)
nanoparticles between the micro gap electrodes for a proficient hydrogen gas sensors. The Pt-decorated GO nanostructures were
well located between a pair of prepatterned Ti/Au electrodes by controlling the DEP technique with the optimized parameters
and subsequently thermally reduced before sensing. The device fabricated using the DEP technique with the optimized
parameters showed relatively high sensitivity (~10%) to 200 ppm hydrogen gas at room temperature. The results indicates that
the device could be used in several industry applications, such as gas storage and leak detection.
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Bl INTRODUCTION

Hydrogen gas exhibits excellent properties, which have the
potential to solve the problems of global pollution and the
growing shortage of resources, since it is clean, renewable, and
has a wide range of industry applications. Hydrogen gas has
been used as an excellent energy carrier in fuel cells, methanol
industries, and in power generation. However, hydrogen gas is
flammable and can easily explode in air at a concentration of
only 4%." Moreover, hydrogen is a colorless and flavorless gas.
Therefore, gas sensing techniques for hydrogen gas has become
pertinent in the area of sensing research. To fabricate a highly
sensitive and stable hydrogen gas sensor, many metal oxide
materials, such as ZnO and SnO,, have been evaluated.*™*
Recently, carbon-based nanomaterials such as carbon nano-
tubes have also been evaluated as base materials for hydrogen
gas sensors.”” In particular, graphene oxide (GO) exhibits
excellent sensing properties for the detection of hydrogen gas.
However, the sensing behavior of simple GO-based hydrogen
gas sensors can be improved further using hybrid material like
nanoparticles or chemical functionalization.'>"!
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To enhance the sensitivity of GO-based hydrogen gas
sensors, several methods have been evaluated. Metal decoration
with platinum has proved to be an effective method and the
hydrogen-gas-sensing properties of graphene or GO materials
are significantly improved following Pt decoration. Dielec-
trophoresis (DEP) is another method for improving the
sensing behavior. The DEP technique has gained popularity,
since it can precisely locate the nanostructures on the
substrate."”>™"> Our previous work and other research reported
that the hydrogen gas sensing behavior of GO nanostructures
assembled via the DEP technique demonstrate significant
improvement in comparison to simple GO-based hydrogen gas
sensors.'™'® However, DEP assembled GO nanostructures
with metal decoration have not yet been reported. In this
report, we fabricated a hydrogen gas sensor device based on
GO nanostructures with Pt nanoparticles, which were
assembled using the DEP technique. The Pt-decorated GO
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nanostructures were assembled into microgap electrodes by
controlling the DEP parameters, such as the applied voltage,
applied frequency, and processing time.

B EXPERIMENTAL SECTION

The GO nanostructures were synthesized using a modified Hummer’s
method.” First, 4 g of graphite flakes were added to a 250 mL round-
bottom flask containing 120 mL of H,SO, that was stirred for 1 h.
During stirring, KMnO, aqueous solution was subsequently added to
the mixture every 20 min. The mixture was slowly heated to 40 °C,
and the temperature was maintained for 5 h to oxidize the graphite.
Subsequently, 150 mL of deionized (DI) water was added to the
mixture. The mixture was stirred for 30 min while 17 mL of H,0,
solution was added. The mixture was subsequently maintained at 40
°C for 24 h, followed by centrifuging. The resultant mixture was
enclosed in a dialysis tube and washed with ultrapure DI water several
times to obtain a pH level of 5. The concentration of the GO
nanostructures solution was ~1 mg/mL. Figure la shows the atomic
force microscopy (AFM) images of the GO nanostructures. The
thickness of the GO nanostructures was ~1 nm, as shown in Figure
1b.
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Figure 1. (a) AFM image and (b) height profile of GO nanostructures.

Further, Pt nanoparticles and GO nanostructures hybrid solution
was prepared with by mixing 1 mg/mL GO nanostructures solution
with 0.01 mmol/L Pt nanoparticle solution, in a ratio of 1:1 followed
by ultrasonication. The size of the Pt nanoparticles is ~15 nm. This
solution was first drop and dried on SiO,/Si substrate for XPS analysis.
Reduction of GO (rGO) was carried out by annealing the Pt-GO
nanohybrid at 400 °C for 30 min. The chemical analysis of the Pt-GO
and Pt-rGO nanohybrid 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 €V) in a vacuum
of 107° Torr. Figure 2a and b plots the XPS data for GO and rGO
samples. The well-defined peaks for both Pt nanoparticles and GO
nanostructures are marked in Figure 2a. The high resolution of Pt 4f
region contains two pairs of doublets with the higher intensity doublet
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Figure 2. XPS data of Pt nanoparticles and C 1s fitted peaks of (a) GO
and (b) rGO nanostructures with the peaks marked by their respective
groups. Reduction in the hydroxyl, epoxy, and carboxyl peaks in rGO
clearly shows the reduction of GO nanostructures.

(Pt 4f,;, and Pt 4f;),) is a characteristic of metallic Pt(0) with the
binding energy of 71.3 and 74.5 eV while the other doublet
correspond to the Pt(II) oxidation state of Pt with the binding
energy of 72.7 and 76.0 eV.>' 7> The deconvoluted C 1s peaks for GO
indicates hybridized carbon, hydroxyl (C—OH, C—0), epoxy (>C=
O) and carboxyl (COOH) functional groups attached to the main
carbon ring at the binding energy of 284.6, 286.1, 287.5, 289.1, and
290.6, respectively.'®'® As seen in Figure 2b, after thermal reduction,
the peaks related to these functional groups decreases which confirm
the reduction and partial recovery of the original graphene structure.
But even after reduction, some physical damage and defects remain
attached along with residual functional groups which acts as adsorption
sites for gas sensing behavior.

The gas sensor device was fabricated using the DEP technique to
assemble the Pt-GO nanostructures into 4 ym gap Ti/Au electrodes.
Figure 3a and b show the optical microscopy images of the
prepatterned Ti/Au electrodes on the Si/SiO, substrate. Figure 3c
shows the schematic of the experimental setup for the DEP processing,
with the use of a functional generator and oscilloscope. The function
generator and the oscilloscope were connected to the chip by a series
connection. Subsequently, 0.1 yL of mixed solution was dropped on to
the electrode area. A controlled sine wave AC voltage signal was
applied to the electrodes by the function generator. During the DEP
process, a gradient in the electrical field was established toward the
micro gap electrodes as shown by arrows in Figure 3c. This
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Figure 3. (a) Optical microscopy image and (b) higher magnification optical microscopy image of the prepatterned micro gap electrodes. (c)
Schematic of the experimental setup for DEP processing. (d) Schematic showing assembled GO nanostructures and Pt nanoparticles between micro
gap electrodes. The catalyst action of Pt nanoparticles also result in enhanced sensing response.

nonuniformity of the electric field results in the DEP force acting on
nanostructure and nanoparticles floating in a medium of dielectric
permittivity &, and can be quantitatively given by

Epgp = 27ae, Re[K(0)]VE* (1)

where a is dimension of the nanostrucuture or nanoparticle, K(w) is
the Clausius—Mossotti factor, and E, is the rms value of the electric
field. Further details on this are discussed in our previous
publications.'®"?

As both GO nanostructures and Pt nanoparticles got polarized in
the applied AC electric field and subsequently moves along the DEP
force direction which results in the focused assembly of Pt-GO
nanohybrid between the micro gap electrodes. Figure 3d illustrates
GO nanostructures and Pt nanoparticles aligned between the micro
gap electrodes. The aligned GO nanostructures forms an electrical
connection across the electrodes when the sensing behavior can be
measured and analyzed.

B RESULTS AND DISCUSSION

To achieve the best result for the assembly of the Pt-decorated
GO nanostructures, the optimization of the DEP parameters is
most important. The controllable effective parameters include
the peak-to-peak voltage (V,,), frequency of applied signal, and
DEP processing time. In this study, we aimed to achieve the

best hydrogen gas sensing response by optimizing the DEP
parameters. We tested the sensing response by varying the
parameters in the following approach: various V,,, with a fixed
frequency and processing time, various frequencies with a fixed
V}p and processing time, and various processing times with a
fixed V,,, and frequency. In addition to resistance measurement,
the hydrogen gas sensing behavior under several different gas
concentration were tested for all DEP parameters. It may be
noted that considering the complexity of optimization process,
we have carried out large number of variation in the DEP
parameters but only those parameters at which we have
obtained a considerable change either in the sample SEM image
or in the gas sensing behavior have been discussed. For sensing,
the electrical measurement were carried out using Keithley
4200 SCS characterization system in a vacuum chamber in
which gas flow was controlled by a gas MFC, GMC 1200 of
AtoVac made. The sample was first diced and wire-bonded on a
chip carrier and then mounted onto the socket in the vacuum
chamber. Finally, the optimized parameters were identified
based on the best sensing performance.

Figure 4a—c shows the scanning electron microscopy (SEM)
(JEOL, Model JSM-7401F) images of the DEP assembled GO
nanostructures, with an applied signal frequency of 500 kHz, a
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Figure 4. SEM images of the DEP-assembled Pt-decorated GO nanostructures, with 500 kHz frequency, 30 s processing time, and Vip values of (a)
2, (b), S, and (c) 10 V. The region between the electrodes is shown in panels a—c, which can be identified by the shiny metal edge visible
prominently in panel c. The dark patches in panels a and b are GO flakes and the shiny aggregates are Pt nanoparticles. (d) I-V characterization and
(e) hydrogen gas sensing characterization of the devices fabricated with 500 kHz frequency, 30 s processing time, and various V,,, values.

processing time of 30 s, and V,,, values of 2, 5, and 10 V,
respectively. As shown in the images, the device processed
under 2 V is almost disconnected between the electrodes,
indicating very poor electrical conductivity. In the 5 V case, the
GO nanostructures are well located between two electrodes on
the sample surface and they are assembled as several bridges. In
the 10 V case, the GO nanostructures and Pt nanoparticles
combine with each other layer by layer. The assembled
nanostructures appear as an extremely thick layer. Figure 4d
shows the I-V characterization of the devices. The device
fabricated with a V,,, of 2 V exhibits extremely poor electrical
conductivity, which is consistent with the SEM image of the
device in Figure 4a, whereas for S and 10 V the devices exhibit
well connection as seen from the electrical response in Figure

13771

4d. Figure 4e demonstrates the hydrogen gas sensing
characterization of the devices fabricated with a frequency of
500 kHz, processing time of 30 s, and various Vip values, at
hydrogen gas concentrations of 200, 300, and 500 ppm. To
determine the quality of the sensing response of the gas sensor
device, the most important attribute is sensitivity. The
sensitivity (S) is defined by the equation

S = (R — Ry)/R, X 100% @)
where R is the device resistance in the target gas environment
and R, is the device resistance in the environment without the
target gas. Of all the devices, the device fabricated with a
frequency of 500 kHz, a processing time of 30 s, and a V,,, of 5
V demonstrates the best sensitivity to hydrogen gas for all three
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Figure 5. SEM images of the DEP assembled Pt-decorated GO nanostructures with a V,, of S V, 30 s processing time, and (a) 100 kHz, (b), S00
kHz, and (c) 1 MHz applied frequencies. (d) I-V characterization and (e) hydrogen gas sensing characterization of the devices fabricated with a Vip

of 5V, 30 s processing time, and various applied frequencies.

devices. The device could achieve 10% sensitivity for 200 ppm
hydrogen gas at room temperature. Before discussing further
DEP optimization, a brief view of sensing mechanism is
described here: rGO nanostructures have defect sites and
broken graphene rings, which adsorb hydrogen molecules and
subsequently affect the electrochemical potential of the
structure, which results in the variation of its electrical
properties. The magnitude of this variation depends on various
factors including the intensity of the defect sites, remaining
chemically active -hydroxyl and -carboxyl groups in the
nanostructures, etc. With the addition of Pt nanoparticles,
this sensing mechanism is enhanced further because of the
catalytic action of Pt nanoparticles which dissociate molecular
hydrogen on their surface and adsorb the hydrogen atoms to
form hydrides, PtH,. Further, the spill of excess dissociate
hydrogen molecules got adsorbed on the adjacent rGO
nanostructures which results in an enhanced sensing behavior.
This enhancement due to the Pt nanoparticles can be
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compared directly with the previous published result'® where
only rGO device fabricated with similar DEP parameter (S V,
50 kHz, and 30 s) shows just 5% sensing behavior at room
temperature for 200 ppm hydrogen. Whereas with Pt
nanoparticles, the nanohybrid of Pt-rGO shows a 100%
enhancement with 10% sensitivity. This shows that the DEP
assembly of Pt-rGO nanohybrid is an efficient way to improve
the sensing performance. Further, it would be interesting to
note here that a similar device fabricated only with rGO
without DEP process showed a comparatively lesser sensitivity
than a similar DEP assembled device (5 V, 50 kHz, and 30 s)."

Figure Sa—c shows the SEM images of the GO
nanostructures assembled using the DEP technique with a
Vip of SV, processing time of 30 s, and applied frequencies of
100, 500, and 1000 kHz, respectively. It can be observed that
the devices are satisfactorily assembled with good connections
for higher frequencies. However, as the frequency increased, the
thickness of the GO nanostructure layer and the density of the
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Figure 6. SEM images of the DEP assembled Pt-decorated GO nanostructures with a V,,, of 5 V, 500 kHz applied frequency, and processing times of
(a) 10, (b), 30, and (c) 60 s. (d) I-V characterization and (e) the hydrogen gas sensing characterization of the devices fabricated with a Vp of SV,

500 kHz applied frequency, and various processing times.

Pt nanoparticles also increased. Figure Sd shows the I-V
characterization of the devices where a correlation between the
better assembled nanostructures and improved electrical
behavior can be seen clearly. Figure Se demonstrates the
hydrogen gas sensing characterization of the devices fabricated
with a V,, of 5V, a processing time of 30 s, and various applied
frequencies, at hydrogen gas concentrations of 200, 300, and
500 ppm, respectively. The device fabricated with an applied
frequency of 500 kHz, a processing time of 30 s, and a V}, of S
V exhibits the best sensitivity to hydrogen gas for all three
devices. It may be interested to note here that contrary to the
apparent assumption, the least resistive device does not show
the best sensitivity as can be seen in the previous result for V,,
optimization. The reason behind this is that the least resistive
device, as can be seen in Figure 4c and Sc, consist of multiple
rGO layers number and an increase density of Pt nanoparticles.
With thicker rGO layers the 2D behavior of rGO is
compromised because the sensing response of the underlying
layers got screened by the upper layers, thereby the modulation
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in electrical behavior due to hydrogen adsorption shows lesser
response hence lower sensitivity.

Figure 6a—c shows the SEM images of the GO
nanostructures assembled using the DEP technique with a
Vip of SV, an applied frequency of S00 kHz, and processing
times of 10, 30, and 60 s, respectively. The device fabricated
with a processing time of 10 s had no connection, as shown in
the images. The device fabricated with a processing time of 30 s
was almost entirely covered and connected well by GO
nanostructures and Pt nanoparticles between the electrodes.
However, for 60 s, the assembled layer appears to be thick film
and acquire vertical dimension. Figure 6d shows the I-V
characterization of the devices where it can be seen that current
increases with increase in assembly time reaching maximum
value for 60 s. Figure 6e demonstrates the hydrogen gas sensing
characterization of the devices fabricated with a V,,, of § 'V, an
applied frequency of 500 kHz, and various processing times, at
hydrogen gas concentrations of 200, 300, and 500 ppm. As
demonstrated in the figure, the device fabricated with a
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frequency of 500 kHz, processing time of 30 s, and V,, of S V
exhibits the best sensitivity to hydrogen gas for all three devices.

As shown in Figures 4—6, the device fabricated with a V,,, of
5V, an applied frequency of 500 kHz, and a processing time of
30 s exhibits highest sensing response to hydrogen gas. In the
case of different conditions like lower V,,, value (2 V), lower
applied frequency (100 kHz), and shorter processing time (10
s), there is barely any connection or a very poor connection,
resulting in very poor electrical conductivity and very poor gas
sensitivity of the device. However, with higher V,,, value (10V)
or higher applied frequency (1000 kHz), or longer processing
time (60 s), the assembled GO nanostructures were thicker and
the Pt nanoparticles were denser than the device fabricated with
the intermediate values. As discussed previously that the thicker
layer and the higher particle density lower the surface-to-
volume ratio of the nanostructures which results in lower
sensitivity. Previous reports also demonstrated that a higher
surface-to-volume ratio lead to increase gas sensing re-
sponse.'™'? Besides particle density and thickness of GO
layers, nanoparticles size can also affect the sensing perform-
ance; however, because of material constraints, such study
could not be carried out in the present study.

Figure 7 summarize the sensitivity and resistance variation
for all devices with various DEP parameters. As seen from the
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Figure 7. Variation in sensitivity and resistance of the sensor device for
different DEP parameters for 500 ppm hydrogen gas concentration.

figure, the device with optimized DEP parameters of 5 V, 500
kHz, and 30 s gives the best sensitivity. It can be seen that the
resistance of the fabricated devices decreases with the individual
increase in all DEP parameters like V.. A.C. frequency and
deposition or DEP time. However, the sensitivity response
peaks only at the optimized parameter and drops for both most
and least resistive devices due to the inconsistence connection
for the former and thicker rGO deposition for the latter case.
Therefore, it is an important observation that the resistance of
the rGO-Pt nanohybrid sensors is not the sole criteria to
predict the sensor performance.

To analysis the in depth sensing behavior, Figure 8 plot the
response and recovery time for different DEP parameters
conditions at various gas concentrations, where the time
required for the response to reach up to 90% of its peak value
defines response time and the time required for the response to
decrease from 90% of its highest value to its initial value is
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Figure 8. Response time and recovery time of the sensor device
fabricated based on (a) various V,,,, (b) various applied frequency, and
(c) various processing time, respectively.

termed as recovery time. As seen in Figure 8a that both
response and recovery time decrease with an increase in V,,
from S to 10 V, this decrease can be related to better assembly
and sensitivity of the sample at 5 V. However, with increase in
gas concentration, response and recovery time exhibit opposite
behavior, where the former improves while the latter degrades.
The improvement in response time can be explained from the
fact that the high concentration of the gas leads to a higher
change in resistance, thus comparatively smaller time whereas
the recovery time increases because of increase in adsorption of
the gas molecules on the defect sites on rGO and Pt NPs as
well, which results in the increase in deadsorption time. Similar
explanation holds valid for the response and recovery time
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behavior observed in Figure 8b and 8¢, for DEP frequency and
deposition time, respectively. However, the sample with 100
kHz in Figure 8b shows a marginally better response time as
compared to other conditions but the optimized sensor shows
the least recovery time. Although, the response and recovery
time observed in this work are higher than the industrial
standards but they showed improvement over the other
published results.'®"" Finally, the reliability and reproducibility
of the sensors studied in this study were found to be
satisfactory and the sensing performance was also found to
be stable enough with negligible variations even after several
weeks.

B CONCLUSION

In this study, we optimized the DEP assembly technique to
fabricated highly sensitive hydrogen gas sensor based on Pt-
decorated GO nanostructures. The DEP parameters of V,,
applied frequency, and processing time were optimized. The
device with the best sensing response to hydrogen gas was
fabricated with parameters of S V, 500 kHz, and 30 s,
respectively. By applying the optimized parameters, the
assembled device could achieve ~10% sensitivity to 200 ppm
hydrogen gas at room temperature.
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