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ABSTRACT

We present sensitive flexible H,S gas sensors operating at room temperature based on Cu-SWCNTs.
SWCNTs are decorated with metallic cluster of Cu nanoparticles (NPs) by employing a reduction chem-
ical process and are spin coated on a polyethylene terephthalate (PET) flexible substrate for achieving
facile and cheap sensors. Cu-SWCNTs-based sensors show remarkable responses upon exposure to var-
ious concentrations of H,S gas in the range of 5 ppm to 150 ppm. A fast response time and a recovery
time of ~10s and ~15s, respectively, are obtained for 5 ppm of H,S. Resistance modulation — without
any significant degradation - is observed for bending radii larger than 4 mm. The sensors show repro-
ducible response upon exposure to larger than 20 ppm of H,S and bending radii larger than 7.8 mm. Ab
initio simulations are performed to explore the underlying H,S sensing mechanism of Cu-SWCNTs. In
agreement with our experiments, theoretical analyses indicated that the decoration of SWCNTs with Cu
atoms enhances the sensitivity of SWCNTSs for H,S gas detection.

H,S sensing

© 2014 Elsevier B.V. All rights reserved.

1. Introduction

Recently, intense research efforts have been dedicated to the
development of detectors and sensors for detecting ultra-low
amounts of chemical agents with a relatively fast response time
[1,2]. HpS is a harmful gas to human that can cause death depending
on the concentration and exposure time [3]. Hydrogen sulfide has
serious erosion effects and is known to be the major source of acid
rain. Hydrogen sulfide is generated in various industrial processes
including natural gas processing and petroleum refining. Although
several commercial devices have been developed for H,S moni-
toring, they suffer from high operating temperatures, high power
consumption, and high cost [4-6]. Harmful effects of H,S, however,
require the development of small, portable, fast, and sensitive gas
Sensors.

A single wall carbon nanotube (SWCNT) can be considered as
a graphene sheet that has been rolled up into a seamless nano-
cylinder [7]. CNTs are being used as building blocks of advanced
functional materials due to their excellent electrical properties
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[8-10]. SWCNTs have been widely used as the channel materials
for field effect transistors (FETs) [11-13], electrochemical sen-
sors [14-17], gas sensors [18-22], and biosensors [23-25]. The
sensitivity of CNTs to the surface charge transfer is the key advan-
tage of their applications as sensing elements [26]. Because of
low level selectivity and sensitivity of pristine SWCNTSs to chem-
ical gases, various approaches have been used for functionalizing
SWCNTs by polymers [27], enzymes [28] and metallic clusters
[29].

In recent years, flexible sensors have been extensively used
for direct attachment to the body skin for wearable smart and
portable consumer device applications [30,31]. Flexible sensors can
be adopted for a wide range of applications due to their light weight,
low cost, and mechanical flexibility [32-34]. Excellent mechani-
cal properties of CNTs render them as prominent candidates for
flexible devices. Recent studies show that CNTs can be easily assem-
bled on flexible substrates using spray and plasma treatments [35].
Therefore, flexible sensors with CNTs are very promising for gas
sensing application [36-38]. In this study, we present relatively
fast and flexible sensors, employing SWCNTs decorated with Cu
NPs for the detection of H,S. SWCNTs-based sensors are fabricated
on a polyethylene terephthalate (PET) substrate which has a high
degree of flexibility and transparency.
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Fig. 1. The schematic of the fabricated SWCNT-based gas sensors on a flexible sub-
strate.

2. Experiments
2.1. Materials and methods

SWCNTs (with outer diameters of ~1-2 nm, lengths of ~30 wm,
purity 90%, supplied by Parsis Co.Iran) are used as building blocks of
the sensitive film. SWCNTSs sidewalls are functionalized by carboxyl
groups using acid treatment process: 50 mg of pristine SWCNTSs are
dispersed in a solution of H,SO4:HNO3 (1:3) followed by sonication
at 60°C for 2 h. This process leads to the formation of active sites
that are negatively charged which in turn facilitate chemical bonds.
Functionalized SWCNTs (F-SWCNTs) are filtered and washed with
DI water several times until a neutral PH is achieved. The F-SWCNTs
are decorated by Cu NPs by a chemical reduction process: 50 mg F-
SWCNTs are added in DI water and stirred for 15 min. Then 20 mg
CuSO,4 are added in solution consequently and stirred at 80 °C for
30 min. Following this process Cu ions (in the shape of Cu* and
Cu?*), as described by Pike et al. [39], are reduced and deposited
on the functionalized sites at SWCNT’s walls which are negatively
charged. The final nanomaterial is filtered and dried in vacuum oven
at 60°C for 8 h.

Aluminum interdigital transducers (IDTs) are used as contacts
for Cu decorated SWCNTSs (Cu-SWCNTs) based gas sensors. In order
to fabricate IDTs on flexible substrates, micro-scale patterning on
PET films can be employed: a layer of photoresist is patterned on
the substrate with conventional photolithography process, 200 nm
of Al layer (deposited by DC magnetron sputtering system, Nanosc-
tructured Coating Co., Iran) is then coated on the substrate followed
by a lift-off process by the immersion of the flexible substrate in
sonicated acetone. Finally, Cu-SWCNTSs are spin-coated onto the
patterned substrate and then annealed in a vacuum oven at 80°C
for 30 min. Fig. 1 shows the schematic structure of a flexible sensor
with assembled Cu-SWCNTs.

2.2. Characterization

The surface morphology of Cu-SWCNTs is characterized using
field emission scanning electron microscope (FE-SEM, Hitachi
S4160). We have performed Energy Dispersive Spectroscopy (EDS)
analysis on the Cu NP decorated SWCNTSs to indicate the Cu loading
on the final sensitive film. For sensitivity assessing of the fabricated
sensors, they are loaded in an aluminum chamber (150 ml volume)
and they are outgassed in the vicinity of argon gas for 1 min. Argon
is used as a dilution gas for removing the effect of humidity and
oxygen on the sensing mechanism of the fabricated sensors. The
required concentrations of H,S and argon are measured by mass

flow controllers. The time dependent electrical resistance is mea-
sured at various gas concentrations from 5 ppm to 150 ppm, using a
computer-based data acquisition system. For the measurements a
fix bias voltage of 1V is applied to Al electrodes. For the recovering
process, after steady state, each sensor is exposed to dry argon to
attain 90% of the total resistance change. Before each measurement,
the outgassing procedure is carried out by holding the sensors in
a constant flow of argon and the initial resistance is registered.
To evaluate the selectivity toward various gases, the devices are
exposed to acetone, ethanol, and H, The effects of bending radius
on the flexible sensors are analyzed at bending radii larger than
4 mm. Influence of the humid condition on the response charac-
teristics of the fabricated sensors has been investigated under 40%
relative humid ambient at room temperature.

2.3. Computational method

To understand the adsorption mechanism of H,S gas in Cu-
SWCNTs, ab initio studies are performed, employing the SIESTA
code [40]. Two (10,0) carbon chains are selected as the unit cell. The
structure of the isolated (10,0) SWCNT, Cu-SWCNT, H,S and their
complex system (H,S/Cu-SWCNTSs) are optimized by GGA pseudo
potential approximation. To optimize the geometry of the atoms,
the minimum force on each atom is set to 0.05eV/A. The mesh
cut-off energy is set to 150 Ry. An unrestricted 1 x 1 x 4 Monkhorst-
Pack grid for k-point sampling of the Brillouin zone is used [41].
Three different initial configurations of Cu-SWCNTs are considered
for the optimization processes. Finally, the adsorption of a single
H,S molecule on the Cu-SWCNTs is considered. One of the main
focuses in this calculation is to obtain the binding energies and
electronic properties of the Cu-SWCNT due to H,S gas adsorption.
The binding energy of H,S molecule adsorption on the Cu-SWCNT
(Ep) is calculated as follows:

Ep, = E(H2S/Cu-SWCNT) — E(Cu-SWCNT) — E(H;,S), (1)

where E(H,S/Cu-SWCNT) is the total energy of the H,S adsorbed on
the Cu-SWCNT, E(Cu-SWCNT) is the total energy of the Cu-SWCNT,
and E(H,S) is the total energy of the isolated H,S molecule.

3. Results and discussions
3.1. Structural study and EDS analysis

Fabricated devices on a PET substrate are shown in Fig. 2a. The
photograph clearly shows that the substrate with Al electrodes can
be easily bent. The electrode fingers have a height of 5000 pwm and
a gap size of 200 pm. Spin coated thin films of Cu-SWCNTs show
strong adherence on the substrate. As shown in Fig. 2b pristine
SWCNTs are dispersed as bare bundles and Fig. 2c illustrates that
SWCNT bundles are successfully decorated with Cu NPs. The dense
decoration of Cu NPs on the sidewalls of SWCNTSs leads to increased
sensitivity of the sensors. Fig. 2¢ depicts densely linked metallic
cluster of Cu nanoparticles on the CNT sidewalls.

The elemental composition of SWCNTSs decorated with metallic
cluster of Cu NPs has been investigated by EDS analysis. Fig. 2d
shows the elemental ratio of Cu, O and C peaks. The oxygen peak
can be attributed to functionalized surface of the SWCNT after acid
treatment and also to the presence of the CuO composition at the
sidewalls of the SWCNT. The qualitative and quantitative analyses
have been used to find out what elements in which relativity exists
in our prepared sensitive material. The EDS analysis represents the
Cu/C peak ratio of 0.25, which is consistent with decomposition
of CuSO4 and reduction of Cu ions into metallic nanocluster. By
adjusting the concentration of CuSOy in the starting solution, the Cu
loading in the final Cu-SWCNTs sensitive material can be controlled.
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Fig. 2. (a) Optical image of the fabricated devices on the flexible substrate. The inset depicts a single device. SEM images of (b) bare SWCNTs after acid treatment (the inset
figure scale bar is 600 nm) and (c) after decoration with Cu NPs which shows successful decoration of sidewalls with NP clusters (the inset figure scale bar is 500 nm). (d)

EDS analysis of Cu-SWCNTs sensitive material.
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Fig. 3. Raman spectra of the (a) SWCNTs after acid treatment and (b) SWCNTs after
decoration with Cu NPs.

3.2. Raman spectroscopy

Cu-SWCNTs synthesized in this study are also characterized
using Raman spectroscopy in order to determine the phase and
chemical structures. Fig. 3a shows the distinguished peaks of F-
SWCNT are G and D bands that are originating from the Raman

active mode of graphite around 1582 cm~! and 1350 cm™1, respec-
tively [42]. The G band is attributed to the E;; phonons of sp? states
and the D band is attributed to the A;; symmetry. In the low fre-
quency region, the spectrum is dominated by the in-phase mode
known as radial breathing mode (RBM).

The Raman spectrum of SWCNTs decorated with Cu NPs is
shown in Fig. 3b. The spectrum has a strong peak located at around
300 cm~! which is assigned to CuO [43]. Our structural result is the
same as the one that has been studied by Yin et al. [44] for CuO
NPs synthesized by chemical route. The results clearly indicate the
successful growth of Cu NPs on SWCNT sidewalls.

In addition, the intensity of the D band brings from the in-plane
transverse optical phonon mode. This intensity shows the defect
concentration along the tube [42]. Comparing the intensity ratio of
D/G bands (Ip/Ig) shown in Fig. 3a and b clarifies that after SWCNTs
decoration with Cu NPs, the defect concentration decreases which
it can be due to chemical bond formation between NPs and defect
sites at SWCNTSs side walls.

3.3. H,S sensing response characteristics

Upon the exposure of the sensors to H,S gas, the adsorption of
the molecules at the surface modulates the conductivity. The sensor
response is defined as a relative variation of the resistance:

Rg - Ro
Ro

AR(%) = x 100 (2)

where Rg and Ry are the resistances of the sensor in the presence
and the absence of gas, respectively. The sensor response is eval-
uated five times and the presented results are the median of all
responses. Fig. 4a presents the dynamics of the sensor response at
various concentrations of H,S at room temperature (about 27 °C).
The results show that, these sensors capable of detecting H,S as
low as 5 ppm. The response time and the recovery time are about
10s and 155, respectively, for 5 ppm of H,S.

Zhang et al. [45] have previously reported that for pristine SWC-
NTs, there is no interaction with H,S as a target gas. The observed
resistance modulation of our sensors is related to the presence of
metallic nanoparticles. The adsorbed H,S molecule can be split into
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Fig. 4. (a) Sensor response to various H,S gas concentrations at room temperature. (b) Enlarged response curve of the sensor under exposing to 20 ppm H,S (c¢) Long-term

evaluation of the sensor’s response to 5 ppm H,S gas at room temperature.

sulfur adatom and hydrogen ions due to catalytic properties of Cu
NPs:

HS(g) — Ha(g) + S (3)

The cleavage of H, from H,S in the vicinity of a SWCNT leads
to the breakdown of H, into H* ions and giving electrons to the
SWCNT [46]:

Hy(g) — 2HT +2e~ (4)

This chemical process leads to the resistance modulation of the
sensitive films.

Fig. 4b presents the enlarged part of the measured response
curve to 20 ppm of the Cu-SWCNTs based sensors. It is seen from
the figure that, the resistance increased rapidly when the sensors
were exposed to 20 ppm H,S. As well as fast response time, the
recovery time was measured to be 20 s while the resistance recov-
ered to 10% of the final response value when the H,S was purged
from the chamber and argon was introduced.

Fig. 4c shows a plot of the one sensor’s response upon exposure
to 5 ppm H,S during a period of 30 days. Each measurement was
performed every 2 days after 30 min purging process under argon
ambient and the response of the sensor monitored under expo-
sure to H,S gas. This process helped us to remove any moisture
content which might accumulated in the interior of the chamber.
After 17 day, a slight decrease in the response was observed. This
deviation was probably due to unwanted impurities on the sur-
face of the Cu-SWCNTSs sensitive film which were not desorbed at
room temperature. The long-term evaluation of the Cu-SWCNTs
based flexible sensor reveals that the H,S sensing performance of
the sensors was kept almost the same as initial measurement.

30
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20
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5
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200 ppm
% 200ppm 200 ppm i
0
H,S H, Ethanol Acetone Methane

Fig. 5. The selectivity of the fabricated sensors to various gases. The H,S concentra-
tion is kept at 20 ppm while the concentrations of other interfering gases are fixed
at 200 ppm.

3.4. Selectivity evaluation

The optimized sensors must be insensitive to other interfer-
ing environmental gases. The response of the fabricated sensors is
measured toward various interfering gases including H,, acetone,
ethanol and methane in 200 ppm concentration at room tempera-
ture. Although the concentration of H,S was fixed at 20 ppm, the
fabricated sensors are highly selective to H,S compared to the other
interfering gases, see Fig. 5. The very low tendency of the sensors
toward H, and methane can be also attributed to liking splitting
of the hydrogen ions from their molecules in the vicinity of the
catalytic Cu NPs.
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3.5. Effect of sensor bending on the gas sensing properties

In order to evaluate the stability of the sensor response, a bend-
ing test is performed and the chemiresistive sensor characteristics
are measured as a function of the bending radius, see Fig. 6a. After
bending of flexible sensors 10 times, no significant degradation is
observed which shows the quality and stability of the film for flex-
ible application. Fig. 6b presents the reproducibility and stability of
the sensor response in the presence of 20 ppm H,S and a bending
radius of 7.8 mm.

3.6. Influence of the moisture on the sensor’s response

The influence of the humid condition on the sensing proper-
ties of the Cu-SWCNTs based flexible sensors was measured under
40% relative humidity (13,000 ppm) at room temperature. Fig. 7
shows the final response of the sensors at various concentrations
of H,S gas under moist and dry conditions. For assuring on the
obtained results, the sensors were kept 10 min in moist H,S gas
before any measurement. The results show that the response sen-
sitivity of the sensor decreased about 15% under moist condition.
This indicated that physisorption plays major role in the interaction
between water molecules and Cu-SWCNTSs sensitive film.

From the above results, it is clear that our fabricated flexible
sensors based on the Cu-SWCNTSs sensitive film indicate promising
sensing response times toward H;S gas. In present study, enhanced
response time of 10s for 5 ppm H,S gas has been obtained which
shows an improvement in comparison with 15 s for 3 ppm by Kong

Fig. 8. Three possible configurations Cu-SWCNT: (a) directly above a C atom, (b) at
the center of hexagon and (c) at the center of a C—C bond (bridge site).

etal.[47],15s for 20 ppm by Chowdhuri et al. [48], 15 s for 50 ppm
by Wagh et al. [49] and 80s for 50 ppm by Katti et al. [50]. These
fast responses in the Cu based sensitive materials can be explained
by the highest catalytic properties of Cu and their oxides toward
splitting of H,S molecules into their adatoms and ions. The recov-
ery time of 15s under exposing to 5 ppm H,S shows a significant
improvement in comparison with 481 s for 20 ppm by Park et al.
[51],415s for 3 ppm by Kolmakov et al. [52] and 30's for 10 ppm by
Lin etal. [53].

3.7. Sensing mechanism

Ab initio simulations are employed to understand the adsorp-
tion properties of H,S. To study the adsorption of a single Cu atom
onto a SWCNT surface, we consider various configurations of one
Cu atom per two carbon chains of the CNT: at the top site above a
C atom, at the center of the hexagon (hollow site), and at the cen-
ter of a C—C bond (bridge site), see Fig. 8. The optimized structures
using GGA method are presented in Fig. 9. After optimization, the
binding energy of the Cu-SWCNT is calculated for all mentioned
possible configurations. According to the obtained binding ener-
gies, the strongest chemical bonding between the Cu atom and
the SWCNT takes places in the bridge site configuration (Fig. 9¢),
whereas the hollow site shows the weakest interaction (Fig. 9b).
Hence, the bridge site configuration shows the most stable struc-
ture of the Cu-SWCNT which is used for later calculations of H,S
adsorption.



Fig. 9. Optimized configurations of Cu-SWCNT. The forces on each atom are being
smaller than 0.05 eV/A and the cutoff energy is 150 Ry.

The most stable adsorption geometry of H,S molecule is cal-
culated among from three possible configurations depending on
the adjacent H or S atom to the Cu-SWCNT. The results indicate
that the most stable configuration is the one in which H,S is kept
to the Cu-SWCNT surface with S end toward the Cu atom. Fig. 10
demonstrates the primary and the optimized structures for these
adsorptions. Therefore, the main chemical interactions in H,S/Cu-
SWCNT system involve the chemical bonding between Cu and S

M. Asad et al. / Sensors and Actuators B 210 (2015) 1-8

atoms in chorus with devotion of H atoms toward SWCNT con-
secutively (see Section 3.3). Binding energy calculations indicate
the configuration in Fig. 10c has the strongest interaction between
the H,S molecule and the Cu-SWCNT, compared to other configu-
rations. The magnitude of the binding energy for the most stable
H,S/Cu-SWCNT is —6.43 eV, which indicates strong chemisorption
of HS molecule on the Cu-SWCNT. For binding energies smaller
than zero, the energy of the adsorption system is smaller than the
isolated Cu-SWCNT and gas molecules. Therefore, in this case the
interaction is exothermic and spontaneous.

In case of charge transfer between the H,S molecule and the
Cu-SWCNT, any changes in electrical properties of the system can
be attributed to this charge transfer. Fig. 11 shows the DOS of a
pristine (10,0) SWCNT, Cu-SWCNT and H,S/Cu-SWCNT system. The
results clearly reveal that the Cu decoration modifies the electronic
structure of the system, i.e. the Fermi level is raised into the conduc-
tion band and the SWCNT becomes electron-rich. The right side of
Fig. 11 depicts a closer view of the DOS around the Fermi level. The
results indicate that the Fermi level of the H,S/Cu-SWCNT system
shifts 0.5 eV toward higher energy, in comparison with a pristine
SWCNT.

Ab initio simulations indicate that the band gap of the pris-
tine (10,0) SWCNT is 0.694 eV (Fig. 12a). After decoration by Cu
atoms, the Fermi level shifts toward the conduction band and the
Cu-SWCNT become electron rich. After the adsorption process, the
H,S/Cu-SWCNT becomes n-type also with more occupied conduc-
tion bands in comparison with the Cu-SWCNT system (Fig. 12c).
These results validate the chemical interaction presented in Equa-
tion 4.

Fig. 10. The optimized structures for a single H,S molecule adsorbed on a SWCNT with three possible configurations: (a) S atom is the nearest atom to Cu-SWCNT, (b) S atom
is the nearest atom to Cu-SWCNT [with 90° rotation of (a)], and (c) the H atom is the nearest atom to Cu-SWCNT.
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Fig. 13. The PDOS of Cu atom (3p-orbital) overlapped with S atom (4s-orbital) in
the H,S/Cu-SWCNT system. The Fermi level is shifted to the zero point.

To understand the catalytic effects of the attached Cu atoms on
the H,S adsorption, the partial-density-of-states (PDOS) due to the
3p-orbital of S and the 4 s-orbital of Cu in H,S/Cu-SWCNT system
are shown in Fig. 13. Due to the large overlap between the 3p and
4s orbitals, H,S is strongly hybridized with Cu. As a result,a SWCNT
decorated with Cu NPs is an excellent candidate for H,S gas sensing.

4. Conclusion

We have successfully demonstrated that Cu-SWCNTs-based
sensors exhibit enhanced response upon exposure to various con-
centrations of H,S gas from 5ppm to 150 ppm. A fast response
time and a recovery time of 10s and 15 s, respectively, have been
achieved for 5 ppm of the target gas. The fabricated sensors show
a high selectivity for 20 ppm H,S, whereas the concentrations
of interfering gases were set to 200 ppm. The flexible sensors
exhibit fast, stable, and reproducible responses at room temper-
ature upon exposure to 20 ppm H,S. It is also found that the

resistance remains unchanged and the sensing performance is not
considerably degraded over various bending radii for several times.
In agreement with the experimental results, our theoretical anal-
yses reveal that the Cu-SWCNT system strongly adsorbs H,S. The
fabricated sensors can be used for real-time sensing of H,S with
very high sensitivity and low power consumption that enable their
integration with low power microelectronic circuits.
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