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Abstract

Nitrogen dioxide (NO,) has harmful effects on human health as well as the environment, and hence, developing low cost
and power consumption of NO, sensors is of great importance. Combed shape gold electrodes sputtered on the surface of
silicon substrate were modified with narrow graphene oxide nanoribbons and MoS, nanospheres to fabricate the gas sen-
sor; synthesized by longitudinal unzipping of carbon nanotubes. Under static conditions and room temperature, we could
detect NO, with concentrations as low as ten ppm with 33% and 250% sensitivity for pristine and MoS,-decorated graphene
oxide nanoribbon thin film, respectively. The gas-sensing mechanism has been studied using density functional theory in
combination with XRD, TEM, SEM, FTIR, and Raman results. In the case of pristine graphene oxide nanoribbons, detection
is based on the adsorption of gas molecules at the defect sites and charge transfer of the molecules. In contrast, the charge
transfer and change in the Schottky barrier are dominant in the decorated sensor. These results are expected to provide new
perspectives toward detecting of nitrogen dioxide on the surface of MoS, nanospheres @ graphene oxide nanoribbon-modified
electrodes with a low detection limit.

< M. Berahman
m.berahman @kgut.ac.ir

Department of Electrical and Computer Engineering,
Graduate University of Advanced Technology, Kerman, Iran

@ Springer


http://orcid.org/0000-0001-5022-676X
http://crossmark.crossref.org/dialog/?doi=10.1007/s00339-022-05605-x&domain=pdf

523 Page2of13

M. Rigi Jangjoo, M. Berahman

Graphical abstract

Sppm. Air (Oppm A 20pom ',\,,-

Ll

090 2000 080 G000 000 100DD 12000 14000
time (min,)

Sensitivity (%)

Sensitivity (%)

X

T T T 7 T T u
195 391 586 781 977 172 1367 1563

time (min.)

Keywords Nitrogen dioxide - Gas sensor - Graphene oxide nanoribbon - MoS, nanospheres

1 Introduction

Nitrogen dioxide (NO,) gas has significant harmful effects
on human health and the environment. Prolong exposure
to even a small concentration (on the order of 10 ppm) of
this gas can cause severe asthma symptoms, lung infections,
and throat irritation [1]. In contrast, its high-level concen-
tration can harm vegetables and decrease their growth and
yields. Hence, monitoring the level of NO, concentration
in the environment, and developing a gas sensor with low
power consumption and cost along with high compatibility
with current electronic technology is highly required [2].
Numerous reports developed smart gas sensors to detect air
quality on the Internet of Thing (IoT) technology, and one of
the main concerns is detecting the level of NO, concentra-
tion. In this regard, several techniques have been proposed
to achieve such demand. One of the promising ones is to
utilize low-dimensional materials capable of gas sensing at
room temperature.

Graphene nanoribbon (GNR), a nano-strip of graphene,
has recently been used for different applications, includ-
ing but not limited to energy storage [3], nanocoating [4],
membrane separation [5], transistor [6, 7], and even solar
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cells [8-10]. Excellent chemical and physical properties of
GNRs such as controllable bandgap, large surface-to-volume
ratio, tunable electrical properties, dopant control, and edge
functionalization turn GNRs into a remarkable candidate
for single gas molecule detection applications [11-15].
Controlling these properties needs a proper technique to
synthesize GNRs, and there are numerous reports on such
goals [13-18]. Longitudinal unzipping of carbon nanotubes
in an oxidative medium is considered as one of the main
techniques leading to narrow graphene oxide nanoribbons
(GONRs) [17, 18].

GONRs possess oxygen functional groups such as
hydroxyl and carboxyl on their surface, in addition to defects
produced during the process of fabrication [17, 18]. These
defects and dangling bonds have sp* hybridization. They
are considered as active sites of electron transfer for detect-
ing gas molecules besides other capabilities which improve
the sensing behavior of pristine GNR [19-26]. Numerous
reports can be found using GONRs for electrochemical
detection of various electroactive substances and biomark-
ers, including ascorbic acid, dopamine, and uric acid [19,
20], glucose [21], cholesterol [22], amino acid biomarker
[23], and Parkinson [24]. Also, detecting an acceptable
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amount of hydrogen peroxide [25] and ethanol [26] has been
reported.

Previous studies have revealed that composites of GNR
with other functional nanomaterials can improve its char-
acteristic to detect a low concentration of gases to a great
extent. For instance, Wang et al. reported on ZnO nanopar-
ticle-decorated GONRs for the detection of nitrogen diox-
ide with a detection limit of 50 ppm with 18% sensitivity
[27]. In another study, adding WS, nanoflakes to GONRs is
investigated to detect ethanol [28]. Recently, fire detection is
also reported using GONRs [29]. Hence, combining GONRs
with other nanoparticles can enhance detecting NO,, and one
of the promising nanoparticles for such demand is MoS,.

MoS, nanoparticle has been reported as an attractive sub-
strate for detecting gas molecules such as NO, and NH; [30].
Our previous work demonstrates the potential of flower-
shaped MoS, nanoflakes in detecting methanol and xylene
[31]. Hydrothermal has been used to grow flower-shaped
MoS, for detecting the NO, at 100 °C with 10% sensitivity
[32]. For 10 ppm at room temperature, using In,05 [33] or
MoO; [34] with these flower-shaped MoS, improves the sen-
sitivity of detecting the NO, to 20% and 33.6%, respectively.
These reports demonstrate the potential of flower-shaped
MoS, nanoparticles while representing the importance of
combining them with the other materials. These reports also
revealed that transfer of charge from gas to MoS, is large,
but the transfer of electric charge to the electrodes is not
proper. While the detection is good in MoS, theoretically,
the experiments do not show such a thing, which relate to
lack of proper transferring electric charges to the electrodes.
Adding a material that both detect NO, and also can transmit
charge to the electrodes properly may improve the sensi-
tivity and gas detection of the flower-shaped MoS,. Using
GONRs with MoS, may act adequately as a solution for
such a problem.

First, we consider the GONR thin film to detect the low-
level NO, gas molecules in the static environment at room
temperature. Then, by combining theoretical and experimen-
tal investigations, the adsorption mechanism was studied.
To assess the effect of MoS,—GONR heterojunction in con-
structing gas sensors, decorated GONRs with flower-shape
MoS, nanospheres have been used to detect NO, gas mol-
ecules. Using a Density Functional Theory (DFT) simulation
model, the mechanism of such detection is investigated.

2 Materials and methods
2.1 Graphene oxide nanoribbon preparation
GONRs were synthesized via longitudinal unzipping of

MWCNTs, as previously reported [18]. In short, a 300 mg
portion of MWCNTs (Neutrino Co.) was dispersed in H,SO,

(72 mL) and stirred for an hour. Then, 8 mL of phosphoric
acid (H;PO, 85%) with KMnO, (8 wt%, 2.4 g) was added to
the solution while stirring continued for 15 min. Next, the
solution was kept at 65 °C for 2 h. At this point, the black
solutions turn into dark brown. Finally, the solutions were
centrifuged, washed, and dried.

2.2 Synthesis of MoS, nanosphere

The detail of synthesizing MoS, nanospheres composed of
few-layer sheets was reported before [35]. First, a mix of
0.15 g MoO; powder and 0.13 g thiourea with 40 mL deion-
ized water is stirred for half an hour. Then, the result solution
was kept at 200 °C for 32 h in an autoclave. Finally, the black
product is filtered and washed several times to reach proper
MoS, nanospheres.

2.3 Characterization

The Bruker D8 Advance X-Ray with a CuK source (wave-
length A=0.154185 nm) was used to obtain X-ray diffrac-
tion (XRD). Sample morphology was characterized by trans-
mission electron microscopy (MIRA3). The Fast Fourier
IR spectrum is obtained using TENSOR II-Bruker FITR.
Field-emission scanning electron microscopy (FE-SEM, TE-
SCAN, MIRA3) was used to characterize sample morphol-
ogy. The Raman characterization of thin-film layers is done
using TEKSAN FirstGuard Raman Analyzer with 532 nm
laser beam wavelength.

2.4 Device fabrication

For the sensor fabrication, a <100> p-type silicon has been
used with a 200 nm silicon oxide layer as substrate. First, the
substrate was clean from undesirable surface contaminants
using isopropyl alcohol. Then, the combed shape electrodes
were fabricated using a 150 nm gold layer with 2 nm Ti sput-
tered using a shadow mask on the surface of the substrate.
Finally, the dispersed solution of GONR (0.1 mg/mL) was
drop cast on the comb shape electrodes and heated till dry.
For the construction of MoS, nanospheres @ graphene oxide
nanoribbons thin film, MoS, suspension with a concentra-
tion of 1 mg/mL was cast on the dried layer of GONR thin
film. The inset of Fig. 1 shows the schematic and the actual
sensor before and after the final drop cast.

2.5 Gas sensing

The gas-sensing characteristics of the samples perform
using a homemade setup, as shown in Fig. 1. The gas con-
centrations were controlled by changing the mixing ratio of
examined gas and N, regulated by two Alicat Scientific mass
flow controllers. Both gases were mixed in the gas mixer
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Fig.1 The schematic diagram of the gas sensing setup. The inset
shows the schematic of the fabricated gas sensor and the final sensor

and entered the sensing chamber. A constant bias voltage
of 0.5 V is applied to the designed sensor, and electrical
resistance is measured by a proper multimeter. The chamber
is designed, so the tested sensor is in the temperature range
of 23-25 °C with humidity in a 5-7% environment. To test
the sample toward different gas molecules, first, the cham-
ber is flushed with dry-N, gas to clean it. Then, the sensing
chamber is filled with dry-N2, and the sensor is rested for
10 min. in it. Next, the tested concentration of examined
gas enters the chamber for the requested time as described.
Finally, dry-N, is used for the recovery of the sensor. A sim-
ple circuit using proper series resistance is used to detect the
sensor's resistance. Special care must be done on the electric
current through the sensor, since an increase in the elec-
tric current may increase the temperature of the GONR thin
film and affect the results. The chemoresistance response is
defined as follows:

R .
% x 100. (1)

air

Sensor Response =

In Eq. 1, R, and R, are the resistance of the designed
sensor before and after exposure to the target gas molecules,

respectively.

3 Simulation

Density functional theory was used to simulate the electri-
cal characteristic in this study as implemented in the well-
known Siesta package [36, 37]. The Generalized Gradient
Approximation with a Perdew—Burke—Ernzerhof correlation
function was considered as exchange correlation. In addi-
tion, double-{ polarized basis set are used for all atoms with
a 75 Ry mesh cut-off [38]. The k-point samples are set to
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Fig.2 The XRD of MWXCNT and GONRs in black and red curves,
respectively

1x1x40 after the proper converge test. The most stable
structures were found after optimizing till the force on each
atom was lower than 0.01 eV/A. The Grimme-DFT-D2
method used to consider van der Waals interaction effects.

It is still a challenge to propose a reliable model for under-
standing all the properties of graphene oxide nanoribbon.
However, the model presented herein is maybe adequate for
understanding the process of experiments done in this paper
for gas sensing. A supercell containing six primitive unit
cells of the zigzag GNR with the width of 7 is considered
with hydrogen atoms at the edges. Then, a random genera-
tion code decided to change the bonds for each atom into
different choices. These choices are to leave the bond intact,
the vacancy defects (remove the atom), the oxygen bond,
and —OH or —-COOH groups. Then, optimized till the relaxed
structure of GONR was achieved. Then, different sites are
considered for the adsorption of NO, molecules.

To model MoS, nanospheres, a circle shape is selected
from a multilayer supercell of MoS,, transferred on the men-
tioned GONR to form a local heterostructure, and optimized.

4 Results and discussion

4.1 Characterization of GONRs

4.1.1 XRD of GONRs

The XRD of pristine multi-wall carbon nanotubes (MWC-
NTs) used for the synthesis of GONRs is shown in Fig. 2.
In the XRD pattern of MWCNTs, a clear diffraction peak

is observed at 26.1°, which relates to the characteristic
(002) stacking peak corresponding to a d-spacing of 3.41 A
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between graphene sheets. The broad diffraction peak that
appeared at 43.45 degrees is related to (100) stacking. After
the longitudinal unzipping process, the (002) characteristic
peak shifted to much lower 26 values of 10.31° (related to
a d-spacing of 8.65 A) along with an evident broadening in
the peak that shows the efficiency of the unzipping process
and successful exfoliation of MWCNTS [39].

Another broad diffraction peak is in the XRD plot of
unzipped carbon nanotubes (appeared at 43.45°) which
shifted to 20° lower in the case of GONRs. This shift to
lower intensity is related to the functional oxygen group
bonded to the GONR sheet that led to an increase in the
interlayer spacing of the graphitic structure [40, 41]. The
Raman spectroscopy of MWCNTSs and GONRs confirm
these results, as shown in Supplementary S1.

4.1.2 TEM of GONRs

TEM images were obtained by drop-casting of a dilute solu-
tion of GONRs dispersed in DI water on the surface of a Cu
grid with an electron beam of 300 kV. It is hard to distin-
guish between unzipped GONR and MWCNTs in the TEM
image [38]. Hence, a figure to show the partial unzipping
is considered to help such determine, as shown in Fig. 3.
From the TEM images, the narrow graphene oxide nanorib-
bons formed via the longitudinal unzipping process are seen.
The width of synthesized GONRs is 30-50 nm with a few
micrometers in length.

4.2 Characterization of MoS, sphere
4.2.1 XRD analysis
Figure 4 shows the XRD of the as-synthesized MoS, nano-

particles black powder. The two weak, broadband diffraction
peaks at 33.2° and 58.5° are related to the (100) and (110)

Fig.3 The TEM image of unzipped carbon nanotube
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Fig.4 The XRD of synthesized flower-shaped MoS, powder

peaks of pristine 2H-MoS, (JCPDS Card no. 73-1508). The
diffraction peak in 14.5° is related to the periodic sequence
of the MoS, layer in C axes which is a van der Waals bond.
The shift in this peak may be related to the intercalation cre-
ated during the fabrication process. This phenomenon can
be helpful in further intercalation of gas molecules within
MoS, edge bonds and improve its gas-sensing properties.

4.2.2 SEM

The morphology of MoS, nanoparticles was investigated
using scanning electron microscopy (SEM), and the image
is depicted in Fig. 5. Considering the SEM image, the MoS,
nanoparticles were formed from stacked MoS, nanosheets
with a thickness of almost 20 nm. Moreover, this observation
can further confirm the stacking effect observed in the XRD
pattern of MoS, nanospheres.

4.3 Characteristic of final gas sensor
4.3.1 The FTIR

Figure 6 shows the FTIR of the pristine GONR compared
with the MoS, nanospheres @ GONRs. There are few reso-
nance frequencies that excited and related to the MoS, and
its bonds. However, no excited frequency due to the bond
between MoS, and GONR can be seen, which shows that
the van der Waals interaction are activated in the thin film.

4.4 Gas sensing of pristine GONR

The average resistance of the thin-film GONR used as the
gas sensor is around 35k€2 with excellent stability in the
air, as shown in Supplementary 2. The sensitivity vs. time
of the pristine GONR thin-film sensor toward ten ppm of
NO, gas is illustrated in Fig. 7a. The characteristic signals
were systematically recorded in an air atmosphere at room
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Fig.6 the FTIR of the GONRs and MoS, nanospheres @ GONRs

temperature. When NO, was entered into the testing cham-
ber, the sensor resistance decreased and a response value
of approximately 33% was obtained for 10 ppm of NO,. As
the gas was exhausted from the chamber, the sensor almost
returned to its initial values and was ready for the following
gas-sensing sequence.

In addition, the response of the gas sensor toward lower
and higher concentrations of NO, is also investigated and
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Fig.7 The device response of thin-film GONR sensor vs. time toward
a 10 ppm of NO,, and b 5, 10, and 20 ppm of NO,

Table1 The sensitivity of the GONR thin-film gas sensor toward
defined concentration (in ppm) of different dry gas molecules (25 °C,
5% humidity)

Gas H,S Co, NH,; H, CH,

Sensor response 10 7 9 5 5
%

ppm 10 10 20 100 100

shown in Fig. 7b. The sensitivity toward 5 and 20 ppm of
NO, is almost 18% and 76%, respectively. These results indi-
cate a nearly linear response with a slope of 3.4, which was
successfully used to predict the unknown concentration of
gas in the chamber (Fig. 12c¢).

Table 1 shows the response of the pristine GONR gas
sensor toward gas molecules other than NO,. The sensitivity
even for much higher concentration of different gas mol-
ecules is minimal.
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4.5 Gas sensing mechanism of pristine GONR thin
film

Regarding the response of the gas sensor toward NO,, two
distinct effects can be seen. First is the mechanism that led
to the fast response of the gas sensor as the NO, molecules
enter the chamber, and the second one is the slow exponen-
tial shape response. The first mechanism is slightly reduced
in each run, while the second one did not show the same
trend. To understand the mechanism, a very high concen-
tration of gas was exposed to the gas sensor, and after 3 h,
the response toward 10 ppm NO, was studied. In this case,
only the second mechanism can be seen. Such an experi-
ment shows that the first mechanism may be related to the
structural defects of the system that naturalized with NO,.
Considering its moderately strong bond, it cannot be reacti-
vated at room temperature.

Figure 8 illustrates the FTIR of thin-film GONR before
and after exposure to NO, gas. The broad peak that appeared
in 3190-3680 cm™! is related to COOH and -OH groups,
which shows the presence of oxygen functional groups on
the basal and edge planes of GONR. After exposing the
sample to NO, gas, two peaks with high intensity appeared
in the range of 1000—-1400 cm™~!. The peak at 1329 cm™!
and 1080 cm™! is related to symmetric stretching of NO,
at the defect sites and the C-N bond, respectively. Consid-
ering these differences after exposing the sample to NO,
gas molecule, we can conclude that the nitrogen in NO, is
occupied the defect sites on the GONR along with van der
Waals interaction with the surface, which confirms two main
mechanisms proposed for the detection of nitrogen oxide on
the GONR thin layer.

98:
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Fig.8 The FTIR spectrum of thin-film GONR sensor before and after
exposing to NO, in red and blue, respectively

In general, the Raman spectroscopy of graphene (oxide)
nanoribbon is very similar to defected graphene (oxide) [42].
The GONR’s Raman spectrum consists of two prominent
peaks known as D and G. The G band is originated from sp>
hybridization of carbon atoms inside the hexagonal struc-
ture of GONRs, and the D band is related to the sp and sp>
hybridization and arose from the defects. The existence of
the D band (Fig. 9) confirms the presence of defect sites in
the basal plane of GONRs produced via the unzipping pro-
cess of CNTs. In addition, it can reflect the reality of a high
number of edge atoms [18]. The oxygen breaks the graphene
hexagonal shape, and the G band is broadened, as seen in
the GONR sample. By exposing the sample to NO,, the G
peak is shifted to lower values which can be resulted from
two main reasons: first, the removal of the oxygen from the
sample, which led to "self-repairing" of the carbon hexago-
nal structure, and second, due to the doping of the system
with nitrogen [43]. It is reported that the intensity ratio of
D:G peaks can be an effective tool to demonstrate the defect
ratio in the carbon structures; such ratio is increased from
0.83 to 0.9 after exposure to the NO, molecules. This incre-
ment may be considered as the introduction of defects due to
nitrogen atoms [43], or it may relate to the removal of oxy-
gen from the thin layer that led to a decrease in the average
size of the sp? domains with high intensity in the GONRs
[44]. Some explanations of the affectivity of the D:G ratio
and its relation to the defects can be found in the previous
studies [42].

After exposing to NO, molecules, a change observed in
the defects of the GONRs, which may relate to the replacing
of C—C or C-O with C-N bonds that shifted the D peak [43].
Based on what had been discussed, it may be concluded

250 g T g T y T E T g T E T
before NO, ||
after NO,

200

[
E 1504 4
e
wn
=
2
E 100+ .

500 1000 1500 2000 2500 3000

Raman Shift cm™

Fig.9 The Raman spectroscopy of thin-film GONR sensor before
and after exposing to NO, gas molecule in red and blue, respectively
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that as the GONRs are exposed to the NO, molecules, and
the nitrogen may remove the oxygen functional groups and
simultaneously replace them at the defect centers of GONRs.
Such results are in good agreement with our previous discus-
sion on FTIR results.

4.6 Simulation

As mentioned earlier, proposing a proper model shows all
the characteristics of GONR are still challenging. How-
ever, it seems that our homemade random model genera-
tor can correctly show the main properties of GONRs.
To optimize the NO, molecular adsorption on GONR,
different possible adsorption sites are considered. These
adsorption sites were on the carbon, the oxygen, the
—COOH, and the bridge between these sites. The most
stable adsorption site is defined by considering the mini-
mum total energy.

Figure 10a shows the optimized GONR with NO,. As
can be seen, the NO, molecule is bonded through one of
its oxygen molecules to the carbon site. The bond length
is 1.46 A from the carbon to the oxygen, while the carbon
to the nitrogen bond is 2.5 A. As displayed in Fig. 10b,
the electron density changes are illustrated from blue to
red that indicates a gradual increase in electron density. A
good electron polarization between NO, molecules and the
GONR is observed which indicates partial charge transfer.
Such transfer of charge may consider as the main reason
for altering the current—voltage characteristic. Also, it rep-
resents the weak bond between NO, and GONR that can
break easily, which agreed with reversible attitude of cur-
rent—voltage characteristic in the presence and absence of
the NO,.

The optimized NO, molecule on defected GONR is
illustrated in Fig. 10a. As can be seen, nitrogen atoms can
form a strong covalence bond with carbons at the place

Fig. 10 a The relaxed structure and b electron density of GONR after
NO, adsorption. The black, red, white, and blue balls are the carbon,
the oxygen, the hydrogen, and the nitrogen atoms, respectively

@ Springer

Fig. 11 a The relaxed structure and b electron density of defected
GONR with NO, adsorption. The black, red, white, and blue balls are
the carbon, the oxygen, the hydrogen, and the nitrogen atoms, respec-
tively
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of defects. Such a strong bond can alter the charge den-
sity as seen in differential electron density in Fig. 11b,
which further confirms the transfer of charge at the defect
sites. Such a charge transfer can modify the current—volt-
age characteristic, while the formed strong bond made it
almost impossible to perform reversible responses at room
temperature.

In short, the simulation results demonstrate the possibility
of two mechanisms in detecting NO, as also achieved in the
experiment. The defect sites act as a trap to perform irrevers-
ible charge transfer, while the pristine sites can adsorb the
NO, in the chamber in a reversible manner.

4.7 Gas sensing of GONR decorated with MoS,
nanospheres

The dynamic sensitivity versus time is illustrated in
Fig. 12a for the thin film of GONR decorated with MoS,
nanospheres. As 10 ppm of the NO, molecules were
introduced into the testing chamber, the sensor resistance
decreased immediately, and showed almost 250% sensitiv-
ity at room temperature. By exhausting the gas flow from
the chamber, the sensor resistance changes to its initial
condition and became ready for the next gas exposure step.

The response of the gas sensor toward lower and higher
concentrations of NO, is also investigated and shown in
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Fig. 12 The device response of thin-film GONR sensor decorated
with MoS, nanospheres vs time toward a 10 ppm and b 5, 10, and
20 ppm of NO, at room temperature. ¢ The device response vs. NO,

concentration in ppm for GONR (black) and GONR-MoS, samples
(red). The dark circle and square are first predicted, and then tested to
show the accuracy of fitting lines

@ Springer



523 Page100f13

M. Rigi Jangjoo, M. Berahman

Fig. 12b. The characteristic responses obtained for 5 and
20 ppm of NO, were almost 100 and 330%, respectively.
Modeling such response with a linear approximation of
slope 20.1 and we can predict the unknown concentration
of NO, in the chamber, as shown in Fig. 12c.

Compared with a similar situation for pristine GONR
(Fig. 7), it is undeniable that MoS, nanospheres significantly
improved the sensitivity toward the NO, gas molecules.

Table 2 shows the response of the MoS,~GONR thin-film
gas sensor toward other gas molecules, at room temperature.
In comparison with pristine GONRs, the MoS, nanospheres
improved the sensitivity toward all tested gases, while the
selectivity toward the NO, is still appropriate.

4.8 Mechanism of gas sensing of MoS,-GONR thin
film

From Fig. 11, only one dominant process in the system
is activated with NO,. This process can be referred to the
surface-to-volume ratio of the MOS, and the defects inside
it. Such a high surface-to-volume ratio, can ease the charge
transfer from NO, to MoS, [30]. The charge transfer from
MoS, toward NO, has altered the Schottky barrier between
MoS, and GONR and leads to remarkable sensitivity toward
NO, gas molecules.

The defects, which are formed during the synthesis pro-
cess, can be considered as active sites for detecting gas mol-
ecules. Few of these mentioned sites in MoS, and GONR are
neutralized with the Nitrogen atoms, which slightly dimin-
ish the sensitivity of the gas sensor after repeating the gas-
sensing cycles, as clearly seen in Fig. 11a.

Simulation can be considered helpful approach to
enlighten our perspective on the adsorption process of NO,
molecules on the surface of the modified electrodes. The
circle-shaped MoS, is optimized and then transferred to
the top of the GONR model. Next, the NO, was applied on
the surface of MoS, at different places and fully optimized.
The result is shown in Fig. 13a and the projected density
of the state is shown in Fig. 13b, c, with and without NO,,
respectively.

The optimized structure is shown in Fig. 12a. As can
be seen, charge transfer occurs at the positions where NO,

Table 2 The sensitivity of MoS,—~GONR thin-film gas sensor toward
defined concentrations (in ppm) of different dry gas molecules
(25 °C, 5% humidity)

Gas H,S CO, NH; H,
Sensor response % 121 76 71.5 55.3
ppm 10 10 20 100

@ Springer

molecules approach the MoS, surface. The bonds are formed
at the defect sites, but the possible sites are the van der Waals
charge transfer. These findings are in good agreement with
the obtained experimental results.

In the case of the MoS,—~GONR system, the Schottky
Barrier Height (SBH) is defined as the energy difference
between the minimum conduction band (E,) of MoS, and
the Fermi level (£;) [45]. Figure 13b, c displayed, the SBH
of the sensor is almost 0.007 eV and 0.004 eV before and
after NO, gas molecules, respectively. This change in the
SBH shows that charge transfer from MoS, toward NO,
is altering the barrier between GONR and MOS,, and
may lead to a change in the transport properties, which
is in confirm with our experiments. In parallel with the
experimental outcomes, for MoS, nanospheres @ GONRs,
only one primary mechanism was observed in simulation
results.

In summary, the high surface-to-volume ratio provided
by MoS, nanospheres on the surface of GONR improves the
charge transfer between the sensor and the NO, molecules
in the chamber, which alters the SBH between GONR and
MoS, that consequently results in considerable sensitivity
toward nitrogen dioxide gas molecules.

Table 3 compared the results of this paper with similar
reports. As can be seen, the combination of GONR and
MoS, improves the sensitivity of the flower-shape MoS, in
gas sensing.

5 Conclusions

The GONR thin-film and MoS, nanospheres@GONRs are
introduced for detecting NO, gas molecules in low con-
centration, at room temperature. Narrow graphene oxide
nanoribbons were utilized to modify combed shape gold
electrodes on the silicon substrate. The MoS, nanospheres
were synthesized through a hydrothermal route and used
for GONR decoration by drop-casting on the GONR thin
film. The pristine and decorated GONR thin film can detect
10 ppm of NO, with 33% and 250% sensitivity, at room
temperature, respectively. By combining density functional
theory along with XRD, TEM, SEM, FTIR, and Raman
spectroscopy analysis, the mechanism of gas sensing was
studied. It has been shown that detection in pristine GONR
is almost due to the adsorption of gas molecules at the defect
sites and charge transfer, while the change in the Schottky
barrier is the dominant effect in the GONR-MoS, sensor.
Our results show that the MoS, nanospheres @GONRs are
good candidates for detecting the low concentration of nitro-
gen oxide at room temperature.
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Fig. 13 a Optimized model for
MoS,~GONR in the presence
of NO,, b projected density of
state for MoS,—~GONR, and ¢
projected density of states for
MoS,~GONR in the presence
of NO,. The black, red, white,
blue, yellow, and light-blue
balls are the carbon, the oxygen,
the hydrogen, the nitrogen, the
sulfur, and the molybdenum
atoms, respectively
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Table 3 The sensitivity of this

S Sample NO, concentration (ppm) Sensitivity (%) Tempera-
study compared with similar ture (in
flower-shape °C)

GONR 10 33 RT
GONR-MoS, 10 250 RT
Flower shape MoS, [32] 10 10 100
Flower shape MoS, with In,05[33] 10 20 RT
Metal-doped MoS, flowers [46] Not main gas 7 RT
10
MoS,-MoO;-microflower [34] 10 33.6 RT
GONR-ZnO [27] 50 18 RT

Supplementary Information The online version contains supplemen-
tary material available at https://doi.org/10.1007/s00339-022-05605-x.
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