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ARTICLE INFO ABSTRACT

Keywords: The present paper reports the successful detection of NO, using the hydrothermally synthesized SnO,/RGO
Sn0O,/RGO nanohybrids. The nanohybrids successfully detected NO, below its threshold limit value (TLV) with a minimum
Nanohybrids detection limit of 0.5 ppm. The 3-fold sensor response (Ry/R,) was obtained towards 3 ppm of NO, at an op-

Chemiresistive sensors
Elovich model
NO, sensor

erating temperature of 200 °C. Importantly, the nanohybrids exhibited faster response kinetics. For example, the
response and the recovery times of 10 and 40 s, respectively were obtained for 1 ppm NO, exposure. In nano-
hybrids, the particle size of SnO, is ~5-7 nm which is comparable to twice of its Debye length (3nm) and
accordingly, benefits the charge transport and the sensor response. NO, adsorption on the sensor surface is
further studied using the Elovich model. The obtained results were further corroborated with the observations
from X-ray photoelectron spectroscopy (XPS) and Kelvin probe studies performed before and after exposure to
NO,. The considerable long-term stability and selectivity indicate that the developed sensor can find a promising
application in NO, detection.

1. Introduction

The development of industrial centres in urban areas effectively
concentrates the environmental hazardous gases such as benzene, ni-
trogen oxide, carbon monoxide, ozone and particular matter (PM, s)
[1]. As per the World Health Organization (WHO) around seven million
deaths have been reported globally due to adverse air pollution [2]. For
the developing countries like India, the pollution at major cities like
New Delhi and Mumbai is at an alarming concentration and needs to be
addressed urgently. Heavy transportation in these cities is considered to
be the major source of air pollution. Of the various pollutants, nitrogen
dioxide (NO,) is a strong oxidizer and has adverse effect on both wild
life and human. In particular, it is one of the major pollutants re-
sponsible for the ozone layer depletion and acid rains. Further, NO, is
known to give finger prints for the chronic obstructive pulmonary
diseases (COPD) and thereby its trace amount detection in medical
fields is highly desired. Its threshold limit value (TLV, indoor) as stated
by the Occupational Safety and Health Administration (OSHA) is 5 ppm
[3]. Besides, for NO, the short-term (STEV, 15 min) and long-term ex-
posure value (LTEV, 8h) are 5 and 3 ppm, respectively as stated by
ACGIH (American Conference of Governmental Industrial Hygienists
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also known as Association Advancing Occupational and Environmental
Health). Accordingly, detection of NO, below this concentration is of
prime need. Various detection approaches namely optical [4], fluores-
cence [5], and electrochemical [6] have been attempted for the trace
amount NO, detection. But most of them are either bulky in nature or
often time-consuming. Being lighter in weight and possibility of quicker
detection suggests chemiresistive gas sensors to be the best alternative.
Besides they offer numerous advantages like real-time detection, ease of
operation, miniaturization, and overall cost-effectiveness [7,8].
Several metal oxide semiconductors (MOS) along with the in-
organic/organic or inorganic/inorganic nanocomposites like ZnO-RGO
(Reduced Graphene Oxide), ZnO-MWCNTs (Multiwalled Carbon
Nanotubes) and NiO-CuO have been reported for the chemiresistive gas
sensing application [9-11]. Most of the MOS showed good sensor re-
sponse at higher operating temperatures as it provides more energy to
accelerate the charge carriers between the analytes and the sensing
material. Incorporation of noble metal as sensitizers has been reported
to be an effective way for enhancing the sensing properties of semi-
conductor gas sensors [12,13].The noble metal doped SnO,/RGO na-
nohybrids have also been reported for the detection of VOCs (volatile
organic compounds) with improved sensor characteristics as compare
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Fig. 1. (a) Table-top static gas sensing unit used for the sensing measurement, (b) magnified image of the test chamber showing the seven-sensor head on which the
individual sensors can be mounted, and (c) photograph of the sensors deposited on to the glass substrates with gold electrodes.
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Fig. 2. (a) XRD pattern of graphite, graphite oxide, RGO, and (b) effect of annealing temperature on the XRD pattern of SnO,/RGO nanohybrids.

to that of the pristine one [14,15].

The sensitivity has a strong dependence on the oxygen adsorption
taking place on the sensor surface. The sensing mechanism basically
includes the change in electrical resistance as a result of oxidation/re-
duction processes occurring on the sensor surface due to adsorption/
desorption of analytes [16]. Among the reported MOS, SnO, an n-type
semiconductor having a band gap of 3.6 eV (300K) is widely studied
[17]. Its inherent non-stoichiometry and ease of adsorption of oxygen
on the surface has resulted in sensors that are highly sensitive towards
various analytes. But numerous drawbacks such as low sensitivity, slow
response/recovery rate and high-power consumption due to operation
at elevated temperatures have restricted its utility. Current research is
focused on the sensitivity/selectivity enhancement and lowering of
operating temperatures via the use of nanostructures, their functiona-
lization and doping [18,19]. In particular, use of nanohybrids em-
ploying functionalized carbon materials such as graphene, carbon na-
notubes and nanodiamonds have resulted in an improved response
characteristic.

Among these carbon nanomaterials, graphene is the most desirable
one, due to its high surface area to volume ratio, high charge carrier
mobility (200,000 cm?/V's at room temperature), good mechanical
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strength and the possibility to detect single molecule adsorption/des-
orption. The presence of oxygen moieties such as epoxides, alcohols,
and carboxylic acids gives the chemically derived graphene/RGO dif-
ferent chemical structures. In GO, these different oxygen functional
groups result in electrically insulating behaviour. Chemical reduction
results in the removal of oxygen functionalities and restoration of
aromatic sp? hybridized carbons. The chemical reduction method does
not yield pure graphene, as some of the oxygen groups still attached to
the basal planes and at the edges. Thus, RGO is conducting with che-
mically active defect sites making it a promising active material for
sensor application. Further, its chemical functionalization with metal
and metal oxide nanoparticles could readily allow low concentrations
detection of numerous analytes. Although various metal oxide/RGO
based nanohybrids have been reported, the detailed investigation and
correlations between theoretical and experimental approaches in gas
sensing mechanism are still needed to be established.

Gas sensing is a surface phenomenon wherein the top 5-10 nm of
surface plays a crucial role in the governing sensing mechanism. In
semiconductors, the surface chemistry of physisorbed ions (0?~or O ™)
affects the band bending model and predicts the dependency of steady-
state sensor response and temperature. The surface properties can
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Fig. 3. (a) Raman spectra of graphite, graphite oxide, RGO and (b) comparative Raman spectra of un-annealed and annealed SnO,/RGO nanohybrids at 330 and
415 °C, respectively, (c) Raman spectra for different Sn/GO ratio in nanohybrids.

Table 1
Relative Ip/Ig ratio of SnO,/RGO nanohybrids.

Sr. no. Samples D-band G-band In/Ig Defect density, ng
(ecm™  (em™YH (ecm™3?)
1. Graphite 1326 1560 0.25 1.62 e*°
2. Graphite oxide 1326 1585 1.24 4.00 e*!
3. RGO 1326 1572 0.96 2.40 e*!
4. $n0,, RGO 1352 1599 1.67 7.26 e
5. Sn0,,RGO (330 °C) 1348 1604 0.99 2.55 e
6. Sn0,,RGO (415°C) 1350 1604 0.90 2.11 "
7. $n0,,RGO-1 1342 1603 1.72 7.70 e
8. $n0,,RGO-2 1342 1599 1.88 9.20 e™

further be controlled or monitored by engineering of Fermi level, work
function, ionization energy/electron affinity, charge carrier injection
and transport. Kelvin probe is one such technique that allows the
monitoring of variation in the work function induced in the sensing
layer upon gas interaction. This can be further used to determine the
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surface band bending. In the present work, an NO, sensor is realized
exploiting the advantages offered by SnO, and RGO in a nanohybrid
film form. The developed nanohybrid responded reversibly towards
NO, at 200 °C. Moreover, the NO, adsorption kinetics is investigated
using the Elovich model, pseudo second order equation and the un-
derlying sensing mechanism is established with the help of results ob-
tained from gas sensing, XPS and Kelvin Probe studies.

2. Experimental section
2.1. Synthesis of graphene oxide and SnO,/RGO nanohybrids

Graphite oxide was synthesized using a modified Hummer's method.
To obtain the graphene oxide (GO), the graphite oxide was dissolved in
distilled water (2 mg/ml) and subjected to ultrasonication for 3 h. The
obtained GO suspension was then used for the synthesis of SnO-RGO
nanohybrids via hydrothermal route. For this, polyethylene glycol (1 g)
and stannous chloride (SnCl4.5H,0, 2.1 g) were dissolved in solution
mixture (GO/Ethanol, 2:1 vol.) and subjected to hydrothermal growth
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Fig. 4. TEM micrographs of RGO and SnO,/RGO nanohybrid (a, c), corresponding SAED pattern, (b, d), and (e, f) high-resolution TEM image of SnO,/RGO

nanohybrid.

at 180 °C for 7 h. The reaction mixture was cooled to room temperature,
centrifuged in ethanol and dried at 90 °C in an oven so as to obtain the
Sn0O,-RGO nanohybrids powder. For comparison, pure RGO was also
synthesized using a similar method but without the addition of stan-
nous chloride. The SnO,/RGO nanohybrids were synthesized in dif-
ferent compositions containing Sn/GO in weight ratios of 13.2, 15.6
and 18.7. These were named as SnO,/RGO, SnO,/RGO-1, and SnO,/
RGO-2, respectively.

2.2. Structural and morphological characterization

XRD measurements were carried out using Bruker AXS D8 Advance
X-ray diffractometer (CuKa, . = 1.5406 A). Raman measurements were

performed using Renishaw Raman spectrometer (laser source: 514 nm).
The morphological analysis was carried out using a transmission elec-
tron microscope (TEM) TECNAI G2 20 (operating voltage 80-300 keV).
X-ray photoelectron spectroscopy (XPS) measurements were performed
using Mg-Ka (1253.6 eV) source (RIBER system) and DESA-150 elec-
tron analyzer (Staib Instruments, Germany). The binding energy cali-
bration was carried out using the Au 4f;,, peak at 84 eV. Similarly, the
effect of NO5 on Fermi level and work functions were investigated using
the SKP Kelvin Probe 4.5 from KP Technology Ltd., UK [20]. The XPS
and Kelvin probe measurements were performed ex-situ [21,22]. For
this the sensor films were kept at an operating temperature of 200 °C in
the gas sensing unit and exposed to 10 ppm of NO, for 130 s (response
time). After the exposure, the sensor films were removed and
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Fig. 5. FTIR spectra of graphite, graphite oxide, RGO, and SnO,/RGO nano-
hybrid.

immediately kept on the cold surface at room temperature (25 °C). This
sudden quenching helps to arrest the chemical changes occurring on the
sensor surface due to interaction with NO, molecules. This is later
probed using the XPS and Kelvin probe studies.

2.3. Gas sensing measurements

Gas sensing measurements were performed using the indigenously
developed table-top static gas sensing unit, Model No. TPD-BARC-16CH
[23] as shown in Fig. 1. The unit is equipped with data acquisition and
gas sensing test chambers (250 ml) that can accommodate 7 individual
sensors. The unit can simultaneously measure/record the resistance of

Applied Surface Science 487 (2019) 918-929

the 16 sensing elements up to 1 GQ. For sensing measurements, the
sensing film was realized on to a glass substrate using screen printing
technique (Dr. Blade's method) followed by annealing at 415 °C for
3.5h. Gold electrodes were deposited on the sensor surface by thermal
evaporation technique (base vacuum: 2 x 10~ °Torr). All the sensor
films were deposited on to the glass substrate. Gas sensing measure-
ments were performed in the test unit which has provision to mount the
sensor substrate onto the alumina platform (containing heater and
reader assembly). The sensor response (SR) is calculated from the re-
sponse curves and using the equation;

SR = R,/R, @
where, R; and R, are resistances in test gas and ambient air, respec-
tively. The response and recovery times were defined as the time taken
by the sensor to reach 90% and 10% of final and initial values upon
exposure to NO, and ambient air, respectively.

3. Results and discussion
3.1. Structural and morphological characterization

XRD patterns of the graphite, graphite oxide, RGO, and SnO,/RGO
nanohybrids are shown in Fig. 2. For graphite, the intense diffraction
peak observed at 20 = 26.11° corresponds to (002) plane with d-spa-
cing of 3.41 A. The graphite oxide shows diffraction peak at 11.5° with
d-spacing of 7.69 A which indicates oxidation of graphite to graphite
oxide. Further, the broad diffraction peak between 20 and 26° is as-
signed to the (002) plane of RGO nanosheets with an interlayer spacing
of 3.73 A close to the d-spacing of graphite, suggesting a reduction of
graphene oxide. For SnO,/RGO nanohybrids the most prominent dif-
fraction peaks were indexed to the tetragonal structure of SnO,. It is
noteworthy to mention that the strong intense peak at 26.61° is due to
the (110) plane of SnO, overlapping with the (002) peak of RGO. The
presence of weak diffraction peak at 42.2° assigned to the (100) planes
of RGO confirms the formation of SnO,/RGO nanohybrids. An increase
in the annealing temperature leads to a decrease in the full width at half
maxima (FWHM, Fig. 2b) that suggests an increase in the crystallite
size.

The Raman spectra of graphite (Fig. 3) show the prominent
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Fig. 6. (a) Effect of operating temperature on sensor response of SnO,/RGO nanohybrid. Response curves recorded at an operating temperature of (b) 175, (c) 190,
(d) 200 and (e) 225 °C with an inset showing the saturation in sensor response upon exposure to NO,, and (f) variation in response and recovery times with operating

temperatures.
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Fig. 7. (a) Response curve recorded as a function of NO, concentration with an inset showing the response curves for the low concentrations of 0.5, 1.0 and 3.0 ppm
of NO, gas, (b) variation of sensor response with gas concentration, (c) selectivity histogram recorded for the 9 ppm of different gases, and (d) repeatability
measurement performed by exposing the sensor to 8 ppm of NO,. The inset shows the standard deviation in the sensor response for 8 consecutive cycles.

graphitic band (G-band) and D-band at 1560 and 1326 cm” Y, respec-
tively. In nanohybrids, the G-band shifting towards the higher wave-
number confirms the formation of nanohybrid/nanocomposite and an
electronic interaction between SnOj,and RGO nanosheets. From the
relative intensities of D and G-band, the defect densities have been
calculated and are shown in Table 1. It is observed that the graphite has
fewer defects as compared to that exhibited by nanohybrids and RGO.
However, in nanohybrids, the defect decreases after the post annealing
treatment corroborating the XRD findings. Fig. 3c shows the Raman
spectra recorded for the nanohybrids prepared using different Sn/GO
weight ratio of 13.2, 15.6 and 18.7, respectively. The peaks present
around 620 and 560 cm ! are assigned to the A;, vibration mode and
the surface phonon mode of SnO,. The Ip/I; ratio for these nanohybrids
was found to be 1.67, 1.72 and 1.88, respectively. This suggests that the
nanohybrids synthesized using Sn/GO ratio of 13.2 have minimum
defects. This further implies that the reduction in the structural defects
causes reduction in the scattering centres in the RGO. In view of this the
composition containing Sn/GO ratio of 13.2 was selected for all the
further measurements.

Fig. 4 shows the TEM micrographs of RGO and SnO,/RGO nano-
hybrids. The reduction of GO is known to cause a decrease in the
number of multilayer's (Fig. 4a). The hexagonal selected area electron
diffraction (SAED) pattern in Fig. 4b further indicates crystalline nature
of RGO. In nanohybrids, SnO, nanoparticles having a size of 5-7 nm are
found evenly distributed on the RGO nanosheets (Fig. 4e, f). The
combination of ring pattern and hexagonal bright spots in SAED pattern
(Fig. 4d) further confirms the formation of nanocomposites/nanohy-
brids.

Fig. 5 shows the FTIR spectra recorded for graphite, graphite oxide,
RGO and SnO,/RGO nanohybrids. Graphite does not contain any spe-
cial functional groups on its surface and accordingly, no prominent
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peaks are seen. The peak at 1698 cm ™! is ascribed to the skeletal vi-
brations of sp? hybridized carbon atoms in C=C of honeycomb lattice.
The oxidation of graphite, the absorption peaks due to C=O stretching
of COOH, C—O stretching, epoxy symmetrical ring C-O—C deformation
vibrations, phenolic C-O-H stretching getting incorporated in the gra-
phite can be seen from the peaks appearing at 1742, 1058, 1240 and
1400cm~' respectively. The broad absorption band at
3160-3635 cm ™~ ! is assigned to the -OH stretching vibration arising due
to the intercalated moisture content and the strong oxidation. The ab-
sorption peak at 1620 cm ™' represents the sp® character.

3.2. Gas sensing characteristics

Fig. 6 shows the response curves of the sensor film recorded towards
10 ppm of NO, at different operating temperatures. A good response
curve is evident at an operating temperature of 200 °C for which the
sensor response of 29 and response/recovery times of around 130/
140s, respectively were obtained. Although the nanohybrids exhibited
a maximum response at 175 °C with SR value of ~400, the noise in the
signal was observed to be large. The response and recovery times for
different operating temperatures are plotted in Fig. 6f. The improved
signal to noise ratio coupled with the faster response kinetics indicates
that the 200 °C is more suitable. It is noteworthy to mention that the
SnO,/RGO nanohybrids exhibited a drastic variation in the resistance
upon exposure to NO,. The indigenous test set-up namely the table top
static gas sensing unit is able to detect the resistance up to 1 GQ. For
higher values > 1 G there is a significant increase in the noise which
is evident in the Fig. 6b—e. This was also the reason to choose 200 °C as
the best temperature wherein the resistance change was in the accep-
table range of the instrument. An inset of Fig. 6e shows the saturation in
the response curve obtained upon exposure to NO,. Fig. 7 shows the
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Fig. 8. (a) Comparative response curves recorded for SnO,/RGO nanohybrids, pure SnO, and RGO films upon exposure to 6 and 10 ppm of NO, at 200 °C, (b) long
term stability performance of the sensor recorded over 45 days period and (c) response curves recorded on 1st, 25th and 45th day upon exposing the sensor film to
4 ppm of NO,.

Table 2
Comparison of SnO,/RGO nanohybrid sensor performance with the literature.
Sr. no Materials T (°C) SR Detection limit Range (ppm) Res./rec. time Ref.
1. Sn0,/RGO 75 Ra/Rg = 700 50 ppb 0.050-2000 11/6 min [24]
(1 ppm)
2. Sn0,/N-RGO RT 1.38 1ppm 1-5 45/168's [25]
(5 ppm)
3. 1GO-In,;03 74 1337 10 ppb 0-1000 208/516s [26]
(1 ppm)
4. NiO-rGO + SnO, nanoplates RT 62.27 5 ppm 5-60 220/835s [27]
(60 ppm)
5. ZnO/RGO RT 3.5 5 ppm 5-50 25/15s [28]
(5 ppm)
6. ZnO/RGO 300 46.41 1ppm 1-10 99/66 s [29]
(10 ppm)
7. Sn0O, 150 556 5ppm 5-100 ppm 100/48s [30]
(40 ppm)
8. WS,/WO3 150 10 40 ppb 40 ppb-1 ppm 5/10 min. [31]
(1 ppm)
. ZnO/MWCNT 300 R./R, = 1.025 (10 ppm) 1ppm 1-10 93.1/285.2's [32]
10. ZnO/RGO RT Ra/Rg = 9.61 5 ppb 0.005-0.5 4.3/4.8 min [33]
(at 50 ppm)
11. CVD graphene RT S =1.409 ppm~* 1 ppm 1-25 ppm Min [34]
(1-25 ppm)
12. NiO/CuO RT R./Rg = 4.3 1ppm 1-100 2s [35]
(at 100 ppm)
13. Sn0O,/RGO 200 R¢/R, = 4.56 0.5 ppm 1-9 10/20s Present Work
(4 ppm)
response curves recorded for different NO5 concentrations. Upon ex- over the range from 1 to 9 ppm of NO,. An exponential increase in
posure to 3 ppm of NO,, the sensor exhibited about 3-fold change in sensor response with gas concentration is observed. The selectivity
resistance. Fig. 7b shows the calibration curve for the sensor recorded histogram as depicted in Fig. 6¢ indicates that the sensor shows 30-time
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Table 3

Different metal oxides and their sensor response.
Sr.no.  Materials Nanostructure size (nm)  Debye length (nm)  Sensor response LOD (ppm) Res./rec. time (s)  Ref.
1. Au NRs/TiO, ultra-thin films (H,) at 250°C. 15 10 600% (100 ppm) 100 0.6/4 [43]
2. V: ZnO (acetone) at 300 °C. <9 20 95 (100 ppm) 100 46/79 [44]
3. ZnO NF (NOy) at 100 °C. 8 20 0.26(25 ppb) 0.025 178/374 [45]
4. ZnO (NO,) at 250 °C. 25-35 20 15(0.5 ppm) 2.5 4/242 [46]
5. SnO, NRs (ethanol) at RT. 40 3 0.87 (18 ppm) 3 - [471
6. ZnO NS (NO) at 180 °C. 20 20 19(100 ppm) 1 3/12 [48]
7. SnO,/graphene 4-6 3 100% (100 ppb) 5 ppb - [49]
8. Sn0,-RGO (NO,) at 200 °C. 5 3 4 (4 ppm) 0.5 10/100 Present work
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Fig. 10. Deconvoluted spectra of (a) Cls, (b) Ols and (c) Sn 3d peaks of SnO,/RGO nanohybrids.

better selectivity for NO, as compared to that of other analytes. To
check the repeatability, the sensor film was subjected to successive
NOycycles and the obtained response curves are shown in Fig. 7d. A
standard deviation of 0.27 in response measured over 8 cycles implies
an excellent repeatability of the nanohybrids. For comparison, the re-
sponse of pure SnO, and RGO were also recorded and are shown in
Fig. 8. As compare to pristine SnO, and RGO, the nanohybrids exhibited

enhanced response towards NO, implying the importance of the for-
mation of nanohybrids. The long-term stability of the sensor plays a
crucial role in its commercial acceptance and deploy-ability. Accord-
ingly, the response of the present sensor was monitored over a period of
45 days as shown in Fig. 8b. The variation in sensor response was found
to be < 7% implying good stability of the sensor. For better comparison
Fig. 8c shows the response curves recorded at 1st, 25th and 45th day.
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Table 4
Cls bond percentage of SnO,/RGO nanohybrid film.
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Table 5
The atomic percentage of SnO,/RGO nanohybrid film.

Cls Before NO, exposure After NO, exposure SnO,,RGO Before NO, exposure After NO, exposure
(at.%) (at.%) (at.%) (at.%)
-C=C 62% 53% Cls 17% 14%
-C-N/-C-OH 25% 37% O 1s 47% 46%
0-C=0 13% 10% Sn 3d 36% 36%
N 1s 0% 4%

Towards 1 ppm of NO,, the response and recovery times of SnO,/RGO
nanohybrids were found to be 10 and 20s, respectively. This faster
response kinetics is more effective over some of the reported ones as
depicted in Table 2 [24-35].

Although there are number of SnO,/RGO based gas sensors reported
in the literature, but, the effective sensor response, detection limit
below TLV and long-term stability makes the present nanohybrids more
effective, advantageous and acceptable for the commercial applica-
tions. For sensors those are reported to be working at room tempera-
ture, the slow response/recovery and chemical instability makes them
unsuitable for commercial deployment. Contrary, the present sensor
shows good response kinetics, excellent long-term stability and negli-
gible degradation in sensor response over a period of 45 days.

The NO, response kinetics of the nanohybrids was further in-
vestigated using the Elovich model. This model applies to the chemi-
sorption of the gas molecules on the sensor surface [36,37]. It states
that the adsorption probability of gas molecules on the sensor surface
decreases exponentially with a number of molecules already adsorbed
on the adsorbing surface. It is mathematically represented as;

0= %ln (@B) + éln ®) 2

where, 0 is the sorption capacity at time t, a is the initial adsorption
rate, (3 is the desorption constant [38]. As, AR is the change in re-
sistance with time t which is the result of sorption capacity of NO, on
the surface of SnO,/RGO nanohybrid, the applicability of Elovich

model can be studied by plotting the values of AR vs. In (t) for different
concentration of NO,. The present experimental data i.e., during the
adsorption of gas molecules (during response) for different concentra-
tions of NO, (Fig. 9) was studied. The validity of Elovich model is
confirmed using the linear fit. It is observed from the Fig. 9a, that at
lower concentrations the response kinetics of NO, follows the Elovich
model. As the concentration of NO, increased to 6 and 9 ppm, the
linearity starts to decrease. NO, response data is further studied using
the pseudo second order reaction equation given as,

t 1

t
+ —_
R,  kR? R, 3)

where, R; is the resistance at time t, k is the reaction rate constant
Q@ 's™1) and R, is the equilibrium resistance after exposure of NO,
[39]. The best linear fit for all the concentration is plotted in Fig. 9b.
The linear fit (R%0.9992-0.7732) for all the concentrations indicates
that the NO, adsorption follows the second order reaction kinetics. It
also supports the Elovich model which is also of second order. The si-
milar trend of Elovich model is also observed for 6 and 9 ppm where
linearity is found to be slightly decreased.

3.3. Sensing mechanism

As observed from TEM, the particle size of SnO, is ~5-7 nm which
is comparable to twice of its Debye length (3nm) and accordingly
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Fig. 11. Deconvoluted spectra for (a) Cls, (b) Ols, (c) Sn 3d, and (d) N 1s of SnO,/RGO nanohybrids after NO, exposure.
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Fig. 13. (a) Work function area map for SnO»/RGO nanohybrid, SnO, and RGO films, and (b) Variation in work function of SnO,/RGO nanohybrid upon exposure to

NO,, gas.

Table 6
Work function values of pristine and SnO,/RGO nanohybrid.

Sample Before NO, exposure After NO, exposure
SnO, 4.945 4.946
SnO,/RGO 5.306 5.345
RGO 5.340 5.354
400 2.5
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Fig. 14. Operating temperature versus change in surface band bending (qAVy)
of SnO,/RGO nanohybrid upon exposure to 10 ppm of NO,.

benefits the charge transport and the sensor response [40]. As per semi-
quantitative model the sensor response of the material increases when
the size of the material reduces to nano-dimensions and approaches its
Debye length [41,42]. An increase in the sensor response is mainly
ascribed to the high surface area to volume ratio coupled with the
charge screening effect on the sensor surfaces. In particular, the charge
transport across the nanograin results in fully depleted or accumulated
grains. Hence for any minor change on the surface charges causes a
drastic variation in the sensor conductivity. This mechanism is com-
monly referred to as a “grain-control mechanism”. Table 3 lists the
different nanoforms of ZnO, TiO, and SnO,, wherein the enhanced re-
sponse towards target gases was observed when the size was compar-
able to their Debye lengths. This further supports the present hypoth-
esis.

To elucidate the underlying mechanism, XPS measurements were
performed before and after NO, exposure. Fig. 10 shows the XPS
spectra recorded for SnO,-RGO nanohybrids. The C 1s spectrum is de-
convoluted into three peaks with binding energies (BE) values of 284.4,
285.8 and 288.8 eV corresponding to C=C, C-OH/C-N and O-C=0
functional groups, respectively. The O 1s peaks were also deconvoluted
into three peaks at BE values of 531.8, 532.5 and 533.8eV corre-
sponding to lattice oxygen, C=0 and C-O-OH, respectively. The Sn 3d
spectrum shows two peaks at 495 and 486.5 eV attributed to the Sn 3ds,
o and 3ds,», respectively. These peaks correspond to the characteristic
peaks of the bulk SnO, with a peak separation of 8.5 eV. As the BE for
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C—N bond overlaps with the C-OH bond, the chemical interaction of N
with carbon can be studied by considering the increased percentage of
C-OH bond upon exposure to NO,. As shown in Table 4 and Fig. 11, the
percentage of C-N/C-OH ratio increases after NO, exposure. Interest-
ingly, NO, exposure also causes an appearance of N 1s peak at 400.1 eV
having 10% atomic compositions as shown in Fig. 11d. The Ols spec-
trum also shows three peaks at BE values of 531.2, 532.3 and 533.5 eV
attributed to Sn-O/Lattice oxygen, O-C=0/C-O and C-O-C/C-O-OH,
respectively. The elemental composition for the present C, O and N is
given in Table 5.

SnO, is n-type and while RGO is p-type, hence in nanohybrids dis-
tribution of SnO, in the RGO matrix results in the randomly distributed
heterojunctions and the resistance modulation at the interfaces [50]. In
p—n heterojunctions, a potential barrier exists at the interface between
RGO and SnO, and is depicted schematically in Fig. 12. Herein the main
role of SnO, is as a receptor, anchoring the analytes on its surface, while
that of RGO nanosheets is to provide the excellent electronic conduc-
tion pathway. Gas sensing is a surface phenomenon and during sensing
the contribution of resistance change predominantly occurs at the
surface depth of 5-10 nm. Owing to the surface interactions the work
function changes are induced in the sensing layer and can easily be
measured using Kelvin probe technique. Fig. 13 shows the work func-
tion area map recorded for SnO,, RGO and SnO»/RGO nanohybrids.
The average work function values for all the samples have been tabu-
lated in Table 6. As also evident from Fig. 13 and Table 6, the work
function value for nanohybrids lies close to that of RGO. And upon
exposure to NO,, the work function of nanohybrids changes by
~39 meV. A relatively smaller change of 1 and 14 meV is obtained for
pure SnO, and RGO, respectively. This corroborates the observation of
higher sensor response for nanohybrid films.

The work function of the material is known to have two components
associated with it, and are given as;

¢ =qVs+x 4)

Here, qV; is the surface band bending and  is the electron affinity
[51,52]. The change in work function causes the corresponding varia-
tion in both surface band bending and electron affinity and is re-
presented as;

A = +qAV, + Ay (5)

Herein, the electron affinity is known to be a measure of surface
dipole moment [53,54]. For n-type SnO,, the surface band bending i.e.,
the heterojunction barrier can easily be calculated from the resistance
change arising upon exposure to test gas using;

qAV, = kT In (Rg/R,) (6)
While for p-type RGO it can be calculated using;
qAV, = —2KT In (Rg/R,) @

where, R, and Ry are the resistances of the sensor film before and after
NO,, exposure, q is the electronic charge, k is the Boltzmann constant
and T is the absolute temperature.

The surface band bending for pure SnO, and the SnO,/RGO nano-
hybrids was calculated using Eq. (6) and found to be 70 and 1392 meV,
respectively. While for RGO as no significant variation in resistance was
observed upon NO, exposure, the changes in the surface band bending
could not be determined. Putting these values in Eq. (5) the change in
electron affinity (Ay) for pristine SnO, and SnO,/RGO is found to be
around —69 and —1341 meV, respectively. Here, the negative signs
imply the decrease in electron affinity after NO, exposure and attrib-
uted mainly to the negative surface dipole arising due to the interaction
between NO, and sensor surface [55]. The Kelvin probe measurements
and the simplified form of Eq. (4) were also used to calculate the surface
band bending at different operating temperatures that significantly al-
ters the sensor surface. Accordingly, Fig. 14 shows the trend observed in
sensor response and qAV; with operating temperature, wherein the
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maximum is observed at an operating temperature of 175 °C. This im-
plies that the formation of the potential barrier at the interface between
RGO and SnO, and its variation with NO, exposure predominantly al-
ters/improves the sensor response.

4. Conclusion

In conclusion, the SnO,/RGO nanohybrids exhibiting excellent NO,
sensing characteristic has been successfully synthesized using the hy-
drothermal route. The nanohybrids are able to detect NOybelow its
threshold limit with a minimum detection limit of 0.5 ppm. The re-
sponse towards NO, obeys the second order reaction kinetics as per the
Elovich model. A plausible sensing mechanism is proposed based on the
sensing characteristics, Kelvin probe and XPS results before and after
exposure to NO,. The enhanced sensor response coupled with the ex-
cellent sensing characteristics namely faster response kinetics and long-
term stability demonstrates nanohybrids as an excellent NO, sensor.
Our results clearly indicate that the SnO,/RGO nanohybrids can be
looked upon as a potential candidate for NO, sensing application.
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