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Controlling the anatase TiOy based-rectangular nanoplates (NPs) with {001} faces have gained immense interest
in gas sensors applications, since the rectangular NPs of {001} planes are highly reactive for the adsorption of
oxygen species that led to significant improvement in gas sensing performance. In this work, we report on the
room temperature (RT) NO; gas sensing performances of hybrid nanocomposites with the interpenetrated
network using p-Phenylenediamine-reduced graphene oxide (PrGO) decorated TiO, NPs. The fabricated TiO2
NPs/PrGO heterostructure sensor demonstrated the superior NOy response (~14.9% to 100 ppm of NOg)
compared to TiO5/rGO and pristine TiO5 nanoplates. On the other hand, the TiO; NPs/PrGO heterostructure
device showed high sensitivity, repeatability and excellent selectivity with short response/recovery times to-
wards NOy gas at RT. Further, the performances of the TiO;NPs/PrGO gas sensor was accelerated by UV irra-
diation (A = 365 nm), and the response was found as ~35.68% to 100 ppm of NO at RT, which was ~2.35-fold
times higher than the dark condition. The high gas sensing performance would be attributed to the electrical
sensitization of PrGO and the ample interface between TiO2 NPs and PrGO that stimulated the charge separation
with faster charge transport characteristics. Our strategy and results shed new light to exploit diverse func-
tionalized materials to the high response gas sensors at RT.

1. Introduction

In recent years, the development of the smart gas sensors has become
increasingly important for various applications such as, environmental
pollution, health monitoring and safety of organic life [1,2]. Among the
various toxic pollutant gases, especially, nitrogen dioxide (NO3) is one of
the common poisonous and toxic pollutants in the atmosphere, which is
continuously being emitted from industries, automobiles, and coal
combustion exhaust and it is also well-known hazardous gas that causes
acid rain, which is harmful to the ecosystems [2,3]. Further, the precise
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monitoring of the NO; gas concentration in the breathing gas is essential
in the heart valve surgery and diagnosis of asthma disease and even
some times a few ppm concentrations of NO; lead to causes death [4,5].
Hence, the demand for cost-effective, highly sensitive, and reversible
NO, gas sensors operative at room temperature (RT) are crucially
important for environmental, civil applications and human health
[6-10].

Among the various metal oxide semiconductor-based nanostructure
such as SnOy, WO3, and ZnO, TiO; has gained great research attention
toward toxic gas detection owing to their unique advantages of a
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suitable band gap ~3.1 eV, high chemical stability, eco-friendly nature,
nontoxic, and cost effective [16-19]. Further, tuning of the morphology,
size, shape, crystal facets and surface properties of these materials have
shown significant influence on the gas sensing properties [11,18].
Moreover, the anatase phase of TiO, based nanostructure with (001)
facets has been widely used in gas sensing applications due to its high
surface reactivity, since the unsaturated coordinate atoms and dangling
bonds on (001) crystal facets, which greatly promotes the abundant
oxygen deficiency that enriches the surface adsorbed oxygen species,
further helps to enhance gas sensing performances [20]. However, the
long response/recovery times and low sensitivity at RT, which are the
bottlenecks for the practical applicability of TiO based gas sensors [17].
To overcome, these issues it is to be necessary that the incorporation or
integration of TiOy with the hybrid nanocomposite materials like gra-
phene compounds, polymers and metal nanoparticles, which have been
vastly considered to be an efficient approach to improve the gas sensing
fidelity [17,18,20]. Recently, two-dimensional reduced graphene oxide
(rGO) possessing reactive surface functional groups, high surface to
volume ratio good electrical conductivity, and rapid electron transport
kinetics, which has widely been utilized in NO, gas sensors [13-15].
However, plenty of oxygen functional groups in graphene allows the
compatibility with organic moieties like p-Phenylenediamine (PPD) that
would significantly improve the specific surface area and the conduc-
tivity [20]. In addition, PPD has been vastly used in different fields like
sensing, electroanalytical detection, and energy storage devices, etc. due
to their amine-rich functional groups [21,22]. Moreover, the
carbon-based nanomaterials permit the molecular hybridization with
PPD, which can obviously improve the sensitivity of the material that
makes it more active and quickly responds to target gas molecules with
high response. Hence, it is to be expected that the out coming composite
matrix of PPD-rGO (PrGO) with TiOz would effectively demonstrate
high conductivity, large surface area and abundant functional groups
among the hybrid nanocomposite [18,20]. Further, the face-to-face
contact of {001} faceted TiO5 nanoplates with PrGO nanocomposite
can generate a vertical heterostructure through Ti-O-C bonding that
enforces the swift migration of charge carriers and boosting up the
reactivity towards NO, gas molecules.

Usually, the TiOy-based hybrid nanocomposites require high work-
ing temperatures to boosting up the adsorption/desorption gas kinetics
[18]. However, the high operating temperature needs additional power
supply unit which increases the fabrication cost and sometimes led to
cause the ignition while detecting the flammable gas analytes that
propels the growth of thermally induced oxide grains over the sensing
material, which further deteriorate the sensor stability and hinders the
long-term drift [18,20]. In order to avoid these issues, Ultraviolet (UV)
light photo-activation is the finest strategy to stimulate the adsorp-
tion/desorption reactions on the metal oxide surfaces [18]. Since, the
UV light induces the generation of free charge carriers that further boost
up the electrical conductivity and enhance the desorption rate of gas
molecules from the -hybrid nanacomposite surface, resulting in a short
recovery time, good reversibility and high response to the NO; gas at RT.

In the present study, we demonstrated the successful fabrication of
hybrid nanocomposites of TiO3 nanoplates with (001) facets and PrGO
for the effective NO5 gas detection at RT. The NO, gas sensing perfor-
mances of the TiO2NPs/PrGO hybrid nanocomposite was studied under
UV light illumination, different temperature conditions and relative
humidity conditions as well. The-as prepared hybrid sensor showed a
significant gas sensing responses to the NO, gas at RT under UV light
which was ascribed to the synergetic effect of the hybrid nanocomposite
and the underlying gas sensing mechanism was explored using an energy
band diagram.

2. Experimental section

All the chemical reagents including Titanium butoxide (Ti(OBu)4),
hydrofluoric acid (HF), Graphene oxide (GO), and p-Phenylenediamine
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(PPD) were purchased from, Sigma-Aldrich (South Korea).

2.1. TiO NPs/PrGO nanocomposite synthesis

The synthesis of TiO, nanoplates were synthesized using hydro-
thermal process as per the reported literature [10,18]. In brief, a 25 mL
of Ti (OBu)4 and 3 mL of HF were mixed together in the 100 mL of Teflon
reactor, then sealed and maintained at 180 °C for 24 h. After reaction
temperature getting down to the RT, the resultant TiO, nanoplates (NPs)
precipitates collected and washed with ethanol and deionized water for
many times. Finally, the white color precipitates of TiOy NPs were ob-
tained after drying at 80 °C for 10 h. The pristine TiO2 NPs solution was
prepared by dissolving the obtained TiO, NPs precipitates in the 10 mL
of deionized water (DI water) and then sonicated for 20 mins at RT.

In order to prepare the reduced-GO (rGO), GO solution was applied
on a quartz substrate and then dried at 800 °C under argon ambient.
Further, the obtained rGO (10 mg) was dispersed in the DI water (15 mL)
followed by an ultra-sonication for 1 h for better dispersion. Next, PPD
(13 mg) was dispersed in 20 mL of DI water sonicated for 10 min.
Thereafter, the optimized proportional ration (2:3) of rGO and PPD
solution were mixed together and continuously stirred at 60 °C for 5 h to
obtain the PrGO composite. Further the optimized TiO NPs/PrGO
hybrid nanocomposite was prepared by adding 5 mL of TiO3 NPs and 2
mL of PrGO in small beaker then sonicated for 30 mins for the better
interaction between nanocomposite.

2.2. Fabrication of TiO2 NPs/PrGO resistive gas sensor device

The full details of the fabrication process of TiO; NPs/PrGO gas
sensor was schematically displayed in Fig. 1(a-b). First, Si/SiOy sub-
strates were cleaned properly using acetone, methanol, and isopropyl
alcohol for 5 min each. Next, the substrates were rinsed in DI water, and
dried by blowing N3 gas respectively. Next, the interdigitated electrodes
of gold (Au) with a thickness of 100 nm were deposited by using direct
current sputtering. The optimized concentrations of TiOy NPs, TiO NPs/
rGO, and TiOy NPs/PrGO hybrid nanocomposites were drop-casted
individually on Au IDT electrodes coated substrates followed by one-
day in air-drying at RT. The schematic diagram of our dynamic mode
gas sensing system as shown in Fig. 1(c). Here two gas cylinders filled
with dry air and NO; gas. NO, gas contains 1000 ppm balanced with Ny
and flow rate was allowed at 300 sccm. One could note that carrier gas is
flowing continuously thought the experiment. The relative target gas
concentrations in the carrier gas flow can be estimated by using the
following Eq. (1) [23]. Humidity in the test chamber was internationally
created by passing the dry through water bubbler jar as displayed in the
Fig. 1(c). The humidity and the temperature of the gas-sensing chamber
was maintained at ~1.39% RH and RT (~27 + 2 °C) respectively.

C(ppm) = Cyq(ppm) X f/f+F o

Here f and F are the flow rate of target gas and the carrier gas,
respectively.

The gas sensing properties were tested using picoammeter/voltage
source (Keithely- 2400) connected to the hygrometer, temperature and
mass flow controller and monitored using the PC installed with Lab-
VIEW program. The surface of the sensor was illuminated with UV light
(A =365 nm with a power density of 5.34 mW/ em?) was installed on
the quartz window of the test chamber.

2.3. Materials characterization

The crystalline structure of TiO, nanoplates were analyzed using the
X-ray diffraction, HRXRD: Bruker D8 X-ray Diffractometer operating at
2.2kW X-ray tube with Cu-Ka radiation (A =1.54 A). The high-
resolution transmission electron microscope (HR-TEM, HITACHI H-
7650) and field-emission scanning electron microscopy (FESEM; Hitachi
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Fig. 1. Schematic illustration of the resistive gas sensor fabrication (a) the Interdigital electrode deposition on Si/SiO, substrate after organic cleaning, (b) Active
material deposition on Interdigital electrodes of Si/SiO, substrate, (c) our gas sensing experimental gas sensor system setup.
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Fig. 2. (a) XRD peak of pristine TiO, nanoplates, (b) high resolution TEM image of TiO, NPs, SEM images of (c) pure TiO, NPs, and (d) TiO, NPs/PrGO hybrid

nanocomposite.
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S-4800) were employed to study the surface morphologies. Photo-
luminescence (Pl, LabRAM HR-800 and X-ray photoelectron spectros-
copy (XPS; Thermo, VG Scientific Multilab 2000) analyses were
performed to confirm the molecular hybridization between
nanocomposites.

3. Results and discussions

X-ray diffraction (XRD) was conducted on TiOz NPs sample to
identify the crystal facets. Fig. 2(a) depicts the patterns of TiOo, which is
good in agreement with the pure anatase-phase TiO; (JCPDS no.
21-1272) without any impurity phases. The peak positioned at 20
= 33°, corresponds to Si since the TiO NPs was coated on it to measure
the XRD spectra [10,18]. Fig. 2(b) shows HR-TEM image of TiOy NPs,
and the inter-planar distance of the nanoplate was found to be
~0.235 nm, which was corresponding to the (001) facet of TiOg as
presented in Fig. S1. These experimental results revealed that the TiOy
NPs contained (001) planes which can be appears like an exposed flat
surface [10,24]. Fig. 2(c and d) shows the FESEM images of pristine TiOy
NPs and TiO» NPs/PrGO hybrid samples. It can be seen that both the
samples were exhibited a nano plate like structure with a rectangular
layout, which was in consistence with the TEM image. In addition, a
wave like morphological structure appeared over the TiOp NPs repre-
sents the PrGO composite, which signifies the successful formation of
hybrid nanocomposite heterostructure (Fig. 2(d)).

Further, XPS analyses were employed to gain the insight into the
chemical composition and surface chemical states in the TiO; NPs/PrGO
heterostructure. Fig. 3(a) displays the full surface survey spectra of TiOy
NPs and TiOy NPs/PrGO hybrid sample was recorded in the range of
200-600 eV, which clearly indicating the major characteristic peaks of
both the samples such as C 1 s, Ti, 2p and O 1 s. On the other hand, TiOy
NPs/PrGO exhibited N 1 s peak around 400 eV additionally along with
aforementioned peaks that clearly signifies the successful formation of

(a) (b)
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the hybrid heterostructure. Fig. 3(b) show the Ti 2p spectrum composed
with two dominant peaks positioned at 457.68 and 463.38 eV, which
specifies the electronic states of Ti 2ps,» and Ti 2p;,» respectively.
However, the Ti 2p peaks were shifted to 458.68 and 464.48 eV in TiO2
NPs/PrGO heterostructure, which confirms the existence of charge
transfer between PrGO nanocomposite and TiO NPs [10,18]. Fig. 3(c)
presents the C 1 s core-level spectra of TiOy NPs/PrGO, composed of
three peaks at 284.78, 286.48 eV, and 288.58 eV were assigned to C-C,
C-N, and C=O0, respectively, which further confirms the successful
incorporation of C and N atoms into the TiO, lattice [25]. The presence
of these peaks revealed the existence of amines of PPD in rGO [26]. The
N 1 s core-level peak of TiO2 NPs/PrGO composite (Fig. 3(d)) containing
amine- functional groups. Further resolution of N 1 s into three domi-
nant peaks at 398.88, 399.68, and 402.78 eV, which are assigned to
quinoid amine (—N =), benzoic amine (—NH"), and cationic radical
(N, respectively [22]. Next, Fig. 3(e) shows the O 1 s core level XPS
spectra of TiOy NPs/PrGO, resolved into the three mains peaks posi-
tioned at 530.08, 530.98, and 531.98, which can be ascribed to the
crystal lattice oxygen (Oc), deficient oxygen (Oy) and OH groups or
adsorbed species (O4), which would plays a vital role in the gas ab-
sorption [10,18]. Moreover, the photoluminescence (PL) analysis was
conducted to explore the role of PrGO in charge separation at the TiO5
NPs and PrGO heterointerface as shown in the Fig. 3(f). The PL studies
were performed under 320 nm excitation wavelength at RT. It can be
observed that the TiO5 NPs exhibited two overlapped peaks at 395.8 and
469 nm and another emission peak at 528 nm. The emission peak at
395.8 nm is ascribed to the inter-band recombination, while the two
peaks at 469 nm and 528 nm are due to the oxygen defects/vacancies in
the TiO,, which was attributed to the electron—hole recombination
emission peak. Fascinatingly, the electron—hole recombination peak is
decreased for both the TiO; NPs/PrGO and TiO5 NPs/rGO than that of
the pristine TiOy NPs that confirms the decreased recombination rate
[18]. Thus, the incorporation of PrGO on the TiO3 NPs surface signifies
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Fig. 3. (a) XPS full-survey scan spectra of pristine TiO, NPs and TiO, NPs/PrGO nanocomposite, XPS core level deconvoluted spectra of (b) Ti 2p, (c)C1s,(d)N1s,
(e) O 1 s of TiO, NPs/PrGO nanocomposite, and (d) photoluminescence characteristics of TiO, NPs, TiO, NPs/rGO, and TiO» NPs/PrGO nanocomposites measured

at RT.
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the increase in separation efficiency of photogenerated charge carriers,
which is favorable for the gas sensor applications. Hence, based on the
fore mentioned analyses, the organic-inorganic hybrid network has
given added advantage for more molecular/electronic interactions that
can be tuned for more electro-active properties that effectively enhance
the electron charge transfer in the TiOy NPs/PrGO heterostructure
further helps to enhance the gas molecules absorption.

The effect of rGO, PrGO functionalization on the electrical properties
of TiO2 NPs was studied by I-V characteristics. Fig. 4(a) shows the
current-voltage (I-V) characteristics of TiOy NPs/PrGO, TiO2 NPs/rGO,
and TiO, NPs at RT. It was seen that the pristine TiO, NPs shows the
rectifying behavior since the Schottky barrier is existed at metal-TiOy
NPs as similarly reported in the literature [27-29]. On the other hand,
the TiO NPs/ rGO composite exhibited improved rectifying behavior,
which was raised from the hetero junction between TiO, NPs and rGO.
However, it was noticed that the current levels of TiO, NPs/PrGO are
high than that of rGO/TiOy NPs which is possibly due to the high
conductivity of PrGO [30]. We also investigated the I-V characteristics of
TiOy NPs/PrGO in NO, ambient and it was noticed that the current
levels were decreased in NO, ambient, which was attributed to the
oxidation of TiO5 NPs/PrGO at RT (Fig. 4(b)).

Fig. 5(a)-(c) shows the NO5 gas sensing properties in terms of the
samples resistance of pristine TiOz NPs, TiOy NPs/rGO, and TiOy NPs/
PrGO by varying the different gas concentrations ranging from 10 to
100 ppm at RT. It was noted that the resistance of each device was
escalated with increase in the gas concentration and reaches to a satu-
ration level and then returned to its original base line resistance when
NO; is turned off. It was to be noticed that TiO, NPs/PrGO exhibited
high sensor resistance at each concentration compared to TiO2 NPs/rGO
and pristine TiOp NPs devices, The dynamic sensing responses were
estimated using the following equation Ra-Rg/R, x 100%, where R, and
Rg are the resistance at air and gas. The TiO2 NPs/PrGO gas sensor yields
a significant gas sensing response of about ~14.9% which was much
higher than that of the pristine TiOy NP (~3.42%) TiOy NPs/rGO
(~8.83%), and TiO2 NPs/PPD (~5.42%, not shown here) to 100 ppm of
NO; gas at RT, which was ascribed to synergetic effect of PPD and rGO
composite matrix. The inset of Fig. 5(c) represented the stability test of
TiO2 NPs/PrGO, and the performance of the TiO, NPs/PrGO was quite
stable and reproducible for the five repeated cycles. Moreover, the stable
NO; gas sensing responses for the five consecutive repeatable cycles
were estimated (Fig. S2(a)) and it showed a stable response of about
~14.9% to all the cycles without any distractions, which describes that
the hybrid sensor has a good stability towards NO; gas (100 ppm) at RT.
Furthermore, the long-term reproducibility (Fig S2(b)) of the hybrid
sensor has been explored by testing the sensor for five consecutive weeks
and the sensor showed a minute loss of ~1.05% in its total response to
that of the starting day, further indicating the TiO2 NPs/PrGO sensor has

(a)

0.4 ] =Pristine TiO,NPs @27 °C
e TiO, NPs/rGO
= TiO, NPs/PrGO
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good reproducibility. These results clearly manifest that that the hybrid
sensor exhibited enhanced sensitivity, stable response and significant
reproducible characteristics to the NOy gas (100 ppm) at RT also as
compared to the reported reports as presented in Table 1. Fig. 5(d)
shows the distinguished relative response plots of the corresponding
sensors measured at different gas analyte concentrations at RT, which
was found as increased with an increase in gas NO, concentration. The
linear fitting plots of the three sensors showed almost a linear response
characteristics to the NO; gas analytes with a correlation coefficient of
R% = 0.943, R% = 0.957 and R? = 0.984 respectively [3,10]. It can be
observed that the gas sensor device with largest linear relationship,
resulting to the more reliability in stable and reproducible gas sensing
performances. To further, explore the TiO, NPs/PrGO device sensing
performances, we have calculated the detection limit (DL) of the as
prepared sensor using the following equation (Egs. (2) and (3)) reported
elsewhere [10].

RMSnoise
Slope

RMSy = 1/ (R = R1)’ /N 3)

Here, RMS jise is the root mean square noise, which is the base-line
noise level of the sensor response under air, estimated from the fifth-
order polynomial fit as displayed in the Fig. S3(a). Where, R; and Ry
are the experimental data and the fitting points, extratced from the
polynomial fit and N is the total number of base-line points. Whereas,
the slope was retrived from the linear fitting of the response data points
versus gas concentrations as shown in Fig. S3(b). Based on the above
calculations we have estimated the theoretical DL of TiOy NPs/PrGO
hybrid sensor of ~114 ppb, which was much the lowest value as
compared to the other TiO5 NPs/rGO (~204 ppb) and TiOy NPs (~435
ppb).

Furthermore, different strategies have been employed to enhance the
gas sensor performance, and among those UV irradiations is one of the
finest methods to enhance the device performance. Fig. 6(a) depicts the
comparative response of TiO2 NPs/PrGO under UV irradiation with a
power density of 5.34 mW/cm? at RT to different ppm levels of NO; at
RT. Fig. 6(b) and (c) show the response and recovery times of TiO5 NPs/
PrGO with and without UV illuminations. It was noticed that the UV
light stimulates the response of the device compared to the darkness.
The sensor displayed a response of 35.68% to 100 ppm of NO», which
was more than doubled (2.35 times) the performance under darkness.
Moreover, the response/recovery times of the TiO, NPs/PrGO sample
was estimated using the exponential fitting [2] and it can be clearly seen
that the response and recovery times of TiOp NPs/PrGO under UV light

DL(ppm) = 3( (2)

(b)

TiO, NPs/PrGO @27°C
— 0.4
<
E 0.2
=
3 0.0
S
S5 0.2- NO, gas
o — Air
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3 2 4 0 1 2 3
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Fig. 4. (a) [-V characteristics of pristine TiO5, TiO,/rGO, and TiO,/PrGO nanocomposites, (b) I-V characteristics of TiO, NPs/PrGO hybrid nancomposite under air

and NO, gas ambient.
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Table 1

Comparison of RT NO,, gas sensing performances of our device with the previously reported literature.

Ref Device structure Target gas Working-temperature (° C) Response (%)/ppm Response/recovery time (sec)
[43] RGO-CeO; hybrids NO, RT 8.2/25 ~180/260

[44] In,03-rGO NO, RT 8.25/30 ~165/235

[45] TiO2/Zn0O NO, 200 7/5 ~65/98

[46] CuO-ZnO NO, 200 8/5 ~13/60

[47] Graphene/ZnO NO, 300 9.5/50 ~145/248

[48] ZnSe/Zn0O NO, 200 10.42/10 ~98/141

This work TiO, NPs/rGO (dark) NO, RT 14.9/100 ~124/182

This work TiO2 NPs/rGO (UV) NO, RT 35.6/100 ~59/33

were much shorter (59 s and 33 s) than those in the dark condition
(124 s and 182 s) to the 100 ppm of NO; as shown in Fig. 6(d). This was
mainly ascribed to the low desorption rate of NO3 from the surface of the
sensor at dark conditions. Therefore, it is clear that the UV illumination
effectively accelerated the response and recovery kinetics. This is reli-
able and reasonable since at higher gas concentration, a large number of
gas molecules will be available to react at a given time, resulting in a
short response time.

The effect of temperature on NO, gas sensing performance of TiOy
NPs/PrGO at different temperature such as 27 °C (RT), 50 °C, 100 °C,
and 150 °C were systematically studied by varying the NO5 gas ppm
concentrations (10-100 ppm) as shown in Fig. 7(a)-(b). It was noticed
that the detection capability and sensitivity of TiO; NPs/PrGO was
increased with increase in the temperature, which is possibly due to the
high thermal energy that provides a large number of absorption sites,
available at the interfaces between TiO, and PrGO, further leads to
attract the large number of gas molecules at higher ppm concentrations
[31]. Hence, the NO; gas sensing performance of TiO NPs/PrGO sensor
was fascinatingly enhanced at various temperature conditions, and the

TiOz NPs/PrGO hybrid device exhibited the maximum response of
111.98% to 100 ppm of NO5 at 150 °C, which was about ~8-fold times
higher than that of the response obtained at RT.

Furthermore, the effect of relative humidity (RH) is another impor-
tant factor that can effects the sensing performances of the practical gas
sensor applications especially, operating at RT. Thus, effect of RH on the
response characteristics of TiO» NPs/PrGO has been investigated at
various RH conditions varying from 20% to 80% RH to the 100 ppm of
NO, gas at RT as shown in the Fig. 8(a). It can be observed that response
of the TiOz NPs/PrGO was drops considerably (~14.02-4.26%) when
the RH levels escalates from 20% to 80%. The drastic fall in the sensing
response of TiOy NPs/PrGO at higher RH levels (above 20% RH) was
mainly due to the blocking of active surface sites by the water molecules
on the heterostructure barrier, which could resist and minimizes the
adsorption ability of O, molecules and further leads to difficult for the
absorption of NO5 gas molecules over the heterojunction surface [2,12].
In addition, selectivity is also another crucial factor for the real-time gas
sensing applications. Therefore, selectivity test has been carried out for
the sensor based on TiO2 NPs/PrGO towards 100 ppm of NO; NO, HN3,
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CO; and Hj gas at RT as displayed in the Fig. 8(b). Obviously, the TiOy
NPs/PrGO sensor showed significant and a very high gas sensing
response towards the NO; gas among the other interferant gases, which
clearly signifies that the sensor based on TiOz NPs/PrGO has an excel-
lent capability to sense to NO, gas at RT.

The enhanced relative gas sensing responses of the TiOy NPs/PrGO
hybrid heterostructure can be understood by using energy band diagram
theory. Fig. 9(a and b) illustrates the gas sensing mechanism of the TiO,
NPs/PrGO hybrid heterostructure using band theory under air and NO,
gas ambient conditions. When the hybrid TiO2 NPs/PrGO hetero-
structure was exposed to dry air at RT, the O, sites are created on the

heterostructure since oxygen molecules were absorbed on active {001}
facets of TiO,, which was due to the presence of oxygen vacancies
(written in Krdger-Vink notation (Vo*®), given in Egs. (4) and (5)) as
discussed in XPS analysis. Next, the adsorbed oxygen species and gets
ionized to form O, O™, and O, ~ ionic species by withdrawing the
electrons from heterostructure conduction band as given in Egs. (6) and
(7) [2,3,10,12]. These surface reactions would widen the depletion
barrier at the TiOy NPs/PrGO heterostructure interface as the concen-
tration of the free electrons decreased (Fig. 9(a)). When NO, gas is
exposed upon heterostructure sensor surface, and the adsorbed NO;, gas
molecules change to NO,~ [2,3,10,12]. Further, the NO5 ™ species react
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Fig. 9. Schematic illustration of the gas sensing mechanism of TiO, NPs/PrGO

with the surface-adsorbed O, species by withdrawing extra electrons
from heterostructure, that further resulting into the decrease in elec-
trons density (Eqgs. 8-10). Thus, fermi level moves downwards that
further causes to the increase in barrier height at the heterostructure
interface as displayed in Fig. 9(b) [3,10,32,33].

0o < Vo™ 4 1120, + 2¢ @
Vo®* (gas) + O (gas) — O; (ads)+Vo™* 5)
05 (ads)+e —»O; (ads) 6)
07 (ads)+e” —0,” (ads) +2 O™ (ads) %)
NO; (gas) +e — NO, +0, (€))
NO; (gas) +0," (ads) = NO; 40, (©)]

2NO; (gas) +0; (ads) +e” — 2NOs” (10)

Moreover, the high gas sensing response of the TiO, NPs/PrGO
heterostructure was mainly ascribed to the oxygen vacancies, OH and
amine functional groups that helps to improve the adsorption and
desorption kinetics of gaseous molecules at the heterojunction interface,
which further results in the change in resistance of the hybrid TiO; NPs/
PrGO sensor under NO5 gas [10,32-34]. In addition, the NO, gas mol-
ecules would absorb on the surface through the physisorption and
chemisorption process. In these two processes, the absorbed gas mole-
cules needs high energy to desorb, which was due to the existence of the
strong hybridization between the heterostructure [35,36]. Hence, in the

A
UV light (365 nm) <»€>
(b) . ar

NO, /7

NO- L
2 Ozoooooo

CB

PrGO

VB

TiO, NPs/PrGO in NO, ambient

hybrid nanocomposite heterostructure under (a) air ambient and (b) NO; gas at RT.

present study we used the UV light illumination effect to further improve
the gas sensing properties through the fast desorption rate.

The TiO2 NPs/PrGO hybrid heterostructure would effectively sepa-
rate the photo-generated charge carriers due to the existence of heter-
ojunction between TiO2 NPs and PrGO nanocomposite as shown in Fig. 9
(b). The high absorption and the high quantum efficiency of the PPD
promotes the generation of high photocurrent upon the illumination
[37,38]. The molecular functionalization between PPD and rGO pro-
vides a high conductive channel through the PrGO nanocomposite ma-
trix, which acts as electron transport layer. Under UV light illumination,
large number of electron hole (e-h) pairs were generated and which may
get effectively separated due to the existence of high built-in potential at
the junction interface [2,12,18]. Then the absorbed O, molecules seize
the electrons, which are generated under UV illumination and enlarge
the oxygen ionization rate (Eqs. 11-13). In which, the generated holes
could effectively help to improve the desorption rate as given in Eq. (13).
In addition, the molecular sensitivity of PrGO nanocomposite to NO gas
would be high due to the existence of amine-rich PPD and the enhanced
OH and amine functional groups [38]. The NO, gas molecules withdraw
the electrons from TiO, NPs/PrGO hybrid nanocomposite conduction
band due to its high electronegativity. This further widens the TiO,
NPs/PrGO depletion layer leading to the resistance increase in the
sensor under NO, gas ambient. Moreover, under the UV light excitation
the photo-induced e-h pairs were fascinatingly separated at the hetero-
interface junction due to the low recombination probability raised by
the synergetic effect of the hybrid heterostructure, which was supported
by the PL analysis. Hence, the generated e-h pairs under UV light could
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be attributed to the enhancement in the NO, gas absorption and pro-
motes the excellent charge transfer between the gas analytes and the
hybrid nanocomposite surface that further, results in the high gas
sensing response and fast response/recovery times as compared to the
dark condition [39-42].

hv > h™ +e a1
0+ ¢ (hv) + Oy (hy) 12)
05 (ads)+ht(hv) = O, (gas) 13)

Where hv is the incident photonic energy, h', e are the generated
holes and electrons inside the semiconductor, ads represents the
adsorption and Oz is the chemisorbed oxygen ion. Henceforth, the
outstanding response of the device in various environmental conditions
like dark, UV illumination and different humidity conditions signifies
that our sensor on PrGO-decorated TiO, NPs is a suitable candidate for
RT NO gas sensor applications.

4. Conclusion

In summary, the TiOy NPs/PrGO hybrid heterostructure was suc-
cessfully fabricated and tested for the effective detection of NO; gas at
RT. A series of SEM, XPS and PL analyses were confirmed the formation
of the hybrid nanocomposite and efficient charge transfer in between the
hybrid nanocomposite. The functionalization of PrGO on TiO3 nano-
plates stimulated the NO, absorption by the combined effect of oxy-
genous and amines functional groups on the PrGO surface. The TiO,
NPs/PrGO exhibited a significant gas response (~14.9%) which was
4.57 fold times high, with an excellent selectivity, high sensitivity fast
response/recovery and repeatability towards NO2 (100 ppm) at RT as
compared to pristine counter parts. Further, the NO, gas sensing per-
formances of the TiOy NPs/PrGO sensor was boosted by the irradiation
of UV light and the gas detection response (35.68%) was found to be
increased 2.35 fold times with short response/recovery times (59 s/33 s)
than that of the responses measured at under dark condition. Further-
more, the hybrid sensor was tested under various RH conditions and the
test results revealed that the sensing responses of the device was
decreased with enhancement in RH values, however, the performances
of the device were found to be stable. Moreover, the sensing mechanism
has been proposed based on the efficient charge carrier generation,
separation, and prevention of recombination due to the heterointerface
junction formation between the hybrid nanocomposites. Thus, we
anticipate that our hybrid composites can be considered as promising
sensing materials for practical application of NO, detection at RT.
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