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ARTICLE INFO ABSTRACT

Keywords: Nitrogen dioxide (NOy) is an extremely toxic gas and harmful to human health and the environment. Inhalation
N-/S- dual doped carbon of NOy reduces immunity to lung infections and causes respiratory problems such as wheezing, coughing, colds,
ZnO

flu, and bronchitis. To date, several sensors have been developed for the detection of NO,. Indeed, the devel-
opment of highly sensitive and selective room temperature sensor with rapid response and recovery time could
be called an “innovation” for metal oxide-based gas sensors for environmental remedy applications. Herein, we
prepared ZnO nanospheres (ZNS), nitrogen-doped carbon-coated ZnO spheres (NC@ZNS), sulfur-doped carbon-
coated ZnO spheres (SC@ZNS), and nitrogen-sulfur dual doped carbon-coated ZnO spheres (NSC@ZNS) for NO2
sensing. Among them, the NSC@ZNS exhibits excellent NO2 sensing characteristics with the sensor response (Sg
= Ry/Ra) of 730.4 and 31.2 at 100 and 25 °C, respectively. The limit of detection (LOD) of the NSC@ZNS sensor
is ~21 ppb at ambient temperature. The NSC@ZNS hybrid nanocomposite sensor exhibits ultrafast response and
recovery times of ~88 s and 305 s to 500 ppb of NO; at 25 °C. Besides, the NSC@ZNS sensor shows excellent
selectivity to NO,, which is ~31 times higher than other interfering gases. The enhanced sensing characteristics
of the NSC@ZNS sensor is attributed to the synergy between the nitrogen-sulfur dual doped carbon and hier-
archical mesoporous ZnO. The selective detection of NO3 with significantly rapid response and recovery time at
25 °C makes for intriguing the promising practical applications of our proposed NSC@ZNS sensor.

NO,, sensing

Ambient temperature sensor
High selectivity

Sensing mechanism

1. Introduction detection of NOs is required to safeguard the environment and human

health [8,9].

Nitrogen dioxide (NOo) is an acidic, corrosive, and toxic gas mostly
released from the combustion engines, fertilizer, and chemical industries
[1,2]. NOg is a primary source of acid rain, and the acidification caused
by acid rain severely affects the plants and other ecosystems [3]. Ac-
cording to the U.S. Environmental Protection Agency, the recommended
air quality control for NO; exposure period is ~100 parts per billion
(ppb) for 1 h, and the annual threshold limit is ~53 ppb [4,5]. Inhalation
of NO; causes respiratory infections and asthma as it affects the human
respiratory tract [6]. The long-term exposure to NO; causes chronic lung
disease, genetic mutations, decreased female fertility, and death [7].
Therefore, the development of a high-sensitivity sensor for ppb level

Solid-state metal oxide gas sensors have received significant atten-
tion owing to their excellent sensitivity, ease of use, low fabrication cost,
high surface area, and more effective reaction sites for the chemisorbed
gas kinetic reaction [9-11]. To date, numerous metal oxide-based gas
sensors have been developed for the selective and sensitive detection of
NO; [12-16]. Among them, zinc oxide has considered a promising gas
sensing material due to its outstanding chemical and thermal stability,
high carrier density, and excellent sensitivity. For instance, wang et al.
developed a hierarchical ZnO nanorod arrays based highly sensitive
sensor and studied their temperature dependent NO, sensing charac-
teristics at 200-225 °C [17]. Tamvakos et al. studied the NO; sensing
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characteristics of the ZnO thin-film transducers-based sensor at
200-400 °C [18].

To improve the sensitivity of the ZnO based NO, sensors, several
research efforts have been focused on surface modification and doping
catalytic material into the ZnO matrix [19,20]. For example, Xu et al.
prepared SnOy/Zn0O heterostructures for the detection of NOy at ppb
level. The developed sensor showed excellent sensitivity to 2 ppb of NO2
at 300 °C [19]. Zhang et al. prepared Al-doped narcissus like ZnO for
selective and sensitive detection of NO,. The proposed sensing material
showed a maximum Sg of ~104 to 1 ppm of NO; at 240 °C, which was
~3-folds higher than a bare ZnO [20]. Although the proposed sensors
showed excellent sensitivity and selectivity to NOy, most of the reported
sensors need to be operated at a high sensing temperature, which
significantly reduces the lifespan of the sensors [21].

Thus, the demand for the development of room temperature and low-
power consumption sensors is ever-growing, and the importance of
appropriate technologies is significant as well. Among several tech-
niques, UV-light illumination, incorporation of Nobel metals, and
graphene-based composites are the most promising methods widely
used for the development of room temperature sensors. For instance,
Pargoletti et al. prepared graphene oxide-ZnO nano heterojunctions and
studied its NO5 sensing characteristics under UV light illumination [21].
The proposed sensor showed the Sg of ~0.25 to 1 ppm of NO; at 25 °C.
Wang et al. studied the synergistic effects of UV activation and surface
oxygen vacancies on ZnO nanowires’ NO5 sensing performance at room
temperature [22]. The proposed sensor was showed a wide range of
detection limits ranging from 200 ppb to 1 ppm. The sensor’s SR was
found to be 1 toward 1 ppm of NO,, signifying that the sensor is inca-
pable of detecting a low concentration of NO5 at room temperature (RT).
However, the Sy of the sensors is significantly low even under light
illumination. Besides, the UV-assisted sensors have several technological
disadvantages, such as size and harmful effects, including erythema,
skin aging, coarse skin, pterygium, and long warm-up time. [23].

The incorporation of Nobel metal nanoparticles such as Au, Pt, Pd,
and Ag into metal oxides matrix has been considered an effective
method to improve the sensors’ sensing characteristics [24-27]. The
metal nanoparticles’ high catalytic activity increases the number of
oxygen vacancies on the surface of the sensor and significantly improved
the sensitivity, selectivity, and reduced the operating temperature of the
sensors. However, the metal nanoparticles are very expensive and not
beneficial from a commercial viewpoint in the sensors’ large-scale
production for practical applications [21].

Graphene-based gas sensors have received considerable attention
due to its outstanding charge carrier mobility, high conductivity,
enhanced gas adsorption capacity, and chemically active defect sites
[21,28]. However, the high response time and slow recovery time are
significant drawbacks for the graphene-based sensors [29]. Recently,
several dopants such as boron, nitrogen, and sulfur have been intro-
duced into the graphitic structures to improve the graphene-based
sensors’ sensitivity, selectivity, and time-dependent sensing character-
istics. For example, Lv et al. prepared a boron-doped graphene-based
sensor and studied their NO, sensing characteristics at room tempera-
ture [30]. Wu et al. developed a chemically modified 3D sulfonated RGO
hydrogel-based sensor and demonstrated its NO, sensing characteristics
at ambient temperature [31]. The proposed sensor exhibits excellent
sensitivity of 0.2 ppm with ultrafast response and recovery time of 12 s
and 11 s. However, the sensor’s selectivity is the major drawback as it
also effectively detects NH3 as low as 20 ppm with a response time of 16
s. Thus, the sensitive and selective detection of NO5 in a ppb concen-
tration at ambient temperature with fast response and recovery time
remains challenging.

Indeed, the development of highly sensitive and selective room
temperature sensor with rapid response and recovery time could be
called an “innovation” for metal oxide-based gas sensors for environ-
mental remedy applications. Herein, we developed an ultra-sensitive
and selective room temperature NOy sensor by combining surface
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medication of ZnO with chemically functionalized carbon. Various
characterization techniques were employed to demonstrate the suc-
cessful formation of hybrid nanocomposites. The proposed sensor was
prepared by a controlled hydrothermal method followed by carboniza-
tion at 850 °C under the Argon (Ar) atmosphere. The sensitivity of the
proposed sensors was investigated in detail at different NOy concen-
trations and operating temperatures. The proposed NSC@ZNS sensor
showed 1.5, 1.14, and 38.2 times enhanced NO, sensing response
compared to NC@ZNS, SC@ZNS, and bare ZNS counterparts. Besides,
the NSC@ZS sensor exhibits a LOD of 21 ppb at RT. The NSC@ZNS
sensor showed ~31 times higher selectivity to NO, compared to other
interfering gases.

2. Experimental section
2.1. Chemicals

Zinc acetylacetonate hydrate (Zn(CsH;05). XH20), ethanolamine
(NH2CH,CH20H), polyethylene glycol (H(OCH;CHj),. OH, urea
(NH,CONHy), thiourea (CH4N»,S), oxalic acid (CoH204), sodium thio-
sulfate (NaS203) was purchased from Merck, South Korea, and used as
received. The preparation method of hierarchical mesoporous ZNS,
NC@ZNS, SC@ZNS and NSC@ZNS hybrid nanocomposites were illus-
trated in scheme 1.

2.2. Preparation of hierarchical mesoporous ZnO spheres (ZNS)

In a typical synthesis process, 2 mmol of zinc acetylacetonate hydrate
(~0.52 g) was dissolved in 10 mL of ethanolamine under constant
magnetic stirring followed by the addition of 10 mL of polyethylene
glycol-400 and 2 mL of deionized water. The final reaction mixture was
kept under ultrasonication for 15 min. Finally, the reaction mixture was
transferred to the 40 mL Teflon-lined stainless-steel autoclave and
heated to 200 °C at the rate of 10 °C/min in a programmable oven and
maintained at that temperature for 24 h. After the hydrothermal reac-
tion, the autoclave was oven cooled to room temperature. The precipi-
tate was collected and washed several times with deionized water and
ethanol to remove the residual impurities. Then, the obtained material
was dried at 90 °C for 12 h.

2.3. Preparation of nitrogen-sulfur dual doped carbon@ ZnO spheres
(NSC@ZNS)

In a typical synthesis procedure, 400 mg of thiourea was dissolved in
10 mL of deionized water. Then, 200 mg of as prepared ZNS was ul-
trasonically dispersed to the above solution. The resultant reaction
mixture was kept under constant magnetic stirring at 90 °C for 12hina
heating mantle. Subsequently, the reaction mixture was spread onto an
evaporating dish forming a uniform solid mixture. Finally, the obtained
powder was kept inside a quartz tube. Then, the quartz tube was evac-
uated using a vacuum pump for 10 min to remove the external moieties.
The Ar gas was passed through a quartz tube for 15 min at a flow rate of
200 sccm to eliminate the atmospheric gases. Then, the quartz tube was
heated to 850 °C at the heating rate of 5 °C/min and then annealed at
that temperature for 3.5 h. The Ar gas was continued to flow through the
quartz tube during the carbonization process at a flow rate of 200 sccm.
After the annealing process, the crucible naturally cooled down to room
temperature. The obtained material was ground to a fine powder for
further analysis. The detailed synthesis procedures for the preparation of
sulfur-doped carbon@ ZnO spheres (SC@ZNS) and nitrogen-doped
carbon@ ZnO (NC@ZNS) hybrid nanocomposite were described in
detail in the supplementary information.

3. Results and discussion

The field emission scanning electron micrograph (FESEM) of the as-
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Scheme 1. Representation of the synthesis procedure of the hierarchical mesoporous ZNS, NC@ZNS, SC@ZNS, and NSC@ZNS hybrid nanocomposites.

e

Fig. 1. Morphology of the as-prepared ZNS. (a, b) Scanning electron micrographs and (c, d) transmission electron micrographs of the as-prepared ZNS at different
magnifications. (e) High-resolution transmission electron micrograph and (f) selected area electron diffraction pattern of the as-prepared ZNS.
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prepared material shows several spheres with an average size of 1 ym
(Fig. 1a). The higher-magnification image reveals that the as-prepared
spheres are composed of several fine nanostructures with an average
size of ~50 nm (Fig. 1b). Besides, some of the spheres are superimposed
with each other and formed microspheres. The brighter and the darker
spots in the transmission electron micrographs (TEM), demonstrating
the hierarchical mesoporous nature of the obtained spheres (Fig. 1c, d).
The high-resolution transmission electron micrograph (HRTEM) shows
the lattice fringes with an average spacing of 0.28 nm corresponding to
the [100] plane of the hexagonal wurtzite ZnO crystal structure (Fig. 1e)
[32]. The selected area electron diffraction (SAED) pattern shows the
diffraction rings attributed to the (100), (002), (102), and (101) plane
of the wurtzite ZnO crystal structure (Fig. 1f) [33].

The FESEM image, Fig. 2a shows numerous as-prepared NCS@ZNS
spheres with an average diameter of ~1 um. Fig. 2b shows a closer view
of the NCS@ZNS hybrid nanocomposite, demonstrating the uniform
coating of carbon on the zinc oxide spheres. The TEM image of the as-
prepared NCS@ZNS spheres concurred thoroughly with the FESEM
analysis (Fig. 2¢). The high magnified TEM image shows the core-shell
structure of the as-prepared NCS@ZNS spheres (Fig. 2d). Fascinatingly,
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the closer view of these spheres under high magnifications shows several
pores on the carbon layer. The electron-dense and electron depleted
region are indicating the mesoporous nature of the as-synthesized
product (Fig. 2f). The weak SAED pattern shows the diffraction plane
attributed to the (002) and (1 01) plane of the carbon structure (Fig. 2g)
[34]. The homogenous distribution of carbon, nitrogen, sulfur, zinc, and
oxygen in the NSC@ZNS was confirmed by the electron dispersive
spectra (EDS) elemental mapping (Fig. 2(h-m)). The inset of a panel in
the EDS spectrum shows the atomic percentages of the elements in the
NCS@ZNS hybrid nanocomposite. The proportions of the zinc, oxygen,
carbon, nitrogen, and sulfur in the as-prepared material were ~51.9,
26.8, 15.6, 3.5 and 3.1, respectively. The morphological analysis of the
as-prepared SC@ZNS and NC@ZNS hybrid nanocomposites are
described in detail in the supplementary information (Figs. S1-S3).
The X-ray photoelectron spectra (XPS) analysis was performed to
elucidate the composition of the as-prepared materials. The survey
spectra show the photoelectron peaks from Zn, C, O, N, and S confirming
the successful formation of the hybrid nanocomposites (Fig. 3a). Fig. 3b
shows the XPS spectra of NC@ZNS, SC@ZNS and NSC@ZNS in the Cls
region. The deconvoluted peaks at 284.6, 286.4, and 289. 5 eV can be

S 500nm

E(KeV)

Fig. 2. Morphology of the as-prepared NSC@ZNS. (a-b) Scanning electron micrographs and (c-g) transmission electron micrographs of the as-prepared NSC@ZNS at
different magnifications. (f) High-resolution transmission electron micrograph of the NSC@ZNS and (g) selected area electron diffraction pattern of the as-prepared
NSC@ZNS. (h-m) Elemental mapping of the as-prepared NSC@ZNS hybrid nanocomposite. (n) Energy dispersive spectra of the as-prepared NSC@ZNS hybrid
nanocomposite (inset shows the atomic percentage of Zn, O, C, N, and S in the as-prepared NSC@ZNS).
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Fig. 3. X-ray photoelectron spectra of the as prepared hybrid nanocomposites. (a) The survey spectra of the as prepared ZNS, NC@ZNS, SC@ZNS and NSC@ZNS, (b)
high-resolution carbon (C1s) and (c) nitrogen (N1s) spectra of the as-prepared NC@ZNS, SC@ZNS and NSC@ZNS. (d) High-resolution core-level sulfur (S2p) spectra
of the as-prepared SC@QZNS and NSC@ZNS. Inset of a panel (c) and (d) shows the schematic illustration of different form of nitrogen-doped carbon and sulfur-

doped carbon.

indexed to the C-C, C-N, and C-O-Zn/C-OH, respectively [35]. Fig. 3c
shows the XPS spectra of NC@ZNS and NSC@ZNS in the N1s region. The
hybrid nanocomposites show the photoelectron peaks at ~399, 400.3,
and 401.5 eV are attributed to the different forms of nitrogen-doped in
the carbon, such as pyrrolic nitrogen, pyridinic nitrogen, and quaternary
nitrogen, respectively [21,28,36]. The deconvolution S2p spectrum of
SC@ZNS and NSC@ZNS is shown in Fig. 3d. The photoelectron peaks at
162.9 and 163.9 eV, can be assigned to the 2ps,» and 2p; /» of the -C-S—
covalent bond, respectively [37]. The atomic percentage of nitrogen in
the NC@ZNS was ~23.7, while nitrogen-sulfur in the NSC@ZNS hybrid
composite was ~5.11 and ~33.9, respectively. The atomic percentage of
sulfur in the SC@ZNS nanocomposite was ~28.8. Table S1 show the
atomic percentages of zinc, oxygen, carbon, nitrogen, and sulfur in the
NC@ZNS, SC@ZNS and NSC@ZNS hybrid nanocomposites. The atomic
percentages of the sulfur in the samples (SC@ZNS and NSC@ZNS) is
higher than the N concentrations possibly due to the high tendency of
sulfur to form metal sulfides during the carbonization process [38]. The

CHNS analysis was carried out to measure the heteroatoms (S and N)
bulk concentrations in the as-prepared materials. The presence of car-
bon, sulfur and nitrogen in the as-prepared nanocomposite was inves-
tigated by the CHNS elemental analysis. Table S2 shows the elemental
concentrations presence in the samples measured by the XPS and CHNS
analysis. The atomic percentage of carbon, nitrogen and sulfur was
found to yield a very small standard deviation.

Fig. 4a(i, ii) shows the standard powder X-ray diffraction (XRD)
pattern of the ZnO and carbon. The diffraction pattern at 20 of 31.8°,
34.5°, 36.2°, 47.6°, 56.6°, 62.9°, 66.3°, 67.9°, 69.1°, 72.3° attributed to
the (100), (002), (101), (102), (110), (103), (200), (112), (201),
and (004) plane of the hexagonal wurtzite crystal structured ZnO with a
P63mc space group (Fig. 4a(iii)) [39]. The calculated lattice parameters
of the ZNS are a = b = 3.26 A° and ¢ = 5.22 A° exactly matches the
reported values of ZnO [39]. The XRD patterns of NC@ZNS, SC@QZNS
and NSC@ZNS (Fig. 4a(iv-vi)) exhibits the similar diffraction patterns of
ZNS (JCPDS No. 36-1451). Fig. S4 in the supplementary information
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Fig. 4. (a) Powder X-ray diffraction pattern of the as-prepared ZNS, NC@ZNS, SC@ZNS and NCS@ZNS. Standard diffraction pattern of the (i) hexagonal wurtzite
zinc oxide (JCPDS 36-1451) (inset shows the crystal structure of ZnO, yellow-Zn, and red-O) and (ii) carbon (JCPDS 75-1621) (inset shows the crystal structure of
carbon). (iii-vi) diffraction pattern of the as-prepared ZNS, NC@ZNS, SC@ZNS and NSC@ZNS. (b) The micro-Raman spectrum of the as-prepared ZNS (inset crystal
structure of ZnO, yellow-O, and blue-Zn). (c¢) The micro-Raman spectrum of the as-prepared NC@ZNS, SC@ZNS and NSC@ZNS (inset crystal structure of carbon). (d)
Fourier transform infrared spectra of the as-prepared NC@ZNS, SC@ZNS and NSC@ZNS. (For interpretation of the references to colour in this figure legend, the

reader is referred to the web version of this article.)

shows the enlarged view of the diffraction pattern of carbon in the
NC@ZNS, and NSC@ZNS hybrid nanocomposites. The NC@QZNS shows
the broad diffraction pattern at 26-28°, attributed to the (002) lattice
plane of the disordered carbon structure (JCPDS No. 75-1621) [40]. The
SC@ZNS nanocomposite shows the diffraction pattern at ~26.4° can be
indexed to the (002) plane of the carbon structure. Besides, a carbon
diffraction pattern was observed at 25-28° in the NSC@ZNS could be
attributed to the formation of amorphous carbon on the ZNS structure.
The interlayer spacing of carbon in the NC@ZNS, SC@ZNS and
NSC@ZNS hybrid nanocomposite were calculated by the Bragg’s equa-
tion. The interlayer spacing of carbon in NC@ZNS and NSC@ZNS is
calculated to be 3.623 A, 3.671 A, and 3.662 A, respectively. A higher
d(o02) interlayer spacing of carbon in the SC@ZNS and NSC@ZNS owing
to the sulfur doping in the disordered carbon [41,42].

The Raman spectrum of the as-prepared ZNS shown in Fig. 4b. The
phonon modes at ~108.5 and 199.1 cm ™! corresponding to the Ex(low)
and 2E,(low) primary vibrational modes of hexagonal wurtzite ZnO. The
Raman band at 329.7 cm ™ attributed to the fundamental second-order
overtones (Eghigh- Eplow) of ZnO [33,39]. The Raman band at 395.7
cm ! could be indexed to the first order vibrational (A; (TO)) optical
phonon mode [43]. The Raman band at 437.1 cm™! attributed to the
fundamental vibrational E; (high) mode. The Raman band positioned at
568.9 cm ! arises from the A; (LO) phonon mode associated with the
presence of oxygen vacancies of hexagonal wurtzite crystal structured
ZnO, respectively [33]. Fig. 4c shows the Raman spectra of as-prepared
NC@ZNS, SC@QZNS and NSC@ZNS hybrid nanocomposites. The Raman
bands at ~1350 cm ™! and 1599 cm ™! corresponding to the D and G band
of the carbon [44]. The intensity ratio of D and G band provides
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information on variations in the electronic conjugation state of the
carbon. The Ip/Ig values of NC@ZNS, SC@ZNS and NSC@ZNS were
~1.12,1.17 and 1.19, respectively. The higher Ip/Ig ratio of NSC@ZNS
indicating the formation of a more defective carbon structure owing to
the dual nitrogen and sulfur doping.

Fig. 4b shows the Fourier transform infrared (FTIR) spectra of the
NC@ZNS, SC@ZNS and NSC@ZNS hybrid nanocomposites. The FTIR
spectra shows the adsorption bands from ZnO, carbon, nitrogen, and
sulfur. The absorption bands at 425 and 524 cm™* corresponding to the
fundamental transverse and longitudinal optical stretching vibrations of
ZnO [45]. The broad absorption band at 3429 cm™! corresponding to the
stretching vibration of bonded and non-bonded —OH groups. The peaks
at 1610 and 1461 cm ™! due to the stretching vibrations of C = N and
C-N, respectively [46]. The FTIR peaks in the range of 1000-1400 em™?
attributed to the stretching vibrations of C-O, C-S, and C-H, respec-
tively [47].

Fig. S5 shows the thermal gravimetric (TG) profile of the as-prepared
NC@ZNS, SC@ZNS, and NSC@ZNS hybrid nanocomposite. The TG
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measurements were carried out under the air atmosphere from room
temperature to 900 °C at a heating rate of 10 °C/min. The weight loss up
to ~150 °C attributed to the removal of bound water molecules from the
materials’ surface. The weight loss from 250 °C to 700 °C resulting from
the reduction of oxygen-containing functional groups and the decom-
position of the carbon in the hybrid nanocomposites. Based on the TGA
analysis, the estimated weight ratio of carbon in the NC@ZNS, SC@ZNS,
and NSC@ZNS hybrid nanocomposite was ~19, 16, and 21%,
respectively.

Fig. S6 shows the nitrogen adsorption/desorption Barret- Joyner—
Halenda (BJH) isotherm of the as-prepared ZNS, NC@ZNS, SC@ZNS and
NSC@ZNS hybrid nanocomposites. All the materials exhibit type-IV
isotherms, indicating the presence of micro- and mesoporous in the as-
prepared materials [21,28]. The Brunauer- Emmett-Teller (BET) sur-
face area of the ZNS, NC@ZNS, SC@ZNS and NSC@ZNS calculated as
32 m?g !, 68 m2g!, 74 m2g~! and 76 m2.g~?, respectively. The cu-
mulative pore volume of ZNS, NC@ZNS, SC@ZNS and NSC@ZNS hybrid
nanocomposite is estimated to be ~0.27, 0.18, 0.22 and ~0.12 cm3.g’1,
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Fig. 5. Gas sensing characteristics of the fabricated sensors based on ZNS, NC@ZNS, SC@QZNS and NSC@ZNS hybrid nanocomposites. (a) Temperature-dependent
sensing response of the ZNS sensor to 10 ppm of NO,. (b) Arrhenius plot of the sensor response. (¢) Dynamic sensing response of the ZNS sensor at 225 °C toward
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respectively, and the corresponding pore size of the materials are ~8.7,
4.3, 5.2, 3.1 nm, respectively. The inset of Fig. S6 shows the pore size
distribution plots of ZNS, NC@ZNS, SC@ZNS and NSC@ZNS hybrid
nanocomposite. All the materials exhibit the pores in the range of 2-100
nm, suggesting the mesoporous- and microporous nature of the mate-
rials [21,28].

The details of the sensor fabrication and NO; sensing characteristics
analysis have been described in the supplementary information [21,28].
The Sg of the sensor is defined as the ratio of the sensor resistance in the
presence of NO, and in the presence of air [48,49]. Response time (I'rgs)
of the sensor is defined as the time required for the sensor to reach 90%
of its resistance in the presence of gas and the recovery (I'rgc) time of the
sensor is defined as time taken by the sensor to reach 10% of its original
resistance in the presence of dry air [50]. The temperature-dependent
sensing characteristics of the ZNS, NC@ZNS, SC@ZNS and NSC@ZNS
sensors were carried out to identify the optimum operating temperature
for the sensors. Fig. 5a shows the Sy of the ZNS sensor at different
operating temperatures to 10 ppm of NO,. The Sg of the sensor was
found to be increased with increasing operating temperature. The Sg of
the ZNS sensor at 100, 125, 150, 175, 200, 225, 250 °C was found to be
~18.3, 43.9, 97.5, 163.8, 253.2, and 215.2, respectively. The activation
energy (Ea) of the sensor is an important parameter that determined the
sensitivity of the sensor. Therefore, the Ea of the ZNS sensor was
calculated by the corresponding Arrhenius plot of the Sg. The Ea of the
sensor was calculated using the Arrhenius equation [21].

E,
2KBT) @

Sk = Spexp(

where, Ea, Kg, T, Sp, and Sy are the activation energy, Boltzmann con-
stant, sensing temperature, sensing response and constant, respectively.
Fig. 5b shows the linear dependence of the In(Sg)of vs. the reverse of the
sensing temperature (1/T). The calculated Ea of the ZNS sensor was
found to be ~0.455 eV.

The maximum sensitivity of the ZNS was investigated at 225 °C to
different NO; concentrations ranging from 10 ppm to 200 ppb (Fig. 5c).
The Sg of the ZNS sensor to 10, 5, 2, 1, 0.5, and 0.2 ppm was ~260.1,
185.3,119.8, 81.3, 58.8, 43.9, respectively. The Sg of the ZNS sensor as a
function of NO3 concentrations can be described using the following
empirical equation [21].

Sg = 14 aG., 2

where Sg, G, @, and f are the sensing response, gas concentration,
constant, respectively. The Sg of the ZNS sensor to 200 ppb-2 ppm range
shows a strong linear relation. Such a relationship can be represented as
below.

Sg = 0.63 x G¢ +3.544 3

The theoretical limit of detection (LOD) of the ZNS sensor can be
obtained when the Sg is three times higher than the noise of the signal
[51]. The following equation was used to calculate the LOD of the ZNS
sensor [21].

RMSnoise
Slope

Sk =3 x 4)

The LOD of the sensor was calculated from the slope of the linear
portion and RMS noise at the baseline of the sensing response [52]. The
LOD of the ZNS sensor was found to be ~30 ppb at 225 °C.

Fig. 5e shows the temperature dependent sensing characteristics of
the fabricated sensors based on NC@ZNS, SC@ZNS and NSC@ZNS hy-
brids at different operating temperatures. The Sg of the NC@ZNS,
SC@ZNS and NSC@ZNS sensors at 25, 50, 75, 100, 125 °C were ~18.1,
115.2, 257.8, 476.9, 310.2, 22.3, 145.21, 302.12, 608.27, 552.32 and
29.7, 189.1, 385.4, 699.2, and 584.2, respectively. All three sensors
exhibited enhanced sensitivity and showed the maximum Sg at 100 °C.
The Sg of the NSC@ZNS sensor is ~1.5 and 1.15 times higher than that
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of NC@ZNS and SC@ZNS sensors. Most importantly, all three sensors
showed a completely reversible response to NO, at room temperature.
The Ea of the sensors was calculated by the Arrhenius plots of the In(Sg)
vs. reverse of the sensing temperature (1/T), as described in the method
mentioned above. The calculated Ea of the NCS@ZNS, SC@ZNS and
NC@ZNS was ~0.394, 0.415 and 0.434 eV, respectively (Fig. 5f). The
lower Ea of the NCS@ZNS sensor indicating the higher sensing perfor-
mance of the material.

Fig. 6 shows the dynamic S of the fabricated sensors based on
NC@ZNS, SC@ZNS and NSC@ZNS to different concentrations of NO5
ranging from 10 ppm to 200 ppb at 25, 50, and 100 °C. The Sy of the
sensors increases with increasing NO; concentrations. The Sg of
NC@ZNS, SC@ZNS sensors at 25 °C were found to be ~19.6,17.4, 14.8,
11.8, 8.9, and 24.56, 20.24, 18.16, 15.11 and 11.14 to 10, 5, 2, 1, and
0.5 ppm of NO,, respectively. In comparison, the NSC@ZNS sensor
shows a response of ~31.2, 30.1, 24.6, 21.1, and 14.32 at the same
concentration (Fig. 6a). The LOD of the NC@ZNS, SC@ZNS and
NSC@ZNS sensors were ~28 ppb, 25 ppb and 21 ppb, respectively. The
Sg of the NC@ZNS, SC@ZNS and NSC@ZNS sensors at 50 °C to 10, 5, 2,
1, 0.5, 0.2 ppm of NO, was ~118.2,104.3, 99.1, 79.2, 63.1, 36, 137.69,
128.27, 109.02, 87.51, 73.18, 46.12 and 196.2, 179.2, 154.8, 119.4,
95.5, and 58.3, respectively (Fig. 6¢). The Sk of the NC@ZNS, SC@ZNS
and NSC@ZNS sensors at 100 °C to 10, 5, 2, 1, 0.5, 0.2 ppm of NO, were
~505.2, 369.2, 264.3, 180.2, 150.2, 121, 593.61, 461.65, 315.03,
224.67, 157.14, 128.46 and 730.4, 553.5, 347.2, 230.6, 172.8, and
129.6, respectively (Fig. 6e). With increasing operating temperature, the
sensitivity of the sensors increased. Besides, the response time and re-
covery time of the sensors decreased due to the thermal acceleration of
gas kinetic reactions. As evident from the sensing analysis, the NC@ZNS,
SC@ZNS and NSC@ZNS hybrid nanocomposite exhibit not only an
enhanced sensing response but also a wide range of detection limits. At
all temperatures, the NSC@ZNS hybrid nanocomposite sensor showed
~1.43 and 1.23 times higher sensing response than that of NC@ZNS and
SC@ZNS sensors. The following equations can describe the linear rela-
tionship between the sensing response (In(SR)) of NC@ZNS, SC@QZNS
and NSC@ZNS sensors as a function of gas concentration at different
operating temperatures (Fig. 6 (b, d, and f)).

NCQZNS — Sgazs = 0.13 x G¢ +2.23 5)
SCQZNS — Sgaps = 0.16 x G¢ +2.37 (6)
NSCQZNS — Sgaps = 0.16 x G¢ +2.55 (@]
NCQZNS — Sgaso = 0.23 x G¢ +3.52 (€)]
SCQZNS — Sgaso = 0.191 x G¢ +3.987 9
NSCQZNS — Sgaso = 0.22 x Gc +3.98 (10)
NCQZNS — Sgaioo = 0.21 x G¢ +4.54 (11D
SCQZNS — Sgaioo = 0.209 x G¢ +5.11 (12)
NSCQZNS — Sgaipo = 0.25 x G¢ +4.61 (13)

The repeatability of the fabricated sensors based on NC@ZNS,
SC@ZNS and NSC@ZNS hybrid nanocomposites during two continuous
cycles was investigated at 75 °C to different concentrations of NOg
ranging from 10 ppm to 1 ppm. The Sg of the NC@ZNS, SC@ZNS and
NSC@ZNS sensors decreased with decreasing the NO, concentrations
and recover back to their previous response value with increasing the
NO; concentration (Fig. 7a). Besides, the stability of the fabricated gas
sensors at ~25 °C was examined to 500 ppb of NO; (Fig. 7b). The Sg of
the NC@ZNS, SC@ZNS and NSC@ZNS sensors was found to be in the
range of ~8.4 +0.88,11.32 + 0.47 and 13.4 + 0.96 and respectively, for
5 repetitive cycles, indicating the stable response and recovery
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characteristics of the proposed sensors. Long-term stability is one of the
most crucial for a practical application of the sensors. Therefore, the
sensing response of the NSC@ZNS sensor was investigated for 35 days.
Fig. S7 shows the NSC@ZNS sensor NO, response to 10 ppm of NO; as a
function of measurement days. The sensing transients of the sensor after
continuous measurement cycles for 5 weeks at specific time intervals
showed a response without any significant changes. The obtained
sensing results revealed the impressive long-term stability of the sensor
based on NSC@ZNS hybrid nanocomposite. The exceptional response
and recovery NO; sensing characteristics of the sensors are owing to the
excellent structural integrity, robustness, and electrical behavior of the
sensing materials.

The I'rgs of the sensors based on NC@ZNS, SC@ZNS and NSC@ZNS
to 500 ppb of NO; at 25 °C was found to be ~76 s, 74 s, 88 s, respec-
tively, while the I'rgc of the sensors were ~340 s, 332 s and 305 s,
respectively (Figs. S8, S9). The AEI'grgs and recovery AE[ggc times of the
NC@ZNS, SC@QZNS and NSC@ZNS sensors to 1 ppm NO, was compared
as a function of operating temperature. Fig. S10 shows the linear
dependence of the logarithm of time constants (In(t)) vs. the reverse of
the sensing temperature. The potential barrier heights of the sensors
were calculated from the slope of the linear portion of the plot using the
thermal activation function. The AEI'ggg barrier heights of the NC@ZNS,
SC@ZNS and NSC@ZNS sensors were found to be 75, 71 and 69 meV,
respectively. While AEIggc of the NC@ZNS, SC@ZNS and NSC@ZNS
sensors were ~41, 42 and 44 meV, respectively. The smaller barrier
heights were signifying that the NSC@ZNS sensor surface is most
favorable for the adsorption-oxidation-desorption gas kinetic reaction
[53,54].

The selectivity of the NSC@ZNS sensor was tested at 25 °C to 10 ppm

of HpS, NH3, CO, Hy, CHy4, and NO,. As shown in Fig. 8, the sensor
showed a higher response to NO, compared to other interfering gases.
The response of the sensor to HyS, NH3, CH4, CO, Hy, and NO; was
~1.39, 1.3, 1.11, 1.09, 1.03, and 29.98, respectively. The sensing
response ratio of HpS, NH3, CHy4, CO, Hz to NO; was ~0.046, 0.043,
0.037, 0.036, 0.034, indicating the excellent NO, selectivity of the
fabricated sensor. Besides, the sensing response of the NSC@ZNS sensor
does not significantly affect to the relative humidity in the range of
20-90%, indicating that the environment humidity does not affect the
sensor (Fig. S11).

4. Gas sensing mechanism

Firstly, we would like to describe the general NO, sensing mecha-
nism of pristine ZnO nanostructure. At elevated operating temperature,
typically above 200 °C, the surface adsorbed oxygen converts into the
oxygen radicals, thereby generating an electron-depleted region. The
typical reactions can be expressed by the following equations 14-16
[29].

02(g) — 02(ads) a4
02(ads) + e- — 02—(ads) (15)
02—(ads) + e- — 20—(ads) (16)

Upon exposure to NOo, gas kinetic reactions are commenced,
whereby the NO, molecule traps the electrons from sensing material,
thus increases the sensor resistance. The NOy molecules can interact
with the sensor surface in two ways, (i) direct extraction of electrons
from the ZnO conduction band and/or (ii) indirectly from the oxygen
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radicals chemisorbed on the ZnO surface. The specific reactions are
described as follows [55].

2NO2(g) — 2NO2(ads) a7
NO2(ads) + e- <> NO2—(ads) (18)
NO2(ads) + e- < NO(g) + O-(ads) 19)
NO2(ads) + 02—(ads) + 2e- <> NO2—(ads) + 20—(ads) (20)
NO(g) + 1202 — NO2(g) 1)

The ZNS sensor showed enhanced sensitivity as low as 200 ppb with
the sensor response of 44 at 225 °C. The LOD of the ZNS sensor was
found to be ~30 ppb at 225 °C. However, the ZNS sensor could not be
able to detect NO2 below 100 °C. This could be explained based on the
following lines. When the sensor operates at a high temperature
(>200 °C), the oxygen radicals generated on the sensor surface, where
electrons reduce the O, molecules, but it is challenging to produce the
significant volume oxygen radicals at ambient temperatures. Therefore,
the assistance of a catalyst for oxygen reduction is necessary for the
development of room temperature sensors.
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In this work, the room temperature NO, sensing is achieved by the
formation of nitrogen-sulfur dual doped carbon on the ZnO spheres. The
incorporation of NSC on the ZNS efficiently improved the NO, sensing
response at ambient temperatures. The enhanced NO; sensing charac-
teristics of the NCS@ZNS sensor could be attributed to (i) high catalytic
activity stimulated by sulfur and nitrogen doping, (ii) chemical sensiti-
zation by the sulfur and nitrogen in the carbon matrix, (iii) electric ef-
fects triggered by the heterojunction between NSC and ZNS, (iv) Large
surface area and porous structure of the sensing material. The impact of
all these factors on the enhanced sensitivity of the NSC@ZNS sensor is
discussed one by one in the following sections.

The catalytic effect of nitrogen-sulfur-doped carbon has been widely
reported in several oxygen reduction reactions (ORR) studies [56-59].
The doping of nitrogen and sulfur redistribute the charge density of
adjacent C atoms on the carbon matrix, owing to the substantial elec-
tronegativity variations between C/N and C/S atoms (YN = 3.04, xS =
2.58 and yC = 2.55) [59]. Thus, the carbon atoms nearer to the nitrogen
and sulfur atoms possess positively charged on the carbon matrix. This
localized electrostatic potential acts as energetic sites and readily
available for facilitating the chemisorption of oxygen. The active
nitrogen-sulfur sites play as an electron donor and promote the forma-
tion of oxygen radicals. The formation of a large density of oxygen
radicals on the sensor surface can be explained based on the XPS spectra
analysis.

Fig. 9a shows the O1s XPS core-level spectra of the as-prepared ZNS,
NC@ZNS, SC@ZNS and NSC@ZNS hybrid nanocomposite. The Ols
spectra deconvoluted into three peaks depending on its oxidation state.
The peaks at 529.3 eV attributed to metal-oxygen bonds in ZnO. The
other peaks located at 531.4, and 532.7 eV can be assigned to the 0%~
ions in surface adsorbed oxygen and chemisorbed oxygen, respectively
[60]. The relative peak percentage of the chemisorbed oxygen on the
ZNS, NC@ZNS, SC@ZNS and NSC@ZNS were found to be ~12, 26, 31
and 38, respectively. The higher chemisorbed oxygen on the NSC@ZNS
hybrids could be attributed to the excellent oxygen reduction catalytic
nature of nitrogen-sulfur doped carbon. The generated oxygen radicals
are then diffused into the surface vacancies of ZnO by the chemical
sensitization effect. Thus, more trapped electrons are produced, leading
to an increase in the sensor resistance, subsequently an enhancement in
the sensitivity of the sensor. The dual doping of nitrogen and sulfur in
carbon produces more defective active sites for the oxygen reduction
reactions compared to that of pristine nitrogen-doped carbon. This jus-
tifies why the NSC@ZNS sensor exhibited higher sensitivity than that of
NC@ZNS, SC@ZNS and ZNS sensors. Besides, the sensitivity of the
NSC@ZNS sensor enhanced by the strong chemical and electronic
interaction between the NSC and ZNS. Fig. 9b shows the high-resolution
core-level spectra of ZNS, NC@ZNS, SC@ZNS and NSC@ZNS in the Zn
2p region. The photoelectron peaks at 1022.4 and 1045.2 eV, attributed
to the 2ps/2 and 2p;,» doublet of Zn%*, respectively [61]. The photo-
electron peaks of NC@ZNS, SC@ZNS and NSC@ZNS shift 0.5 eV to the
higher binding energy compared to that of the pristine ZNS, indicating
the strong chemical and electronic interaction between zinc oxide and
doped carbon.

Further, the exceptional NO, sensing performance of the NSC@ZNS
sensor could be attributed to the chemical modification of carbon with
nitrogen and sulfur. The nitrogen and sulfur are more electronegative
than the carbon and tend to pull some electrons from the neighboring
carbon atoms by the inductive effect, thus, increase the number of holes
in the modified carbon. NOs is an electron extracting gas and can quickly
adsorb on the electron-rich sites such as lone pairs of electrons of S and N
in the carbon matrix. After NO, adsorption, the electron-withdrawing
ability of the sulfur group was increased and consequently enhanced
the sensitivity of the sensor. The SO3 group in the NSC@ZNS and
SC@ZNS has a more-significant number of lone-pair electrons compared
to that of NC@ZNS hybrid nanocomposite. Thus, the NSC@ZNS,
SC@ZNS sensors have a significantly higher capability to adsorb NO,
than the NC@ZNS sensor. Dai et al. theoretically demonstrated that the
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NO; molecules could chemically bind with S-active sites in the carbon
matrix compared to that of pristine N-active sites in the carbon [62].

The active participation of the dual doped NSC@ZNS sensor in NOy
chemisorption can be explained based on the XPS analysis. Fig. 9c shows
the N1s spectra of the ZNS, NC@ZNS, SC@ZNS and NCS@ZNS sensors
after exposure to 50 ppm of NO; at 50 °C. The relative N1s peaks per-
centage of the ZNS, NC@ZNS, SC@ZNS and NCS@ZNS sensors before
and after NO; sensing were found to be ~0, 23.7, 0.72 and 5.1 and 0.54,
29.21, 22.32 and 27.77, respectively. The small peak observed at
405-410 eV could be attributed to the different forms of chemisorbed
NO;, species on the surface of the sensors. The presence of NO3 and NO3
is attributed to the reduction of NO; by oxygen radicals on the surface of
the sensors [63].

The enhanced sensitivity of the NSC@ZNS sensor is not only due to
the catalytic effect of nitrogen and sulfur-doped carbon, but also the
synergy between the NSC and ZNS. The heterojunction between the NSC
and ZNS increased the sensitivity of the sensor. The interface effect
between the NSC and ZNS can be explained based on the photo-
luminescence (PL) spectra analysis. Fig. 9d shows the PL spectra of the
as-prepared ZNS, NC@ZNS, SC@ZNS and NSC@ZNS hybrids. The
NSC@ZNS, SC@ZNS nanocomposite showed much lower intensity
compared to that of NC@ZNS and ZNS, indicating that NSC and SC
acting as a better electron acceptor compared to that of NC, thus,
reducing the PL intensity of ZNS. The heterojunctions between NSC and
ZNS behave as electron migration routes that enhance the sensitivity of
the sensor. Besides, the enhanced sensitivity of the sensor could be
attributed to the high surface area and porosity of the sensing materials.
The large surface area provides several active sites for oxygen adsorp-
tion and forms a high density of oxygen radicals on the surface of the
sensing material [64]. Further, the NSC@ZNS sensor showed excellent
sensitivity to NOy ~31 times higher than other gases such as HpS, NH3,
CHy, CO, and Hj. The electron-donating or reducing nature of as HsS,
NH;3, CHy4, CO, and H; cannot effectively adsorb on the nitrogen-sulfur
doped carbon as compared to that of NO,, thus showed weak sensing
response. Nevertheless, the valid justification for selective NO5 sensing
continues to be uncertain and needs to be confirmed by further studies.
The proposed NSC@ZNS sensor showed completely reversible sensing
characteristics at 25 °C. The sensitivity of the NSC@ZNS sensor at 25 °C
was found to be ~500 ppb with the LOD of ~21 ppb. Since the synergy
between the NO; and the lone pair of electrons in NSC is weak, the NOy
molecules can be desorbed from the NSC@ZNS nanocomposites by
flowing dry air [64]. The proposed sensor showed excellent sensitivity,
selectivity with appreciably fast response, and recovery time compared
to the other reported NO5 sensors (Table 1.).

5. Conclusions

In summary, we have developed a nitrogen-sulfur dual doped
carbon-coated ZnO nanospheres by a facile hydrothermal and subse-
quent annealing process. The successful formation of the hybrid nano-
composite was confirmed by the various analytical techniques. The
sensors were fabricated based on the as-synthesized materials and
investigated in detail their NO5 sensing at different temperatures and
concentrations. The maximum sensitivity limit of the ZNS sensor was
~30 ppb at 225 °C. However, the ZNS sensor could not be able to detect
NO5 below 100 °C. Whereas, the NSC@ZNS and SC@ZNS, NC@ZNS
hybrid sensors showed the excellent selectivity and sensitivity to NO3 at
ambient temperatures. Besides, all three sensors can naturally recover to
their initial resistance value without any external source such as UV-
light illumination or thermal assistance. The NSC@ZNS hybrid nano-
composite sensor showed ~1.5 and 1.15 times higher sensitivity
compared to NC@ZNS, SC@ZNS sensors. The sensing characteristics of
the sensors showed exceptional linear relationships in a wide range of
NO, concentrations. The LOD of the NSC@ZNS, SC@ZNS and NC@ZNS
sensors were found to be ~28 ppb, 25 ppb and 21 ppb, respectively. The
NSC@ZNS sensor also showed ~31 times higher NO, sensing response
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Table 1
NO, sensing characteristics of NSC@ZNS sensor and that of other reported NO,
sensors.

Sensing material TS G2 s% T'res/ Ref.
Iec
S-Graphene RT 5 5 10/30 Yuan et al.
[65].
NbS, 27 5 1.5 3000/ Kim et al.
9000 [66].
CusMo,00@Cu0O RT 5 1.6 49/241 Adamu et al.
[671.
WO3/S-RGO RT 20 1.5 6/56 Wang et al.
[68].
Graphene/a-Fe,O3 RT 5 7.2 126/ Zhang et al.
2400 [69].
SnO, x RT 5 16 331/ Zhong et al.
1057 [70].
AgNP-3D-AQRGO RT 20 10.3 300/ Lietal [71]
600
NSC@ZNS RT 5 31.2 88/305 This work
2Sensing 3Gas ‘Sensor dResponse and recovery
Temperature Concentration Response time
(Rg/Ra or
Ra/Rg)

compared to that of other gases. The facile fabrication, ultra-sensitive,
and selective detection of NOy with appreciably fast response and re-
covery time at ambient temperatures make for intriguing the promising
practical applications of our proposed NSC@ZNS sensor.
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Preparation of sulfur doped carbon@ ZnO spheres (SC@ZNS).
Preparation of nitrogen doped carbon@ ZnO spheres (NC@ZNS). Details
of the experimental methods and characterization techniques. Gas sen-
sors fabrication and measurement techniques. Fig. S1. Morphology of
the as prepared SC@ZNS. Fig. S2. Elemental mapping of the as-prepared
SC@ZNS hybrid nanocomposite. Fig. S3. Morphology of the as-prepared
NC@ZNS hybrid nanocomposite. Fig. S4. Enlarged region of powder X-
ray diffraction pattern of the as-prepared NC@ZS and NCS@ZS hybrid
nanocomposites. Fig. S5. Thermal gravimetric profile of the as-prepared
NC@ZNS, SC@ZNS and NSC@ZNS hybrid nanocomposite from room
temperature to 900 °C at the heat rate of 10 °C/min. Fig. S6. Ny
adsorption—desorption Barrett-Joyner-Halenda (BJH) isotherms of the
as-prepared ZNS, NC@ZNS, SC@ZNS and NSC@ZNS hybrid nano-
composites. Inset: the corresponding BJH pore size distributions from
the adsorption branch. Fig. S7. Long-term stability of the fabricated
sensor based on NSC@ZNS to 10 ppm of NO2 at 25 °C. Fig. S8. Response
and recovery time of the fabricated sensor based on NC@ZNS and
NSC@ZNS to 500 ppb of NO, at 25 °C. Fig. S9. Response and recovery
time of the fabricated sensor based on SC@ZNS to 500 ppb of NO; at
25°C. Fig. S10. The linear dependence of the logarithm of time constants
versus the reverse of absolute temperature of the fabricated sensors



A. Shanmugasundaram et al.

based on NC@ZNS, SC@ZNS and NSC@ZNS. Fig. S11. Sensor response
of the NSC@ZNS to different relative humidity at 25 °C. Table SI.
Atomic percentage (at. %) of carbon, oxygen, nitrogen, and zinc in the
NC@ZNS, SC@ZNS and NSC@ZNS hybrid nanocomposites. Table S2.
Comparison between surface and bulk elemental compositions of car-
bon, oxygen, nitrogen, and zinc in the NC@ZNS, SC@ZNS and
NSC@ZNS hybrid nanocomposites.

Supplementary data to this article can be found online at https://doi.
0rg/10.1016/j.cej.2020.127740.
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