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ARTICLE INFO ABSTRACT

Keywords: Nitrogen dioxide (NO,) sensing is important in terms of the agriculture development and healthcare monitoring.

Gas sensor However, relatively poor recovery kinetics at a low temperature is still a problem for NO, sensing and remains to

SnS, be solved. In this work, we combine the excellent sensing properties and gas adsorption capacity of two- di-

Graphene mensional (2D) tin disulfide (SnS,) hexagonal nanoflakes with the beneficial electrical properties of graphene to

lr\IGoo build high-performance NO, sensors by a simple and low-cost method. We found that the sensors based on the
2

2D materials

quasi-2D rGO-SnS, hybrids exhibited exclusive selectivity towards NO,. The presence of rGO in hybrids de-

creased optimal working temperature effectively. Sensors based on 0.8% rGO-SnS, (G-SS) show almost an order
of magnitude increase in response (32) compared to pristine SnS, (3.5). Especially, the response/recovery time is
50/48 s, respectively, demonstrating the favorable response/recovery kinetics of sensors. Such significant fea-
tures can be attributed to the synergistic effect of the quasi-2D G-SS hybrid and the local heterojunctions in the
interface between SnS, and rGO.

1. Introduction

Sensors as key devices acquire and transfer the external informa-
tion, and play a crucial role in our life [1]. Among various sensors, gas
sensors have attracted increasing attention, which can be applied in the
environmental monitoring [2-4], individual healthcare [5,6] and pro-
duction control [7,8]. In the multiple application scenarios, the detec-
tion and sensing of NO, is particularly important. NO, is a sort of quite
common and important gas, which is mainly generated from the in-
dustrial production and daily life, such as, automobile exhaust, power
station and fertilizer production. On the one hand, NO, seriously threat
to human beings and plants. NO, is particularly harmful to human
health at concentrations greater than 1 ppm, since it can paralyze the
respiratory system thus lead to an overexposure [9]. NO, is also re-
cognized as the origin of photochemical smog, since the ingredients of
which are acid rain and ozone (O3) that can be produced by NO,
[10,11]. On the other hand, as reported, NO, can serve as a biomarker
to reflect the human’s physical condition in certain organs or tissues.
For instance, the analysis reports of exhaled breath contribute to the
diagnosing of lung tissues infections and gastrointestinal disorder
symptoms [12,13]. In consideration of the significance of NO, detecting
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and the huge application potential of NO, gas sensors, it is essential to
develop high-performance NO, sensing sensors, which can achieve the
rapid real-time detection for NO, gas with an exclusive selectivity.
Recently, 2D materials have attracted extensive attention in sensing
field due to its favorable physical and chemical properties. As the first
generation of 2D materials, graphene consists of a single layer of carbon
atoms, which form a honeycomb crystal structure by sp? hybridization
[14]. Due to the high carrier mobility, decent chemical stability and
high specific surface area, the researches about graphene in NO, sen-
sing field have resulted in notable success [15,16]. However, so far, the
reduced graphene oxide (an important derivative of graphene) is
mainly utilized as a dopant to enhance the response and reduce the
resistance of sensors, since the NO, sensors based on single rGO (re-
duced graphene oxide) are proved to possess a slow recovery kinetics
and poor selectivity [17,18]. As the excellent properties of graphene
come to light gradually, increasing interests have been spurred to in-
quire the graphene analogues and their composite nanostructures
[19-21]. Transition metal dichalcogenide (TMDs), as new class of 2D
materials, have been extensively applied in sensors field due to the
unique thickness-dependent band gap and excellent electrochemical/
thermal properties [22-24]. Because of the absence of dangling bonds
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in TMDs, the contact between TMDs and substrate of electrical device
hardly affect the stability and mobility of materials. TMDs are proved to
possess an excellent affinity to NO, gas molecule [25]. Upon exposure
to NO,, electron transfer will happen at the interface between NO, and
sensing material surface according to the position of energy band and
orbital hybridization of materials, resulting in a change in resistance
[26,27]. Besides, the defects existed in TMDs is sulfur vacancies instead
of oxygen vacancies, hence the TMDs-based sensors show more robust
stability than metal oxide-based sensors, since the oxygen vacancies are
considered as the origin of the long-term instability for metal oxide-
based sensors [28,29].

Although tin is not a member of transition metal family, tin sulfide
(SnS,) exists in 2D planar crystalline structure similar to the TMDs and
is widely investigated in sensors and other fileds due to its favorable
properties presently [30,31]. The Sn atom layer is sandwiched between
two layers of S atoms, and the adjacent layers of S atoms are connected
by weak Vanderwaals. In addition, the energy gap of band structure for
SnS, is inclined to be regulated by temperature, which can be utilized to
enhance the recovery kinetics by raising the temperature appropriately
[32,33]. More importantly, the adsorption between NO, and SnS, is
proved to be a physisorption, which relies on the intermolecular forces,
namely Vanderwaals. The activation-energy for physisorption is far less
than that needed for chemisorption. In addition, physisorption of gas
molecule can occur at low temperature [34]. Despite the aforemen-
tioned merits, the outcomes are still far from the expectation and en-
counter several bottlenecks in the practical application. Firstly, the
pristine SnS, yields a weak response towards NO,. Secondly, the re-
sistance of SnS, in air tends to be large at a low temperature, however,
once increasing the temperature, the SnS, faces with risks of oxiding to
SnO,.

In view of the above analysis on the NO, sensing performance,
whether SnS, or rGO, the development in isolation can’t lead to sa-
tisfactory results, which inspires us to employ hybrids containing the
above two materials to enhance the NO, sensing performance by the
integration of their advantages. In addition, the 2D/2D rGO-SnS,
(quasi-2D G-SS) heterostructures possess advantages of abundant cou-
pling interfaces and large contact surface, which would produce more
active site and enhance the sensing performance.

In this work, we fabricated a quasi-2D G-SS hybrid in a simple and
mild method, the NO, sensing performance was optimized by reg-
ulating the content of rGO in samples. The optimized sensors show
excellent sensing properties, such as enhanced sensing response, low-
ered optimal working temperature and rapid recovery. Especially re-
covery kinetics is adaptive to the fast proceeding speed for treating
mass information in the big-data era. In brief, the market-oriented NO,
sensors exploited in our work has a promising prospect in the field of
environmental monitor and healthcare practical application.

2. Materials and methods
2.1. Synthesis of SnS, powder

The SnS, powder was synthesized beginning from the reagents ob-
tained from Sinopharm Chemical Reagent Co., Ltd (Shanghai, China).
First, 5.7 mmol of tin chloride pentahydrate (SnCl;'5H,0, =99%) was
dissolved in a breaker with 50 ml of DI water (deionized water). After
continuous stirring of 10 min, the homogeneous solution of Sn** was
obtained. Then, 22.9mmol of thiourea (NH,CSNH,, =99%) and
31.5 ml of DI water were added to the solution. In this process, S~ ions
were produced by reaction [35,36]. Under stirring for 30 min, the re-
sulting solution was transferred in a 100 ml Teflon-lined autoclave and
then put in an oven, the temperature of which preset at 180 °C. After
hydrothermal reaction for 24 h and cooling to room temperature, the
SnS, nanoflakes were collected by centrifuging and washing with
ethanol and DI water several times.
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2.2. Synthesis of G-SS compound

The rGO was synthesized starting from graphite powder by a
modified Hummers method [37]. For the synthesis of G-SS compound,
first, 0.1 g of SnS, powder and 40 ml of DI water were added to a
breaker under stirring to form homogenous solution. Then the above
solution was treated by water bath at 80 °C with magnetic stirring for
6h, in the process of which, 0.2ml of GO solution (3 mg/mL) was
added drop by drop. After cooling to room temperature, the precipitate
was collected and marked as 0.6% G-SS. Similarly, with other experi-
mental conditions unchanged the compound containing 0.26 ml,
0.33ml, 0.45ml, 0.63ml, and 0.83 ml GO solution were synthesized
and marked as 0.8% G-SS, 1.0% G-SS, 1.36% G-SS, 1.9% G-SS, 2.5% G-
SS throughout the entire article.

2.3. Characterization

Both the SnS, and G-SS samples were analyzed by X-ray powder
diffraction (XRD), with a Rigaku D/max-2550 X-ray diffractometer with
high-intensity Cu Ko radiation (A = 0.154 nm) in the range of 10-80°
(20). The field emission scanning electron microscopy (FESEM) images
were obtained on a JEOL JSM-7500 F microscope operating at 15kV.
Transmission electron microscopy (TEM), high-resolution transmission
electron microscopy (HRTEM) and EDS mapping were obtained on a
JEOL JEM-2100F microscope with accelerating voltage of 200kV.
Raman spectroscopy analyses were conducted on a RENISHAW INVIA
Micro-Raman spectrometer. The X-ray photoelectron spectroscopy
(XPS) data were recorded on a PREVAC XPS system. The specific sur-
face area was estimated by the Brunauer-Emmett-Teller (BET) equa-
tion based on the nitrogen adsorption isotherm, which was measured
with a Micromeritics Gemini VII apparatus. Thermogravimetric analysis
(TGA) was performed using a Thermogravimetric Analyzer (Netzsch
STA 499 F3).

2.4. Sensor fabrication and performance test

The process of sensor fabrication was as followed and showed in Fig.
S1. First, a moderate amount of samples and DI water were added to
reagent bottle with small capacity, after an ultrasound treatment for a
while, a thick paste was obtained. Then, the paste was coated com-
pactly on a ceramic tube, on which a pair of gold electrode was pre-
installed acting as the sensing film. Then, a Ni-Cr alloy coil was inserted
into the ceramic tube entirely to control the temperature precisely.
Finally, the ceramic tube was welded onto the sensor base and aged at
200 °C for 48h.

The electrical resistance of both SnS, and G-SS were measured by
static testing method and recorded by a data-acquiring system at 20%
relative humidity. First the sensors were put in a bottle filled with air
for several hours at working temperature until the electrical resistance
reach stability. The working temperature ranged from 25 °C to 240 °C.
Then a certain concentration tested gas was injected to the bottle. After
the resistance became steady, the sensor was transferred to a bottle
filled with air to recover. For N-P compound, the conduction type was
likely to change once the mass ratio of N/P reached the threshold. The
sensitivity was defined as Ry/R, (when Ry > R,) and R,/Ry (when
Ra > Ry), where R, and R, were the resistance of sensors in air and NO,
gas, respectively.

3. Results and discussion
3.1. Material characterization

XRD was conducted to investigate the crystal structure of as-syn-
thesized samples. The results of measurement were shown in Fig. 1.

According to the phase matching, the SnS, material was in single phase
and the peaks were all in accordance with the Berndtite-2H, a
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Fig. 1. XRD patterns of SnS, and G-SS samples.
Table 1
Crystallite size and specific surface area of SnS, and G-
SS samples.
Samples Crysllite size (nm)
SnS, 116
0.6% G-SS 121
0.8% G-SS 120
1.0% G-SS 120
1.9% G-SS 121

hexagonal cell structure with Space Group P-3m1. Notably, the peaks
intensity and position of SnS, remain unchanged after the introduction
of rGO, indicating the procedure and the material in experiment caused
no damages the crystallinity of SnS,. In addition, no peaks belonging to
the rGO appeared, this may be due to the low amount of rGO. Besides,
crystallite sizes were calculated by Scherrer equation, D = 0.8\./cos6,
where D was the crystallite size, A was the wavelength of X-ray ra-
diation, 3 was the full width at half-maximum intensity (fwhm in ra-
dians), 6 was diffraction angle. The average crystallite sizes of samples
were listed in Table 1. Compared to the pristine SnS,, the grain size of
G-SS samples increased, which could be attributed to the grain re-
growth in the process of water bath. Notably, Fig. S2 showed the XRD
pattern of SnS, and 0.8% G-SS samples after aging at 200 °C for 96 h,
the results of which turned out that the crystal structure remained
unchanged.

The morphologies and other geometrical parameters were measured
by FESEM and AFM. Fig. 2 (a) displayed the FESEM image of SnS,, it
was easy to notice the presence of hexagonal nanoflakes ranging from
200nm to 1um. The AFM analysis, (see in Fig. S3), proved that the
nanoflakes in FESEM image were about 10 nm thick, which was tens of
monolayers of SnS, (the thickness of a monolayer was about 0.59 nm)
[38]. From the FESEM image of 0.8% G-SS (Fig. 2 (b)), it was clearly
noticed that numerous SnS, nanoflakes adhered to the wrinkled rGO
sheets, which was more apparent in FESEM image at high magnifica-
tion, as shown in Fig. 2 (c). In comparison to the pristine SnS, nano-
flakes, the hexagon edge of 0.8% G-SS suffered slight damages and
appeared zigzag, this may be caused by the crash among the nanoflakes
during the stirring procedure with water bathing. Notably, Fig. S4
showed the SEM image of SnS, and 0.8% G-SS samples after aging at
200 °C for 96 h, the results of which turned out that the morphology
remained unchanged.

TEM was then employed to give a further insight into the material.
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Fig. 2 (d) displayed the TEM image of 0.8% G-SS at low magnification.
As one can see, only several intact SnS, nanoflakes could be clearly
identified, the majority of nanoflakes severely adhered to the rGO
sheets leading to a large area of shadow, which interfered the ob-
servation of rGO beyond doubt. To confirm the presence of rGO, EDS
mapping was conducted, results of which were shown in Fig. 3. The
analysis showed the presence of S, Sn and C element which all dis-
tributed where the samples existed. Undoubtly, S and Sn element de-
rived from the SnS, nanoflakes. The C element could be attributed to
the skeleton of rGO, which proved the presence of rGO in the compound
rigorously.

The HRTEM analysis (Fig. 3 (e-f)) revealed crystallographic para-
meter of 0.8% G-SS, which matched well with the results of XRD
measurement. The fringe spacing of 0.590 nm and 0.315nm could be
discerned distinctly in the inset of upper right corner of Fig. 3 (f), which
accorded with the (001) and (100) lattice plane of hexagonal SnS,.
Similarly, the fringe spacing of 0.279 nm was in accordance with the
(011) lattice plane of SnS,. In addition, the curving lattice fringes where
around the edge of SnS, grains (see in the rectangle area selected with
dotted line in the Fig. 3 (e-f)) were an equally strong evidence of the
presence of rGO.

The Raman spectrum of 0.8% rGO-SnS, (see in Fig. 4 (a)) displayed
three peaks at "314cm ™, 1340 cm ™! and 1582 cm ™!, respectively.
The peak at “314cm ™! could be attributed to the out-of-plane vibra-
tional mode (A;,) of 2H SnS,, which was in accordance with the XRD
results. [39] Another peak corresponding to the in-plane Sn—S bonds
vibrational mode (E,) for SnS,, was not be observed, which may be due
to the damping of scattering centers in plane caused by the nano size of
SnS,. [40,41] The latter two peaks resulted from the well-defined D and
G bands of carbon-based material, respectively. It was widely believed
that the G band, a characteristic peak, could be applied in the de-
termination of graphite degree for carbon-based material, since the G
band resulted from the E;g phonon of sp> hybridizatio of atom. From
the measurement it was remarkably observed that the peaks position of
G band (1582 cm ~? for 0.8% G-SS) blue-shifted in comparison with GO
(1591 cm 1), an indication of restoring of graphene sp® system struc-
ture during the experiment, which was a strong proof that the GO was
reduced to rGO. In addition, the ratio of Ip/Ig was regarded as an im-
portant index to assess the disorder degree of carbon-based material.
The above value increased from 0.91 (for GO) to 1.13 (for 0.8% G-SS),
which was also presumably due to the generation of new graphene
flakes during the stirring. From the nitrogen adsorption-desorption
analyses, (see in Fig. 4 (b—c)), the specific surface area was calculated to
be 5m?/g and 12m?/g for SnS, and 0.8% G-SS based on the BET
theory, which could be attributed to the introduction of 2D rGO. TGA
analyses were conducted to probe into the thermal stability of as-pre-
pared samples. Notably, we only conducted TG measurements on
pristine SnS, and 0.8% rGO-SnS, for the following reasons. On the one
hand, when working temperature of sensors ranged from room tem-
perature to 220 °C, whether SnS, or rGO could remain chemical stable
on the basis of our previous study, thus TG measurements were con-
ducted according to final sensing properties to confirm further the re-
liability of our data. On the other hand, the temperature that SnS, and
rGO began to decompose wouldn’t vary drastically with the adding
amount of rGO, therefore, we only conduct TG measurements on pris-
tine SnS, and 0.8% rGO-SnS,. The results were reported in Fig. 4 (d).A
weight loss happened on both SnS, and 0.8% G-SS at the initial stage,
which may be due to the absorbed water and moister. It was re-
markably noticed that a weight loss started from 380 °C until 600 °C,
which could derive from the evaporation of the residual organic re-
agents and rGO in the samples. At temperature exceeding 620 °C, SnS,
started to oxide to SnO,. As a consequence of TG measurement, it de-
rived that the as-prepared samples can maintain strong chemical sta-
bility at temperature below 380 °C.

Then X-ray photo-electron spectroscopy (XPS) was employed to
confirm the element composition and chemical configuration. The
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0.279 nm

Fig. 3. STEM image of 0.8% G-SS (a) and its element mapping image of S, C, Sn (b—d, respectively); HRTEM image of 0.8% G-SS (e-f).

survey scan spectrum of both SnS, and G-SS (see in Fig. 5 (a)) showed
the presence of C, S and Sn element with no other impurity peaks de-
tected. S and Sn element derived from the SnS, and C element could be
attributed to the presence of graphene or contaminated carbon for
equipment correction. The results accorded with the elementary com-
position of G-SS, meaning the purity of as-prepared material. The high-
resolution S 2p XPS spectra in Fig. 5 (b) displayed the peaks at
161.86 eV and 162.85eV analogous to S 2p3,», and S 2p;,, for SnS,
respectively [42]. However, the position of above peaks decreased to
161.68eV and 162.78eV for G-SS samples. The same phenomenon
happened to the Sn 3d XPS spectra (see in Fig. 5 (c)), the Sn 3ds,5 and
Sn 3ds,» located at 486.69 eV and 495.15eV for SnS,, however, the
corresponding peaks position of G-SS shifted to 486.61eV and
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495.06 eV respectively [43]. The peaks moving in the direction of lower
energy caused by the electron transferred from the rGO indicated the
strong interaction between rGO and SnS,, a proof of construction of
heterojunctions in the interface of SnS, and rGO. The C 1s spectra
showed peaks at 284.5 eV, 286.4 eV and 288.5 eV, which corresponded
to the C=C, C—0 and C—S bonds (see in Fig. 5 (d)) [44-46]. Notably,
the C—S bonds could cause the S vacancy in the SnS, [47]. It was
proved easier for the remaining electron in S vacancy to be excited to
the conduction band.

3.2. Sensors performance tests

We first analyzed the response-temperature functione of sensors,
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since the tempetature not only represented the amount of enengy
consumption, but also impacted the equilibrium of gas adsorption and
disorption on the surface of material as well as the position of energy
bands, which played a critical role in response magnitude and kinetics.
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Results of tests for sensors based on the SnS, and G-SS were shown in
Fig. 6 (a). As displayed, peaks could be readily discerned for sensors
based on the SnS,, 0.6%, 0.8% and 1.0% G-SS, which was a con-
sequence of competition between gas adsorption and disorption. In
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Fig. 6. Response of sensors based on the SnS, and G-SS to 5 ppm NO, as a function of operating temperature (a); Response and optimun temperature of sensors to

5 ppm NO, (b).

contrast, no peaks just a downward trend were noticed for sensors
based on 1.36%, 1.9% and 2.5% G-SS, which meant RT was optimum
operating temperature in the measurable range. Next we investigated
the effct of rGO amount on sensing response more intuitively (see in
Fig. 6 (b)). As the mass ratio of rGO increased, the optimum operating
temperature decreased gradually until to RT, which could be inter-
pretted this way that the rGO boosted the adsorption of gas and lower
the activation energy of SnS, surface. For sensors based on 0.8% G-SS,
the optimum temperature decreased from 200 °C for SnS, to 150 °C. On
the other hand, as the mass ratio of rGO ranged from 0% to 1.0%, the
response of sensors to 5ppm NO, rose initially and decreased sub-
sequantly, which was a consequence of competition between SnS, and
rGO. As the mass ratio of rGO exceed 1.0%, the response increased
gradually, meaning thel.0% was the threshold of transition between N/
P conduction type, which caused a minimum response. It could be
found that, in coparison with pristine SnS,, the 0.8% G-SS sensed NO,
strongly, with an increase in response to 5 ppm NO, nearly one orders
of magnitude (from 3.5 to 32).

Then, measurments were conducted to analyze the selectivity of as-
prepared sensors, and the results were reported in Fig. 7. As one can
see, whether the rGO was introduced or not, the sensors sensed NO,
selectively, as the responses to other tested gases were negligible. In
addition, the sensors yielded a weak response (less than 2) towards
sulfur dioxide and hydrogen sulfide, which could ascribe to the affinity
interaction between S vacancy and sulfur-containing gas.

The dynamic response of sensors based on the SnS, and G-SS to NO,
at a series of concentrations was illustrated in Fig. 8 (a) and Fig. S5. As
seen, as the NO, concetration increased, the response of sensors all
gradually rose with the exception of 1.0% rGO-SnS,, The response of
1.0% rGO-SnS, hardly rose and maintained at around 1, which could be
atributed to the sharp decline of carrier concentration before transition
of conduction type. The analysis on the correlation between NO,

Fig. 7. Response of sensors based on the SnS, and G-SS to 5 ppm gases (NO,,
SO,, NO,, NH;3 and so on) at their respective optimum temperature.

concetration and response (see in Fig. 8 (b)), evidenced that the sensors
based on the 0.8% G-SS possessed a larger NO, detection range, since
there was no sign that the reponse to NO, was on the threshold of sa-
turation. In the meantime, the sensors based on the 0.8% G-SS pos-
sessed a lower detection limit (500 ppb). In order to compare the re-
sistance of sensors in air and the response and recovery kinetics of
sensors more intuisively, response curves of sensors towards 5 ppm NO,
at their respective optimum temperature were put together in Fig. 9 (a).
As shown, a N-type response to NO, was observed for sensors based on
the SnS,, 0.6%, 0.8% and 1.0% G-SS. In contrast, a P-type response was
observed for sensors based on 2.5% G-SS. As was known, SnS, and rGO
belonged to N-type and P-type semiconductor, respectively. When trace
of rGO was introduced to the SnS,, it acted as dopants thus the material
ramained a N-type semiconductor. However, as the amount of rGO
continued to increase and reached the threshold, the rGO became the
dominant agent thus the material transformed into a P-type semi-
conductor. It was remarkable to notice that the resistance in air of
sensors varied widely and a downward trend could be roughly observed
as the amount of rGO increased (inset of Fig. 9 (a)). The resistance in air
was 40, 95, 16, 2.6, 5.5 and 1.75MQ for sensors based on the SnS,,
0.6%, 0.8%, 1.0%, 1.9% and 2.5% G-SS at their optimal operating
temperature, respectivly. Obviously, expection have been achieved that
the reduction of resistance along with the decline of operating tem-
perature. For 0.8% G-SS, the resistance droped from 40 MQ at 200 °C
(pristine SnS,) tol6 MQ at 150 °C, considering the strong temperature
dependence of band structure of SnS,, it was a substantial improve-
ment. As a consequense of the above temperature and resistance test, it
derived that operating temperature and resistance of SnS,-based sen-
sors could be lowered dramatically by adjusting rGO content, which
opened its use in pratical production.

Response/recovery time was a general evaluation criterion for re-
sponse/recovery kinetics. According to the response curves of sensors,
the response/recovery kinetics could be regulated effectively by the
addition of appropriate amount of rGO. On the one hand, owing to the
high carrier mobility of rGO, the addition of rGO could boost the
electron transfer between SnS, surface and NO,; on the other hand, the
recovery kinetics of pristine rGO for NO, has been proved to be poor,
which usually be unable to recovery to original baseline. Given this, an
investigation was conducted to ascertain the optimum addition amount
of rGO for rapid NO, detection and recovery, and the results were re-
ported in Fig. 9 (b). As shown, the response time and recovery time
displayed a generally consistent trend. For sensors based on the 0.6% G-
SS, the response/recovery time both rose by several time. However, as
the amount of rGO increased to 0.8%, the response/recovery time de-
clined a little bit instead, from 605s/60s for pristine SnS, to 50s/48s.
Then as the amount of rGO kept rising, the response/recovery time
increased along. This could be explained this way as followed. When
the amout of rGO was tiny, the SnS, nanoflakes aggregated and adhered
onto the rGO seriously, which exerted severe impact on gas diffusion
and thus hindered the response/recovery kinetics. As the amount of
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Fig. 8. Dynamic response curves of sensors based on the SnS, and G-SS towards NO,, gas at concentration ranging from 500 ppb to 8 ppm at their respective optimum
temperature (a); Response curves of sensors towards 5 ppm NO, at their respective optimum temperature (b).

rGO reached to threshold, namely 0.8% in this work, the high carrier
mobility of rGO became the dominant effect and offset the dis-
advantages of agglomeration, thus the response/recovery time both
dropped. As the amount of rGO continued to increased, the rGO gra-
dually replaced the SnS, and acted as the dominent sensing material,
presenting a poor kinetics. It was remakable to notice that when the
amout of rGO rose beyond 1.0%, the recovery time fell in the range
from 10 min to 15 min, a too large value to applied in pratical use. The
comparison of sensing perforamnce among SnS, and G-SS was listed in
Table 2. As a consequense of above response magnitude and response/
recovery kinetics measurements, it derived that the optimum addition
amount of rGO fell at 0.8%.

Next, results of the tests for sensors based on SnS, and 0.8% G-SS in
wet condition (ranging from 20% RH to 90% RH) were shown in Fig.
S6. As shown, the response of the sensors based on SnS, (black curve)
dropped by 35% as the RH increased from 20% to 90%, however, 91%
of entire decline happened in the range from 20% to 40%, which meant
the impact of humidity on response achieved saturation as the RH rose
beyond the 40%. In contrast, the response of sensors based on 0.8% G-
SS dropped by 55% throughout. However, only a slight change was
noticed in the range from 20% to 40%, manifesting the sensors based on
0.8% G-SS was qualified for task in low-RH environment.

In order to verify the reproducibility and continuous availability of
sensors based on the 0.8% G-SS in practical use, the sensors was tested
by transferring them from air to NO, and from NO, to air for 4 times
continuously, and the results was reported in Fig. 10. (black curve). As
shown, the reproducibility of NO, sensing was ralatively acceptable, the
fluctuation may be due to the experiment error. Furthermore, the long-
term stability analyse in Fig. 10 (red curve), evidenced that the sensors
based on the 0.8% G-SS was robust, since the fluctuation of response to
5 ppm NO, was within the acceptable margin of error.

An objective comparison was made to evaluate the advancement of

Table 2
Comparison of sensing performance among SnS, and G-SS samples.

Samples Response Working temperature (°C) Res-rec time' (s)
SnS, 3.5 200 60/60
0.6% G-SS 5.7 175 100/200
0.8% G-SS 32 150 50/48
1.0% G-SS 1.44 125 70/80
1.36% G-SS 2.4 50 120/800
1.9% G-SS 2.7 25 157/1186
2.5% G-SS 3.39 25 380/4600
! res/rec time, response/recovery time.
Days
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Fig. 10. Reproducibility and long-term stability of sensors based on the 0.8% G-
SS at 150 °C.
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Table 3
A comparison in sensing performance of sensors based on the reported literatures and our work.
Sensing material Working temperature (°C) Sensing Concentration (ppm) Properties Response Res/rec time' (s) Ref.
SnS, 120 10 36.33 170/140 [34]
MoS; 100 100 21.56% 71/310 [48]
Zn0 300 2.42 4.3% 180/360 [49]
GO RT? 10 5.39 1000/3000 [50]
MoS5-1GO 150 5 8% / [51]
WS,/graphene 180 2 4% / [52]
Zn0/rGO RT 0.1 4.7% 90/150 [53]
SnS,/Sn0, 80 8 5.3 159/279 [54]
rGO-SnS, 150 5 32 50/48 Present wok
! res/rec time, response/recovery time.
2 RT, room temperature.
SnS, and rGO allowed a compact and extensive contact with each other,
e which increased the junction area. In addition, the build-in electric field
could accelerate the electron transfer between NO, and sensing mate-
@ :suS, rials and benefit the NO, adsorption. Finally, S vacancy was proved to
be an efficient active center for NO, adsorption and acted as electron
I :NO, transfer bridge. In conclusion, the sensors based on the quasi-2D G-SS
showed excellent NO, sensing properties by the synergistic effects of
A PR the hybridization.
R = p- -
T e 4. Conclusion
rGO :
5 In this work, we successfully developed a novel NO, sensors based
TE on quasi-2D G-SS hybrid by a simple and low-cost method. The addition
3| amount of rGO was investigated thoroughly and the optimum mass
E, -4 E.— A= ; ratio of rGO was determined as 0.8%. Compared with pristine SnS,, the
E T E, sensors based on 0.8% G-SS yielded an excellent response (32) towards

Before contact After contact

Fig. 11. Schematic diagram of the sensing mechanism for the enhanced gas
response to NO,.

our work, and the results were reported in Table 3. In contrast, the
sensors based on the 0.8% G-SS showed near-perpect performance
without obvious shoutcoming. While achieving quick response/re-
covery kinetics, the sensors possessed an excellent response magnitude.
Given above merits, the sensors based on combining SnS, and rGO
offered a possibility to achieve real-time detecting of NO,, and could be
exploited in industrial production and health-oriented applications.
Gas sensing was a process of electron transfer between gas mole-
cules and sensing materials. Upon exposure to NO, gas, NO, would trap
electron from conduction band of SnS, and then yield an increase in
resistance of sensing materials. Compared to pristine SnS,, the en-
hancement in NO, sensing properties after the introduction of rGO
could be attributed to following three aspects (as shown in Fig. 11): 1)
the geometrical effects caused by the construction of quasi-2D hybrid;
2) electronic sensitive effect resulted from the heterojunction between
the interface of SnS, and rGO; 3) chemical sensitive effect stemmed
from the S vacancy on the surface of SnS,. Firstly, the 2D/2D hetero-
structures of SnS, and rGO possessed large specific surface area, which
increased the electronic transmission path and active centers for NO,
adsorption. In addition, the introduction of rGO could alleviate the
stack and agglomerate of SnS,, which contributed to the diffusion and
adsorption of gas molecules. Secondly, as the work function of SnS,
(5.09 eV) was higher than rGO (2.5 eV), a heterojunction would come
into being once SnS, ohmic-contact with rGO. The electron would
transfer from rGO to SnS, until Fermi level reach equilibrium, leading
to an electron accumulation layer in SnS, and hole accumulation layer
in rGO, which could be regulated via NO, adsorption and desorption
and provide addition active sites. Notably, the inherent 2D structures of
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5ppm NO, gas, an increase nearly one order of magnitude. In the
meantime, the sensors showed exclusive selectivity towards NO, and
robust long-term stability. The enhancement in NO, sensing properties
could be attributed to the synergistic effects of the hybridization. We
hoped the market-oriented NO, sensors in our work could advance the
progress of sensors based on quasi-2D materials and extensively applied
in the field of environmental monitor and healthcare practical pro-
duction.
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