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SnS nanoflakes were synthesized using a solid state reaction method at 600 °C and their gas sensing
properties were investigated. X-ray diffraction (XRD), energy dispersive X-ray spectroscopy (EDS) and
Transmission Electron Microscopy (TEM) analysis revealed the formation of a pure, polycrystalline,
orthorhombic phase of SnS nanoflakes. The response of the SnS nanoflakes sensor to reducing gases
such as acetone and alcohols (ethanol, methanol and 1-butanol) was measured from 25 °C to 200 °C.
The response of the SnS nanoflakes sensor was highest for acetone (~1000% at 100 °C). It was
determined that the optimal operating temperature of the SnS nanoflakes sensor was 100 °C for acetone
and 1-butanol. Fast response and recovery times of these sensors were observed for all gases. With an
increase in temperature from 25 °C to 200 °C, response and recovery times of the SnS nanoflakes

sensor were improved for all gases. Finally, the SnS nanoflakes sensor characteristics have been

Received 13th March 2017 . . . .
Accepted 8th April 2017 compared to the characteristics of other metal oxide/sulphide nanostructure sensors reported in
previous studies. Moreover, the SnS nanoflakes sensor showed good stability and reproducibility at

DOI: 10.1039/c7ra03004e 100 °C for acetone. As acetone in human breath is a marker for diagnosis of diabetes, this work

rsc.li/rsc-advances demonstrates a possible use of SnS nanoflakes in diabetes diagnosis.
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Introduction

Tin sulphide (SnS) is an important IV-VI semiconductor with an
indirect band gap value of 1.087 eV. In recent years, SnS has
gained great interest from the research community due to its
potential technological applications.’ SnS has been used in
photovoltaic cells, sensors, holographic recording media, solid-
state batteries, photodetectors, near infrared detectors, capaci-
tors and photocatalytic materials due to its unique chemical
and physical properties.® Due to its non-toxicity SnS is pref-
erable over other metal chalcogenides such as PbS, CdS, PbSe
and CdSe.* Also, SnS is a potential candidate material for
different applications.” Other metal chalcogenides such as
MoS,," CdS," PbS* and copper sulphide® have also been used
to fabricate gas sensors. Similarly, tin sulphide-tin dioxide
composites were used to study oxygen sensing.** Also, SnS, was
used for acetone gas sensing.'>'® However, detailed sensing of
alcohols or acetone using SnS has not been reported yet.
Therefore, in this paper we report the synthesis, characteriza-
tion and temperature dependent acetone and alcohol sensing
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properties of SnS nanoflakes. As the presence of acetone in
human breath is an indication of diabetes, SnS nanoflakes
could be used for diagnosis of diabetes. The reason to choose
SnS nanoflake morphology for alcohol and acetone sensing is
that it has been demonstrated previously that sensor based on
2D nanomaterials such as nanoflakes display excellent sensing
of volatile compounds. In this study the SnS nanoflakes were
synthesized by solid state reaction method. It is an easy and
simple technique without the requirement of solvent or
surfactant. This method is top-down approach to build the
micro/nanostructures at higher temperatures because it facili-
tates the diffusion of ions or atoms through chemical reac-
tion.”*® Due to these reasons it was preferred over other
techniques such as hydrothermal, solvothermal, polyol and
laser ablation techniques for preparation of SnS nano-
structures.””* In literature preparation of SnS nanoflakes by
solid state reaction has not been reported.

Experimental details

Solid state reaction technique was used to prepare SnS nano-
flakes using thiourea [SC(NH,),] and tin(iv) acetate [CgH;,0gSn].
These chemicals were of analytical grade. Stoichiometric
amounts of thiourea and tin(v) acetate in the ratio of 1 : 1 were
grinded in an agate mortar separately and then mixed in
a crucible. The mixed powder was then heated in a tube furnace
at 600 °C for 5 h in presence of argon flow. During heat treat-
ment the heating and cooling rate was 3 °C per minute. Heat

This journal is © The Royal Society of Chemistry 2017
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Fig.1 Synthesized SnS nanoflakes (a) XRD spectrum (b) EDS analysis (c) TEM low resolution image (d) HRTEM image with SEAD diffraction image.

treatment yielded pure crystalline SnS powder with silver color
because at above 500 °C SnS is more likely to be formed.?*** The
prepared SnS powder was then grinded for 10 minutes to obtain
fine powder. Here we used thiourea as source of sulfur as it has
slow decomposition rate as compared to highly reactive
sulphides (such as sodium sulphide). This helps formation of
nanostructures.'’

The resulting powder was characterized using XRD “Bruker
D8 Advance Powder” with Cu Ko radiation (A = 1.5418 A).
Energy-dispersive X-ray spectroscopy (EDS) analysis was per-
formed using “JEOL JSM-6340F” field emission scanning elec-
tron microscope with an accelerating voltage of 20 kv, to
determine the chemical composition of SnS nanoflakes.
Transmission electron microscope (TEM) images and diffrac-
tion patterns were obtained using TEM JEOL 2100F operating at
200 kv.

The prepared SnS powder was pressed into pellet in
a uniaxial hydraulic press using a dye of 10 mm diameter and
applying a pressure of five ton per mm?. The thickness of the
prepared pellet was 1 mm. For proper physical strength and
removal of pores pellet was sintered at 200 °C for 2 h. Pellet was
removed from furnace and allowed to cool down naturally
before using it as sensor. Electrical contacts were made with the
help of conducting silver paste on same side of pellet. The
distance between the contacts was 2 mm. After forming the
contacts, the pellet was cured at 100 °C for 2 h for better
adhesion of silver paste with SnS nanoflakes.

This journal is © The Royal Society of Chemistry 2017

Table 1 X-ray diffraction intensities and preferred orientation factor
for orthorhombic phase of SnS nanoflakes

SnS

h k [ Livd Teard Texture coefficient
1 1 0 5513 32 0.522764185
1 2 0 17 366 67 0.786489277
0 2 1 18 681 70 0.809785307
1 0 1 12 107.7 53 0.693192083
1 1 1 26 314 100 0.798462791
0 4 0 60 538 69 2.662237461
1 3 1 12 383 40 0.939363527
2 1 0 3159 19 0.504503097
1 4 1 11 323 30 1.145270474
0 0 2 7379 26 0.861176112
2 1 1 6573 27 0.738699287
1 5 1 8163 18 1.376084501
1 2 2 3689 14 0.799555162
0 6 1 5004 13 1.16799709
0 4 2 463 18 0.078050609
2 5 0 1569 4 1.190229648
2 5 1 3159 15 0.639037257
0 8 0 3689 7 1.599110324
2 3 2 2374 8 0.900447796
0 8 1 1039 2 1.576352587
1 6 2 1590 5 0.964928051
2 7 0 805 3 0.814221259
1 1 3 2629 6 1.329557572
1 3 3 1090 3 1.102485929
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The gas sensing characteristics of the SnS nanoflakes sensor
were measured using a probe station with closed chamber. The
temperature of base of probe station (Materials Development
Corporation USA, Cryogenic Probe Station Model 441), on
which sample was placed, could be varied as desired with error
+1 °C. The current-voltage (I-V) characteristics, response
and recovery time curves were measured using Agilent 4156C
parameter analyzer.

Results and discussion

XRD spectrum of SnS nanoflakes (Fig. 1(a)) shows formation of
pure orthorhombic SnS nanoflakes with space group Phnm (62).
All diffraction peaks in Fig. 1(a) match with those in the PDF
card number 00-033-1375. The lattice constant parameters
calculated from the XRD spectrum are a = 4.298 A, b = 11.201 A
and ¢ = 3.977 A. The volume of cell is 193.489 A®. The calculated
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lattice constant parameters and cell volume agree well with the
values given in the PDF card number 00-033-1375 (a = 4.334 A,
b = 11.200 A, ¢ = 3.987 A and cell volume = 193.529 A®). The
degree of preferred orientation of different crystalline planes
can be obtained from the XRD pattern by calculating texture
coefficient (TCpy;) given by:**

M} Ly~ d
Ir/tkl N N Ir/xk/
where I

r,, indicates the intensity of reference pattern (PDF), I
is the intensity obtained from XRD pattern of SnS nanoflakes
and N is number of diffraction peaks taken into account. This
equation shows that texture coefficient of each crystallographic
plane is unity for a randomly distributed powder sample.
However for preferentially oriented plane it is greater than
unity.”® TCpy,'s calculated for SnS nanoflakes are shown in the
Table 1. From the Table 1, it can be seen that the texture

TCpy = [ &)
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|-V characteristics SnS nanoflakes in air, methanol, ethanol, acetone and 1-butanol at (a) 25 °C (b) 50 °C (c) 100 °C (d) 150 °C (e) 200 °C.
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coefficient value (2.66) for (040) plane is highest indicating that
it is more preferably oriented.

Fig. 1(b) shows the result of the chemical analysis performed
by EDS. Presence of Sn and S peaks only in this spectrum also
confirm purity of prepared SnS nanoflakes. Fig. 1(c) shows the
low resolution TEM image of SnS nanoflakes. It can be seen that
many nanoflakes are present on the copper grid and are
randomly placed. Fig. 1(d) shows the HRTEM image of single
SnS nanoflake clearly showing that it is polycrystalline. Top and
middle inset to Fig. 1(d) shows well resolved lattice planes with
(interplanar spacings) d-spacing 0.342 nm and 0.404 nm. These
d-spacings correspond to lattice planes (110) and (120) of SnS
nanoflakes respectively. The bottom inset to the Fig. 1(d)
(diffraction pattern of SnS nanoflakes obtained in TEM) is
another evidence for the polycrystalline nature of the SnS
nanoflakes.
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Resistive type SnS nanoflakes sensors were tested for Acetone
and alcohols sensing. The SnS nanoflakes response was
measured from 25 °C to 200 °C. The concentration of gas was
fixed to 10 ppm in all of these experiments.

Fig. 2(a-e) show I-V characteristics of SnS nanoflakes sensor
in air, acetone and alcohols at different temperatures in order to
calculate the response for these gases. The I-V characteristics
are nonlinear. It is noted that at all temperatures when an
acetone or an alcohol is injected into test chamber the value of
the current decreases indicating an increase in resistance of the
SnS nanoflakes sensor. However, the minimum decrease in
current is for ethanol and maximum decrease in current is for 1-
butanol at temperatures 25 °C and 50 °C (Fig. 2(a and b)). From
100 °C to 200 °C (Fig. 2(c-e)) the minimum decrease in current
is for ethanol and maximum decrease in current is for acetone.
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Fig. 3 Response curves of SnS nanoflakes in acetone at (a) 25 °C (b) 50 °C (c) 100 °C (d) 150 °C (e) 200 °C.
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In order to study reversibility characteristics of SnS nano-
flakes sensors, sensors were exposed to 10 ppm of acetone or
alcohol and air alternately for two or more cycles.” From these
measurements, the response and recovery times of SnS nano-
flakes were calculated. Fig. 3(a-e) show the response time
(t(air-to-acetone)) and recovery time (t(acetone-to-air)) of SnS nano-
flakes sensor for 10 ppm concentration of acetone at different
temperatures. Fig. 3(c-e) clearly show the good reversibility of
SnS nanoflakes sensor for two complete cycles.

Similarly, Fig. 4(a-e) to 6(a—e) show the response time
(t(air-to-acetone)) and recovery time (t(acetone-to-air)) of SnS nano-
flakes sensors for 10 ppm concentration of each alcohol from
25 °C to 200 °C. Fig. 4(c and d) and 5(c and d) show the good
reversibility of SnS nanoflakes sensor for two complete cycles
while Fig. 4(e) and 5(e) show reversibility for four complete
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cycles. Also Fig. 6(d and e) show good reversibility for two
complete cycles.

Generally, in all cases, there is improvement in response and
recovery time of the sensor as temperature is increased from 25 °C
to 200 °C. This improvement is larger at 100 °C and above. It can be
noted that improvement in recovery times is more as compared to
improvement in response time. The response and recovery times
calculated from these graphs are shown in the Fig. 7(a and b).

The gas sensor response (S) is defined as:

R,
S= £
<Ra
R,
S = < .
R,
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Fig. 4 Response curves of SnS nanoflakes in methanol at (a) 25 °C (b) 50 °C (c) 100 °C (d) 150 °C (e) 200 °C.
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Fig. 5 Response curves of SnS nanoflakes in ethanol at (a) 25 °C (b) 50 °C (c) 100 °C (d) 150 °C (e) 200 °C.

where R, and R, are the steady-state resistances in air and gas
respectively. From the definition of the eqn (2) and (3), it is clear
that S is zero for the gases that leave resistance unchanged. S is
positive for reducing gases and negative for oxidizing gases."* The
histogram of Fig. 7(c) shows the calculated response for SnS
nanoflakes for all gases at different temperature with 10 ppm fixed
concentration. For methanol the value of the response increases
with increase in temperature and is maximum at 200 °C. Similarly,
for ethanol the value of the response also increases with increase
in temperature and is maximum at 200 °C. But for acetone and 1-
butanol when temperature increases from 25 °C to 100 °C, the
value of the response increases and then decreases as the
temperature increases to 200 °C. The response of SnS nanoflakes
is maximum for acetone at 100 °C as compared to methanol,
ethanol and 1-butanol at all temperatures.

This journal is © The Royal Society of Chemistry 2017

The temperature dependence of the sensor response is
generally controlled by two parameters: the reaction rate
between the adsorbed oxygen ions with acetone and alcohol
molecules and the electron density of the sensor. The reaction
rate coefficient and hole density increases exponentially with
increasing temperature. On the other hand, the sensor response
is proportional to the reaction rate coefficient and inversely
proportional to the electron density. These two parameters
compete each other and result in a maximum sensor response
at the optimal operating temperature.”® From Fig. 7(c) it is
suggested that optimal operating temperature (for the temper-
ature range 25 °C to 200 °C) for acetone and 1-butanol is 100 °C.

To explain gas sensing results a proposed gas-sensing
mechanism is shown in the schematic diagram (Fig. 8). SnS is
a p-type semiconductor.”” When SnS nanoflakes are exposed to

RSC Adlv., 2017, 7, 21556-21566 | 21561
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Fig. 6 Response curves of SnS nanoflakes in 1-butanol at (a) 25 °C (b) 50 °C (c) 100 °C (d) 150 °C (e) 200 °C.

air, they adsorb oxygen from air. Wolkenstein's model*® states
that adsorbed neutral oxygen molecules (O).qs on surface of the
semiconductor are partially ionized into O™, 0, or 0>~ ions by
attracting electron from valence band of the semiconductor at
various temperatures as shown below:*

(OZ)gas < (OZ)ads (4)
(02)ads + € < (027 )ads, (25-150 °C) (5)
(027 )ags ¥ 7 <> 2(07)ags, (150-200 °C) (6)

Reduction of these electrons from valence band will change
charge status of surface of the sensor producing a positive

21562 | RSC Adv., 2017, 7, 2155621566

accumulation zone by holes and a surface negative charge layer
which covers the whole surface of the sensor [Fig. 8]. Therefore
over all resistance of the sensor decreases and constant value of
the resistance is achieved after saturation.** Now, when the
sensor is exposed to reducing gases such as alcohols and
acetone their possible reactions with the adsorbed oxygen can
be explained as follows:

For alcohols, dehydrogenation of alcohols by the adsorbed
oxygen ions may be responsible for the increase in resistance of
the sensor. In case of methanol, as its molecule approaches the
sensor with adsorbed oxygen, it can lose one H from CH; group
and that of OH group, due to the attraction with adsorbed
oxygen, resulting in the formation of water molecule. Water
molecule desorbs releasing one electron into the material. Thus
the dehydrogenated methanol turns into formic acid (25-150

This journal is © The Royal Society of Chemistry 2017
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°C) and formaldehyde (150-200 °C), the reaction schematics
being the following:

CH;0H + O, — HCOOH + H,O + ¢, (25-150°C)  (7)
CH;0H + O — CH,O + H,O + ¢, (150-200 C) (8)

A similar process can occur in case of ethanol, which would
turn into ethanoic acid (25-150 °C) and acetaldehyde (150-200
°C), and in case of 1-butanol, which would turn into butyric acid
(25-150 °C) and butyraldehyde (150-200 °C), as in the following
reaction schematics:

CH;CH,0OH + O~ — CH;3;COOH + H,0 + ¢, (25-150 °C)

)
CH;CH,0OH + O° — CH;COH + H,O + e, (150-200 °C)
(10)
CH3CH2CH2CH20H + 02_ -
CH;CH,CH,COOH + H,0 + ¢, (25-150 °C)  (11)
CH3CH2CH2CH20H +0" —
CH;CH,CH,COH + H,O + e, (150-200 °C) (12)

Hence, the adsorption of alcohols on the surface of SnS
nanoflakes will cause electron-hole pair annihilation, i.e., it will
decrease the hole concentration that decreases the net surface
negative charge and increases the overall resistance of SnS
nanoflakes sensor.***%*

For acetone, possible reactions of acetone with adsorbed
oxygen is shown as below:

From 25 °C to 150 °C

2CH;COCHj; (gas) + O,~ — 2CH3CO* + 2CH;0™ + ¢~ (13)

CH;CO" — CH;* + CO (14)
2CO0+ 0, — 2CO, + e~ (15)

From (150-200 °C)
CH;COCH; (gas) + O~ — CH;CO" + CH;0™ +e~  (16)
CH,;CO" — CH;* + CO (17)
CO+0 — CO,+e” (18)

Similarly, the adsorption of acetone on the surface of SnS
nanoflakes will cause electron-hole pair annihilation, i.e., it will
decrease the hole concentration which decreases the net surface
negative charge and increases the overall resistance of SnS
nanoflakes sensor. As per suggested reaction of acetone with
adsorbed oxygen more electrons are being produced as
compared to alcohols. That may be one of the reason that the
response of acetone is relatively high as compared to alcohols at
all temperatures at fixed concentration.

The selectivity might be related to the different optimal
operating temperatures of the sensor for different gases. The

RSC Adv., 2017, 7, 21556-21566 | 21563
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Fig. 8 Schematic diagram of gas sensing mechanism for p-type SnS nanoflakes sensor (Ry shows reducing gas).

response of a sensor would depend strongly on the type of gas at
different temperatures because different gases have different
activation energies for adsorption, desorption and reaction on
the semiconductor.**

For acetone, we compare our results with those given in
Table 1 of ref. 33, Table II of ref. 34, Table 1 of ref. 35 and Table 1

of ref. 36. SnS nanoflakes sensor has high response (~1000%)
and fast response time (3 s) and recovery time (14 s) at relatively
lower optimum temperature 100 °C.

For methanol, we compare our results with those given in
Table 1 of ref. 37, Table IV of ref. 29, Table 1 of ref. 38 and Table
1 of ref. 39. SnS nanoflakes sensor has high response (~190%)
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Fig. 9 SnS nanoflakes sensor characteristics at 100 °C (a) repetitive response for 10 ppm acetone concentration indicating reproducibility (b)
dependence of response on acetone concentration (c) long-term stability of the sensor over 6 weeks with 10 ppm acetone concentration.
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and fast response time (2 s) and recovery time (9 s) at temper-
ature 200 °C.

For ethanol, we compare our results with those given in
Tables 1 & 2 of ref. 40, Table 2 of ref. 41, and Table 2 of ref. 42.
SnS nanoflakes sensor has high response (~130%) and fast
response time (2 s) and recovery time (9 s) at temperature
200 °C.

For 1-butanol, we compare our results with those given in
Table 1 of ref. 43, and Table 2 of ref. 44. SnS nanoflakes sensor
has high response (~140%) and fast response time (3 s) and
recovery time (45 s) at low optimum temperature 100 °C.

As SnS nanoflakes exhibited high values of response
(~1000%) for acetone as compared to methanol, ethanol, and 1-
butanol. Therefore other characteristics of the sensor such as
reproducibility, effect of concentration of acetone and long-
term stability were studied for acetone only at the optimum
operating temperature 100 °C. Fig. 9(a) shows five complete
response and recovery cycles of SnS nanoflakes sensor at 100 °C
for 10 ppm acetone. Figure clearly indicates good reproduc-
ibility of the sensor with slight variation in response (<3%).
Fig. 9(b) shows the response of SnS nanoflakes sensor at 100 °C
for different acetone concentrations. A linear increase in
response is observed as acetone concentration changes from
5 ppm to 25 ppm. To test the long-term stability of the SnS
nanoflakes sensor, it was kept in air for 6 weeks at room
temperature and the response of the sensor was tested every
week at 100 °C with 10 ppm acetone concentration. Fig. 9(c)
shows the results obtained during these measurements. Almost
negligible change (<4%) in the response of SnS nanoflakes
sensor was observed over 6 weeks, conforming good stability of
the sensor.

Conclusions

In this work, the SnS nanoflakes were prepared using a simple
conventional solid state reaction method. These nanoflakes
were characterized by XRD, TEM, and EDS. The gas sensing
properties of SnS nanoflakes were investigated at different
temperatures. The SnS nanoflakes exhibited excellent gas
sensing properties especially for acetone with maximum
response ~1000% at 100 °C with fast response and recovery
time. At optimum operating temperature (100 °C), the SnS
nanoflakes sensor showed good stability and reproducibility for
acetone. The response and recovery characteristics of the SnS
nanoflakes were quick and reproducible. Therefore, this study
demonstrates the possibility of utilization of SnS nanoflakes for
the detection of alcohols and acetone and possibly for detection
of diabetes.
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