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Abstract: Ammonia (NH3) is a harmful gas contaminant that is part of the nitrogen cycle in our daily
lives. Therefore, highly sensitive ammonia sensors are important for environmental protection and
human health. However, it is difficult to detect low concentrations of ammonia (≤50 ppm) using
conventional means at room temperature. Tin monoxide (SnO), a member of IV–VI metal monoxides,
has attracted much attention due to its low cost, environmental-friendly nature, and higher stability
compared with other non-oxide ammonia sensing material like alkaline metal or polymer, which
made this material an ideal alternative for ammonia sensor applications. In this work, we fabricated
high-sensitive ammonia sensors based on self-assembly SnO nanoshells via a solution method and
annealing under 300 ◦C for 1 h. The as fabricated sensors exhibited the response of 313%, 874%,
2757%, 3116%, and 3757% (∆G/G) under ammonia concentration of 5 ppm, 20 ppm, 50 ppm, 100 ppm,
and 200 ppm, respectively. The structure of the nanoshells, which have curved shells that provide
shelters for the core and also possess a large surface area, is able to absorb more ammonia molecules,
leading to further improvements in the sensitivity. Further, the SnO nanoshells have higher oxygen
vacancy densities compared with other metal oxide ammonia sensing materials, enabling it to have
higher performance. Additionally, the selectivity of ammonia sensors is also outstanding. We hope
this work will provide a reference for the study of similar structures and applications of IV–VI metal
monoxides in the gas sensor field.

Keywords: tin monoxide; nanoshell; ammonia sensor; solution method

1. Introduction

Recently, ammonia (NH3) sensors have been widely studied by researchers and widely used in
the high volume control of combustibles in the chemical industry, the control of emission of vehicles,
and the monitoring of dairy products in the food industry. Currently, many nanomaterials have been
utilized in ammonia sensors. These include two-dimension materials [1–5], IV–VI metal chalcogenides,
conductive polymers, and alkali metal materials. Among these materials, owing to the low cost,
high sensitivity, and environmentally-friendly nature, tin monoxide and tin dioxide have been used
to fabricate ammonia gas sensors [6–16]. Compared with tin dioxide, tin monoxide synthesized
under lower temperature is more stable and absorbs ammonia more easily when utilized as gas
sensors [17,18].
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As one of the common pollutants and toxic gases, ammonia (NH3) can cause several effects on
the human body like irritation of the eyes, skin, throat, and respiratory system. According to the US
Occupational Safety and Health Administration (OSHA), the exposure of under 35 ppm of ammonia by
volume in environmental air for 15 min or under 25 ppm of volume for 8 h potentially harms people’s
health [12,13]. However, it is impossible for humans to detect ammonia below 50 ppm, which reflects
the importance of ammonia sensing. Hence, a highly sensitive and selective room temperature NH3

gas sensor is highly desirable in today′s world [19,20]. In previous work, the effect of material structure
on the sensitivity of indium oxide-based ammonia sensors has been discussed [21]. Deren Yang et al.
demonstrated that broken indium oxide nanotube structure with ultrahigh surface-to-volume ratio
exhibited higher performance than regular nanotube, nanowire, and nanoparticle [21]. This is because
the ultrahigh surface-to-volume ratio material can potentially provide larger interface to absorb
gas [22]. Shell structure is another structure with ultrahigh surface-to-volume ratio that is suitable for
gas sensing [23]. After referring to this work and the fabrication of CdS nanoshell structure [24], we
synthesized a SnO nanoshell structure that also possesses high surface-to-volume ratio with the aim of
improving the sensitivity of our ammonia sensors. SnO is a kind of monoxide and the mechanism of
ammonia sensing is related to the redox reactions. As is similar to other metal oxide sensors, when the
SnO is exposed to air, oxygen will be adsorbed on its surface, and oxygen molecules attract electrons.
As a result, the conductivity of the SnO decreases. Then, when the sensor is exposed to a reducing gas
such as NH3, the reducing gas may react with the adsorbed oxygen molecules and release electrons
into the SnO, thereby increasing the conductivity. From this mechanism, the oxygen adsorption in
the primary step is very important for the performance of the sensor [14,21]. The oxygen adsorption
relies on the oxygen vacancy of the material and high oxygen vacancy density of SnO nanoshell also
contributes to its high sensitivity.

In this paper, we prepared Sn6O4(OH)4 as precursors through a facile solution method and
further prepared SnO nanoshell through different annealing conditions. The morphology, structure,
and chemical composition of our samples were investigated by instruments. Among all samples
annealed under different conditions, Sample 3 showed shell structure and the highest response in
ammonia sensing. Compared with reported works, gas sensors prepared by Sample 3 showed a
much higher response. These prepared sensors also showed outstanding selectivity and stability. The
mechanism of response was revealed, and two factors that contributed to the high sensitivity of the as
prepared sensor were ultrahigh surface-to-volume ratio and high oxygen vacancy density. This work
provided novel structure for conductive materials which were suitable for a high performance gas
sensor. We hope this work will provide new ideas for applications of IV–VI metal monoxides in the
gas sensor field.

2. Experimental Details

2.1. Materials

In this experiment, all chemicals used were of analytical grade and were applied as-received,
without further purification. Thioacetamide and NaOH powder were purchased from Sinopharm
Chemical Reagent Co., Ltd (Shanghai, China). Stannous chloride (SnCl2·2H2O) was purchased from
Aladdin Industrial Corporation (Shanghai, China). Ultrapure water that was used in the experiment
was purified using the Millipore water purification system (Millipore Corporation, Burlington, MA,
USA). N-menthylpyrrolidinone (1-methyl-2-pyrrolidinone) (NMP) was purchased from Sigma-Aldrich
(St. Louis, MO, USA).

2.2. Synthesis Methods

In this experiment, 45 mL of deionized water and 33.75 mg of thioacetamide were introduced into
a 100 mL bottle. After stirring for 1 min, 30 mg of NaOH was added to the bottle. While the solution
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was stirred, 101.54 mg of SnCl2·2H2O was added and the color of the solution became milky white.
The reaction of

SnCl2·2H2O + H2O→ Sn(OH)Cl + HCl (1)

took place [25]. Afterwards, the solution was stirred for another 20 min. The suspension was
centrifuged for 20 min at 10,000 rpm and the precipitate was dried at 80 ◦C for 12 h in a vacuum oven.
From our previous study, dried precipitate was Sn6O4(OH)4 which was a precursor of SnO nanoshell.
The precursor showed shell structure and this structure could be kept only annealed under suitable
conditions. In fact, we found only Sample 3 and 5 kept shell structure in subsequent tests and Sample
3 had higher density of shell than Sample 5. The dried precipitate was then annealed under different
conditions. Under specific annealing conditions, the decomposition reaction of precursor

Sn6O4(OH)4 → 6SnO + H2O (2)

took place. In this work, Sample 1, 2, 3, and 4 were obtained after heating from 0 ◦C to 200 ◦C,
250 ◦C, 300 ◦C, and 350 ◦C for 1 h and kept at 200 ◦C, 250 ◦C, 300 ◦C, and 350 ◦C for 1 h, respectively.
Sample 5 was obtained after heating from 0 ◦C to 350 ◦C for 30 min and kept at 350 ◦C for 30 min.
In Supplementary Materials, we have added a flow chart to demonstrate the synthesis process in Figure
S1. To demonstrate the difference between each sample from preparing to investigating, we concluded
Table S1 in Support Information.

2.3. Characterization of Material

Field emission scanning electron microscopy (FESEM, JSM-7000 F, JEOL Ltd., Tokyo, Japan)
was used to determine the morphology of the samples. Transmission electron microscopy (TEM)
and high-resolution transmission electron microscopy (HRTEM) images were obtained using a TEM
(FEI Tecnai G2 F30 S-Twin TEM, Georgia Tech, Atlanta, GA, USA) instrument. Raman spectrum was
obtained using a Raman spectrometer (LabRamHR800, HORIBA, Ltd., Kyoto, Japan) that was excited
by an Ar laser at 514.5 nm under 500 µW. The crystal phase properties of the samples were analyzed
by a Bruker D8 Advance X-ray diffractometer (Bruker, Billerica, MA, USA) with Ni-filtered Cu Kα

radiation at 40 kV and 40 mA and 2θ from 10◦ to 60◦ with a scan rate of 0.02◦. X-ray photoelectron
spectroscopy (XPS) analysis (PHI5000Versaprobe, ULVAC-PHI, Inc. Chigasaki, Kanagawa, Japan) was
used to determine the chemical composition of the products.

2.4. Fabrication and Measurement of the Ammonia Sensor

To fabricate ammonia sensors, 20 mg sample were mixed with 40 µL NMP
(N-menthylpyrrolidinone 1-methyl-2-pyrrolidinone) and were grinded in a mortar for 20 min.
Through a paint pen, the mixture was coated on sensors purchased from Winsen Electronic Technology
Co., Ltd. (Zhengzhou, Henan Province, China). Finally, sensors were welded on substrates.
The configuration of the as fabricated device is shown in Figure 1a. The as fabricated sensor devices
were dried for 20 min at 50 ◦C in a vacuum oven. Then, ammonia gas sensing was tested by Navigation
4000 Series Smart Sensor Tester purchased from Beijing ZhongKe Micro-Nano Networking Science
Technology Co., Ltd. (Beijing, China). The sensor response S was measured by systematically exposing
sensors to different concentrations of ammonia (5 ppm to 200 ppm) at room temperature using the
following equation S = (Gg − Ga)/Ga × 100, while Ga and Gg are the conductance of the sample in air
and ammonia gas, respectively.
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Figure 1. Configuration of the as fabricated devices and morphology of as prepared Sample 3. (a) The 
configuration of sensor devices. (b,c) TEM (transmission electron microscopy) image of Sample 3 at 
different magnifications. (d) TEM image of Sample 3 which expands the top-left section of (b). (e,f) 
HRTEM (high-resolution transmission electron microscopy) image of corresponding white solid 
frames marked in (c). 
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In this work, Sample 3, annealed and heated from 0 °C to 300 °C for 1 h and then kept under 300 
°C for 1 h, possesses the nanoshell structure and exhibits the highest performance when utilized as 
the conductive material of ammonia sensors. The configuration of sensor devices and morphology of 
the as-synthesized Sample 3 is shown in Figure 1. Figure 1a shows the configuration of the sensor 
devices. Figure 1b shows the TEM image of Sample 3 which exhibits the accumulation of SnO 
nanoshells. Figure 1c shows the higher magnification TEM image of the top-left section of Figure 1b. 
We clearly observed the shell structure in the top-left region of Figure 1c. Further expansion of the 
white solid frame in Figure 1c shows the nanoshell structure with a hollow core, presented in Figure 
1d, marked with white dashed lines. The morphology of Sample 3 in Figure 1 confirmed the 
existence of the nanoshell structure. The HRTEM image of the regions within the white solid frames 
of Figure 1d were shown in Figure 1e,f, showing a lattice fringe spacing of 0.27 nm and 0.30 nm, 
which corresponds to the (110) plane and (101) plane of SnO, respectively [10]. 

The crystal structure of the as-prepared Sample 3 is shown in Figure 2. Figure 2a shows the 
X-ray diffraction of Sample 2. Peaks at 18.2°, 29.8°, 33.2°, 37.1°, and 47.7° correspond to the (001), 
(101), (110), (002), and (200) crystal planes of SnO, respectively. All the diffraction peaks can be 
assigned to SnO (JCPDS Card No. 06-0395) [10,13]. From the X-ray diffraction, the intensity of (110) 
and (101) peaks was much higher than the other which matched well with these two planes and 
could be found easily in TEM. In addition, the Raman spectrum of Sample 3 is shown in Figure 2b. 
The peaks at 112 cm−1 and 210 cm−1 correspond to the B1g and A1g vibration mode of SnO, respectively 
[26]. In A1g mode, Sn atoms vibrate towards or away from O atoms. B1g mode corresponds to the 
out-of-plane vibrations of O atoms [27]. These characterizations confirmed that this material is SnO. 
The morphology and Raman spectra of other samples (Sample 1, Sample 2, Sample 4, and Sample 5) 
are provided in Figures S2–5. From the supplementary material, Sample 3 and sample 5 showed 
shell structure and the density of shell structure of Sample 3 is higher than Sample 5. 

Figure 1. Configuration of the as fabricated devices and morphology of as prepared Sample 3.
(a) The configuration of sensor devices. (b,c) TEM (transmission electron microscopy) image of
Sample 3 at different magnifications. (d) TEM image of Sample 3 which expands the top-left section of
(b). (e,f) HRTEM (high-resolution transmission electron microscopy) image of corresponding white
solid frames marked in (c).

3. Results and Discussion

3.1. Characteristic of SnO Nanoshell Material

In this work, Sample 3, annealed and heated from 0 ◦C to 300 ◦C for 1 h and then kept under 300 ◦C
for 1 h, possesses the nanoshell structure and exhibits the highest performance when utilized as the
conductive material of ammonia sensors. The configuration of sensor devices and morphology of the
as-synthesized Sample 3 is shown in Figure 1. Figure 1a shows the configuration of the sensor devices.
Figure 1b shows the TEM image of Sample 3 which exhibits the accumulation of SnO nanoshells.
Figure 1c shows the higher magnification TEM image of the top-left section of Figure 1b. We clearly
observed the shell structure in the top-left region of Figure 1c. Further expansion of the white solid
frame in Figure 1c shows the nanoshell structure with a hollow core, presented in Figure 1d, marked
with white dashed lines. The morphology of Sample 3 in Figure 1 confirmed the existence of the
nanoshell structure. The HRTEM image of the regions within the white solid frames of Figure 1d were
shown in Figure 1e,f, showing a lattice fringe spacing of 0.27 nm and 0.30 nm, which corresponds to
the (110) plane and (101) plane of SnO, respectively [10].

The crystal structure of the as-prepared Sample 3 is shown in Figure 2. Figure 2a shows the X-ray
diffraction of Sample 2. Peaks at 18.2◦, 29.8◦, 33.2◦, 37.1◦, and 47.7◦ correspond to the (001), (101), (110),
(002), and (200) crystal planes of SnO, respectively. All the diffraction peaks can be assigned to SnO
(JCPDS Card No. 06-0395) [10,13]. From the X-ray diffraction, the intensity of (110) and (101) peaks
was much higher than the other which matched well with these two planes and could be found easily
in TEM. In addition, the Raman spectrum of Sample 3 is shown in Figure 2b. The peaks at 112 cm−1

and 210 cm−1 correspond to the B1g and A1g vibration mode of SnO, respectively [26]. In A1g mode, Sn
atoms vibrate towards or away from O atoms. B1g mode corresponds to the out-of-plane vibrations of
O atoms [27]. These characterizations confirmed that this material is SnO. The morphology and Raman
spectra of other samples (Sample 1, Sample 2, Sample 4, and Sample 5) are provided in Figures S2–S5.
From the supplementary material, Sample 3 and sample 5 showed shell structure and the density of
shell structure of Sample 3 is higher than Sample 5.
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Figure 2. Characterization of the crystal structure of Sample 3. (a) X-ray diffraction of Sample 3; (b) 
Raman spectrum of Sample 3. 

X-ray photoelectron spectroscopy shown in Figure 3 was used to analyze the surface chemical 
composition of Sample 3. As shown in Figure 3a, only peaks that correspond to Sn, O, and C were 
observed. Figure 3b shows the high resolution spectrum of Sn 3d. Peaks at 485.4 eV and 493.8 eV 
correspond to the energies of Sn 3d5/2 and Sn 3d3/2, respectively. The energy gap that reveals the 
amount of energy splitting between the two core levels is 8.38 eV, which corresponds to the energy 
splitting of Sn2+ [26]. Figure 3c shows the peak that corresponds to the Sn–O bond at 529.4 eV in O 1s 
spectroscopy. This result is consistent with previous work [28,29]. 

 

Figure 3. X-ray photoelectron spectroscopy of as-prepared Sample 3. (a) Sample 3 has Sn, O in the 
full spectrum; (b) High-resolution XPS of Sn 3d; (c) Sn–O bond in O 1s spectroscopy. 

3.2. Test of Gas Sensor Device 

In the experiment, we prepared 15 samples (three samples for each kind) for ammonia sensing 
tests from 0 to 200 ppm. A sketch added in supplementary material Figure S6 was shown to describe 
the mechanism. The response of the fabricated ammonia gas sensors, shown in Figure 4, reveals the 
huge difference between Sample 3 and other samples. As shown in Figure 4a,b, the response of 

Figure 2. Characterization of the crystal structure of Sample 3. (a) X-ray diffraction of Sample 3;
(b) Raman spectrum of Sample 3.

X-ray photoelectron spectroscopy shown in Figure 3 was used to analyze the surface chemical
composition of Sample 3. As shown in Figure 3a, only peaks that correspond to Sn, O, and C were
observed. Figure 3b shows the high resolution spectrum of Sn 3d. Peaks at 485.4 eV and 493.8 eV
correspond to the energies of Sn 3d5/2 and Sn 3d3/2, respectively. The energy gap that reveals the
amount of energy splitting between the two core levels is 8.38 eV, which corresponds to the energy
splitting of Sn2+ [26]. Figure 3c shows the peak that corresponds to the Sn–O bond at 529.4 eV in O 1s
spectroscopy. This result is consistent with previous work [28,29].
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Figure 3. X-ray photoelectron spectroscopy of as-prepared Sample 3. (a) Sample 3 has Sn, O in the full
spectrum; (b) High-resolution XPS of Sn 3d; (c) Sn–O bond in O 1s spectroscopy.

3.2. Test of Gas Sensor Device

In the experiment, we prepared 15 samples (three samples for each kind) for ammonia sensing
tests from 0 to 200 ppm. A sketch added in supplementary material Figure S6 was shown to describe
the mechanism. The response of the fabricated ammonia gas sensors, shown in Figure 4, reveals
the huge difference between Sample 3 and other samples. As shown in Figure 4a,b, the response of
Sample 3 is 313%, 874%, 2757%, 3116%, and 3757% under gas concentration of 5 ppm, 20 ppm, 50 ppm,



Nanomaterials 2019, 9, 388 6 of 9

100 ppm, and 200 ppm, respectively, which is much higher than the other four samples. This result
demonstrates that the large surface area of the nanoshell structure is able to absorb more ammonia.
The response to different ammonia concentrations is shown in Figure 4c,d. From Figure 4c,d, all
sensors fabricated had approximate linear response to ammonia below 20 ppm. Due to saturation of
absorbance to ammonia, curves have a lower slope after 50 ppm and only the response of Sample 3
and Sample 2 maintain an increasing trend. The accurate response of Sample 3 from 0 to 40 ppm was
shown in Figure S7. This test aimed to reveal that the sensor fabricated with Sample 3 is sufficiently
sensitive to work under lower concentrations. In supplementary material, Table S1 was also used
to compare the differences of each sample. From the table, we concluded that the main factor that
contributed to the highest sensitivity of Sample 3 was its highest surface to volume ratio resulting from
its highest density of shell structure.
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Figure 4. Response of ammonia gas sensors using different samples. (a) Response-recovery curves
of the sensors up to 0–200 ppm NH3; (b) Magnification of the black dashed pane in (a); (c) Response
towards five (5–200 ppm) different concentrations of NH3 in air; (d) Magnification of the black dashed
pane in (c).

Response of as fabricated sensors compared with other work mentioned in this paper was shown
in Figure 5a. Results in this figure were normalized as S = (Ra − Rg)/Ra × 100 where Ra and Rg

are the resistance of the sample in air and ammonia gas, respectively. From the histogram, the
response of our sensor is 97%, which is much higher than the other sensing materials reported in the
literature [11–13,15,16]. The mechanism of ammonia sensing is related to the redox reactions. When the
SnO is exposed to air, oxygen will be adsorbed on its surface, and oxygen molecules attract electrons.
As a result, the conductivity of the SnO decreases. Then, when the sensor is exposed to a reducing gas
such as NH3, the reducing gas may react with the adsorbed oxygen molecules and release electrons
into the SnO, thereby increasing the conductivity. During the sensing process, these reactions would
take place:

O2 (gas)→ 2O (adsorbed) (3)

O (adsorbed) + e− (from SnO)→ O (4)

2 NH3 (adsorbed) + 3 O− → N2 + 3 H2O + 3e− (5)
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gas environments.

The oxygen adsorption relies on the oxygen vacancy of the material [21]. As prepared SnO is
an unsaturated metal oxide that tends to absorb oxygen and be further oxidized to SnO2. From our
previous work, the photoluminescence of oxygen vacancy on SnO nanoshell was studied which shows
the high oxygen vacancy density of our SnO material [30]. In summary, the high response of our
sensors depends on the high oxygen adsorption with high surface-to-volume ratio and high oxygen
vacancy density of the as-prepared SnO nanoshell. Additionally, we investigated the test of selectivity
of our sensors. Since there are many papers about volatile organic compound sensors based on metal
oxide, we used different volatile organic compounds for comparison [31–34]. In Figure 5b, the response
of our sensors in ammonia is also much higher than that of dry atmosphere or other organic gases.
In the experiment, we used single gas for each test. This confirms the outstanding selectivity of our
sensors. These results show the high performance of our samples. In the supplementary materials, the
response (98 s) and recovery time (30 s) are shown in Figure S8. Comparison of response time and
recovery time with previous work is shown in Table S2. These results show the high performance of
our samples. Furthermore, we investigated the repeatability of the SnO nanoshell materials in a certain
amount of 20 ppm NH3 and found that the SnO nanoshell material possesses good repeatability for at
least one week.

4. Conclusions

In conclusion, we prepared SnO nanoshell through a solution method and annealing. SEM,
TEM, XRD, XPS, and Raman measurements were used to characterize the present samples. The SnO
nanoshell exhibited high responses of 313%, 874%, 2757%, 3116%, and 3757% under gas concentrations
of 5 ppm, 20 ppm, 50 ppm, 100 ppm, and 200 ppm, respectively. The mechanism of ammonia sensing
is related to the redox reactions. From the mechanism, we realized high sensitivity was due to a
large surface area and higher oxygen vacancy of the SnO nanoshell. This material also showed good
selectivity and repeatability in ammonia sensing. This work can potentially aid in the study of similar
structures and applications of IV–VI metal monoxides for real field applications.

Supplementary Materials: The following are available online at http://www.mdpi.com/2079-4991/9/3/388/s1,
Figure S1: schematic figure about the synthesis process of tin mono oxide, Figure S2: characteristic of sample 1,
Figure S3: characteristic of sample 2, Figure S4: characteristic of sample 4, Figure S5: characteristic of sample 5,
Figure S6: schematic figure for the ammonia sensing mechanism of as-prepared sensors, Figure S7: Accurate
response of ammonia gas sensor of sample 3, Figure S8: Response and recovery time of sample 3 (Tested under
20 ppm.), Table S1: Difference of samples in the work, Table S2: Comparison of response and recovery time with
previous work.
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