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Abstract: SnO2 nanowires are locally synthesized by a simple thermal evaporation method and its
growth mechanism is confirmed. Here, we present a simple strategy for realizing reduced graphene
oxide (RGO)/SnO2 nanowires heterostructure. As expected, the heterostructure gas-sensing response
is up to 63.3 when the gas concentration of trimethylamine (TEA) is 50 ppm, and it exhibits an
excellent dynamic response with high stability at 180 ◦C. A low detection limit of 50 ppb level is fully
realized. Compared to SnO2 nanowires, the sensing performance of the RGO/SnO2 heterostructure-
based sensor is greatly enhanced, which can be ascribed to the RGO and the heterostructure. The
RGO/SnO2 composite engineering poses an easy way to make full use of the advantages originating
from RGO and heterostructure.
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1. Introduction

Owing to the great demands of the chemical industry and real-time gas monitoring
systems, high sensitivity and good stability of gas sensors are attracting tremendous
attention. SnO2, ZnO, and WO3 have always been the traditional and dominant materials
for sensor fabrication [1–6]. However, the excellent stability, long-cycles, and low detection
limit of the sensors still face the challenge, especially working at a high temperature above
200 ◦C. At higher temperatures, the inevitable grain growth of materials would degrade
the sensor stability and life [6]. Researchers have tried to implement some strategies
(e.g., low dimensional nanostructures, metal doping, heterostructure engineering, etc.)
for enhancing gas-sensing properties [7–9]. One-dimensional SnO2 nanowire has a large
surface-to-volume ratio and constant carrier screening length, which makes them more
sensitive and efficient than SnO2 film to transduce surface chemical processes into electrical
signals [10]. Zou et al. demonstrated a hollow SnO2 microfiber as a sensing layer and
found a high response to TEA gas. However, the optimal operating temperature is up to
270 ◦C [11].

As a promising sensing material and derivative material of the graphene family, the
RGO layer can provide more adopted active sites and fast gas diffusion. It normally acts as
a p-type semiconductor, exhibiting the unique advantages of gas sensitive at room temper-
ature [12]. Therefore, it has exhibited great potential for enhancing sensor performance by
combing the merits of the one-dimensional SnO2 nanowire and RGO material. For example,
Song et al., reported a sensitive SnO2/RGO nanocomposite H2S gas sensor and the optimal
sensor response was 33 in 2 s at 50 ppm of H2S, which showed great potential in applica-
tion [13]. Zhang et al. presented the synthesis of Ag/SnO2/RGO ternary nanocomposites,
and the composite sensors exhibited high response to TEA gas at 220 ◦C [14]. However,
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RGO/SnO2 crystalline nanowires composite gas sensors for TEA detection have been
reported very little.

Here, we reported on the RGO/SnO2 nanowires composite heterostructure for TEA
gas sensing, which fully integrated the advantages of the RGO and SnO2 nanowire by
forming RGO/SnO2 heterostructure and enhanced the gas-sensing properties. When
the concentration of TEA gas was 50 ppm, the response was up to 63.3 and it exhibited
good stability. The sensors were more sensitive to TEA gas than other gases. The sensing
performance of the RGO/SnO2 nanowires composite heterostructure is enhanced compared
to that of SnO2 nanowires; the mechanism is also discussed.

2. Materials and Methods
2.1. Preparation of RGO/SnO2 Nanowires Composite Heterostructure

Synthesis of RGO. Graphene oxide (GO) water dispersion was purchased from
Suzhou Tanfeng Graphene Tech. Inc. (Suzhou, China) The GO (1 mg/25 mL) was reduced
into RGO by a chemically reducing method [15]. Briefly, the Hydroxylamine Hydrochloride
(0.2 g) was added into the GO dispersion. The mixture was stirred for 6 h and then was
under ultrasonic treatment for 1 h. After that, the dispersions were transferred into a
50 mL Teflon-lined stainless steel autoclave and maintained at 100 ◦C for 12 h. The black
product was filtered and rinsed by acetone, ethanol, and deionized water to obtain the pure
RGO powder.

Fabrication of SnO2 nanowires and sensors. The SnO2 nanowires were prepared
by thermal evaporation method. The SnO2 nanowires are fabricated using the above
procedures as shown in Figure 1a, which shows the growth conditions of SnO2 nanowires.
Firstly, Sn powder was placed on the quartz plate, and SiO2/Si substrates (1 × 1 cm2) with
Au film (5 nm) were placed about 5 cm away from the Sn powder. Then, we placed the
quartz piece in the center of the tube furnace. Ar gas (20 standard cubic centimeter per
minute (sccm)) was introduced into the tube and the furnace pressure was constant at
about 100 Pa. The furnace temperature was raised to 1000 ◦C by 10 ◦C/min. The nanowires
growth period was about 20 min. The Au film pattern staying on the substrate was confined
by the standard lithography process. The interdigitated Au-film electrode of the sensors
was a planar device structure and the thickness was about 200 nm. Then, the RGO powder
was fully dispersed in N, N-dimethylformamide (DMF) (0.5 mg/mL) by ultrasonication
treatment for 2 h and was coated onto the surface of SnO2 nanowires by spinning coating.
Afterward, the samples were dried in vacuum oven at 60 ◦C for 4 h and then annealed
at 200 ◦C for 60 min under Ar atmosphere to remove residual DMF. Finally, gas sensors
were aged at 120 ◦C for 24 h. Figure 1b details the fabricating processes of RGO/SnO2
composite-based sensor.
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2.2. Materials Characterization and Sensor Properties

The microstructure and morphology were characterized by the FEI QUANTA 200 scan-
ning electron microscope (SEM, FEI, Hillsboro, OR, America). The transmission electron
microscope (TEM, JEM-2100, JEOL, Tokyo, Japan) with the selected area electron diffraction
(SAED) and energy-dispersive X-ray spectroscopy (EDS). The crystalline structure was
identified by MiniFlex 600 X-ray powder diffraction (XRD, Rigaku, Tokyo, Japan) with Cu
Kα1 radiation (λ = 1.54056 Å). The surface chemistries were identified by Raman spectrom-
eter (LabRAM HR800, Horbiba Jobin Yvon, Paris, France). The gas-sensing properties were
tested using a commercial CGS-4TP analysis system. The test system has a closed chamber
with a capacity of 18 L. The TEA solution was injected and was heated as gas molecular
transport to the surface of the sensor. The gas response was defined as using the ratio of the
sensor resistance in air (Ra) to that in the target gas (Rg). The sensing properties were tested
at temperatures from 25 to 250 ◦C. The response and recovery time were calculated as 90%
of the maximum after injecting target gas and backing to air [16]. The relative humidity
was kept constant at 50%~60%.

3. Results and Discussion

Figure 2 shows the morphology and microstructure of the RGO/SnO2 composite. In
Figure 2a,b, the RGO layer adhered onto the surface of SnO2 nanowires. The nanowires are
long and straight. The diameter of the nanowire is around 50 nm and the length is up to
50 µm. The existing network structure of SnO2 nanowires gets a large surface-to-volume
ratio and numerous nanowire–nanowire junctions. Figure 2c–h shows the TEM image,
SAED pattern, and EDS spectrum of the synthesized SnO2 nanowires. A lattice spacing of
0.26 nm well matches to the d-spacing (101) of SnO2 nanowires. The SAED and EDS data
also confirmed that SnO2 nanowires are successfully synthesized. As shown in Figure 2f–h,
Au, Sn, and O are distributed uniformly.
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Figure 2. (a) SEM image of the RGO/SnO2 composite. Inset: the enlargement of a part of the
composite; (b) the TEM image of the composite; (c) the HRTEM image of a single-crystalline SnO2

nanowire; (d) the SAED pattern of the SnO2 nanowire; (e) the EDS spectra of the SnO2 nanowire;
(f–h) the EDS maps of Au, O, and Sn element of the SnO2 nanowire.

As mentioned before, due to its large surface-to-volume ratio and excellent electron
transport properties, the SnO2 nanowire has been widely used for toxic gas detection.
Commonly, the SnO2 nanowire growth mechanism corresponds to vapor–liquid–solid
(VLS) or vapor–solid (VS) mechanism [17,18]. VLS mechanism has a significant feature



Coatings 2023, 13, 849 4 of 9

that the metal catalyst would stay at the tip of the nanowire. In this work, EDS mapping
indicated Au plays a catalyst and active sites role during the preparation of SnO2 nanowires.
It revealed that the SnO2 nanowires are mainly composed of O, Sn, and Au. We performed
an easy way to show the root of the nanowire to obtain the relationship between Au and
nanowires. As shown in Figure 3a, the SnO2 nanowires were rooted in the Ni foam. The
growth parameters are consistent with the SnO2 nanowires prepared on SiO2/Si substrate,
excluding the changed substrate. We can easily recognize the responding active site for
nanowires. It is conducive to speculate about the growth mechanism, which is shown in
Figure 3b. Based on the above SnO2 morphology and structure property analysis, a simple
model for the growth mechanism of nanowires is discussed [19].

2Sn (L) + O2 (V)→ 2SnO (V) (1)

2SnO (V) + Au nano-sized droplets (L)→ SnO2-Au (S) + Sn (2)
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Figure 3. (a) The SEM image of the synthesized SnO2 nanowires on Ni foam, the insetting picture
shows the root of the nanowires; (b) the SnO2 nanowires growth mechanism on SiO2/Si substrate.

Firstly, because of the low melting point of tin (231.9 ◦C), the Sn powder would present
in the liquid metallic [20] and the liquid tin could react with residual oxygen to yield SnO
vapor. Secondly, the Au layer acted as nucleation sites on the SiO2/Si substrate, while it
provided the favored sites for absorption of SnO. Then, the SnO was transformed onto the
surface of the Au liquid droplets by the carrying gas. Finally, due to the Au catalyst and
SnO decomposition, the SnO2 nanowires formed immediately [21,22]. Interestingly, there
are no metallic Au at the tips of the SnO2 nanowires but distributed in the whole nanowire
as confirmed by the EDS mapping, which is different from the typical characteristics of the
VLS growth mechanism.

Figure 4a shows XRD patterns of the GO, RGO, SnO2 nanowires, and RGO/SnO2
composite. GO shows a character (002) diffraction peak at 2θ = 10.83◦. The RGO diffraction
peak position is shifted to 23.85◦. Hereby, the interlayer distance changed from 0.81 nm
to 0.4 nm. It resulted in the decrease in the RGOs’ interlayer spacing, which means that
oxygen-related chemical groups were significantly removed from GO. The SnO2 nanowires
and RGO/SnO2 composite matched well with the tetragonal rutile structure (SnO2, JCPDS
No. 41-1445). For RGO/SnO2 composite, the RGO diffraction peak disappeared, which
might be ascribed to the low RGO amount. The significant structural changes occurring
from GO to the RGO are also presented in the Raman spectra. In Figure 4b, the Raman
spectrum of the GO and RGO samples shows two obvious peaks at 1353 cm−1 (D-band)
and 1595 cm−1 (G-band). Commonly, the G band peak can be ascribed to the E2g vibrational
mode of the sp2-bonded carbon atoms [23–25], while the D band peak is ascribed to the
defect-induced mode [26,27]. The intensity ratio of the D to G band value of the GO is
about 1.049, the increased value of RGO (1.156) suggests a successful chemical reduction of
GO. For SnO2 nanowires and a RGO/SnO2 composite, the induction of the RGO would not
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change the character peaks of the SnO2 nanowires. The three Raman scattering peaks at
474.8, 633.3, and 773.5 cm−1 correspond to the Eg, A1g, and B2g vibration modes of SnO2 [28].
Otherwise, the peak at 498 cm−1 is reported to be A2u mode, which has not been detected
in bulk SnO2 [18]. These character peaks further confirm the existence of the SnO2 and
RGO in the RGO/SnO2 composite, which agrees with the results of XRD characterization.
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The sensing properties of SnO2 nanowires and RGO/SnO2 composite sensor toward
50 ppm TEA gas at different temperatures are shown in Figure 5a. For the SnO2 nanowires
sensor, the optimal temperature is about 200 ◦C. Thus, the best gas sensing temperature of
the RGO/SnO2 composite sensor is about 180 ◦C. RGO/SnO2 composite sensor had the
highest gas response at low temperatures due to the introduction of RGO. As expected,
the gas response of the RGO/SnO2 composite is up to 63.3, which is higher than that of
SnO2 nanowires sensor at the same testing procedures (32 under 50 ppm of TEA gas).
Afterward, as the temperature increasing further, the response gradually decreases, which
can be attributed to the drop down of equilibrium adsorption capacity [6]. Figure 5b
presents dynamic response-recovery properties of the sensor for different TEA gas concen-
trations ranging from 50 ppb to 200 ppm at 180 ◦C. The response of the sensor is 2.6 at a
TEA concentration of 100 ppb. The sensor got a low detection limit of 50 ppb level. At
180 ◦C, the sensor response gradually increased with the increase in the gas concentration.
When towards 200 ppm, the response is up to 100, showing the excellent gas-sensing
property. Figure 5c shows the response time of the sensor is about 10 s. The stability of the
RGO/SnO2 composite sensor is also measured, and the six-cycling dynamic response is
shown in Figure 5d. Accordingly, the sensor shows an almost constant response time and
response curves for detecting the TEA gas concentration of 1 ppm, showing good stability
of the sensor.

The long-term stability and selectivity of gas sensing are fundamental factors in gas
detection applications. Figure 6a shows the gas response of the RGO/SnO2 composite
based sensor to 15 dynamic cycles after 30 days at a concentration of 50 ppm. As we can
see, the sensor shows good long-term stability and cycling performance. Compared to the
fresh sensor, the late sensors’ response value had a litter change. As shown in Figure 6b,
the sensor responses to different detected gases in a continuous process. The data shows
that the response intensity to 1 ppm TEA gas is almost twice as high than the response to
the other six gases, even responding to a gas concentration of 100 ppm. In particular, the
sensor has a weak response to water, and it shows an anti-water property, which is good
for detecting TEA gas regardless of humidity in real situations.
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Generally, it is well known that the one-dimensional SnO2 nanowire has a large surface-
to-volume ratio and constant carrier screening length, which facilitates more rapid and
high-efficient adsorption for improving the gas response [29]. Thus, due to the intertwined
and irregular stacking of SnO2 nanowires, the material resistance is as high as hundreds of
megaohms (MΩ), making it difficult to integrate with existing electronic systems. The RGO
could help improve the conductivity of metal oxide and promote the transfer of electrons.
When the composite material meets air, oxygen would be adsorbed, and then would react
with the free electrons to ionize oxygen into oxygen species (O−2, O2−, and O−) on the
surface of SnO2 nanowires and RGO [30]. The depletion layer formed as shown in Figure 7a.
As exposure to targeted gas, the captured electrons are released as reacting with the existing
oxygen ions, reducing the thickness of the depletion layer and the resistance would be
minimized. The gas response is largely enhanced. Wang et al. demonstrated the preparation
of ZnO/SnO2 heterostructure on RGO layer, and found promising sensing behavior upon
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NO2 exposure even at room temperature. They presented that the heterostructure could
offer effective electronic interaction and high transfer efficiency of charges at the interface,
which help to adsorb oxygen for enhancing the gas response [31]. So, in Figure 7b, we
showed the current–voltage characteristic relationship of the RGO/SnO2 composite gas
sensor in air and after exposure to 50 ppm TEA gas, respectively. After being exposed
to targeted gas, the current proudly increased because of the changed conductivity after
surface reactions between TEA gas and adsorption oxygen. The following reaction can be
depicted as follows [32]:

(C2H5)3N + xOδ− → H2O + CO2 + NO2 + xe−1 (3)
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Figure 7. (a) Schematic of the RGO/SnO2 composite gas-sensing mechanism; (b) the current–voltage
characteristic relationship of the RGO/SnO2 composite gas sensor in air and after exposure to 50 ppm
TEA gas, respectively; (c) energy band diagram of the RGO/SnO2 composite.

The gas-sensing mechanism of RGO/SnO2 heterostructure-based sensors can be con-
cluded. Notably, RGO could play a significant role and provide reactive centers for ad-
sorption, which facilitates rapid electrons transformation between targeted gas and SnO2.
SnO2, as a promising and mature gas-sensing material, could also promote effective charge
transfer and oxygen adsorption. Therefore, when the RGO/SnO2 composite encounters
TEA gas, the energy band bending would happen until balance, as depicted in Figure 7c.
The electron movement will start flowing from RGO to SnO2. So, when encountering
the targeted gas, the adsorbed process was happening at the interface, a small change
in the potential barrier (E) would contribute to a large resistance change of the material.
The resistance is related to the height of the potential barrier, which is followed by the
equation [30]:

R = R0 exp(qE/kT) (4)
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Generally, R0 is the initial resistance, q is the electron charge, E is the height of the
potential energy barrier, k is Boltzmann’s constant, T is the temperature, and R is the overall
resistance of the material. So, based on the above results, the RGO/SnO2 heterostructure
enhanced the gas-sensing performance and provided a reliable strategy to obtain the
highly sensitive.

4. Conclusions

In summary, the crystalline SnO2 nanowires are synthesized by a simple thermal
evaporation method. We also presented a coating technology to realize RGO/SnO2 het-
erostructure. When the TEA gas concentration is 50 ppm, the gas response is raised to
63.3, and it showed an excellent dynamic response with a high stability at 180 ◦C. A lower
detection limit of 50 ppb level is achieved. Compared to SnO2 nanowires, the sensing
performance of the RGO/SnO2 heterostructure-based sensor is greatly enhanced, which
can be ascribed to the RGO and the heterostructure. This heterostructure engineering poses
an easy and repeatable way for achieving highly sensitive performance.
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26. Sieradzka, M.; Ślusarczyk, C.; Biniaś, W.; Fryczkowski, R. The Role of the Oxidation and Reduction Parameters on the Properties
of the Reduced Graphene Oxide. Coatings 2021, 11, 166. [CrossRef]

27. Sun, Q.; Li, J.; Hao, C.; Ci, L. Focusing on the Subsequent Coulombic Efficiencies of SiOx: Initial High-Temperature Charge after
Over-Capacity Prelithiation for High-Efficiency SiOx-Based Full-Cell Battery. ACS Appl. Mater. Interfaces 2022, 14, 14284–14292.
[CrossRef]

28. Sun, S.; Meng, G.; Zhang, G.; Gao, T.; Geng, B.; Zhang, L.; Zuo, J. Raman Scattering Study of Rutile SnO2 Nanobelts Synthesized
by Thermal Evaporation of Sn Powders. Chem. Phys. Lett. 2003, 376, 103–107. [CrossRef]

29. Asadzadeh, M.Z.; Köck, A.; Popov, M.; Steinhauer, S.; Spitaler, J.; Romaner, L. Response Modeling of Single SnO2 Nanowire Gas
Sensors. Sens. Actuators B Chem. 2019, 295, 22–29. [CrossRef]

30. Xu, Q.; Ju, D.; Zhang, Z.; Yuan, S.; Zhang, J.; Xu, H.; Cao, B. Near Room-Temperature Triethylamine Sensor Constructed with
CuO/ZnO PN Heterostructural Nanorods Directly on Flat Electrode. Sens. Actuators B Chem. 2016, 225, 16–23. [CrossRef]

31. Wang, Z.; Gao, S.; Fei, T.; Liu, S.; Zhang, T. Construction of ZnO/SnO2 Heterostructure on Reduced Graphene Oxide for Enhanced
Nitrogen Dioxide Sensitive Performances at Room Temperature. ACS Sens. 2019, 4, 2048–2057. [CrossRef] [PubMed]

32. Liu, X.; Zhao, K.; Sun, X.; Zhang, C.; Duan, X.; Hou, P.; Zhao, G.; Zhang, S.; Yang, H.; Cao, R. Rational Design of Sensitivity
Enhanced and Stability Improved TEA Gas Sensor Assembled with Pd Nanoparticles-Functionalized In2O3 Composites. Sens.
Actuators B Chem. 2019, 285, 1–10. [CrossRef]

Disclaimer/Publisher’s Note: The statements, opinions and data contained in all publications are solely those of the individual
author(s) and contributor(s) and not of MDPI and/or the editor(s). MDPI and/or the editor(s) disclaim responsibility for any injury to
people or property resulting from any ideas, methods, instructions or products referred to in the content.

https://doi.org/10.1021/acs.chemmater.5b04850
https://doi.org/10.1016/j.materresbull.2019.02.019
https://doi.org/10.1039/c1nr10270b
https://www.ncbi.nlm.nih.gov/pubmed/21674112
https://doi.org/10.1016/j.sna.2018.09.063
https://doi.org/10.1002/(SICI)1521-4095(200002)12:4&lt;298::AID-ADMA298&gt;3.0.CO;2-Y
https://doi.org/10.1016/j.ssc.2004.01.003
https://doi.org/10.1016/j.spmi.2011.08.013
https://doi.org/10.1002/smll.202203459
https://doi.org/10.1016/j.matchemphys.2019.02.010
https://doi.org/10.1016/j.snb.2008.02.034
https://doi.org/10.1002/masy.201700006
https://doi.org/10.1002/smll.202300759
https://doi.org/10.1016/j.compscitech.2019.02.022
https://doi.org/10.3390/coatings11020166
https://doi.org/10.1021/acsami.2c01392
https://doi.org/10.1016/S0009-2614(03)00965-5
https://doi.org/10.1016/j.snb.2019.05.041
https://doi.org/10.1016/j.snb.2015.10.108
https://doi.org/10.1021/acssensors.9b00648
https://www.ncbi.nlm.nih.gov/pubmed/31262171
https://doi.org/10.1016/j.snb.2019.01.029

	Introduction 
	Materials and Methods 
	Preparation of RGO/SnO2 Nanowires Composite Heterostructure 
	Materials Characterization and Sensor Properties 

	Results and Discussion 
	Conclusions 
	References

