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a b s t r a c t 

Perovskite halide materials are currently attracting considerable attention owing to their superior optical 

and electrical properties. This study proposes a reliable process for synthesizing hybrid nanomaterials 

made of methylammonium tin iodide (MASnI 3 ) submicron spheres and tin dioxide (SnO 2 ) nanowires. 

Post-fabricated hybrid nanomaterials were investigated for NO 2 sensing properties at 25 °C in the dark. 

The effect of moisture on the NO 2 sensitivity of this material was investigated. The durability of sensor 

components using this material was also investigated. In this paper, we also discuss the NO 2 sensitivity 

mechanism of MASnI 3 /SnO 2 hybrid nanomaterials in detail. 

© 2020 Published by Elsevier Ltd on behalf of Acta Materialia Inc. 
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Along with the development of nanomaterials, hybrid materials

re currently a high-potential research direction. Hybrid nanoma-

erials are formed by two or more different components connected

n the nanometer scale. This type of material has properties that

hange according to the composition and morphology of the con-

tituent materials [1] . Numerous studies show that hybrid nano-

aterials exhibit special advantages in fields, such as optics, pho-

ovoltaics, fuel cells, catalysts, and sensors [2–8] . Hybrid nanoma-

erials are currently attracting considerable attention from research

roups in the field of gas sensors [9–14] . 

Nitrous oxide (NO 2 ) is a very toxic gas that is often found in

arge industrial and urban areas. In the atmosphere, NO 2 and CO 2 

re some causes of air pollution. NO 2 can seriously affect human

ealth [15 , 16] . Specifically, a healthy person exposed to 30 0 −80 0

pb of NO 2 for less than 1 h can reduce lung capacity by 10%

17] . Therefore, the ppb-level detection of this gas leaked into the

nvironment is an important issue. According to studies of semi-

onductor gas sensors, oxides and tin compounds are often highly

ensitive to NO 2 [18–20] . Therefore, research on manufacturing and
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O 2 gas-sensitive properties of Sn compound hybrid nanomaterials

s developing [21 , 22] . 

Halide perovskites are advanced materials that have excellent

ptical and electrical properties [23 , 24] . This is a material that can

e used in future optical detectors and solar cells [25 , 26] . Inter-

stingly, many studies have shown that halide perovskites have

ery large resistance changes when exposed to reducing or oxi-

izing gases [27–30] . In 2018, Fu et al. found that CH 3 NH 3 PbI 3 is

ble to quickly detect 1 ppm of NO 2 at room temperature [31] .

ecently, our team discovered that MASnI 3 membranes can de-

ect NO 2 at ppb concentrations at 25 °C [20] . However, perovskite

alide materials have a major disadvantage of being unstable in

xygen and light environments [32–34] . Y. Chen et al. showed

hat hybrid nanomaterials between SnO 2 and MASnI 3 nanoparti-

les can detect NO 2 at ppb concentrations with ultraviolet illumi-

ation [35] . Moreover, this hybrid material is capable of stable op-

ration for at least 30 days. In this paper, we introduce a reliable

rocess for making hybrid nanomaterials between SnO 2 nanowires

nd MASnI 3 submicron spheres via thermal evaporation. The NO 2 

as-sensitive properties of this hybrid nanomaterial were investi-

ated and compared with those of other studies. 

The process of manufacturing hybrid MASnI 3 /SnO 2 materials in-

olves two main stages: growth of SnO 2 nanowires and then syn-

hesis of MASnI 3 submicron spheres onto the SnO 2 nanowires. For
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the first stage, SiO 2 /Si substrate are cleaned with trichlorethylene

(TCE), acetone, and ethanol in an ultrasonic bath sequentially for

5 min. Gold nanoparticles were coated on the substrate for 10 s

using a mini plasma sputtering coater (TCH-GSL-1100X-SPC12-LD).

The substrate was then heated at 400 °C for 1 h using a horizon-

tal furnace. After calcination, the gold film on the SiO 2 substrate

became gold nanoparticles. The size and distribution of the gold

nanoparticles are shown in Fig. S1 (see Supplementary document).

To grow SnO 2 nanowires, 2 g of SnO powder (Sigma-Aldrich, pow-

der particle size: ≤60 μm, 97%) were added to an alumina boat.

The substrate coated with gold nanoparticles was placed on the

boat in the opposite direction to the SnO powder (distance be-

tween the SnO powder and substrate was 8 mm). This alumina

boat was fixed in a horizontal furnace at a pressure of 10 −2 Torr.

The growth of the SnO 2 wire was performed at 800 °C (heating

rate of 5 °C/min) for 60 min. After the heat treatment process fin-

ished, the furnace was naturally cooled to room temperature. 

MASnI 3 submicron spheres were synthesized on the SnO 2 

nanowires by thermal evaporation using the setup diagram shown

in Fig. S2 (see Supplementary document). Here, 1.0 g of SnO pow-

der and 0.3 g of methylammonium iodide (MAI; Sigma-Aldrich,

powder, 98%) were used as precursors. The SnO, MAI powder,

and substrate with SnO 2 nanowires were fixed at different posi-

tions in the horizontal furnace so that their temperatures were

800 °C, 230 °C, and 120 °C, respectively. During MASnI 3 synthe-

sis, 10 sccm of N 2 was injected into a quartz tube maintained at

5 × 10 −3 Torr. The MASnI 3 phase on SnO 2 formed within 60 min.

After the synthesis process completed, the furnace was naturally

cooled to 100 °C. The sample was then quickly transferred into a

glove box for storage. 

The structure and surface morphology of the post-fabricated

materials were characterized by X-ray diffraction (XRD; Xpert-Pro)

using CuK α radiation ( λ = 1.5418 Å) and field-emission scanning

electron microscopy (FE-SEM; JEOL JSM-7610F). Additionally, the

structure and elemental mapping of this hybrid material were in-

vestigated in detail by transmission electron microscopy (TEM; Tel-

nai G2F20 S-TWIN, Philips) combined with energy-dispersive X-ray

spectroscopy (EDX). To investigate the gas sensing properties of the

as-synthesized material, a gold interdigitated electrode was evapo-

rated onto the surface of the sample by thermal evaporation. The

structure of the material after coating the interdigitated electrode

is shown in Fig. S3 (see Supplementary document). The gas sensing

properties of the material were studied by an aerodynamic mea-

suring system. The structure and design of the measuring system

are described in Fig. S4 (see Supplementary document). Measure-

ments were performed in the dark with a carrier gas of dry air

(total flow rate of 300 sccm). The chemical composition of the

MASnI 3 /SnO 2 hybrid was detected by X-ray photoelectron spec-

troscopy (XPS; Quantera SXM). In this characterization, the binding

energy data was calibrated using C 1s peak at 284.6 eV. 

The structures and surface morphologies of the materials are

summarized in Fig. 1 . Here, the major peaks at 2 θ of 26.6 °, 33.9 °,
and 51.8 ° are consistent with the corresponding diffraction planes

of (110), (011), and (121) of tetragonal-structured SnO 2 [ICSD; Ref.

code: 98-016-9033]. The FE-SEM image in Fig. 1 (b) shows that

the fabricated SnO 2 nanowires have a density of appearance and

length that was greater than 5 μm. After growing the MASnI 3 
submicron spheres on the SnO 2 nanowires, the remaining diffrac-

tion peaks were consistent with those corresponding to the cu-

bic structure of MASnI 3 [ICOD: PDF-2; Ref. code: 00-032-1928].

In this XRD result, no strange peaks for other materials appeared,

which confirmed the high purity of the fabricated material. The

XPS analysis of the sample in Fig. S5 (Supplementary document)

confirm the existence of CH 3 NH 3 SnI 3 in which the binding energy

of the Sn 3d 3/2 , Sn 3d 5/2 , I 3d 3/2 , and I 3d 5/2 peaks are 492.9 eV,

484.5 eV, 628.4 eV, and 616.9 eV, respectively [36] . The surface
orphology of this material is shown in Fig. 1 (c). Along with the

lemental mapping images in Fig. S6 (Supplementary document),

ASnI 3 submicron spheres with an average diameter of 200 nm

re grown along the SnO 2 nanowires. In addition, the MASnI 3 sub-

icron spheres are in good contact with the SnO 2 nanowires. 

The morphologies and crystal structures of the as-fabricated hy-

rid MASnI 3 /SnO 2 nanomaterials were further investigated by TEM,

R-TEM, and SEAD, as shown in Fig. 2 . Based on the images in

ig. 2 (a–c), the SnO 2 nanowire had a diameter of approximately

0 nm, and the MASnI 3 material growing along this wire had a

iameter consistent with the results obtained on the FE-SEM im-

ge ( Fig. 1 ). The HR-TEM image in Fig. 2 (e) indicates that the SnO 2 

anowire has a single crystal structure with a measured distance

etween crystal faces of 3.3 nm (inset image in Fig. 2 (d)) corre-

ponding to the distance between the (110) faces of SnO 2 . Mean-

hile, the MASnI 3 material was in polycrystalline form with a dis-

ance between the crystal faces calculated at some locations to be

.1 nm (inset image in Fig. 2 (f)) corresponding to the distance be-

ween (200) faces of MASnI 3 . These assertions were verified by

he SEAD patterns of the SnO 2 nanowire and submicron MASnI 3 
pheres, as shown in Fig. 2 (d) and (e), respectively. 

The gas sensing measurement results are shown in Fig. 3 .

ig. 3 a showing that the resistance of the SnO 2 nanowire remained

lmost unchanged when 1 ppm NO 2 was present. In contrast, the

ybrid material between the SnO 2 nanowire and MASnI 3 submi-

ron spheres could change resistance when there was 1 ppm of

O 2 at 25 °C in the dark. Because SnO 2 nanowires are not sensi-

ive to NO 2 at 25 °C in the dark, the NO 2 -sensing ability of this hy-

rid material likely originates from the MASnI 3 submicron spheres.

his is reasonable because our previous study showed that MASnI 3 
embranes are sensitive to NO 2 at 25 °C in the dark [20] . How-

ver, we encountered an issue when investigating the gas sensing

roperties of the MASnI 3 membrane because its resistance is too

arge (~ G � at 25 °C). This has also been the case in other studies

n the gas sensing characteristics of halide perovskites [31 , 37] . By

ybridizing the MASnI 3 material with SnO 2 material, the resistance

f this material system was reduced to ~25 k � at 25 °C, which is

ven smaller than that of the SnO 2 nanowire. This seems to have

ery little association with the p–n transition of MASnI 3 and SnO 2 ,

s presented by the study by Chen et al. [35] . In our case, many

ASnI 3 submicron spheres along the SnO 2 nanowire correspond to

he model of multiple large resistors in parallel with one small re-

istor. As a result, the resistance of this material system will be less

han the minimum value of the system resistance. Fig. 3 b shows a

omparison of the gas sensitivity of MASnI 3 /SnO 2 hybrid materials

o different gases at 25 °C. This hybrid material is only sensitive

o NO 2 gas under the same survey conditions. The stability and

urability of MASnI 3 /SnO 2 hybrid materials under NO 2 conditions

nd humidity are shown in Fig. 3 (cand d). According to the results

hown in Fig. 3 (c), the resistance of this material increased and

ecreased steadily after five pulses of NO 2 . Without humidity, this

ybrid nanomaterial was found to be capable of stable operation

or at least 30 working days. When moisture was present in the

hamber, the durability of this material reduced to 20 and 10 days,

espectively, at humidities of 50% and 90% ( Fig. 3 (d)). Afterwards,

he responsiveness of this hybrid material tended to decrease. The

nfluence of NO 2 concentration on the sensor response was also

nvestigated, as shown in Fig. 3 (e). The smallest concentration of

O 2 that this hybrid material could detect was 25 ppb with a re-

ponse of approximately 10. The fitting line for this data is shown

n Fig. 3 (f) with a coefficient of determination ( R 2 ) of 99.7%. The

ffects of different carrier gas (dry air versus oxygen) on the NO 2 

esponse of the sample can be found in Fig. S7 (Supplementary

ocument). For MASnI 3 material, a decline in the NO 2 response

hen using O as a carrier gas was explained in detail in our pre-
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Fig. 1. XRD patterns (a) and FE-SEM images of the as-synthesized SnO 2 nanowires (b) and MaSnI 3 /SnO 2 hybrid (c). The scale bar is 1 μm. 

Fig. 2. TEM images (a, b), HR-TEM images (c, e) and SEAD patterns (d, f) of the MASnI 3 /SnO 2 hybrid. The inset images show magnified HR-TEM images at the corresponding 

marked locations in Figure (e). 
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ious study [20] . With the carrier gas of oxygen, the MASnI 3 /SnO 2 

ybrid is still selective toward NO 2 . 

MASnI 3 material is known as a p-type semiconductor; thus, the

esistance of this material will normally decrease when exposed

o oxidizing gases, such as NO 2 [20 , 31] . However, hybrid nano-

aterials between MASnI 3 and SnO 2 have an increased resistance

hen exposed to NO 2 . This can be explained by our proposed

odel shown in Fig. 4 . In this model, a MASnI 3 submicron sphere

s attached to a SnO 2 wire, as shown by the FE-SEM ( Fig. 1 ) and

EM ( Fig. 2 ) images. Because SnO 2 nanowire materials do not re-

pond to NO 2 at 25 °C in the dark, the sensitive material in this

ybrid is MASnI 3 . However, the SnO 2 nanowire will serve as the
onnection material between the electrodes. Typically, physisorp-

ion and chemisorption of oxygen molecules on the surface of a p-

ype semiconductor results in an accumulation zone (dark brown

rea) near the surface of the material [38] . This accumulation area

ay concentrate many carriers of p-type semiconductors, which

re holes. With a p–n transition, a p-type material is known as

n electron suction material at the region adjacent to the n-type

aterial [39–41] . According to this mechanism, a depletion zone

s formed on the SnO 2 side. Like O 2 , NO 2 may be physically and

hemically adsorbed onto the MASnI surface via the following re-
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Fig. 3. Response and recovery curves of the SnO 2 nanowires versus the MASnI 3 /SnO 2 hybrid (a). Comparison of the responsiveness of the MASnI 3 /SnO 2 hybrid nanomaterials 

to several gases (b). Modulation curve of the MASnI 3 /SnO 2 hybrid toward 1 ppm of NO 2 (c). MASnI 3 /SnO 2 hybrid material response within 60 working days under the 

influence of moisture (d). MASnI 3 /SnO 2 hybrid response/recovery curve with NO 2 concentrations of 25–10 0 0 ppb (e) and the fitting line (f). 

Fig. 4. Gas-sensitive model of the MASnI 3 /SnO 2 hybrid material before (a) and after (b) the injection of NO 2 gas. 
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action: 

N O 2 (g) → NO 

−
2 + h 

+ (1)

Moreover, NO 2 can react with adsorbed oxygen ions (in the

model, O 

−
2 

) as follows: 

N O 2 (g) + O 

−
2 (ads) → NO 

−
2 (ads ) + 2 O 

−(ads ) + h 

+ (2)

N O 2 (g) + 2O 

−
( ads) → NO 

−
2 (ads ) + O 

2 −(ads ) + 2 h 

+ (3)

These reactions may widen the accumulation zone by an in-

crease in the entire concentration in the p-type MASnI 3 . Therefore,

the electron channel of the SnO 2 narrowed with the widened de-

pletion region owing to the adsorption of NO 2 on the MASnI 3 sur-

face, which resulted in the resistance increase of the hybrid. 

In conclusion, a hybrid nanomaterial consisting of MASnI 3 sub-

micron spheres and SnO 2 nanowires was synthesized in two steps

of thermal evaporation. This hybrid nanomaterial is high purity

with a SnO 2 nanowire diameter and MASnI 3 spherical diame-

ter of 20 and 200 nm, respectively. The NO 2 sensitivity of these

MASnI 3 /SnO 2 hybrid nanomaterials was found to be considerably

superior to that of SnO nanowires. Additionally, the hybridization
2 
f MASnI 3 with SnO 2 reduced the resistance to k Ω levels, in con-

rast to the G Ω levels for MASnI 3 films. Thus, this nanomaterial can

e easily integrated with electronic circuits in applications. This

ybrid nanomaterial is almost selective for NO 2 at 25 °C in the

ark. With a humidity of less than 50%, this material is capable of

table operation for 30 days. The smallest NO 2 concentration that

his hybrid material can detect is 25 ppb with a response of 10.

dditionally, a NO 2 sensitivity mechanism of this hybrid nanoma-

erial has been proposed and discussed. 
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