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Abstract: To exploit high-performance and stable sensing materials with a room working temperature
is pivotal for portable and mobile sensor devices. However, the common sensors based on metal
oxide semiconductors usually need a higher working temperature (usually above 300 °C) to achieve
a good response toward gas detection. Currently, metal halide perovskites have begun to rise as a
promising candidate for gas monitoring at room temperature but suffer phase instability. Herein,
we construct 1D /3D PyPbl3 /FA( g3Csg 17Pblz (denoted by PyPbls /FACs) bilayer perovskite by post-
processing spin-coating Pyrrolidinium hydroiodide (PyI) salt on top of 3D FACs film. Benefitting
from the 1D PyPbl; coating layer, the phase stability of 1D /3D PyPbl;/FACs significantly improves.
Simultaneously, the gas sensor based on the 1D/3D PyPbl;/FACs bilayer perovskite presents a
superior selectivity and sensitivity toward NO, detection at room temperature, with a low detection
limit of 220 ppb. Exposed to a 50 + 3% relative humidity (RH) level environment for a consecutive
six days, the 1D/3D PyPbl;/FACs perovskite-based sensor toward 10 ppm NO, can still maintain a
rapid response with a slight attenuation. Gas sensors based on hybrid 1D/3D-structured perovskite
in this work may provide a new pathway for highly sensitive and stable gas sensors in room working
temperature, accelerating its practical application and portable device.
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1. Introduction

Environmental pollution has been a social issue and attracted extensive attention.
Especially air contaminations, such as carbides, sulfides, nitrogen compounds and volatile
organic compound (VOC) gases, can cause serious damage to the environment and human
health [1-4]. Among them, nitrogen dioxide (NO;) is an extremely common contamination
in air atmosphere, predominantly originating from the massive discharge of fossil-fuel
combustion and motor vehicle exhaust, but NO, with a ppm-level concentration can cause
serious respiratory diseases, lung damage, neurasthenia and even endanger life safety [5-7].
Therefore, reliable and convenient detection of NO; in the surrounding environment is
closely relevant to humankind’s daily life. Currently, gas monitoring technology contains
gas/liquid chromatography methods, acoustic sensors, chemical resistance sensors, electro-
chemical sensors and optical sensors, etc. [8]. In terms of equipment operation, cost, gas
selectivity and response performance, chemical resistance sensors have been considered
the most promising gas sensor. The chemical resistance sensors based on the metal oxide
layer [9] have also been widely studied as NO, gas sensors due to their stability and low
cost. However, a high operating temperature of the common metal oxides-based sensor
(usually above 300 °C) increases the power consumption and security issues, which im-
pedes further commercial application in portable and mobile sensor devices. Therefore,
exploiting efficient sensing materials for NO, monitoring at room temperature is pivotal
for practical application and is urgently desirable.

Organic-inorganic hybrid metal halide perovskites have recently attracted tremendous
scientific research owing to their unique photoelectric properties and low-temperature
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solution processability, presenting a potential candidate in the field of solar photovoltaics,
light-emitting diodes, laser, photodetectors, etc. [10-13]. More interestingly, in recent years,
perovskites have begun to rise as a promising sensor material in detecting NO;, oxygen,
ozone, ammonia, sulfur dioxide, humidity, organic vapors [9,14-19], etc. For instance,
Fang et al. in 2016 demonstrated that methylammonium lead tribromide (MAPbBr3) single
crystal showed an ultrahigh sensitivity toward the environmental atmosphere, including
oxygen and water vapor [16]. Zhu et al. reported that CH;NH3PbBr; perovskite nanocrys-
tal film exhibited a good response to NO, gas at room temperature [20]. Sensors based on
FAPbCl; are demonstrated as highly selective NHj sensors with a detection threshold of 50
ppb [21]. Despite the inspiring development, three-dimensional (3D) perovskite still suffers
from poor moisture and thermal and optical stability due to its intrinsic structural charac-
teristics [22]. MAPDbI; has demonstrated inherent thermal instability [23]. By comparison,
formamidinium (FA)-based FAPbI; tends to have more research showing superior thermal
stability, but FAPbI; occurs a phase instability, which can spontaneously transform from
desired black x-phase to unsatisfactory yellow 6-phase under ambient conditions [24-26],
impeding its practical application and development.

To address the issue of FAPbI; phase instability, various strategies, such as doping,
interface engineering, additive engineering, etc., have been attempted [27-36]. Mixing
proper cations and anions into perovskite structure, including MA*, Cs*, Rb*, Br~, etc.,
has been demonstrated to stabilize o-phase FAPbI3 [37-40], availing the power conversion
efficiency and work lifetime of PSCs solar cells device [41], but reduced thermal stability
occurs. Recently, low-dimensional perovskite functionalized 3D perovskite layers devel-
oped by introducing larger organic cations into 3D perovskite to passivate boundaries via
one-step or post-processing to build heterojunction-structured perovskite has exhibited a
significant improvement of FA-based black perovskite phase stability and device perfor-
mance [22,42]. Because low-dimensional perovskite coating on the surface of 3D perovskite
can play a protective-layer role, it can effectively prevent water molecules from invading
the 3D perovskite polycrystalline film to prolong the perovskite’s operating life [42-44].
Especially, 1D perovskite possesses both thermal stability and water resistance due to its in-
herent structural characteristics, as 1D perovskite molecules, such as TAPbIz (TAI: thiazole
ammonium iodide), FEAPbI3 (FEA: 2,2,2-trifluoroethan-1-amine) and DMAPDbI; (DMAI:
dimethylamine iodide) [44,45], have been demonstrated as an efficient way to improve the
efficiency and stability of perovskite solar cells in the field of solar cells. Among them, Pyl
with five-membered hetero-cycles draws great attention due to a low ring strain, suitable
tolerance factor of 1.026 [46] and intrinsic hydrophobicity. Several works also reported that
Pyl reacted with 3D MAPDI; to form 1D/3D-hybrid perovskite, which leads to a substantial
enhancement of environmental stability of solar cells device [47-49]. Xu et al. theoretically
reveal that a 1D /3D bilayer structure constructed by 1D PyPbl; can prompt the stability
of FA-based perovskite in thermodynamics and kinetics [22]. However, the outstanding
stability feature, the application research of 1D /3D perovskite, is still in its primary stage
and mainly focuses on solar cells. Especially, 3D FA-based perovskite as a sensor material
for gas detection has rarely been studied, much less a constructed 1D/3D bilayer perovskite
with superior stability for low-concentrated NO, detection at room temperature.

Herein, inspired by the former work, we constructed a 1D/3D hybrid-structured
perovskite by post-treatment spinning Pyrrolidinium hydroiodide (Pyl) salt on top of 3D
FA( 83Csg 17Pbl; (denoted by FACs) film and assembled it into a NO, gas sensor. The 1D/3D
bilayer perovskite-based sensor shows a superior gas response and selectivity toward NO,
at room temperature in the ambient environment. Moreover, benefitting from the 1D PyPbls
coating layer, the 1D /3D PyPbls /FACs bilayer perovskite-based sensor presents superior
long-term stability, which can almost maintain the original phase and response without
few attenuations when exposed to high humidity conditions for a successive six days. Our
finding may open up a new application pathway of 1D/3D hybrid-structured perovskite,
which accelerate the development of high-stability gas sensors as NO, monitoring under
room temperature and high humidity atmosphere.
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2. Results and Discussion
2.1. Structure and Characterizations

As illustrated in Figure 1a, the 1D /3D PyPbl;.and FACs perovskite-based sensor was
prepared by the post-processing spin-coating method. Firstly, 3D FAg g3Cs 17Pblz (FACs)
perovskite deposited on the gold interdigitated electrode was synthesized by ethyl acetate
(EA) antisolvent quenching and annealing at 170 °C. Then, Pyrrolidinium hydroiodide (PyI)
in isopropyl alcohol (IPA) solution was dropped on the spinning 3D FACs film. After spin-
coating and annealing, a 1D /3D PyPbls /FACs bilayer perovskite film was obtained. More
detailed experiment procedures are in the Supplementary Materials. As the photographs
show in Figure 1b and ¢, both 3D FACs and 1D /3D PyPbl3/FACs perovskite film display a
homogeneous black and seem to have no obvious difference.

\o 7 b

Anti-solvent quenching ﬂ

Annealing Pyl in IPA spin-coating -

Figure 1. (a) Schematic illustration of the fabrication process of 1D /3D hybrid-structured perovskite-
based sensor. Photographs of 3D FACs (b) and 1D/3D perovskite (c).

Figure 2a depicts the schematic diagram of the 1D /3D hybrid-structured PyPbls; /FACs
perovskite crystal structure [50]. At the top of the 1D/3D perovskite film, the surface
shares a 1D chain of [Pbl3]” octahedron, and a large number of pyridine cations (Py*) are
arranged around the chain, which is the crystal structure of PyPbl; [22]. Scanning electron
microscopy (SEM) images were performed to reveal the surface morphology effect of 1D
PyPbl; on perovskite film. As the top-view SEM image displayed in Figure 2b, 3D FACs
perovskite film is composed of densely packed particles with few pinholes but presents
a rough surface. Simultaneously, these bare grains present a mass of different-oriented
planes. Moreover, the distribution of crystallite size is relatively uniform, with an average
value of 360 nm (see the inset in Figure 2b). The thickness of the 3D FACs perovskite layer
is about 470 nm, as is shown in the cross-sectional SEM image (Figure 2c). However, after
coating on the 1D PyPbls layer, the crystal particles on 1D/3D PyPbl;/FACs perovskite
film significantly enlarge, and the corresponding statistical diagram (inset in Figure 2d)
shows the crystallite size is about 545 nm. According to the previous reports [45,48], the
N-H in Py* cation ions can bind with I in [Pbl3]~ octahedra cage via hydrogen bonding.
Thus, the formed PyPbl; is coated on the top of different-oriented planes of FACs grain,
which seems to prompt the grain growth. Moreover, the grain size is heterogeneous, and
adjacent grains become loose with vast grain boundaries, availing the penetration and
contact of gas molecules. The cross-sectional SEM image verifies that the thickness of the
1D/3D hybrid-structured PyPblz /FACs film is larger than that of 3D FACs (Figure 2e),
indicating that the 1D layer successfully covers 3D perovskite film.
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Figure 2. (a) Schematic diagram of 1D /3D PyPblz /FACs crystal structure. Top-view (b) and cross-
sectional (¢) SEM images of 3D FACs perovskite film. The inset is the corresponding statistical
diagram of grain size. Top-view (d) and cross-sectional (e¢) SEM images of 1D/3D PyPbl;/FACs
perovskite film are shown. The inset in (d) is the statistical diagram of grains size for top-viewed
PyPbl;/FACs. (f) XRD patterns of 3D and 1D /3D perovskite. (g) UV-vis and PL spectra and (inset)
corresponding Tauc plot of 1D/3D PyPbl; /FACs perovskite film.

X-ray diffraction (XRD) patterns were carried out to confirm the crystal structure of the
1D/3D hybrid-structured and 3D perovskite films. As shown in Figure 2f, compared with
3D perovskite (black curve), the XRD pattern of the 1D/3D hybrid-structured perovskite
film (red curve) contains all diffraction peaks of 3D FACs perovskite, including 12.7°, 14.1°,
19.9°,24.5°,28.3°, 31.7° and 34.9° [51]. Meanwhile, the extra characteristic peaks at 11.2°,
25.1° and 29.6° are well corresponding to the (100), (201), and (310) planes of 1D PyPbl; [22],
which suggests the successful construction of the 1D/3D PyPbl;/FACs bilayer perovskite
film. It is worth mentioning that the diffraction peak of Pbl; at 12.7° appears in 3D FACs
but disappears in 1D /3D PyPbl;/FACs, which may be due to the Pyl precursor solution
reacting with the residual Pbl, in 3D FACs perovskite to form a PyPbl; coating layer. The
peak intensity of 1D PyPbl; is relatively weaker in comparison with that of 3D FACs,
which is due to the low content of Pyl species. This result is consistent with the thinner
thickness of PyPbl; in the 1D /3D bilayer perovskite film. Optical properties are important
characteristics of perovskite materials. Ultraviolet and visible spectrophotometry (UV-vis)
and photoluminescence (PL) of the 1D /3D hybrid-structured perovskite film were tested.
In Figure 2g, the optical absorbance spectrum of 1D /3D PyPbls /FACs perovskite shows an
onset of the absorbance at about 800 nm with a corresponding bandgap of 1.546 eV, and the
strong emission peak in the PL spectrum appears at about 815 nm. Compared with the 3D
FACs film (Figure S1), the 1D/3D PyPbls/FACs bilayer film displays similar adsorption in
the whole visible wavelength range, but the PL intensity is slightly weakened, which may
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be due to the increment of defects introduced by PyPbl;. These results also suggest that
the 1D PyPbl; layer is successfully coated on the 3D FACs perovskite film with negligible
optical properties changes.

2.2. Gas-Sensing Performances

All detection gas-sensing performances based on 3D FACs or 1D /3D PyPbls/FACs
were carried out in a sealed container, which is characterized by recording the resistance sig-
nals on a Keithley 2401 source meter. The response of the 3D FACs and 1D /3D PyPbls /FACs
bilayer perovskite exposed to 10 ppm NO, was detected under ambient conditions (tem-
perature 25 £ 2 °C and humidity 50 £ 3%).

Figures 3a and S2a exhibit the transient resistance curve of sensor-based 1D/3D
PyPbl; /FACs bilayer perovskite and 3D FACs perovskite film toward 10 ppm NO; at a
constant applied bias voltage of 5 V. Once exposed to NO, atmosphere (Figures 3a and S2a),
the resistance of both the 1D/3D PyPbl;/FACs and 3D FACs perovskite-based sensor
decrease quickly, and then recovers when NO; is removed, which indicating a reversible
interaction between NO, detection gas and perovskite sensor material [29]. In general,
the gas response can be obtained by the equation S = R,/Rg, and the corresponding
response/recovery time (Tres/Tres) is defined as the required time to reach 90% of the
response value during the response/recovery process [52].
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Figure 3. The transient (a) resistance and (b) response of the 1D/3D PyPbl;/FACs perovskite-based
sensor toward 10 ppm NO,.

As displayed in Figure 3b, the response and recovery time of the 1D/3D PyPbl;/FACs
perovskite-based sensor toward 10 ppm NO; is 13.75 s and 82.76 s, respectively, which is
slower than that of 3D FACs (seen Supplementary Materials Figure S2b), but the time is
faster than most of metal oxide-based sensors [53-57]. A longer recovery time suggests
that the desorption process of NO; is relatively difficult, while the response curve at
room temperature can automatically return to the initial baseline, indicating the excellent
desorption properties of the 1D/3D PyPbls /FACs perovskite-based sensor. Moreover, the
1D /3D PyPbl;/FACs perovskite-based sensor to NO, gas displays a stronger response
than 3D FACs-based sensors and compared with common metal oxide semiconductor
sensors, the operating temperature is room temperature rather than high temperature,
which indicates that the 1D /3D PyPbls/FACs perovskite is a promising candidate in the
field of low-energy consumption and portable gas sensors.

The reversibility and stability of gas sensors are the pivotal parameters that determine
their further practical application. Figures 4a and S3 depict the dynamic transient response
of sensors based on the 1D /3D PyPbl;/FACs and 3D FACs perovskite toward 10 ppm
NO; gas at room temperature. After four consecutive cycles, the response of both 1D/3D
PyPblz /FACs and 3D FACs perovskite-based sensors toward 10 ppm NO, almost remains
at the initial value with negligible attenuation, indicating that the 1D/3D PyPbls /FACs
and the perovskite-based sensor has excellent repeatability and reversibility.
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Figure 4. NO,-sensing performances of the 1D/3D hybrid-structured PyPbls/FACs perovskite-
based sensor: (a) reversibility toward 10 ppm NO,, (b) the transient response toward different
concentrations of NO,, (c) curve of response versus NO, concentrations and (d) selectivity to various
gases with 10 ppm.

The dynamic sensing transients of the 1D /3D PyPbls/FACs perovskite-based sensors
toward different concentrations of NO; gas ranging from 0.5 to 10 ppm were manifested
in Figure 4b. The transient response of the 1D/3D PyPbl3 /FACs perovskite-based sensor
toward NO,; gas rapidly increases with a continuous increase of NO; and then returns
to the original baseline state once NO; is removed. The response values of the 1D/3D
PyPbl; /FACs perovskite-based sensor are 1.13, 1.2, 1.78 and 2.47 toward 0.5, 1,2, 5 and
10 ppm NO,, respectively. The corresponding dynamic resistance variation of the 1D/3D
perovskite-based sensor toward different concentrations of NO; is manifested in Figure S4.
Similarly, the resistance values of the 1D /3D perovskite-based sensor will decrease when
the contact concentration of NO; increases and subsequently recover to baseline after
removing NO,; gas.

Figure 4c reveals the fitted sensor response of the 1D/3D hybrid-structured
PyPbl;/FACs perovskite as a function of NO, gas. As shown in Figure 4c, the 1D/3D
PyPbl;/FACs perovskite-based sensor depicts good linearity in response to low-concentration
NO; gas, with a corresponding coefficient of 0.99. The fitted equation derived from the
response/recovery curve in Figure 4b is y = 1.07 + 0.14x, which can deduce that the average
sensitivity is 0.14 ppm ™. The limit of detection (LOD) is defined by the lowest detectable
concentration, according to the equation: LOD = 3 x rms/S, wherein rms refers to the
root-mean-squared noise of the sensor, and S refers to sensitivity. The calculated LOD of
the NO; gas sensor based on the 1D /3D hybrid-structured PyPbl; /FACs perovskite can be
as low as 220 ppb, suggesting its high sensitivity.

The selectivity of a sensor device is another critical factor owing to the complicated
gas compositions in the atmosphere. To prove the selectivity of the device, the response
of 1D /3D PyPblz/FACs perovskite sensors to various gases with 10 ppm, including NHj,
methanol, triethylamine, n-butanol, Hy, ethanol, acetone and formaldehyde, are investi-
gated under the same environmental conditions. In Figure S5, except for NO,, and NH3,
the resistances of the 1D /3D PyPbl;/FACs perovskite-based sensor toward other gases
depict no signals. In Figure 4d, the 1D /3D hybrid-structured PyPbls /FACs perovskite-
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based sensor presents the most remarkable response toward NO,. Although the 1D/3D
PyPbl; /FACs perovskite-based sensor to NHj3 presents a slight response of 1.12, it is easy
to distinguish NH3 and NO,. It is due to the transient resistance changes of the 1D/3D
PyPbl3/FACs perovskite-based sensor toward NO, and NHj that it showed the opposite
response (Figures 3a and S6) when gas was injected or removed. These results suggest
that the 1D /3D PyPbl; /FACs perovskite-based sensor shows a superior selectivity toward
NO, gas.

The long-term stability of a gas sensor is another important factor in determining a
large-scale commercial application. Previous perovskite devices are usually stored in a
glove box or sealed. Here, to reveal the stability, sensor-based 1D /3D PyPbls /FACs hybrid-
structured perovskite material is stored without any encapsulation under high humidity
conditions (50 & 3%). As the photographs manifest in Figure 5a, the 1D/3D PyPbls/FACs
hybrid-structured perovskite film still maintains the original macroscopic characteristics
well in the successive six days, and no obvious degradation occurs on the surface. The
structure and phase changes of the 1D /3D PyPbl;/FACs perovskite film are traced by an
XRD test. In Figure 5b, no new diffraction peaks appear, and the position and strength of
the characteristic peaks in XRD patterns almost remain the same for the consecutive days,
but a 3D FACs film without 1D PyPbl; coating layer presents decomposition after three
days (Figure S7). These results confirm that 1D PyPbl; coating film significantly enhances
the phase stability of 3D FACs perovskite, which may be due to the fact that PyPbl; with a
one-dimensional structure as a barrier layer can effectively restrain the intrusion of water
molecules into the vulnerable FACs perovskite film to improve the phase stability.

a _initial 3¢ day

~1stda 6™ day
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Figure 5. Time-dependent photographs (a) and XRD patterns (b) of 1D/3D PyPbls/FACs perovskite
film. Insets in (a) show the measured surroundings, including temperature and humidity.

Intensity (a.u.)

In addition, gas-sensing tests in Figure 6 reveal the response of the 1D/3D PyPbl;/FACs
and 3D FACs perovskite-based sensor to 10 ppm NO; gas in the consecutive six days,
and the sensor device without encapsulation is kept at room temperature in the ambi-
ent environment (temperature 25 £ 2 °C and relative humidity 50 + 3%). As the tran-
sient response curves depicted in Figure 6a—c, the 1D/3D PyPbl; /FACs perovskite-based
sensor toward 10 ppm NO; still maintains a superior sensing performance with fast re-
sponse/recovery time and reversibility after being successively exposed to high humidity
conditions (50 £ 3%) for 6 days. The initial 3D FACs perovskite-based sensor shows good
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reversibility (Figure S3), but the 3D FACs perovskite-based sensor exhibits poor stability
(Figure 6). The time-dependent response of the 3D FACs perovskite-based sensor toward
10 ppm NO, shows a sharp attenuation. On the 3rd day, the response of the 3D FACs
perovskite-based sensor decreased from 2.10 to 1.20 (Figure 6b), suggesting that a sen-
sor device based on 3D FACs perovskite scarcely works. An obvious comparison of the
time-dependent stability of 3D FACs and 1D/3D PyPbl;/FACs is depicted in Figure 6d,
suggesting the superior stability of the 1D /3D PyPbl;/FACs perovskite-based sensor. In
addition, the responding response of the 1D/3D PyPbl;/FACs bilayer perovskite-based
sensor is 2.54, 2.21, and 2.12 on the 1st, 3rd and 6th day, respectively, presenting a slight
reduction in the successive six days. Although the 1D PyPbls layer can block the water
molecules infiltrating into 3D FACs perovskite, the water molecules in high-humidity con-
ditions inevitably absorb and occupy active sites, which decreases adsorption sites for NO,
along with a decline of the response value. More interestingly, the 1D /3D PyPbls /FACs
bilayer perovskite-based sensor also displays good stability in a higher humidity envi-
ronment. The 1D /3D PyPbls/FACs sensor is placed in a higher humidity environment
(relative humidity 70 £ 1%) for six successive days. As shown in Figure S8, the 1D/3D
PyPbl;/FACs perovskite-based sensor in relative humidity of 70 £ 1% displays a similar
response tendency to that in 50 4= 3%. The time-dependent response in Figure S8 manifests
a good stability of the 1D/3D PyPbl;/FACs perovskite-based sensor in a higher humid-
ity condition. The response value in RH of 70 =+ 1% is slightly inferior to that in RH of
50 + 3%, which can ascribe to the decreased sites for NO, due to more water molecules in
higher humidity adsorbed on the sites of the perovskite material. Fortunately, the response
attenuation of the gas sensor based on a 1D /3D PyPbl; /FACs bilayer perovskite can be ef-
fectively suppressed by device encapsulation or prepositive dehydration equipment. Thus,
the 1D/3D PyPbls /FACs hybrid-structured perovskite-based sensor exhibits a promising
application toward low-concentration NO, detection at room temperature.
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Figure 6. Long-term stability of 1D /3D hybrid-structured PyPbls /FACs and 3D FACs perovskite-
based sensor toward 10 ppm NO; recorded at the 1st (a), 3rd (b) and 6th day (c). (d) Time-dependent
response value.
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3. Materials and Methods
3.1. Chemicals

Cesium iodide (CsI, 99.9999%) was purchased from Aladdin Bio-Chem Technology Co.
LTD, Shanghai, China. Lead iodide (Pbl,) was purchased from Xi’an Polymer, Xi’an, China.
Formamidinium iodide (FAI, 99.9%) was purchased from Advanced Election Technology,
Liaoning, China. Dimethyl sulfoxide (DMSO) and N,N-dimethylformamide (DMF) were
purchased from Sigma-Aldrich, St. Louis, MO, USA. Pyrrolidinium hydroiodide (PyI)
was purchased from TCI, Tokyo, Japan. Isopropyl alcohol (IPA, C3HgO, AR), ethyl acetate
(C4HgOy, AR), methanol, triethylamine, formaldehyde, n-butanol, acetone and ethanol
were purchased from Sinopharm Chemical Reagent Co., Ltd, Shanghai, China. All the
commercial materials were used as received without further purification.

3.2. Fabrication Process of the 1D/3D Perovskite-Based Sensor

An interdigital electrode (electrode spacing: 100 um, size: 10 x 10 mm?, substrate:
glass) was prepared by a thermal evaporation method. The detailed procedure is as the
following: Firstly, the glass substrate was successively washed with distilled water, ethanol,
acetone and 2-propanol for 20 min. Then, clean N; gas was used to blow away the residual
liquid. The glass substrate was treated by Ar plasma with a power of 250 W for 5 min.
After that, Au as an evaporated source is deposited on the top of a clean glass substrate
under a pressure of 5 x 107> Pa in a vacuum chamber to obtain an interdigital electrode.

The 1D/3D perovskite film on the interdigital electrode was prepared via a two-step
spin-coating process. Firstly, for the mixed A cation FA( g3Csg 17Pbls (abbreviated as FACs
in the main text) metal halide perovskite layer, a one-step spin-coating method was adopted
as previously reported [51]. In detail, to prepare FACs film, the precursor solution was
first prepared by dissolving 1 mmol FAI (170 mg), 0.2 mmol CsI (56 mg) and 1.2 mmol
Pbl, (552 mg) in 1 mL mixed solvent containing DMF (700 pL) and DMSO (300 nL). The
prepared solution was stirred for 2 h at room temperature to obtain a clear and transparent
liquid. Before the preparation of the FACs thin film, the precursor solution was filtered
through a 0.22 um poly tetra fluoroethylene (PTFE) filter. Then, 50 uL precursor solutions
were spin-coated at 1000 rpm for 10 s and then at 6000 rpm for 30 s via a one-step method.
Additionally, 110 puL of EA was dripped on the film to extract the solvent at 12th s prior
to the end of the process. Then, the film was annealed at 170 °C for 10 min to obtain a 3D
FACs film.

For the 1D/3D PyPblz /FACs hybrid-structured perovskite film, 50 pL of Pyl (10 mg
Pylin 1 mL IPA) solutions were spin-coated on top of the FACs perovskite layer at 3000 rpm
for 30 s, then the film was annealed at 120 °C for 10 min.

The whole process was carried out under ambient conditions, and the devices were
stored under ambient conditions (temperature 25 + 2 °C; humidity 50 + 3%) without
any encapsulations.

3.3. Characterization

The surface morphology of 3D FACs and 1D/3D PyPbl; /FACs perovskite was char-
acterized by using scanning electron microscopy (SEM, Regulus-8100, HITACHI, Tokyo,
Japan) operating at 20 kV. The crystal structure was investigated by X-ray diffraction (XRD,
DX2700, Dandong Kemait NDT C., Ltd, Liaoning, China) with a 20 ranging from 5 to 37° in
a step of 5° min~!, using a monochromatic Cu K« radiation source. Before the 3D FACs and
1D /3D PyPbl;/FACs perovskite were exposed to gases, the XRD measurement was held
on a glass substrate different from the deposited material on electrodes in order to avoid
any interaction of sensing elements from the X-ray beam. The absorbance spectrum of the
3D FACs and PyPbl;/FACs perovskite were measured by UV-visible spectroscopy (T9,
PERSEE, Beijing, China) in the wavelength ranging from 400 to 870 nm on a quartz glass
substrate. The photoluminescence (PL) spectrum of 3D FACs and 1D /3D PyPblz /FACs
hybrid-structured perovskite were investigated with a Hitachi F-4600 spectrofluorometer,
Tokyo, Japan.
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3.4. Gas-Sensing Test Parameters

The gas-sensing test was collected by a Keithley 2401 source meter. The environmental
test conditions were as follows: the pressure was 101,325 Pa, the working temperature was
about 25 £ 2 °C and the relative humidity was about 50 £ 3%. A sealed chamber with a
volume of 18 L is used for gas sensor testing, and an air inlet and outlet are located in the
chamber. Dry NH3, H, and NO, were supplied by a sealed gas bag. After injecting the
detection gas into the closed box, a built-in fan was used to diffuse the detection gas. When
the target source is gas, the volume of injected gas is calculated by the formula

Vg=cVy/co

where c is the measured concentration in the test chamber, ¢ is the concentration of the
target gas and V is the volume of the sealed chamber (18 L).

While the target source was liquid, such as methanol, ethanol, n-butanol, acetone,
triethylamine and formaldehyde, the detection gases were obtained by evaporating the
corresponding injected pure liquids. The required amount of target liquid was dropped
onto the micro-heating plate via a microsyringe, and the required liquid volume was
calculated by the formula

VL = PVOCM/ pRT

where P is the standard atmospheric pressure (P = 101.325 kPa), V) is the volume of the
sealed chamber (18 L), ¢ is the gas concentration, M is the molar mass, R is the gas constant
(R =8.314 ] /(mol-K)), T the ambient temperature and p is the density of the liquid.

4. Conclusions

In this work, a 1D/3D PyPbl;/FACs bilayer perovskite-based sensor is constructed
by post-spin-coating a Pyl precursor on the top of a 3D FA( g3Csy 17Pbl3 perovskite film
under an ambient atmosphere. The introduced 1D PyPbl;z coating layer can not only
stabilize the 3D FACs perovskite phase but also produce loose grain boundaries to avail
the penetration and contact of gas molecules. Consequently, the 1D/3D PyPbl;/FACs
bilayer perovskite-based sensor shows a superior selectivity and sensitivity to NO; at room
temperature, with a low detection limit of 220 ppb. Moreover, compared with the 3D FACs-
based sensor, the response and stability of the 1D/3D PyPbls/FACs hybrid-structured
perovskite-based sensor have been significantly improved. Exposed in a high humidity
environment (50 % 3%) for six consecutive days, the 1D /3D PyPbl; /FACs perovskite-based
sensor toward 10 ppm NO; can rapidly respond with a slight attenuation. This work opens
up a new approach to designing and constructing high-stability sensors to detect NO, at
room temperature, accelerating its further practical application.

Supplementary Materials: The following supporting information can be downloaded at:
https:/ /www.mdpi.com/article/10.3390 /molecules28062615/s1, Figure S1: (a) UV and (b) PL images
of 3D FACs and 1D /3D PyPbl3/FACs hybrid-structured perovskite film. Figure S2: The transient
(a) resistance and (b) response of the 3D FACs perovskite-based sensor toward 10 ppm NO2. Figure S3:
The reversibility of 3D FACs perovskite-based sensor toward 10 ppm NO2. Figure S4: The dynamic
resistance variation of the 1D/3D PyPbI3/FACs hybrid-structured perovskite-based sensor towards
different concentrations of NO2 gas. Figure S5: The response of PyPbI3/FACs hybrid-structured
perovskite sensor toward different gases with 10 ppm. Figure S6: The transient resistance of 1D /3D
PyPbI3/FACs hybrid-structured perovskite-based sensor toward 10 ppm NH3. Figure S7: Photo-
graph of 3D FACs film recorded on the 3rd day after exposure in high humidity conditions; Figure S8:
Long-term stability of 1D /3D hybrid-structured PyPblI3/FACs and 3D FACs perovskite-based sensor
toward 10 ppm NO2 recorded on the 1st (a), 3rd (b) and 6th day (c). (d) The time-dependent response
values for 6 successive days in an RH of 70 £ 1% conditions.


https://www.mdpi.com/article/10.3390/molecules28062615/s1

Molecules 2023, 28, 2615 11 of 13

Author Contributions: Conceptualization, A.C. and J.S.; methodology, A.C., X.-A.W. and ].Z,; val-
idation, A.C. and X.-A.W.; formal analysis, A.C., ].Z. and Z.L.; investigation, J.Z., X.-A.W. and
Z.L.; resources, Y.Q. and ].S.; data curation, A.C. and ].S.; writing—original draft preparation, A.C.;
writing—review and editing, J.S.; visualization, Y.Q. and ].S.; supervision, Y.Q. and J.S.; project
administration, J.S.; funding acquisition, J.S. All authors have read and agreed to the published
version of the manuscript.

Funding: This research was funded by the National Natural Science Foundation of China (No. 21905149),
the China Postdoctoral Science Foundation (2020M671990) and the Qingdao Applied Fundamental
Research Project.

Institutional Review Board Statement: Not applicable.
Informed Consent Statement: Not applicable.

Data Availability Statement: All data are available upon reasonable request from the correspond-
ing author.

Conflicts of Interest: The authors declare no conflict of interest.

Sample Availability: Samples of the compounds are available from the authors.

References

1.

10.
11.

12.
13.

14.

15.

16.

17.

18.

19.

Anenberg, S.C.; Miller, J.; Minjares, R.; Du, L.; Henze, D.K.; Lacey, F.; Malley, C.S.; Emberson, L.; Franco, V.; Klimont, Z.; et al.
Impacts and mitigation of excess diesel-related NO(x) emissions in 11 major vehicle markets. Nature 2017, 545, 467—471. [CrossRef]
[PubMed]

Huang, H.; Xu, Y; Feng, Q.; Leung, D.Y.C. Low temperature catalytic oxidation of volatile organic compounds: A review. Catal.
Sci. Technol. 2015, 5, 2649-2669.

Kulkarni, S.B.; Navale, YH.; Navale, S.T.; Stadler, FJ.; Ramgir, N.S,; Patil, V.B. Hybrid polyaniline-WO3 flexible sensor: A room
temperature competence towards NHj gas. Sens. Actuators B Chem. 2019, 288, 279-288. [CrossRef]

Liu, E; Wang, B.; Yang, X.; Guan, Y.; Wang, Q.; Liang, X.; Sun, P.; Wang, Y.; Lu, G. High-temperature NO, gas sensor based on
stabilized zirconia and CoTa;Og sensing electrode. Sens. Actuators B Chem. 2017, 240, 148-157.

Liu, T.; Wang, X.; Li, L.; Yu, J. Review—Electrochemical NOxGas Sensors Based on Stabilized Zirconia. J. Electrochem. Soc. 2017,
164, B610-B619.

Magrini, E.; Montalbano, P; Nenci, S.; Salvatici, L. Agricultural (Dis)Incentives and Food Security: Is There a Link? Am. J. Agric.
Econ. 2017, 99, 847-871. [CrossRef]

Tho, N.D.; Huong, D.V,; Giang, H.T.; Ngan, P.Q.; Thai, G.H.; Thu, D.T.A,; Thu, D.T.; Tuoi, N.T.M.; Toan, N.N.; Thang, P.D.; et al.
High temperature calcination for analyzing influence of 3d transition metals on gas sensing performance of mixed potential
sensor Pt/YSZ/LaMO3; (M = Mn, Fe, Co, Ni). Electrochim. Acta 2016, 190, 215-220. [CrossRef]

Goncalves, O.C.; Cerqueira, J.; Mestre, A.S.; Neng, N.R.; Nogueira, ] M.F. HS-BAmuE: A New Alternative Approach for VOCs
Analysis-Application for Monitoring Biogenic Emissions from Tree Species. Molecules 2023, 28, 1179. [CrossRef] [PubMed]
Chumakova, V.; Marikutsa, A.; Rumyantseva, M.; Fasquelle, D.; Gaskov, A. Nanocrystalline LaCoO3 modified by Ag nanoparticles
with improved sensitivity to HyS. Sens. Actuators B Chem. 2019, 296, 126661. [CrossRef]

Choi, J.J.; Billinge, S.J. Perovskites at the nanoscale: From fundamentals to applications. Nanoscale 2016, 8, 6206. [CrossRef]

De Giorgi, M.L.; Milanese, S.; Klini, A.; Anni, M. Environment-Induced Reversible Modulation of Optical and Electronic Properties
of Lead Halide Perovskites and Possible Applications to Sensor Development: A Review. Molecules 2021, 26, 705. [CrossRef]
Zhang, W.; Eperon, G.E.; Snaith, H.]. Metal halide perovskites for energy applications. Nat. Energy 2016, 1, 16048. [CrossRef]
Zhao, Y.; Zhu, K. Organic-inorganic hybrid lead halide perovskites for optoelectronic and electronic applications. Chem. Soc. Rev.
2016, 45, 655-689.

Brintakis, K.; Gagaoudakis, E.; Kostopoulou, A.; Faka, V.; Argyrou, A.; Binas, V.; Kiriakidis, G.; Stratakis, E. Ligand-free
all-inorganic metal halide nanocubes for fast, ultra-sensitive and self-powered ozone sensors. Nanoscale Adv. 2019, 1, 2699-2706.
Djoki¢, V.; Andricevi¢, P.; Kolldr, M.; Ciers, A.; Arakcheeva, A.; Vasiljevi¢, M.; Damjanovi¢, D.; Forrd, L.; Horvath, E.; Ivsi¢, T. Fast
Lead-Free Humidity Sensor Based on Hybrid Halide Perovskite. Crystals 2022, 12, 547. [CrossRef]

Fang, H.H.; Adjokatse, S.; Wei, H.; Yang, J.; Blake, G.R.; Huang, J.; Even, J.; Loi, M.A. Ultrahigh sensitivity of methylammonium
lead tribromide perovskite single crystals to environmental gases. Sci. Adv. 2016, 2, 1600534. [CrossRef]

Hossain, M.S.; Takshi, A. Perovskite-based sensing scheme for detecting volatile organic compounds (VOCs) at room temperature.
MRS Adv. 2021, 6, 645-649. [CrossRef]

Jiao, W.; He, J.; Zhang, L. Fabrication and investigation of a new all-inorganic lead free perovskite Cs3BiyI¢Brs for ammonia
detection at room temperature. J. Alloys Compd. 2022, 895, 162561. [CrossRef]

Maity, A.; Mittra, S.; Das, C.; Siraj, S.; Raychaudhuri, A.K.; Ghosh, B. Universal sensing of ammonia gas by family of lead halide
perovskites based on paper sensors: Experiment and molecular dynamics. Mater. Res. Bull. 2021, 136, 111142. [CrossRef]


http://doi.org/10.1038/nature22086
http://www.ncbi.nlm.nih.gov/pubmed/28505629
http://doi.org/10.1016/j.snb.2019.02.094
http://doi.org/10.1093/ajae/aaw103
http://doi.org/10.1016/j.electacta.2015.12.205
http://doi.org/10.3390/molecules28031179
http://www.ncbi.nlm.nih.gov/pubmed/36770845
http://doi.org/10.1016/j.snb.2019.126661
http://doi.org/10.1039/C6NR90040B
http://doi.org/10.3390/molecules26030705
http://doi.org/10.1038/nenergy.2016.48
http://doi.org/10.3390/cryst12040547
http://doi.org/10.1126/sciadv.1600534
http://doi.org/10.1557/s43580-021-00080-7
http://doi.org/10.1016/j.jallcom.2021.162561
http://doi.org/10.1016/j.materresbull.2020.111142

Molecules 2023, 28, 2615 12 of 13

20.

21.

22.

23.

24.

25.

26.

27.

28.

29.

30.

31.

32.

33.

34.

35.

36.

37.

38.

39.

40.

41.

42.

43.

44.

Zhu, R.; Zhang, Y.; Zhong, H.; Wang, X.; Xiao, H.; Chen, Y,; Li, X. High-performance room-temperature NO, sensors based on
CH3NH;3PbBr; semiconducting films: Effect of surface capping by alkyl chain on sensor performance. J. Phys. Chem. Solids 2019,
129, 270-276. [CrossRef]

Parfenov, A.A.; Yamilova, O.R.; Gutsev, L.G.; Sagdullina, D.K.; Novikov, A.V.; Ramachandran, B.R.; Stevenson, K.J.; Aldoshin,
S.M.; Troshin, P.A. Highly sensitive and selective ammonia gas sensor based on FAPbCl; lead halide perovskites. J. Mater. Chem.
C 2021, 9, 2561-2568.

Xu, AF,; Liu, N.; Xie, E; Song, T.; Ma, Y.; Zhang, P,; Bai, Y.; Li, Y.; Chen, Q.; Xu, G. Promoting Thermodynamic and Kinetic
Stabilities of FA-based Perovskite by an In Situ Bilayer Structure. Nano Lett. 2020, 20, 3864-3871. [CrossRef]

Brunetti, B.; Cavallo, C.; Ciccioli, A.; Gigli, G.; Latini, A. On the Thermal and Thermodynamic (In)Stability of Methylammonium
Lead Halide Perovskites. Sci. Rep. 2016, 6, 31896. [CrossRef]

Weller, M.T.; Weber, O.].; Frost, ].M.; Walsh, A. Cubic Perovskite Structure of Black Formamidinium Lead Iodide, -
[HC(NH;),]Pbls, at 298 K. J. Phys. Chem. Lett. 2015, 6, 3209-3212. [CrossRef]

Yang, W.S.; Park, BW.,; Jung, E.H.; Jeon, N.J.; Kim, Y.C.; Lee, D.U.; Shin, S.S.; Seo, J.; Kim, E.K.; Noh, ].H.; et al. Iodide management
in formamidinium-lead-halide-based perovskite layers for efficient solar cells. Science 2017, 356, 1376-1379. [CrossRef] [PubMed]
Lu, H.; Liu, Y,; Ahlawat, P.; Mishra, A.; Tress, W.R.; Eickemeyer, ET.; Yang, Y.; Fu, F.; Wang, Z.; Avalos, C.E.; et al. Vapor-assisted
deposition of highly efficient, stable black-phase FAPbIz perovskite solar cells. Science 2020, 370, 6512.

Jodlowski, A.D.; Rolddn-Carmona, C.; Grancini, G.; Salado, M.; Ralaiarisoa, M.; Ahmad, S.; Koch, N.; Camacho, L.; de Miguel, G.;
Nazeeruddin, M.K. Large guanidinium cation mixed with methylammonium in lead iodide perovskites for 19% efficient solar
cells. Nat. Energy 2017, 2, 972-979. [CrossRef]

Kim, G.; Min, H.; Lee, K.S.; Lee, D.Y.; Yoon, S.M,; Seok, S.I. Impact of strain relaxation on performance of alpha-formamidinium
lead iodide perovskite solar cells. Science 2020, 370, 108-112. [CrossRef] [PubMed]

Li, Y;; Xie, H,; Lim, E.L.; Hagfeldt, A.; Bi, D. Recent Progress of Critical Interface Engineering for Highly Efficient and Stable
Perovskite Solar Cells. Adv. Energy Mater. 2022, 12, 2102730.

Liang, X.; Zhou, X.; Ge, C.; Lin, H.; Satapathi, S.; Zhu, Q.; Hu, H. Advance and prospect of metal-organic frameworks for
perovskite photovoltaic devices. Org. Electron. 2022, 106, 106546. [CrossRef]

Wang, Y,; Yang, Y,; Li, N.; Hu, M,; Raga, S.R.; Jiang, Y.; Wang, C.; Zhang, X.L.; Lira-Cantu, M.; Huang, E; et al. Ionic Liquid
Stabilized Perovskite Solar Modules with Power Conversion Efficiency Exceeding 20%. Adv. Funct. Mater. 2022, 32, 2204396.
[CrossRef]

Wang, Y.; Zhang, Z.; Tao, M.; Lan, Y.; Li, M.; Tian, Y.; Song, Y. Interfacial modification towards highly efficient and stable
perovskite solar cells. Nanoscale 2020, 12, 18563-18575. [PubMed]

Wu, S.; Li, Z.; Li, M.Q.; Diao, Y,; Lin, F; Liu, T.; Zhang, J.; Tieu, P.; Gao, W.; Qi, F.; et al. 2D metal-organic framework for stable
perovskite solar cells with minimized lead leakage. Nat. Nanotechnol. 2020, 15, 934-940. [CrossRef] [PubMed]

Zhang, F.; Zhu, K. Additive Engineering for Efficient and Stable Perovskite Solar Cells. Adv. Energy Mater. 2020, 10, 1902579.
[CrossRef]

Ozturk, T.; Sarilmaz, A.; Akin, S.; Dursun, H.; Ozel, F.; Akman, E. Quinary Nanocrystal-Based Passivation Strategy for High
Efficiency and Stable Perovskite Photovoltaics. Sol. RRL 2022, 6, 2100737. [CrossRef]

Sadegh, F.; Akman, E.; Prochowicz, D.; Tavakoli, M.M.; Yadav, P.; Akin, S. Facile NaF Treatment Achieves 20% Efficient ETL-Free
Perovskite Solar Cells. ACS Appl. Mater. Interfaces 2022, 14, 38631-38641. [CrossRef]

Jeon, N.J.; Noh, J.H,; Yang, W.S.; Kim, Y.C; Ryu, S.; Seo, J.; Seok, S.I. Compositional engineering of perovskite materials for
high-performance solar cells. Nature 2015, 517, 476-480. [CrossRef] [PubMed]

Lee, J.-W.; Kim, D.-H.; Kim, H.-S; Seo, S.-W.; Cho, S.M.; Park, N.-G. Formamidinium and Cesium Hybridization for Photo- and
Moisture-Stable Perovskite Solar Cell. Adv. Energy Mater. 2015, 5, 1501310.

Pengpad, A.; Ruankham, P; Rattanachata, A.; Rattanasuporn, S.; Jenpiyapong, W.; Nakajima, H.; Choopun, S.; Amornkitbamrung,
V. Surface composition of MAPb(IyBr;_4)3 (0 < x < 1) organic-inorganic mixed-halide perovskites. Appl. Surf. Sci. 2019, 479,
311-317. [CrossRef]

Saliba, M.; Matsui, T.; Domanski, K.; Seo, ].Y.; Ummadisingu, A.; Zakeeruddin, S.M.; Correa-Baena, J.P.,; Tress, W.R.; Abate, A;
Hagfeldt, A.; et al. Incorporation of rubidium cations into perovskite solar cells improves photovoltaic performance. Science 2016,
354, 206-209. [CrossRef]

Mu, C;; Pan, J.; Feng, S.; Li, Q.; Xu, D. Quantitative Doping of Chlorine in Formamidinium Lead Trihalide (FAPbI;_Cly) for
Planar Heterojunction Perovskite Solar Cells. Adv. Energy Mater. 2017, 7, 1601297. [CrossRef]

Kong, T.; Xie, H.; Zhang, Y.; Song, J.; Li, Y.; Lim, E.L.; Hagfeldt, A.; Bi, D. Perovskitoid-Templated Formation of a 1D@3D
Perovskite Structure toward Highly Efficient and Stable Perovskite Solar Cells. Adv. Energy Mater. 2021, 11, 2101018. [CrossRef]
Gao, L.; Spanopoulos, I.; Ke, W.; Huang, S.; Hadar, I.; Chen, L.; Li, X.; Yang, G.; Kanatzidis, M.G. Improved Environmental
Stability and Solar Cell Efficiency of (MA,FA)Pblz Perovskite Using a Wide-Band-Gap 1D Thiazolium Lead Iodide Capping Layer
Strategy. ACS Energy Lett. 2019, 4, 1763-1769. [CrossRef]

Bi, D.; Gao, P;; Scopelliti, R.; Oveisi, E.; Luo, J.; Gratzel, M.; Hagfeldt, A.; Nazeeruddin, M.K. High-Performance Perovskite Solar
Cells with Enhanced Environmental Stability Based on Amphiphile-Modified CH3NH;3Pbl;. Adv. Mater. 2016, 28, 2910-2915.
[CrossRef]


http://doi.org/10.1016/j.jpcs.2019.01.020
http://doi.org/10.1021/acs.nanolett.0c00988
http://doi.org/10.1038/srep31896
http://doi.org/10.1021/acs.jpclett.5b01432
http://doi.org/10.1126/science.aan2301
http://www.ncbi.nlm.nih.gov/pubmed/28663498
http://doi.org/10.1038/s41560-017-0054-3
http://doi.org/10.1126/science.abc4417
http://www.ncbi.nlm.nih.gov/pubmed/33004518
http://doi.org/10.1016/j.orgel.2022.106546
http://doi.org/10.1002/adfm.202204396
http://www.ncbi.nlm.nih.gov/pubmed/32970092
http://doi.org/10.1038/s41565-020-0765-7
http://www.ncbi.nlm.nih.gov/pubmed/32958933
http://doi.org/10.1002/aenm.201902579
http://doi.org/10.1002/solr.202100737
http://doi.org/10.1021/acsami.2c06110
http://doi.org/10.1038/nature14133
http://www.ncbi.nlm.nih.gov/pubmed/25561177
http://doi.org/10.1016/j.apsusc.2019.02.105
http://doi.org/10.1126/science.aah5557
http://doi.org/10.1002/aenm.201601297
http://doi.org/10.1002/aenm.202101018
http://doi.org/10.1021/acsenergylett.9b00930
http://doi.org/10.1002/adma.201505255

Molecules 2023, 28, 2615 13 of 13

45.

46.

47.

48.

49.

50.

51.

52.

53.

54.

55.

56.

57.

Meng, H.; Shao, Z.; Wang, L.; Li, Z.; Liu, R ; Fan, Y.; Cui, G.; Pang, S. Chemical Composition and Phase Evolution in DMAI-Derived
Inorganic Perovskite Solar Cells. ACS. Energy Lett. 2020, 5, 263-270. [CrossRef]

Kieslich, G.; Sun, S.; Cheetham, A K. An extended Tolerance Factor approach for organic-inorganic perovskites. Chem. Sci. 2015,
6, 3430. [CrossRef]

Xu, A.E; Wang, R.T; Yang, L.W,; Jarvis, V.; Britten, J.E; Xu, G. Pyrrolidinium lead iodide from crystallography: A new perovskite
with low bandgap and good water resistance. Chem. Commun. 2019, 55, 3251-3253. [CrossRef] [PubMed]

Xu, A.F; Wang, RT,; Yang, L.W,; Liu, N.; Chen, Q.; LaPierre, R.; Goktas, N.I.; Xu, G. Pyrrolidinium containing perovskites of
thermal stability and water resistance for photovoltaics. J. Mater. Chem. C 2019, 7, 11104. [CrossRef]

Yang, N.; Zhu, C.; Chen, Y.; Zai, H.; Wang, C.; Wang, X.; Wang, H.; Ma, S.; Gao, Z.; Wang, X.; et al. An in situ cross-linked 1D/3D
perovskite heterostructure improves the stability of hybrid perovskite solar cells for over 3000 h operation. Energy Environ. Sci.
2020, 13, 4344-4352. [CrossRef]

Park, N.-G. Perovskite solar cells: An emerging photovoltaic technology. Mater. Today 2015, 18, 65-72. [CrossRef]

Lu, Z; Lou, C; Cheng, A.; Zhang, |.; Sun, ]J. A sensitive and ultrafast FAj g3Csg 17Pbls perovskite sensor for NO, detection at
room temperature. J. Alloys Compd. 2022, 919, 165831. [CrossRef]

Zhang, Z.; Yi, ].; Han, H.; Meng, Y.; Zhang, H.; Jiang, Y. Electrochemical Response of Mixed Conducting Perovskite Enables
Low-Cost High-Efficiency Hydrogen Sensing. ACS Appl. Mater. Interfaces 2022, 14, 29. [CrossRef]

Chen, X.; Wang, S.; Su, C,; Han, Y.; Zou, C.; Zeng, M.; Hu, N.; Su, Y,; Zhou, Z.; Yang, Z. Two-dimensional Cd-doped porous Co304
nanosheets for enhanced room-temperature NO; sensing performance. Sens. Actuators B Chem. 2020, 305, 127393. [CrossRef]
Chen, X.; Wang, T.; Han, Y.,; Lv, W,; Li, B.; Su, C.; Zeng, M.; Yang, J.; Hu, N.; Su, Y,; et al. Wearable NO, sensing and wireless
application based on ZnS nanoparticles/nitrogen-doped reduced graphene oxide. Sens. Actuators B Chem. 2021, 345, 130423.
[CrossRef]

Jaiswal, J.; Sanger, A.; Tiwari, P; Chandra, R. MoS; hybrid heterostructure thin film decorated with CdTe quantum dots for room
temperature NO, gas sensor. Sens. Actuators B Chem. 2020, 305, 127437. [CrossRef]

Xu, P; Cheng, Z,; Pan, Q.; Xu, J.; Xiang, Q.; Yu, W.; Chu, Y. High aspect ratio In,O3 nanowires: Synthesis, mechanism and NO,
gas-sensing properties. Sens. Actuators B Chem. 2008, 130, 802-808. [CrossRef]

Zhang, B.; Cheng, M; Liu, G.; Gao, Y.; Zhao, L,; Li, S.; Wang, Y.; Liu, E; Liang, X.; Zhang, T.; et al. Room temperature NO, gas
sensor based on porous CozOj slices/reduced graphene oxide hybrid. Sens. Actuators B Chem. 2018, 263, 387-399. [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.


http://doi.org/10.1021/acsenergylett.9b02272
http://doi.org/10.1039/C5SC00961H
http://doi.org/10.1039/C8CC10135C
http://www.ncbi.nlm.nih.gov/pubmed/30810121
http://doi.org/10.1039/C9TC02800E
http://doi.org/10.1039/D0EE01736A
http://doi.org/10.1016/j.mattod.2014.07.007
http://doi.org/10.1016/j.jallcom.2022.165831
http://doi.org/10.1021/acsami.2c09642
http://doi.org/10.1016/j.snb.2019.127393
http://doi.org/10.1016/j.snb.2021.130423
http://doi.org/10.1016/j.snb.2019.127437
http://doi.org/10.1016/j.snb.2007.10.044
http://doi.org/10.1016/j.snb.2018.02.117

	Introduction 
	Results and Discussion 
	Structure and Characterizations 
	Gas-Sensing Performances 

	Materials and Methods 
	Chemicals 
	Fabrication Process of the 1D/3D Perovskite-Based Sensor 
	Characterization 
	Gas-Sensing Test Parameters 

	Conclusions 
	References

