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A B S T R A C T   

Organic-inorganic metal halide hybrids show great potential for applications in catalysis, solar cells, gas sensing, 
etc. Due to the highly designable structure, a novel strategy could be developed to improve their gas sensitivity in 
gas detection. Two new organic–inorganic metal halide hybrids have been synthesized using [(Et)2MP]+ (MP =
p-mercaptopyridine, Et = ethyl) as the cationic template. The 1-dimensional inorganic chain provides good 
electron transport channels, and the electronic structure can be easily adjusted by changing the halogen to 
enhance the sensitivity of gas sensing. The difference in response values for NO2 can reach 27 times before and 
after the halogen change. This work provides insight into the design of gas-sensing materials with improved 
properties.   

1. Introduction 

Organic-inorganic metal halide hybrids exhibit outstanding opto-
electronic features such as strong light absorption, high carrier mobility, 
long carrier lifetime, high optical anisotropy, and low trap density 
[1–6]. Therefore, they show great potential application in catalysis 
[7–9], ferroelectricity [10–12], solar cells [13–16], light-emitting diodes 
[17–20], photodetectors [21–23], sensors [24–27], etc. The earlier 
proposal of organic–inorganic metal halide hybrid (CH3NH3PbBr3) 
nanoparticles (6.1 nm in size) for the luminescence detection of picric 
acid by Muthu et al. was one of the works that pioneered the sensing 
application of organic–inorganic metal halide hybrid [28]. Compared 
with fluorescence detection, chemiresistive sensors show great potential 
for applications with their faster detection speed and real-time detection 
capability. Paolo Samorì et al. synthesized a MAPbI3 thin film chemir-
esistive oxygen sensor. The sensor can be used to detect 70 ppm oxygen 
at room temperature with a detection time as low as 400 ms [24]. Xu 
et al. synthesized a new 1D hybrid perovskite-like material [(Me3)DAB 
(Me3)]PbI4⋅H2O for high-sensitivity humidity sensing with a response 
time of 42 s [29]. However, the gases tested by organic–inorganic metal 
halide hybrids are mainly ammonia and oxygen. New materials designs 

are needed to achieve rapid detection of other toxic and hazardous 
gases. 

Sensitivity is the most important indicator to evaluate the perfor-
mance of gas sensors. At present, there are two main strategies to 
improve the sensitivity, one is to increase the specific surface area of the 
material to increase the contact area between the material and the gas 
[30–32]; the other is to increase the interaction force between the ma-
terial and the gas [33–35]. For example, Haibo Zeng et al. achieved 
efficient NO2 sensing of SnS2/BP (black phosphorus) by Lewis acidic 
modification [33]. For organic–inorganic metal hybrid halides, 
increasing the interaction between materials and gases is a more effi-
cient approach due to their excellent structural designability [36]. 

Here we report a new edge-shared organic–inorganic metal halide 
hybrid [(Et)2MP]PbBr3 (MP = p-mercaptopyridine, Et = ethyl). The one- 
dimensional inorganic chains provide good electron transport channels 
resulting in [(Et)2MP]PbBr3 with typical semiconductor properties. The 
response for [(Et)2MP]PbBr3 to 100 ppm NO2 is 18.2%. This value can 
be dramatically increased to 490% for [(Et)2MP]PbI3 by replacing 
bromine with iodine, which is 27 times as before. Mechanism studies 
demonstrated that the iodine ion with stronger Lewis alkalinity in-
creases the sensitivity. 
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2. Experimental section 

2.1. Material 

Lead bromide (PbBr2), lead(II) iodide (PbI2), 4,4′-Dithiodipyridine 
(DTDP), p-mercaptopyridine (MP), hydroiodic acid (HI), hydrobromic 
acid (HBr) and ethanol (EtOH) were purchased from Adamas-beta. All 
solvents and reagents were purchased without further purification. 

2.2. Synthesis of [(Et)2MP]PbBr3 and [(Et)2MP]PbI3 

The crystals of [(Et)2MP]PbBr3 and [(Et)2MP]PbI3 were grown by the 
solvothermal method. [(Et)2MP]PbBr3 was prepared by mixing PbBr2 
(0.2 mmol, 73.4 mg) and DTDP (0.5 mmol, 110.0 mg) in 5 mL EtOH first, 
and 1 mL HBr (45%) was added at room temperature. The average yield 
of the crystal (relative to the metal) was 81%. Then the mixture was 
transferred to a 25 mL Teflon-lined reaction vessel and kept at 150 ℃ for 
72 h. After gently cooling to room temperature, white rod-shaped 
crystals of [(Et)2MP]PbBr3 were obtained. And purification was ach-
ieved by washing with ethanol five times before vacuum drying at 60 ◦C 
for 12 h. Yellowish needle-shaped crystals of [(Et)2MP]PbI3 can be ob-
tained by the same method with an average yield of 74%. The phase of 
both samples was verified by powder X-ray diffraction (XRD) patterns 
(Fig. S1). The optical photographs of [(Et)2MP]PbBr3 and [(Et)2MP]PbI3 
are shown in Fig. S3. 

2.3. Single-crystal X-ray diffraction structure determination 

The single crystal diffraction data was collected using a ROD Synergy 
Custom diffractometer equipped with a Liquid MetalJet D2 + Ga-Kα 
radiation source (λ = 1.3405 Å) at 121 K and a Hybrid Pixel Array De-
tector. The data reduced using the CrysAlisPro software (version 
1.171.41.93a). The SCALE3 ABSPACK scaling algorithm was employed 
to perform an empirical multi-scan absorption correction utilizing 
spherical harmonics. The structure was solved by direct method in the 

ShelXT program and refined by the full-matrix least-squares method 
using the ShelXL program. The ShelXT and ShelXL programs used are 
included in OlexSys Olex2 software package (version 1.5) [37–39]. Non- 
hydrogen atoms were generated based on the different Fourier maps. All 
non-hydrogen atoms were refined anisotropically. Hydrogen atoms were 
added to the structure model geometrically and refined with the parent 
atoms. Table 1 contains detailed crystallographic information (CCDC 
number: 2239879, 2239870), and Tables 2 and 3 show selected bond 
lengths and angles. 

2.4. Characterization methods and test instruments 

Powder X-ray diffraction (PXRD) of samples was collected and 
recorded by Rigaku Smartlab X-ray (Cu Kα, λ = 1.5406 Å) at a scanning 
speed of 5◦ min− 1 (the 2θ range is 5–50◦ and the step size is 0.02◦/ 2θ). 
The simulation curves of [(Et)2MP]PbBr3 and [(Et)2MP]PbI3 were 
calculated and fitted by Mercury Version 2020.1 software. The FT-IR 
spectra were obtained on the Bruker VERTEX70FT-IR spectrometer 
using spectral pure potassium bromide and a small number of samples in 
the range of 4000 cm− 1 –400 cm− 1. Under the background of pure 
spectral BaSO4, the UV–visible diffuse reflectance spectra were collected 
using a PerkinElmer-Lambda-950 (USA) UV/VIS/NIR spectrophotome-
ters equipped with an integrating sphere and operated by a computer, 
and a limited number of powder samples were loaded on the BaSO4. The 
ultraviolet–visible diffuse reflectance spectrum (DRS) was measured in 
the 200–800 nm range. Thermogravimetric analysis (TGA) was 
measured using a NETZSCHSTA449C analyser (Germany) using an 
Al2O3 crucible with a heating rate of 10 K min− 1 from 30 to 800 ◦C and a 
synthetic air flow rate of 20 mL min− 1. The electrical measurements 
were performed using a Keithley 4200 (USA). Gas sensing related elec-
trical tests with Keithley 2602b (USA) and the labVIEW software written 
by ourselves. The gas adsorption was measured using MEMS cantilever 
(LoC-TGA 3000) chips connected to the computer and a Molecular 
Adsorption Analyzer that was acquired from High-End MEMS Tech-
nology Co., Ltd. 

3. Results and discussion 

3.1. Crystal structure analysis of [(Et)2MP]PbBr3 and [(Et)2MP]PbI3 

During hydrothermal synthesis, p-mercaptopyridines (MP) were 

Table 1 
Crystallographic information of [(Et)2MP]PbBr3 and [(Et)2MP]PbI3.  

Crystal data [(Et)2MP]PbBr3 [(Et)2MP]PbI3 

Empirical formula C9H14Br3NPbS C9H14I3NPbS 
Formula weight 615.19 756.16 
Temperature/K 121.00 121.00 
Crystal system orthorhombic orthorhombic 
Space group P212121 P212121 

a/Å 4.4115(10) 4.5683(10) 
b/Å 16.8108(4) 17.4726(3) 
c/Å 

α/◦

β/◦

21.0023(4) 
90 
90 

20.9291(4) 
90 
90 

γ/◦ 90 90 
V/Å3 1557.55(6) 1670.56(6) 
Z 4 4 
ρcalc/gcm− 3 2.623 3.006 
μ/mm‑1 20.811 43.496 
F (000) 1112.0 1328.0 
Radiation Ga-Kα 

(λ = 1.3405) 
Ga-Kα 
(λ = 1.3405) 

Reflections collected 6594 12,902 
Independent reflections 3257 

[Rint = 0.0346] 
3610 
[Rint = 0.0379] 

Data/restraints/parameters 3257/0/139 3610/0/139 
2theta range for data collection/◦ 5.854 to 120.38 5.728 to 121.452 
Index ranges − 5 ≤ h ≤ 2, 

− 21 ≤ k ≤ 21, 
− 27 ≤ l ≤ 26 

− 5 ≤ h ≤ 5, 
–22 ≤ k ≤ 22, 
− 27 ≤ l ≤ 24 

GOF on F2 0.971 1.066 
Final R indexes [I>=2σ (I)] R1 = 0.0357, 

wR2 = 0.0778 
R1 = 0.0317, 
wR2 = 0.0730 

Final R indexes [all data] R1 = 0.0434, 
wR2 = 0.0813 

R1 = 0.0376, 
wR2 = 0.0763  

Table 2 
Selected Bond Lengths (Å) for [(Et)2MP]PbBr3 and [(Et)2MP]PbI3.  

Bond Dist. Bond Dist. 

Pb1-Br1 3.0035(12) Pb1-I1 3.3258(8) 
Pb1-Br2 2.9694(12) Pb1-I2 3.2602(9) 
Pb1-Br3 2.8073(15) Pb1-I3 3.1521(8) 
Pb1-Br4 3.1947(13) Pb1-I4 3.2409(8) 
Pb1-Br5 3.1327(12) Pb1-I5 3.0491(7) 
Pb1-Br6 3.2991(13) Pb1-I6 3.4105(7)  

Table 3 
Selected bond angles (◦) for [(Et)2MP]PbBr3 and [(Et)2MP]PbI3.  

Angle (◦) Angle (◦) 

Br1-Pb1-Br2 90.67(3) I1-Pb1-I2 110.17(14) 
Br1-Pb1-Br3 89.07(4) I1-Pb1-I3 100.90(2) 
Br1-Pb1-Br4 169.64(4) I1-Pb1-I4 88.15(18) 
Br1-Pb1-Br5 91.91(3) I1-Pb1-I5 94.90(2) 
Br2-Pb1-Br3 92.20(4) I2-Pb1-I4 173.35(2) 
Br2-Pb1-Br4 91.32(3) I2-Pb1-I5 99.00(2) 
Br2-Pb1-Br5 169.31(4) I2-Pb1-I6 89.52(19) 
Br3-Pb1-Br4 101.01(4) I3-Pb1-I4 91.90(2) 
Br3-Pb1-Br5 98.22(4) I3-Pb1-I5 91.02(2) 
Br5-Pb1-Br6 84.34(3) I5-Pb1-I6 171.21(2)  
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formed from 4,4′-Dithiodipyridine (DTDP) through disulfide bond 
breakage. Ethanol acts as an alkylation reagent, converting p-mercap-
topyridine to [(Et)2MP]+, which served as a cationic templating agent 
for the formation of one-dimensional inorganic chains [40]. [(Et)2MP] 
PbI3 is almost identical to [(Et)2MP]PbBr3 in structure with a minor 

difference in the alignment of organic cations. [(Et)2MP]PbBr3 crystal-
lizes in monoclinic systems with a space group of P212121, where the 1D 
inorganic [PbBr3]− chains are balanced by organic [(Et)2MP]+ cations. 
As shown in Fig. 1c, the Pb2+ ion is coordinated by six Br atoms to form 
an octahedral unit with Pb-Br bond lengths in the range of 2.8073(15)– 

Fig. 1. Crystal structures. Bulk structure view of (a) [(Et)2MP]PbBr3 and (b) [(Et)2MP]PbI3 along the a-axis (the hydrogen atoms are omitted for clarity). 1D 
inorganic chain structure and octahedral of (c) [(Et)2MP]PbBr3 and (d) [(Et)2MP]PbI3. Bond length unit: Å. 

Fig. 2. (a) Water stability and (b) thermal stability of [(Et)2MP]PbBr3 and [(Et)2MP]PbI3.  

Fig. 3. (a) Optical absorption spectrum and (b) fitting of conductivity at varied temperatures to Arrhenius equation of [(Et)2MP]PbBr3 and [(Et)2MP]PbI3.  
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3.1947(13) Å. Each [PbBr6] octahedron connects with four adjacent 
ones through edge-sharing to form a continuous 1D chain extending 
along the a-axis. The organic cations are cleverly distributed around the 
conductive 1D inorganic chains. The experimental powder XRD spectra 
of both compounds correspond well with those predicted from their 
crystal structures (Fig. S1). 

3.2. Solvent stability and thermal stability 

The water stability of organic–inorganic metal halide hybrids is of 
great interest [41,42]. Therefore, the crystals were transferred to 
deionized water for 24 h and the powder XRD patterns were analyzed 
after that. The result indicated that [(Et)2MP]PbBr3 and [(Et)2MP]PbI3 
have good stability in water (Fig. 2a). Moreover, [(Et)2MP]PbBr3 and 
[(Et)2MP]PbI3 demonstrated high stability by similar treatment in 
methanol, ethanol, acetonitrile, acetone and dichloromethane (Fig. S4). 

Thermogravimetric (TG) analysis shows that [(Et)2MP]PbBr3 initially 
loses weight at 210 ℃ under an air flow rate (Fig. 2b). Especially for 
[(Et)2MP]PbI3, the structure will not collapse before 248 ℃, indicating 
the outstanding stability of [(Et)2MP]PbBr3 and [(Et)2MP]PbI3. 

3.3. Semiconductor characteristics 

Optical and electrical tests were performed to characterize the 
semiconductor properties of [(Et)2MP]PbBr3 and [(Et)2MP]PbI3. The 
Kubelka-Munk formula estimates the optical band gap of [(Et)2MP] 
PbBr3 and [(Et)2MP]PbI3 to be 3.50 eV and 2.90 eV through ultra-
violet–visible diffuse reflectance spectroscopy (Fig. 3a). This suggests 
that [(Et)2MP]PbBr3 and [(Et)2MP]PbI3 are potential semiconductor 
materials. 

The conductivity of the single crystals of [(Et)2MP]PbBr3 and 
[(Et)2MP]PbI3 was then measured at various temperatures. The 

Fig. 4. (a) homemade instrument system for gas sensing test. (b) NO2 response/recovery curve of [(Et)2MP]PbBr3. (c) NO2 Response-concentration scatter plots of 
[(Et)2MP]PbI3 and (d) linear fits. (e) Response of [(Et)2MP]PbBr3 and [(Et)2MP]PbI3 to different gases in 100 ppm. (f) Long-term stability of [(Et)2MP]PbI3 to NO2 
within 7 days (inset curves are the real-time measurement). 
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measured I-V curves display excellent linearity, demonstrating perfect 
Ohmic contact between the material and electrode [43]. Fig. S5a shows 
the conductivity rises exponentially as the temperature rises steadily, 
demonstrating their typical semiconductor features. At room tempera-
ture, [(Et)2MP]PbBr3 and [(Et)2MP]PbI3 show conductivities of 4.48 ×
10− 8 and 1.37 × 10− 7 S cm− 1 (Fig. S5b), respectively. The activation 
energies (Ea) of [(Et)2MP]PbBr3 and [(Et)2MP]PbI3 can be approxi-
mated to be 0.234 and 0.366 eV using lnσ-1000/T plots fitted to straight 
lines based on the variant of Arrhenius equation (Fig. 3b) [31,44]. 

3.4. NO2 sensing of [(Et)2MP]PbBr3 and [(Et)2MP]PbI3 

Assessing the levels of gaseous pollutants is crucial for understanding 
their effects on human health, particularly in the context of COVID-19 
pandemic. Among these pollutants, NO2 is extremely harmful to 
humans. Long-term exposure to NO2 can lead to chronic poisoning, 
polyneuritis, atherosclerosis and other diseases. Therefore, the accurate 
detection of NO2 is of great importance for our daily life [45–48]. To 
evaluate the NO2 sensing performances of [(Et)2MP]PbBr3 and 
[(Et)2MP]PbI3, the crystals were ground into powder and dispersed in 
ethanol, then loaded the powder onto silver palladium fork finger 
electrodes with a channel width of 200 µm using a drop-coating method, 
and the current signals of the devices were collected when exposed to 
different gas (The devices were shown in Fig. S6). The details are as 
follows: the sensing performances of [(Et)2MP]PbBr3 and [(Et)2MP]PbI3 
towards all gases were evaluated using a homemade instrument system 
that was developed in an earlier work [49]. The system, as shown in 
Fig. 4a, consists of piping, a gas mixing device, a test chamber (a quartz 
tube), and a digital source meter. The prepared devices were placed in 
the closed quartz tube. Synthetic air (79% nitrogen + 21% oxygen) was 
selected as the purge and standard carrier gas to simulate the actual 
operating conditions of the device. The gas flow of air and the target gas 
was controlled at 600 sccm by mass flow controllers (MFC). Prior to the 
test, the purge gas was introduced for 1 h to remove any other gas 
molecules that might be adsorbed on the material surface and to stabi-
lize the baseline. Keithley 2602B Sourcemeter was used to record the 
electrical signal in real-time. When exposed to NO2, the changes in the 
current of device were detected. The ratio of current in the target gas 
atmosphere (I1) to air current (I0) was used to calculate the response 
value (R): 

Rresponse = (I1/I0 − − 1) × 100% (1) 

And the sensitivity S is defined as: 

S = Rresponse/c (2) 

c is the concentration of target gases. 
As shown in Fig. 4b, the Rresponse of [(Et)2MP]PbBr3 to 100 ppm NO2 

is about 18.2%. Then, the gas sensing to 100 ppm of different gas for 
[(Et)2MP]PbBr3 was tested at room temperature and the results were 
shown in Fig. 4e. It can be seen that [(Et)2MP]PbBr3 is highly inert to 
other gases, indicating its ultra-high selectivity for NO2. 

It is noteworthy that replacing Br atom in the [(Et)2MP]PbBr3 crystal 
with I atom can significantly enhance the sensitivity of [(Et)2MP]PbI3 to 
NO2. The current of [(Et)2MP]PbI3 rapidly rose within 2 min upon 
exposure to NO2. And the real-time dynamic NO2 response/recovery 
curve of [(Et)2MP]PbI3 is shown in Fig. 4c, demonstrating an excellent 
response/recovery ability to a broad range of NO2 (1–100 ppm) at room 
temperature. The Rresponse to 100 ppm NO2 is remarkably high as 490% 
(S = 0.126 ppm− 1), which is about 27 times higher than that of 
[(Et)2MP]PbBr3 to 100 ppm NO2.Moreover, [(Et)2MP]PbI3 exhibits 
good long-term stability (Fig. 4f). Plotting the response values against 
NO2 concentrations on a Cartesian coordinate shows good linearity, 
which can be used to predict the concentration of NO2 in gas sensing 
(Fig. 4d). In addition, [(Et)2MP]PbI3 was found to be very stable to NO2 
sensing at room temperature, with a coefficient of variation of 7.9% for 

10 ppm NO2 response (Fig. S7). 
In addition, the selectivity of [(Et)2MP]PbI3 was evaluated by 

measuring sensing tests to 100 ppm of methanol, acetone, methane, 
ethylene, benzene, hydrogen, carbon monoxide, and ammonia, respec-
tively. As shown in Fig. 4e, the material is ultra-selective for NO2 and 
largely negligible for the other gases. Therefore, [(Et)2MP]PbI3 retains 
ultra-high selectivity for nitrogen dioxide before and after halogen 
replacement and increases sensitivity by 2692%, demonstrating the 
effectiveness of this strategy for improving gas response sensitivity and 
highlights the great potential of organic–inorganic metal halide hybrids 
in gas sensing. 

3.5. The mechanism of NO2 sensing 

The gas-sensitive mechanism of organic–inorganic metal halide hy-
brids has been discussed in a number of papers [25–27]. Similar to 
MAPbI3 [26], the surface adsorption of the gas onto [(Et)2MP]PbI3 is a 
prerequisite for gas sensing. Then NO2 adsorbs on the surface of 
[(Et)2MP]PbI3 results in a transfer of electrons to the surface, reducing 
the resistance. The sensitivity of the material to the detected gas is 
determined by the Lewis alkalinity of the material, which refers to its 
electron-donating capacity. Since I has a stronger Lewis alkalinity than 
Br [50–53], [(Et)2MP]PbI3 exhibits higher NO2 adsorption and sensi-
tivity compared to [(Et)2MP]PbBr3. The NO2 adsorption of [(Et)2MP] 
PbI3 is 0.32 pg of NO2 per ng of material in 10 ppm NO2, whereas that of 
[(Et)2MP]PbBr3 is only 0.06 pg (see Fig. 5 and supporting information 
for details). Thus, the stronger NO2 adsorption of [(Et)2MP]PbI3 results 
in stronger sensitivity of the material. 

4. Conclusions 

In summary, we have synthesized two new 1D edge-shared organ-
ic–inorganic metal halide hybrids with excellent water stability. 
[(Et)2MP]PbBr3 demonstrated a high selectivity to 100 ppm NO2 with 
Rresponse of 18.2%. This value can be dramatically increased to 490% (27 
times as before) when the bromine in [(Et)2MP]PbBr3 was replaced with 
iodine. Besides ultra-high selectivity to NO2, [(Et)2MP]PbI3 also exhibits 
excellent cycling stability. Study of gas-sensitive mechanism reveals that 
the electron-giving capacity (Lewis alkalinity) of [(Et)2MP]PbI3 is about 
5 times stronger than that of [(Et)2MP]PbBr3, resulting in a higher 
tendency for NO2 interaction and increased gas sensitivity. [(Et)2MP] 
PbBr3 and [(Et)2MP]PbI3 demonstrate a good example of the 

Fig. 5. NO2 adsorption of [(Et)2MP]PbI3 and [(Et)2MP]PbBr3 from 1 to 
10 ppm. 
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customization of gas-sensitive materials in organic–inorganic metal 
halide hybrids, showing great potential in the field of gas sensing. 
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