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A B S T R A C T

Two-dimensional (2D) organic metal chalcogenides (OMCs) show promise for gas sensing due to their pro
grammable active sites, but often suffer from slow recovery and poor cycling stability due to strong interactions 
between analyte and active site on OMCs. To optimize this issue, we rationally screened and identified the 
optimal active sites with tailored analyte interaction strengths. Theoretical screening identifies benzimidazole 
shows the lowest binding energy (-2.93 kcal/mol) with NO2, enabling faster desorption. A new 2D OMC, AgBMT 
(BMT = 2-mercaptobenzimidazole), with long-range ordered benzimidazole covered on its surfaces was suc
cessfully synthesized. AgBMT exhibits exceptionally fast response (14 s) and recovery times (46 s) to NO2. The 
recovery time is among the fastest levels reported for NO2 sensors. The coefficient of variation (CV) value of 
AgBMT is 2.19 %, which is the lowest among reported NO2 sensors with recovery times of less than 1 min. 
Moreover, AgBMT exhibits negligible response to humidity, effectively eliminating false signals in NO2 detection 
caused by H2O interference. This material features ordered modification with predesigned imidazole-amino 
groups as active sites, demonstrating improved recoverability and recyclability while retaining high sensitivity 
and selectivity.

1. Introduction

Two-dimensional (2D) materials demonstrate significant potential in 
stimuli-responsive applications due to their high specific surface area 
and excellent charge transport properties [1–4]. Compared to conven
tional 2D materials, the surface of 2D organic-metal chalcogenides 
(OMCs) is uniformly functionalized with long-range ordered organic 
functional groups, that offers a high density of programmable active 
sites for stimuli-responsive interactions, making them particularly 
attractive for designing advanced gas sensors with molecular-level 
specificity [5–8]. However, reported OMCs sensing materials typically 
suffer from sluggish sensing recovery and inadequate cycling perfor
mance due to excessive interactions between the sensing-active sites and 
target gas analytes [9]. Although the recovery can be accelerated 
through heating or exposing to light to facilitate the desorption of gas 
molecules, these strategies invariably degrade detection sensitivity 
while introducing additional device complexities [10]. The design of 
OMCs sensing materials with rapid recovery capabilities and excellent 
recyclability remains a critical challenge in this field.

To achieve the goal in designing high performance OMCs sensors 
with aimed properties, precise control of the interactions between the 
recognition sites and target molecules is crucial. Thus, an efficient 
strategy that combines theoretical calculations and experimental syn
thesis has been developed. As a proof of concept, the development of an 
OMCs sensor to the hazardous NO2 has been demonstrated. The 
hydrogen-bonding interaction between the electron-donating functional 
groups (-NH2 or -SH) and electron-deficient NO2 endows such materials 
with selective detection capabilities for NO2 [9–12]. However, the 
excessively strong interaction between these groups and NO2 impedes 
rapid desorption of gas molecules from the material. To further reduce 
sensor recovery time, it is essential to weaken the electron-donating 
capacity of functional groups on OMCs surfaces, thereby lowering the 
thermodynamic binding energy and facilitating easier desorption of gas 
molecules [13–15]. Theoretical calculations reveal that benzimidazole 
exhibits the lowest binding energy (-2.93 kcal/mol) with NO2 compared 
to aniline-type (-6.44 ~ − 14.28 kcal/mol) and aliphatic amine-type (~ 
− 3.01 kcal/mol) functional groups (Scheme 1). This weaker binding 
energy indicates a reduced desorption energy barrier for gas molecules, 
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suggesting potential for rapid and reversible sensing. Consequently, 
2-mercaptobenzimidazole (BMT) serves as an excellent model material, 
functioning as an active site to recognize and mitigate over-interaction 
with gas molecules, thereby enhancing recovery and recyclability for 
OMCs sensing materials.

Herein, an imidazole-amino exposed 2D silver-based OMC, AgBMT, 
was successfully designed and synthesized. In this material, the silver 
ions coordinate with both the thiol and imine-nitrogen atoms to form the 
2D [Ag7S6N6] layer. The [Ag7S6N6] layers are further interconnected 
with benzimidazole molecules via S-C and N-C covalent bonds, forming 
periodically stacked lattices by inorganic and organic layers, while the 
imidazole-amino groups are regularly distributed outside the 2D 
[Ag7S6N6] layers. AgBMT demonstrates unique selectivity for NO2, with 
a response value of 313 % to 10 ppm NO2 and a limit of detection (LOD) 
value of 5.3 ppb. In addition, AgBMT exhibits exceptionally fast 
response (14 s) and recovery times (46 s) to NO2. Its recovery time ranks 
among the fastest levels reported so far (typically several minutes for 
other NO2 sensors). The CV value of AgBMT is 2.19 %, which is the 
lowest among reported sensors with recovery times of less than 1 min. 
Furthermore, AgBMT maintains robust NO2 sensing performance across 
a wide humidity range (10–90 % RH), with responses to 10 ppm NO2 
consistently exceeding those in pure relative humidity (RH) conditions. 
Mechanistic studies reveal that the imidazole-amino groups on the 
exterior of the 2D layers act as active sites, whose relatively weak 
electron-donating capability facilitates rapid desorption of adsorbed 
NO2 after response. This work establishes a design principle for engi
neering active sites in sensing materials, offering valuable insights for 
catalytic, energy storage, and molecular separation etc.

2. Experimental sections

2.1. Materials

This text uses experimental reagents that are all analytical grade and 
do not require further purification. Silver nitrate (AgNO3, 99.8 %) was 
purchased from Sinopharm Chemical Reagent Co., Ltd., China. 2-mer
captobenzimidazole (BMT, 99 %) was purchased from Adamas-beta, 
China. DMF was purchased from Sinopharm Chemical Reagent Co., 
Ltd., China. Deionized water was produced by Lab ultrapure water 
system. Ag-Pd interdigital electrode plates with a channel of 200 μm 
were obtained from Hangzhou Jinbo Tech. Co., Ltd., China. All target 
gases were sourced from Beijing Hua Yuan Gas Chemical Industry Co., 
Ltd., China.

2.2. Synthesis of AgBMT

AgNO3 (17 mg) and BMT (30 mg) were mixed in 3 mL methanol 
(MeOH) and 3 mL N, N-dimethylformamide (DMF), then the mixture 
was transferred to a 10 mL glass vial reaction vessel and stored at 100 ℃ 
for 24 h to obtain colourless hexagonal flaky crystals of AgBMT. After 
cooling to room temperature (25 ℃, RT), it was washed five times with 
ethanol and placed in a vacuum oven at 60 ℃ overnight.

2.3. Single-crystal X-ray diffraction structure determination

Select clean, unbroken flakes of colourless crystals of AgBMT and 
place them on the loop. Diffraction data were collected using the ROD 
Synergy single-crystal diffractometer, which is equipped with a Cu 
target (Cu Kα, λ = 1.54184 Å) X-ray source and a Hybrid Pixel area 
detector. The reduction of the diffraction data was performed using the 
CrysAlisPro software. The crystal structure was solved using the Olex2 
software package, developed by OlexSys. The structure was determined 
by direct methods using the ShelXT program embedded in Olex2, and 
full-matrix least-squares refinement was carried out using ShelXT.

2.4. Theoretical Calculations

Density functional theory (DFT) calculations were carried out to 
investigate the interaction between NO2 molecules and the ligand. All 
computations were performed using the DMol3 module in Materials 
Studio 2020 software (Materials Studio 20.1, BIOVIA, San Diego, CA, 
USA) [33]. The exchange-correlation interactions were treated using the 
generalized gradient approximation (GGA) with the 
Perdew-Burke-Ernzerhof (PBE) functional. A double numerical plus 
polarization (DNP) basis set was employed, and the self-consistent field 
(SCF) convergence tolerance was set to 1.0 × 10− 6 Ha. Geometry opti
mizations were performed with fine grid quality until the maximum 
force was less than 0.002 Ha/Å and the energy change was below 
1.0 × 10− 5 Ha.

The interaction energy (Eint) between a NO2 molecule and the ligand 
was calculated using the following equation: 

Eint =Ecomplex − (ENO2 + Eligand)                                                      (1)

Ecomplex is the total energy of the fully optimized NO2-ligand, ENO2 is 
the energy of the isolated NO2 molecule, and Eligand is the energy of the 
isolated ligand molecule (e.g., benzimidazole, ethylamine, butylamine, 
etc.), alculated under the same computational conditions (Fig. S1).

Scheme 1. Binding energies of different amine molecules to NO2 molecules.
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2.5. Characterization methods and test instruments

Powder X-ray diffraction (PXRD) of samples was collected and 
recorded by Rigaku Smartlab X-ray (Cu Kα1, λ = 1.5406 Å) at a scanning 
speed of 5◦ min− 1 (the 2θ range is 3–40◦ and the step size is 0.02◦/ 2θ). 
The simulated PXRD pattern was generated from the single-crystal 
structure data using Mercury software (version 1.4.2, developed by 
the Cambridge Crystallographic Data Centre). During the simulation, 
the X-ray wavelength, 2θ range, and step size were set to match the 
experimental conditions to ensure an accurate comparison between the 
simulated and experimental PXRD patterns. Scanning electron micro
scope (SEM, ZEISS-300) was operated at 3.0 kV. Transmission electron 
microscopy (TEM) images were collected on a FEI Talos-F200X G2 field 
emission transmission electron microscope at an acceleration voltage of 
200 kV. The data of X-ray photoelectron spectroscopy (XPS) was 
collected from a Thermo Scientific ESCALAB 250 Xi XPS system 
(monochromatic Al Kα X-rays(1486.6 eV) operating at 15 kV; the base 
pressure: 5.0 × 10− 8 Pa). Fourier transform infrared spectroscopy 
(FTIR) spectra were recorded on a Bruker VERTEX70 FT-IR spectrom
eter (Germany) in 4000–400 cm− 1 region using KBr pellets. In-situ 
diffuse reflectance infrared Fourier transform spectroscopy (DRIFTS) 
experiments were performed on a 6700 Fourier transform-infrared 
spectrometer (Nicolet) equipped with a stainless steel in-situ IR flow 
cell and set up for diffuse reflectance sampling. UV-Vis-NIR diffuse 
reflectance spectra were collected on a Perkin Elmer Lambda 950 
spectrophotometer. Barium sulfate powder was used as a non-adsorbing 
background. Thermogravimetric analysis (TGA) was measured using a 
NETZSCH STA449F3 analyser (Germany) using an Al2O3 crucible with a 
heating rate of 10 K min− 1 from 30 to 800 ℃ and a synthetic air flow 
rate of 20 mL min− 1. The electrical measurements were performed using 
a Keithley 4200 (USA). Gas sensing related electrical tests with Keithley 
4200 (USA) and the labVIEW software written by ourselves. Surface 
areas were measured by nitrogen adsorption and desorption at 77 K 
using a Bel Japan Inc. model BELSOPR-max analyzer and the samples 
were degassed at 100 ℃ for 12 h under vacuum (10− 5 bar) before 
analysis. The resonant microcantilever is produced by Xiamen High-End 
MEMS Technology Co., Ltd.

2.6. Measurement of gas sensor

Sensing performances of AgBMT toward all gases were evaluated in a 
homemade instrument system developed in our early work. As shown in 
Fig. S2, the system consists of piping, a gas mixing device, a test chamber 
and a digital source meter. Target gas was introduced into the quartz 
tube by mixing the certified gas ‘‘mixtures’’ (Beijing Hua Yuan Gas 
Chemical Industry Co., Ltd., China) and dry air in a proper ratio 
controlled by the mass flow controllers (CS-200C, Beijing Sevenstar 
Qualiflow Electronic Equipment Manufacturing Co., Ltd., China). All 
certified gases were standard gas mixtures (typically 100 ppm of target 
gas balanced with dry air); no 100 % pure gases were used in this work. 
Specifically, the NO2 gas used in the tests was a dry gas mixture of 
100 ppm NO2 balanced with dry air. The constant flow was 
200 mL min− 1, the bias on the sensor was 5 V and the current was 
recorded using Keithley 4200 (USA) Sourcemeter. For humidity test, it 
was precisely regulated by mixing dry air with humidified air using a 
humidity control system. The voltage was 1 V during the humidity 
sensitivity test. To simulate the actual operating conditions of the de
vice, synthetic air (79 % nitrogen + 21 % oxygen) was used as the purge 
and standard carrier gas. The purge gas was introduced for 1 h prior to 
the test to remove any other gas molecules that might be adsorbed on the 
material surface and to stabilize the baseline. All tests were performed at 
RT with all gases at a concentration of 100 ppm.

2.7. Calculations of response, response / recovery time and coefficient of 
variation

The ratio of current in the target gas atmosphere (I1) to air current 
(I0) is set as the response value (R): 

Rresponse = (I1 / I0 – 1) × 100%                                                        (2)

The response time of the sensor is the time required increasing the 
response to 90 % of the saturation value and the recovery time is the 
time required decreasing the response to its 10 %.

The coefficient of variation (CV) is defined as: 

CV = RSD / Raverage × 100%                                                           (3)

where RSD and Raverage are the standard deviation (SD) and average 
value of responses with four successive cycles.

3. Results and discussion

3.1. Materials characterization

Single crystal samples of AgBMT were synthesized using a simple 
solvothermal method from its MeOH and DMF solutions. Based on the 
single-crystal X-ray diffraction, AgBMT crystallizes in the centrosym
metric space group R3 (No. 148), with cell parameters of a = 13.2060(5) 
Å, b = 13.2060(5) Å, c = 47.1885(17) Å, α = β = 90◦, γ = 120◦, V 
= 7127.0(5) Å3 (detailed crystallographic information was demon
strated in Table S1). It features three distinct Ag+ coordination modes 
(Fig. 1a): Ag1 in a tetrahedral geometry coordinated by three S atoms 
and one N atom, Ag2, and Ag3 in trigonal planar configurations, with 
Ag2 bonded to two S atoms and one N atom, Ag3 bonded by three S 
atoms. These units are interconnected through edge-sharing, forming a 
2D layer. The BMT ligands are regularly distributed outside of the 2D 
inorganic layer, leaving the uncoordinated imidazole-amino (N-H) 
groups as the active sites (Fig. S3). The bond lengths of Ag-S, Ag-N, S-C, 
and N-C bonds fall into the range of 2.419(2)-2.645(2) Å, 2.208(6)- 
2.246(7) Å, 1.721 (9)-1.730 (9) Å, and 1.335(11)-1.401(12) Å 
(Table S2). In addition, S-Ag-N and S-Ag-S angles range from 101.74◦- 
133.57◦ and 92.35◦-95.10◦, respectively (Table S3). The phase purity of 
AgBMT was confirmed by the powder XRD pattern (Fig. 1b), in which 
the experimental pattern agrees well with the simulated one generated 
from the single-crystal data using Mercury software. Fourier-transform 
infrared (FT-IR) spectra confirm the disappearance of the -SH stretch
ing vibration at 2550 cm⁻¹ [16,17], indicating the coordination between 
the ligand and metal ions (Fig. 1c). XPS was also conducted to further 
confirm the chemical states and coordination environments of AgBMT. 
As presented in Fig. 1d and Fig. S4, the spectrum clearly displays signals 
for Ag 3d, S 2p, N 1 s, and C 1 s. The Ag 3d spectrum, analysis shows 
distinct Ag 3d5/2 and Ag 3d3/2 peaks at 367.78 eV and 373.75 eV, 
respectively, unambiguously verifying the + 1 valence state of Ag[9]. 
The fine spectrum of S 2p exhibits two major peaks at 163.30 eV and 
162.12 eV, which are attributed to S 2p1/2 and S 2p3/2. Furthermore, the 
N 1 s spectrum gave two peaks at 398.20 and 399.74 eV, which can be 
attributed to Ag-N and pyrrolic N[18], verifying that the pyridinic N on 
the imidazole ring forms an Ag-N bond through coordination with Ag, 
while the pyrrole N (C-NH-C) is not coordinated. SEM measurement 
unveils a hexagonal sheet-like morphology (Fig. 1e). Additionally, 
elemental mapping via energy-dispersive X-ray spectroscopy (EDS) 
validated the uniform distribution of Ag, S, N, and C elements (Fig. S5). 
Cross-sectional high-resolution transmission electron microscopy 
(HRTEM) image shows clear superlattice fringe with a space of 1.60 nm, 
which is consistent with the thickness of an individual layer (1.57 nm) 
(Fig. S6)[12,19]. Elemental analysis further corroborates the structure 
and purity of the compound (Table S4).

To further evaluate its potential for practical applications, a series of 
assessments concerning the semiconductor properties and the stability 
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of AgBMT are conducted. PXRD measurements indicate that AgBMT 
remained intact after immersion in six common solvents for 24 h 
(Fig. S7). Additionally, the PXRD patterns remained unchanged after 
storage under RT conditions for three months, demonstrating excellent 
long-term structural stability (Fig. S8). TGA shows that AgBMT 
remained stable at 340 ℃ under air or N2 flow with almost no significant 
mass loss (Fig. 2a). The optical bandgap of AgBMT, was determined to 
be 2.56 eV (Fig. 2b) using ultraviolet-visible diffuse reflectance spec
troscopy (UV-Vis). The p-type semiconductor nature of AgBMT was 
confirmed through complementary ultraviolet photo electron spectros
copy (UPS) measurements of the valence band position (Figs. 2c, and 
2d), following the same determination method in literature[11]. The 
semiconductor properties of AgBMT were characterized by the standard 
two-probe method. I-V curves of AgBMT at different temperatures show 
linear contours, indicating ohmic contact between the sample and the 
electrode (Fig. 2e) [20]. The conductivity of AgBMT is 3 × 10− 12 S cm− 1 

at RT and increases with the increase of temperature. The good linear 
relationship of lnσ ~ 1000/T yields an activation energy of 0.732 eV and 
confirms the semiconductor characteristics of AgBMT (Fig. 2f) [7,21].

3.2. Gas sensing properties

The sensors were fabricated by depositing AgBMT onto interdigi
tated electrodes using a drop-casting technique (Fig. 3), with current 
signals recorded in response to various gas analytes. All measurements 
were performed at ambient temperature, utilizing air as the carrier gas, 
and NO2 detection was facilitated through the gas sensing system 
(Fig. S2)[22]. As shown in Fig. 4a, the response of AgBMT to 10 ppm 
NO2 is 311 %. Meanwhile, AgBMT exhibits a broad detection range from 
0.04 to 100 ppm NO2, with remarkable sensitivity and response con
sistency (Fig. S9). The LOD value is calculated to be 5.3 ppb by setting 
the response to 0.1, which is much below the NO2 limit required by the 
World Health Organization (WHO) (Fig. 4b)[23,24]. Notably, when 
being exposed to 10 ppm NO2, AgBMT rapidly reaches the response 
saturation within 14 s, and subsequent recovery in dry air finishes 
within 46 s (Fig. 4c), superior to most reported NO2 sensors (Table S5). 
AgBMT performs an expected selectivity, which effectively discrimi
nates NO2 from 15 other interfering gases with cross-sensitivities, 
including acetone, toluene, CO2, SO2, and H2S (Fig. 4d).

Currently reported NO2 sensors typically exhibit long recovery times 
ranging from several minutes to tens of minutes, along with excessively 

Fig. 1. (a) [Ag7S6N6] layer in AgBMT. (b) Experimental and simulated PXRD patterns of AgBMT. (c) FT-IR spectra of AgBMT and BMT. (d) XPS spectrum of N1s. (e) 
SEM image of AgBMT.
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high CV values. The recovery time of AgBMT is shorter than that of 95 % 
of RT NO2 sensing materials (Fig. S10). Besides, AgBMT demonstrates a 
remarkably low CV of only 2.19 % across four consecutive sensing cycles 
at 10 ppm NO2, which is the lowest among all reported NO2 sensors with 
recovery times of less than 1 min. The low of CV value and short re
covery time confirms its exceptional cyclic stability (Fig. 4e)[25]. The 

structure stability under operating conditions is confirmed by PXRD. 
After exposure to NO2, the PXRD of AgBMT remains consistent with the 
initial one (Fig. S11). Overall, compared with the comprehensive 
sensing parameters (including response value, CV, response/ recovery 
time, and LOD values) of other chemiresistive NO2 sensing materials, 
AgBMT exhibits rapid recoverability and recyclability while maintain
ing high sensitivity and selectivity, thus standing out as one of the best 
RT chemiresistive NO2 sensing materials reported to date (Table S5). No 
obvious changes in response were observed after 15 days, demonstrating 
that AgBMT holds a good long-term stability (Fig. S12). The 
Brunauer-Emmett-Teller (BET) gas adsorption analysis revealed an 
exceptionally low nitrogen adsorption capacity, consistent with the 
non-porous structure of AgBMT (Fig. S13). These results suggest that the 
drop-casting process does not introduce significant stacking-induced 
pores, and adsorption/desorption of NO2 mainly occurs on the 
external surfaces of the nanosheets.

In practical applications, the sensing performance must be evaluated 

Fig. 2. Basic characterization of AgBMT: (a) TG curve. (b) UV–vis spectra. (c) The secondary electron cut-off edge measured with He I (hν = 21.22 eV) and valence 
band of AgBMT with respect to the Fermi level (EF = 0). (d) Band structure of AgBMT. (e) Temperature-dependent I-V curves. (f) Arrhenius plots of conductivity.

Fig. 3. Fabrication of AgBMT sensors for gas sensitivity testing.
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in ambient air with controlled RH variations. Thus, the effect of RH on 
the NO2 sensing properties of AgBMT has also been studied. As shown in 
Fig. 5a, the sensor exhibited no observable response under pure hu
midity conditions in the range of 10–90 % RH, indicating excellent 

humidity resistance. This performance may be attributed to the orderly 
arrangement of hydrophobic benzene rings on the surface of AgBMT, 
which effectively shield the active sites through steric hindrance, 
thereby minimizing water molecule adsorption. The responses of the 

Fig. 4. AgBMT sensor: (a) Response and recovery curve towards NO2 with different concentrations at RT. (b) Log-log linear fitting of the response-concentration plot. 
(c) Response and recovery time towards 10 ppm NO2. (d) Selectivity ratio towards 15 interference gases (100 ppm). (e) Recovery time and CV comparison of AgBMT 
with the reported CPs NO2 sensors at room temperature.

Fig. 5. (a) The response curve of AgBMT under conditions of 10 %-90 % relative humidity. (b) Response of the AgBMT sensor to 10 ppm NO2 under different 
humidity conditions and comparison with pure humidity exposure. (c) Cyclic response of the sensor to 10 ppm NO2 under 70 % relative humidity.
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device toward 10 ppm NO2 under RH range of 10–90 % are obviously 
higher than those in corresponding pure RH condition, and the response 
increases with increasing humidity (Fig. 5b). Moreover, AgBMT 
exhibited good repeatability and cycling stability toward 10 ppm NO2 
under high-humidity (70 % RH) conditions, maintaining a response- 
recovery rate exceeding 99 % throughout 10 cycles of continuous 
operation, which also confirms the high feasibility of AgBMT gas sensor 
for RT NO2 detection (Fig. 5c).

Although the physical size of H2O molecule is much smaller than that 
of NO2, the hydrophobic interaction of the benzene ring with water will 
significantly reduce its penetration efficiency. This results in weak 
adsorption or no adsorption of H2O. To verify this claim, we used a 
MEMS resonant micro-suspension beam gas sensor to test the adsorption 
of H2O vapor and NO2 of AgBMT. The adsorption tests reveal that 
AgBMT demonstrates selective gas uptake at room temperature, with a 
significantly higher adsorption capacity for NO2 (18.23 μmol/g at 
10 ppm) compared to water vapor (6.09 μmol/g at 25 % RH), despite 
the much lower NO2 concentration (Fig. S14). As for the increased 
response of the NO2 varying RH conditions, this phenomenon has been 
reported in previous studies[26–28]. This phenomenon may be stem 
from humidity-dependent NO2 hydrolysis, producing reactive in
termediates (HNO3/NO/NO3) that compete for surface active sites. With 
the increase of moisture levels, both NO2 and NO3 co-exist, and NO3 
molecules become dominant under high humidity conditions. The 
higher binding energy of NO3 with sensitive materials than that of NO2 
molecules may contribute to the increased response of the sensor at 
higher humidity levels. Additionally, the DFT calculations [29] also 
reveal the enhanced NO2 adsorption and charge transfer in the presence 
of humidity. Thus, the response to NO2 increases as the RH rises.

3.3. Sensing mechanism

The potential energy map indicates that the imidazole-amino group 
on the surface of the material is the main adsorption site for NO2 

(Fig. 6a). DRIFTS measurements were performed to elucidate the 
sensing mechanism. As depicted in Fig. 6b, a series of new peaks were 
observed for AgBMT after being exposed to NO2 with respect to the 
spectrum of the pristine sample. The intensities of these bands continue 
to increase as a function of exposing time, indicating that they corre
spond to the species produced by interaction/reaction with NO2 on the 
sample surface. The imidazole-amino vibration (3402 cm− 1) decreased 
sharply, which further proves that imidazole-amino is the active site for 
NO2. New peaks belonging to the NO2 symmetric and asymmetric 
stretching vibrations peaks (1619, 1525, 1324, and 1246 cm− 1) and the 
NO2 bending vibrations peaks (1459 and 1132 cm− 1) were observed, 
indicating the adsorption of NO2 to AgBMT[29,30]. Additionally, the 
presence of NH⋯O bending modes (2500–3000 cm− 1) the FTIR spec
trum indicated hydrogen bonding between NO2 and amino-H atoms 
upon NO2 exposure[31,32]. Upon introduction of fresh air, the weak
ening of characteristic imidazole-amino group vibrations (Fig. S15) 
indicated progressive NO2 desorption from the material. The identical 
FT-IR spectra observed before and after NO2 exposure (Fig. S16) dem
onstrates complete desorption of all adsorbed NO2 molecules. This 
spectral reversibility supports the recyclable nature of the material.

Based on the above discussion, the sensing mechanism can be 
described as follows (Fig. 6c): When NO2 molecules approach the sur
face of AgBMT, the densely and orderly dispersed imidazole-amino 
groups offer abundant recognition sites for the rapid capture of the 
NO2 gas molecules. As a p-type semiconductor, during this process, 
charge transfer occurs from AgBMT to NO2, leading to an increase in the 
concentration of hole carriers in AgBMT, which in turn causes a rise in 
current, demonstrating a positive response signal. Simultaneously, due 
to the relatively weak electron-donating ability of the imidazole-amino 
recognition groups, the thermodynamic binding energy with NO2 is 
reduced, weakening the interaction between NO2 molecules and the 
material surface. This facilitates the desorption process of NO2 mole
cules, significantly shortening the recovery time of the sensor. There
fore, upon completion of detection, NO2 molecules can quickly be 

Fig. 6. (a) Surface electrostatic potential distribution of AgBMT and NO2. (b) In situ DRIFT Spectra for AgBMT exposed to NO2 as a function of time. (c) Possible NO2 
sensing mechanism for AgBMT.
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released from the material surface, and once the NO2 on the AgBMT 
surface is cleared by air, the current rapidly returns to its initial value.

4. Conclusions

In summary, we exhibited an imidazole-amino modified 2D OMC, 
AgBMT, to accelerate the recovery speed during NO2 detection. The 
relatively weak interactions between imidazole-amino groups and NO2 
enable efficient desorption process after detection, significantly 
enhancing the recovery performance. The AgBMT exhibits excellent 
dynamic response characteristics with recovery time (46 s), superior to 
most reported NO2 sensors (typically over several minutes for others). Its 
CV value is as low as 2.19 %, which is the lowest among all reported NO2 
sensors with recovery times of less than 1 min, demonstrating its 
excellent cycling stability. Moreover, it specifically responses to NO2 in 
15 common interfering gases, showing excellent selectivity. Impor
tantly, AgBMT also exhibits excellent humidity resistance, which is 
critical for practical applications. This work provides a versatile plat
form for functional group engineering and weak interaction optimiza
tion in creating advanced functional materials, with broad implications 
for catalysis, sensing, separation, and related fields.
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