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A B S T R A C T   

Metal oxide semiconductor used for the fabrication of volatile organic gas sensors has gained significant 
popularity in recent years. This paper discusses the synthesis of yolk-shell-structure Bi2MoO6 (YS-BMO) for 
isopropanol detection through quasi-molecular imprinting-based solvent-thermal methods. Various qualitative 
characterization techniques, gas sensing performance tests, and theoretical calculations collectively indicate that 
YS-BMO with molecular imprinting is a potential material for isopropanol sensing. YS-BMO with an average 
diameter of approximately 1.5 µm (15 h of solvothermal), demonstrates impressive isopropanol detection ca-
pabilities, a practical detection limit of 100 ppb, along with suitable response and recovery times. Density 
functional theory (DFT) calculations provide a deeper understanding and analysis of the response mechanism of 
Bi2MoO6 to isopropanol, considering aspects such as band structure, electron transfer, and adsorption energy.   

1. Introduction 

Breath gas diagnosis utilizing gas sensors made of metal oxide 
semiconductor has recently emerged as a research hotspot for cost- 
effectiveness, user-friendliness, and real-time detection capabilities [1, 
2]. The volatile organic compounds (VOCs) in exhaled breath are 
detected to indicate potential diseases via gas sensors [3]. Variety VOCs 
such as isopropanol, toluene, 2-butanone, and formaldehyde, are 
considered as biomarkers for the diagnosis of lung cancer. We selected 
isopropanol (C3H8O) for its average concentration of about 398 ppb in 
the bodies of lung cancer patients, which is twice as much as in healthy 
individuals (169 ppb) [4,5]. Generally, human exhaled breath has an 
elevated relative humidity (RH), which can be a huge challenging for 
MOS gas sensors [6]. Exploring high-performance gas-sensitive mate-
rials for detecting isopropanol at ppb levels in high humidity conditions 
is of utmost importance. 

γ-Bi2MoO6 is a typical metallurgical perovskite-type composite 
oxide, exhibiting excellent electrochemical properties. It has received 
extensive attention in various fields including photocatalysts, high- 
performance capacitors, and others [7–10]. It is worth noting that 
Bi2MoO6, is composed of [Bi2O2]2+ layers and [MoO4]2- octahedra. The 
open and stable interlayer channels are particularly suitable for charge 

separation and transfer [11]. Bi2MoO6 has a bandgap of approximately 
2.6–2.8 eV making it a promising candidate for applications in various 
fields [12]. Perovskite-type [MoO4]2- layers in Bi2MoO6 have an octa-
hedral shared structure that allows for efficient electron ionization and 
excellent gas sensitivity [13]. Liu et al. successfully fabricated 5% 
Ag-doped Bi2MoO6 through a solvothermal and glucose reduction 
technique with excellent NH3 gas-sensing performance, including limit 
of detection (50 ppb), long-term stability, and a response of 37.6–200 
ppb NH3 [14]. Zhang et al. successfully synthesized Bi2MO6/ZnO with 
unique structure for butanol detecting through a hydrothermal method 
[12]. Cui and Zhang et al. synthesized flower-like and walnut-like 
Bi2MoO6, which can both detect 0.1 ppb H2S at a relatively low work-
ing temperature (around 150 ◦C), and almost unaffected by air humidity 
[15,16]. These studies demonstrated the significant stability, response, 
and humidity insensitivity of the Bi2MoO6 material due to the unique 
structure. 

Various synthetic strategies have been employed to produce 
Bi2MoO6 with distinct morphologies [17,18], such as nanosheets 
[19–21], nanoneedle [22], flower-like [23,24], hollow sphere [25–27], 
walnut-like [16] and yolk-shell structure [28]. Yolk-shell structure al-
lows for the penetration and diffusion of VOCs due to its porous thin 
shell. And its larger specific surface area (SSA) means more contact 
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points that can improve gas sensing efficiency, enhance sensitivity, and 
potential selectivity and stability. The unique combination of these 
structures makes Bi2MoO6 particularly effective in gas sensors [29]. 
Currently, there are many sensors based on yolk-shell structures, such as 
LaFeO3 [29], CeO2 [30], ZnCo2O4 [31], α-Fe2O3 [32] and SnO2-TiO2 
[33]. 

The current study proposes a solvothermal process combined with 
quasi-molecular imprinting method (QMIM) to synthesize Bi2MoO6 with 
controllable yolk-shell. Using 1,2-propanediol as a solvent act as killing 
two birds with one stone: it exhibits a molecular structure akin to iso-
propanol, which enhances the selectivity towards isopropanol, and it 
also allows for the synthesis of YS-BMO. Gas sensors based on YS-BMO 
are expected to demonstrate significantly superior gas-sensing perfor-
mance towards low-concentration isopropanol under high RH compared 
to plate-like or hollow sphere Bi2MoO6. This article focuses on exploring 
the gas-sensing performance and gas-sensing mechanism of isopropanol 
under different operating conditions. 

2. Experimental section 

2.1. Sample preparation 

Solvothermal method combined with QMIM was used to prepare YS- 
BMO. Initially, 4 mM Bi(NO3)3⋅5 H2O and 2 mM C10H14MoO6 were 
dissolved into 10 mL of 1,2-propanediol under magnetic stirring sepa-
rately. Then, the two solvents and 60 mL of ethanol were blended slowly 
and uniformly while stirring. Transfer the homogeneous liquid into a 
100 mL high-pressure reactor and heated to 160 ◦C for 15 h. Centrifuged 
the products three times with deionized water and ethanol after natural 
cooling, respectively, and dried at 80 ◦C for 12 h. Then annealed the 
dried powder at 400 ◦C for 2 h, forming a bright yellow monodisperse 
microspheres as finished products. Bi2MoO6 prepared with different 
solvothermal durations (x hours, x = 1, 3, 6, 9, 12, 15, 18, 21) is named 
as S-x. All chemicals information is provided in the “Supplementary 
Materials”. 

2.2. Characterization 

Characterizations of Bi2MoO6 powders were performed using field- 
emission scanning electron microscopy, energy-dispersive X-ray spec-
troscopy (FESEM, EDS, GeminiSEM 300), and high-resolution trans-
mission electron microscopy (HRTEM, Hitachi HT7800). The phase 
composition was determined by X-ray diffraction (XRD) with Cu-Kα 
(1.54184 Å) radiation at 30 kV and 25 mA using Bruker-AXS D8 
Advance. X-ray photoelectron spectroscopy (XPS, ThermoFisher Scien-
tific Escalab250Xi) was employed to investigate the presence and 
chemical state of lattice oxygens. SSA was measured under the Barret- 
Emmett-Teller (BET) method based on nitrogen adsorption isotherms 
using a Quadrasorb EVO instrument at 300 ◦C. 

2.3. Fabrication and measurement of gas sensor 

The sensors were formed by firmly depositing a uniform suspension 
of Bi2MoO6 powder and deionized water on the electrode (Pt integrated 
Al2O3 substrate electrodes, purchased from Wuhan Huachuang Ruike 
Co., Ltd.). The substrates were settled at room temperature for several 
days before measurement to improve measurement stability. As shown 
in Fig. S1, three mass flow controllers (MFC) were used during the 
testing process to inject standard air with a certain humidity and target 
VOCs into testing chamber. VOC is brought out of solution through a 
wash bottle and further diluted to the target concentration using MFCs 
before reaching the testing chamber. The total mass flow through MFCs 
is 800 mL/min. And the saturation concentration of VOCs is calculated 
by formula (1) at 25 ◦C [34]. The control method and measurement 
results (Fig.S4) of relative humidity are presented in “Supplementary 
Materials”.  

Concentration (ppm)=10− 3×(D×ρ/m/KH)                                            (1) 

Where D (μL/L) represents the amount of solvent added to the solution, ρ 
represents solvent density, m represents the molecular weight of the 
solvent, KH represents Henry’s law. More details can be found in “Sup-
plementary Materials”. 

The stable resistance (R) obtained in humid standard air is marked as 
Ra, while the stable resistance obtained in the target gas is marked as Rg. 
The sensor response (S) is defined by S= (Ra/Rg)-1. The response time 
(tres) and recovery time (trec) corresponded to the time taken for the 
resistance to reach 90% of the maximum resistance change. 

3. Results and discussion 

3.1. Characterization result 

The XRD pattern of S-15 in Fig. 1a illustrates the properties of YS- 
BMO as a highly crystalline powder, showing narrow and sharp peaks. 
It displays various distinct diffraction peaks at 2θ of 28.25◦, 32.61◦, 
47.15◦, 55.56◦ and 58.43◦, which match well with the (131), (002), 
(151), (062), (331), (133) crystal planes of the JCPDS No.72–1524. 
Furthermore, Fig. 1b provides the XRD spectra of S-1, S-3, S-6, S-9, S-12, 
S-18, and S-21, which are compared to distinguish the differences be-
tween these materials. It reveals that when subjected to a solvothermal 
treatment for less than 3 h, the material produced is Bi2O3, and its 
diffraction peak reveals correspondences with JCPDS No.78–1793. 
When solvothermal treatment exceeds 6 h, the obtained materials are 
Bi2MoO6. The XRD spectra of Bi2MoO6 showed no corresponding peaks 
to impurities, indicating that the powder is highly crystalline Bi2MoO6. 
Remarkably, the XRD spectra demonstrates that the crystallinity of 
Bi2MoO6 intensifies as the solvothermal treatment time increased. 
Nevertheless, when the solvothermal treatment surpasses 21 h, the key 
peak found at 28.25◦ begins to bifurcate. This phenomenon is due to 
excessive grain growth induced by the extended solvothermal treatment 
leading to a significant internal stress within the crystal grains. The 
average grain size of S-x (x = 1, 3, 6, 9, 12, 15, 18, 21) was calculated by 
Debye-Scherrer formula, which were 4.652 nm, 8.960 nm, 8.819 nm, 
9.915 nm, 13.938 nm, 10.622 nm, 12.271 nm, and 14.103 nm, respec-
tively. It was found that the grain size showed an increasing trend with 
solvothermal time, and the grain size of S-15 was in the best state. And 
during the calculation process, we observed that S-21 not only possesses 
the largest average grain size but also exhibits more significant varia-
tions in grain sizes across different crystal facets. This observation aligns 
with the excessive growth theory we discussed. We aim to demonstrate 
this in our forthcoming research works. 

To obtain more precise details about the inherent properties of YS- 
BMO, Raman spectra were measured by employing a UV-Vis spec-
trometer, as depicted in Fig. 1c. Bi2MoO6 is observed to have absorption 
spectra in a wide region due to its narrow band gap width. Moreover, 
according to the inset of Fig. 1c, S-15 and S-12 are found to have 
stronger light absorption than samples S-3, 6, 9, and 18, because their 
unique yolk-shell structures [28]. By plotting the Tauc curve using the 
formula (2) [35,36], we calculated the experimental bandgap of S-15 to 
be about 2.73 eV. 

(αhv)2
= K

(
hv − Eg

)
(2) 

Fig. 1d-e display the distinctive yolk-shell structure of S-15. Ac-
cording to the measurements, Bi2MoO6 microspheres, ranging in 
diameter from 1 to 2 µm, are evenly distributed. High magnification 
SEM image of the fractured microsphere particles (Fig. 1e) demonstrates 
that the resultant YS-BMO has a layered structure. The shell is formed by 
nanoscale flakes and has a thickness of around 150 nm. The yolk (nu-
cleus) is assembled by the tight packing of smaller nanoparticles, with a 
relatively dense surface. The core-shell layered structure of yolk-shell is 
particularly noteworthy, as it remarkably amplifies the SSA of Bi2MoO6 
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and enhances gas adsorption sites, thereby boosting its gas-sensing 
property [37]. Yolk-shell structure creates open and stable large inter-
layer channels that enhance the penetration, diffusion, and adsorption 
of the target VOC molecules, thereby enhancing response speed. EDS in 
Fig. 1 g indicate that the atomic ratio of Bi to Mo in S-15 is nearly 2:1, 
confirming that the sample is γ-Bi2MoO6 corresponding to the XRD re-
sults, rather than the α and β phases. Fig. 1 h exhibits the uniform dis-
tribution of Bi, Mo, O element. The high magnification HRTEM image of 
YS-BMO, depicted in Fig. 1 f, i-l, illustrates the particles’ regular 
spherical structure. Furthermore, the lattice stripes with an interplanar 
distance of 0.274, and 0.316 nm can be assigned to the (002) and (131), 
respectively, of JCPDS No.72–1524 [38]. 

To comprehend the formation mechanism of YS-BMO, the formation 
process at various solvothermal synthesis duration were explored.  
Fig. 2a-h show high magnification SEM images of Bi2MoO6 prepared at 
160 ◦C for different solvothermal duration. Fig. S2 outlines the structure 
formation process of YS-BMO microspheres. With increasing sol-
vothermal duration, a progression is observed in the formation of uni-
form and smooth porous microspheres, followed by rough, porous 
microspheres, hollow Bi2MoO6 spheres with thicker shells, thin-walled 
hollow spheres, the initial formation of yolk-shell structures, the 
development of ideal yolk-shell structures, and ultimately, the excessive 
growth and fusion of cores and shells. After the solvothermal exceeds 
21 h, the Bi2MoO6 nanoparticles grow excessively and lose the desired 
morphology as shown in Fig. 2 h, which is consistent with the conclusion 
obtained in XRD characterization. Interestingly, during the structural 
growth process, the diameter of the outer shell hardly changed. The 
yolk-shell growth mechanism of Bi2MoO6 proposed from the high 

magnification SEM images was similar to the report by Li [39]. The 
growth mechanism analysis of YS-BMO is provided in “Supplementary 
Materials”. Fig. 2i shows additional Bi2MoO6 nanosheets synthesized by 
hydrothermal method [40]. Bi2MoO6 nanosheets are the basis for 
composing the YS-BMO, but due to the lack of growth driving force of 
solvent, spherical shape was not formed. Table 1 lists the SSA and 
average pore size of S-x (x = 3, 6, 9, 12, 15, 18), and S-15 has the largest 
SSA. Interestingly, S-6 exhibits the largest average pore size. We spec-
ulate that rapid grain growth occurs during this reaction step, leading to 
the formation closed pores of smaller pores, which results in the 
measured average pore size being skewed towards larger values. The 
inference is based on our analysis of corresponding SEM images and pore 
size distribution curves. Detailed analysis can be found in the "Supple-
mentary Materials". 

Furthermore, the chemical states and oxygen species of S-15 (YS- 
BMO) were characterized by XPS. The spectra obtained are expressed in  
Fig. 3a. The reported spectra show the presence of Bi, Mo, and O species 
in YS-BMO. Fig. 3b indicates two peaks at 158.49 eV and 163.79 eV, 
respectively, corresponding to Bi3+ 4 f7/2 and Bi3+ 4 f5/2 orbital of YS- 
BMO [41]. The spin-orbit splitting of the two peaks is 5.3 eV, suggest-
ing that Bi is present in Bi3+. The Mo 3d spectrum (Fig. 3c) is nearly 
identical to the Bi 4 f spectrum. The Mo6+ 3d3/2 and Mo6+ 3d5/2 are 
detected at 234.91 eV and 231.77 eV. The spin-orbit splitting indicates 
an oxidation state of + 6 for Mo atoms. Moreover, Fig. 3d demonstrates 
the resolution of the O1s spectrum into two Gaussian-Lorentz peaks 
detected at 529.23 eV and 529.62 eV, corresponding to Bi-O and Mo-O 
[23]. 

Fig. 1. (a-b) XRD pattern of Bi2MoO6. (c) UV-Vis absorption spectra of Bi2MoO6. (d-e) SEM and (f) TEM images of YS-BMO. (g-h) EDS Mapping of YS-BMO. (i-l) 
HRTEM images of YS-BMO. 
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3.2. Gas sensing performance 

The gas sensitivities of 5 ppm isopropanol on Bi2MoO6 samples 
prepared with varied solvothermal durations are tested in this study. As 
shown in Fig. 4a, S-15 with yolk-shell structures exhibited the highest 
response. The response demonstrated a nearly identical trend to the 
specific surface areas presented in Table 1. The yolk-shell structure was 
advantageous because it efficiently amplified the SSA of nanoparticles 
and provided an increased number of contact sites for adsorbed oxygen. 
The special interlayer structure of the yolk-shell also notably facilitated 
the penetration and diffusion of isopropanol gas molecules [42]. In 
addition, S-12 with early yolk-shell structure also shows better response 
to 5 ppm isopropanol than other structures of Bi2MoO6, which proves 
that the strategy of synthesizing yolk-shell structure to enhance the 
isopropanol gas sensitivity of Bi2MoO6 was successful. Further studies 
for the gas-sensing performance of S-15 to ppb-level isopropanol were 
conducted, covering a wide range of test conditions, including temper-
atures of 240–330 ◦C and RH of 30–90%. All RH is calculated at 25 ◦C. 
The schematic diagram of the resistance changes in response to 

isopropanol of S-15 is shown in Fig. 4b. Being n-type metal oxide, the 
resistance of S-15 significantly increases in the standard air. When iso-
propanol is injected, the resistance decreases and eventually reaches Rg. 
The reintroduction of standard air boosts the resistance to a value near 
Ra. The influences of temperature on the gas-sensing performance of 
S-15 were analyzed, and the results are shown in Fig. 4c. Sensors coated 
with S-15 were demonstrated to exhibit the highest response under 
different concentrations of isopropanol gas at 270 ◦C, indicating that 
270 ◦C is the optimum temperature suitable for YS-BMO sensors to 
detect isopropanol gas in low concentrations. Setting the operating 
temperature at 270 ◦C can facilitate the dynamics of the reaction of 
isopropanol adsorption and desorption on YS-BMO, resulting in a 
marked increase in both response and recovery speeds [43]. Upon 
studying and analyzing the results shown in Fig. 4b, the tres and trec of 
YS-BMO for 1 ppm isopropanol were evaluated to be 10 s and 24.9 s, 
respectively. The unique inter-shell structure of the sensing materials in 
YS-BMO may have contributed to the short tres and trec by enabling the 
easy diffusion of isopropanol. Furthermore, larger SSA of Bi2MoO6 en-
hances the adsorption rate of VOCs by providing numerous active sites 
for chemical interaction. 

The resistance changes of S-15 (YS-BMO) to 0.1–5 ppm isopropanol 
at 270 ◦C and 50% RH, along with its linear relationship of response and 
concentration, is illustrated in Fig. 4d, e. It is evident that S-15 (YS-BMO) 
is positively correlated with 0.1–5 ppm isopropanol, and R2 = 0.9969 
(0.1–1 ppm) and 0.9985 (1–5 ppm) indicates that it has a high linearity. 
Response to 5 ppm isopropanol was 6.24, tres and trec were 10 s and 
24.9 s, and actual lowest measured isopropanol concentration was 100 
ppb. By utilizing the equation LOD= (3σ/s) provided by Liu et al., we 
calculated a theoretical limit of detection below 50 ppb [44]. The 
selectivity of sensors to target gases is a crucial factor for practical 

Fig. 2. (a-h) SEM images of Bi2MoO6 prepared at solvothermal time of 1 h, 3 h, 6 h, 9 h, 12 h, 15 h, 18 h and 21 h, respectively. (i) SEM of Bi2MoO6 nanosheets.  

Table 1 
The specific surface area and average pore size of Bi2MoO6 particles.  

Sample Specific surface areas (m2⋅g− 1) Average pore size (nm) 

S-3  13.148  13.140 
S-6  15.700  18.232 
S-9  19.737  13.130 
S-12  25.098  12.273 
S-15  35.121  17.164 
S-18  32.085  13.932  
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applications [4,45]. Fig. 4f illustrates the sensor’s sensitivity to different 
gases (methanol, butanol, formaldehyde, acetone, and ethanol) at a 
concentration of 5 ppm. Although the sensor exhibits cross-sensitivity to 
other VOCs, it shows higher sensitivity to isopropanol than other 
interfering gases due to variations in optimal adsorption and reaction 
temperatures between VOCs and oxygen species. Hence, YS-BMO dem-
onstrates exceptional selectivity towards isopropanol at its optimal 
operating temperature of 270 ◦C. Moreover, the YS-BMO’s response to 
0.5 ppm of isopropanol was assessed over multiple cycles to ensure 
repeatability. Fig. 4g displays that the resistance and response values of 
YS-BMO remained reasonably stable for at least 7 consecutive cycles, 
with a maximum deviation of 5.02% and a maximum average deviation 
of only 3.49%, demonstrating the excellent capability for repeating re-
sponses to isopropanol. Upon evaluating gas sensors, considering their 
long-term stability is also crucial. Fig. 4h illustrates the results of the 
0.5 ppm isopropanol response tests conducted on the same group of 
YS-BMO sensors every 7-day intervals. Even after several weeks, 
YS-BMO maintains stable gas sensitivity to isopropanol. The maximum 
attenuation of its response to 0.5 ppm isopropanol over 10 weeks was 
6.17%, demonstrating its exceptional long-term stability. 

Gas sensitivity of MOS sensors is often affected by RH [3]. The gas 
sensitivity of YS-BMO to 5 ppm isopropanol was investigated under 
different RH conditions (30%, 50%, 70% and 90%). Fig. 4i indicates that 
an increase in RH has an insignificant effect (maximum response 
attenuation <20%) on the isopropanol gas sensitivity of YS-BMO. 
Interestingly, the reduced response observed with increasing RH 
proves YS-BMO’s isopropanol measurement capability rather than its 
sensitivity to moisture. This observation is crucial since most MOS 
sensors have been observed to respond significantly to water vapor 
alone. Our observation indicates that the humidity-insensitivity of 
Bi2MoO6 is partly attributable to its hydrophobicity, which was 
discovered incidentally during our preparation process. The hydropho-
bicity of Bi2MoO6, coupled with a high temperature of 270 ◦C, impedes 
water molecules from occupying the adsorption sites that are meant for 
oxygen ions. Furthermore, the unique layered structure and nanoscale 

mesopores of YS-BMO ensure that the Bi2MoO6 surface in the yolk-shell 
remains available for the adsorption of oxygen ions in a high RH. It can 
be concluded as an outstanding gas-sensing material, which is 
less-sensitive to humidity. Furthermore, Table 2 provides a comparison 
of gas sensitivity performance of YS-BMO with other isopropanol sen-
sors, detailing information such as morphology, sensitivity, operating 
temperature, and RH during isopropanol detection. The experimental 
results demonstrate that YS-BMO offers obvious gas sensitivity even at 
lower isopropanol concentrations. As a result, YS-BMO microspheres 
have shown to be an exceptional gas-sensing material suitable for 
detecting isopropanol in environments with high levels of humidity. 

3.3. DFT and gas-sensing mechanism 

DFT was employed to explore the band structure and adsorption 
properties to systematically examine the response mechanism. The 
calculation parameters are provided in the “Supplementary Materials”.  
Fig. 5a exhibits the supercell of Bi2MoO6, which consists of 8 Bi, 4 Mo, 
and 24 O atoms. The optimized lattice parameters (a=5.807 Å, 
b=16.125 Å, and c=5.799 Å) have been found to possess lower energy 
when in contrast to the experimental parameters (a=5.617 Å, 
b=16.625 Å, c=5.626 Å). The (131) plane of the Bi2MoO6 was selected 
as the base plane for investigating isopropanol adsorption for its rela-
tively stable energy compared to (002) [53,54]. Upon adsorption on the 
Bi2MoO6 surface, the isopropanol may be adsorbed onto the top sites of 
Bi, Mo and O as adsorption model a, b, c. Table 3 lists the calculated 
adsorption energy (Eads), adsorption distance, and charge transfer values 
(Q) for models a, b, and c depicted in Fig. 5b-d. Negative adsorption 
energies values of all models suggest the spontaneous nature of the 
isopropanol adsorption process. Notably, the adsorption model b dem-
onstrates the lowest adsorption energy of − 0.78 eV, indicating that 
isopropanol is more likely to combine with Mo ions with 2.428 Å. The 
Eads is calculated by formula (3):  

Eads=E(slab+gas)-E(slab)-E(gas)                                                              (3) 

Fig. 3. XPS analysis of S-15: (a) Survey spectra. (b) Bi 4 f spectra. (c) Mo 3d spectra. (d) O 1 s spectra.  
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whereby, the E(slab) and E(gas) represent the isolated energy of Bi2MoO6 
(131) and single isopropanol, and E(slab+gas) represents the energy of 
Bi2MoO6 (131)-isopropanol system. 

We investigated the band structure and partial density of states 
(PDOS) of Bi2MoO6, as illustrated in Fig. 5e-f. It is obvious that Bi2MoO6 
is an indirect bandgap semiconductor, where the O 2p orbital occupies 
the top of the valence band of TDOS, while Bi 6 s orbitals slightly 
contribute to the TDOS near the Fermi energy. The conduction band is 
mainly filled by hybrid orbitals formed by Mo 4d and O 2p. During the 
response process of isopropanol adsorption, the electrons transition 
from hybrid orbitals to 4d orbitals. From the electronic and layered 

structure of Bi2MoO6, we infer that Bi/Mo sites serve as the reduction 
reaction site while O sites act as the oxidation reaction sites. 2.365 eV, 
the theory band gap, is lower than the experimental value of 2.73 eV, 
which can be understood as the discrepancy caused by the underesti-
mation of the band gap by the GGA-PBE method. The mismatch affirms 
the logic of our calculations. Furthermore, the conduction band of 
Bi2MoO6 has a higher curvature, indicating a smaller electron effective 
mass and faster electric carrier speed. The narrow band gap of Bi2MoO6 
contributes to its enhanced electrical conductivity owing to its reduced 
transition resistance. The pre-adsorption of O2 molecules generates O- 

on the active sites, later displaced by isopropanol molecules bonded to 

Fig. 4. (a) Influence of solvothermal duration on the gas-sensing performance. (b) The schematic diagram of the resistance changes in response to isopropanol. (c) 
Influence of working temperature on the gas-sensing performance. (d-e) The resistance changes of the YS-BMO sensor to 0.1–5 ppm isopropanol at 270 ◦C and linear 
relationship of response and concentration. (f) Response to various VOC at 5 ppm. (g) Cyclic test of resistance and response. (h) Long-term response and error 
distribution. (i) Response of YS-BMO to 5 ppm isopropanol under 30%, 50%, 70% and 90% RH at 25 ◦C. 

Table 2 
Comparison of different metal oxide-based isopropanol sensors.  

Materials Structure Operating Temp/◦C RH/% Concentration/ 
ppm (Response) 

tres&trec /s REF 

Co-ZnO Nanoflower 225 50 5 (22.5) 330/475 [46] 
ZnO-CdO Coral-like 250 30 100 (17.9) 16/25 [47] 
ZnO Nanoplate 125 0 40 (6.6) 190/200 [48] 
NiO/ZnO Hierarchical 280 - 100 (52.4) 8/50 [49] 
MoO3/TiO2 

/Ti3C2Tx 

Stratiform RT 50 50 (2.45) 100/40 [50] 

Ag-In2O3 Hollow sphere 300 0 1 (2.2) 12/175 [4] 
Pt-doped SnO2 Nanoflowers 250 0 100 (171) 42/7 [51] 
Fe-doped ZnO Nanoneedles 275 50 5 (23.6) 51/762 [52] 
QMIM-Bi2MoO6 Yolk-shell 270 50 5 (6.2) 15/29 This 

work 90 5 (5.2) 27 /36 

*RT represent room temperature. 
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the Bi2MoO6 surface. The adsorption and substitution behaviors lead to 
electron transfer, which significantly alters the sensing material’s 
resistance and forms the sensing mechanism of Bi2MoO6 for isopropanol. 
Besides, the adsorption of isopropanol molecule on the topmost site is 
profoundly visualized in the charge difference density map (EDD), dis-
playing the charge transfer (Qt) during molecular adsorption charac-
teristically. The EDD of isopropanol on the top sites of Bi, Mo, and O 
atoms are illustrated in Fig. 5h-i. In these figures, the blue depicts 

electron capture, while the red depicts electron release. After the iso-
propanol molecule is adsorbed, in all the adsorption configurations, 
positive charge occurs from the Bi2MoO6 (131) to isopropanol. The 
amount of charge transfer in the adsorption models at the Bi, Mo, and O 
top sites can be calculated from the change in charge occupancy, which 
is 2.31 |e|, 1.74 |e| and 0.86 |e|, respectively. By analyzing the EDD in 
the adsorption point alone, it is found that charge transfer usually occurs 
within the hydroxyl group of the isopropanol gas molecule and between 
ions and O2-. Additionally, the bond length of C-H of the adsorbed iso-
propanol (1.099 Å) is smaller than the original bond length of the free 
isopropanol molecule, while the O-H and C-C bond length have slight 
increased. The Eads and Qt of isopropanol on Bi2MoO6 were calculated by 
DFT, and the results of experiments were verified from the point of view 
of first principles calculation. 

As depicted in Fig. 6, the sensing mechanism of YS-BMO to iso-
propanol was proposed. Its adsorption behavior can be understood by 
the space charge layer as n-type metal oxide [55]. In brief, when the 

Fig. 5. (a) The super-cell structures of bulk Bi2MoO6 (orthorhombic space group Pca21). The optimal isopropanol adsorption models on Bi top (b), Mo top (c) and O 
top (d). (e) Band structures and (f) Partial Density of States of Bi2MoO6. (g-i) The EDD of the isopropanol-adsorbed on Bi, Mo and O, respectively. 

Table 3 
The of adsorption performance Isopropanol on Bi2MoO6 (131).  

Adsorption model E (ads) /eV Distance/Å Charge Transfer/|e| 

a  -0.574  2.806  2.31 
b  -1.934  2.428  1.74 
c  -0.334  3.105  0.86  

Fig. 6. Schematic of the gas-sensing process of the YS-BMO and band diagram of Bi2MoO6.  
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adsorbed oxygen captures free e- from the conduction band of bismuth 
molybdate at 270 ◦C, it transforms into O-, forming a barrier and an 
electron depletion zone [2]. The decrease in electron concentration in 
the sensing layer leads to an increase in sensor resistance. Upon the 
introduction of reductive isopropanol (g), it converts into C3H8O (ads) 
(formula 4), followed by reacting with O- in a redox reaction to generate 
CO2 and H2O (formula 5). In this process, the previously captured e- 

return to Bi2MoO6, shrinking the barrier height and depletion zone 
thickness, and showing a decrease in resistance.  

C3H8O (g) → C3H8O (ad)                                                                 (4)  

C3H8O (ad) + 9 O- → 3CO2 + 4 H2O + 9e-                                        (5) 

YS-BMO exhibits exceptional sensing performance with minimal 
humidity influence in the analysis of low-concentration isopropanol and 
offers a competent pathway and individual adsorption sites for the 
transportation and diffusion of isopropanol, subsequently enhancing the 
response and response speed of Bi2MoO6. 

4. Conclusions 

This work proposed a straightforward QMIM method based on sol-
vothermal process to prepare YS-BMO gas sensor for detecting ppb-level 
isopropanol, and comprehensively studied the isopropanol sensing 
capability of YS-BMO gas sensor. Including S= 6.24–5 ppm isopropanol 
with tres and trec of 10 s and 24.9 s, and an actual LOD of 100 ppb. The 
characterization results indicated that the decent performance of YS- 
BMO for isopropanol can be attributed to the quasi-molecular 
imprinting, unique yolk shell structure, open interlayer channels, nar-
row band gap, and fast-moving charge carriers. DFT calculations also 
indicated that Bi2MoO6 is suitable for the detection of isopropanol. 
Although the YS-BMO prepared in this work showing considerable gas 
sensing response to isopropanol at low concentration, the overall iso-
propanol sensing response to its further application in ppb isopropanol 
detection in lung cancer diagnosis is still poor. Further mechanism and 
theoretical analysis need to be studied to guide the gas sensing 
enhancement of YS-BMO based materials, which is expected to promote 
the application of gas sensors in the diagnosis of lung cancer and other 
diseases. 
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Jiaotong University (China) in June 2008. From September 2007 to January 2009, he 
worked as a teaching-research assistant in Technology University of Belfort-Montbéliard. 
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