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ABSTRACT

The increasing use of phosphine in various industries demands the development of reliable
sensors. However, progress in this area has been slow, particularly for room-temperature
detection. In this study, bismuth molybdate microspheres with lychee-like structure (Lyc-
Bi:MoOs) were prepared via a one-step solvothermal method, which can be employed for the
detection of trace concentrations of phosphine. The solvent used was a mixture of isopropanol
and ethylene glycol in a 3:1 ratio. Various characterization techniques and gas sensing
performance tests demonstrated that Lyc-Bi2MoOs is a potential phosphine sensing material for
room temperature application. Sensing performance tests revealed that Lyc-Bi>MoOs exhibited
an impressive ability to detect trace concentrations of phosphine, with a practical detection limit
as low as 150 ppb (response=8.11), rapid response (around 1 minute), and excellent long-term
stability (a maximum response attenuation of 9.46% over 10 weeks). Density functional theory
calculations further aided in the in-depth analysis and interpretation of the behavior and

response mechanism of phosphine on the surface of Lyc-Bi2MoOs.
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calculation



Phosphine (PH53) is a highly toxic, colorless, and odorless gas. In recent years, it has not
only been widely used in fumigation for agricultural storage and chemical synthesis but has
also found extensive application in the manufacturing of semiconductor devices.'* However,
to date, no satisfactory development of ppm-level PH; detection technology has been achieved,
and the test tube remains the most commonly used PH; detecting method, carrying all the
disadvantages of manual operation. Monitoring the concentration of PH; during fumigation
processes is crucial for confirming that the treatment is sufficient to achieve the desired insect
control, but such monitoring can be relatively expensive and labor-intensive.>® The fabrication
of novel PH3 sensing materials aids in the advancement of distributed sensor technology,
improving the detection of concentration variations at different points during the fumigation
process.” Simultaneously, it helps prevent excessive human exposure to PH3, which can lead to
severe consequences such as respiratory damage, headaches, pulmonary edema, and even
death.>® Occupational Safety and Health Administration (OSHA) has established a permissible
exposure limit of 300 ppb for phosphine, with a short-term exposure limit of 1 ppm and National
Institute for Occupational Safety and Health (NIOSH) has set the immediately dangerous to
health exposure limit at 50 ppm. Semiconductor oxides have been extensively employed in the
detection of various gases due to the growing demand for toxic gas sensors driven by safety and
environmental protection concerns.”!! As early as the 1990s, Varfolomeev et al.,'> Eguchi et
al.,"3 Ratcheva et al.,'* and Perez et al.'® began developing semiconductor-based PHj3 sensors
utilizing materials such as Sn0»-Zn0O, CaFeO»s, Sn0>-ZrO,, and N-octadecyl-pyridinium’-
Tetracyanoquinodimethane (TCNQ). Due to the limitations of available materials and
technology at that time, the corresponding materials exhibited limited sensing performance for
PH; and required operation at relatively high temperatures, often exceeding 300 °C. This poses
potential safety risks, such as deflagration, when detecting high concentrations of PHj3.
Therefore, the development of sensing materials capable of detecting PH3 at low working
temperature is of great significance.!®

In the preliminary exploration, we employed density functional theory (DFT) calculations

to identify materials that exhibit sensitivity to phosphine gas. It was discovered that bismuth
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molybdate demonstrates remarkable responsiveness and adsorption behavior towards
phosphine gas. Bismuth molybdate (Bi2Mo0OQg) is a typical layered perovskite composite oxide,
composed of [Bi2O2]*" layers and [MoO4]* octahedra, where the perovskite-type [MoOa4]*>
form a shared octahedral structure. This configuration facilitates efficient electron ionization
and endows the material with excellent gas sensitivity.!” This behavior, combined with its
moderate band gap (2.6 eV), enables the material to detect phosphine at room temperature with
high sensitivity..'® The stability and electronic properties of bismuth molybdate, as indicated by
our simulations, make it a promising material for developing reliable and efficient phosphine
sensors. BizMoOg can form nanoparticles with various structures, such as nanosheets,'® flower
shapes,?” walnut forms,?! and yolk-shell structures,?? depending on the synthesis strategy. For
instance, Liu et al.? introduced 5% Ag into flower shapes BixMoOs through a two-step
solvothermal method and glucose reduction, achieving a detection limit of 50 ppb for NH; at

I. 24

room temperature. Ma et a synthesized BixMoO¢/ZnO composites via secondary

hydrothermal synthesis, demonstrating excellent sensing performance for n-butanol at 270 °C.

Zhang et al.*

prepared walnut forms Bi.MoOg nanospheres on a nanosheet base, successfully
detecting 0.1 ppb HoS at 133 °C, with minimal sensitivity to humidity changes. These findings
further confirm the sensing potential of Bi.MoOgs as a ternary gas-sensitive material. However,
there are currently few studies focusing on the gas sensing performance and response
mechanisms of BiobMoOg at room temperature.

Isopropanol (IPA), due to its relatively low viscosity and moderate polarity, facilitates the
uniform nucleation and controlled growth of nanomaterials. It aids in stabilizing intermediate
species during the synthesis process, which is crucial for achieving consistent particle size and
shape. Ethylene glycol (EG), a high-boiling solvent, promotes the formation of a more viscous
environment, leading to the growth of larger and more uniform crystals. As such, they are
particularly well-suited for hydrothermal reactions, enabling better control over the morphology
of the synthesized materials. Moreover, ethylene glycol also plays a role in regulating the crystal

growth process by stabilizing certain aspects, thereby contributing to the achievement of

specific morphologies.
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Fig. 1 | Preliminary characterization. a and b XRD pattern of S-2 and the magnified view of its main
peaks. ¢ UV-Vis absorption spectra and Tauc curve of Lyc-Bi>MoOs. d and e SEM images of Lyc-Bi>MoQé.
f and g EDS and Mapping of Lyc-Bi>MoOs. h and i Selected area electron diffraction (S4ED) pattern and
HRTEM along with the inverse FFT images of Lyc-Bi>MoOs.

The lychee-like structure bismuth molybdate microspheres (Lyc-Bi2MoOs) synthesized
using /P4 and EG in a 3:1 ratio offers dual advantages. The outer layer of the nanoparticles,
resembling a lychee shell, can ensure sufficient particle-to-particle contact while preventing the
coating from becoming too dense. Inside, the particles are composed of smaller micro-particles
forming the "flesh", providing abundant adsorption and reaction sites. The PH;3 sensing
performance of Lyc-Bi>MoQOs at room temperature surpasses that of BixMoOs particles with
other morphologies. This paper focuses on the room-temperature PH3 sensing performance of

Lyc-Bi>MoQOs and its gas-sensing mechanism analysis.

Methods

Preparation of Lychee-like BixMoQOg
Lyc-Bi>MoOs was synthesized using a solvothermal approach. Initially, 1.94 g of Bismuth
Nitrate Pentahydrate and 0.484 g of Sodium Molybdate Dihydrate were separately dissolved in

10 mL of EG while stirring magnetically. Subsequently, the two solutions were gradually
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combined with 60 mL of /P4 under continuous stirring until a homogeneous mixture was
achieved. This uniform liquid was then transferred to high-pressure reactors, where it was
warmed to 160 °C-15 hours. Upon natural cooling, resultant outcomes were centrifuged thrice
using deionized water and ethanol, followed by freeze-drying for 48 hours. The dried powder
was then annealed at 400 °C-2 hours. Samples were synthesized with varying ratios of EG to
IPA-specifically 0:8, 2:6, 4:4, 6:2, and 8:0-designated as S-x, where x represents 1 through 5,
respectively.
Preparation of Bi:xMoQs Sensor

Sensing electrodes were constructed by depositing a homogeneous suspension of BiobMoOsg
powder mixed with Deionized (D/) water onto electrode substrates made of Pt-integrated A1,O3
(purchased from Wuhan Huachuang Ruike Co., LTD). As shown in Figure S5, mass flow
controllers (MFCs) were utilized to inject a standard mixed PH3 gas, maintaining constant
relative humidity (around 60%+2%) within the testing chamber. The initial PH; concentration,
supplied by Jinan Deyang Special Gases Co., Ltd., was 30.2 = 0.6 ppm, with the balance
comprising air, and total flow across the MFCs was 600 sccm.
Gas sensing measurement

Stable resistance (R) in air is denoted as R,, while that in target gas is termed R,. Sensor
response (5) is calculated using the formula S=[(R4/R.)-1]X 100%. Response time (Tresponse) and

recovery time (Trecovery) are defined as durations required for S to attain 90% of the change.

Results

Characterization discussion

XRD pattern of S-2, as shown in Figure 1a, reveals the highly crystalline nature of Lyc-
Bi>MoOgs, characterized by narrow and sharp peaks. Prominent diffraction peaks at 20 = 28.30°,
32.60°, and 46.80° correspond to the (131), (200), and (202) crystal planes of JCPDs No. 84-
0787, respectively. Additionally, Figure S2 illustrates the variations in X-ray diffraction (XRD)
patterns among all samples. When pure /P4 was used as the solvent, S-1, identified as BizxMo1.-
x03, displayed diffraction peaks in line with JCPDs No. 23-1032, where the peak intensity and
broadness indicated relatively low crystallinity. In contrast, for solvent ratios of 4:4 and 6:2, the
XRD spectra of S-3 and S-4 exhibited no impurity-related peaks, confirming the high
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crystallinity of the resulting BiuMoQs. Notably, when EG was used as the sole solvent, the XRD
pattern of S-5 revealed strong peaks corresponding to JCPDs No. 85-1329, indicating the
presence of Bi. These findings underscore the importance of using a mixed solvent of EG and
IPA to achieve highly crystalline Bi.MoOg, especially with the 2:6 solvent ratio. Calculations
based on the Debye-Scherrer formula determined the typical grain dimensions of S-x (x=1, 2,
3,4,5)tobe 6.8 nm, 22.0 nm, 17.6 nm, 16.6 nm, and 10.1 nm, respectively. This indicates that
Lyc-Bi>MoOs possesses the largest grain size, with notable fluctuations in grain size observed
over distinct crystal planes. Figure 1¢ presents the UV absorption spectrum of Lyc-Bi>MoOs,
obtained using a UV-visible spectrometer. The absorption begins around 350 nm, with a
significant decline in the ultraviolet region. The inset illustrates the optical bandgap properties
of Lyc-Bi>MoQg, estimated using the Tauc method ((ahv)*=K(hv-Ey)). The calculated bandgap
for Lyc-Bi>MoOs is approximately 2.61 eV, indicating its suitability as a semiconductor material
for gas sensing applications.?® The absorption spectra of other samples can be viewed in Figure
S1. Overall, the bandgap width decreases with the increasing amount of £G, and a notable shift
occurs when EG is used as the solvent. Based on the trend of the band gap values of different
bismuth molybdate samples (Fig. Sle) and the corresponding phosphine sensing performance
trends (Fig. 5e), the significant response of Lyc-BixMoOs at room temperature to low
concentrations of phosphine is considered to be associated with its moderate band gap value.
Figure S3 displays the FT-IR absorbance spectra of samples S-1 to S-5. The results demonstrate
that FT-IR analysis is indeed valuable for investigating the functional groups and bonding
interactions within the materials, offering deeper insights into their sensing mechanisms. In
the 1000-800 cm™ range, Mo=0 stretching vibration peaks can be observed. The absorption
peak of the S-2 sample is slightly sharper or stronger, indicating a potentially higher
concentration of Mo=0 double bonds or an optimized surface electronic distribution. In the
800-600 cm™ range, Bi-O and Mo-O-Mo bridging vibration peaks are observed, with some
differences in peak shape across the samples. The S-2 sample shows relatively stronger and
clearer absorption signals in this region, suggesting that the Bi-O and Mo-O-Mo structures in
S-2 may be more stable or present in higher content. This structural optimization could enhance
the sample's surface catalytic activity, promoting the adsorption and oxidation of phosphine

molecules.



Fig. 2 | SEM images of BixMo0Os synthesized from different solvent ratios (EG : IPA). a 0:8, b 2:6, ¢
4:4,d 6:2, e 8:0.

From the SEM images (Figs. 1d and 1e), the lychee-shell-like BizMo0Og described in this
work can be clearly observed, with particles approximately 2 pm in diameter. It can be roughly
divided into an inner layer (the "flesh" composed of nanoparticles) and an outer layer (the
lychee shell with a thickness around 400 nm). The outer layer of the lychee-shell structure
ensures sufficient particle-to-particle contact while preventing the coating from becoming
overly dense. This creates, on a macroscopic level, favorable channels for the penetration and
diffusion of target gas molecules, thereby shortening the response process. Meanwhile, the
"flesh" forming the inner layer provides abundant active sites for gas-sensing reactions,
enhancing electron transfer between the gas and the sensing material at a microscopic level.?’
From the quantitative EDS results (Figure 1f), it is evident that the sample contains
approximately 18.42% Bi and 9.51% Mo in terms of atomic percentage. The EDS mapping
image in Figure 1g further confirms that Bi and Mo are uniformly distributed throughout the
sample. The selected area electron diffraction (SAED) pattern of Lyc-Bi>MoQOs shown in Figure
1h, captured by HRTEM, along with the inverse FFT images (Figure 11) obtained by Digital
Micrograph, both reveal diffraction rings and lattice fringe spacings corresponding to the (131),
(200), (151), (202), and (331) planes in JCPDs No0.84-0787, identified that (131) serves as the
28,29

primary exposed facet of Lyc-Bi2MoOs.

The SEM images of BixMo0Os synthesized from different solvent ratios (Figure 2a-e and
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Figure S10) provide insights into the formation mechanism of Lyc-Bi2MoOs. When IPA is used
as the sole solvent, uniformly smooth crystalline nanoparticles are observed. Upon the addition
of a small amount of EG, these crystalline nanoparticles assemble into nanospheres, suggesting
that EG serves as the primary growth complexing agent for the spherical structure. When the
EG to IPA ratio is 2:6 and 4:4, the lychee-like BixMoOg structure, as described, is observed.
However, with a further increase of EG, the lychee shell-like structure disappears, transforming
into nanospheres composed of sheet-like particles, indicating that sufficient /P4 is required as
the driving force for the growth of crystalline particles. The structure obtained with a solvent
ratio of 4:4 better aligns with the lychee-like structure we refer to, yet its PH3 sensing
performance at room temperature is inferior to that of Lyc-BiMoOs obtained with a solvent
ratio of 2:6 during gas sensitivity testing. However, when EG is used as the sole solvent, the
SEM images reveal a morphology with a considerable amount of dispersed structures. This
phenomenon may be related to the Bi precipitation behavior observed in the XRD analysis. Figs.
3a-3e displays the N adsorption/desorption isotherms, pore size distribution, and specific
surface area (SSA4) of all synthesized BioMoOs samples. The IV-type isotherms with H3
hysteresis loops observed in the BixMoOg samples indicate a pronounced mesoporous structure,
which is further confirmed by the average pore size analysis (Figure 3f). In comparison, the
Lyc structure's specific surface area is not the highest, being lower than that of S-5. This
suggests that while Lyc-Bi>MoOs can enhance gas sensitivity through more active sites, it is not
the sole factor influencing its performance.

Additionally, the chemical forms and oxygen varieties of Lyc-Bi2MoOs were identified by
XPS, with the resulting spectra shown in Figure 4a. The documented spectra confirm the
presence of Bi, Mo, and O in Lyc-Bi>MoQOgs. Figure 4b illustrates that the two main peaks of the
Bi 4f orbitals appear around 158.97 eV and 164.30 eV, corresponding to the binding energies
of Bi 4f72 and Bi 4f52, respectively.’®! The spin-orbit splitting of 5.33 eV indicates that Bi is
in the +3-oxidation state. The Mo 3d orbitals (Figure 4c) exhibit two main peaks, Mo 3ds» and
Mo 3ds, located at approximately 232.24 eV and 235.47 eV, indicating that Mo is in the +6-

oxidation state, consistent with BixM0OQg.*>*3 It can also similarly be evidenced by the Mo 3p3.
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and Mo 3p12 peaks located at 398.16 eV and 415.69 eV in Figure 4d. Furthermore, Figure 4e
displays the high-resolution Ols spectrum, with two sub-peaks at 529.95 eV and 530.82 eV.
The primary peak corresponds to lattice oxygen, associated with Mo-O and Bi-O bonds, while
the higher binding energy sub-peak at 532.83 eV is attributed to surface-adsorbed oxygen
species.’*3*>  The percentages assigned to Mo-O bond and Bi-O bond are 27.2% and 60.4%,

respectively. The XPS spectra for other samples (Figure S4) are included in the "Supporting

: "

Information".
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Fig. 3 | The nitrogen adsorption-desorption isotherm and pore size distribution curve (insert graph).

a-e Nitrogen adsorption-desorption results of S-1 to S-5, f BET surface areas comparison.

It is noteworthy that there are significant variations in the elemental peak intensities across
the XPS full spectra of the samples, particularly in sample S-5, where the Bi 4f peak is markedly
diminished due to potential Bi precipitation. In sample S-1, the peak area analysis of Bi and Mo
indicates a Bi to Mo ratio of 3:1, resulting in a surface composition of Bi;12Mo00.403. Another
distinction in the XPS survey spectrum is the O 1s peak, where samples S-2, S-3, and S-4 exhibit
a pronounced peak near 533 eV, attributed to adsorbed oxygen. Moreover, the binding energy
corresponding to adsorbed oxygen in S-2 is 1.5 eV lower than that in S-3 and S-4. This lower
binding energy facilitates the adsorption of oxygen molecules on the material's surface at room
temperature, which contributes to the enhancement of the sensing performance. The

supplementary information shows the thermogravimetric analysis (TGA) of sample S-2.
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Gas sensing performance

This section presents a detailed analysis of Lyc-Bi>MoOs's phosphine sensing performance
at low concentrations under room temperature (25+0.2 °C). All tests were conducted in
controlled conditions with 60+0.5 % relative humidity. Figure 5a compares the response of
Bi2MoOs synthesized with different solvent ratios to 1 ppm PH3, where Lyc-BiMoOs
synthesized at a 2:6 ratio of EG to IPA stood out. XRD results reveal that particles synthesized
with pure £G not only exhibit notable Bi precipitation but also display irregular morphology
and size. This confirms that using /P4 and EG as solvents is an effective and appropriate
strategy for developing PH; sensing materials at room temperature. Figure 5b presents the
continuous response () of three sensors coated with Lyc-Bi.MoOs films to PH3 concentrations
of 0.15, 0.3, 0.6, 1.2, 2.25, and 4.5 ppm.*®*” The variations in response to different PHj;
concentrations are clearly visible, and there is excellent consistency among the three sensors.
The linear fitting results in Figure 5c demonstrate that Lyc-Bi>MoQOs exhibits a highly linear
response to low concentrations of PH3, with R? = 0.9992. Figure S9c illustrates the linear
relationship between response and concentration over a broader concentration range. The
results indicate that within this extended range (0.15-30 ppm), the sensor not only maintains a

strong linear correlation but also exhibits minimal variation compared to the smaller
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concentration range (0.15-4.5 ppm). This characteristic facilitates the calibration of the sensing
material during practical applications. The magnified response graph (Figure 5d) shows the
response (Tresponse) and recovery (Trecovery) times of Lyc-Bi2MoOs to 0.6 ppm PH;, where the
sensor begins reacting within 3 seconds of exposure and completes its response in

approximately one minute (zresponse generally decreases as gas concentration increases).

The lowest measured PH3 concentration in the test was 150 ppb, while the theoretical
detection limit of (LOD) Lyc-Bi2MoOs for PH3 was calculated by LOD = (3x/,/I') to be less
than 100 ppb.*® Here, I is the standard deviation of the response (which is the variability or
noise level of the measurement obtained by testing 80 points with target gas) and /”is the slope
of the linear fitting equation. The detailed calculation results are included in "Supporting
Information". Selectivity to the target gas is crucial for practical applications.’ Figure Se
illustrates the sensitivity of Lyc-Bi>MoQOs at room temperature to potential interfering gases at
specific concentrations, such as ammonia, hydrogen sulfide, carbon dioxide, carbon monoxide,
ethylene. Figure S8 presents the dynamic response curves of the Lyc-BixMoOg sensor to NH3,
H»S, CO,, CO and C2H4 gases. To mitigate this problem, we plan to explore the use of sensor
arrays, where multiple sensors with different material compositions or operating conditions
could work together. This system could effectively differentiate between phosphine and other
gases by analyzing the combined responses from the array, thereby improving the overall
selectivity. Hence, by considering these sensor readings, we can mitigate the cross-sensitivity
of Lyc-BixMoOs. Therefore, Lyc-Bi2MoOs is considered to exhibit excellent PH3 sensing
performance under specific environmental conditions. Additionally, Lyc-Bi>MoOs's responses
to 0.3 and 0.6 ppm PH; were evaluated across several cycles to ensure reproducibility. Figure
5f shows that S of Lyc-Bi>MoOs to these concentrations remain stable over a minimum of 10
continuous cycles, with a deviation less than 10% and an average deviation under 5%. Figure
5f also shows the results of 1.2 ppm PH; response assessments carried out per week across the
same collection of Lyc-Bi2MoOs sensors. Even after several weeks, Lyc-Bi>MoOs maintained a
certain level of sensitivity to PH3, with the maximum response attenuation being 9.46% over
10 weeks. Notably, after 7 weeks, the rate of attenuation began to stabilize. Figure S7 presents
the humidity testing results, indicating that within the 60% relative humidity range (45%-70%),
minor fluctuations in humidity introduce an error of no more than +2% in the PH; response
measurements. Moreover, Table 1 compares the gas detection capabilities of Lyc-Bi>MoOs with

other PH3; sensing materials, highlighting parameters including sensitivity, operating
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temperature, and Tresponse. Previous studies clearly show that PHj; sensors based on FexOs,
CaFeO2s, Sn02-Zn0, and SnO2-ZrO; require higher operating temperatures to achieve optimal
sensing performance. Among these, SnO>-based composite sensors exhibit good sensing
performance for ppm-level PHj;, including high responsiveness and sensitivity. All the
experimental results indicate that even at room temperature and lower PH; concentrations, Lyc-
Bi:>MoOs provides significant gas sensitivity. Therefore, Lyc-Bi>MoOs is considered a
promising high-sensitivity PH3 sensing material for room-temperature applications.

Figure S9 shows the continuous tracking response curves of the Lyc-Bi>MoQOs sensor to
phosphine concentrations ranging from 10 to 30 ppm, as well as cyclic response curves for
larger concentration differences. From these curves, it can be seen that the theoretical upper
detection limit of Lyc-Bi2MoOs for phosphine gas at room temperature exceeds 30 ppm, and

the sensor is able to return to its initial state after each response.

Table 1
Comparison of different metal oxide-based phosphine sensors.
. Operating Concentration/ppm
Materials Formulas Tresponse REF
Temp/°C (Response)
Fe 03 360 100 (29.4) 1 hour 40
S=R4/R, .
CaFeOas 360 5(3.5) 15 min 13
Sn0,-ZnO 310 0.42.4) 1 min 12
S=(Ra-Rg)/Rg .
Sn0,-Zr0; 350 0.1 (260) 1 min 14
Modified porous Si RT 1(1.19) S=R./R, 4 min 4142
This
Lyc-BixMoOg RT 0.6 (25 %) S=(Ra-Rg)/Rg X 100% 65 sec i
wor

* RT represents room temperature.

Gas-sensing mechanism

Density functional theory calculations are increasingly employed to explore gas-sensing
mechanisms. In this study, we conducted DFT calculations to investigate the phosphine sensing
mechanism of Lyc-Bi2MoOs. A thorough analysis was performed on the geometrical structure,
adsorption energy, orbital hybridization, and electron transfer of the adsorption system. The
sensor's response and recovery capabilities were also evaluated. The results of this research may
assist in validating and promoting the exploration of Lyc-Bi>MoOs for potential applications in
PH; gas sensors. Relevant computational parameters can be referenced in the methods below.
Figures 6a and 6b display the band structure and DOS of the BizMo0Og supercell, demonstrating

that Bi2MoOg is an indirect bandgap semiconductor with a bandgap width of 2.579 eV, nearly
13



matching the observed value of 2.61 eV. The O 2p orbitals occupy the upper edge of the valence
band in the total density of states (7DOS), while hybridized p orbitals with Mo 4d fill the high-
energy regions of the valence band. The Bi 6s orbitals contribute minimally near the Fermi level,
and the conduction band is primarily composed of hybridized Bi 6p and Mo 4d orbitals. During
PH; adsorption, electrons transition from the hybridized orbitals to the Bi 6p orbitals. The (131)
plane was chosen for PH; adsorption studies due to its relatively stable surface energy.*® Table
2 lists the adsorption energy (Ea4s), adsorption distances, and charge transfer (Q;) for adsorption
configurations a, f, and y. On the surface, PH; tends to adsorb at the top Bi site, as shown in

the adsorption model a in Figure 6c.
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Fig. 5 | Trace-gas sensing measurement. a Response of Sample S-1to S-5 to 1 ppm PH;. b Response
schematic diagram of Lyc-Bi:2MoOs to PH3 concentration changes. ¢ Linear relationship of response and
concentration. d Magnified response of Lyc-Bi>MoOs to 0.6 ppm PH;. e Sensitivity of Lyc-Bi2MoOg at room
temperature to potential interfering gases. f Schematic diagram of a cyclic test and per week response with

error distribution.

Table 2

The adsorption performance of PH3 on BixMoOs (131).
Adsorption model Eus " eV Distance/A O, /e
o 0.385 3.062 0.02
S 1.220 3.739 -0.01
y 1.909 3.978 -0.09

* Equation 3 for Eqqs is provided in methods.*
Figs. 6¢c-6e illustrate the electron density difference (EDD) maps of PH3 adsorption on the
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surface sites of Bi, Mo, and O on BiMoQOs (131), denoted as models a, £, and y, respectively.
In these maps, blue represents electron loss, and red represents electron gain.*> According to
Table 2, only in configuration does PH; transfer electrons to the surface. Figs. 6f-6h show EDD
slice views for adsorption configurations a, § and y, along with the electron loss and gain in the
slice perpendicular to the Z-axis.***” It can be observed that in the Bi top-site adsorption (model
a), PH; transfers the most charge to the surface, with electrons more concentrated within the
bulk. In contrast, for the Mo and O top-site adsorptions (models f and y), electrons accumulate
between the surface and the adsorbed PH3 molecules, and PH; captures a certain number of
electrons. All models have positive Euqs values, indicating that PH3 adsorption is a physical
adsorption process requiring endothermic energy input. Positive adsorption energy usually
indicates that the adsorption process is endothermic, which is less common in gas-solid
interactions as they are generally exothermic. A positive value suggests that the interaction
between the gas molecules and the surface is weaker than expected and that energy is required
to adsorb the gas onto the surface. Notably, adsorption model a exhibits relatively stable
adsorption, while configurations f and y are unstable and sensitive to external conditions such

as temperature and humidity.
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Figure 7a presents a schematic diagram of the room temperature sensing mechanism of
Lyc-Bi:MoOs for PH3. During O2 adsorption, electrons are captured from the surface, while
PHj; donates electrons to the surface and reduces adsorbed oxygen to free O». In brief, at room
temperature, the surface-adsorbed O captures free electrons from the conduction band of Lyc-
Bi>MoOgs, converting them into O™ ions (R 1), which leads to an increase in the potential barrier
and the expansion of the electron depletion region.*®* Upon exposure to the reducing PHj; gas,
it is adsorbed onto the surface in the form of PH3 (ads) (Equation 1, R2). During the R3 process,
a portion of the surface O, is reduced to O, and electrons are transferred back to the Lyc-
Bi>MoOs substrate (Equation 2). At this stage, the electrons previously captured by O™ are
returned to BixMoOg, reducing the barrier height and the thickness of the depletion layer,

significantly lowering the sensor's resistance. Eventually, when the PH; concentration becomes
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stable, electron transfer reaches equilibrium (R4), and the sensor's response stabilizes (Figure
7b). Figure 7¢ explains the adsorption behavior through the space charge layer model, showing
that after PH3 adsorption, due to electron transfer to the surface, the bandgap of Lyc-Bi>MoOs
is reduced to 1.283 eV (which is a theoretical band gap value calculated from DFT). We
conducted phosphine gas-phase sensing tests in a nitrogen environment, with results shown in
Figure S6. In Figure S6 a, the stable baseline resistance indicates that the baseline resistance in
a nitrogen environment remains consistent over an extended period and is lower than in air.
This reduction is attributed to the absence of adsorbed oxygen capturing electrons from the
sensing material, which typically increases resistance. Upon introducing phosphine gas-phase
analytes (Figures S6 b and c), the sensor demonstrated a sensitive response. Compared to air,
the sensor's response in a nitrogen atmosphere to the same phosphine concentration was
significantly reduced, registering only about 20% of the response observed in air. This indicates
that the room-temperature phosphine sensing response of Lyc-Bi>MoOs is composed of two
components: electron transfer associated with desorption of adsorbed oxygen and physical
adsorption of phosphine. The room-temperature resistivity and conductivity of Lyc-BioMoQOs
are presented in Figure S12, with the resistivity stabilizing around 155 MQ-cm. This provides
valuable insight into the potential applications of the material in gas sensing. Electrochemical
impedance spectroscopy (EIS) was conducted using a standard Randle circuit, with the
equivalent circuit model illustrated in Figure S13. Charge transfer resistance (R c), interfacial
capacitance (C a1), and ion diffusion impedance, were analyzed to elucidate the gas adsorption-
desorption process, transport mechanism, and charge accumulation effect. The results exhibit a
typical Nyquist structure, where the semicircle in the low-frequency region indicates a faster
interfacial charge transfer, which is beneficial for gas sensing response. The linear segment in
the high-frequency region is typically associated with Warburg impedance (W), reflecting
diffusion-controlled processes such as electron or ion transport. The angle of the linear region
approaches 45°, indicating low internal diffusion resistance within the material. This suggests
enhanced electron and ion diffusion, leading to a higher charge transfer rate, which may explain

the rapid response of Lyc-Bi2MoOg to phosphine gas at room temperature.
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Lyc-BirMoOs demonstrates excellent sensing performance for detecting low
concentrations of phosphine at room temperature, providing a valuable reference for the

development of semiconductor-based PHj3 sensing materials.
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Fig. 7| Schematic diagram of response process. a and b Gas-sensing process schematic, ¢ Band diagram

of PH; before and after adsorption upon Lyc-Bi>MoOk.
Discussion

This study presents a gas sensor based on Lyc-Bi>MoQOs synthesized via a solvothermal
process, designed for detecting PH3 at ppb level. The sensor's performance in detecting PH; at
room temperature was investigated from multiple perspectives, including real-time response to
varying PH3 concentrations, cyclic response, and long-term stability testing. The sensor can
initiate action within 3 s of exposure to PH3 and completes the response around 60 seconds,
achieving a practical LOD around 150 ppb, which is below the OSHA permissible exposure
limit. Characterization results indicate that the performance of the Lyc-Bi>MoOs sensor towards
PHj is attributable to its lychee-like nanostructure. The outer "lychee shell" ensures sufficient
contact between particles while maintaining a non-dense coating, while the internally smaller
"flesh" particles provide more effective adsorption and reactive sites. The narrow bandgap and
rapid mobility of charge carriers further contribute to its sensitivity. Despite the promising low-

concentration detection capability of the Lyc-Bi2MoOs at room temperature, further
18



investigation into the mechanisms and theoretical analysis is needed to enhance Lyc-Bi>2MoOs-
based PH; sensing materials, which may advance the application of semiconductor gas sensors

in PH3 detection.
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