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Metal oxide semiconductor based gas sensors have been verified to be an effective way for food quality detection.
However, the high operating temperature, insufficient sensitivity, and selectivity limit their wide application.
Herein, one simplest Aurivillius oxide, BiMoOg microspheres and a series of exfoliated g-C3N4/BisMoOg hetero-
composites were developed using a facile solvothermal route, which are used to detect trimethylamine (TMA, a
volatile biomarker of fish freshness) at 22 °C. The introduction of E-g-C3N4 contributes to modulating the grain
size of Bi;MoOg and tuning the Bi/Mo cations valence states, thus improving the surface reactivity and electron
transfer efficiency. Benefiting from the synergetic engineering of 2D/3D micro-nanostructure, crystal defects,
and well-defined n-n heterojunctions, 1 wt% E-g-C3N4/BizMoOg attained superior TMA sensing performance at
22 °C, including the highest response (Ra/Rg = 10.6 @ 20 ppm) and accelerated response/recovery speed, fine
selectivity, and low detection limit (1.3 ppm), which is far satisfied with the detection requirement. Furthermore,
the comprehensive evaluation based on the fish color and tissue state, sensing characteristics, PCA, and pH
testing results reveal the fabricated TMA sensor can achieve rapid and non-destructive fish freshness detection.
This work provides insights into designing low-power consumption chemiresistive gas sensors and devices with

valid practicality.

1. Introduction

Fish is not only delicious food but also rich in many nutrients [1].
However, at present, fish and other aquatic products are mainly sold live
or fresh. In the process of transportation or market sales, they are prone
to spoilage and cause economic losses. Additionally, accidental inges-
tion of stale fish can cause human foodborne poisoning and seriously
affect the health of consumers [2]. Freshness is an important charac-
teristic of fish quality. Hence, many non-destructive techniques have
been used to determine fish freshness, including near-infrared spec-
troscopy (NIRS), hyperspectral imaging (HSI), multi-spectral imaging
(MSI), and nuclear magnetic resonance (NMR) [3,4]. Although these
methods can provide partially accurate information about fish freshness,
the existing limitations make them unsuitable for real-time assessment
of fish quality from a consumer’s perspective or on the spot. Therefore,
one of the alternative methods is to develop reliable and rapid detection
techniques to assess fish quality in real time.

According to international standards, the concentration of volatile

organic compounds biomarkers released from deteriorated sea fish can
be used to evaluate fish freshness.[5]. Among them, TMA (concentra-
tion: >10 ppm level) is recommended as a kind of biomarker for sea fish
freshness assessment [6,7]. Several methods were developed for TMA
detection, such as quartz crystal resonator, conductometric oxide based
sensors, and enzymatic based biosensor [5,8]. Notably, metal oxide
semiconductor resistive (MOSR) gas sensor is a rapid, accurate, and low-
cost detection technique, such as MoO3, WO3, a-Feo03, Co304, and Iny03
[9-13]. However, MOSR gas sensors still face the challenges of high
working temperatures and insufficient detection limit, which will cause
poor operation stability and limit their practical application. Hence,
room temperature TMA sensors with high performance have attracted
attention and have been developed for new-generation detection devices
[14].

To realize the excellent sensing properties working at room tem-
perature, the activated energy of molecules (redox reaction efficiency)
and the mobility of electrons/ions (charge transfer) need to be improved
[15]. Besides morphology control, catalyst (metal ions, metal oxides,

* Corresponding author at: College of Mechanical Engineering, Yangzhou University, Yangzhou 225127, Jiangsu Province, PR China.

E-mail address: zhangc@yzu.edu.cn (C. Zhang).

https://doi.org/10.1016/j.apsusc.2023.157443

Received 18 February 2023; Received in revised form 29 April 2023; Accepted 30 April 2023

Available online 5 May 2023
0169-4332/© 2023 Elsevier B.V. All rights reserved.


mailto:zhangc@yzu.edu.cn
www.sciencedirect.com/science/journal/01694332
https://www.elsevier.com/locate/apsusc
https://doi.org/10.1016/j.apsusc.2023.157443
https://doi.org/10.1016/j.apsusc.2023.157443
https://doi.org/10.1016/j.apsusc.2023.157443
http://crossmark.crossref.org/dialog/?doi=10.1016/j.apsusc.2023.157443&domain=pdf

K. Wuetal

etc.) decoration, and incorporation with the secondary phase, devel-
oping new sensing nanomaterials is also a key and effective path
[16-18]. BioMoOg, as one simplest Aurivillius oxide, possesses alter-
nating [BiO]" layers and octahedral [MoO,] > perovskite layers.
Benefiting from the unique layered structure (generating built-in electric
field), Lewis acid sites, and narrow band gap (2.5-2.7 V), improved
electron mobility and reaction kinetics can be obtained [19,20]. Though
there are few reports on Aurivillius oxides sensors, especially low-power
consumption and high-precision gas sensors, the tunable bimetallic
Bi,MoOg will show great application prospects in low or room-
temperature gas sensors, which needs to be systematically investigated.

Graphitic Carbon Nitride (g-C3N4), known as a metal-free layered
two-dimensional conjugated polymer with a bandgap of around 2.7 eV
(~460 nm), has a strong oxygen absorption capacity [21,22]. Therefore,
g-C3Ny4 has been researched as room-temperature gas sensors. For
instance, Reddeppa et al. developed g-C3N4/GaN nanorods gas sensor,
showing a fine sensing performance to 0.5-5 ppm NO; at 27 °C [23].
Wang et al. reported the g-C3N4/WO3 nanocomposite based acetone
sensor and confirmed the sensitization effect of g-C3N4 nanosheets [24].
The above studies proved that introducing g-C3N4 will contribute to
accelerating carrier transfer and improving surface activity in the elec-
trical system. Other studies have also shown that the exfoliation
improved the surface area and pore volume of g-C3Ny4 [25].

Until now, there is no reported work about Bi;MoOg based gas sen-
sors working at room temperature. Accordingly, we developed 3D
BisMoOg microspheres and 2D/3D E-g-C3N4/BiMoOg nanocomposites
with oxygen vacancies and well-defined n-n heterojunction structures
using a solvothermal synthesis method. The microstructural and gas
sensing characteristics of the as-fabricated gas sensors were investi-
gated. Benefiting from the hierarchical nanostructure, large oxygen
adsorption capacity, and accelerated carriers migration, the prepared E-
g-C3N4/BioMoOg-based TMA sensors showed high responses (Ra/Rg =
10.6 @ 20 ppm), short response/recovery time, and a low detection limit
(1.3 ppm). Furthermore, the sea fish freshness detection test using the
fabricated gas sensor was conducted to identify the practical application
potential. This simple strategy will provide a guide to designing room-
temperature gas sensors for the development of simple and rapid fish
freshness detection devices.

2. Experimental section

The preparation procedures of exfoliated g-C3N4 can be found in the
Supplementary Material.

2.1. Synthesis of E-g-C3N4/BioMoOg composites

All chemical reagents (VWR Belgium) were used without further
purification. BisMoOg microspheres and E-g-C3N4/BioMoOg composites
were synthesized as follows: 10 mL ethylene glycol (EG) and 20 mL
ethanol were first added into a 200 mL beaker, then the E-g-C3Ny4 with a
certain mass was mixed in the above beaker. Then the suspension in the
beaker was sonicated for 10 min. Subsequently, 2 mmol
NayMoO4-2H50, and 4 mmol Bi(NO3)3-5H;0 were added into the sus-
pension. After magnetically stirring for 1 h, the obtained suspension was
transferred into a Teflon- stainless steel autoclave (100 mL), which was
heated under 160 °C for 24 h. The products were washed 5 times with
deionized water and anhydrous ethanol, then dried at 80 °C for 12 h.
These samples with E-g-C3N4 of 0, 6.1 mg, 12.2 mg, 36.6 mg, and 61.0
mg are denoted as Bi;MoOg, 0.5 wt% E-g-C3N4/BisMoOg, 1 wt% E-g-
C3N4/BioMoOg, 3 wt% E-g-C3N4/BiasMoOg and 5 wt% E-g-C3Ny4/
BizMOOﬁ.

2.2. Characterization

The phase structure of all powders was investigated by X-ray
diffraction (XRD, Siemens/Bruker D-5000) using Co-Ka; radiation (A =

Applied Surface Science 629 (2023) 157443

1.7889 A). The morphology was observed using field-emission scanning
electron microscopy (FESEM, SU8020 Hitachi). EDX was used to detect
the elements distributions of C, N, Bi, Mo, and O in the final products.
The surface element states were determined using X-ray photoelectron
spectroscopy (XPS, XPS Phi Versa Probe 5000). The FT-IR test was
carried out by an IFS 66 v/s FTIR spectrometer (Bruker). UV-vis diffuse
reflectance spectrophotometer (Cary 5000, Varian) was used to deter-
mine the optical bandgap of all samples. The specific surface area of the
samples was measured by Brunauer-Emmett-Teller (BET) method
(FlowSorb III 2310, Micromeritics). The test was carried out at 77 K with
nitrogen.

2.3. Fabrication and measurement of gas sensors

The paste was prepared by mixing the powders with deionized water,
then it was coated onto the Al;O3 substrate. These gas sensors (Fig. S1)
were obtained after being kept at 120 °C for 24 h. The room temperature
(22 + 2 °C) gas sensors testing system is displayed in Fig. S1. More
testing information can also be found in Supplementary Material. The n-
type response of BizMoOg based gas sensors is defined as Ra/Rg, where
R, and Rg represent the stable resistance values in air and target gas,
respectively.). The response/recovery time is taken from the time when
the total resistance change reaches 90%.

2.4. Determination of pH

Cod fish was bought from the local market of Mons. The samples (0.6
g) under different storage periods were mixed with 6 mL distilled water
to form homogenate suspensions. The pH values of these suspensions
were tested using a digital pH meter (pH 1100 L, VWR).

2.5. Determination of fish freshness

The fabricated 1 wt% E-g-C3N4/BisMoOg based TMA gas sensor was
used to detect the freshness of real fish. The fish fillet (fresh Cod fish, 20
g) was defrosted and was then placed in a sealed bottle (0.3 L) at around
23 °C. During the whole detection procedure, the total gas flow was kept
at 500 mL/min. The sensor electrical resistance variation towards fish of
different storage periods (1, 2, 3, 4, 5, and 8 days) was recorded, and
PCA, color & tissue state, and pH change were used to classify and assess
the fish freshness.

3. Results and discussion
3.1. Structural and morphological characteristics

The diagram in Fig. 1 a-b illustrates the preparation procedures of
exfoliated g-C3N4 nanosheets and 2D/3D E-g-C3N4/BioMoOg hetero-
composites. Fig. 1c displays the schematic diagram of as-fabricated
gas sensors, which were used to determine the phase structures of the
sensing materials by XRD. In Fig. 1d, the bulk and exfoliated g-C3N4
show the characteristic peaks at around 27.6°, which are indexed to the
(002) plane of g-C3N4 (JCPDS No. 87-1526). Notably, the (002) plane is
from the inter-layer stacking of conjugated aromatic systems in g-C3Ny.
The peak intensity of the (002) plane decreased by 43.6%, revealing the
nanosheets have been exfoliated successfully from bulk g-C3Ny4 [26]. The
inset photographs show the bulk g-C3N4 suspension was white after
being ultrasonicated for 15 min, while the E-g-C3Ny4 suspension changed
to transparent. And a red laser light was passed through it, this Tyndall
effect further confirmed the existence of nanosized materials [27]. In
Fig. le, the characteristic peaks of the samples that can be observed at
20-80° are matched to the orthorhombic Bi;MoOg (JCPDS-84-0787).
Because of the small amounts of E-g-C3N4, the XRD profiles of E-g-C3Ny4/
BisMoOg composites mainly show the peaks of BiaMoOg. Additionally,
there are several detected peaks corresponding to the Al,O3 substrate.
The average grain sizes of pristine Bi;MoOg and E-g-C3N4/BiaMoOg
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Fig. 1. Synthesis procedures of (a) exfoliated g-C3N4 and (b) E-g-C3N4/BisMoOg composites. (c) The schematic diagram of the fabricated gas sensor. XRD patterns of
(d) bulk g-C3N4 and E-g-C3N4 in 20-60° and (e) pristine BixMoOg microspheres and E-g-C3N4/Bi;MoOg composites. Insets are photographs of bulk g-C3N4 and E-g-
C3N, suspensions in water. (f-h) FT-IR curves of exfoliated g-C3N4, Bi;MoOg, and E-g-C3N4/Bi;M0oOg composites.

composites were confirmed using the Debye-Scherrer equation: D =
0.894/fcost, where 1 is the wavelength of the Co Ka radiation (1 =
0.17889 nm), 3 is the peak width at half maximum (FWHM) of identified
crystal planes, and 6 is the position of XRD peaks. The grain sizes were
estimated as 16.0 nm, 11.2 nm, 7.4 nm, 9.2 nm, and 12.3 nm,
respectively.

The chemical bonds of as-synthesized E-g-C3N4, BioMoOg, and E-g-
C3Ny4/BioMoOg composites were investigated using FT-IR spectra
(Fig. 1g-h). In the spectrum of BioMoOg, three peaks at 553.4, 701.8, and
839.9 cm ! are indexed to the stretching of Bi-O, stretching vibrations of
Mo-O and the bridging stretching vibrations of Mo-O-Mo bond, respec-
tively [28,29]. For E-g-C3Ny, the peak at 801.3 cm™! is attributed to the
triazine rings, while the peaks in the range of 1200-1700 cm ™! belong to
the C-N heterocycles of triazole rings stretching. The peaks from 3100
em™! to 3600 cm™! indicate the residual -NH, and adsorbed hydroxyl
groups [21]. Meanwhile, the characteristic peaks of E-g-C3N4 and
BisMoOg could be found in all E-g-C3N4/BiMoOg nanocomposites,
thereby further supporting the construction of the hetero-composites.

The effect of the introduction of E-g-C3N4 on the band gap of the
composites was investigated. UV-vis diffuse reflection spectra were
firstly obtained (Fig. S2a), then the band gaps of all samples were esti-
mated using Kubelka-Munk formula: (F(R)hv)l/ T—K/S= (1-R)2/ 2R =B
(hv-Eg), where the K is absorption coefficient, S is the reflection coeffi-
cient, R is reflectivity (%), h is Planck’s constant, v is the frequency of the
light, Eq is a physical quantity related to the material [30]. As shown in

Fig. S2b, the bandgap values of BizMoOg and E-g-C3N4 were approxi-
mately 2.55 eV and 2.88 eV. Meanwhile, the E-g-C3N4/BioMoOg com-
posites exhibit increased band gap values of 2.58 eV, 2.61 eV, 2.65 eV,
and 2.67 eV, respectively, which might be due to the synergistic effect of
n-n junction in the E-g-C3N4/BioMoOg.

The morphology of the bulk E-g-C3Ny, E-g-C3N4, BiMoOg, and E-g-
C3N4/BisMoOg composites was characterized using FE-SEM. In Fig. 2c-
d, E-g-C3N4 showed a cluster of 5-10 pm and wrinkled nanosheets
(thickness: ~35 nm), while bulk g-C3N4 showed a larger size (Fig. 2a-b).
Fig. 2e and f show that Bi;MoOg presents a hierarchical spherical
structure, and the microspheres are assembled with crossed nanosheets.
In Fig. 2g-n, when the E-g-C3N4 was introduced, the composites still
maintain a micro-spherical structure, and the E-g- C3N4 nanosheets are
loaded on the surface of BioMoOg, making the surface rougher. Fig. 20
shows the magnified image of 1 wt% E-g-C3N4/Bi;MoOg composite and
its schematical diagram, which consists of E-g-C3N4 and orthorhombic
BipMoOg. Additionally, Fig. S3 shows the surface EDS elemental maps
observed in the four E-g-C3N4/BiaM0Og composites samples. The results
indicate the co-existence of C, N, Bi, Mo, and O, and the increased
content of N suggests that E-g-C3N4 of various mass fractions were
successfully compounded with the BisMoOg.

The surface elemental compositions of pristine BioMoOg, E-g-C3Ny,
and 1 wt% E-g-C3N4/BioMoOg were elucidated through XPS. Fig. S4
shows the full survey spectrum, confirming the co-existence of Bi;MoOg
and g-C3Ny in 1 wt% E-g-C3N4/BioMoOg composite. As shown in Fig. 3a,
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Fig. 2. FE-SEM images of (a, b) Bulk g-C3Ny, (c, d) E-g-C3Ny, (e, ) pristine Bi;MoOg microspheres, (g, h) 0.5 wt% E-g-C3N4/BioMoOs, (i, j) 1 wt% E-g-C3N4/BisMoOg,
(k, 1) 3 wt% E-g-C3N4/BisMoOg, (m, n) 5 wt% E-g-C3N4/BioMoOg composites. (0) Enlarged FE-SEM image of 1 wt% E-g-C3N4/BioMoOg and its schematical diagram of

E-g-C3N4 and orthorhombic BioMoOg.
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Fig. 3. Elements chemical states of pristine Bi;MoOg, E-g-C3N4 and 1 wt% E-g-C3N4/Bi,MoOg determined via XPS: (a) Bi 4f and (b) Mo 3d of pristine Bi,MoOg and 1
wt% E-g-C3N4/BiaMoOg, (¢) N 1s and (d) C 1s of pristine E-g-C3N4 and 1 wt% E-g-C3N4/BizMoOs.

the two peaks located at 158.1 and 163.3 eV in BizMoOg spectra are
ascribed to Bi 4f;,, and Bi 4fs/,, respectively [31]. And the two tiny
peaks at 155.7 and 161.1 eV are ascribed to Bi** in BisMoOg [32,33].
Notably, these two similar sets of peaks can also be observed in 1 wt% E-
g-C3N4/BisMoOg, revealing the existence of Bi®* and Bi*" in both
powders. As shown in Fig. 3b, the peaks at 234.5 eV and 231.3 eV are
assigned to Mo 3ds/» and Mo 3ds/2 in BioMoOg, corresponding to the
Mo®" in BisMoOg [28,31]. Additionally, the specific peaks at the binding
energies of 233.1 eV and 230.0 eV are attributed to Mo®" [34]. The
generation of low valence Bi and Mo elements could be ascribed to the
electron reconstruction in [BiO]Jr-[MoO4]2*-[BiO]+ layers, which are
also related to the formation of oxygen vacancies. More details will be
discussed in the gas sensing mechanism. In Fig. 3c, the g-C3N4 shows

three obvious peaks, among which 397.1 eV represents sp>-bonded N
atoms in C-N=C, 398.5 eV represents N-(C)3 group, and 399.7 eV cor-
responds to NHj-functionalized groups (C-N-H), respectively [35,36].
Compared to g-C3Ny, all the peaks of 1 wt% E-g-C3N4/BiMoOg nano-
composite shifted toward lower binding energies of 396.4, 397.6, and
399.6 eV. In Fig. 3d, the peaks of the Cls in g-C3Ny4 at the binding en-
ergies of 284.8 and 288.2 eV correspond to sp>-coordinated C, and sp?
hybridized C from the N-C=N bond, respectively [37,38]. For 1 wt% E-g-
C3N4/BisMoOg, all the peaks of 1 wt% E-g-C3N4/BiMoOg nano-
composite also show a shift toward lower binding energies of 284.8 and
287.7 eV. Notably, the Bi 4f and Mo 3d peaks of the composite show a
slight shift towards the higher binding energies, while the main peaks of
C1sand N 1s show a slight shift to lower binding energies, indicating the
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transfer of electrons between g-C3Ny4 and BioMoOg [28,29].

The specific surface areas were determined using Brunauer-Emmett-
Teller (BET) method. As shown in Table S1, the specific surface areas of
pristine BisMoOg, 1 wt% E-g-C3N4/BisMoOg and 3 wt% E-g-C3N4/
Bi;MoOg were 17.69, 46.16 and 34.84 m2g . According to the reported
literature [15], the specific surface area is related to grain size (A = 6/
D*p, where A is the specific surface area, D is the grain size, and p is the
density of the crystal), suggesting that specific surface area will decrease
with increasing grain size. Hence, the determined specific surface areas
of samples are consistent with the change of grain sizes, and 1 wt% E-g-
C3Ny4/BisMoOg obtained the largest specific surface area, which will
contribute to enhancing gas sensing properties.

3.2. Gas sensing performance

Pristine BixMoOg microspheres and E-g-C3N4/BiM0oOg composites-
based gas sensors were evaluated at room temperature. The dynamic
resistance variations of all gas sensors towards 5-20 ppm TMA are
depicted in Fig. S5. Notably, the pristine E-g-C3N4 nanosheets showed
barely response to TMA of 5-20 ppm. Fig. S6a-e shows the corre-
sponding dynamic response curves. The series of E-g-C3N4/Bi;MoOg
composites present significantly higher response values than that of
pristine BixMoOg microspheres and E-g-C3sN4 nanosheets. As shown in
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Fig. S6f, the 1 wt% E-g-C3N4/BisMoOg showed the highest response to
5-20 ppm TMA at room temperature. The response values of 1 wt% E-g-
C3N4/BisMoOg to 5-20 ppm TMA are 2.45-10.6, while that of pristine
BipMoOg is only 1.08-1.41.

Moreover, the response/recovery speeds of pristine Bi;MoOg and 1
wt% E-g-C3N4/BisMoOg to 20 ppm TMA were also analyzed. As shown
in Fig. 4a, the 1 wt% E-g-C3N4/BisMoOg gas sensor displayed shorter
time (42 s/209 s) in both response and recovery, while those of pristine
BipMoOg were 64 s and 253 s, respectively.

Selectivity is one key parameter in practical application. In Fig. 4b-c,
pristine BioMoOg microspheres and 1 wt% E-g-C3N4/BisMoOg compos-
ites gas sensors were investigated using NHs, CcHj5N, CoHsOH, C3HgO,
C3HgO, H,S, and CH3OH of 20 ppm under the same test condition. The 1
wt% E-g-C3N4/BisMoOg shows a significantly higher response of 10.6 to
TMA, while the response to 20 ppm NHj, CgH;sN, CoHsOH, C3HgO,
C3HgO, H,S, and CH3OH are 4.6, 3.1, 3.2, 2.3, 1.7, 1.5, and 1.1,
respectively. Additionally, pristine Bi;MoOg shows a similar response to
all target gases, indicating 1 wt% E-g-C3N4/BisMoOg presents enhanced
selectivity to TMA. Hence, 1 wt% E-g-C3N4/BisMoOg sensor can detect
and identify TMA effectively. The selectivity can be explained as follows:
The main bond energies of target gases are TMA & TEA (C-N, 307 kJ/
mol), isopropanol (C-C, 345 kJ/mol), HsS (H-S, 376 kJ/mol) NH3 (N-H,
391 kJ/mol), methanol C-H (411 kJ/mol), ethanol (O-H, 458.8 kJ/mol),
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and acetone (C=0, 798.9 kJ/mol) [39,40]. In addition, Bi,MoOg has
enough Lewis acid sites, which can easily detect alkaline gases. In gen-
eral, the more alkyl groups attached to a nitrogen atom, the more
alkaline it is. However, the increase of the alkyl group also leads to the
increase of the steric hindrance, and it is difficult for the proton to
approach the electron pair of the amine nitrogen, so the alkaline
weakens. Therefore, the sensor was more sensitive to TMA because of its
stronger alkaline. The similar results can also be found in the previous
work [41]. The reproducibility and long-term operation stability of gas
sensor were also evaluated. Fig. 4d-f display the continuous sensing
behavior of 1 wt% E-g-C3N4/BisMoOg towards 10 ppm TMA in five
cycles, showing the stable response values of around 4.0. Fig. 4e dis-
played the stable response values of 1 wt% E-g-C3N4/BioMoOg towards
10 ppm TMA in 15 days, revealing the fabricated gas sensor attained
good operating stability.

The sensing properties of room temperature gas sensors may be
affected by the change in relative humidity. Hence, the response of 1 wt
% E-g-C3N4/BisMoOg to TMA was tested in 30-90 RH%. Fig. 4g displays
the corresponding response values towards 10 ppm TMA at different RH
(30, 50, 70, and 90%), which were 4.14, 1.71, 1.62, and 1.39, respec-
tively. With the increased relative humidity, the baseline resistance and
response values of 1 wt% E-g-C3Ny4/BioMoOg based sensor are continu-
ously decreased. This can be explained that the water molecules exhibit
electron-donating behavior, therefore, the existence of water vapor
molecules will lower the baseline resistance [42]. Additionally, the
adsorbed water molecules will occupy the surface active sites of 1 wt%
E-g-C3N4/BisMoOg and prevent TMA from reacting with the absorbed
oxygens, thus declining the resistance change of the sensor caused by

®=5.12eV =43V E

[

E,
T X

E; SR, AP I
2.55eV

E,

E,
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TMA [43]. After the relative humidity reached a high level (70 % and 90
%), the adsorbed water molecules will gradually reach saturation, thus
resulting in slight effect on the sensing properties at higher humidity
levels.

As shown in Fig. 4h, 1 wt% E-g-C3N4/BisMoOg presents good linear
response (R? is 0.9656) and the highest sensitivity (1.05 ppm ). The
noise of the sensor (RMS,,ise) was calculated as 0.4643. Based on the
method proposed by the International Union of Pure and Applied
Chemistry (IUPAC), the limit of detection (LOD = 3 RMSojse/Slope) of 1
wt% E-g-C3N4/BisMoOg composite was approximately 1.3 ppm, which
is enough for the practical application of seafood freshness detection
[44]. Additionally, the comparison with the TMA sensing properties of
recently reported metal oxides based gas sensors are shown in Fig. 4i and
Table S2. 1 wt% E-g-C3N4/BisMoOg composite exhibits superior room-
temperature TMA sensing properties than the listed gas sensors. The
gas sensor in this work will be a competitive candidate in practical
application.

3.3. Gas sensing mechanisms

The gas sensing mechanisms were clarified through the chemical
redox reactions occurring on the sensing material surface [45,46]. In
Fig. 5a, the fabricated Bi;MoOg microspheres and 1 wt% E-g-C3Ny/
BiaMoOg sensors display n-type semiconductor gas sensing characteris-
tics. When the sensing layers encounter air, the formed chemisorbed
oxygen species (03) will decrease the electron concentration and thicker
the electron depletion layer at the interface, leading to high baseline
resistance. Once the gas sensors are exposed to TMA, the O3 will react

InT

®=5.12eV € _ ®=43eV

Fig. 5. (a) Adsorption and reaction model of the TMA sensing process on the surface of pristine Bi,MoOg microspheres and 1 wt% E-g-C3N,4/Bi;MoOg composite-
based gas sensor. (b) Energy bands model of the formation of n-n heterojunction structure.
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Fig. 6. (a-f) Response/recovery curves of 1 wt% E-g-C3N4/BioMoOg to the spoilage volatile gas of fish stored for 1-8 days at 23 °C and the corresponding photo-
graphs of fish. (g-h) Dynamic resistance variation and response of 1 wt% E-g-C3N4/BioMoOg gas sensor to the relative humidity difference during the prac-

tical detection.

with TMA and release the electrons back to the conduction bands,
leading to decreased resistance. The whole sensing procedures are as
Egs. (1)-(4) [47,48].

02 (gas) = O2 (ads) (@)
02 (ads) + € = O3 (ads) 2)
C3HoN (gas) = C3H9N (ads) 3
4C3HoN (ads) + 2103 (ads) = 2 Na + 12CO; + 18H,0 + 21e” (€))

The enhanced TMA sensing mechanisms of 1 wt% E-g-C3N4/
BiMoOg are explained as follows: Firstly, 1 wt% E-g-C3N4/BiaMoOg had
the hierarchical nanostructure, contributing to facilitating the gas
diffusion and providing more active sites, thus improving sensing
properties [49,50], additionally, the exfoliated g-C3N4 will boost the
charge separation and transfer efficiency [26]. Secondly, with the
introduction of E-g-C3Ny4, the grain size decreased, and the specific
surface area possibly become larger, which will contribute to enhancing
the sensing performance. After the mass fraction of E-g-C3Ny4 exceeded 1
wt%, the grain sizes increased and the specific surface area possibly
become smaller, thus resulting in lowering the sensing performance.
Thirdly, besides the electronic nature of E-g-C3N4 and Bi;MoOg, the
formation of n-n E-g-C3N4/BisMoOg heterojunction also boosts the

sensing characteristics. The work function and bandgap of Bi;MoOg are
approximately 5.12 and 2.55 eV, respectively, while that of E-g-C3Ny4 are
around 4.3 and 2.88 eV, respectively [21,51]. Fig. 5b depicts the energy
bands diagram of the well-defined E-g-C3N4/BisMoOg heterojunctions.
The larger carrier depletion layer and potential barrier formed at the
heterojunction interface will lead to a high baseline resistance (R,),
which is conducive to promoting the redox reaction between TMA and
sensing materials and enhancing the sensing properties. Additionally, as
shown in Fig. S8, when the sensing materials are exposed to TMA, E-g-
C3Ny4/BisMoOg will show the more significant shrink of carrier depletion
layer and potential barrier height (AV}). Based on the equation (AR «
exp{-qAVy/kgT}), where AR refers to the variation of resistance, T
represents temperature and kg is the Boltzmann constant.), a sharp
downshift of sensor resistance (AR) for E-g-C3N4/BizMoOg will occur,
resulting from the large variation of potential barrier height, thus
attaining superior sensing capacity.

Fourthly, the change of carrier concentration is a key factor in gas
sensing procedures. The gas response (S) can be defined as S = Ra/Rg =
cg/Cy = Ac/c, + 1 [52], where cg and c, represent the electron con-
centration in target gas and air, Ac= cg-c; is the corresponding variation.
The lower the electrons concentration in air and the larger electrons
concentration variation is, the higher response to the reducing gas can
be. According to the results of Fig. 6 and Table S3, the O 1s spectra of all
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samples can be fitted with four peaks at around 529.1, 529.8, 530.7, and
531.8 eV, corresponding to the lattice oxygen (Bi-O and Mo-0O), oxygen
vacancy (Oy) and chemisorbed oxygen (Oc¢), respectively. In 1 wt% E-g-
C3N4/BiaMoOg, the main peaks are located at 528.8, 529.7, 530.6, and
531.6 eV, respectively. The peaks shift towards the lower binding en-
ergies of O 1s is ascribed to the improved electron density around oxy-
gen atoms, resulting from the formation of n-g-C3N4/n-BizMoOg
heterojunction. Additionally, the co-existence of mixed valence state Bi
(Bi?*/Bi**) and Mo (Mo°*/Mo®") further confirmed the production of
oxygen vacancies. The atom percentage of Oy and O¢ of 1 wt% E-g-
C3N4/BiaMoOg is calculated as 23.9 at%, while that of pristine Bi;MoOg
is 11.3 at%. The abundant Oy and O¢ will contribute to making carrier
depletion layer thicker (lowering the carrier concentration in air) and
boosting the reaction between the sensing layer and TMA (enlarging the
variation of carrier concentration).

Moreover, the experimental data corroborate the proposed enhanced
sensing mechanisms. In Fig. S8, the baseline resistance and their vari-
ation of BisMoOg and all E-g-C3N4/BisMoOg composites during the
response procedure were investigated again. Among them, 1 wt% E-g-
C3Ny4/BiaMoOg presents the highest baseline resistance (R, 1.07 x 1010
Q) and a larger variation of resistance (AR, 9.71 x 10° Q), while those of
Bi,MoOg and other E-g-C3N4/BisMoOg composites are lower and
smaller. These results further identify the lower carrier concentration in
air and larger electrons concentration variation in TMA of 1 wt% E-g-
C3Ny4/BioMoOg, revealing that the superior gas sensing properties
benefit from the unique 2D/3D micro-nanostructure, decreased grain
size, oxygen vacancies, and heterojunctions.

3.4. Practical applications of E-g-C3N4/BizMoOg sensor

Herein, the as-fabricated 1 wt% E-g-C3N4/BisMoOg microspheres-
based gas sensor was used to detect the released gases from Cod fish.
As shown in Fig. S9, the homemade testing system was used to detect the
released TMA from 20 g fish during storage for 8 days at around 23 °C.
The optical photographs of Cod fish at different storage periods and the
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corresponding response/recovery transient curves of 1 wt% E-g-C3Ny4/
BiaMoOg gas sensor are shown in Fig. 7a-f. The physical properties (color
and softening) of fish changed (darker color and soft muscle tissue)
along with the storage time, indicating the beginning and exacerbation
of fish deterioration. Furthermore, the gas sensor showed larger signal
variation to the released volatile gas along with the increased storage
period.

Additionally, the high humidity content of the fish body may cause
the humidity change in the whole test procedure, resulting in unreliable
output signals. Hence, the effect of the humidity difference of the
chamber on the sensor response was studied. Firstly, the relationship
between the relative humidity and output voltage of the commercial
humidity sensor is determined (Fig. S10). Then, the exact relative hu-
midity of the target gas flow from the bottle with Cod fish fillet was
determined as 90 RH% (~4.0 V) using the commercial humidity sensor.
After balancing both the response and the humidity difference, the
relative humidity of carrier air flow was controlled at 80 RH% during the
whole test procedure. As shown in Fig. 7g-h, the response values to fish
(Day 2) with 80 RH% and 90 RH% were 3.31 and 1.32, respectively,
while that of fish (Day 5) were 8.92 and 1.34, respectively. Therefore,
the relative humidity difference (A10%) always shows a similar effect on
the response and baseline resistance values, especially, which shows
slight influence on Day 5. Hence, the response results in Day 1-8 were
used directly for the next analysis.

Fig. 8a displays the logical block diagram of the fish freshness
evaluation system, the detected TMA released from 20 g fish and the
corresponding pH values during the storage at room temperature were
used to present the comprehensive evaluation of fish freshness. In
Fig. 8b, the response values of 1 wt% E-g-C3N4/BizMoOg gas sensor
increased from 1.25 to 11.71 with the storage time. In addition, the
response values were linearly proportional (R? = 0.975) to the storage
time, indicating the quantitative and predictive analysis ability of 1 wt%
E-g-C3N4/BisMoOg gas sensor. In Fig. 8d, the pH decreased to 6.73
during the first 2 days, resulting from the produce lactic acid and the
generation of adenosine triphosphate (ATP) and H' [53]. During storage
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Fig. 7. High-resolution O 1s spectra of a) pristine BioMoOg, b) 0.5 wt% E-g-C3N4/Bi;MoOg, ¢) 1 wt% E-g-C3N4/BisMoOg, d) 3 wt% E-g-C3N4/BisMoOg and €) 5 wt%
E-g-C3N4/BisMoOg. f) Oxygen species content (O, + O.) of pristine Bi;MoOg (1) and all E-g-C3N4/Bi;MoOg composites samples (2-5).
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Fig. 8. (a) Block diagram of the fish freshness evaluation system. (b) Linear response of 1 wt% E-g-C3N4/BioMoOs to the spoilage volatile gas of fish stored for 1-8
days at 23 °C. (c) PCA analysis of the detection results. (d) Real-time pH analysis of the fish stored for 1-8 days.

on Day 3-8, the pH gradually increased from 7.136 to 7.927, which was
ascribed to the spoilage decomposition of protein and the production of
alkaline metabolites [53,54]. Based on the sensor response, pH values
and physical properties change of fish, we used the PCA pattern to
classify the fish with various freshness states. In PCA, the response
values, baseline resistance and stable resistance values in target gas were
used to carry out the principal component analysis. As shown in Fig. 8c,
the first PC represented 69.4% of the information content contained in
the data, while the second was 28.1%. And the fish kept fresh for two
days, the fish on the 3rd and 4th days belong to the early spoilage stage,
and the fish on the 5th and 8th days completely deteriorated. Therefore,
the application results confirmed the rapid and non-destructive fish
freshness detection of 1 wt% E-g-C3N4/BioMoQOg gas sensor.

Additionally, the effect of storage temperature of fish on the response
was also investigated. Fig. S11 showed the results of the sensor detecting
Cod stored at —4 °C. The sensor response values to Cod stored for 28
days at — 4 °C were 1.24, 1.25, 1.33 and 2.02. It is obvious that the Cod
fish was still fresh after 28 days.

4. Conclusions

In this work, we developed simple chemiresistive-type gas sensors
based on Aurivillius oxide composite microspheres (BioMoOg and E-g-
C3N4/BiaMoOg) using a facile solvothermal synthesis method. Among
the nanocomposites, 1 wt% E-g-C3N4/BisMoOg composites displayed
the best sensing properties towards 5-20 ppm TMA, including superior
response (R,/Rg = 10.6 @ 20 ppm), fine selectivity, low detection limit
(1.3 ppm), and repeatability. The excellent gas sensing performance was
enabled by the synergetic effect of unique micro-nanostructure, crystal
defects, and n-n heterojunction structure. Moreover, the 1 wt% E-g-
C3N4/BiaMoOg sensor was utilized to detect the freshness of Cod fish
(1-8 days) and its practicability was verified. Hence, this work could
serve as a reference on how to prepare high-performance gas sensors or
devices with low power consumption and valid practicality.
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