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High working temperature and the insufficient limits of detection limit the broad applications of semiconductor
chemiresistive gas sensors. Herein, pure Bi;MoOg nanosheets and a series of one-dimensional/two-dimensional
(1D/2D) multi-walled CNTs/BiMoOg nanocomposites were developed via a facile hydrothermal route for room-
temperature ammonia monitoring. The as-synthesized samples were characterized by various analytical tech-
niques. 0.5 wt% MWCNTs/Bi;MoOe nanocomposites showed the best sensing properties to 10-50 ppm NHg,

including low limit of detection (157 ppb), high response (R./Rg = 44.2 @ 50 ppm), good selectivity, repro-
ductivity, and anti-humidity sensing ability. The enhanced gas sensing mechanism was proposed based on the
synergetic effect of high-energy crystal facets, modified surface characteristics and p-n heterojunction. Density
functional theory (DFT) studies were also carried out to further clarify the gas sensing mechanisms. This work
provides a practical approach to design and fabricate high-precision gas sensors working at room temperature.

1. Introduction

As an indicator of assessing the environmental and indoor pollutants
level, NH3 will also damage the human health once its concentration
exceeds 50 ppm for 8 h [1,2]. NHj3 is also an indexed gas for protein-rich
food quality assessment, which will be released with the concentration
of ppm level during food spoilage process [3,4]. Moreover, the change of
NHj concentration from human exhaled breath can be used to diagnose
some diseases about the liver and lung [5]. Hence, real-time detecting
NHjs is significant for ensuring the environmental quality and human
health, which can be realized through the high-performance NH;3 gas
sensors [6].

Various metal oxide semiconductor-based chemiresistive NH3 sen-
sors have been designed in the past few years, such as ZnO, SnO,, WO3,
Iny03, TiOy, Co304 and CuFepO4 [7-13]. To attain better sensing
properties, multiple strengthening methods have been utilized to
improve the electronic or surface characteristics, such as fabricating
porous or hierarchical nanostructures, doping with noble metals or
transition metal elements, and introducing homo/hetero-junctions [14,
15]. However, the challenge of high working temperature and insuffi-
cient detection range remains, leading to poor operating stability of gas
sensors and limited practical application potential [16].

Bismuth molybdate (BisMoOg), as a kind of Aurivillius oxide with
octahedral [MoO4]% perovskite layer and [Biz02]%* layers, has been
investigated as photocatalysts because of that the alternating layered
structure and the corresponding in-built electric field between the layers
can improve the electron mobility and reaction kinetics at the interface
[17-20]. However, the application of Bi;MoOg in gas sensors is rarely
reported, especially for room temperature NH3 detection. Qin et al.
studied the NHj sensing performance of flower-like BisMoOg, and the
sensor displayed a fine response to NHg at 75 °C [21]. Hence, the tunable
bimetallic oxide Bi;M0oOg with a narrow bandgap of 2.5-2.7 eV should
be a candidate for low or room-temperature NH3 detection.

Additionally, multi-walled carbon nanotubes (MWCNTSs) are re-
ported as NH3 sensing materials with room-temperature operation mode
and satisfactory selectivity. Bannov et al. developed a series of NHs
sensors based on oxygen plasma treated MWCNTs, which showed a fine
response to 10-500 ppm NHj3 at room temperature [22]. Panes-Ruiz
et al. reported that the semiconducting CNTs showed fine response to-
wards NHy (5% @ 10 ppm) [23]. Yang et al. prepared the
NiWO4/MWCNTs gas sensor with p-n heterojunction, showing enhanced
response and selectivity to 20-80 ppm NHj [24]. These studies prove
that introducing MWCNT has many advantages in the electrical system,
such as enhanced surface activity and accelerated carrier transport.
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Scheme 1. Fabrication procedures of Bi;MoOg nanosheets and MWCNTs/Bi,MoOg gas sensors.

To our best knowledge, there is no reported work about pure
BisMoOg and its composites for room temperature gas sensors. Moti-
vated by the concepts mentioned above, we developed 2D Bi»MoOg
nanosheets and 1D/2D MWCNTs/BiMoOg nanocomposites based NH3
sensors using the hydrothermal method and drop coating. The effect of
MWCNTSs on composites was systematically studied, and the NH3 sen-
sors were also evaluated at room temperature. The enhanced sensing
mechanisms were revealed based on the surface conduction model and

DFT calculations.

2. Experimental section

2.1. Synthesis of BioMoOg nanosheets and MWCNTs/Bi2MoOg

composites

The MWCNTs suspension (2 mg/mL) was first prepared as follows:
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Fig. 1. XRD patterns of pure Bi,MoOg nanosheets and MWCNTs/Bi,MoOg composites in (a) 20-90° and (b) 27-34°; (c-e) Raman spectra of pure Bi,MoOg nanosheets

and MWCNTSs/Bi;MoOg composites.
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Fig. 2. FESEM images of (a) pure BMO nanosheets, (b-e) CBMO composites and (f) high-resolution image of the selected region of 2-CBMO, nanostructured details of
2-CBMO composite: (g) HR-TEM images, (h, i) lattice distance of various crystal planes and (j-n) HAADF image and EDS elements mappings of 2-CBMO.

30 mg MWCNTs (Nanjing XFNANO Materials Technology Co., Ltd) was
added into 15 mL N,N-Dimethylformamide (DMF). The target solution
can be obtained after ultrasonication for 2 h.

All other chemical reagents (Shanghai Aladdin Biochemical Tech-
nology Co., Ltd.) were used without further purification. BixMoOg
nanosheets and MWCNTs/BioMoOg composites were synthesized as
illustrated in Scheme 1. The typical hydrothermal procedure is that 0.97
g Bi(NO3)30.5 H20, 0.242 g NayM0040.2 H»0, and 0.0366 g Sodium
dodecyl benzene sulphonate were mixed in 30 mL deionized water.
MWCNTs solution was dropped into the mixed solution. The final so-
lution was transferred into a Teflon-lined stainless autoclave (50 mL)
after magnetically stirred for 2 h, which was subsequently kept at 180 °C
for 24 h. After cooling down naturally, the powders were washed with
deionized water and absolute ethanol for 5 times. The as-synthesized
products were obtained after being dried at 80 °C for 15 h. These sam-
ples compounded with MWCNTs of 0, 1.125 mL, 2.25 mL, 3.375 mL, and
4.50 mL are denoted as BisMoOg (BMO), 0.25 wt% MWCNTSs/BioMoOg

(1-CBMO), 0.5 wt% MWCNTs/BioMoOg (2-CBMO), 0.75 wt% MWCNTs/
BisMoOg (3-CBMO) and 1 wt% MWCNTSs/Bi;MoOg (4-CBMO).

2.2. Characterization

The phase structure of five powders was investigated by X-ray
diffraction using Cu-Ka radiation (XRD, D8 Advance Bruker,
A =1.54182 [D\) and micro-Raman spectroscopy (MRS, In via,
Renishaw). The morphological characteristics and nanostructure details
were determined via field-emission scanning electron microscopy
(FESEM, S4800II Hitachi), transmission electron microscopy (TEM,
JEM-2100) and high-resolution transmission electron microscopy
(HRTEM, Tecnai G2 F30 S-TWIN). The surface elements states were
analyzed using X-ray photoelectron spectroscopy (XPS, Thermo Fisher
Scientific ESCALAB 250Xi). The specific surface areas (BET) were
calculated using No adsorption/desorption isotherms (Autosorb 1Q3,
Quantachrome Instruments). Ultraviolet-visual-Near-Infrared (Uv-vis)
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Fig. 3. Elements chemical states of pure BMO and 2-CBMO determined via XPS: (a) Bi 4 f and (b) Mo 3d of BMO and 2-CBMO, (c) C 1 s of 2-CBMO and (d) O I s of

BMO and 2-CBMO.

spectrometer (Cary 5000) was used to measure Uv-vis spectral absorp-
tion and calculate energy band gap. Ultraviolet photoelectron spec-
troscopy (UPS) was performed to determine the work function in the
same instrument with unmonochromatized He I radiation.

2.3. Fabrication and measurement of gas sensors

The target suspensions were obtained by mixing as-synthesized
powders with deionized water, then drop coating onto the Al;O3 sub-
strate equipped with interdigital Au electrodes (Scheme 1). These gas
sensors were obtained after being aged at 120 °C for 24 h. The room
temperature (25 + 1 °C) gas sensors testing system is displayed in
Fig. S1, and the relative humidity of Lab is 30 + 10%RH. More testing
details have been added in Supplement materials. The response (n-type)
is calculated using R./Rg (R, and Ry represent the stable resistance
values in air and target gas, respectively). The response/recovery time is
the time required to reach a 90% change of resistance in a full sensing
behavior.

2.4. DFT calculation

The adsorption behaviors between sensing material surface and
target gas were simulated by the CASTEP modules (Material Studio).
The configuration parameters were added in Supplement materials. The
adsorption energy of target gases molecules on BioMoOg or MWCNTSs/
BioMoOg was expressed as Eq. (1):

Eads =E total ~ (Efacels + Eammonia) (1)

where Eq) represents the total energy of ammonia molecule - certain
crystal facet of BioMoOg surface system, Eg,cets is the energy of (002) or
(060) BisMoOg, and Eammonia represents the energy of the isolated
ammonia molecule.

3. Results and discussion
3.1. Structural and morphological characteristics

The phase structure of pure BiMoOg and MWCNTs/BiosMoQOg
nanocomposites are shown in Fig. 1a. The characteristics peaks from 20°
to 90° were indexed to the standard diffraction patterns of orthorhombic
BiMoOg (JCPDS 21-0102). Due to the compounding contents of
MWCNTs being too low, no significant characteristic peaks could be
observed in all MWCNTSs/BisMoOg powders [25]. The enlarged patterns
from 27° to 34° in Fig. 1b show that the characteristic peaks of these
composites became weaken and broadened with the increased MWCNTSs
content, suggesting a gradual decrease in the crystallization degree,
which was in good accordance with the previous studies [26,27].
Additionally, the peaks of nanocomposites at 20 = 28.3°, 32.6° and
33.2° gradually shift to the low angle direction, and the diffraction in-
tensity decrease, which further confirms the increase of MWCNTSs con-
tent [28]. Moreover, it is noteworthy that there are significant
differences in the relative intensities of (131), (200)/(002), and (060)
planes, indicating the possibility of different preferential orientation
growth under different MWCNTs mass fractions. Especially, the
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Fig. 4. N, adsorption-desorption isotherms, pore size distribution and BET specific surface areas of (a) BMO and (b) 2-CBMO composites.

intensity ratios of (060) and (200)/(002) planes of 2-CBMO increased
significantly, indicating that the part of crystals would grow along the
{010} direction and form rod-like nanostructure rather than {001}
square-sheet nanostructure [29,30]. The analysis will be further proved
by the SEM and TEM inspection. The re-orientated growth effect of
MWCNTs on the exposed facets of {010} with higher surface energies
will be further discussed in gas sensing mechanisms [19].

Raman spectra were carried out to further identify the composition
of all samples. In Fig. 1c, all the samples show similar stretching vi-
brations at 200-1000 cm™!. The peaks at 200-400 cm ™" are ascribed to
the MoO,4 octahedra and BiyO; tetrahedra [30]. The peaks in
650-900 cm ™! are ascribed to the bending motions and stretching vi-
brations of MoO4 octahedra, confirming the formation of BioMoOg in all
samples [17]. The peaks of Bi;MoOg at 800 cm~ ! shift to a lower
wavenumber, indicating the synergistic interaction between MWCNTs
and BipMoOg. In Fig. 1d, two peaks at around 1351 em 'and 1577 em ™!
are corresponded to the characteristic D (disordered sp? and non-sp?
carbon defects) and G (the C-C vibration with the sp2 hybridized orbital)
bands of CNTs [31]. Notably, the peaks of D and G-bands present a slight
blue shift, indicating a large number of disordered structures in the
composites and the accelerated electron transfer between MWCNTSs and
BioMoOg [32]. Fig. 1e shows the 2D bands of the MWCNTs at around
2675 cm ™!, associated with the splitting of electron bands [31].
Therefore, the results confirm the successful introduction of MWCNTSs
and the compounding between MWCNTSs and BiaMoOg.

The morphology of all samples was characterized using FESEM. In
Fig. 2a, pure BioMoOg showed nanosheet structure with a thickness of
around 5 nm. In Fig. 2b and c, the composite samples with 0.25 and
0.5 wt% MWCNTs showed uniformly distributed microstructure, which
consist of Bi;MoOg nanosheets and carbon nanotubes. With increased
MWCNTSs content, the samples with 0.75 and 1 wt% MWCNTSs showed
nanosheet-stacked structure and a part of larger-scale sheets (Fig. 2d and

e,). Fig. S2 provides more surface morphology characteristics of all five
samples, which can further confirm the above FESEM analysis. More-
over, the surface morphology of the as-fabricated BMO and 2-CBMO
sensors was also observed. As shown in Fig. S3, the surface
morphology of BMO and 2-CBMO sensors are similar to that of the as-
synthesized powders, showing the uniformly distributed nanosheets
structure of BMO (Fig. S3a and b) and sheets-like Bi;MoOg and carbon
nanotubes of 2-CBMO sensors (Fig. S3c and d). The nanostructure of
MWCNTs, pure BMO and 2-CBMO was analyzed via TEM and HRTEM. In
Fig. S4, the pristine MWCNTs with a diameter of about 23.4 nm are
observed and present a lattice distance of around 0.35 nm, which was
attributed to the (002) [33]. As shown in Fig. S5, BMO presents various
scaled nanosheets, while 2-CBMO shows MWCNTs interacted with
smaller BMO nanosheets and nanorods. Fig. S6 shows the HRTEM im-
ages of BMO, the lattice distance was measured as 0.275 nm, which was
attributed to (200), and the synthesized BMO displayed a uniform ele-
ments distribution of Bi, Mo, and O. The HRTEM images of 2-CBMO in
Fig. 2g clearly show that MWCNTs are well compounded with BioMoOg.
An interface with closely contacted MWCNTs and Bi;MoOg was
observed in Fig. 2h. The interplanar lattice distances of 0.345 nm and
0.315 nm are indexed to (200) of MWCNTs and (131) of BioMoOg
nanosheets, respectively [19]. In Fig. 2i, the interplanar lattice distance
of 0.271 nm is indexed to (060) planes of BisMoOg [34], which confirms
the results of XRD analysis. The SAED patterns in Fig. S7 show the
Debye-Scherrer rings for the crystal planes of BixMoOg and MWCNTs,
confirming the excellent polycrystal quality of 2-CBMO composite.
Furthermore, the homogeneous elemental distribution of C, Bi Mo, and
O in 2-CBMO composite is demonstrated in Fig. 2j-n.

The elemental compositions and their oxidation states of BMO and 2-
CBMO were analyzed using XPS. The full survey spectrum of the two
samples in Fig. S8 shows the presence of Bi, Mo, and O elements in the
two powders. And the obvious C peak from MWCNTSs can be found in 2-
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Fig. 5. The effect of working temperature (around room temperature) on the response and baseline resistance of 2-CBMO.

CBMO. As shown in Fig. 3a, the two peaks at binding energies of 159.18
and 164.48 eV in BMO spectra are assigned to Bi 4f7/2 and Bi 4f5/2,
respectively [35]. Additionally, the two similar peaks are also observed
in 2-CBMO, demonstrating the presentence of Bi>* in both powders. The
Mo 3d spectra (Fig. 3b) are fitted with two peaks of Mo 3d1/2 at around
235 eV and Mo 3d3/2 at around 232 eV, indicating the existence of
Mo®" in both samples [35]. Significantly, the main peaks of Bi 4 f and
Mo 3d of 2-CBMO show a slight shift to the lower binding energy, which
may be ascribed to the electron transfer between BisMoOg with
MWCNTs and the effect of MWCNTSs on the chemical environment of
Bi®* and Mo®" [36]. The high-resolution C 1 s XPS spectrum of 2-CBMO
in Fig. 3c contained five peaks at 283.92 (C-C), 284.91 (C-0), 286.16
(C=0), 288.24 (0-C=0), and 283.35 eV (Bi-C), indicating that the
MWCNTs were compounded with BioMoOg by Bi-C covalent bonds [37,

38]. The O 1s spectra in Fig. 3d can be fitted with two peaks at
529.94 eV and 531.46 eV, regarding to the lattice oxygen, and surface
chemisorbed oxygen, respectively. As for 2-CBMO, the two main peaks
are located at the lower binding energy of 529.63, and 531.06 eV,
respectively [39]. The shift to the lower binding energy of O 1 s peaks is
attributed to the formation of p-MWCNTs/n-BiaMoOg heterojunction,
which can improve the electron density around oxygen atoms [40].
The BET specific surface area (Sggr) and pores distribution of pure
BMO nanosheets and 2-CBMO composites were analyzed. Fig. 4 shows
the isotherm plots of BMO and 2-CBMO. The calculated Sggt of BMO and
2-CBMO were 8.31 and 10.02 m2.g~?, respectively. The mean pore sizes
of BMO and 2-CBMO were 3.307 and 3.306 nm, respectively (Table S1).
Moreover, 2-CBMO also presented a larger total pore volumes
(0.056 cm3~g_1), while pure BMO was 0.047 cm:"’~g_1 (Table S1). Hence,
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the improved surface characteristics of 2-CBMO will favor attaining
superior sensing properties, resulting from the boosted adsorption and
diffusion of gas molecules.

3.2. Gas sensing performance

The sensing response of 0.5 wt% MWCNTs/Bi;MoOg gas sensor to
20 ppm NHgj at around room temperatures (25 + 6 °C) were investi-
gated. As shown in Fig. 5, it can be seen that the sensing response of the
0.5 wt% MWCNTs/Bi;MoOg sensor varied linearly from 5.13 to 6.77
when the working temperature increased from 19 °C to 25 °C (Slope =
0.2835, R% = 0.9809). When the working temperature increased from 25
to 31 °C, the sensor response values varied from 6.77 to 5.81 (Slope =
—0.1635, R? = 0.9421). The linear response of 2-CBMO (Slope
0.4715, R? = 0.9788) to 10-30 ppm NHj3 was also obtained (Fig. S9).
Hence, the slope values were used to calculate the effect of working
temperature variations on the response. As we calculated, 1 °C tem-
perature increase (decrease) around 25 °C has the same effect on the
sensor response than 601.2 ppb (346.7 ppb) NH3 concentration change.

Fig. S10 displays the dynamic resistance of all gas sensors upon
exposure to 20 ppm NHs at room temperature (25 + 1 °C), in which the
response value of 2-CBMO gas sensor is significantly higher than that of
pure BMO nanosheets and the other CBMO composites (Fig. 6a).
Fig. S10b shows the baseline resistance (R,) values of all gas sensors, the
increased change from 4.23 x 10° to 7.66 x 10'° Q in R, induced by
compounding with MWCNTs of 0.25 wt% and 0.5 wt% could be domi-
nantly attributed to the formation of p-n heterojunctions, and the
declined change from 7.66 x 10'° to 2.66 x 10° Q in R, induced by
compounding with more MWCNTs of 0.75 wt% and 1 wt% could be
dominantly attributed to the high conductivity of MWCNTSs. Fig. 6b and
¢ show the dynamic resistance and the corresponding response values of
BMO and 2-CBMO gas sensors towards 10-50 ppm NHjs. the response
values of 2-CBMO to 10-50 ppm NHj are 2.37-44.40, while that of pure
BMO to 10-50 ppm NHj is only 1.37-16.75. In Fig. 6d, the fitted curves
show that BMO and 2-CBMO gas sensors possessed exponential

relationships (R% =0.9965 and R? =0.9988) with NHj3 concentrations
from 10 to 50 ppm. Moreover, the response/recovery speeds of BMO and
2-CBMO to 10-50 ppm NH3 were also analyzed. As shown in Fig. 6e, the
2-CBMO gas sensor displayed shorter times in both response and re-
covery, which could be attributed to MWCNTs compounding and the p-n
heterojunction. In detail, Fig. 6 f shows that the 2-CBMO possessed a
shorter response/recovery time (61 s/61 s) to 50 ppm NHs, while BMO
was 84 s and 63 s, respectively.

As shown in Figs. 7a, 2-CBMO presents a good linear relationship
between the logarithmic concentration with the response values, where
the slope (k) is 1.756 and R? is 0.9656. The signal-to-noise ratio
(RMSpise) of 2-CBMO is calculated as 0.092 based on 50 baseline
resistance points from Fig. 6b. Hence, the limit of detection (LOD) of 2-
CBMO composite was estimated using LOD = 3 RMSyise/k as 157 ppb
[41], which is a satisficed value for practical application.

In Fig. 7b, BMO nanosheets and 2-CBMO composites gas sensors
were investigated using CsHgN, C3HgO, CoHsOH, CH30H, and CO of
30 ppm and 5 ppm NO; under the same test condition. The 2-CBMO
shows a significantly higher response of 11.8 to NHjs, indicating 2-
CBMO presents enhanced selectivity to NHs. The effect of relative hu-
midity on 0.5 wt% MWCNTs/Bi,MoQOg gas sensor was retested at a RH
range from 0% to 50%. Fig. 7c and d show the humidity dependence of
response and baseline resistance. The baseline resistances (R,) were
7.39 x 1019 Q, 5.91 x 10'° Q, 5.01 x 10'° © and 3.49 x 10'° Q along
with the increasing relative humidity from 0% to 50 RH%, and the
corresponding response values to 10 ppm NH3 were 2.44, 2.47, 2.35 and
2.27, respectively. The response values stay in a stable range, and the
variation does not exceed 8%, which is attributed to that the hydro-
phobic nature of CNTs hinders their sensing ability to humidity [42].
The similar results could be also found in the reported work [43,44].
Though the response values stay in a stable range, there still exist a
linear relationship (Slope = —0.00373, R? = 0.9448) between material
response value and humidity (Fig. 7d). Hence, from this data, 1% RH
change only has the same effect on the sensor response than 7.9 ppb NH3
concentration change. As for reproducibility and stability, we evaluated
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Table 1
Ammonia sensing properties of metal oxides-based semiconductor sensors.
Materials Working Condition Conc. Response Humidity resistance® LOD (ppb) Refs.
(ppm)
ZnO 27 °C 80 2.05% 31% 500 [45]
SnO, 25°C 300 2.112 30% 500 [46]
CeO 25°C 50 6.65" - 500 [47]
MoO3 200°C 50 1.75" - 5000 [48]
TiO2/Ti3CoTy 25°C 10 1.03" 33% 2000 [49]
NiWO4/MWCNTs 460 °C 50 1.82° 30% 20,000 [24]
ZnO-MWCNT 25°C 20 1.02° - 10,000 [50]
2-CBMO 25°C 50 44.4% 8% 157.2 This work
? S =Ra/Rg, bg— Rg/R,, © the dropped variation of response values under 0-50 RH%, ~ not mentioned.
(a) In air In NH,
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Bi,MoO; |
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Fig. 8. (a) Adsorption and reaction model of the NH; sensing process on the surface of pure BMO nanosheets and 2-CBMO composite-based gas sensor. (b) Energy

bands model of the formation of p-n heterojunction structure.

the continuous sensing behavior of 2-CBMO towards 20 ppm NHs in five
cycles, showing stable response values of around 6.25 (Fig. 7e). Fig. 7f
also displayed the stable baseline resistance and response values of
2-CBMO towards 20 ppm NHj in 15 days, indicating that 2-CBMO
composite attained good operating stability.

The comparison with the NHs sensing properties of recently reported
metal oxides based gas sensors are shown in Table 1. 2-CBMO composite
exhibits superior room- temperature NHs 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 mechanism

Herein, we proposed a possible sensing process. As shown in Fig. 8a,

the fabricated Bi;MoOg nanosheets and MWCNTs/BisMoOg composites
based NHj3 sensors show typical n-type semiconductor behavior during
gas sensing tests. Once the sensing materials are exposed to air, oxygen
molecules will adsorb and generate chemisorbed oxygen species (03) on
the surface. This process decreases the electrons concentration, forming
the electron depletion layer (EDL) at the interface and leading to low
conductivity of the sensor. According to the results of the reported work,
05 ions could convert NH3 to Ny and H,0 at room temperature [51,52].
Therefore, once upon exposure to NHgs, the redox reaction occurred
between NH3 and O3 will release the electrons back to the conduction
band, resulting in a thinner EDL and a decrease in resistance. The above
procedures can be expressed as Eqs. (2)-(5) [51-53]:

02 (gas) 02 (ads) (2)
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Fig. 9. (a, b) Schematical diagram and geometry structure of {001} and {010} facets. Optimized configurations of NH3 adsorption on (c) (002) BMO and (d)

(060) BMO.

O3 (ags) + € = O3 (ads) 3)
NH3 (gas) = NH3 (ads) 4)
4NH; (ads) T 303 (ads) = 2Ny + 6 HO + 3e” 5)

The enhanced NHj3 sensing mechanisms of 2-CBMO are proposed
based on the following factors. Firstly, the synthesized 2-CBMO com-
posites had a larger Sggr and total pores volumes than that of pure BMO
(Fig. 4 and Table S1), which can facilitate the gas diffusion and provide
abundant active sites, thus achieving improved response kinetics and
sensing performance [54]. Secondly, as shown in Fig. 3d and Table S2,
the estimated atom percentage of surface chemisorbed oxygen species
(O¢) for 2-CBMO is 45.1 at%, while BMO is 35.2 at%. The results are
also consistent with the first point about BET analysis. Consequently, the
abundant Oc species favor forming the thicker depletion layer (lowering
the carrier concentration) in air and facilitating the efficient reaction
between O¢ and NHj3 (increasing the variation of carrier concentration).

Thirdly, in addition to the electronic nature of MWCNTs and
BisMoOg, the formation of p-n MWCNTs/BioMoOg heterojunction also
plays a key role in the enhanced sensing characteristics of the compos-
ites. Uv-vis and UPS spectra were utilized to estimate the exact optical

band gap width and work function of as-synthesized Bi;MoOg and
MWCNTs samples. The estimated band gap was calculated following the
formula ahv=A(hv-Eg)", where a, h, A and Eg refer the reflect coefficient,
Planck constant, a constant and bandgap energy, respectively [55].
Herein, 1 =2 owing to the indirect semiconductor properties of
BisMoOg, while n=1/2 owing to the direct p-type semiconductor
properties of MWCNTs. The calculated band gaps of BixMoOg and
MWCNTs are 2.79 eV and 1.22 €V, respectively (Fig. S11). The work
functions of samples can be calculated by the following equation [56], ¢
(work function) = hv — (Ecyt—off — Erermi), the energy source in the UPS
measurement is He I (hv = 21.22 eV), and Egermi = 0 €V. Therefore, the
work functions of BisMoOg and MWCNTSs were estimated as 4.90 eV and
5.21 eV (Fig. S12a and c). Accordingly, the Eg of Bi;M0oOg and MWCNTSs
were confirmed as - 4.9 eV and — 5.21 eV. Besides, the highest occupied
state (HOS) of Bi;M0oOg and MWCNTSs samples were 2.54 eV and 1.14 eV
(Fig. S12 b and d). The corresponding Ey level (Ey = Eg-Eyog) obtained
from UPS analysis were - 7.44 eV for Bi;MoOg and - 6.35eV for
MWCNTs. In summarize, Table S3 shows the Eg, Ey and E¢ of BioMoOg
were - 4.9 eV, — 7.44 eV and — 4.75 eV, respectively. While those of
MWCNTSs were - 5.21 eV, — 6.35 eV and — 5.13 eV, respectively. Due to
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the difference in work functions, electrons will transfer from Bi;MoOg to
MWCNTs until the equilibrium of Fermi levels, therefore, the hetero-
junctions will be formed at the interface after the Bi,MoQOg is com-
pounded with MWCNTs. The energy band diagram of
MWCNTs/BioMoOg (Fig. 8b) depicts the electrons migrate to the
MWCNTs from the conduction band of BioMoOg, while the holes will
move in the opposite direction of the electrons. A larger carrier deple-
tion region and potential barrier height will be formed, leading to a high
baseline resistance. Moreover, the energy band structure of the pure
Bi,MoOg and MWCNTs/BisMoOg heterojunction in a whole
response-recovery process is displayed in Fig. S13. The more significant
shrink of carrier depletion region and potential barrier height (AVy,) will
occur in 2-CBMO once NHj is injected. Based on the equation (ARxexp
{-qAVyp/kgT}, where AR is the variation of resistance, AVy is the
decrease of the potential barrier height, T and kg represent temperature
and Boltzmann constant, respectively.) [57], there will cause a sharp
resistance decrease (AR) for 2-CBMO because of the large variation of
potential barrier height, which will contribute to attaining superior
sensing sensitivity.

The n-type semiconductor response (Ra/Rg) can be rewritten as 64/6,
= (cgepp)/(capp) (04 and og, conductivity in air and gas; c, and cg,
electrons concentrations in air and gas; e, charge, i, electron mobility)
[58]. The electron mobilities of a sensor in different gas can be defined

as the same. Then, the equation can be transformed into the following:
Cy + (ce-ca) Ac

§ — = _ % -
Ca Ca

Ca

+ 1 (6)

where Ac = cg-c, represents the change of electrons concentrations.
Based on the above three points, the 2-CBMO composites sensor will
possess the lower c, in air and larger Ac in the response/recovery pro-
cess, which means a higher response can be attained. Furthermore, the
experimental details in Fig. S14 clarify the above two aspects. 2-CBMO
shows a higher baseline resistance (R,, 7.85 %x10'° Q) and a larger
resistance variation (AR, 7.68 x 100 Q), while that of BMO is
4.32 x 10° Q and 4.01 x 10° Q, respectively. The experimental details
further confirm the lower c, and larger Ac of 2-CBMO, indicating that
the advanced 2-CBMO composites gas sensor benefits from the MWCNTs
compounding.

Additionally, the re-orientated facets growth of 2-CBMO contributes
to improving surface activity for the oxidation of NHs. Based on the
observed results of HRTEM, the two different exposed facets of Bi;MoOg
are schematically illustrated in Fig. 9a and b. The alternating layered
structure is favorable for electron conductivity, which can guarantee a
fast response of sensor [40,59]. Moreover, according to the reported
works, the {010} facets of Bi,MoOg are in favor of promoting reaction
kinetics and improving the gas-solid phase reaction [19,60]. To theo-
retically illustrate the enhanced effect of the induced facets, the
adsorption conformations and energies of NHg on (002) and (060) facets
of BioMoOg were studied using DFT calculations. As shown in Fig. 9c and
d, the nearest distance between NH3 molecule and the substrates are
2.607 A and 2.287 A, while the NH; adsorption energies on the surface
are — 0.37 eV and — 0.87 eV, respectively. The cleaved (060) crystal
planes of BixMoOg showed the lower NH3 adsorption energy, indicating
that compounding MWCNTs is advantageous for NH3 adsorption, elec-
trons transfer and attaining superior sensing properties.

4. Conclusions

In this work, we synthesized pure BisMoOg nanosheets and
MWCNTs/BioMoOg composites based NH3 gas sensors using a simple
hydrothermal synthesis route. The effect of MWCNTSs and {010} crystal
facets of Bi;MoOg on the nanostructure and sensing properties of
BisMoOg based gas sensors were investigated systematically. Among
them, the 0.5 wt% MWCNTs/Bi;MoOg (2-CBMO) exhibited the highest
response to 10-50 ppm NH3 and advanced response/recover speed, LOD
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(157 ppb), selectivity, humidity resistance and operating stability.
Combining the multiple experimental and DFT simulation results, the
synergistic effect of 1D/2D nanostructure, inducing growth of high-
energy facet and p-n heterojunctions was used to explain the achieved
superior gas sensing performance at room temperature. This work is
expected to develop high-performance room temperature NHs sensors
for practical application.
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