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Abstract: Under the background of the Paris Agreement on reducing greenhouse gases, waste
wools were converted into wool carbon fiber (WCF) and WCF–MoS2 composites by low-temperature
catalytic hydrothermal carbonization. Their structures and gas-sensing performances were studied for
the first time. Due to the existence of heterojunctions, the responses of the WCF–MoS2 composite to
the five analytes were 3–400 times those of MoS2 and 2–11 times those of WCF. Interestingly, because
of the N, P, and S elements contained in wools, the WCF prepared by the hydrothermal method
was realized the doping of N, P, and S, which caused the sensing curves of WCF to have different
shapes for different analytes. This characteristic was also well demonstrated by the WCF–MoS2

composite, which inspired us to realize the discriminative detection only by a single WCF–MoS2

sensor and image recognition technology. What’s more, the WCF–MoS2 composite also showed a
high sensitivity, a high selectivity, and a rapid response to NH3. The response time and the recovery
time to 3 ppm NH3 were about 16 and 5 s, respectively. The detection of limit of WCF–MoS2 for
NH3 was 19.1 ppb. This work provides a new idea for the development of sensors and the resource
utilization of wool waste.

Keywords: WCF–MoS2 composite; catalytic hydrothermal method; heterojunction; gas-sensitive
properties

1. Introduction

Since the Paris Agreement aims to limit the rise in global temperature to less than
2 ◦C, governments have set their own policies to reduce greenhouse gases [1,2]. However,
many difficulties still need to be overcome to achieve the goals of the Paris Agreement. We
need to consider not only the fossil fuels consumed by economic development, but also
more than 100 billion tons of biological waste that we process every year [3–5]. The main
component of biomass waste, such as plant straw and waste wool, is generally carbon.
The general treatment methods for biomass waste, such as incineration and landfilling,
produce carbon dioxide or methane gas, accelerating the rise in global temperature [6,7].
Even if biomass waste is processed into feeds and fertilizers, these feeds and fertilizers will
eventually return to the atmosphere in the form of carbon dioxide after being consumed
by animals and plants [2,8,9]. Therefore, there is an urgent need for new methods and
technologies to deal with biomass waste and prevent or reduce the carbon in biomass from
returning to the atmosphere in the form of carbon dioxide or methane.

Take wool as an example. There are more than four million tons of waste wool
clothes, inferior wool, and wool byproducts from textile mills that are not available every
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year [10,11]. The main component of wool is keratin, which is mainly composed of C, H,
O, N, S, and P elements, of which the content of C accounts for about 50% [12,13]. From
the perspective of reducing greenhouse gas emissions, converting organic biomass carbon
into inorganic biomass carbon materials (BCMs) through hydrothermal carbonization
or direct carbonization is a feasible strategy [4,5,14]. On the one hand, as semiconductor
materials, BCMs have attracted more and more attention because of their rich raw materials,
diverse morphology, adjustable properties, good stability, and low price [6,14,15]. On
the other hand, either direct carbonization or hydrothermal carbonization can convert
biomass waste into solid inorganic BCMs that can be stored for a long time [4,5,16]. This
transformation not only is convenient and economically feasible, but can also effectively
prevent the carbon in biomass from returning to the atmospheric environment in the form
of greenhouse gas [4,16,17]. Therefore, BCMs have developed rapidly in recent years
and have been applied more and more to the fields of energy storage, electromagnetic
shielding, carbon dioxide adsorption, oil–water separation, gas sensing, etc. [6,18–20].
Generally, the temperature of direct carbonization is 500–1000 ◦C, while the common
temperature of hydrothermal carbonization is 180–250 ◦C [14,17]. Generally speaking,
biomass wastes are rich in functional groups. However, due to the high temperature of
direct carbonization, there are very few functional groups on the surface of BCMs prepared
by direct carbonization [6]. In sharp contrast, due to the lower temperature of hydrothermal
carbonization, BCMs prepared by hydrothermal carbonization have rich functional groups,
which play an important role in the fields of energy storage, gas adsorption, and gas
sensing [6,21]. In addition, in order to prevent the oxidation of biomass and improve the
carbon yield, the preparation of BCMs by direct carbonization often needs to be carried
out in a vacuum environment or under the protection of inert gas [6,22]. From here, we
see that hydrothermal carbonization has the advantages of rich functional groups, low
temperature, low power consumption, and simple equipment. Furthermore, hydrothermal
carbonization is also convenient for adding a catalyst in an aqueous medium, which can
not only promote the carbonization of biomass at a low temperature but achieve the doping
of BCMs [14,23]. These characteristics of hydrothermal carbonization are very favorable for
transforming biomass waste into solid inorganic BCMs with low power consumption and
regulating properties.

Herein, in order to prevent the carbon in waste wool from returning to the atmospheric
environment in the form of greenhouse gas as well as realizing its resourceful utilization,
we creatively used waste wool as a carbon source and a MoS2 precursor as a catalyst to
prepare wool-based carbon fiber (WCF)–MoS2 composites by low-temperature hydrother-
mal carbonization. Meanwhile, trace elements in wool, such as N, S, and P, were used
to realize the atomic doping of WCF, so as to adjust its structure and properties. Then,
a WCF–MoS2 composite with heterojunctions was prepared as a gas sensor for the first
time, and its potential as a gas-sensing material was studied by comparing the gas-sensing
properties of the WCF–MoS2 composite with those of MoS2 and WCF. In addition, we also
analyzed the effect of catalytic hydrothermal carbonization on the microstructure of wool,
in order to provide a useful reference for the hydrothermal carbonization of other wool
analogues. This is the first comparative study on the gas-sensitive properties of MoS2, WCF,
and WCF–MoS2 composites.

2. Materials and Methods
2.1. Materials

Ammonium molybdate ((NH4)6Mo7O24·4H2O) and thiourea (CH4N2S) were analyti-
cal reagents, purchased from Sinopharm Chemical Reagent Co., Ltd. The wool came from
sheep in Bole City, Xinjiang Uygur Autonomous Region, China.

2.1.1. Preparation of MoS2

Typically, 1 mmol (NH4)6Mo7O24·4H2O and 30 mmol CH4N2S were dissolved in
35 mL of deionized water and stirred vigorously to form a homogeneous solution. This
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solution was put into a 50 mL Teflon-lined stainless steel autoclave and maintained at
120 ◦C for 10 h. After the reactor was cooled to room temperature, the product was dried
and labeled as MoS2.

2.1.2. Preparation of WCF and WCF–MoS2 Composites

Of the wool collected, 0.50 g was repeatedly rinsed with deionized water and ethanol,
and it was placed in a 50 mL Teflon-lined stainless steel autoclave with 35 mL of deionized
water and maintained at 120 ◦C for 10 h. After the reactor was cooled to room temperature,
the product was dried and labeled as WCF. Of the wool, 0.50 g was put together with
1.15 g of (NH4)6Mo7O24·4H2O, 1.52 g of CH4N2S and 35 mL of deionized water in a 50 mL
stainless steel autoclave lined with PTFE, sealed and kept at 120 ◦C for 10 h. After the
reactor was cooled to room temperature, the product was dried and labeled as WCF–MoS2.

2.2. Device Fabrication and Testing

A certain amount of sensing material was mixed with deionized water, then ground
into a paste and coated onto an interdigital electrode. Then, the interdigital electrode was
dried at 25 ◦C and aged for 24 h with a voltage of 4 V to obtain a sensing chip with good
stability. The target vapor was produced by thermal evaporation, according to Equation (1):

Q = (V × C ×MW)/(22.4 × d × ρ) × 10−9 × (273 + TR)/(273 + TC), (1)

where Q and V are the volume of the liquid to be taken and the volume of the test container,
respectively; MW is the molecular weight of the substance; d is the purity of the liquid; C
is the concentration of the gas to be prepared; ρ is the density of the liquid; and TR and
TC are the ambient temperature and the temperature in the test container, respectively [6].
An electrochemical workstation (CIMPS-2, ZAHER EMNIOM) was used to record sensing
signals at room temperature. During the gas-sensing test, a voltage of 4 V was applied to
both ends of the sensing chip. The response was defined as: Response =

(
IG−IR

IR

)
× 100%,

where IR and IG are the currents of the sensor in the reference gas and target gas, respec-
tively [24]. The response time and recovery time are defined as the response values of 90%
and 10% of the current of the sensor in contact with the target gas, respectively.

2.3. Materials Characterization

The composition, structure, and morphology of samples were studied by means of
field-emission scanning electron microscopy (FE-SEM; S-4800; Hitachi, Japan), mapping
(Mapping; S-4800, Hitachi, Japan), XRD (Bruker D8 Advance, with Cu-Kα radiation),
Raman spectroscopy (SENTERRA Compact Raman Microscope, Instrument: LabRAM HR
Evol, Acq; time: 180 s, laser: 785 nm_Edge, objective: ×10_VIS, range (cm−1): 100–3200),
and XPS (USA Thermo Fisher-Thermo SCIENTIFIC ESCALAB 250Xi, Waltham, MA, USA).
The band structure and surface functional groups of samples were measured by ultraviolet
photoelectron spectroscopy (UPS; USA Thermo Fisher-Thermo Fisher Nexsa, MA, USA)
and FT-IR (Bruker VERTEX70, Germany 4.0 cm−1 SCANS 200, KA, Karlsruhe, Germany).

3. Results and Discussion
3.1. Structures and Morphologies of MoS2, WCF, and WCF–MoS2

Figure 1 shows the SEM images of the wool fiber, WCF, MoS2, and WCF–MoS2. As
shown in Figure 1a–d, both the wool fiber and WCF were fibrous, with a diameter of about
15 µm. Meanwhile, wrinkles appeared on the surface of the wool fiber and the WCF, but
the wrinkles on the WCF surface were denser, indicating that hydrothermal carbonization
changed the microstructure of the wool fiber. Pure MoS2 was granular (Figure 1e,f), and
the WCF–MoS2 composite was still fibrous, with a diameter of about 15 µm (Figure 1g,h).
Moreover, there were still wrinkles on the surface of the WCF–MoS2 fiber, but the surface
became coarser due to the nanoparticles loaded on the fiber [25]. This showed that WCF
was coated by a thin layer of MoS2 to form the WCF–MoS2 composite, which was also
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proven by the element mapping. As shown in Figure 1i–o, WCF uniformly contained C, N,
S, O, and a small amount of P elements. Compared with WCF, the WCF–MoS2 composite
not only contained more S, but also contained Mo, which indicated that WCF was indeed
coated with a layer of MoS2 to form a uniform WCF–MoS2 composite.

Figure 1. SEM images at different magnifications of wool fiber (a,b), wool-based carbon fiber (WCF)
(c,d), MoS2 (e,f), WCF–MoS2 (g,h); element mapping of WCF (i–o) and WCF–MoS2 composites (p–v).

The structures of wool fiber, WCF, MoS2, and the WCF–MoS2 composite were studied
using an XRD analysis. It can be clearly seen from Figure 2a that there were two peaks
at 9.0◦ and 23.6◦ for wool fiber and WCF, which corresponded to the α-helix and β-sheet
structures of the protein, respectively [26,27]. This is consistent with the fact that wool
is composed of protein. Compared with that of the wool fiber, the structure of WCF did
not change significantly after the hydrothermal treatment. In Figure 2b, we can see that
2H-MoS2 peaks (JCPDS Card No. 73-1508) appeared at 9.9◦, 32.3◦, and 43.2◦, which are
consistent with previous reports [24,28]. In Figure 2c, the characteristic peaks of 2H MoS2
and the wool fiber also appeared in the WCF–MoS2 composite. This indicates that the
precursor of MoS2 may promote the carbonization and structural transformation of wool
fiber during the hydrothermal process.

In order to evaluate the effect of the hydrothermal process on the samples, the func-
tional groups of the samples were characterized by the FTIR spectra (Figure 2d). For
wool fiber and WCF, there was a C=C extension absorption peak at 1641 cm−1 and an
O–H stretching vibration at about 3300 cm−1 [29]. For MoS2, Mo–S bonds at 459 cm−1

showed that MoS2 was successfully prepared [30]. For WCF–MoS2, the peaks at 3297 and
2853 cm−1c orresponded to O–H and C=O groups, respectively [31]. The peak at 1640 cm−1

belonged to the C=C stretching vibration. At the same time, Mo–S groups appeared near
525 cm−1, indicating that MoS2 was loaded on the surface of WCF–MoS2 [32].

The carbon structure and graphitization degree were studied by Raman spectroscopy
(Figure 3). As shown in Figure 3a, the Raman spectra of wool fiber and WCF did not
change significantly, but neither of them showed obvious G and D bands characteristic
of carbon materials [23]. This indicated that the simple low-temperature hydrothermal
treatment may only carbonize the surface of the wool fiber, so it did not show obvious
peaks characteristic of carbon [23]. For the WCF–MoS2 composite, the Raman spectra
showed the bands characteristic of MoS2 and carbon materials (Figure 3b). Figure 3c is
the Raman spectrum of WCF–MoS2 in the range of 270 to 455 cm−1. Figure 3c shows
that the low-energy region consisted of various first-order modes, namely A1g (430 cm−1)
and E1g (287 cm−1) of MoS2 [26]. Defective bands usually occur in the spectral range of
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140–420 cm−1 in MoS2 [33]. Figure 3d is the Raman spectrum of the WCF–MoS2 composite
in the range of 1100 to 1750 cm−1. It is worth noting that the D (1352 cm−1) and G
(1579 cm−1) bands corresponding to carbon appeared for the WCF–MoS2 composite. This
indicated that the precursor of MoS2 may play a catalytic role in the hydrothermal process
and promote the carbonization of wool, forming a WCF–MoS2 composite [6].

Figure 2. XRD patterns of wool fiber and WCF (a), MoS2 (b), and WCF–MoS2 (c); (d) FT–IR spectra
of wool fiber, WCF, MoS2, and WCF–MoS2.

Figure 3. Raman spectra of wool fiber and WCF (a) and WCF–MoS2 (b–d).

XPS was also used to analyze the elements and structure of samples. As can be
seen from Figure 4a, both WCF and the WCF–MoS2 composite contained C, N, O, S, N,
and P elements. For the WCF, the proportions of C, N, O, P, S, and Mo in total elements
were 85.11%, 3.30%, 10.33%, 0.31%, 0.83%, and 0.13%, respectively. For the WCF–MoS2
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composite, the proportions of C, N, O, P, S, and Mo elements in the total elements were
78.4%, 8.36%, 9.03%, 0.55%, 2.63%, and 1.02%, respectively. Compared with those of the
WCF, the S and Mo elements of WCF–MoS2 were significantly increased, which should be
derived from the loaded MoS2. It can be clearly seen in Figure 4b that two peaks of Mo
3d3/2 and Mo 3d5/2 appeared at the positions of 232.4 and 235.5 eV, respectively [34–36].
However, the peaks corresponding to Mo were not obvious, which indicated that there was
only a thin layer of MoS2 on the surface of the WCF. The contents of P element in the WCF
and the WCF–MoS2 composite were only 0.31% and 0.55%, respectively, so their peaks were
not very obvious (Figure 4c). Figure 4d shows the C 1s peak of the WCF, and the peaks at
285.1, 286.5, and 288.9 eV represented C–C, C–N, and C=O functional groups, respectively.
Figure 4e shows the C 1s peak of WCF–MoS2, and the peaks at 285.1, 286.1, 287.2, and
288.9 eV represented C–C, C–O–H, C–N, and C=O functional groups, respectively. On
the whole, among the peaks of all the elements, the peak of carbon was the strongest,
which indicated that the main element of WCF and the WCF –MoS2 composite is carbon.
Figure 4f,g show the peaks of O 1s in WCF and the WCF–MoS2 composite, respectively. OV
and OC were oxygen vacancies and chemisorbed oxygen species, respectively [37]. The
percentages of OC in the total oxygen element area in WCF and WCF–MoS2 were 45.6%
and 55.7%, respectively. This indicated that the percentage of OC in WCF–MoS2 was much
higher than that in WCF, which may be due to the adsorption of oxygen promoted by the
heterojunction of WCF and MoS2. Figure 4h shows the S 2p peak of WCF, and the two
peaks at 164.2 and 167.9 eV were S–C and S–O functional groups, respectively. For the S
2p peak of WCF–MoS2 in Figure 4i, the two peaks at 163.6 and 167.9 eV should be S in
MoS2 [38], and the latter may be the S of amino acids. Figure 4j shows the N 1s peak of
WCF, and there were three peaks at 398.9, 399.5, and 400.1 eV, corresponding to pyrrolic
N, pyridinic N, and graphite N, respectively [39]. Similarly, there were three peaks at
399.1, 399.6, and 400.1 eV, corresponding to pyrrolic N, pyridinic N, and graphite N of
WCF–MoS2, respectively (Figure 4k). Thus, according to the analysis of XPS and Raman
spectroscopy, the basic surface structures of WCF and the WCF–MoS2 composite should be
graphene with high defects (such as the doping of multiple atoms and vacancy), as shown
in Figure 4l [40]. Compared with perfect graphene, this defective graphene provided more
active sites for gas adsorption, thus achieving the purpose of improving gas sensitivity.

Figure 4. (a) XPS spectra of WCF and WCF–MoS2. High-resolution spectra of Mo 3d (b), P 2p (c), C
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1s of WCF (d), C 1s of WCF–MoS2 (e), O 1s of WCF (f), O 1s of WCF–MoS2 (g), S 2p of WCF (h), S 2p
of WCF–MoS2 (i), N 1s of WCF (j), N 1s of WCF–MoS2 (k). (l) Schematic diagram of highly defective
graphene formed on the surface of WCF.

3.2. Sensing Performance of MoS2, WCF, and WCF–MoS2

The sensing curves of the sensors based on MoS2, WCF, and WCF–MoS2 for an 85%
relative humidity (RH) and 1000 ppm of NH3, formaldehyde (HCHO), acetone (C3H6O)
and ethanol (C2H5OH) are shown in Figure 5. On the whole, the sensing curves of MoS2,
WCF, and WCF–MoS2 for five target analytes showed they had good recovery abilities
and reproducibilities in three consecutive sensing cycles (Figure 5). It is worth noting
that the shapes of the sensing curves of MoS2 for the five atmospheres are very similar,
and the responses were small, which were no more than 459%. Compared with those of
MoS2, the shapes of the sensing curves of WCF for the five analytes are obviously different,
and the responses were greatly improved. Among them, WCF had the highest response
to NH3, up to 18.67k%. For the five analytes, the different shapes of the sensing curves
should be attributed to the fact that WCF had a variety of heteroatom doping (N, P, and
S) and rich functional groups [41]. For the WCF–MoS2 composite, the sensing curves for
five target atmospheres also have different shapes, and the shapes are similar to those
of WCF. This showed that the WCF in the WCF–MoS2 composite played an important
role in the gas-sensing process. For different target atmospheres, the sensing curves of
different shapes may be used as fingerprints, which can be combined with databases and
image recognition to achieve the effect of discriminative detection. Moreover, both the
sensitivity and selectivity of WCF–MoS2 were further improved. Its response to NH3
reached 213.03k%; the improvement of selectivity and sensitivity should be attributed to
the heterojunction structure of the WCF–MoS2 composite.
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Figure 5. Sensing curves of MoS2, WCF, and WCF–MoS2 to 1000 ppm of NH3 (a), the 85% relative
humidity (RH) (b), 1000 ppm of HCHO (c), 1000 ppm of C3H6O (d), and 1000 ppm of C2H5OH (e).

Figure 6 shows the average response, response time, and recovery time of MoS2, WCF,
and WCF–MoS2 for the target analyte. As can be seen from Figure 6a,b, the sensitivities
of WCF–MoS2 to the five analytes were significantly higher than those of MoS2 and WCF.
For MoS2, its responses to NH3, the 85% RH, HCHO, C3H6O, and C2H5OH were only
459%, 137.3%, 1.432k%, 332%, and 216%, respectively. For WCF, its responses to NH3,
the 85% RH, HCHO, C3H6O, and C2H5OH were up to 18.67k%, 3.673k%, 492.6%, 284%,
and 6.482k%, respectively. For the WCF–MoS2 composite, its responses to NH3, the 85%
RH, HCHO, C3H6O, and C2H5OH were up to 213.03k%, 9.854k%, 4.954k%, 904.5%, and
7.796k%, respectively. It is can be seen that the response to 1000 ppm of NH3 increased
from 459% for MoS2 to 18.67k% for WCF and to 213.03k% for WCF–MoS2. Thus, compared
with WCF and MoS2, the WCF–MoS2 composite showed higher sensitivity and selectivity,
which is very important for anti-interference and the highly sensitive detection of NH3.
As shown in Figure 6c, among the three sensing materials, the response time of the WCF
–MoS2 composite was basically the shortest, and the response times to the five analytes
did not exceed 20 s. The recovery time of the WCF–MoS2 composite did not exceed 9 s,
which was much lower than that (~25 s) of MoS2 (Figure 6d). This means that the WCF–
MoS2 composite can complete a response–recovery cycle in 30 s and realize the real-time
monitoring of NH3. NH3 is a widely distributed and harmful gas emitted by most chemical
industries as well as agricultural production. Prolonged exposure to high concentrations of
NH3 can damage the eyes, skin, and respiratory organs [42]. The Occupational Safety and
Health Administration (OSHA) reported that the human body’s exposure to NH3 should
not exceed 25 ppm over 8 h. Therefore, the limit of detection (LoD) for NH3 based on the
WCF –MoS2 composite was further evaluated. Figure 6e shows the sensing curves of the
WCF–MoS2 composite to different concentrations of NH3. The WCF–MoS2 composite could
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actually detect 3 ppm of NH3, and its response time and recovery time were only 16 and 5 s,
respectively. It can be seen from Figure 6f that there was a good linear relationship between
the responses and concentrations of NH3. The estimated LoD (defined as LoD = 3 SD/m,
where m is the slope of the linear part of the calibration curve and SD is the standard
deviation of noise in the sensing curve) for WCF –MoS2 to NH3 was determined to be
19.1 ppb.

Figure 6. (a) Average responses; (b) enlarged part of (a); (c) response times; and (d) recovery times
corresponding to the sensing curves for MoS2, WCF, and the WCF–MoS2 composite; (e) sensing
curves of WCF–MoS2 to different concentrations of NH3; (f) fitting plots of the response vs. the
concentration of NH3.

In order to comprehensively evaluate the gas-sensing performance of WCF-MoS2,
the performances of recent NH3 sensors are compared in Table 1. As shown in Table 1,
the response time and recovery time of WCF–MoS2 for NH3 were 16 and 5 s, respectively,
which were close to the shortest response time (14 s) and recovery time (4 s) shown by
ZnO/CMTs [37]. Moreover, the LoD (19.1 ppb) of WCF–MoS2 could not catch up with the
LoD (9 ppb) of ZnO/CMTs. Nevertheless, compared with the preparation temperature
(600 ◦C) of ZnO/CMTs, the preparation temperature of WCF–MoS2 was only 120 ◦C, and
the preparation equipment was also simpler. Although the LoD of SnO2/Pd/RGO to NH3
is only 11 ppb, the response time and recovery time are up to 7 and 50 min, which are
not suitable for the real-time monitoring of NH3 [43]. Therefore, the WCF–MoS2 sensor
showed a good comprehensive sensing performance, which not only had a low preparation
temperature, a low working temperature, a high sensitivity, and a high selectivity, but also
has a fast response and recovery ability.
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Table 1. Sensing performances of the recently reported NH3 sensors.

Materials Concentration
(ppm)

Temperature
(◦C)

Response
(%)

Response
Time (s)

Recovery
Time (s)

Limit
of Detection
(LoD; ppb)

Reference

Py-rGO 50 200 - 134 310 - [44]
SnO2 1055 350 - 9 37 - [45]

SnO2/Pd/RGO 5 RT 7.6 25,200 3000 - [43]
ZnO/SiO2 50 RT - - - - [46]

CuS - - - 55 43 - [47]
3D RGO/PANI 50 RT 11 370 675 - [48]

α-Fe2O3/graphene 10 250 13.5 152 648 - [42]
rGO-WS2 10 33.5 121 60 300 - [49]

ZIF-67/rGO 50 RT 477 46.4 66.5 74 [50]
CMTs

50 RT
362 16 4 63

[37]ZnO/CMTs 2091 14 4 9
WCF-MoS2 3 RT 8 16 5 19.1 Present work

Furthermore, the discriminative detection of a target atmosphere is still a challenging
problem. In order to realize the discriminative detection of a target atmosphere, two
methods are generally used, that is, improving the selectivity of sensors and building
sensor arrays [6,51]. This requires the screening and subsequent modification of sensing
materials, which increases the cost and prolongs the preparation cycle. Because the WCF–
MoS2 sensor produces sensing curves with different shapes for the five analytes, it inspires
us to use image recognition technology to help improve the discriminative detection of
a target atmosphere. When the WCF–MoS2 sensor is tested for five atmospheres, the
shapes of response–recovery curves are saved to form a database. When the WCF–MoS2
sensor encounters a certain atmosphere again, new sensing curves will be generated.
These new sensing curves will be compared with the database, and the discriminative
results will be given. In this way, with the aid of image recognition technology, the
discriminative detection of a variety of single atmospheres can be realized by only a single
sensor. According to Figure S1, we have preliminarily realized the discriminative detection
of five target analytes with the help of MATLAB software and image recognition technology.
Due to the small sample capacity, the recognition accuracies of the five target analytes were
as high as 100%, proving that our scheme is feasible. This may provide a new scheme and
idea for the development of gas sensors.

3.3. Possible Sensing Mechanisms of WCF–MoS2

In order to analyze the possible sensing mechanism, UPS was performed (Figure 7a,b).
Figure 7a,b show the UPS spectra of WCF and MoS2, where Ef and Φ are the Fermi levels
and the working function, respectively. The Φ values of WCF and MoS2 were calculated
to be 3.18 and 3.78 eV, respectively. Due to the higher Ef of WCF than that of MoS2, when
they come into contact, electrons can be quickly transferred from WCF to MoS2. Thus, the
bands of WCF and MoS2 began to bend, until their Fermi levels reached a new equilibrium
(Figure 7c,d), forming a built-in barrier (qV0). Therefore, a depletion layer was formed
at the interface between WCF and MoS2 [52,53]. When the WCF–MoS2 composite was
exposed to the air, the O2 molecules of the air were adsorbed on the surface of WCF–MoS2
and captured electrons from the WCF–MoS2 composite to form negative oxygen ions, as
follows [37]:

O2(ads) + e− → O−2 (< 100 ◦C). (2)



Nanomaterials 2022, 12, 1105 11 of 14

Figure 7. UPS spectra: (a) WCF; (b) MoS2. Energy band structures: (c) WCF and MoS2; (d) the
WCF–MoS2 composite. (e) Sensing mechanism of the WCF–MoS2 composite to NH3.

According to the XPS analysis, the O2 molecules adsorbed on the surface of WCF–
MoS2 were 10% more than those absorbed on the surface of WCF. Thus, O2 molecules
capture electrons in WCF–MoS2 to form a new barrier (qV1), which increased the total
barrier (q(V0 + V1)). Taking the gas sensing of the WCF–MoS2 composite to NH3 as an
example. When the WCF–MoS2 composite was in NH3 gas, some NH3 molecules were
absorbed on the surface and reacted with O−2 (ads). The reaction of NH3 molecules with
O−2 (ads) can be described as follows [37]:

2NH3 +

(
3
2

)
O−2 (ads)→ H2O + N2 + 3e−, (3)

2NH3 + 2O−2 (ads)→ H2O + N2O + 2e−. (4)

The reaction between NH3 molecules and O2− ions (Figure 7e) released electrons
into WCF–MoS2 and lowered the potential barrier (q(V0 + V1 −V2)). The resistance of
semiconductor materials is reported to be exponentially proportional to the height of the
potential barrier [54]:

R = R0e
qV
KT , (5)

where qV is the effective potential barrier, R0 is a constant, K is Boltzmann’s constant, and
T is the absolute temperature. It is observed that a slight change in the potential barrier will
result in a significant change in the sensing resistance, producing an obvious sensing signal.
It can be seen that the MoS2 precursor plays a catalytic role in the carbonization of wool
fiber and forms a heterojunction structure, which promotes the gas-sensing performance of
the WCF–MoS2 composite.
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4. Conclusions

WCF and a WCF–MoS2 composite were successfully prepared by low-temperature
(120 ◦C) hydrothermal carbonization. It was found that a MoS2 precursor played a catalytic
role in the carbonization of wool fiber, forming heterojunctions between MoS2 and WCF
in the WCF–MoS2 composite. Compared with MoS2 and WCF, the WCF–MoS2 composite
showed a better gas-sensing performance to NH3 due to heterojunctions. Meanwhile, the
WCF–MoS2 composite showed a good comprehensive sensing performance, which not
only had a low preparation temperature, a low working temperature, a high sensitivity
(19.1 ppb), and a high selectivity, but also had a fast response–recovery ability (< 30 s).
Interestingly, the WCF–MoS2 composite also displayed different shapes of sensing curves
for different atmospheres, providing a new possibility for the discriminative detection of
the target analytes. In response to global warming, this work provides a new idea for the
low-temperature preparation of carbon materials, the development of sensors, and the
resource utilization of wool waste.

Supplementary Materials: The following supporting information can be downloaded at: https:
//www.mdpi.com/article/10.3390/nano12071105/s1, Figure S1: Identification of (a) NH3, (b) 85%
RH, (c) HCHO, (d) C3H6O and (e) C2H5OH target analytes by MATLAB software, (f) Curve of
training times and accuracy.
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