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We demonstrate an ultrafast humidity micro-fiber sensor based on molybdenum disulfide
(MoS,) cladding with three dimensional network structure. The high surface-to-volume
rations and porous mesh structure improve the interaction of between MoS, and water
molecules, further enhancing the performance of the humidity sensor. The results
demonstrated that the sensor can perform in a wide relative humidity (RH) range
between 10%RH to 90%RH with rapid dynamic behavior (response and recovery time
are 0.090 and 0.130 s respectively). The sum of response and recovery time (total time) is
0.220 s, which is the fastest in the reported MoS,-based humidity sensors. The sensitivity
of this sensor is up to -1.501 dB/%RH in the RH range (77%RH-90%RH). Such a high
performance RH sensor will have a wide range of application potential in chemical
processing, various medical diagnostics, and so on.
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INTRODUCTION

The measurement and control of relative humidity (RH) play an important role in agriculture,
food industry, and health and medical care [1-4]. Conventional capacitance and resistive
electronic humidity sensors have been widely developed and achieved great success [5].
However, they are susceptible to electromagnetic interference and easy corrosion. Optical
fiber sensors have several advantages compared to electronical humidity sensors such as
immunity to electromagnetic interference, high sensitivity, low cost, remote operation, and
the capability to work in hazardous environments [6]. In order to improve the response time
and sensitivity of optical fiber sensors, different sensing schemes such as side-polished fibers [7,
8], fiber Bragg gratings [9-11], long period fiber gratings [12, 13], and microfibers [14, 15] have
been proposed and demonstrated. To increase the humidity sensitivity, various organic matter
and metal oxide such as gelatin [8], polyvinyl alcohol [16], Zinc oxide [17-19], and titanium
dioxide [20] have been used as active material. Due to the high specific surface area and high
water adsorption capacity, two-dimensional (2D) materials are considered to be excellent
humidity sensitizing material. In 2014, few layer reduced graphene oxide (rGO) was coated on
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the side polished fiber to prepare a humidity sensor whose
response and recovery was 5 and 29 s respectively, and its
sensitivity was 0.31 dB/%RH [21]. In 2016, rGO was deposited
on the outer surface of a hollow core fiber to prepare a
humidity sensor, whose response and recovery time were
5.2 and 8.1s, respectively. Its sensitivity was 0.22 dB/%RH
within the 60%RH-90%RH humidity range [22]. Luo et al.
demonstrated a new all-fiber moisture sensor consisting of a
WS, film overlay on a side-polished fiber (SPF). In the range
of relative humidity 35%RH-85%RH, the response time
reached 1s, the recovery time reached 5s, and the
sensitivity was 0.1213 dB/%RH [23]. In 2017, Ouyang et al.
proposed molybdenum diselenide (MoSe,) wrapped on a side-
polished fiber (SPF) with response time of 1 s and recovery
time of 4 s [24].

As a typical 2D material, Molybdenum disulfide (MoS,) is
supposed to be an excellent humidity sensing material due to its
unique photoelectric properties and good hydrophilicity [25]. In
2017, with deposited MoS, nanosheets on etched single-mode
fiber (ESMF), Du et al. demonstrated a fiber humidity sensor with
response time of 0.066s and recovery time of 2.395s while
monitoring human breath [26]. In the same year, Li et al.
covered MoS, nanosheets on side polished optical fiber (SPF)
and achieved response/recovery time of 850 ms in the human
breath testing [27]. Although MoS,-based fiber humidity sensors
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showed faster response and recovery time than the fiber sensors
based on other 2D material, the low sensitivity limited its
applications (the dynamic response is 13.5 dB for the humidity
ranging from 40%RH to 85%RH [27]). Furthermore, compared
to the MoS2-based electrochemical sensing devices, the response
and recovery times of MoS2 fiber humidity sensors were longer.
For example, in 2018, Li et al. reported on electrochemical
humidity sensors whose response and recovery times were 180
and 380 ms respectively [25]. In 2019, by coating three-
dimensional (3D) graphene network cladding as a sensitizing
layer, we demonstrated a novel microfiber humidity sensor [28].
Because the surface area of graphene was increased by the 3D
network structure, its humidity sensitivity is up to -4.118 dB/%
RH. Unfortunately, its response and recovery time were large (4
and 23.7 s, respectively).

In this paper, we coated a microfiber with three dimensional
molybdenum disulfide network (3-DMN) cladding to achieve
high humidity sensitivity. The 3-DMN was fabricated by self-
assembly of polystyrene (PS) microspheres, each of which was
coated with MoS, nanosheets. Due to high specific surface area
and polyporous structure, the 3-DMN boosts the interaction
between water molecules and the MoS, sensing layer. The
microfiber with 3-DMN cladding owned a high sensitivity and
fast dynamic behavior. The sensitivity of this sensor is up to
-1.501 dB/%RH in the RH range (77%RH-90%RH) while the
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FIGURE 1 | Preparation process of MoS,/PS composite microspheres.
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FIGURE 2 | (A) SEM and (B) TEM images of MoS,/PS nanocomposite particle.
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FIGURE 3 | The Raman spectrum of MoS, /PS sphere, MoS,
nanosheets, and PS sphere.

response and recovery times are 0.090 and 0.130 s, respectively,
which is the fastest dynamic performance of MoS,-based
humidity sensors to our knowledge. Due to the high
performance of the humidity sensors based on 3-DMN
covered microfiber, it has a wide range of application
potential in chemical processing, various medical diagnostics,
and so on.

SENSOR FABRICATION

Figure 1 shows the preparation process of MoS,/PS composite
microspheres, the MoS, nanosheet-coated PS microsphere
structure (MoS,/PS) was manufactured by electrostatic self-
assembly. The specific preparation process is as follows: First,
16 uL of 75% Methacryloxye2ltrime2]l ammonium chloride
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(DMC) solution is added to 8 ml emulsion of PS microspheres
(6 mg/ml, sphere’s diameter is 2 um) that was composited by
emulsifier-free  emulsion polymerization. After ultra-
sonication and stirring for 5min, the temperature of the
mixture was kept at 75°C in water bath for 1.5h. Then,
6.4 ml of 0.1 mg/ml MoS, nanosheet suspension is added to
the mixture. After stirring the mixture for 2 h, the MoS,/PS
composite microspheres were prepared.

Figure 2 shows the scanning electron micrograph (SEM) and
Transmission Electron Microscope (TEM) images of the
nanocomposite particle. As is shown in Figure 2A the PS
microsphere was wrapped with MoS, smoothly. As shown in
Figure 2B, the TEM image of the MoS,/PS nanocomposite
indicated that the MoS, nanosheets were uniformly coated
around the PS microsphere. The average diameter of the
microspheres is 2 um, and as shown in the inset, the thickness
of the Mo§; layer is about 20 nm. To confirm the presence of the
MoS, coating on the PS microspheres, the Raman spectrums were
studied. Figure 3 shows the Raman spectrums of MoS,/PS
microspheres, MoS, nanosheets, and pure PS microspheres,
measured by Raman microspectroscopy (LabRAM HR
Evolution, HORIBA Jobin Yvon, France, lens parameters: x50
objective, NA = 0.5).

For the pure PS microspheres, a feature peak is observed at
1,001 cm™', which is due to the y1 ring-breathing mode of PS
[29]. For the pure MoS, nanosheets (red dash curve), two
main feature peaks at 383 cm™' and 404 cm™' are present,
which are due to the active planar vibrations Eég and Ay
respectively [30]. In the Raman spectra of the MoS2/PS
microspheres (dark solid curve), the A, peak of MoS2
nanosheets is clearly observed at 404 cm—1. Although there
is a large background, a small peak at 383 cm-1 ( E;g ) can also
be observed in the insert of Figure 3, which is an enlarged view
of the red circle region.

The microfiber was prepared by the method of the flame
heating and tapering of standard single mode fiber. The
microfiber consists of transition region and flat region as

Transition Flat region
region

FIGURE 4 | (A) the schematic diagram of a microfiber, (B) the microscopic image of the flat region of the microfiber.
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covered by 3-DMN.

FIGURE 5 | (A) The self-assembly process of the 3-DMN coating around microfiber. (B) The diagram of 3-DMN structure. (C) The SEM image of the microfioer

shown in Figure 4A. The diameter of the flat region of the
microfiber is 5.6 pm and the lengths of flat and transition region
of the microfiber are approximately 5 and 7 mm, respectively.
Figure 4B is the microscopic image of the flat region of the
microfiber.

As shown in Figure 5A, the microfiber was put in a 35 mm X
5 mmx1 mm rectangular glass basin and fixed by UV glue on
both ends. After ultra-sonication at 30°C for 5 min, 200 pL
2wt% prepared MoS,/PS microspheres suspension was
dropped into the rectangular glass basin by using a
micropipettor. Then the microfiber was natural dried at
room temperature for 6 h. During the deposition process,
the MoS,/PS composite microspheres were self-assembled
onto the surface of the microfiber and 3D structure
cladding was formed (as shown in Figure 5B). In
Figure 5B, the MoS, (blue film) coated around the PS
microspheres were connected as a three-dimensional
Molybdenum disulfide network (3-DMN) structure.
Figure 5C is the SEM image of the microfiber covered by
3-DMN. The microfiber was embedded in the 3-DMN
cladding uniformly. The inset is the close-up of the red
square region, indicating the microfiber coated with 3-DMN.

HUMIDITY SENSING EXPERIMENTS AND
DISCUSSION

Figure 6 is the experimental setup for measuring humidity
sensitivity of the fabricated sensors. The distributed feedback
(DFB) laser at 1,310 nm was used as a light source. The
transmission power passing through the sensor was measured
by an optical power meter. The sensor was placed in the chamber
whose humidity was controlled by the humid air flow. The humid
air was produced by mixing the wet and dry airs, whose flow
velocities were controlled. The real-time humidity and
temperature were monitoring by the commercial hygrometer
(175H1, Testo SE & Co. KGaA). In the process of the
humidity measuring, the temperature of chamber was kept
at 23°C.

The RH in the chamber was gradually ascended from 10.2%
RH to 90.9%RH and then descended down to 8.0%RH with a

Optical power meter

Humidity chamber

e

icr(gﬁber sensor

Air mixer

Flow controller Flow controller

FIGURE 6 | Experimental setup of relative humidity sensing
measurement.

step of about 10%RH. Every RH step was kept for 5min.
Figure 7 is the variations of the RH in chamber and
transmission power of the sensor over time. As shown in
Figure 7A, the variations of transmission power of the
sensor closely follow the changes of the relative humidity.
While the RH was ascended from 10.2%RH to 90.9%RH, the
transmission power decreased 29.90 dBm (from -41.06 dBm to
-70.96 dBm). While the RH was descended from 90.9%RH to
8.0%RH, the transmission power increased 29.97 dBm (from
-70.96 dBm to -40.99 dBm). The largest variation of the
transmission power of this sensor is twice larger than that of
the reported SPF sensor covered with few layer MoS2
nanosheets [27].

The above experiment was repeated to measure the average
transmission power at different humidity levels. Figure 7B
showed the relationship between the average transmission
power and the humidity. As shown in Figure 7B, the black
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FIGURE 8 | (A) Characterization of repeatability and stability of the sensor. (B) Response of the sensor to a modulated humid air flow at 0.5 Hz.
TABLE 1 | Performance of different types of fiber-optic RH sensor.
Type of Response Time(s) Recovery Time(s)  Total Time(s) Sensitivity (dB/%RH) References
fiber sensor
3-DMN coated microfiber 0.090 0.130 0.220 -0.139 (10 %RH-60.8%) This paper
-1.501 (77 %RH-90.8%)
MoS, coated microfiber 0.066 2.395 2.461 — [26]
MoS, coated SPF 0.85 0.85 1.7 - [27]
MoSe, coated SPF 1 4 5 0.321 (32%RH-73%RH) [24]
rGO coated hollow core fiber 5.2 8.1 13.3 0.22 (60%RH-90%RH) [22]
WS, coated SPF 1 5 6 0.1213 (35%RH-85%RH) [23]
WS, coated microfiber 1 4 5 0.196 (37%RH-90%RH) [35]
3-DGN coated microfiber 4 23.7 27.7 -0.224 (50.0%RH-70.6H) [28]
-4.118 (79.5%RH-85.0H)
gelatin-coated SSPMS hybrid fiber grating 1 — — 0.14 (40%RH-90%RH) [36]
Polyvinyl alcohol-coated optical fiber Fabry-Perot 1.5 2.5 4 - [37]
ZnO nanorods-coated PMMA microfiber loop resonator — — — 0.5221 (50%RH-80%RH) [38]
TiO,-coated microfiber knot resonator 25 30 55 0.0836 (40%RH-95%RH) [39]
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TABLE 2 | Comparison of response and recovery Time Obtained by MoS,-based humidity sensors.

Type of Response Time(s) Recovery Time(s) Total Time(s) RH range References
sensor

3-DMN coated microfiber 0.090 0.130 0.220 10-90% This paper
MoS,/SiO,-coated Au electrode 0.18 0.38 0.56 11-97% [25]
MoS,-coated Pt electrode 9 17 28 - [40]
Hollow MoS,-coated Ag electrode 90 110 200 17.2-89.5% [41]
Flower-like MoS, —coated Au electrode <1 0.9 <1.9 11-75% [42]

squares (the RH ascending) and red circles (RH descending)
almost overlap, indicating that this microfiber sensor with 3-
DMN cladding performed good repeatability. In the relative
humidity range from 10.0%RH to 90.9%RH, the average
transmitted power depends nonlinearly on humidity.
However, over smaller humidity ranges (10.0%RH to 60.8%
RH and77.0%RH to 90.9%RH), the average transmitted power
depends linearly on humidity. The sensitivity of the sensor is
-0.139 dB/%RH in the red linear fitting (range from 10%RH to
60.8%RH) and the linear correlation coefficient is 91.5%. The
sensitivity of the sensor is -1.501 dB/%RH in the black linear
fitting (range from 77.0%RH to 90.8%RH) and the linear
correlation coefficient is 92.0%. This sensitivity is 4 times
larger than the previously reported work using few layers of
2D materials as sensing materials [26].

It is known that the PS is insensitive to water molecules, so
that the 3D MoS, structure is regarded as the sensing material.
While water molecules are adsorbed by the MoS, nanosheets,
an amount of charge will be transferred from H,O to MoS,
[31], which induce the changing of the charge carriers
concentration [32-34]. Therefore, following a RH increase,
the imaginary part of the effective refractive index (RI) of the
MoS, nanosheets will be enhanced and the light absorption of
MoS; nanosheets is increased [26], resulting in the decreasing
of the transmission power of the microfiber with 3-DMN
cladding. Furthermore, owing to the porous nature of 3-DMN
cladding as shown in Figure 5B, the specific surface area of
MoS; is increased, resulting in the significant improvement of
the interaction between MoS, and water molecules.

To measure the response and recovery time of the sensor,
the air mixer in Figure 6 was substituted for solenoid valve. By
using the solenoid valve, either dry air (humidity: 10%RH) or
wet air (humidity: 90%RH) was selected to flow into the
chamber. The humidity of the chamber could switch
between high humidity and low humidity quickly. The
dynamic performance of the sensor was monitored by
photoelectric detector (KG-PR-10M-A, CONQUER) and
oscilloscope. The response of each sensor was normalized
with respect to the values measured at low humidity (Vy, dry
air flowed into the chamber) and high humidity (Vy, wet air
flowed into the chamber): Vi = (V -V)/(Vug-Vy).

Figure 8 exhibits the repeatability, stability, and dynamic
response characteristics of the above microfiber covered by
3-DMN cladding. The modulation frequency of humid air
flow is 0.5 Hz. As shown in Figure 8A, during the humidity
change between high and low humidity, the transmission
power of the sensor almost recovered the same position

each cycle, which indicated that the sensor has prominent
repeatability and stability. As we can see from Figure 8B, the
response time (the normalized power drop from 0.9 to 0.1)
and recovery time (the normalized power increase from 0.1 to
0.9) of the sensor were 90 ms and 130 ms, respectively.

Table 1 compares the performance of RH fiber sensor coating
with different materials. It can be seen that the sensor coating
with 3-DMN cladding possesses not only higher humidity
sensitivity but also faster dynamic response. Its sensitivity is
up to -1.50 dB/%RH, which is more than 4 times larger than the
other fiber humidity sensors. Furthermore, the sum of response
and recovery time (total time) of this sensor is 0.220 s, which is
8 times smaller than that of few layer of MoS, coated SPF sensor
[27]. Owning to the porous nature of 3-DMN cladding as
shown in Figure 5B, the water molecules easily accessed the
inner 3D cladding structure and the interaction between water
molecules and the 3-DMN cladding is enhanced, thereby
significantly improving the humidity sensitivity and dynamic
performance of the sensor. Since the response and recovery
time of MoS2 is faster than that of graphene, which was proved
in the previous reports [22, 26, 27], this sensor with 3D MoS2
network cladding owns faster response and recovery time
compared to the previous work with 3D graphene network
cladding [28].

Table 2 shows the response and recovery time of
electrochemical humidity sensor based on MoS,. The response
and recovery time of our fiber sensor with 3-DMN cladding is
faster than that of the reported electrochemical humidity sensors
based on MoS,.

CONCLUSION

A novel all-fiber humidity relative humidity (RH) sensor with
high-sensitivity and fast dynamic response was fabricated. It is
based on microfiber covered around three-dimensional
molybdenum disulfide (3-DMN), which was prepared by
electrostatic self-assembly and drop casting method. Because
of the high surface-to-volume ratios and porous mesh
structure of the 3-DMN cladding, the interaction between
MoS, and water molecules is improved, and the RH sensor
can achieve high sensitivity and fast dynamic performance. In
the RH range from 10%RH to 60.8%RH, the sensitivity of the
sensor is -0.139 dB/%RH (linear correlation coefficient is 91.5%).
In the RH range from 77.0%RH to 90.8%RH, the sensitivity of the
sensor is -1.501 dB/%RH (linear correlation coefficient is 92.0%).
Furthermore, its response time and recovery time are 0.090 and
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0.130 s respectively. The sum of response and recovery time (total
time) is 0.220 s which are 8 times smaller than that of a few layer
MoS, coated SPF sensor. To our knowledge, this type of sensor
owns the fastest dynamic performance of the reported MoS,-
based humidity sensors. The high performance RH sensor will
have a wide range of application potential in chemical processing,
various medical diagnostics, and so on.
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