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Abstract: We demonstrate an all-fiber, compact-structure, high-sensing-efficiency temperature sensor
using a resonator structure sensor device of a runway type and MXene V,C. The high-quality
functional material MXene V;,C, synthesized by a simple two-step method, has excellent photothermal
conversion performance. As-prepared MXene V,C is integrated into the runway section of a runway-
type microfiber knot resonator based on the coupling mechanism between the surface near the field
of the fiber and materials. When the temperature variation range is ~25-70 °C, the corresponding
transmission light intensity variation is linear, and the maximum normalized sensing efficiency is
2.21 dB/°C/mm. Our work demonstrates that the runway-type structure ensures the compactness
of the sensor device and enhances the interaction distance between the material and the microfiber,
which provides additional integration strategies for functional material-based sensor devices.

Keywords: temperature sensor; MXene V,C; runway-type microfiber knot resonator; photothermal

conversion efficiency

1. Introduction

Optical fiber sensors with the merits of electromagnetic resilience, high integration
ability, chemical corrosion resistance, and remote sensing ability have received a lot of
attention [1,2]. All-fiber interferometer and resonator structures are commonly used in the
sensor field. However, the environmental instability of all-fiber sensor devices based on
interferometer structures (multi-devices) limits their commercial availability. Microfiber
has a strong evanescent field, low transmission loss, and outstanding flexibility, making it
an essential component in the all-fiber sensor field [3]. Microfiber knot resonators (MKRs)
are typically produced using micro/nanofibers, which can be easily obtained from single-
mode fibers [4]. MKRs, resonator-based sensor devices, have better stability compared
with microfiber coil resonators and microfiber ring resonators [5]. The strong evanescent
field facilitates the role of fiber and functional materials [6-8], thereby improving sensing
efficiency [9,10].

Two-dimensional (2D) materials, such as reduced graphene oxide (rGO) [11,12],
graphene [13,14], antimonene [15,16], phosphorene [17,18], and MXene [19-21], have been
used as functional materials in the field of sensors, especially in the field of temperature sen-
sors. Benefits from the thermal application of 2D materials, combined with different sensing
structures, including typical interferometer structures, such as Mach-Zehnder interferom-
eter (MZI) and Michelson interferometer (MI) platforms, were earlier applied to all-fiber
temperature sensors. However, the practical application of these interferometer-type sensor
devices is restricted by their insufficient interference immunity and unsatisfactory sensing
efficiency [20]. The temperature sensor device-resonator has been found to have supe-
rior sensing efficiency and environmental stability. The enhanced interaction distance
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between the functional material and fibers in the runway-type MKR contributes to its
excellent resonance characteristics [14,20,21]. The choice of functional materials is also
crucial. MXene, with the advantage of high thermal conductivity and photothermal con-
version efficiency (~100%) [22-24], makes it an ideal material for sensors. A new MXene
compound, vanadium carbide (V,C), has been reported to have excellent thermal and
optical properties [25]. Although the potential of V,C MXene for thermal management is
still in its early stages, exploring all-optical temperature sensor devices based on MXene
V,C is highly promising [26].

Here, we report an all-fiber ultracompact temperature sensor integrating MXene V,C
fabricated by a simple two-step method. The optical deposition method is used to control
the distance between MXene V,C and the microfiber of the runway section. The spectral
response of sensor devices (with and without MXene) is investigated (resonance parame-
ters). The maximum sensing efficiency of ~0.32 dB/°C (normalized sensing efficiency of
2.21 dB/°C/mm) is observed in this MXene-based temperature sensor. Additionally, the
maximum slope of the extinction ratio decrease against temperature is ~—0.073 dB/°C.
Compared with ref. [27-31], this work demonstrates a significant advantage. The experi-
mental results we obtained provide new strategies for combining MXene materials with
all-fiber devices and applying them to the sensing field.

2. Device Fabrication and Materials Characterization

The V,C nanosheets are prepared by a simple two-step method (chemical etching
process and ultrasonic stripping process). The etching process uses HF solution to remove
the Al atoms from the MXene precursor V,AlC to obtain V,C powder. Then, as-prepared
powder obtained by the etching process is added to the NMP solution and sonicated for 20 h.
The NMP solution is centrifuged at 3000 rpm for 20 min, the supernatant is retained, and
the precipitate is removed to remove the V,C that has not been stripped. The supernatant
is then centrifuged at 18,000 rpm for 30 min and then removed and re-dispersed in the IPO
solution for later use.

Transmission electron microscopy (TEM), Raman spectrum, and UV-Vis-NIR absorp-
tion spectroscopy are carried out to evaluate the morphological and spectroscopic features
of V,C nanosheets. As shown in Figure 1a, the TEM image shows that V,C is a typical 2D
slice structure with a lateral size of about 780-1700 nm, indicating that V,C nanosheets
have been successfully prepared. To study the structural properties of V,C nanosheets, the
Raman spectrum of the nanosheets has been investigated. As shown in Figure 1b, the Ra-
man spectrum demonstrates several characteristic peaks of V,C nanosheets located at 138.9,
281.9, 405.5, 519.6, and 684.3 cm !, respectively. V,AlC contains a Raman characteristic
peak at ~256 cm !, and the intensity of this characteristic peak gradually decreases with the
increase in etching time until it is completely small; meanwhile, a new characteristic peak
appears at ~281.9 cm~!, which corresponds to the Ejg vibrational mode [32]. The signal at
this position may be influenced by the increase in layer spacing during V,C fabrication.
According to previous work, the characteristic peak at ~404 cm~ is from V,C(OH),, while
the peaks at 519.6 cm~! and 684.3 cm ™! are from the in-plane Ajg vibrations of the V-atom
model of V,CF, and V,CO(OH), respectively [32-34]. The UV-Vis-NIR absorption spec-
trum of V,C nanosheets is shown in Figure 1c, which demonstrates outstanding broadband
absorption characteristics in the range of 300-2000 nm.

The diameter of the microfibers used to fabricate runway-type MKR is ~6-10 pm,
which balances the majority of evanescent light with light transmission power. The appro-
priate diameter of microfiber ensures that evanescent light leaks outside of the microfiber,
facilitating the interaction between light and functional materials. As shown in Figure 2a,
the microfibers (the preparation loss of ~0.1 dB/~0.08 dB at 1550/980 nm, the diameter
of ~7.1 um) used to form the MKR are created through the hot flame conical stretching
method [4] using SMF-28 (Corning, Corning, NY, USA). The microscope image (red light)
of the bare runway-type MKR is shown in Figure 2a with a long/short axis diameter of
~17.2/2.8 mm. To fabricate the MKR, the unstripped coating layer is gripped at both ends
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of the fiber, elevating it into mid-air and forming a large ring by tying a knot in the tapered
region while simultaneously pulling the fiber tails to form a small D-shaped ring. As the
ring’s diameter is reduced, the shape of the fiber ring changes from D-shape to elliptical
to achieve the final device shape. It is essential to note that the microfiber’s diameter
is exceptionally small, making it prone to bending and breaking. Therefore, during the
pulling process, we avoid touching the microfiber portion and reduce the ring’s radius
by tugging the uncoated fiber ends. This approach also prevents microfiber contamina-
tion. The microfiber is assembled into an intertwined MKR using a panning table and
microscope. The resulting MKR package is then fixed onto a slide for further analysis.
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Figure 1. Characterization of V,C: (a) TEM of V;,C nanosheets; (b) Raman spectrum of V,C; (c) broad-
band (300-2000 nm) absorption spectrum of V,C.
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Figure 2. (a) Optical microscopic images of bare runway-type MKR illuminated by red laser (inset:
the diameter of microfiber for preparing runway-type MKR is ~7.1 um). (b) Transmission spectra.

The optical response measurement system of bare runway-type MKR is shown in
Figure 3. The sensor light source is switched to amplified spontaneous emission (ASE,
Shanghai, China, OS321752), and the output characteristics are tested by the YOKOGAWA
optical spectrum analyzer (OSA, Musashino, Japan, AQ6307C). The measured transmission
spectrum of the bare all-fiber resonator is presented in Figure 2b, which reveals key param-
eters at 1544.7 nm, including a free spectral range (FSR) of ~3.8 nm, a resonance Q-factor
of ~1716.3, and a maximum extinction ratio (ER) of ~11.74 dB. The bare all-fiber resonator
(runway-type MKR without MXene) has a good resonance effect, which is beneficial for its
application in sensing.
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Figure 3. Experimental setup for temperature sensing.

3. Results and Discussion

As-prepared MXene is deposited onto the surface of the microfiber by optical deposi-
tion method (as shown in the inset of Figure 3), and the optical properties of the all-fiber
sensor device (runway-type resonator) based on MXene are tested. The experimental setup
for temperature sensing is shown in Figure 3. The temperature sensing is verified by insert-
ing the slides containing the MXene device into the electric heating constant temperature
incubator (DHP9042, Labonce, Beijing, China), and the sensing performance is tested at
5 °C intervals within the temperature range of 25-70 °C.

Figure 4a displays the transmission spectra of ultracompact sensor devices with
and without V,C at a room temperature of ~25 °C. The two curves exhibit (a red solid
line without V,C and a blue solid line with V,C) several noticeable differences. The
ultracompact sensor device with V,C (blue) shows a decrease of ~6.0 dB in transmission
compared with the ultracompact sensor device without V,C (red). This decrease is due to
additional loss introduced through the V,C deposition process. The ultracompact sensor
device with the V,C material (blue) has resonance parameters at 1534.2 nm, including a
free spectral range (FSR) of ~3.9 nm, a resonance Q-factor of ~1917.8, and a maximum ER of
~14.1 dB. Furthermore, within the wavelength of 1537-1540 nm, the transmission spectrum
of the ultracompact sensor device with V,C shows a smoother profile compared with the
ultracompact sensor device without V,C. This indicates that only one primary resonance
condition is met in the ultracompact sensor device with V,C, and other possible resonances
are suppressed. In contrast, several resonances occurred in the ultracompact sensor device
without V,C. Some minor resonances are visible as small depressions in the range, such as
the one highlighted by the black dashed rectangular box in Figure 4a [35].
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Figure 4. (a) Transmission spectra of the ultracompact sensor device without V,C (red) and with
V,C (blue). (b) Transmission spectra of the ultracompact sensor device without V,C at different
temperatures.

The output transmission spectra are recorded by the ultracompact sensor device
without V,C when the temperature is increased from 25 °C to 70 °C at 1544.7 nm in
Figure 4b. Analysis of the data reveals an amplitude variation AT of approximately 0.7 dB
at the resonant dip wavelength A..s. However, no significant shift is observed in Ares, and
almost no shift is found in Ares. The temperature sensitivity corresponding to these results
is 0-0.02 dB/°C. These findings suggest that the MKR made of silica-based microfiber alone
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cannot achieve a better realization of optical amplitude tuning. The functional material
MXene V,C contributes more to the sensing efficiency.

The performance index shows a significant difference between the ultracompact sensor
device with and without V,C. Table 1 summarizes the resonance characteristics observed
in runway-type MKR with and without V,C. For the runway-type MKR without V,C, the
resonance wavelength Ay with the maximum ER (11.74 dB) is 1544.7 nm. However, for
the runway-type MKR with V;,C, the Ares of the maximum ER (~14.1 dB) occurs at a much
smaller wavelength of 1534.2 nm. This difference in Aes could be attributed to the variation
in resonance order and its mode effective index [36].

Table 1. Resonance properties of the ultracompact sensor device with and without V,C.

Structure Ares (nm) ERmax (dB) Q103 FSR (nm)
device without V,C 1544.7 11.74 1.7163 3.8
device with V,C 1534.2 14.1 1.9178 3.9

The results presented in Table 1 show that the FSR of the ultracompact sensor device
without V;,C is 3.8 nm, while the FSR of the device with V,C is 3.9 nm. These findings
confirm that the MXene did not affect the FSR of the sensor structure. When light passes
through a microfiber with a diameter of approximately 7.1 pm, multiple modes are gen-
erated in the transition zone. Our study considers these modes during propagation, as
shown in Figure 5. As a result, the larger FSR phenomenon cannot be solely attributed to
the expansion of the bit phase difference. The constant distance (I) between the multiple
modes remains unchanged. As a result, the impact of Al in Equation (1) is often negligi-
ble, rendering the denominator in Equation (1) as An, sl only. Furthermore, changes in
the refractive index (An,fsl) occur in the first-order, second-order, and third-order modes
during passage through the transition zone. However, the change in An, (! is typically
insignificant compared with other influential factors, resulting in a negligible An, f fl, which
consequently leads to a larger FSR. This augmented FSR holds promising implications for
the fabrication of all-fiber ultracompact sensor devices.

)\2

FSR = Angffl + TleffAl

)

where A is the incident wavelength; Neff is the effective refractive index; and [ is the
perimeter of the runway section of the device.

o —— Slide
Long axis diameter Short axis diameter

Transition region

Figure 5. Schematic diagram of the all-fiber sensor device.

The fundamental mode of the SMF (HE;; mode) is excited in the transition region
(Figure 5) to a higher order mode (HE;, mode, n > 2), and in the coupling region of the
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all-fiber sensor device, the three modes will independently cycle through the coupling
region and then produce resonance effects [37]. Equation (2) is as follows [38]:

3
Ioutput = (1 - YO)‘SZ IMKRfHEln + (1 - 5) Lievice (2)
1

where Y is coupling intensity loss, ¢ is interference factor, Ig.Mkr—HE,, iS resonance inten-
sity of HE1,, mode. I4evice is the interference intensity [38].

MKR is a stable resonant structure achieved through strong evanescent field couplings.
Light coupled into the ring satisfies the resonance conditions, while light coupled out of the
ring interferes with the transmitted beam, forming a stable resonance spectrum. Changes in
the surrounding temperature cause thermal expansion of the microfibers and their surface
materials, resulting in variations in the microfiber’s length, core’s refractive index, and the
refractive index of the external cladding materials. Consequently, the effective refractive
index of the transmitted mode is altered, leading to significant changes in the transmitted
power of the MKR.

The ultracompact sensor device with V,C is subjected to resonant amplitude tuning
using the identical experimental setup (Figure 3). By inserting the slides containing the ul-
tracompact sensor device with V,C into the electric heating constant temperature incubator
(DHP9042, China), temperature sensing is verified at 5 °C intervals within the temperature
range of 25-70 °C. The results show that the maximum AT is ~14.42 dB with a Ares shift of
~0.3 nm at A of 1534.1 nm at 25-70 °C (the inset of Figure 6a). Similarly, the second largest
AT is ~13 dB at 1566.8 nm and 25-70 °C, with a A shift of approximately 0.2 nm (the inset

of Figure 6b).
0 . . .
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Figure 6. Transmission spectra of the ultracompact sensor device with V,C. (a) at 1530-1550 nm (b) at
1550-1570 nm.

To investigate the sensing characteristics at 1530-1570 nm, the fit of the experimental
data in Figure 7a show that the amplitude variation (AT) with temperature is linear. Ad-
ditionally, Figure 7b displays the extinction ratio versus temperature. To summarize our
results, Table 2 provides information on the properties of the resonances, the associated
AT rates of change, and the slope of the extinction ratio reduction against temperature at
different resonance wavelengths.
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Figure 7. (a) Linear fit of AT vs. temperature. (b) The extinction ratio vs. temperature.

Table 2. Sensing characteristics at different resonance wavelengths.

Ares (nm) ER at25°C(dB) AT at70°C(dB) AT/An(dB/°C)  AER/An (dB/°C)
1534.1 14.1 14.42 0.320 -0.073
1544.9 11.1 12.79 0.284 —0.051
1556.0 10.8 12.22 0.272 —0.056
1566.8 13.1 13.27 0.295 —0.047

The maximum sensing efficiency of the ultracompact sensor device with V,C is
~0.32 dB/°C. This efficiency is represented in Figure 7a (green) and is achieved at 1534.1 nm
with the largest ER (~14.1 dB) (Table 2). The second largest sensing efficiency (0.294 dB/°C)
of the ultracompact sensor device with V,C in Figure 7a (orange) with a smaller ER
(~13.1 dB) at Areg is 1566.8 nm (Table 2). There is a linear correlation between the extinction
ratio of MKR and temperature, with a smaller extinction ratio observed at higher tem-
peratures. Figure 7b illustrates the extinction ratio as a function of temperature, with the
maximum slope of the extinction ratio decreasing against temperature at ~—0.073 dB/°C.
This slope is obtained at the resonance wavelength Ares of 1534.1 nm, corresponding to
the first row in Table 2. The reduction in ER indicates that the strong absorption property
of V,C will lead to the excitation of electron-hole pairs in the V,C nanosheets as the tem-
perature increases. The carriers generated from these photons will lead to a change in the
real and imaginary parts of the refractive index in the V,C nanosheets. The real part of
the refractive index change in the V,C nanosheet is related to the wavelength shift of the
resonance wavelength and manifests as a wave shift of the resonance wavelength. The
change in the imaginary part of the refractive index in the V,C nanosheet may lead to
a change in the resonance condition. Meanwhile, the concentration of photon excitation
carriers increases with the increase in temperature. This will lead to an increase in the
coupling loss factor of the resonator structure. The increase in the coupling loss factor will
cause the resonant state to deviate from the critical coupling [39]. Therefore, the resonant
ER can be found to decrease with increasing temperature near the resonant wavelength.

To ensure the stability of the ultracompact sensor device with V,C, we conducted
rigorous experimental tests. The MXene-MKR sensor is placed within the electric heating
constant temperature incubator and subjected to controlled environmental conditions with
a fixed temperature of 25 °C and 70 °C. We monitored the output spectra for 120 min (at
ten-minute intervals) and observed no significant intensity fluctuations at four wavelengths
(Figure 8a,b). Figure 8 indicates that the intensity fluctuations are less than 1 dB, which is
significantly smaller than the intensity variations caused by temperature changes at fixed
wavelengths. These results indicate that the proposed runway-type resonator operated
stably with the experimental conditions.
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Figure 8. The output spectra. (a) at 25 °C. (b) at 70 °C.

MKRs have demonstrated remarkable potential as highly sensitive optical sensors,
attributed to their compact structure and strong evanescent field interactions with the
surrounding environment. In our subsequent study, we conducted an in-depth exploration
of the impact of microfibers of diameters on the sensor’s sensing efficiency. We investigated
sensitivity variations for different microfiber diameters (~5, ~6, ~7, ~8, and ~9 pm) at an
MXene V,C concentration of ~8 mg/mL (deposition length of ~145 um) while maintaining
similar MKR ring lengths. The sensing characteristics of MKRs with different microfibers
of diameters are presented in Table 3.

Table 3. Sensing characteristics of MKRs with different microfiber diameters (MXene V,C concentra-
tion of ~8 mg/mL).

Microfiber Gk
Diameter
50
e M
15 15 15 15 15
@10 Line : 0.24 dB/°C ///» Line : 0.32 dB/°C 210 Line : 0.30 dB/°C 210 Line : 0.28 dB/E// -
AT vs. 2 /. = S ]/
<5 v g5 £ 5 B
temperature // <
(U 0 0t~
25 35 45 55 65
Temperature An(°C) 'Iggmpeé?ure Asr?(°(‘,)fJS 3 'Fesmpeé%ure Asg("C)65 » 'lzeslnpe:!lstllre Asg("(‘ )65
Sensitivity
0.24 0.27 0.32 0.30 0.28
(dB/°C)
Normalized
sensitivity ~1.66 ~1.86 ~2.21 ~2.07 ~1.93
(dB/°C/mm)

The experimental results presented in Table 3 demonstrate that the MKR sensitivity
reaches a maximum value of 0.32 dB/°C when the diameter of the microfibers decreases
from ~9 um to ~7 um. This trend indicates that smaller-diameter microfibers offer enhanced
sensitivity compared with larger diameters. The observed sensitivity variation in MKRs
with different microfiber diameters can be attributed to the increased evanescent field
interactions and stronger confinement of light within the smaller-diameter microfibers.
Smaller-diameter microfibers provide a larger surface area per unit length, leading to
enhanced interactions with the external medium, resulting in a higher sensitivity. Ad-
ditionally, the increased confinement of light in smaller-diameter microfibers enhances
the light-matter interactions, resulting in a stronger response to changes in the surround-
ing medium’s properties. However, when the diameter of the microfibers decreased from
~7 um to ~5 pm, the sensitivity of the MKR did not continue to increase but rather decreased.
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It should be noted that while smaller-diameter microfibers can theoretically achieve higher
sensitivity, they are also associated with higher optical loss. Therefore, in practical applica-
tions, careful consideration of the trade-off between sensitivity and optical loss is necessary
when selecting the appropriate microfiber diameter for a specific sensor. Consequently,
microfibers with a diameter of ~7 um were selected for subsequent research in this study.

Next, we explore the sensing properties of MKR (microfiber with a diameter of ~7 pm)
at varying concentrations of MXene V,C. The results are presented in Table 4.

Table 4. The effect of different concentrations of MXene V,C on MKR transport properties with the
same microfiber diameter (~7.0 um).

Different
Concentra-
tions

Concentration
(mg/mL)

~10

AT vs.
temperature

Line : 0.16 dB/°C

/

Line : 0.23 dB/°C

AT (dB)

35 45 55 6
Temperature An(°C)

>

v

Line : 0.18 dB/°C

L

s

Line : 0.25 dB/°C

5 25 35 45 55 65 25 35 45 55 65 25 35 45 55 65 35 45 55 65
Temperature An(°C) Temperature An(°C) Temperature An(°C) Temperature An(°C)

Sensitivity
(dB/°Q)

0.16

0.18 0.23 0.32 0.25

Normalized
sensitivity
(dB/°C/mm)

~1.10

~1.24 ~1.59 ~2.21 ~1.72

Based on the experimental results, we observed a significant impact of MXene V,C
concentration on the sensitivity of the MKR sensor. Increasing the MXene V,C concentration
led to the following sensitivity trend: at ~2 mg/mL, the sensitivity was relatively low.
At ~4 mg/mlL, the sensitivity slightly increased but remained relatively low. Further
increasing the MXene V,C concentration to ~6 mg/mL resulted in a significant sensitivity
improvement. The highest sensitivity was achieved at an MXene V;,C concentration of
~8 mg/mL. However, when the concentration reached ~10 mg/mL, the sensitivity of the
MKR sensor began to decrease. This observed trend can be explained as follows: lower
MXene V;C concentrations may not effectively enhance the interaction of the light field with
the external environment, leading to lower sensitivity. On the contrary, gradually increasing
the MXene V,C concentration enhances its coverage on the MKR surface, enabling stronger
interactions with the external environment and thus improving sensitivity. Nevertheless,
excessively high MXene V,C concentration may increase optical field loss and interference
effects, causing a reduction in sensitivity.

Analysis of Tables 3 and 4 highlights the substantial impact of microfiber diameter and
deposited material concentration on the sensitivity of MKR. This study’s maximum normal-
ized sensing efficiency (2.21 dB/°C/mm), as presented in Table 3, surpassed the previous
findings of our group (1.65 dB/°C/mm) [40]. Hence, choosing the suitable microfiber diam-
eter and deposition material concentration can notably enhance the performance of MKR
sensors, providing heightened sensitivity and accuracy in specific application scenarios.

Table 5 shows the sensing characteristics of different types of all-fiber devices. The
ultracompact sensor device with V,C demonstrated in this work outperforms the other
configurations. Although the measurement temperature range of our work (25-70 °C) is
moderate, there is still potential for improvement by further optimizing factors such as
the area of the nanosheet coating and the diameter of the microfiber. Microfibers provide
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smaller diameters for MKRs and offer greater sensitivity per unit length of MKR than
traditional fiber sensor devices with interferometric structures. This compact structure
empowers MKRs to exhibit faster response times when interacting with the environment
compared with other sensors. The runway-type MKR discussed in this paper has demon-
strated heightened sensor sensitivity compared with the other all-fiber devices presented in
Table 5. This improved sensing capability arises from the synergistic effect of the microfiber
structure and MXene’s photothermal properties. The surface of the runway-type MKR is
coated with MXene materials, which significantly enhances the interaction distance be-
tween the material and the fiber. Additionally, the high photothermal conversion efficiency
and thermal conductivity of V,C materials contribute to the sensing performance of the
all-fiber sensor device.

Table 5. Sensing characteristics of different types of all-fiber device structures.

Type of Structure Sensitivity (dB/°C) Temperature (°C) Ref.

MF ? with Graphene 0.03 20-75 [27]

MLR? 0.043 25-60 [28]

SPF © with TiO, 0.044 —7.8-77.6 [29]

MF with Graphene 0.1018 30-80 [30]

SPF with rGO ¢ 0.134 —7.8-77 [31]
Runway-type MKR + V,C 0.32 25-70 This work

2: microfiber. : microfiber loop resonator. ¢: side-polished fiber. 4: reduced graphene oxide.

4. Conclusions

We have demonstrated an all-fiber, high-sensing-efficiency temperature sensor based
on MXene V;,C. The highest sensing efficiency of ~0.32 dB/°C (normalized sensing effi-
ciency of 2.21 dB/°C/mm) is observed in the runway-type MKR coated with V,C, which is
fabricated using 7.1 um-diameter microfibers. This efficiency is achieved at Ares of 1534.1 nm
with a Q of ~1917.8 and an ER of ~14.1 dB. The runway structure used in our all-fiber sensor
device significantly enhances the interaction length between light and the MXene V,C,
thereby improving the overall sensing efficiency of the sensor. Simultaneously, the selection
of appropriate microfiber diameter and MXene V,C concentration is crucial in achieving
high sensitivity in MKR sensors. The experimental results underscore the significance of
striking the right balance between the diameters of microfibers and deposited material
concentration to optimize sensitivity while maintaining excellent optical performance. This
device shows promise for developing fiber-compatible devices with functionalities.

Author Contributions: Conceptualization, S.C. and Q.W.; Investigation, T.Z.; Data curation, S.C.
and J.R.; Writing—original draft, S.C. and J.R.; Writing—review & editing, S.C., T.Z. and Q.W.;
Supervision, T.Z. and Q.W.; Project administration, Q.W.; Funding acquisition, Q.W. All authors have
read and agreed to the published version of the manuscript.

Funding: This research was funded by the National Natural Science Foundation of China (62205091),
the China Postdoctoral Science Foundation Funded Project (2022M710983), Heilongjiang Postdoc-
toral Foundation (LBH-Z22201), and the Fundamental Research Foundation for Universities of
Heilongjiang Province (2022-KYYWF-0121).

Informed Consent Statement: Informed consent was obtained from all subjects involved in the study.

Conflicts of Interest: The authors declare no conflict of interest.

1. Li, J.; Yan, H.; Dang, H.; Meng, E. Structure design and application of hollow core microstructured optical fiber gas sensor: A
review. Opt. Laser Technol. 2021, 135, 106658. [CrossRef]

2. Pu, S.; Luo, L.; Tang, J.; Mao, L.; Zeng, X. Ultrasensitive Refractive-Index Sensors Based on Tapered Fiber Coupler with Sagnac
Loop. IEEE Photonics Technol. Lett. 2016, 28, 1073-1076. [CrossRef]

3. Xia, F; Liu, B.; Ying, Y. Systematic investigation of spectral characteristics and sensing characteristics of microfiber knot resonator.
J. Opt. 2022, 24, 035002. [CrossRef]


https://doi.org/10.1016/j.optlastec.2020.106658
https://doi.org/10.1109/LPT.2016.2529181
https://doi.org/10.1088/2040-8986/ac4f27

Nanomaterials 2023, 13, 2354 11 of 12

10.

11.

12.

13.

14.

15.

16.

17.

18.

19.

20.

21.

22.

23.

24.

25.

26.

27.

28.

29.

Tong, L.; Zi, F,; Guo, X,; Lou, J. Optical microfibers and nanofibers: A tutorial. Opt. Commun. 2012, 285, 4641-4647. [CrossRef]
Li, Y;; Pu, S;; Zhao, Y.; Yao, T. Fiber-Optic Magnetic Field Sensing Based on Microfiber Knot Resonator with Magnetic Fluid
Cladding. Sensors 2018, 18, 4358. [CrossRef] [PubMed]

Wu, Q,; Jin, X,; Chen, S,; Jiang, X.; Hu, Y,; Jiang, Q.; Wu, L.; Li, J.; Zheng, Z.; Zhang, M.; et al. MXene-based saturable absorber for
femtosecond mode-locked fiber lasers. Opt. Express 2019, 27, 10159-10170. [CrossRef]

Wu, Q.; Chen, S.; Wang, Y.Z.; Wu, LM,; Jiang, X.T.; Zhang, E; Jin, X.X,; Jiang, Q.Y.; Zheng, Z.; Li, ].Q.; et al. MZI-Based All-Optical
Modulator Using MXene Ti3C,Tx (T = F, O, or OH) Deposited Microfiber. Adv. Mater. Technol. 2019, 4, 1800532. [CrossRef]

Wu, Q.; Chen, S.; Guan, L.X.; Wu, H.B. Highly Sensitive Photothermal Fiber Sensor Based on MXene Device and Vernier Effect.
Nanomaterials 2022, 12, 766. [CrossRef]

Wu, Q.; Chen, S.; Bao, W.; Wu, H. Femtosecond Pulsed Fiber Laser Based on Graphdiyne-Modified Tapered Fiber. Nanomaterials
2022, 12, 2050. [CrossRef]

Wu, Q.; Zhang, M.; Wang, Y.; Huang, W.; Zheng, Z.; Zhang, H. All-optical light control in MXene-deposited microfiber knot
resonator. In Proceedings of the Conference on Lasers and Electro-Optics, Washington, DC, USA, 10-15 May 2020; p. JTu2B.17.
Amala, G.; Saravanan, J.; Yoo, D.J.; Kim, A.R.; Kumar, G.G. An environmentally benign one pot green synthesis of reduced
graphene oxide based composites for the enzyme free electrochemical detection of hydrogen peroxide. New J. Chem. 2017, 41,
4022-4030. [CrossRef]

Gabunada, J.C.; Vinothkannan, M.; Kim, D.H.; Kim, A.R.; Yoo, D.]. Magnetite Nanorods Stabilized by Polyaniline/Reduced
Graphene Oxide as a Sensing Platform for Selective and Sensitive Non-enzymatic Hydrogen Peroxide Detection. Electroanalysis
2019, 31, 1524-1533. [CrossRef]

Gan, X.; Zhao, C.; Wang, Y.; Mao, D.; Fang, L.; Han, L.; Zhao, J. Graphene-assisted all-fiber phase shifter and switching. Optica
2015, 2, 468-471. [CrossRef]

Wang, Y.; Wu, Q.; Wang, H.; Liu, J.; Zheng, Z.; Zhang, M.; Zhang, H. Thermally tunable microfiber knot resonator with flexible
graphene heater. Chin. Opt. Lett. 2021, 19, 051301. [CrossRef]

Song, Y.; Liang, Z.; Jiang, X.; Chen, Y,; Li, Z.; Lu, L.; Ge, Y.; Wang, K.; Zheng, J.; Lu, S.; et al. Few-layer antimonene decorated
microfiber: Ultra-short pulse generation and all-optical thresholding with enhanced long term stability. 2D Mater. 2017, 4, 045010.
[CrossRef]

Song, Y.; Chen, Y,; Jiang, X.; Liang, W.; Wang, K.; Liang, Z.; Ge, Y.; Zhang, F.; Wu, L.; Zheng, ].; et al. Nonlinear Few-Layer
Antimonene-Based All-Optical Signal Processing: Ultrafast Optical Switching and High-Speed Wavelength Conversion. Adv. Opt.
Mater. 2018, 6, 1701287. [CrossRef]

Tao, W.; Zhu, X,; Yu, X.; Zeng, X.; Xiao, Q.; Zhang, X.; Ji, X.; Wang, X.; Shi, J.; Zhang, H.; et al. Black Phosphorus Nanosheets as a
Robust Delivery Platform for Cancer Theranostics. Adv. Mater. 2017, 29, 1603276. [CrossRef]

Zhang, M.; Wu, Q.; Zhang, F,; Chen, L.; Jin, X.; Hu, Y.; Zheng, Z.; Zhang, H. 2D Black Phosphorus Saturable Absorbers for
Ultrafast Photonics. Adv. Opt. Mater. 2019, 7, 1800224. [CrossRef]

Wu, Q.; Wang, Y.; Huang, W.; Wang, C.; Zheng, Z.; Zhang, M.; Zhang, H. MXene-based high-performance all-optical modulators
for actively Q-switched pulse generation. Photonics Res. 2020, 8, 1140-1147. [CrossRef]

Wu, Q.; Huang, W.; Wang, Y.; Wang, C.; Zheng, Z.; Chen, H.; Zhang, M.; Zhang, H. All-Optical Control of Microfiber Knot
Resonator Based on 2D Ti,CTx MXene. Adv. Opt. Mater. 2020, 8, 1900977. [CrossRef]

Wu, Q.; Zhang, M.; Wang, Y.; Huang, W.; Zheng, Z.; Zhang, H. MXene-based all-optical microfiber knot resonator for active
Q-switching. In Proceedings of the Conference on Lasers and Electro-Optics, Washington, DC, USA, 10-15 May 2020; p. JW2E.17.
Li, R;; Zhang, L.; Shi, L.; Wang, P. MXene Ti3Cy: An Effective 2D Light-to-Heat Conversion Material. ACS Nano 2017, 11,
3752-3759. [CrossRef]

Wu, Q.; Tan, L,; Liu, X,; Li, Z,; Zhang, Y.; Zheng, Y.; Liang, Y.; Cui, Z.; Zhu, S.; Wu, S. The enhanced near-infrared photocatalytic
and photothermal effects of MXene-based heterojunction for rapid bacteria-killing. Appl. Catal. B Environ. 2021, 297, 120500.
[CrossRef]

Yang, B.; Tang, P-f,; Liu, C.5,; Li, R.; Li, X.-d.; Chen, J.; Qiao, Z.-q.; Zhang, H.-p.; Yang, G.-c. An efficient light-to-heat conversion
coupling photothermal effect and exothermic chemical reaction in Au NRs/V,C MXene membranes for high-performance laser
ignition. Def. Technol. 2022, 18, 834-842. [CrossRef]

Gao, L.; Chen, H.; Zhang, F.; Mei, S.; Zhang, Y.; Bao, W.; Ma, C.; Yin, P; Guo, |.; Jiang, X.; et al. Ultrafast Relaxation Dynamics and
Nonlinear Response of Few-Layer Niobium Carbide MXene. Small Methods 2020, 4, 2000250. [CrossRef]

Ahmad, H.; Kamely, A.A.; Zaini, M.K.A.; Samion, M.Z.; Chong, W.Y.; Zamzuri, A.K; Lim, K.S. Generation of four-wave mixing
with nonlinear Vanadium-carbide (V,C)-deposited side-polished fiber (SPF) in 1.5- and 2.0-um wavelength operation. Opt. Laser
Technol. 2022, 145, 107458. [CrossRef]

Sun, X.; Sun, Q.; Jia, W.; Xu, Z.; Wo, |.; Liu, D.; Zhang, L. Graphene Coated Microfiber for Temperature Sensor. In Proceedings of
the International Photonics and OptoElectronics Meetings, Wuhan, China, 18-21 June 2014; p. FF4B.3.

Harun, S.W.; Lim, K.S.; Damanhuri, S.S.A.; Ahmad, H. Microfiber loop resonator based temperature sensor. J. Eur. Opt. Soc. Rapid
Publ. 2011, 6, 11026. [CrossRef]

Lu, H; Tian, Z,; Yu, H,; Yang, B.; Jing, G.; Liao, G.; Zhang, J.; Yu, J.; Tang, J.; Luo, Y,; et al. Optical fiber with nanostructured
cladding of TiO, nanoparticles self-assembled onto a side polished fiber and its temperature sensing. Opt. Express 2014, 22,
32502-32508. [CrossRef]


https://doi.org/10.1016/j.optcom.2012.07.068
https://doi.org/10.3390/s18124358
https://www.ncbi.nlm.nih.gov/pubmed/30544679
https://doi.org/10.1364/OE.27.010159
https://doi.org/10.1002/admt.201800532
https://doi.org/10.3390/nano12050766
https://doi.org/10.3390/nano12122050
https://doi.org/10.1039/C6NJ04030F
https://doi.org/10.1002/elan.201900134
https://doi.org/10.1364/OPTICA.2.000468
https://doi.org/10.3788/COL202119.051301
https://doi.org/10.1088/2053-1583/aa87c1
https://doi.org/10.1002/adom.201701287
https://doi.org/10.1002/adma.201603276
https://doi.org/10.1002/adom.201800224
https://doi.org/10.1364/PRJ.391911
https://doi.org/10.1002/adom.201900977
https://doi.org/10.1021/acsnano.6b08415
https://doi.org/10.1016/j.apcatb.2021.120500
https://doi.org/10.1016/j.dt.2021.04.005
https://doi.org/10.1002/smtd.202000250
https://doi.org/10.1016/j.optlastec.2021.107458
https://doi.org/10.2971/jeos.2011.11026
https://doi.org/10.1364/OE.22.032502

Nanomaterials 2023, 13, 2354 12 of 12

30.

31.

32.

33.

34.

35.

36.

37.

38.

39.

40.

Sun, Q.; Sun, X.; Jia, W.; Xu, Z.; Luo, H.; Liu, D.; Zhang, L. Graphene-Assisted Microfiber for Optical-Power-Based Temperature
Sensor. IEEE Photonics Technol. Lett. 2016, 28, 383-386. [CrossRef]

Zhang, ].; Liao, G,; Jin, S.; Cao, D.; Wei, Q.; Lu, H.; Yu, J.; Cai, X,; Tan, S.; Xiao, Y.; et al. All-fiber-optic temperature sensor based
on reduced graphene oxide. Laser Phys. Lett. 2014, 11, 035901. [CrossRef]

Guan, Y,; Jiang, S.; Cong, Y.; Wang, J.; Dong, Z.; Zhang, Q.; Yuan, G; Li, Y.; Li, X. A hydrofluoric acid-free synthesis of 2D
vanadium carbide (V,C) MXene for supercapacitor electrodes. 2D Mater. 2020, 7, 025010. [CrossRef]

Ghasali, E.; Orooji, Y.; Azarniya, A.; Alizadeh, M.; Kazem-zad, M.; TouradjEbadzadeh. Production of V,C MXene using a
repetitive pattern of V,AIC MAX phase through microwave heating of Al-V,05-C system. Appl. Surf. Sci. 2021, 542, 148538.
[CrossRef]

Champagne, A.; Shi, L.; Ouisse, T.; Hackens, B.; Charlier, ].-C. Electronic and vibrational properties ofV,C-based MXenes: From
experiments to first-principles modeling. Phys. Rev. B 2018, 97, 115439. [CrossRef]

Lu, H.; Wang, Z.; Huang, Z.; Tao, J.; Xiong, H.; Qiu, W.; Guan, H.; Dong, H.; Dong, J.; Zhu, W.; et al. Resonance-assisted
light-control-light characteristics of SnS, on a microfiber knot resonator with fast response. Photonics Res. 2018, 6, 1137-1143.
[CrossRef]

Chen, G.; Zhang, Z.; Wang, X.; Li, H; Jiang, M.; Guan, H.; Qiu, W.; Lu, H.; Dong, J.; Zhu, W.; et al. Highly sensitive all-optical
control of light in WS; coated microfiber knot resonator. Opt. Express 2018, 26, 27650-27658. [CrossRef] [PubMed]

Frawley, M.C.; Petcu-Colan, A.; Truong, V.G.; Nic Chormaic, S. Higher order mode propagation in an optical nanofiber. Opt.
Commun. 2012, 285, 4648-4654. [CrossRef]

Le, A.D.D.; Han, Y.-G. Relative Humidity Sensor Based on a Few-Mode Microfiber Knot Resonator by Mitigating the Group Index
Difference of a Few-Mode Microfiber. J. Light. Technol. 2018, 36, 904-909. [CrossRef]

Stetsenko, M.O.; Voznyi, A.A.; Kosyak, V.V,; Rudenko, S.P.; Maksimenko, L.S.; Serdega, B.K.; Opanasuk, A.S. Plasmonic Effects in
Tin Disulfide Nanostructured Thin Films Obtained by the Close-Spaced Vacuum Sublimation. Plasmonics 2017, 12, 1213-1220.
[CrossRef]

Wu, Q.; Ran, J.H.; Zheng, T.; Wu, H.B,; Liao, Y.B.; Wang, FP.; Chen, S. MXene V,C-coated runway-type microfiber knot resonator
for an all-optical temperature sensor. RSC Adv. 2023, 13, 19366-19372. [CrossRef] [PubMed]

Disclaimer/Publisher’s Note: The statements, opinions and data contained in all publications are solely those of the individual
author(s) and contributor(s) and not of MDPI and/or the editor(s). MDPI and/or the editor(s) disclaim responsibility for any injury to
people or property resulting from any ideas, methods, instructions or products referred to in the content.


https://doi.org/10.1109/LPT.2015.2495107
https://doi.org/10.1088/1612-2011/11/3/035901
https://doi.org/10.1088/2053-1583/ab6706
https://doi.org/10.1016/j.apsusc.2020.148538
https://doi.org/10.1103/PhysRevB.97.115439
https://doi.org/10.1364/PRJ.6.001137
https://doi.org/10.1364/OE.26.027650
https://www.ncbi.nlm.nih.gov/pubmed/30469827
https://doi.org/10.1016/j.optcom.2012.05.016
https://doi.org/10.1109/JLT.2017.2756639
https://doi.org/10.1007/s11468-016-0378-z
https://doi.org/10.1039/D3RA03190J
https://www.ncbi.nlm.nih.gov/pubmed/37383689

	Introduction 
	Device Fabrication and Materials Characterization 
	Results and Discussion 
	Conclusions 
	References

