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Lithium-ion batteries (LIBs) experience continuous temperature changes during operation and can overheat due to overcharging
and short circuits, leading to severe safety hazards, such as thermal runaway. As temperature during the operation is a direct
indicator of the safety status of LIBs, developing a high performance thermistor that is capable of sensitively monitoring the
temperature changes of LIBs in real time is crucial. In this study, we developed, fabricated, and evaluated a highly sensitive, thin,
and flexible temperature sensor composed of 2D MoS, as a thermosensitive material. The sensor can be conformally integrated
onto the surface of LIBs without interfering with the assembly of other components. The MoS, thermistor exhibits a high
temperature coefficient of resistance (TCR) of —1.94%/°C (corresponding thermal sensitivity is 200 mV/°C) with a high linearity
(R* of 0.98) in the 20-60°C temperature range. This sensitivity is three to four orders of magnitude higher than that of thermo-
couples (usually tens of pV/°C) that are conventionally used for the temperature monitoring of LIBs. Moreover, the MoS,
thermistor exhibits an insignificant response to bending, with resistance changes of less than 0.3% under a bending angle of
40°, which the sensor could experience owing to LIB swelling during operation. The spatial temperature changes of LIBs during
their charge-discharge cycles can also be monitored accurately in real time by integrating multiple MoS, thermistors. Our
thermistor provides sensitivity, stability, simplicity, and portability, which are critical for the continuous thermal characterization

of LIBs and the reduction of the risk of thermal runaway.

1. Introduction

Lithium-ion batteries (LIBs) are reliable, long-lasting, and
high-energy density storage systems that are widely used in
diverse applications ranging from portable electronic devices
to electric vehicles [1-3]. Consequently, as the demand for
these devices increases, the energy and power densities of LIBs
must also be improved continuously. However, as LIB energy
performance increases, the safety risks also rise significantly
[4, 5]. One of the most significant limitations of LIBs is that
they must operate within a relatively narrow temperature
range. LIBs release heat during charging and discharging,
and the average working temperature for LIBs is usually
between 20 and 60°C [6-8]. However, once the operating
temperature increases beyond a specific critical level, the
LIB may experience thermal runaway, eventually swelling
and then exploding [9, 10]. Other potential causes of thermal

runaway include overheating, overcharging, excessive charge
and discharge rates, short circuits, and physical damage, such
as punctures [11-13]. Thermal runaway can result in cata-
strophic outcomes including fire, explosion, and toxic gas
release, posing significant risks to both users and surrounding
infrastructure [14, 15]. A critical early indicator of thermal
runaway is the rate of temperature change within the LIB [16,
17]. Therefore, a high performance sensor that can accurately
monitor temperature changes in LIBs in real time must be
developed.

Thermocouples are typically employed for measuring the
temperature of LIBs. These devices are usually encased in epoxy
resin and either attached to or inserted within the battery.
However, the low sensitivity and nonlinear output of thermo-
couples limit their temperature-sensing performance [18, 19].
In addition, thermocouples require continuous calibration
against hot and cold reference junctions and, when integrated
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inside an LIB, are not stable under active electrochemical reac-
tions and require tight packaging, which increases their cost
[20-22]. To determine the spatial temperature distribution of
LIBs, multiple thermocouples must be integrated, which is
labor-intensive and produces that can yield unreliable mea-
surements. On the other hand, infrared (IR) thermometers
can provide noncontact temperature distribution measure-
ments with a high sensitivity; however, IR cameras are bulky
and expensive, making their integration into portable LIBs
impractical [23-24]. Moreover, IR imaging requires careful
calibration for long-term temperature tracking because the
measurement accuracy can be affected by external interference,
such as radiation from the atmosphere and neighboring objects
during operation [24, 26]. Otherwise, fiber Bragg grating sen-
sors provide a linear temperature response when integrated
into batteries but are susceptible to electric crosstalk [27-29].
In addition, such sensors need to be tethered to the current
collector, and the fiber must penetrate the cathode and separa-
tor through the battery housing, thus compromising the integ-
rity and performance of the battery [19, 21]. In terms of
manufacturing, sensor installation complicates LIB assembly
processes and may increase safety risks. Therefore, resistive
temperature detectors, which are advantageous of simple mea-
surement scheme, with a high sensitivity, broad detection
range, fast response, cost-effectiveness, and stability that can
be attached conformally to the surface of LIBs without con-
straints are required for LIB thermal characterization [30-34].

To achieve a high sensitivity and accurate temperature
measurements, various nanomaterials have been employed
as thermosensitive materials, including carbon nanomaterials
[10, 35-37], metals and metal oxides, such as Ag and ZnO
nanowires [38, 39]. These materials exhibit temperature sen-
sitivity, quantified as the temperature coefficient of resistance
(TCR), typically ranging from 0.4% to 0.6%/°C [38, 39]. To
explore novel materials with enhanced sensitivity, composites
comprised of carbon nanotubes (CNTs) and MXenes have
been evaluated for temperature monitoring of batteries and
the human body; however, their TCR only reached 0.5%/°C
[40]. On the other hand, atomically thin semiconductors,
such as MoS, have emerged as excellent thermosensitive
materials for flexible sensors [41, 42]. Given its unique struc-
tural, mechanical, and electrical characteristics along with the
availability of large-scale processing techniques [43], MoS,
has been successfully integrated into various types of temper-
ature sensors, such as fiber-optic sensors (0.1211 dB/°C) [44],
multiwalled CNT-MoS, nanocomposite temperature sensors
(—0.62%/°C) [45], graphene—MoS, thermoelectric devices
(21 pV/°C) [46], and monolayer MoS,-based flexible sensors
(~1.5%/°C) [47]. These studies collectively demonstrate that
MoS, exhibits a rapid thermal response and the high sensitiv-
ity necessary for temperature monitoring. Nevertheless, the
application of MoS,-based sensors for LIB temperature mon-
itoring has not yet been explored, and the temperature sensi-
tivity of MoS, can be further improved by modulating its
morphology. Therefore, sensitive, thin, and flexible MoS,
thermistor sensors must be designed and evaluated for accu-
rate LIB temperature monitoring and early detection of ther-
mal runaway.
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In this paper, we present thin and flexible thermistors for
LIBs based on 2D MoS, that can be conformally attached to a
battery surface for the first time. The thermistor was fabricated
by spray-coating a MoS, dispersion onto patterned electrodes
on a flexible polyimide (PI) substrate. Simple, scalable, and
reproducible processes were used to minimize the manufactur-
ing costs and performance variations among the fabricated
sensors (less than 0.04%). The sensor exhibits a high TCR
(—1.94%/°C) (corresponding to a thermal sensitivity of
200 mV/°C) and cyclic sensing repeatability (deviation of less
than 0.22%). By attaching the MoS, thermistor to the LIB
surface, temperature changes during 0.5C and 1 C-rate
charge—discharge cycles could be accurately measured and
recorded, while thermocouples and an IR camera provided
reference data for comparison. Furthermore, the high sensitiv-
ity and adaptability of the MoS, thermistor enabled real time
spatial temperature mapping of LIBs during charge—discharge
cycles, demonstrating the feasibility of continuous thermal
characterization.

2. Materials and Methods

2.1. Materials. Poly (pyromellitic dianhydride-co-4,4-oxydia-
niline) (Sigma-Aldrich), amic acid solution (P [PMDA-ODA])
(12.8 wt%, Sigma-Aldrich) were used for preparation of PI
substrate. PMMA (Poly [methyl methacrylate]) powder (aver-
age MW = 350000, Sigma-Aldrich), molybdenum (IV) sulfide
powder (99% purity, 325 mesh, Alfa Aesar), negative photore-
sist (DNR-L300-40, 120CP, DongJin), Au pellet (99.99%
purity, iTASCO), and Cr pellet (99.99% purity, iTASCO)
were used for the fabrication of the MoS, thermistor. All che-
micals and materials were used as received.

2.2. Fabrication of Substrate and Electrode. The PMMA solu-
tion was spin-coated onto a clean Si wafer at 1200 RPM for 30's
and subsequently heated to 120°C for 15 min to form a PMMA
film. A P(PMDA-ODA) solution was then spin-coated onto
the PMMA layer at 2000 RPM for 30 s, followed by soft baking
in a vacuum oven at 80°C. This process was repeated to form
multilayer imidized PI films. The PI layer was then cured at
140°C for 4 h. Photolithography was used to define the elec-
trode patterns on the PI surface, and electron beam evaporation
was used to deposit 100-nm-thick Au with a 20-nm-thick Cr
adhesion layer. Finally, the interdigitated (IDT) electrodes were
defined by liftoff in acetone.

2.3. MoS, Preparation and Coating. The MoS, powder was
ground in a mortar for 30 min and dispersed in acetone using a
tip sonicator (SONOPULS, BANDELIN) for 5h at an
amplitude of 16.4 pm. The MoS, dispersion was then
centrifuged at 1000 RPM for 20 min (Rotina 380, Hettich),
and the supernatant was used to ensure uniformity and long-
term stability. The MoS, dispersion was then coated evenly
onto the PI substrate with patterned IDT electrodes using a
spray gun through a shadow mask. Finally, the MoS,-coated
substrate was annealed at 180°C under an inert atmosphere for
2h to remove the solvent completely.

2.4. Device Characterization. The MoS, thermistor character-
istics were measured using the following systems and
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FIGURE 1: (a) Schematic of the manufacturing process and photographs of the fabricated MoS, thermistor. (b) SEM images of uniformly
coated MoS, nanolayers on both IDT electrodes (brighter regions) and the PI substrate (darker regions). (c) Raman intensity maps for the
Eig and Ajg peaks of MoS, deposited onto the PI substrate, along with the corresponding Raman spectra.

techniques: The current—voltage (I-V) curves and the relative
resistances of the MoS, thermistors were recorded utilizing a
source meter (2450, Keithley). The surface morphology of
MoS, nanomaterials was observed using scanning electron
microscopy (SEM; SIGMA 300 Carl Zeiss), and Raman
spectra were acquired utilizing a Raman spectrometer
(XploRA Plus, Horiba) under a 100X focus lens and a 532-nm
laser, featuring a spot diameter of 1 pm. Battery charging and
discharging were performed using a battery test system

(BaSytEC XCTS). The surface temperatures of the batteries
were assessed utilizing thermocouples and IR cameras (FLIR
CX200).

3. Results and Discussion

3.1. Fabrication and Characterization of MoS, Thermistor.
Figure 1 shows the schematic and structural details of the flexi-
ble MoS, thermistor. The MoS, thermistor was fabricated by
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standard micropatterning of electrodes onto a PI substrate,
followed by spray-coating of the MoS, dispersion, as shown
in Figure la. As detailed in Figure S1, the process begins by
coating a Si wafer with PMMA and PI, where PMMA serves as
a sacrificial layer for releasing the PI substrate from the wafer.
The thickness of the PI substrate was less than 100 pm to ensure
conformal contact with the LIB surface. Photolithography,
electron beam evaporation of Au, and liftoff process were
used to define an IDT electrode array on the PI surface. Simul-
taneously, the MoS, nanolayers were exfoliated and stably dis-
persed in acetone (0.6 mg/mL) through tip sonication and
followed by centrifugation. The MoS, dispersion was uniformly
spray-coated onto the IDT electrodes using a shadow mask,
subsequently dried. The inset photograph in Figure la (out-
lined by dashed lines) shows the fabricated MoS, thermistor.
The fabrication processes of flexible MoS, thermistors are sim-
ple, reliable, and reproducible, thereby ensuring minimal per-
formance variations between the manufactured sensors. In
addition, the high flexibility of the sensor enables it to bend
and fold easily without damage (inset in Figure 1a), making the
sensor suitable for LIB surface contact measurements. The
SEM images show the morphology of the MoS, sensing layer
coated on the IDT electrodes and the PI substrate after thermal
treatment under an inert atmosphere (Figure 1b). The MoS,
nanolayers are tightly packed and overlapped with each other,
forming an electrical pathway with numerous interflake con-
tacts between the electrodes with an average lateral MoS, flake
size of ~466 £22nm (Figure S2). The thickness of coated
MosS, layer was ~100nm (Figure S3). In our MoS, sensing
layer, the electron transport is controlled by hopping between
the MoS, flakes, indicating that the hopping transport in the
MoS, layer is likely to lead to a large TCR [42]. Raman spec-
troscopy was used to further analyze the MoS, sensing layer.
MoS,; has two characteristic phonon modes: E',,, correspond-
ing to in-plane vibrations of the sulfur and molybdenum atoms
perpendicular to each other in the plane, and A, associated
with out-of-plane vibrations of sulfur atoms [48, 49]. Multi-
layer MoS, exhibits both interlayer and interlayer vibrations,
which are caused by the restoring forces generated by van der
Waals interactions [50, 51]. The corresponding interlayer
modes in multilayer MoS, strongly depend on its thickness,
and the peak positions of the E}, and A;, modes can be used to
identify the number of layers of MoS, flakes [52]. As shown in
the Raman spectra in Figure lc, the peak position difference
between Eég (383.6/cm) and A, (408.5/cm) was 24.86/cm,
indicating that the bulk MoS, was successfully exfoliated and
multilayer MoS, was coated onto the substrate [48, 50, 53].
Importantly, as shown in the Raman intensity map over an
area of 400 um? in Figure Ic, the positions and intensities of
the two characteristic peaks (E;g and Ajg) of the multilayer
MoS, are uniform across the area. This proves the uniformity
of the MoS, dispersion and spray-coating process.

3.2. Sensing Performance of MoS, Thermistor. Figure 2a
shows the temperature-dependent I-V characteristics of the
MoS, thermistor, which exhibit linear behaviors over a broad
temperature range of 20-160°C. As the temperature increased,
the resistance of MoS, decreased significantly from 0.68 M2 at
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20°C to 0.01 M« at 160°C owing to the semiconducting prop-
erties of MoS,. The temperature-sensitive conduction mecha-
nism of MoS, can be attributed to the thermal excitation of
electrons near the Fermi level resulting from the temperature
increase. This excites valence electrons to the conduction band,
enhancing electrical conduction and resulting in temperature-
dependent resistance changes [54-56]. The relative resistance
change (AR/R,) of MoS, with respect to the temperature is
shown in Figure 2b, where AR is the change in resistance at
a given temperature and Ry, is the initial resistance at the base-
line temperature. The temperature sensitivity of the MoS,
thermistor can be divided into three linear regions, whereby
the slope indicates the TCR. The peak TCR observed between
20 and 60°C was —1.94%/°C with high linearity (R>=0.98).
This temperature range covers the typical operating tempera-
ture range of commercial LIBs. In addition, the thermal sensi-
tivity was calculated to be 200 mV/°C based on the TCR and
input current, which is a few orders of magnitude higher than
that of a typical commercial thermocouple (usually tens of
pV/°C). The high thermal sensitivity can be attributed to the
morphology of the Mo$, layer, where stacked structures facili-
tate contact-dominated hopping transport [57-60]. Notably,
MoS, exhibited the highest TCR among various temperature-
sensitive materials under identical sensor preparation and mea-
surement conditions in the 20-60°C temperature range (Figure
S4a). It is also noted that our MoS,-based thermistor exhibits a
higher sensitivity, and a wider sensing range compared to pre-
viously reported sensors for the thermal characterization of
LIBs (Table S1). To the best of our knowledge, this is the first
demonstration of an MoS,-based flexible thermistor applied to
LIB thermal monitoring. Moreover, TCR was dependent on the
amount of MoS, coated onto the IDT electrodes (Figure S4b).
Although a small amount of MoS; (e.g., 2 mg) also exhibits a
high TCR (—1.85%/°C), the mass of the MoS, coating was set
to 12 mg in this study to maximize the temperature sensitivity.
While the TCR was not directly evaluated as a function of layer
thickness or electrode gap distance, the observed dependance
on MoS, coating mass (Figure S4b) suggests that increasing the
layer thickness or electrode gap—which would both require
more MoS,—could further enhance the TCR. This effect likely
arises from increased interfacial resistance paths between
stacked flakes, which dominate charge transport in our multi-
layer configuration.

The MoS, thermistor exhibited stability with a low signal
noise, enabling the detection of subtle temperature variations as
low as 0.4°C, as shown in Figure 2c. The ability of the sensor for
continuous and stable temperature monitoring over prolonged
periods was also evaluated by increasing the temperature in
1°C increments. Given the negative TCR and linearity, the
resistance of the sensor decreased monotonically as the tem-
perature increased stepwise (Figure S5a). Furthermore, the sen-
sor exhibited small resistance changes of less than 0.3% under
bending angles of up to 40°, both at 25 and 45°C (Figure 2d).
The high flexibility and minimal bending response of the MoS,
thermistor suggests its potential applicability to various LIB
types including cylindrical cells. Considering the high TCR,
the change in resistance upon bending is negligible, enabling
the sensor to remain conformally attached to the battery, even
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FIGURE 2: (a) Linear[-V curves of the MoS, thermistor at different temperatures ranging from 20 to 160°C. (b) Measured TCR of the MoS,
thermistor, exhibiting a high TCR of —1.94%/°C in the 20-60°C temperature range. The error bars represent the standard deviation obtained
from three different samples. (c) Signal stability of the MoS, thermistor with subtle differences in temperature. (d) Minimal response of the
MoS, thermistor at less than 0.3% upon bending at different temperatures. (e) Resistance changes of the MoS, thermistor under repeated
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when the LIB swells during charging and discharging. Typical
thickness expansion of LIBs during standard cycling is in the
range of 0.2% to 3.5%, while severe swelling under abusive
conditions may reach several millimeters [10, 61, 62]. As the
40° bending angle applied in our experiment corresponds to
vertical displacement of ~ 2.1 mm, the sensor would show neg-
ligible resistance change under a deformation comparable to
abnormal swelling expected in practical prismatic LIBs. To
verify the measurement repeatability of the MoS, thermistor,
the resistance change was recorded as the temperature was
increased from 20 to 160°C, demonstrating consistent
responses over multiple cycles of temperature changes (Figure
S5b). The high repeatability of resistance change under thermal
cycling validates the accuracy and stability of the MoS, therm-
istor for reliable temperature sensing. Moreover, as shown in
Figure 2e, thermal cycling for more than 15 h demonstrated the
excellent stability of the MoS, thermistor, and its resistance
varied correspondingly to temperature changes between 20
and 60°C. The reproducibility of the fabrication process for
the MoS, thermistor was also validated by measuring the
TCR across three different sensors. The TCR values are
—1.94+£0.005%/°C, —0.45+£0.004%/°C, and —0.15=+
0.002%/°C in the 20-60°C, 60-110°C, and 110-160°C temper-
ature ranges, respectively, verifying the possibility of a large-
area sensor array composed of multiple MoS, thermistors that
can measure the spatial temperature distribution of LIBs sensi-
tively in a repeatable manner (Figure S5c). Notably, this sensing
range (20-160°C) encompasses all key thermal transition
stages associated with thermal runaway, suggesting that the
MoS, thermistor may serve as an effective tool for early stage
warning of LIB failure.

3.3. Application for LIB Thermal Monitoring. Real time tem-
perature monitoring of an LIB during charge and discharge
cycles of 0.5 and 1C by the MoS, thermistor was verified
(Figure 3). The experimental setup consisted of a thermostatic
chamber, in which the LIB was connected to battery charge-
discharge equipment. The specific parameters of the LIB used
in this study are summarized in Table S2. The MoS, thermistor
was conformally attached to the LIB surface and shielded with a
PI film to minimize interference. In this configuration, the
MoS, layer faces the battery surface for direct thermal contact,
while the PI substrate functions as an encapsulation layer to
block environmental interferences, such as humidity and oxy-
gen. In addition, intrinsic oxidation resistance of MoS, would
ensure stability during operation [63, 64]. A source meter con-
tinuously recorded the resistance change of the MoS, thermis-
tor throughout LIB charge-discharge cycles, while a
thermocouple was attached to the MoS, thermistor as a refer-
ence. To ensure measurement accuracy, the thermostatic
chamber stabilized the environmental temperature. The LIB
voltage changes during the charge and discharge cycles are
shown in Figure 3a,b. Upon reaching full charge, the LIB was
discharged at a constant current (e.g., 4 A for 1 C-rate) until it
reached a terminal voltage of 2.5V. A subsequent pause per-
mitted the LIB temperature to stabilize under ambient condi-
tions, clearly distinguishing temperature variations from
discharging and charging processes. When the surface
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temperature had returned to its initial state, the LIB was
charged again at a constant current of 4 A (at 1 C-rate) until
the terminal voltage reached 4.2 V. Charging was then switched
to a constant voltage until the current fell below the critical
current (0.02 A), indicating a full charge.

Heat is generated during the LIB charge and discharge
cycles as a result of both Joule heating caused by internal resis-
tance and entropy changes during redox reactions [65, 66]. The
heat generated inside an LIB is transferred to the surface, and
the surface temperature indicates the state of internal heat
transfer and external cooling [67, 68]. The MoS, thermistor
responded sensitively to changes in the temperature on the LIB
surface. During constant-current charging and discharging,
high currents lead to significant increases in the temperature
[67, 69]. Given the negative TCR of MoS,, its resistance
decreases as the surface temperature increases. Conversely,
during constant voltage charging, the lower current results in
the cooling rate exceeding the heating rate [70, 71], causing the
surface temperature to gradually decrease and the resistance of
the sensor to increase, as shown in Figure 3c,d. The resistance
change of the MoS, thermistor is converted to the temperature
based on the measured TCR. At a low discharge rate (0.25 C),
insufficient entropic heat was generated and a significant tem-
perature change on the LIB surface was not caused [65, 71]. As
such, the LIB temperature fluctuated as the thermostatic cham-
ber continuously balanced the temperature, and this tempera-
ture fluctuation was also sensitively monitored using a MoS,
thermistor (Figure S6). As shown in Figure 3e,f, at relatively
higher discharge rates (0.5 and 1 C), the increased heat genera-
tion raises the surface temperature of the LIB substantially, with
the temperature increasing in proportion to the discharge rate
up to 34.8 and 52.6°C at 0.5 and 1 C, respectively. In addition,
the heat generated during charging was lower than during
discharging because of the different electrochemical reactions
and polarizations (voltage deviation caused by battery resis-
tance and concentration gradient) during charging and dis-
charging [72]. The peak temperature during charging was
31.9 and 34.8°C at 0.5 and 1 C, respectively. The battery was
cycled under natural convective cooling conditions (Figure S7),
which may explain the relatively high surface temperature rise
observed at 0.5C and 1 C. Throughout the charging and dis-
charging processes, irreversible losses occur in the electrodes
and electrolytes, resulting in varying internal resistances due to
the differing voltages at the end of each phase. Therefore,
charging and discharging generate different amounts of heat.
Moreover, in the constant-current discharge and charge
modes, the substantial current results in a markedly elevated
heat generation rate compared with the cooling rate. Conse-
quently, the temperature reaches its maximum at the end of the
constant-current discharge and charge cycle [73, 74]. Some
degree of discrepancy between the MoS, thermistor and the
thermocouple during the pause and constant voltage charging
phases could be attributed to differences in the thermal prop-
erties of the encapsulation materials used for each sensor. The
MoS, thermistor sensitively and stably captured the tempera-
ture changes of the LIB in real time during repeated charge-
discharge cycles over long periods of time. The close agreement
between the temperature change results as monitored by the
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Ficure 3: Charge and discharge cycles of LIB at (a) 0.5C and (b) 1 C rates. Relative resistance changes of the MoS, thermistor during the
(c) 0.5C and (d) 1 C charge-discharge cycles. LIB temperature changes as measured by a MoS, thermistor and a thermocouple during the
(e) 0.5C and (f) 1 C charge-discharge cycles. The LIB temperature increases with a higher C-rate.

MoS, thermistor and the commercial thermocouple validates
the capability of MoS, thermistors in the thermal monitoring of
LIBs with improved sensitivity and adaptability. Additionally,
the MoS, thermistor can also be applied to large-capacity LIBs,
which may generate more heat during charge-discharge cycles
but are typically operated within a controlled temperature

range for safety and stability. The temperature changes of
LIB at higher C-rates could also be measured by the MoS,
thermistor, as it exhibited a wide detection range up to 160°C.

During charging and discharging, LIBs generate and dis-
tribute heat unevenly across the surface over time [75, 76], and
local overheating may occur on the battery surface [77, 78].
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FIGURE 4: (a) Photograph of the MoS, thermistor-integrated LIB and corresponding IR images during discharge and charge. (b—g) Simulta-
neously recorded resistance changes and corresponding temperature changes of MoS, thermistors at different locations on the LIB surface

during charge and discharge cycles.

Thus, monitoring the spatial temperature distribution is essential
for the effective thermal management of LIBs. The spatial tem-
perature distribution was measured by integrating multiple
MoS, thermistor arrays onto the LIB surface, as shown in
Figure 4a. Each thermistor simultaneously recorded the resis-
tance change throughout the charging and discharging cycles
(Figure 4b,d,f), and the resistance changes were converted to
temperature (Figure 4c,e,f). The highest temperature was
recorded at the end of the discharge cycle for all sensors, with
the central region (Location 2) consistently exhibiting higher
temperatures compared to the outer regions (Locations 1 and
3). During the outward conduction process, the outer surface of
the battery is exposed to air, and heat dissipates faster, whereas
the inner core retains heat, resulting in a thermal gradient
[79-81]. Therefore, the highest temperature is recorded at the
center of the battery surface. The lower temperature in the bot-
tom region (Location 3) compared with the top (Location 1) was
most likely a result of the improved air circulation in our setup,
which enhanced heat dissipation. This central hotspot can be
attributed to the accumulation of heat during prolonged dis-
charge and the limited convection near the center region,
whereas the tab-side regions experienced enhanced heat dissipa-
tion through vent openings in the test enclosure (Figure S7).
Throughout the charge-discharge cycles, the measured temper-
ature distribution aligned closely with the temperature map cap-
tured by the IR camera, confirming the accuracy of the spatial
measurements by the simple MoS, thermistor array. As the
degree of integration of the MoS, thermistors can be increased
through microfabrication and large-area spray-coating, the spa-
tial temperature resolution can be further improved. Our therm-
istor array not only successfully identified local overheating but
could also be effective in preventing thermal runaway by sup-
porting battery management systems.

4. Conclusions

A flexible MoS,-based thermistor composed of a simple spray-
coated MoS, nanolayer was developed and characterized. The

MoS, thermistor exhibited excellent stability and temperature
sensitivity, with a TCR of —1.94%/°C in the 20—-60°C tempera-
ture range. The thermistor demonstrated a stable and measur-
able resistance change even with subtle temperature changes.
Across multiple MoS, thermistors fabricated, the response
deviation remained within 0.22%, with repeatability deviation
below 0.04%. The MoS, thermistor can conformally adhere to
the surface of a LIB, enabling real time temperature monitoring
under various charge-discharge rates and different locations on
the LIB surface, thus providing precise spatial temperature
information. Experimental results and comparative analysis
with conventional thermocouples and IR imaging confirmed
that the MoS, thermistor can accurately monitor temperature
fluctuations to mitigate the risk of thermal runaway in LIBs.
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