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Abstract: Short-circuit induced thermal runaway is one of the main obstacles that hinder the large-
scale commercial applications of lithium metal batteries. The fast and accurate detection of an internal
short-circuit is, therefore, a key step for preventing thermal runaway. The traditional temperature
detection is mainly to place temperature sensors outside the battery, which is far from the actual
hotspot inside the cell and has a lag in response. In this study, we integrated arrays of micro resistance
temperature detectors (AMRTDs) inside the pouch cell. AMRTDs can be used for the detection of
a short-circuit with a high temporal and spatial resolution. We show that the initial short-circuit
may induce a high temperature local hotspot exceeding 300 ◦C, whereas the nearby area was still
maintained at near room temperature. Our work provides a design strategy for in-situ detection of
short-circuits in lithium metal batteries.

Keywords: in situ temperature measurement; resistance temperature detector; short-circuit detection;
lithium metal batteries; thermal runaway; integrated arrays

1. Introduction

The growing global energy demand has promoted the installation of renewable energy
systems, and the intermittent characteristics of renewable energy have further put forward
high requirements for energy storage devices with high energy densities [1]. Therefore, the
high-capacity lithium metal anode (3860 mAh g−1) is replacing the traditional graphite
anode (372 mAh g−1) as the next-generation lithium battery [2–4]. However, during the
charging process, lithium tends to deposit in the dendritic form, which may penetrate
the separator. The formation of lithium dendrites may lead to a short-circuit of the cell,
which even causes thermal runaway and catastrophic fires [5]. Safety is one of the greatest
challenges that must be surmounted before the lithium metal anode can be widely applied
for commercial applications [6]. There has been intense research on battery materials to
improve the overall safety of lithium batteries [7–14], but it remains a grand challenge
to completely prevent the battery from short-circuiting under different circumstances.
Therefore, it is of great importance to monitor the internal temperature of lithium metal
batteries to avoid a disaster caused by a short-circuit that may threaten personal safety and
property safety [15–20].

Thermal runaway caused by a short-circuit inside the lithium battery is the most
common failure mechanism for lithium ion batteries [21,22]. This usually goes through
the following processes: (1) The hotspot induces the decomposition of the solid electrolyte
interphase (SEI) and the reaction of active lithium with the organic solvent, which will
further raise the temperature. (2) When the temperature rises to the melting point of the
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separator (PP/PE ~130 ◦C), it will lead to an obvious short-circuit and the temperature
will rise significantly. (3) A further increase in temperature leads to the decomposition of
the positive electrode, releasing oxygen and heat. Meanwhile, the reaction will become
irreversible until the reactants are completely consumed [23,24]. The short-circuit can be
triggered either by internal lithium dendrite formation or external nail penetration [25,26].
Depending on the nature of different types of short-circuits, they might lead to a temper-
ature rise locally, to different extents, and therefore eventually cause thermal failure at
a different time [18–21,27]. For instance, the short-circuit due to the micro-sized lithium
dendrite in lithium batteries typically has little effect on the temperature of most areas at
the initial stage, but it can quickly develop into a thermal runaway. Therefore, the early
detection of a short-circuit is important, and such detection requires both a high temporal
resolution and a spatial resolution [15]. Typical solutions to measure the temperature of
lithium batteries include non-contact methods and contact methods. Non-contact detection
methods, such as infrared imaging [21,28], can obtain the macroscopic temperature distri-
bution of the lithium battery remotely. However, the spatial resolution is often limited [29].
Contact detection methods, which rely on temperature sensors such as thermocouples, and
resistance temperature detectors (RTDs) are generally combined with the simulation model
to obtain temperature distribution [30–32]. More specifically, the contact detection methods
for lithium batteries can be divided into two general categories including non-invasive
temperature detection (outside the cell) and invasive temperature detection (inside the
cell) [33,34]. The non-invasive temperature detection has the advantages of easy detection,
and it does not affect the operation of the lithium battery. However, it can only reflect the
surface temperature of the battery [35–37]. Therefore, invasive temperature detection has
been used inside the cell in some recent works [21,38]. For example, the current density
distribution inside the lithium battery is uneven due to the existence of the tabs. Such
differences in current density distribution can cause differences in temperature in lithium
batteries because of joule heat and heat dissipation differences. These temperature dif-
ferences can be measured by these macroscopic detection methods. Nevertheless, most
invasive detection methods still failed to detect the early short-circuit due to their poor
spatial resolution [39,40]. The small length scales of lithium dendrites require temperature
sensing at a more microscopic level [41]. For invasive temperature detection, temperature
sensors can fall into three main categories: thermocouples, thermally sensitive resistors
(thermistors), and RTDs [42]. The thermocouple consists of two dissimilar electrical conduc-
tors forming an electrical junction, in which temperature-dependent voltage is measured
as a result of the Seebeck effect. Traditional thermocouples are not capable of determining
temperature at a microscopic position because of their large size. The thermistor has a
typical operating temperature range of −55 ◦C to +150 ◦C and is not suitable for measuring
the short-circuit temperature of lithium batteries. Among different temperature sensors, the
resistance temperature detector (RTD) is a pure metal resistor, typically platinum (Pt), nickel
(Ni), or aurum (Au). The material has an accurate resistance/temperature relationship
which can be used to indicate temperature. Typically, in the −50 to 600 ◦C temperature
range, the linear change of resistance with temperature is as follows:

Rt = Ri + αt∆T

where Rt and Ri are the resistance of an RTD at t ◦C and ti
◦C, respectively; αt is the

temperature coefficient of an RTD; and ∆T is the temperature difference between t and
ti. The resistance of metal crystals comes from crystal defects and phonons generated by
thermal shock, and crystal defects are generally independent of temperature. In the range
of −50–600 ◦C, the phonon density of metal crystals is proportional to temperature, so its
resistance and temperature can be described by this linear function. Hence, depending
on the exact type of metal resistor being used, RTDs are more suitable for measuring the
internal temperature of lithium batteries due to their higher accuracy and repeatability,
typically under 600 ◦C. However, due to the complexity in the lithium battery, the produc-
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tion of RTD needs to use corrosion-resistant precious metals. Thus, the cost of AMRTDs’
fabrication is one of the main limitations for the practical applications.

In this work, the micro-RTDs were fabricated by photolithography processes to ac-
curately measure the temperature of the short-circuit point (Supplementary Figure S1).
Multiple micro-RTDs in different locations form the arrays of micro-RTDs (AMRTDs).
As a proof of concept, we have shown that AMRTDs can detect the temperature at the
short-circuit point and the surrounding location at the same time inside a lithium battery to
evaluate the effect of the short-circuit on the battery temperature. Ultra-thin polyimide (PI,
5 µm) was used to separate AMRTDs and the current collector inside the battery, which
made AMRTD as close as possible to the battery’s short-circuit point to obtain realistic
temperature responses. The thick PI will not only reduce the detection accuracy but also
affect heat dissipation (Supplementary Figure S2). The formation of lithium dendrite did
not cause the temperature to rise until there was enough lithium metal to form a continuous
short-circuit between the positive and negative electrodes. Subsequently, the temperature
of the local hotspot exceeded 300 ◦C, whereas the nearby area was still maintained at nearly
room temperature. The temperature of the short-circuit point and the surrounding area
inside the lithium metal battery was successfully captured with a high temporal and spatial
resolution through the AMRTDs.

2. Results

The AMRTDs were integrated inside the cell through micro/nano fabrication tech-
nology to detect the temperature response of localized hotspots. An ultrathin PI film
(5 µm) was used to separate the AMRTDs from current collectors inside the lithium metal
battery considering the excellent chemical stability and electrical insulating properties
of PI. Figure 1a is the schematic diagram of a battery integrated with AMRTDs, which
consists of a Cu foil as the current collector for the lithium anode, a porous polyolefin
separator, and LiNi0.8Co0.1Mn0.1O2 (NCM811) on an aluminum current collector as the
cathode. By distributing the AMRTDs on the backside of the anode, we can obtain the
temperature response of the locations where RTDs are located. The temperature measured
by RTD is as close as possible to the position where lithium deposition occurs due to
the ultra-thin thickness of PI, which is by far one of the closest operando temperature
detection methods reported in the literature. The lithographic pattern of an individual
RTD is shown in Figure 1b; the diameter of an individual micro-RTD is around 45 µm.
Briefly, the PI film was obtained by spin coating a thin film of polyamic acid (PAA). It was
then polymerized to form a layer of PI with a thickness of 5 µm by sequentially heating
at 80, 110, 150, 200, and 250 ◦C. The corresponding AMRTDs pattern was fabricated on
the PI with lithography (details of the fabrication can be found in the Methods section).
The as-fabricated RTD was annealed prior to temperature measurement. To calibrate
the temperature responses, the micro-RTD was placed in an environmental chamber to
measure the resistance at different temperatures. The results are displayed in Figure 1c.
The typical starting temperature of the thermal runaway of Li-ion batteries is between
200 and 300 ◦C [17,40]. In a wide temperature region from 30 to 330 ◦C, the resistance of
micro-RTD increases linearly with temperature, which demonstrated its potential capability
in capturing the temperature response prior to the thermal runaway. In addition, polyimide
films have excellent heat resistance and can operate below 400 ◦C without degradation
for long periods. Generally, a short-circuit caused by lithium dendrite is quite small; the
45 µm sized RTD will be able to detect the temperature response of the short-circuit point
at an early stage if it is close enough. In comparison, the traditional thermal detector placed
outside the battery will not be able to detect the temperature change until the temperature
outside the battery starts to rise.
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Figure 1. (a) Schematic illustration of the experimental setup of battery temperature measure-
ment; (b) Lithographic design of RTD; (c) Calibration of the micro-RTD resistance as a function of
the temperature.

As illustrated in Figure 2a, AMRTDs consist of a total of 10 micro-RTDs within the
dotted line to obtain the global temperature distribution of lithium metal batteries simulta-
neously. The ten micro-RTDs are grouped to form five pairs to detect temperature responses
at a different length scale. In more detail, micro-RTDs are separated by 400 µm, roughly an
order of magnitude the size of the micro-RTD itself, within each pair. Figure 2b is the en-
larged image of the area framed in Figure 2a, that contains a pair of micro-RTDs. Each pair
of micro-RTDs is then further separated to 14 mm apart. The difference in distance allows
us to better understand the temperature distribution across different length scales [28,38].
Figure 2c is an optical microscope image of Pt RTD obtained by micro/nano fabrication
technology, consistent with Figure 2b. To better evaluate the lithium dendrite-induced
shorting on temperature distributions, we then designed a circular hole in the separator to
create a localized-temperature hotspot in the battery (Figure 2d, Supplementary Figure S3).
To measure the short-circuit point temperature, we aligned the circular hole with one of the
micro-RTDs (Figure 2d, Supplementary Figure S4). Through the AMRTDs, not only can the
overall temperature distribution of the battery be obtained, but also the central temperature
of the short-circuit point of the battery. In this study, we designed AMRTDs with a total of
five pairs of micro-RTDs as a proof-of-concept to detect the local and global temperature
response of the battery. In principle, more micro-RTDs with different combinations can be
applied using similar fabrication approaches.
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Figure 2. Fabrication of AMRTDs. (a) AMRTDs lithography design; (b) Enlarged image of a pair of
micro-RTDs; (c) Optical image of a pair of micro-RTDs. scale bare, 50 µm; (d) Microscope image of
aligned separator on one pair of micro-RTDs. scale bare, 50 µm.

The defects in the separator may affect the lithium deposition’s morphology, which
is a common battery failure mechanism, especially in lithium metal batteries. Figure 3
shows typical scanning electron microscopy (SEM) images of Li metal growths deposited
onto Cu foil under 7 µm PE separators (SK) 1M LiPF6 in 1:1 (v:v) ethylene carbonate (EC)
and diethyl carbonate (DEC) at various current densities, ranging from 1 mA cm−2 and
2 mA cm−2 to 5 mA cm−2. A vacuum transfer chamber was used to prevent the reaction of
deposited Li from the ambient air. As shown in Figure 3a–c, the growth of lithium dendrites
is quite uniform at different current densities. The insets in Figure 3a–c are enlarged images
at each different current density, which clearly show the trends of thinner lithium dendrites
at higher deposition rates. At a current density of 1mA cm−2 (Figure 3a), Li dendrites
are thick on the Cu electrode’s surface. As the current density increased (Figure 3b,c), the
diameter of the Li dendrite decreased, and the Li dendrite become more closely packed.
Nevertheless, the artificially introduced holes in the separator will significantly alter the
lithium deposition’s morphology underneath. For comparison, we designed a similar
hole, shown in Figure 2d, and deposited lithium at a current density of 5 mA cm−2. As
shown in Figure 3d, the morphology and uniformity of Li dendrite in the region outside
the hole (Figure 3d,e) is quite like those shown in Figure 3c. However, in the area inside
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the hole (Figure 3f), the deposition of the Li dendrite is significantly enhanced (Figure 3e).
There are two possible reasons for such enhanced lithium deposition. First, the porosity
and tortuosity of the separator reduces the lithium-ion transportation, and therefore the
ion flux significantly increases in the area without the separator and causes more lithium
deposition [43]. Second, the existence of the separator also mechanically suppressed
the formation of lithium dendrites, which leads to a relatively uniform deposition. To
summarize, the separator may, to a certain degree, suppress the formation of lithium
dendrites and lead to a more uniform lithium dendrite distribution. In contrast, in the
case of defects in the separator, lithium dendrite may quickly form uneven depositions,
which may then lead to battery shorting without the protection from the separator. The
enhanced lithium deposition inside the hole will then lead to battery short-circuit. To
further test the hypothesis, we made a hole with a similar size on a 7 µm thick separator
and a 25 µm thick separator, respectively. As shown in Supplementary Figure S5, the time
requirement for battery shorting is highly dependent on the thickness of the separator. In
general, the coin cell with a 7 µm separator shorted at a much earlier time than that of
the coin cell with a 25 µm separator. We then tested the shorting time in the pouch cell
with different charging current densities of 1, 3, and 5 mA cm−2 using a 7 µm separator.
The short-circuit time of the battery becomes shorter as the current density increases in
the pouch cell (Supplementary Figure S6). The results further suggested that defects in
separators could be a potential hazard for lithium metal batteries.
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Figure 3. Lithium deposition morphology at different current densities. (a–c) SEM images of Li
deposited on Cu at current densities of 1, 2, and 5 mA cm−2, respectively, for a total areal capacity of
0.1 mAh cm−2 with a pristine separator; (d) SEM images of Li deposited on Cu at current densities
of 5 mA cm−2 for a total areal capacity of 0.1 mAh cm−2 with a hole in the separator; (e,f) high
magnification SEM images at different locations shown in Figure 3d.

We then investigated the in situ temperature response during battery shorting in a
pouch cell using AMRTDs. A total of six micro-RTDs are monitored, and their relative
positions are shown in Figure 4a. To obtain more accurate temperature distribution, an
increased number of RTDs may be needed. The red circle in Figure 4a highlights the
separator defects with a radius of 100 µm right above the micro-RTDs No.3. Figure 4b
shows the cell voltage and cell temperature responses of a pouch cell charging at a current
density of 5 mA cm−2. The black line in Figure 4b is the battery voltage of the pouch cell.
During the battery charging, the temperature responses of micro-RTDs at six different
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positions were recorded in AMRTDs (labelled as No. 1–6). The battery started charging
at t = 5 min. The initial voltage spike correlates with the nucleation barriers for lithium
metal. In contrast with the smooth voltage curve initially, the battery voltage starts to
fluctuate after t = 21 min, which represents a common feature for a micro-short-circuit
beginning to occur in lithium metal batteries. The initial micro-short-circuit did not cause
the temperature to rise immediately. During the whole charging process, the temperature
was monitored by six micro-RTDs. Among them, No.1, No.2, No.5, and No.6 micro-RTDs
did not detect significant temperature change. In contrast, both No.3 and No. 4 micro-RTDs
had a remarkable temperature change. The temperature of No.3 micro-RTD started to
rise and reached a maximum temperature of 300 ◦C at t = 56 min. At 400 µm away, No.4
micro-RTD reached a maximum temperature of 75 ◦C at t = 56 min. To our surprise, the
temperature difference between this pair of micro-RTDs was more than 200 ◦C with a
separation distance of only 400 µm. The pouch cell was then disassembled for optical
microscope characterization. Indeed, accumulations of large lithium deposition were
observed in the defect point of the separator next to the No. 3 micro-RTD (Supplementary
Figure S7). In this experiment, we showed that a small defect in the separator can cause a
battery to short-circuit within the first charging cycle and lead to a temperature hotspot of
up to 300 ◦C. Nevertheless, the heat generated by the local hotspot is localized in the pouch
cell that we tested. The maximum temperature dropped to 75 ◦C at a distance of 400 µm
and further dropped to room temperature at a distance of 14 mm. Therefore, it represents a
huge challenge for the early detection of battery shorting under realistic battery operation
conditions for safety concerns.
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Figure 4. Temperature measurement by AMRTDs. (a) Relative positions of the 6 micro-RTDs on the
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the No. 3 micro-RTD. (b) Cell voltage as the battery was charged at a constant current density of
5 mA cm−2. The cell voltage of the battery (right axis) and temperature response at different locations
measured by the micro-RTDs (left axis).

To further understand the temperature distribution in the pouch cell, a simplified
model was used in COMSOL Multiphysics (Figure 5). The details of the model can be found
in the Methods section. Figure 5a displayed a cross-sectional view of the layer-by-layer
stack of the pouch cell model. A heat source was created by applying uniform volumetric
heat generation in the battery’s shorting region (7 µm thickness, 100 µm radius). The
maximum power of the joule heat from the battery shorting is the product of the battery
voltage and the charging current (225 mW). Figure 5b is the image of the temperature
distribution of Figure 5a. It showed that the center temperature induced by the heat source
(225 mW) can reach over 300 ◦C and gradually decreases towards the surroundings. It is
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important to keep the micro-RTDs as close as possible to the current collector. Figure 5c
shows the temperature distribution in the vertical direction from the micro-RTD surface (at
the bottom of the PI film) to the Cu surface (at the top of the PI film), assuming different
heating power. With the heat source at maximum power (225 mW), there is around a 30 ◦C
temperature difference between the RTD (y = 0, T = 328 ◦C) and the center of the hotspot
(y = 5 µm, T = 358 ◦C). The difference is 7 ◦C and 20 ◦C at a heating power of 50 mW
and 150 mW. The result suggested that we should make the micro-RTD as close to the
battery as possible for accurate battery temperature measurement. Figure 5d is the radial
temperature distribution along the micro-RTD surface. For different heat source power, the
temperature around the short-circuit point decreases rapidly. When the heat source is at
maximum power (225 mW), the temperature measured by RTD No.3 is 328 ◦C at x = 0, and
the temperature is 70 ◦C at x = 400 µm. The simulation agrees with the experiment, that
a 400 µm separation is enough to cause a temperature difference up to more than 200 ◦C.
As confirmed by both our measurement and simulation, the influence of the short-circuit
temperature is concentrated in the local area and highlighted the difficulty in the early
detection of battery shorting.
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3. Materials and Methods

Arrays of micro-RTDs (AMRTDs) were fabricated on glass slide substrates (Sinopharm
Chemical Reagent Co., Ltd. Shanghai, China, 92550108, 50 × 50 mm). The AMRTDs’
pattern was obtained by a standard photolithography process. Subsequently, a 10 nm
titanium (Ti) and a 50 nm platinum (Pt) were deposited onto the substrates. Then, the
photoresist was removed by soaking it in PG Remover overnight. The Au AMRTDs were
annealed at 300 ◦C for 2 h in an argon atmosphere. A 5 µm thick polyimide layer was spin-
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coated and cured to cover the AMRTDs as an electrical insulation layer. All the micro-RTDs
were calibrated at a stationary temperature.

The NCM811 electrodes were prepared by mixing NCM811 powders, Super P carbon
black, and PVDF with a weight ratio of 8:1:1 in N-methyl pyrrolidine (NMP) using a
THINKY MIXER. The slurry was cast onto Al foils and dried in a vacuum oven at 80 ◦C
overnight. For the in situ temperature measurement, a 100 nm Cu layer was first sputtered
on the PI as the working electrode. A separator (SK, 7 µm) was used to separate the working
electrode and NCM811 cathode. A 100 µm radius aperture was made vertically above one
of the micro-RTDs to induce a short-circuit. The electrolyte consisted of 1M LiPF6 in 1:1
(v:v) EC/DEC. The typical loading of active materials is 16 mg cm−2.

COMSOL model: The temperature profile as a result of the battery short-circuit was
simulated using COMSOL Multiphysics with the “Heat Transfer in Solids” module. A two-
dimensional (2D) geometry with rotation was built to form a three-dimensional (3D) model.
The domain consists of a glass disk (1.5 mm thick, 8.5 mm in radius), an Al layer (20 µm
thick, 8.5 mm in radius), an NCM layer (70 µm thick, 8.5 mm in radius), an electrolyte layer
(7 µm thick, 8.5 mm in radius), a Cu layer (100 nm thick, 8.5 mm in radius), PI (5 µm thick,
8.5 mm in radius), and micro-RTD (50 nm thick, 22.5 µm in radius), which represents the
experimental conditions. The porous separator, which is soaked in the electrolyte domain,
was not considered in the simulation. This is because its thermal conductivity is similar to
that of the electrolyte (both approximately 0.3 W/m×K). A heat source was created in the
electrolyte by applying uniform volumetric heat generation in a region (7 µm in thickness,
100 µm in radius) to present the hole in the separator.

4. Conclusions

We fabricated AMRTDs through micro/nano fabrication and integrated them inside
the pouch cell using an ultrathin PI film to ensure the AMRTDs were as close as possible to
the short-circuit location. Furthermore, as a proof-of-concept, we used the AMRTDs for the
in situ temperature measurement across different length scales. Our experimental results
suggested that a short-circuit in lithium metal batteries can be induced by defects in the
separator. The increase in temperature only occurred at a localized position, initially next
to the battery’s short-circuit location, as confirmed by both AMRTDs and the simulation
results. The excellent resolution in both time and space of the AMRTDs inside the cell can
detect high-temperature warnings in advance.

Supplementary Materials: The following supporting information can be downloaded at: https://www.
mdpi.com/article/10.3390/batteries8120264/s1, Figure S1: Au and Pt micro-RTDs are fabricated by
photolithography. Figure S2: Four simulated models with the different PI thickness of 5, 20, 50, and
100 µm. Figure S3: Optical pictures of separators with micropores for inducing lithium dendrite short
circuits. Figure S4: Optical images of the aligned circular micropores in separator with the micro-RTD.
Figure S5: Coin cell charging curve which used 7 µm or 25 µm thickness separator with a similar
size micropore. Figure S6: Pouch cells charging curve which used a 7 µm thickness separator with
a similar size micropore at a different charging current density of 1, 3, and 5 mA cm-2 respectively.
Figure S7: Optical microscopy images of the negative electrode after charging.
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