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A B S T R A C T   

Efforts to mitigate environmental pollution from the use of petroleum-based energy sources have promoted 
research on rechargeable secondary batteries for applications such as electric vehicles and energy storage sys
tems. In this context, Li-ion batteries have attracted significant interest. Notably, the thermal management of 
such batteries is crucial for achieving a stable output and long lifespan and reducing the risk of thermal runaway. 
Despite extensive exploration of various cooling schemes, thermal management techniques for Li-ion batteries 
continue to face challenges due to the high thermal resistance resulting from low thermal conductivity of thermal 
interfacial materials and inadequate convective heat transfer. Therefore, this study is aimed at using laser- 
induced graphene (LIG) to enhance the heat transfer characteristics and battery thermal management. LIG is 
applied through direct laser irradiation on the polyimide substrate of a LiFePO4 battery. Thermal tests conducted 
under a discharge rate of 5C demonstrate that immersion cooling using HFE-7000 on the LIG surface substan
tially reduces the temperature increase by up to 84.3% compared with conventional air cooling. In addition, 
immersion cooling with LIG surfaces results in outstanding cooling performance through nucleate boiling, 
attaining a maximum temperature of 37.5 ◦C, which is lower than that (43.5 ◦C) on a pristine polyimide surface. 
Overall, this research provides valuable insights into the thermal management of high-performance batteries 
operating under extreme conditions, such as high-speed charging, high-power discharging, and high-temperature 
conditions, with significant implications for future applications.   

1. Introduction 

The mitigation of environmental pollution and greenhouse gas 
emissions has emerged as a matter of global concern [1]. Approximately 
65% of the total emissions is attributable to the use of petroleum-based 
energy sources, which generates a considerable amount of harmful 
pollutants [2]. Thus, the development of electric vehicles (EVs) and 
energy storage systems (ESSs) has attracted increasing attention [3,4]. 
Lithium-based batteries are extensively used in ESSs and EVs because of 
their exceptional energy density and long lifespan [5]. Lithium-ion 
batteries can be classified according to the cathode materials, with 
notable variants including nickel‑cobalt‑manganese compositions in 
various ratios, nickel‑cobalt‑aluminum, and LiFePO4 (LFP) and 

LiMnPO4 batteries that use transition metal phosphates [6,7]. Among 
these, LFP batteries have recently garnered considerable attention as 
next-generation batteries owing to their high thermal and chemical 
stability, which render them less susceptible to thermal runaway (TR) 
[8,9]. 

Research on batteries encompasses a broad spectrum of subjects, 
including material analysis, capacity degradation, charge methodolo
gies, and thermal management [10–13]. In this domain, two research 
hotspots are the reduced cycle life owing to battery degradation and 
safety concerns associated with TR phenomena [14]. Researchers have 
observed that high temperatures can exacerbate the deterioration of 
cycle life [15], with reductions of up to 65% [16]. Moreover, uneven 
temperature distribution can lead to localized imbalances in the state-of- 
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charge, which further contributes to the decrease in cycle life [17–19]. 
Additionally, Chen et al. experimentally observed that TR can occur at a 
low temperature of 48.1 ◦C [20] and likely to occur at higher discharge 
rate [21], with subsequent chain reactions increasing the temperature to 
as high as 1000 ◦C [22,23]. Therefore, effective cooling methods for 
such batteries must be identified. 

To ensure stable battery operation while alleviating cycle life 
degradation and potential TR risks, the temperature of Li-ion batteries 
must be maintained below 40 ◦C with deviations of less than 5 ◦C 
[24,25]. In the last two decades, considerable research has been per
formed on battery thermal management systems, including air cooling 
with natural convection and forced convection [26,27], indirect liquid 
cooling with cold plates or heat pipe [28], and direct-immersion cooling 
[29], and cooling with phase change material. [30] Kalkan et al. [31] 
experimentally demonstrated that natural convection with air cooling 
led to high temperatures of 52 ◦C at a 5C-rate owing to the low heat 
transfer coefficient (HTC). To improve the HTC, Wang et al. [32] 
implemented forced convective cooling with air. However, tempera
tures approaching 40 ◦C were observed in certain cases, revealing 
inadequate cooling performance. Despite numerous research efforts, it 
has been challenging to achieve a target temperature of less than 40 ◦C 
[33,34]. To enhance the cooling performance, the research focus has 
shifted toward liquid cooling, which offers higher HTCs than air cooling. 
Among various liquid cooling strategies, the predominant approach has 
been indirect forced convection cooling using a cold plate, given its ease 
of implementation. For example, Shen et al. [35] adopted a micro
channel cold plate with water as the working fluid and demonstrated 
that the maximum temperature was maintained below 38 ◦C under a 
discharge rate of 5C. Zhao et al. [36] enhanced the temperature uni
formity in a battery pack by approximately 3 ◦C using serpentine 
channel flow with a water–methanol mixed coolant. However, indirect 
liquid cooling is associated with a high thermal resistance [37] owing to 
the inclusion of thermal interfacial materials (TIMs) to attach the cold 
plate to the battery [38,39]. Thus, researchers have studied direct liquid 
cooling strategies to eliminate the increased thermal resistance caused 
by TIMs. Wu et al. [40] conducted experiments involving direct- 
immersion cooling using NOVEC 7000, which could maintain temper
atures below 36 ◦C under a 4C-rate discharge condition. Through an 
experimental investigation, Hirano et al. [41] showed that the incor
poration of porous materials and microfibers between battery cells to 
enhance boiling resulted in a temperature reduction of approximately 
44 ◦C compared with air cooling, in a 20C charge–discharge cycle. 
However, research on enhancing cooling performance through battery 
surface modifications remains limited. Existing studies have predomi
nantly focused on active cooling methods, such as forced convection 

with cooling plates. Recently, certain researchers have explored im
mersion cooling directly applied to the battery. [42–44] Nonetheless, 
immersion cooling on smooth surfaces requires a significantly high su
perheat for boiling incipience. This requirement leads to rapid temper
ature drops upon boiling incipience, resulting in battery instability. 
Given the continuous increase in battery energy density, it is necessary 
to identify methods to lower the required temperature of boiling 
incipience, thereby effectively improving the boiling cooling 
performance. 

Nano-engineered surfaces, featuring a porous structure, offer 
numerous nucleation sites that decrease the superheat required for the 
onset of boiling (ONB), thereby mitigating thermal shock during oper
ation. Furthermore, the increased surface area promotes boiling heat 
transfer [45]. Lee et al. [46] demonstrated that a surface with porous 
copper can enhance the critical heat flux (CHF) by up to 185% compared 
with that of a bare silicon surface. Yao et al. [47] revealed that a 
nanowire surface structure resulted in a two-fold increase in the CHF 
relative to a smooth surface. Li et al. [48] showed that the imple
mentation of surface treatment to generate appropriately sized cavities 
can lower the ONB temperature by 23 ◦C… 

2. Experimental method 

The objective of this study was to establish a direct immersion 
cooling solution using an LIG-coated surface. In order to access the 
thermal performance of the LIG-coated lithium-ion battery, we outline 
the overview of the test section’s design, encompassing the fabrication 
process of the LIG, as well as the experimental procedure and mea
surement accuracy. 

2.1. LIG fabrication 

LIG was selected for enhancing the immersion cooling of lithium-ion 
batteries due to its facile fabrication process, which is conducive for 
large-scale production. In general, the process of preparing LIG involves 
the irradiation of polymers with carbon dioxide laser, which triggers 
localized high temperatures within the polymer structure. This high- 
temperature environment induces instantaneous transformation of the 
polymer, such as polyimide, into graphene. This process, known as py
rolysis, facilitates the conversion of the polymer into three-dimensional 
porous carbonaceous materials. Specifically, when polyimide is sub
jected to laser irradiation, it undergoes rapid conversion into graphene, 
resulting in the formation of LIG. [49] LIG exhibits a significantly larger 
specific surface area of 340 m2/g compared with that (0.0055 m2/g) of 
pristine polyimide film [50], and its thermal conductivity k (13 W/m⋅K) 

Fig. 1. Fabrication of laser-induced-graphene-coated battery. (a) Pristine polyimide coated LiFePO4 battery; (b) micro-fabrication process of LIG using CO2 laser; (c) 
microporous-structured LIG is produced on the LiFePO4 battery with 14.5% of the maximum power, irradiation speed of 200 mm/s, and an irradiation interval of 
200 μm. 
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Fig. 2. SEM image of microfabricated LIG. (a) Top view and (b) side view of LIG fabricated with 14.5% of the maximum power, irradiation speed of 200 mm/s, and 
an irradiation interval of 200 μm. Region A exhibits valley-like LIG with a thickness of 25 μm, whereas Region B displays hill-like LIG with a thickness of 50 μm. 

Fig. 3. Experimental setup. (a) Experimental Schematic. (b) Image of experimental setup. A bidirectional power supply was used to operate the battery, and internal 
coolant condensation was achieved using a recirculating chiller. Additionally, data were obtained using 10 thermocouples, a pressure sensor, a data acquisition 
system (DAQ), and bidirectional power supply. 
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is approximately two orders of magnitude higher than that of pristine 
polyimide (0.15 W/m⋅K) [51]. 

Fig. 1 illustrates the process of fabricating LIG on the battery surface. 
A battery sized 160 × 227 × 7.25 mm3 was covered by a 70-μm-thick 
conventional polyimide film, followed by direct laser irradiation onto 
the polyimide film. A CO2 laser system (Coryart Inc., C1060, λ = 10.6 
μm) with a maximum power of 80 W was used to fabricate LIG over a 
150 × 200 mm2 area of the battery surface, corresponding to the size of 
the active material involved in the electrochemical reactions for 
generating electrical current. Before the thermal testing, the laser system 
for LIG fabrication was characterized, considering factors such as the 
laser power (10–30% of the maximum value), scanning speed (50–300 
mm/s), and irradiation interval (100–400 μm), to identify the ideal 
operating conditions for obtaining high-quality LIG without damaging 
the adhesive or battery layers. Subsequently, the quality of the produced 
LIG was evaluated by scanning electron microscopy (SEM) and Raman 
spectroscopy. Results indicated that the optimal conditions involved a 
laser scanning speed of 200 mm/s, maximum laser power of 14.5%, and 
an irradiation interval of 200 μm per line. 

Fig. 2 shows the SEM images of the fabricated LIG under the optimal 
laser operating conditions. The images show a consistently formed 
microporous structure over the active material portion. Specifically, 
Region A (marked with a red box) reveals graphene formation in a 
valley-like shape with an approximate thickness of 25 μm. Conversely, 
in Region B (marked with a blue box), a thicker hill-like graphene layer 
with a thickness of approximately 50 μm can be observed due to the 
concentration of laser power along the irradiated laser path, accompa
nied by nanowire structures on the top of the LIG. A more comprehen
sive SEM image of the LIG can be found in Fig. S1. 

2.2. Experimental setup and test procedure 

Fig. 3 shows a schematic and the image of the experimental setup. 
The chamber, with dimensions of 210 × 270 × 70 mm3, included 15- 
mm-thick acrylic plates. A pressure transmitter (Trafag, EPI 8287) was 
installed at the top of the chamber to measure the internal pressure, and 
two K-type thermocouples (Omega, KMQSS-062G-6) were inserted to 
measure the air and bulk fluid temperatures, respectively. To determine 
the surface temperature of the battery cell, 125-μm-diameter K-type 
thermocouples (Omega, Chal-005) were affixed at ten distinct locations 
beneath either the polyimide film or LIG layer. Nine points, labeled 
T1–T9, were defined to examine the temperature uniformity on the front 
surface of the battery, as illustrated in Fig. 3(a), and an additional point 
was identified on the backside to check the symmetry on both sides. 
Points T1 to T3 were positioned 20 mm below the battery electrodes. T4 
to T6 were placed at the midsection, 100 mm from both the top and 
bottom ends. T7 to T9 were located 20 mm from the bottom end, mir
roring the locations of T1 to T3. T10 corresponded to the identical loca
tion as T5, but on the opposite side and in the center. In the horizontal 
direction, measurements at T1, T4, and T7 were obtained 37.5 mm from 
the left side; T2, T5, and T8 were located at the center line; and T3, T6, 
and T9 were located 37.5 mm from the right side. 

During thermal testing under standard environmental conditions, 
the fluid inside the chamber was maintained at 20 ◦C. For testing under 
harsh environmental conditions, the fluid was maintained at 33.5 ◦C by 
using silicone rubber heaters attached to the sides and bottom of the 
chamber. Two copper blocks, connected to a recirculating chiller 
(Jeiotech, RC-05), were inserted at the top of the chamber to maintain a 
constant fluid temperature, and condense the vaporized fluid back to a 
liquid state. Consequently, the maximum internal pressure during the 
tests was 102.2 ± 0.5 kPa, which does not affect the thermophysical 
properties of working fluid significantly. 

The battery cycle process was implemented using a programmable 
bidirectional power supply (Itech, IT6005C-80-150). Charge, discharge, 
and relaxation processes were continuously performed using pre- 
programmed steps based on the LabVIEW algorithm. Experimental 

data logging was initiated once the fluid temperature inside the chamber 
stabilized at the desired steady-state temperature. A large-format pris
matic LFP battery (A123 systems, AMP20M1HD-A) with a capacity of 
20 Ah and an LFP cathode was used in the experiments. The specifica
tions of this battery are listed in Table 1. Before the thermal test, the 
actual capacity was determined by performing four charge–discharge 
cycles at a rate of 0.5C, assuming an initial capacity of 20 Ah. Data of the 
first charge–discharge cycle were excluded to eliminate side-reaction 
effects, such as the initial capacity state and solid electrolyte inter
phase (SEI) layer formation. Subsequently, the actual capacity of the 
battery, Qact, was calculated through Eq. (1), using data from the second 
to fourth discharge cycles, and the actual C-rate was determined using 
Eq. (2). In this analysis, the actual battery capacity was measured to be 
19.87 Ah, obtained by averaging three repeated capacity measurements. 
All cycle tests, including initial capacity calculation and thermal ex
periments, were conducted using a preset constant current (CC)–con
stant voltage (CV) charge and CC discharge protocol, as described in 
Supplementary Note 1. 

Capacity (Ah) : Qact =
1

3600

∫ t

0
idischargedt (1)  

C − rate : C-rate =
1
t

∫ t
0 idischargedt

Qact
, (2) 

Five cases were designed for testing: Thermal tests were conducted 
using two working fluids, air (Case 1) and HFE-7000 (Cases 2–5). In 
Cases 1–3, a constant temperature of 20 ◦C was maintained, simulating 
standard environmental conditions, whereas a temperature of 33.5 ◦C 
was maintained in Cases 4–5, simulating harsh environmental condi
tions. Moreover, a comparative analysis was performed between batte
ries with polyimide-coated (Cases 1, 2, and 4) and LIG-coated surfaces 
(Cases 3 and 5). Notably, in the case of immersion cooling (Cases 2–5), 
the complete chamber is not filled with HFE-7000 owing to a potential 
gap at the connection point between the battery tap and active zone. 
Specifically, during immersion cooling, the battery is immersed in HFE- 
7000 only up to the active zone below the tab. At the beginning of the 
experiment, the volume of liquid is approximately 1.44 L. Table 2 
summarizes the experimental cases. The thermophysical properties of 
the working fluids are presented in Table S1. 

Table 1 
Specifications for 20 Ah LiFePO4 battery.  

Cathode material LiFePO4 

Anode material Graphite 
Electrolyte Carbonate based 

Cell total dimensions [mm3] 7.25 × 160 × 227 
Cell active zone [mm3] 7.25 × 150 × 200 

Cell weight [g] 496 
Cell capacity [Ah] 20 

Minimum cell capacity [Ah] 19.6 
Operating voltage [V] 2–3.5 
Nominal voltage [V] 3.3 

Nominal energy [Wh] 65 
Nominal specific energy [Wh/kg] 131 

Nominal specific energy density [Wh/L] 247 
Nominal discharge power [W] 1200 

Nominal specific power [W/kg] 2400  

Table 2 
Experimental conditions, coolant, and surface type for battery cooling.  

Case number Coolant Temperature (◦C) Surface material 

Case 1 Air 20 Polyimide 
Case 2 HFE-7000 20 Polyimide 
Case 3 HFE-7000 20 LIG 
Case 4 HFE-7000 33.5 Polyimide 
Case 5 HFE-7000 33.5 LIG  
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Fig. 4. Surface characterization of pristine polyimide and LIG. (a) Raman spectroscopy, (b) X-ray photoelectron spectroscopy, and (c) X-ray diffraction results of 
pristine polyimide and powdered LIG. The results of all three surface analysis methods indicated the high quality of LIG and its suitability for use in subsequent 
experiments. 

Fig. 5. Temperature variation over time in the case of air cooling at Tf = 20 ◦C under 1–5C-rate discharge conditions (Case 1). (a–b) local temperature profiles and 
maximum temperature difference of pristine polyimide surface. (c) Maximum temperature difference on all surfaces and at the vertical, horizontal, and symmetric 
positions (d) Temperature difference at different locations. Case 1 exhibited high temperatures and low temperature uniformity, necessitating the implementation of 
appropriate cooling strategies. 
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2.3. Experimental accuracy 

The surface temperature (measured by the thermocouples), absolute 
pressure (measured using a pressure transmitter), and voltage and cur
rent were simultaneously monitored using the data acquisition module 
(National Instruments, NI 9214), digital multimeter (Keithley In
struments, Keithley 2000), and programmable bidirectional power 
supply (Itech, IT6005C-80-150), respectively. All collected data were 
integrated and synchronized through the LabVIEW program, with data 
points recorded at a rate of one per second. The K-type thermocouples 
used to measure the battery surface and fluid temperatures had an ac
curacy of ±0.4%. The pressure transmitter for system pressure mea
surements had an accuracy of ±0.5%. The bidirectional power supply 
had an accuracy of 0.02% + 0.02% over the full scale for voltage and 
0.1% + 0.1% over the full scale for current. Temperature data were 
consolidated through DAQ NI 9214 with an accuracy of 0.01 ◦C, while 
pressure data were gathered using Keithley 2000 with an accuracy of 10 
μA. Table S2 summarizes the accuracy values of the measurement 
equipment and calculated uncertainty, as suggested by Moffat et al. [52] 

3. Results and discussion 

A surface analysis was performed to quantitatively assess the quality 
of the produced LIG. Specifically, Raman spectroscopy, X-ray photo
electron spectroscopy (XPS), and X-ray diffraction (XRD) analyses were 
performed to examine the LIG surface. Subsequently, the thermal be
haviors of the battery in the five cases were experimentally evaluated. 

3.1. LIG surface characterization 

Surface characterization was performed both before and after LIG 
generation to evaluate its quality before being subjected to thermal 
testing. The results are shown in Fig. 4. The surface analysis involved 
three techniques: Raman spectroscopy (Weve, Inc., wavelength = 531 
nm, laser power = 0.3 mW), XPS (Thermo Fisher Scientific, Inc., spot 
size = 400 μm), and XRD (Bruker-AXS, Inc., wavelength = 1.54 Å). 

According to the literature, LIG exhibits three main peaks: near 1350 
cm− 1 (D peak), 1580 cm− 1 (G peak), and 2700 cm− 1 (2D peak) 
[50,51,53]. The intensity ratio of the D peak to the G peak (ID/IG) is 
commonly used to assess the quality of the graphene structure and 
presence of defects, with a lower ratio indicating a well-formed gra
phene structure. In this study, as shown in Fig. 4(a), the D peak was 
observed at 1354 cm− 1, whereas the G peak and 2D peak appeared at 
1583 cm− 1 and 2705 cm− 1, respectively. The ID/IG value for the LIG was 
calculated to be 0.19, indicating the production of graphene structures 
with minimal defects. Details of the Raman data at different points are 
presented in Fig. S2. 

Fig. 4(b) shows a comparison of the XPS data obtained from pristine 
polyimide and LIG. In the XPS spectrum of pristine polyimide, peaks 
corresponding to various elements could be observed, including a C1s 
peak at 283.9 eV; an N1s peak at 399.2 eV; an O1s peak at 531.2 eV; and 
Si2s and Si2p peaks at 101.3 eV and 152.1 eV, respectively. The N1s 
peak was attributable to the nitrogen in polyimide’s atomic structure, 
and Si2s and Si2p peaks were associated with the silicon adhesive layer. 
The XPS data of LIG revealed similarities in the C1s and O1s peaks 
(284.2 eV and 532.1 eV, respectively) compared with pristine poly
imide. However, the intensities of the C1s and O1s peaks were higher 
and lower than those of pristine polyimide, respectively. These changes 
could be attributed to the formation of graphene layers during LIG 
growth, indicating of well-formed LIG [54,55]. Additionally, as gra
phene growth progressed, the N1s, Si2s, and Si2p peaks were not 
observed in the XPS spectra. 

The XRD spectra indicated peaks at 2θ = 25.7◦ and 42.7◦ after the 
formation of LIG, as depicted in Fig. 4(c). These peaks were absent in the 
spectra of pristine polyimide. The presence of peaks corresponding to 
the (002) and (100) structures of graphite (JCPDS card number 00–056- 

0159) indicates the occurrence of carbonization from polyimide to LIG 
[50,54,56]. 

3.2. Battery thermal behavior and cooling experiments 

3.2.1. Thermal behavior evaluation under Tf = 20 ◦C air cooling 
Before evaluating the performance of immersion cooling, the ther

mal behavior associated with air natural convection with an ambient 
temperature of Tf = 20 ◦C (Case 1) was analyzed. This case served as a 
reference to compare the thermal characteristics of the LFP battery with 
other cases. The objective of the thermal tests was to evaluate the in
crease in the overall temperature and temperature variations at different 
locations on the battery surface during the discharge condition. 

Fig. 5 illustrates the thermal behavior during discharge at 1–5C-rates 
for Case 1. Fig. 5(a) shows the temperature increase on the vertical 
centerlines (T2, T5, T8). The highest temperatures for 1–5C-rates were 
28.5 ◦C, 34.3 ◦C, 39.4 ◦C, 43.1 ◦C, and 46.1 ◦C, respectively. Notably, as 
the C-rate increased from 1C to 5C, the temperature increase became less 
significant, with ΔT1C-2C = 5.8 ◦C to ΔT4C-5C = 3.0 ◦C. This behavior can 
be attributed to two key reasons: 1) The ionic mobility increases as the 
battery temperature rises, leading to reduced internal electrical resis
tance and heat generation; and 2) at higher C-rates, higher surface 
temperatures lead to a stronger natural convective heat transfer than 
that at lower C-rates. 

Fig. 5(b) shows the maximum temperature difference across nine 
points on the battery surface during the discharge condition. In the early 
stages of discharge, the highest temperature was observed in the upper 
part (T1–3), which is closer to the tab, with slightly higher values on the 
cathode side (T1 > T3). This phenomenon occurred because of the higher 
current density on the positive tab side [57]. As discharging continued, 
the maximum surface temperature gradually shifted toward the middle 
and lower end of the battery, and the temperature difference became 
more pronounced. This behavior occurred because of the transient uti
lization of the active material, which initiated at the region near the tab 
and progressed downward [40]. Consequently, the temperature differ
ence changed over time. Initially, the maximum difference was observed 
between T1–3 and T7–9. Subsequently, the maximum temperature dif
ference shifted to that between T4–6 and T7–9 and finally to that between 

Fig. 6. Infrared thermal camera images recorded in the discharge process 
under 25 ◦C. Sequential thermal images were obtained to examine the transient 
temperature distribution at 4C-rate discharge at different depths of discharge 
(DOD): (a) 0%, (b) 40%, (c) 80%, and (d) 100%. These images validated the 
temperature uniformity results for Case 1. 
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T4–6 and T1–3. These results indicated that air cooling is insufficient for 
discharge rates exceeding 3C, because the maximum operating tem
perature of the battery must not exceed 40 ◦C and the temperature 
uniformity must be within 5 ◦C [24,25]. 

Fig. 5(c) and (d) illustrates the temperature uniformity in terms of 
the maximum temperature difference along the vertical center 
(ΔTmax,2), the three horizontal lines (ΔTmax,3, ΔTmax,4, ΔTmax,5), and 
center points of the front and back sides (ΔTmax,6). The highest tem
perature difference was observed in the vertical direction, owing to the 
transient shift of the maximum heating region toward the lower region 
as discharging progresses. The temperature differences in the horizontal 
direction were smaller than that along the vertical centerline. Among 
the three horizontal lines, ΔTmax,3 exhibited the largest temperature 
difference due to larger heat generation near the cathode. The agree
ment between T5 (front center) and T10 (back center) (difference of less 
than within 0.45 ◦C) demonstrated the symmetry in the temperature 
variations. 

To validate the temperature uniformity during discharging condi
tions, sequential infrared thermal images at a 4C-rate were recorded 
while maintaining the external air temperature of 25 ◦C. The surface of 
the battery was coated with pre-calibrated black paint (emissivity =
0.93), and the results are depicted in Fig. 6. The analysis was based on 
four depths of discharge (DODs): 0, 40%, 80%, and 100%, calculated 
using Eq. (3). Initially, the maximum surface temperature was observed 
near the tab until the DOD reached 40%. Additionally, the higher tem
perature observed on the cathode side in Fig. 6(b) indicated increased 

heat generation compared with that on the anode side. However, as the 
DOD increased to 80% and 100%, the maximum surface temperature 
appeared near the middle and bottom regions, as shown in Fig. 6(c) and 
(d). This result validated the results of temperature uniformity for Case 
1. 

Depth of discharge : DOD(%) =

(
1

3600Qact

∫ t

0
idischargedt

)

⋅100 (3)  

3.2.2. Immersion cooling with polyimide and LIG surfaces under room 
temperature 

In this analysis, we evaluated the thermal behavior of an immersion- 
cooled battery using HFE-7000 as the coolant. For comparison, batteries 
with pristine polyimide (Case 2) and LIG (Case 3) surfaces were 
considered. Fig. 7 shows the change in the surface temperature and 
maximum temperature difference over time during 1 to 5C-rate 
discharge conditions for the two surfaces. Similar to air cooling, the 
surface temperature of the pristine polyimide battery under immersion 
cooling with HFE-7000 (Case 2) gradually increased over time. How
ever, the maximum temperatures during immersion cooling (24.2 ◦C, 
27.9 ◦C, 30.1 ◦C, 32.5 ◦C, and 34.0 ◦C for rates of 1–5C, respectively) 
were 4.1–12.1 ◦C lower than those observed during air cooling. Addi
tionally, the maximum temperature differences at rates of 1–5C were 
1.5 ◦C, 2.0 ◦C, 2.8 ◦C, 3.2 ◦C, and 4.2 ◦C, respectively. Notably, the 
maximum temperature difference under the 5C-rate decreased from 
6.6 ◦C for air cooling to 4.2 ◦C for HFE-7000-based immersion cooling. 

Fig. 7. Temperature behavior under Tf = 20 ◦C immersion cooling (Cases 2 and 3). (a–b) Local temperature profiles and maximum temperature difference of pristine 
polyimide surface. (c–d) Local temperature profiles and maximum temperature difference of LIG surface. Cases 2 and 3 exhibited improved cooling performance 
compared with Case 1. The battery coated with LIG (Case 3) exhibited higher cooling performance to that achievable using pristine polyimide. 
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In the case of immersion cooling using the LIG-coated battery (Case 
3), the cooling performance was further enhanced, with maximum 
temperatures of 23.6 ◦C, 26.6 ◦C, 29.5 ◦C, 30.4 ◦C, and 33.4 ◦C for 1–5C- 
rates, respectively. These values are 4.6–12.7 ◦C lower than those of air 
cooling and 0.5–2.1 ◦C lower than those for immersion cooling on the 
pristine polyimide surface. The superior thermal performance of LIG is 
attributable to the increased surface area resulting from its porous 
structure and improved thermal conductivity compared with polyimide. 
Furthermore, the maximum temperature differences were 1.4 ◦C, 1.9 ◦C, 
2.5 ◦C, 3.1 ◦C, and 4.0 ◦C at rates of 1–5C, up to 3.9 ◦C lower than air 
cooling and up to 0.3 ◦C lower than those in Case 2. The slight difference 
between pristine polyimide and LIG arises from the absence of boiling 
incipience due to the low fluid temperature. 

For both surfaces, the thermal behavior of immersion cooling 
differed from that of air cooling. In the case of air cooling, the maximum 
temperature shifted from the top end to the middle-bottom region 
during discharge. However, in the case of immersion cooling, the 
chamber was not fully filled with HFE-7000; instead, it was filled to a 
level below the battery tab. Thus, the active zone was cooled using HFE- 
7000, whereas the area near the tab was cooled using air. This 

configuration was unlike Case 1, in which all parts of the battery were 
cooled solely by air. Consequently, the temperatures of T1–3, situated 
closer to the tab, were consistently higher than those of T7–9. As a result, 
the trend of the maximum temperature difference varied. The highest 
temperature difference value was observed when the temperature dif
ference between T2 and T8 was the highest and gradually decreased as 
the temperature of T8 increased. 

3.2.3. Two-phase cooling with LIG surface under harsh environmental 
conditions 

In general, batteries are used in diverse environmental conditions, 
and inadequate cooling under high environmental temperatures can 
accelerate the formation of the SEI layer, which may trigger premature 
TR [58]. Thus, we evaluated the effectiveness of immersion cooling 
using pristine polyimide and LIG coated batteries under a high envi
ronmental temperature of Tf = 33.5 ◦C, which is close to the saturation 
temperature of HFE-7000 under atmospheric pressure. Fig. 8 depicts the 
thermal behavior associated with immersion cooling using pristine 
polyimide (Case 4) and LIG (Case 5) surfaces at Tf = 33.5 ◦C. In the case 
of the pristine polyimide surface, the maximum surface temperature was 

Fig. 8. Temperature behavior during immersion cooling at Tf = 20 ◦C (Cases 4 and 5). (a–b) Local temperature profiles and maximum temperature difference of 
pristine polyimide surface. (c–d) local temperature profiles and maximum temperature difference of LIG surface. At high environmental temperatures, the polyimide 
surface battery (Case 4) exhibited inadequate cooling performance. In contrast, the LIG-coated battery (Case 5) demonstrated outstanding performance owing to the 
surface boiling effect. 
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43.5 ◦C, and the highest temperature difference was 4.6 ◦C during 5C- 
rate discharging, as shown in Fig. 8(a) and (b). The temperature rise 
was lower than that when HFE-7000 was used at Tf = 20 ◦C (Case 2) 
owing to the less generation at higher environmental temperatures due 
to the low internal resistance of the battery. However, the maximum 
temperature exceeded 40 ◦C owing to the higher fluid temperature, 
which was not favorable for battery operation. Notably, although the 
surface temperature exceeded the saturation temperature, no boiling 
was observed at any C-rate. This is likely due to the pristine surface and 
hydrophilic nature of HFE-7000, which hinders ONB and requires a 
large superheat temperature to initiate boiling. The temperature dif
ference for Case 4 is shown in Fig. 8(b). Consequently, the maximum 
temperature trend was similar to that in the case of air cooling, and as 
discharging progressed, the temperature difference increased rapidly. 

The thermal performance results for the LIG-coated battery (Case 5) 
are shown in Fig. 8(c) and (d). Superior cooling performance was 
observed: The maximum temperature was 37.8 ◦C at a 5C-rate, and the 
maximum temperature difference was maintained below 3.2 ◦C. At 1C- 

rate, the maximum temperature reached 35.1 ◦C, exhibiting a trend 
similar to that of the pristine polyimide surface. In contrast, at high 
discharge rates (2C or more), the cooling performance was significantly 
improved, with a temperature decrease of up to 5.7 ◦C compared with 
that for the pristine polyimide surface. This enhancement was attribut
able to nucleate boiling on the LIG surface. The micropores in the LIG 
functioned as vapor embryo for bubble nucleation, and thus, ONB 
occurred at a lower superheat temperature, thereby promoting boiling 
heat transfer. The required superheat for boiling (ΔTsat) for vigorous 
boiling, defined as the difference between the surface and saturation 
temperatures, was approximately 3.2–3.8 ◦C at rates of 4–5C, evident 
from the surface temperature oscillation near T ~ 3.75–38.0 ◦C, as 
shown in Fig. 8(c). 

Fig. 9 shows the radius distribution of the porous structure on the LIG 
surface and corresponding required superheat for ONB. Boiling did not 
occur at the 1C-rate, partial boiling occurred at rates of 2–5C, and 
vigorous boiling occurred over the surface at rates of 4 and 5C. These 
outcomes were closely related to the pore size of LIG and ΔTsat. Fig. 9(a) 

Fig. 9. Relation between surface pore radius and boiling characteristics and Hsu model calculations. (a) Statistical analysis of pore size distribution; (b) required wall 
superheat temperature ΔTsat for different activated nucleation pore radii, according to the Hsu model. The LIG pore radius distribution and Hsu model results were 
used to examine the onset of nucleate boiling (ONB) and corresponding rapid temperature decrease. 

Fig. 10. Maximum temperature profile for different DODs of LIG-coated battery during 5C-rate discharging, with corresponding bubble dynamics images. In the 
early stages, local nucleate boiling and data oscillation were observed. Subsequently, a significant number of pores became involved in boiling, leading to rapid 
temperature reduction and emergence of numerous bubbles. 
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shows the pore size distribution on the LIG surface, obtained from SEM 
data using the open-source image analysis software ImageJ. The pore 
radius ranged from 0.04 to 4.53 μm, and the number of pores rapidly 
increased as the pore radius decreased. Note that pores with radii of or 
greater than 2 μm are not shown in the figure, as their effect on boiling 
onset was considered negligible based on calculations using the Hsu 
model [59], and they were not present in large numbers. Pores with a 
radius of 0.15 μm or less accounted for approximately 60% of the total. 
Using these findings, the Hsu model was applied to establish the rela
tionship between the pore radius and ΔTsat. 

Hsu model :
{
rp,min, rp,max

}

=
δt

2

(
sinθ

1 + cosθ

)(

1 ∓

̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅

1 −
8σ(1 + cosθ)Tsat

hfgρgΔTsatδ

√ )

, (4)  

where θ, σ, ρg, and hfg denote the contact angle, surface tension, vapor 
density, and latent heat of HFE-7000, respectively. δt is the thickness of 
the thermal boundary layer and can be simply obtained from kl/h1ϕ, 
where kl is thermal conductivity of HFE-7000 and h1ϕ is the single-phase 
natural convection HTC. The required ΔTsat for ONB for different pore 
radii is shown in Fig. 9(b). As ΔTsat increased, the area in which boiling 
is initiated gradually expanded. When ΔTsat reached 3 ◦C or higher, the 
proportion of activated pores exceeded 60%. Consequently, as the sur
face temperature of the battery increased, the number of activated pores 
exponentially increased. Once boiling was activated in a pore with a 
radius of 0.15 μm or less, it instantaneously spread to numerous 
neighboring pores, resulting in a sharp decrease in the temperature at 
rates of 4 and 5C. 

Fig. 10 shows the maximum temperature profile of 5C-rate and 
corresponding bubble images for different DODs of the LIG-coated bat
tery. High-speed images were captured at 2000 fps with a resolution of 
896 × 896 pixels using a Photron FASTCAM Mini UX100. Before boiling 
initiated, the temperature rapidly increased, and local temperature os
cillations occurred with the onset of partial boiling. Once boiling was 
initiated over the LIG surface, a large number of bubbles were observed, 
leading to a substantial temperature drop. Furthermore, even under high 
C-rate discharge conditions, the LIG surface demonstrated excellent heat 
transfer performance due to the enhanced nucleate boiling heat transfer, 

which amplified with increasing C-rate. Consequently, the LIG-coated 
battery exhibited superior cooling performance, resulting in a reduced 
maximum temperature and more uniform temperature distribution 
across the battery surface. 

Fig. 11 presents a comparison of the maximum temperature increase 
for all five cooling schemes at the 5C-rate. The cooling performance of 
HFE-7000 with polyimide surface (Cases 2 and 4) was superior to that of 
air cooling, as indicated by a 46.4% and 61.4% lower maximum tem
perature increase under Tf = 20 ◦C and Tf = 33.5 ◦C, respectively. The 
introduction of the LIG coating further enhanced the cooling perfor
mance, with a 49.5% reduction in the maximum temperature rise at Tf 
= 20 ◦C compared with that of air cooling. Moreover, the LIG-coated 
surface exhibited remarkable cooling performance, achieving an 
84.3% reduction under high environmental temperature conditions of 
Tf = 33.5 ◦C. This enhancement was attributable to nucleate boiling heat 
transfer initiated by the porous structure, which resulted in improved 
temperature uniformity across the entire battery surface. 

4. Conclusions 

This paper proposes a novel approach for enhancing immersion 
cooling of LFP batteries through the direct fabrication of LIG on the 
battery surface. The thermal behaviors of the battery were experimen
tally evaluated under 1 to 5C-rate discharge conditions by monitoring 
the changes in the surface temperature. The investigations involved two 
working fluids, air and HFE-7000, and two fluid temperatures, Tf =

20 ◦C and 33.5 ◦C. The following conclusions were derived:  

(1) Under air cooling at room temperature (Case 1), the maximum 
temperature at a 5C-rate was 46.1 ◦C, with the maximum tem
perature difference being 6.6 ◦C. The temperature non- 
uniformity worsened as the maximum temperature region of 
the battery shifted from the upper region to the lower region as 
discharging progressed. These results indicate that air cooling is 
inadequate for battery operation during high C-rate conditions.  

(2) Immersion cooling using HFE-7000 at Tf = 20 ◦C (Cases 2 and 3) 
demonstrated improved cooling performance compared with air 
cooling. In the case of a polyimide-coated battery surface (Case 
2), the maximum temperature and temperature difference were 
34.0 ◦C and 4.2 ◦C, respectively. When the battery was coated 
with LIG through laser irradiation (Case 3), cooling was further 
enhanced, with the maximum temperature and temperature dif
ference being 33.4 ◦C and 4.0 ◦C, respectively. This additional 
enhancement was attributable to the higher thermal conductivity 
of the LIG and increased surface area resulting from its micro
porous and nanowire structure.  

(3) As the fluid temperature increased to 33.5 ◦C, approaching the 
saturation temperature of HFE-7000, the cooling performance of 
the polyimide surface battery (Case 4) shows deficient, resulting 
in a maximum temperature of 43.5 ◦C and maximum temperature 
difference of 4.6 ◦C. However, the amount of temperature in
crease was mitigated by the reduced heat generation at higher 
operating temperatures.  

(4) Immersion cooling with LIG-coated surfaces at Tf = 33.5 ◦C (Case 
5) led to enhanced cooling performance through nucleate boiling 
heat transfer, facilitated by the porous structure of LIG. In 
particular, the temperature increase was 84.3% lower than that in 
the case of air cooling (Case 1). Moreover, LIG enhanced the 
temperature uniformity, as indicated by the maximum tempera
ture difference of 3.2 ◦C, which is 52% lower than that for air 
cooling. 
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