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Metal-organic frameworks are beginning to be employed in the thermal manage-
ment system of lithium-ion batteries because of its high water absorption and en-
thalpy of phase change. However, its cooling performance is only preliminarily
explored used in small cylindrical cells or a single large cell. The effect on multiple
large-capacity cells has not be verified yet. In this study, a micro heat pipe arrays@
MIL-101(Cr) hybrid battery thermal management system is proposed, and its cool-
ing performance of different number of battery modules at different discharge rates
is studied. Experimental results show that MIL-101(Cr) is evenly distributed, and
the water vapor adsorption capacity reached 1.65 g/g. The maximum temperature
of the micro heat pipe arrays@MIL-101(Cr) group was 36.42 °C in the experiment
of the four-cell battery pack at 1C discharge rate, which was 12.98 °C lower than
that of the natural cooling group and 3.05 °C lower than that of the micro heat pipe
arrays group. With the increase of the number of cells, the maximum temperature
of the battery pack rises from 43.12-47.37 °C, and the temperature difference rises
from 1.53-5.57 °C at 2C discharge rate. As the discharge rate increases, the maxi-
mum temperature of the battery consisting of four cells rises from 36.42-47.37 °C,
and the maximum temperature difference rises from 2.87-5.57 °C, which suggests
that the current micro heat pipe arrays@MOF based battery thermal management
system be combined with an active thermal management system to ensure tempera-
ture control in high rate and multi-battery modules.

Key words: lithium-ion battery, multi-battery module, MHPA, MIL-101(Cr),
thermal management

Introduction

With the increase of carbon emissions, global warming, and the environment being
polluted, the application of new energy has gradually been paid attention [1, 2]. Lithium-ion
batteries (LIB) are widely used in energy storage power stations, electric vehicles and other
industries due to their advantages of long cycle life, no memory effect, and high energy den-
sity [3, 4]. During the operation of the battery, the temperature will continue to rise. Once the
temperature is too high, the battery capacity will decay, and even serious may lead to thermal
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runaway, causing safety accidents [5]. The maximum safe temperature limit for LIB is 45 °C,
and the safe temperature limit for temperature difference is 5 °C [6, 7]. When the batteries of the
battery pack are placed side by side and discharged, due to the internal reaction of the battery it-
self and the heat generation of the internal resistance, heat conduction and heat convection will
occur between the cells, which will affect the temperature of the battery pack. If the number of
batteries is large, the maximum temperature and temperature difference of the battery pack will
increase [8], and the maximum temperature and temperature difference are important parame-
ters indicators to ensure the safety of the battery [9]. Therefore, a proper thermal management
system is necessary for the safe and efficient operation of the battery.

The current state of LIB thermal management primarily consists of active cool-
ing technology and passive cooling technology [10]. Active cooling technology is gradual-
ly being replaced by-passive cooling technology due to the large amount of energy required
[11-13]. Heat pipes [14, 15] are a passive heat transfer technology that is becoming increas-
ingly popular due to its high heat transfer efficiency [16]. By miniaturizing heat pipes so
that they can be as close as possible to the hot surface, a larger contact area can be obtained,
and the heat caused by local heat pipes can be quickly transferred [17]. In addition, a phase
change material is a substance that changes the state of matter and provides latent heat, which
can absorb and release a large amount of latent heat in the process of changing the state of
matter [18, 19]. Over the past few years, considerable research has been devoted to PCM,
[20, 21] such as lauric acid and paraffin wax, which are prone to leakage and have a low thermal
conductivity. In order to improve the performance of PCM, some people combine it with other
materials to prevent leakage [22], but it is found that its enthalpy decreases as a result. As a
result, the discovery of novel phase change materials with increased enthalpy and safety is an
urgent matter.

Metal-organic frameworks (MOF) are a class of crystalline porous materials with
periodic network structure formed by the self-assembly of metal centers (metal ions or metal
clusters) and bridging organic ligands through self-assembly [23, 24]. Due to its advantages
such as porousness, large specific surface area and polymetallic sites, it has attracted attention
in recent years [25-28]. Its porous structure can make some MOF absorb a large amount of
water, and the liquid gas enthalpy of water can reach 2500 J/g, which also solves the problem
of water fluidity. Among the many MOF materials, MIL-101(Cr) is -cited for heat dissipation
in electronic devices due to its high water load [29]. Wang et al. [30] used MIL-101(Cr) in elec-
tronic devices and demonstrated that it outperforms phase change materials.

Research in this area is still in its infancy. Only a few have used MIL-101(Cr) in small
battery modules in combination with other materials without considering whether it is still fea-
sible in large battery units. Xu et al. [31] proposed to combine MIL-101(Cr) with carbon foam
to form an adsorption form of battery thermal management system (BTMS), which has a high
energy/power density compared with traditional PCM, Tao et al. [32] combined MIL-101(Cr)
with graphene oxide (GO), which has a higher moisture absorption capacity and moisture ab-
sorption rate, Yue et al. [33] coated MIL-101(Cr) on copper foam, and the thermal conductivity
of the composite absorbent was increased to 1.9 W/mK, but the aforementioned studies are used
in small cylindrical batteries, Hu et al. [34] explored that MIL-101(Cr) combined with micro
heat pipe arrays (MHPA) in prismatic lithium battery packs still has good cooling performance,
but the battery packs used in the experiment only have two cells. In real use, most battery packs
require a large number of batteries when used, so it is necessary to explore whether BTMS can
control the battery temperature within a safe temperature range when the number of batteries
increases.
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In this study, MIL-101(Cr) with high purity and good water adsorption was suc-
cessfully synthesized, and then combined with MHPA to form a thermal management system,
MHPA@MIL-101(Cr), which was used in the battery pack and discharged the battery pack
under the conditions of constant temperature and humidity (25 °C, 65%RH) and different dis-
charge rates. In addition, this BTMS is used in a battery pack composed of multiple cells, and
its heat dissipation effect is verified by experiments.

Experiments and methods
Preparation of MIL-101(Cr)

The Cr(NO;)-9H,0 and PTA are mixed in a ratio of 8 g:1.66 g, then added to 50 ml
of deionized water and stirred thoroughly. The fully stirred solution was transferred to a high
pressure reaction kettle, heated at a high temperature of 220 °C for 8 hours, and then taken
out after cooling. The resulting crude product has a large amount of unreacted PTA. To purify
MIL-101(Cr) from PTA, the product is centrifuged at high speed. Due to the different densities
of MIL-101(Cr) and terephthalic acid, the crude product is centrifuged into two layers, the up-
per layer is terephthalic acid and the lower layer is MIL-101(Cr). The material was rinsed and
centrifuged several times with deionized water until there were no obvious white impurities of
terephthalate, fig. 1. Finally, the MIL-101(Cr) obtained from multiple purifications was put into
an oven and dried at 100 °C for 5 hours to obtain high purity MIL-101(Cr). For further use, the
lumpy object is ground into a powder for later use.
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Figure 1. The MIL-101(Cr) centrifugal purification

Characterization

The surface morphology of MIL-101(Cr) were characterized using a scanning elec-
tron microscope (SEM, Tescan Mira Lms, Czech).

The X-ray diffraction (XRD) patterns of MIL-101(Cr) were recorded on a D8 Ad-
vance X-ray diffractometer (Bruker D8 Advance, Germany) in the range of 5-60° with a scan
rate of 1° per minute.

The Brunauer-Emmett-Teller (BET) specific surface area and pore size distribution
of MIL-101(Cr) was determined by testing the N, adsorption-desorption characteristics in a
77 K N, environment with a fully automated specific surface area and pore analyzer (Quan-
tachrome Autosorb 1Q, USA). In order to verify the water absorption performance of MIL-
101(Cr), the kinetic curve of water vapor adsorption-desorption of MIL-101(Cr) was tested by
BET method in an environment of 298.15 K.
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Combination of MIL-101(Cr) and MHPA

In most previous studies on the thermal management of lithium batteries, small-ca-
pacity batteries were used to discuss the heat dissipation effect, and in order to prove that there
is still a good heat dissipation effect in large-capacity batteries, this study used 66 Ah ternary
lithium batteries (33 x 180 x 77 mm, 0.98 kg) for experiments. Three K-type thermocouples
are evenly distributed on both sides of the battery to record the battery temperature in real time.

The MIL-101(Cr) powder is dissolved in water and combined with sodium alginate in
a certain proportion and applied to the condensation section of MHPA to form MHPA@MIL-
101(Cr), with a general coating thickness of Imm. A 66 Ah ternary lithium battery is placed
between the two MHPA@MIL-101(Cr), and the thermally conductive silica gel is covered on
the contact surface between the battery and the MHPA in order to reduce the thermal resistance
between the battery and the MHPA. A battery pack consisting of one cell, two cells and four
cells is formed, and typically, a battery pack composed of a single cell consists of a 66 Ah cell,
two pieces of thermally conductive silicone, two MHPA and eight MIL-101(Cr) coatings, and
the battery pack consisting of two and four cells is increased sequentially, as shown in fig. 2.

N

MIL-101(Cr)

MHPA MHPA@MIL-101(Cr)

o i 4

Thermal conductive silicone

"y

One lithium-ion battery Two lithium-ion batteries Four lithium-ion batteries

Figure 2. (a) Composition of battery packs and (b) batteries with different quantities

Performance testing of MIL-101(Cr)
Test of MHPA@MIL-101(Cr) heat dissipation

To assess the efficacy of the BTMS(MHPA@MIL-101(Cr), the experiments
(#1, #2,#3, #4) were partitioned into two groups, one utilizing natural cooling and the other
employing MHPA@MIL-101(Cr). The battery pack was discharged at a rate of 2C while main-
taining the identical operating conditions (25 °C, 65%RH). To facilitate a comparison of the
maximum temperatures of the two groups, three thermocouples were equitably positioned on
opposing sides of each cell.
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Table 1. Working conditions of each experiment

Experiment Thermal management Number of batteries Discharge rate
#1 Natural cooling 1 2C
#2 MHPA@MIL-101(Cr) 1 2C
#3 Natural cooling 2 2C
#4 MHPA@MIL-101(Cr) 2 2C
#5 MHPA@MIL-101(Cr) 1 1C
#6 MHPA@MIL-101(Cr) 2 1C
#7 MHPA@MIL-101(Cr) 4 1C
#8 MHPA@MIL-101(Cr) 1 1.5C
#9 MHPA@MIL-101(Cr) 2 1.5C

#10 MHPA@MIL-101(Cr) 4 1.5C
#11 MHPA@MIL-101(Cr) 1 2C
#12 MHPA@MIL-101(Cr) 2 2C
#13 MHPA@MIL-101(Cr) 4 2C
#14 Natural cooling 4 1C
#15 MHPA 4 1C
#16 MHPA@MIL-101(Cr) 4 1C
#17 Natural cooling 4 1.5C
#18 MHPA 4 1.5C
#19 MHPA@MIL-101(Cr) 4 1.5C
#20 Natural cooling 4 2C
#21 MHPA 4 2C
#22 MHPA@MIL-101(Cr) 4 2C

Comparison of battery pack temperatures for different numbers of cells

To examine the impact of varying cell counts on the heat dissipation capability of
BTMS, the experiment (#5-#13) was partitioned into three battery packs containing four cells,
two cells and one cell, respectively, with an MHPA@MIL-101(Cr) affixed to each side of each
cell within each pack. Each series-connected group of cells is placed in a box with a constant
temperature and humidity of 65%RH. Under these conditions, three thermocouples are evenly
distributed on both sides of each battery to determine the maximum temperature and tempera-
ture difference of the battery pack. The three groups of batteries are discharged at rates of 1C,
1.5C, and 2C.

Test of the BTMS cooling performance for several cells

In order to verify the heat dissipation effect of MHPA@MIL-101(Cr) in multiple bat-
tery packs, the experiment(#14-#22) was divided into natural cooling group, MHPA group and
MHPA@MIL-101(Cr) group, as shown in fig. 3, each group of cells was composed of four
66 Ah cells in series. The three battery packs were put into a constant temperature and humidity
chamber, respectively, and the three groups of batteries were discharged at 1C, 1.5C, and 2C
rates under the conditions of 25 °C and 65%RH, and the highest temperature maximum tem-
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perature and temperature difference were compared. The blank group has a 4 mm gap in the
middle of each battery, the MHPA group has an MHPA with no coating placed on both sides of
each cell, and the MHPA@MIL-101(Cr) group has a MHPA@MIL-101(Cr) on both sides of
cach cell.

Natural cooling

MHPA@MIL-101(Cr)

Figure 3. Schematic diagram of the natural cooling group, MHPA group,
and MHPA@MIL-101(Cr) battery pack

Results and discussion

The MIL-101(Cr) characterization and analysis of the effect of different number of
cells on the heat dissipation effect of MHPA@MIL-101(Cr), and the heat dissipation effect of
MHPA@MIL-101(Cr) in multiple cells.

The evaporation section of the heat pipe contacts the battery, the working fluid ab-
sorbs heat and turns into steam, and the vapor pressure difference drives the steam from the
evaporation section the condensing section, and the MIL-101(Cr) attached to the condensing
section continues to absorb heat to dissipate heat to the outside world.

Characterization test results
of MIL-101(Cr)

Figure 4 shows the XRD test plot of the
synthetic MIL-101(Cr) that is in good agreement
with the MIL-101(Cr) standard XRD curve sim-
ulated by the Cambridge Crystallographic Data
Centre, which proves that it is MIL-101(Cr). The
SEM, fig. 5, shows that the MIL-101(Cr) parti-
cles are octahedral and evenly distributed, indi-
cating that most of the PTA has been removed.

According to the BET test results, the

Intensity [a.u.]

. Standard

Synthesized

10 20 30 40 so  surface area of MIL-101(Cr) is 3505.146 m?/g,
201961 the volume and area of the micropore is 1.273
Figure 4. The XRD test results cm’/g and 642.921 m?/g, respectively. The large

specific surface area and hierarchical micropo-
rous and mesoporous structure cannot only provide a large number of Martian adsorption sites,
but also effectively promote the rapid diffusion of ions and the rapid transfer of species. As
can be seen from the adsorption-desorption curve of N, in fig. 6(c), the tip adsorption curve
increases sharply when the relative pressure, P/P,, is between 0-0.1, indicating the presence of
a microporous structure, and the relative pressure P/P, has a visible hysteresis cyclic isotherm
within 0.3-1, indicating that MIL-101(Cr) contains mesopores. The corresponding pore size
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Figure 5. The SEM images of; (a) 1 pm, (b) 500 nm, and (c) 100 nm scale bar

distribution curves, fig. 6(a), and cumulative pore volume distribution, fig. 6(b), obtained from
the N, analytical data further confirm that the material has a hierarchical micro/mesoporous
structure, including two mesopores with microporous diameters of 1.2-3.5 nm and 13-23 nm.
Water absorption is an important parameter for the performance of MIL-101(Cr), and fig. 6(d)
shows the water vapor dynamic adsorption curve, which reaches 1.65 g/g, which is higher than
the water absorption of MIL-101(Cr) in some existing literature (1-1.23 g/g) [32, 33, 35, 36].
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Heat transfer performance of MHPA@MIL-101(Cr)

As is seen from fig. 7, MHPA@MIL-101(Cr) effectively improves the temperature
characteristics of battery modules, with the maximum temperature of the natural cooling group
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exceeding 50 °C. The maximum temperature of the MHPA@MIL-101(Cr) group was reduced to
43.12 °C and 44.66 °C, respectively, which did not exceed the safe temperature of 45 °C, which
was 9.78 °C and 11.22 °C lower than that of the natural cooling group, respectively, and the
battery pack composed of two cells reduced the temperature more. As the number of cells in the
battery pack increases, the battery heats up faster, the temperature difference between the evapo-
ration section and the condensing section of MHPA is larger, and the heat transfer working fluid
of the gas phase is transferred to the condensing section faster under the action of the temperature
difference, so MHPA can transfer heat faster, while the dehydration phase transformation degree
of MIL-101(Cr) is greater at high temperature, and the effect is more significant. However, in
reality, it is very rare to connect two batteries in series into one battery pack, and generally mul-
tiple batteries are connected in series, and the data shows that the maximum temperature of the
two batteries is close to the safe temperature, which means that the feasibility of this device when
multiple batteries are placed side by side in practical applications should be considered.
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Figure 7. (a) One cell and (b) two cells make up the maximum temperature of the battery pack

The heat dissipation effect of BTMS on different numbers of batteries

In order to verify the effect of the number of cells on the thermal management of
MHPA@MIL-101(Cr), all battery packs were discharged at different rates under the same
conditions (25 °C, 65%RH), and the maximum temperature and temperature difference were
compared. Figure 8(a) is the change of maximum temperature of the three battery packs at a
discharge rate of 1C, the curves of the three maximum temperature basically coincide before
500 seconds, and then the three curves are separated when the temperature increases, indicat-
ing that the evaporation section of MHPA begins to absorb heat, and MIL-101(Cr) begins to
dissipate heat by analyzing water. The battery pack with four cells has the highest maximum
temperature, and the battery pack with two cells is in the middle, indicating that the more the
number of cells is arranged, the battery’s own heat increases, and the thermal boundary is poor,
resulting in an increase in the temperature of the battery pack. A battery with four cells has a
maximum temperature of 1.63 °C higher than a two-cell pack, and a two-cell battery pack has
a maximum temperature of 1.45 °C higher than a single cell pack. Figure 8(b) is the maximum
temperature change curve of the three battery packs at the discharge rate of 1.5C, the maximum
temperature change of the battery in the first three experimental groups basically coincides in
the first 300 seconds, and then the three curves are separated, and the upward trend becomes
smaller, and the growth trend is faster than that of 1C due to the high discharge rate. The battery
pack of four of the cells has a maximum temperature of 3.96 °C higher than that of the two
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cells, and the more cells, the faster the heating rate and the higher the temperature. Figure 8(c)
is the maximum temperature change curve of the three battery packs at the discharge rate of
2C, the maximum temperature change of the cells in the three experimental groups basically
coincides within 150 seconds, due to the increase of the discharge rate, the separation time of
the three curves is earlier than that of the 1C and 1.5C experimental groups, and the overall
trend is basically the same as that of 1.5C, and the upward trend of the curve will be greater
than that of 1.5C. Figure 8(d) is a line chart of the maximum temperature difference of the three
battery packs at different rates, with the increase of the number of cells, the temperature differ-
ence gradually increases, and the temperature difference increases the most when discharged
at 2C, which is much higher than the maximum temperature difference between 1C and 1.5C
discharge rates, and the temperature difference from two cells to four cells rises more slowly
than that between one cell and two cells.

In general, with the increase of the number of batteries, the maximum temperature and
temperature difference of the battery pack also gradually increase, when the battery charge rate
rises to 2C, the maximum temperature (47.37 °C) of the battery pack composed of 4 cells has
exceeded the safe temperature (45 °C), and the maximum temperature difference (5.57 °C) is
also higher than the safe temperature difference (5 °C). Therefore, it is still necessary to explore
whether MHPA@MIL-101(Cr) can control the temperature of the battery pack within a safe
temperature range in a battery pack composed of multiple cells.
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Heat dissipation effect of multi-battery BTMS

In order to verify the heat dissipation effect of MHPA@MIL-101(Cr) in a multi-cell
battery pack, all battery packs were discharged at different rates under the same conditions (25
°C, 65%RH). Figure 9(a) shows the maximum temperature variation of the discharge of the
three battery packs at a rate of 1C. At the beginning of discharge, due to the large internal re-
sistance, the heating rate of the natural cooling group was much greater than that of the MHPA
group and the MHPA@MIL-101(Cr) group, and the temperature rise curves of the MHPA
group and the MHPA@MIL-101(Cr) group basically coincided within 0-600 seconds, and the
temperature rise rate of the MHPA@MIL-101(Cr) group was significantly smaller than that of
the MHPA group after 600 seconds, which proved that MIL-101(Cr) had the effect of analyz-
ing water. At the beginning of the 1500 seconds, the temperature rise rate of the three groups
decreased, and the temperature of the MHPA@MIL-101(Cr) group tended to be stable, and the
final temperature rose due to the limited resolution rate, and the final maximum temperature
was 3.05 °C lower than that of the MHPA group. Figure 9(b) is the maximum temperature
change diagram of the discharge of the three battery packs at a rate of 1.5C, the battery capacity
is large, the charge rate is high, the time is short, the temperature rises quickly, the temperature
of the natural cooling group reaches a maximum of 54.68 °C, and the temperature curves of the
MHPA group and the MHPA@MIL-101(Cr) group still basically coincide before 300s, and the
maximum temperature of the final MHPA group is 45.25 °C, MHPA@MIL-101(Cr) decreased
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by 2.5 °C compared to the maximum temperature in the MHPA group. Figure 9(c) shows the
maximum temperature variation of the discharge of the three battery packs at 2C rate. The
overall trend is basically consistent with 1.5C, after 1500 seconds, the temperature rise rate
of MHPA@MIL-101(Cr) increases, and the temperature difference between the battery and
the MHPA group gradually decreases, and the battery discharge heating rate accelerates, and
the resolution speed of MIL-101(Cr) is limited, which decreases by 1.56 °C compared with
the MHPA group, and still has a significant cooling effect. Figure 9(d) is a comparison of the
maximum temperature difference between the three groups of experiments, from the natural
cooling group to the MHPA group and then to the MHPA@MIL-101(Cr) group, the tempera-
ture difference gradually decreases, and the maximum temperature difference of the natural
cooling group with 2C discharge reaches 15.02 °C. The maximum temperature difference of
the 1C discharge MHPA group was 3.45 °C lower than that of the natural cooling group, and the
maximum temperature difference of the MHPA@MIL-101(Cr) group was 1.58 °C lower than
that of the MHPA group. The maximum temperature difference of the MHPA group discharged
at 1.5C was 3.71°C lower than that of the natural cooling group, and the maximum temperature
difference of the MHPA@MIL-101(Cr) group was 2.61 °C lower than that of the MHPA group.
The maximum temperature difference of the MHPA group discharged at 2C was 7.7 °C lower
than that of the natural cooling group, and the maximum temperature difference of the MHPA@
MIL-101(Cr) group was 1.75 °C lower than that of the MHPA group.

In general, in the four-cell battery pack,
MHPA@MIL-101(Cr) still has a significant
cooling effect compared with the natural
cooling group and the MHPA group, and the
maximum temperature of the MHPA group
(45.25 °C) is near the safe temperature when
discharged at 1.5C, and the temperature can
be reduced to below 45 °C in the MHPA@
MIL-101(Cr) group. Only when the maximum
temperature and temperature difference of the 11
battery pack cannot reach the safe range when
the battery is discharged at 2C, the battery pack
temperature can still be controlled within the
ideal temperature under normal charging and ~ ¥igure 10. The discharge rate
discharging. corresponding to each experiment

ging

The aforementioned two experiments were compared with the highest temperatures at
1C, 1.5C, and 2C discharge rates, fig. 10.

Discharge [C]

@ ®) ©

Conclusions

In this study, MIL-101(Cr) was prepared by high speed centrifugation, and MIL-
101(Cr) was verified by SEM, XRD, BET tests, and the combination of MIL-101(Cr) and
MHPA was used in the thermal management of the battery pack to verify the cooling effect of
MHPA@MIL-101(Cr) with the increase of the number of cells at different charging rates. The
main conclusions are as follows.

e High purity MIL-101(Cr) was synthesized by multiple high speed centrifugations. The mi-
cropore diameter was 1.2-3.5 nm and the mesopore diameter was 13-23 nm. The water va-
por adsorption capacity reached 1.65 g/g, which had a good water vapor adsorption capacity.
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The combination of MIL-101(Cr) and MHPA in the thermal management of the battery
pack provided significant cooling compared to natural cooling. At a discharge rate of 2C,
the maximum temperature of the battery pack of one battery was reduced by 9.78 °C, and
the battery pack of two cells was reduced by 11.22 °C.

When the number of cells reached 4, the maximum temperature and temperature difference
of the battery pack under the condition of 2C discharge has exceeded the safe tempera-
ture range. The experiment was divided into three control groups: natural cooling, MHPA,
MHPA@MIL-101(Cr), and the discharge experiments of 1C, 1.5C, and 2C were carried out
in the battery pack composed of four cells. From the experimental data, it can be seen that
with the increase of discharge rate, the maximum temperature of the MHPA@MIL-101(Cr)
group rose from 36.42-42.75 °C and finally to 47.37 °C, and the temperature difference rose
from 2.87-3.95°C and finally to 5.57°C, which is beyond the safe temperature range. The
results show that when the number of cells in the battery pack is large and the discharge rate
is large, the passive cooling method of MOF and MHPA alone is not effective, and it still
needs to be combined with other thermal management methods of active cooling.
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