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ABSTRACT: Effective battery thermal management (BTM) is critical to
ensure fast charging/discharging, safe, and efficient operation of batteries by
regulating their working temperatures within an optimal range. However, the
existing BTM methods not only are limited by a large space, weight, and
energy consumption but also hardly overcome the contradiction of battery
cooling at high temperatures and battery heating at low temperatures. Here
we propose a near-zero-energy smart battery thermal management (SBTM)
strategy for both passive heating and cooling based on sorption energy
harvesting from air. The sorption-induced reversible thermal effects due to
metal−organic framework water vapor desorption/sorption automatically
enable battery cooling and heating depending on the local battery
temperature. We demonstrate that a self-adaptive SBTM device with MIL-
101(Cr)@carbon foam can control the battery temperature below 45 °C,
even at high charge/discharge rates in hot environments, and realize self-
preheating to ∼15 °C in cold environments, with an increase in the battery capacity of 9.2%. Our approach offers a promising route
to achieving compact, liquid-free, high-energy/power-density, low-energy consumption, and self-adaptive smart thermal
management for thermo-related devices.

■ INTRODUCTION

High-energy-density rechargeable batteries, especially lithium-
ion batteries (LIBs), have attracted wide interest with the
emergence of electric vehicles (EVs) and consumer electronics
due to their desirable energy densities, long lifetimes, and low
self-discharge rates.1−3 To maintain safe and high-performance
operation, LIBs need to work under a moderate temperature
ranging from −20 to 60 °C, ideally within a more restrictive
temperature range between 20 and 40 °C.4,5 The high energy
densities of LIBs incur potentially strong exothermic effects
that lead to an apparent temperature increase. Moreover, high-
rate charging is the general trend for shortening the charging
duration of batteries, but it causes an inevitable temperatures
increase in LIBs.6,7 The elevated temperature accelerates the
degeneration of the cathode and the growth of the solid-
electrolyte interphase (SEI) in LIBs and thus results in capacity
fading and internal resistance increment.8 Remarkably, LIBs
face the safety risks of overheating and thermal runaway if they
work under high temperatures for a long duration.9,10

However, a low ambient temperature also threatens the
working performance and safe operation of LIBs because the
diffusion kinetics of Li+ ions becomes slow and Li metal
deposition occurs.11 As a result, LIBs suffer from significant
performance degradation in terms of both energy power and
energy density, thus causing issues for EV applications in cold

regions, especially during the start-up stage of EVs. Therefore,
battery cooling at high temperatures and battery heating at low
temperatures are simultaneously required to achieve highly
efficient and safe operation of LIBs under various climate
conditions.
To address the above challenges, various battery thermal

management (BTM) systems have been developed in the past
decades to regulate LIB temperatures within an optimal
range.12 For the active BTM strategies, traditional air-forced
cooling suffers from a low cooling power when used for heat
dissipation of high-energy-density LIBs, especially under
extreme operating conditions. Liquid cooling is another
commercial approach with a stronger heat dissipation ability,
but its high performance is realized at the expense of a large
weight, a complex structure, and extra electricity consump-
tion.13 Moreover, the extra onboard battery bank electricity
consumption shortens the driving range of EVs. In recent
years, passive BTM strategies based on solid−liquid phase-
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change materials (PCMs) have been regarded as another
efficient approach to regulate the battery temperature by
utilizing the large endothermic enthalpies of these materials
during the phase transformation from solid to liquid states
(220−251 kJ kg−1 for paraffin wax melting).14 The PCM-based
passive strategies have many advantages, such as fast
temperature control, excellent temperature uniformity, and
low energy consumption. To overcome the major disadvantage
of poor thermal transfer performance, recent studies have been
devoted to enhancing the thermal conductivity of PCMs by
synthesizing phase-change composites with highly conductive
additives.15−17

Compared with solid−liquid phase-change processes,
liquid−gas phase-change processes show much higher heat
dissipation capacities due to the high latent heats (∼2400 kJ
kg−1 for water evaporation).18 Heat pipe cooling systems based
on boiling−condensation (liquid−gas phase change) have
been widely applied in many consumer electronics, but the
high cost and small contact area for heat exchange restrict the
large-scale application of these systems in BTM for EVs.19 In
recent years, evaporating-based BTM systems were proposed
for specific hybrid electric vehicles (HEVs), where batteries
were submerged in liquid fuels (e.g., propane or ammonia) to
prevent overheating and thermal runaway. The liquid fuels are
heated to vaporization by absorbing the heat from batteries
with increasing temperature; thereafter, the warm vapor is used
to fuel the engine to achieve a higher combustion efficiency.20

Recently, another novel water evaporation-based BTM system
was reported to control the temperature of LIBs by using
superabsorbent polymers to store liquid water and was fixed on
the external surface of LIBs.21,22 With increasing temperature,
water vapor is released from the polymers and then diffuses to
the ambient air, removing a large amount of heat from the
batteries to the surroundings. Such water evaporation-based
BTM systems have the distinct advantages of high cooling
power and low energy consumption; however, they have the
risk of short-circuiting and need an extra water storage tank to
supply the liquid water to ensure the continuous water
evaporation process for battery cooling during operation. In
addition, water desorption of sorbents to realize the temper-
ature control of electronic devices with high cooling power was
recently reported,23 but its cooling duration is strongly
dependent on the amount of employed sorbent, and thus it
has the similar risk of losing effectiveness for continuously
cooling electronic devices at high temperatures. Benefiting
from the automatic water recovery by sorption from moisture,
similar desorption cooling strategies for the smart temperature
regulation of the soft machine24 and the cooling of the
photovoltaic (PV) panel25 have been proposed recently;
however, research on sorption-based BTM has not yet been
reported.
Most studies in the past decade have focused on battery

cooling, and less attention has been paid to battery heating to
improve the energy power and energy density of LIBs in cold
regions. The major commercial heating strategies are external
air heating or liquid heating with electricity consumption, and
they show high energy consumption and low heating
efficiencies.26 Moreover, the onboard battery bank electricity
consumption of the heating systems would shorten the driving
range of EVs by as much as 22%.27 Thus controlling the
battery temperature under various climate conditions using
one BTM method is a severe challenge. Recently, a shape
memory alloy (SMA)-actuated interfacial thermal regulator

was reported for passive BTM in both hot and cold extreme
environments.28 The SMA-actuated thermal regulator can
enable LIB cooling or heating by maintaining the thermal
conduction or insulation between the LIBs and the air-cooled
heat sink with SMA wires. This passive BTM method has the
superiority of simple operation and can enhance the capacity of
LIBs in cold weather by retaining the battery self-generated
heat through thermal insulation. However, the cooling power
for thermal dissipation is still limited by the air-cooled heat
sink, and thus auxiliary refrigeration devices are needed if it is
used for high-power battery cooling. Furthermore, the
preheating of the battery during the start-up stage is of vital
importance for EV applications in cold regions, delivering
much higher discharging power;29 therefore, both the
preheating of the battery in the start-up stage and its thermal
regulation in the operation stage are necessary to ensure high
energy densities and long lifetimes of the battery at low
ambient temperatures.
Herein we report a novel near-zero-energy smart battery

thermal management (SBTM) strategy to regulate the battery
temperature in both hot and cold environments. Battery
heating or cooling is automatically switched in response to the
local battery temperature based on the water sorption or
desorption states of the sorbent. The sorption-induced
reversible thermal effects enable passive battery cooling or
heating for SBTM without any additional energy input. The
liquid-free operation makes the sorption-based SBTM strategy
very suitable for the thermal management of electronic
devices/batteries. Moreover, the SBTM strategy exhibits the
distinct advantages of high-energy/power-density, self-adap-
tive, and real-time adjustment of cooling/heating for BTM. We
first introduce the mechanism of sorption-based smart thermal
management, screen out the most suitable sorbent for SBTM,
and then show the feasibility of near-zero-energy smart thermal
management by employing MIL-101(Cr) in a proof-of-concept
device under simulated conditions. Finally, we demonstrate
sorption-based SBTM applications for the thermal manage-
ment of commercial 18650 LIBs at different ambient
temperatures from 10 to 40 °C and different charge/discharge
rates from 1 to 3 C.

■ RESULTS AND DISCUSSION
Operating Mechanism of Sorption-Based Smart

Thermal Management. Solid−gas sorption has been widely
investigated and applied in water sorption-based refriger-
ation,30 thermal energy storage,31 heat pumps,32 and thermal
batteries33 due to the reversible exothermic/endothermic heat
effects during the gas sorption/desorption processes. However,
BTM applications based on reversible sorption energy
harvesting from air are lacking. In recent years, water vapor
sorption from air has attracted much attention for atmospheric
water harvesting34−36 and energy harvesting37,38 due to the
intrinsic large water vapor storage in ambient air. The enthalpy
difference between the vapor-state water in air and the
sorption-state water in a sorbent brings about a large amount
of potential energy resources that are rarely exploited.
We propose a sorption-based smart thermal management

strategy based on reversible sorption energy harvesting from
air, as conceptually shown in Figure 1a. A suitable sorbent is
coated on the surface of electronic devices/batteries, and it can
undergo sorption or desorption processes in response to low or
high temperature. For the cooling mode at high temperatures,
the heat released by electronic devices/batteries is first
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transferred to the hydrated sorbent and then dissipated to
break the sorbent−water bonds (e.g., van der Waals forces,
hydrogen bonds, or coordinate bonds), thus leading to water
desorption. Heat dissipation (desorption heat of the sorbent)
is used to cool the electronic devices/batteries in hot
environments, where the hydrated sorbent desorbs water
vapor, directly removing heat to ambient air. Conversely, for
the heating mode at low temperatures, the dehydrated sorbent
adsorbs water vapor from ambient air, generating a large
amount of sorption heat through the sorbent−water bond
formation during the water sorption process. The generated

heat (sorption heat of sorbent) is quickly transferred to heat
the electronic devices/batteries in cold environments. In
summary, sorption-induced reversible thermal effects enable
passive heating or cooling for electronic devices/batteries in
cold or hot environments through the switch of the dehydrated
and hydrated states of the sorbent.
Figure 1b illustrates a schematic diagram of the self-

regenerative reversible sorption energy-harvesting cycles in
the heating and cooling modes for sorption-based smart
thermal management. The pressure−temperature (P−T)
equilibrium lines of the sorbent−water sorption pair and
isohumes of ambient air can be described by the Clausius−
Clapeyron equation

= −
Δ

P A
H

Ln
RTwater

ad
(1)

where A is a constant value determined by the hydrophilicity of
the sorbent, ΔHad is the water adsorption enthalpy, and R is
the gas constant. Two water sorption equilibrium lines
representing the sorbents with minimum (Wmin) and
maximum (Wmax) water contents are plotted. For the cooling
mode (A−B−C) in a hot environment (e.g., summer), the heat
released by the electronic devices/batteries is absorbed by the
sorbent in the form of desorption heat to drive water
desorption to ambient air. The electronic devices/batteries
will be cooled from a high temperature Tover to a low working
temperature with a temperature drop of ΔTd. The water
desorption to the ambient air process can be approximately
regarded as a water vapor isobaric process (P = Psum). The final
desorption equilibrium state of the dehydrated sorbent ranges
from the left point B with maximum water content of Wmax to
the right point C with minimum water content ofWmin (B−C).
As a result, the cooling range varies between TB,s and TC,s.
Afterward, the dehydrated sorbent is self-regenerated to the
hydrated state by adsorbing water from atmospheric moisture
once its temperature becomes low enough for water sorption
(the left zone of theWmax sorption equilibrium line) during the
idle time of the electronic devices/batteries. Thus the hydrated
sorbent recovers its water desorption capacity and can
reabsorb heat for desorption cooling during the next stage.
For the heating mode (a−b−c) in a cold environment (e.g.,

winter), the sorption heat released by the sorbent during its
water sorption from ambient air is first used to preheat the
electronic devices/batteries in the start-up stage. The
electronic devices/batteries are heated from a low start-up
temperature Twin to a high working temperature with a
temperature increase of ΔTl. In contrast with the cooling mode
in summer, the final sorption equilibrium state of the hydrated
sorbent moves from the right point b with Wmin to the left
point c with Wmax (b−c) also following a water vapor isobaric
process (P = Pwin), and the heating range varies between Tc,w
and Tb,w. During the operation phase after the start-up stage,
the internal Joule heat produced by the electronic devices/
batteries will self-heat them and further increase their working
temperatures. Once the working temperature becomes high
enough for water desorption (the right zone of the Wmin
sorption equilibrium line), the hydrated sorbent will be
regenerated by desorbing water vapor to ambient air. This
water desorption can also prevent the safety risk of overheating
the electronic devices/batteries during the operation phase.
Accordingly, the dehydrated sorbent will again possess a water
sorption capacity and can be reutilized for sorption heating
during the next stage.

Figure 1. Smart thermal management based on reversible sorption
energy harvesting from air. (a) Schematic of smart thermal
management using porous sorbents. The sorbent coated on the
electronic device/battery automatically performs the water sorption or
desorption process depending on the operating temperature of the
device and ambient conditions. The thermal dissipation by water
desorption to air provides desorption cooling effects at high
temperatures (right side), while the thermal harvesting by water
sorption from air provides sorption heating at low temperatures (left
side). (b) Pressure−temperature diagram showing the self-regener-
ative reversible sorption energy-harvesting cycles at heating and
cooling modes. For the cooling mode (A−B−C) in the hot
environment (e.g., summer), the sorbent removes the heat released
by the electronic device/battery under the operation stage in the form
of desorption heat to drive water desorption to air. Point A is the
saturated state of the sorbent at Tsum. Point B is the initial state of
water desorption with the lowest temperature (TB,s) for cooling. Point
C is the end state of water desorption with the highest temperature
(TC,s) for cooling. For the heating mode (a−b−c) in the cold
environment (e.g., winter), the sorbent adsorbs water from the air and
generates sorption heat used to preheat the electronic device/battery
from a low temperature, Twin, to a suitable working temperature with a
heating range between Tc,w and Tb,w. Point a is the dry state of the
sorbent at Twin (isolated from moisture). Point b is the initial state of
water sorption with the highest temperature (Tb,s) for heating. Point c
is the end state of water sorption with the lowest temperature (Tc,s)
for heating.
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The proposed sorption-based smart thermal management
strategy can not only overcome the contradiction of battery
cooling requirements at high temperatures and battery heating
requirements at low temperatures but also automatically switch
between the desorption cooling and sorption heating modes
according to the local working temperature and ambient
conditions. Moreover, the sorbent can realize self-regeneration
between the dehydrated and hydrated states without any
additional energy input. Because the solid−gas sorption
enthalpy is usually much higher than the solid−liquid or
liquid−gas phase-change enthalpies, our proposed sorption-
based smart thermal management strategy exhibits the distinct

advantages of a high-energy/power-density and near-zero-
energy consumption compared with traditional thermal
management methods. Furthermore, the liquid-free operation
makes it more suitable for the thermal management of
batteries.

Sorbent Screening and Characterization for Smart
Battery Thermal Management. The sorption equilibrium
characteristics of sorbents determine the controllable cooling
or heating temperature range (ΔT) for BTM. Furthermore,
sorbents must automatically adsorb water from air and desorb
water to air at a moderate temperature to realize reversible
thermal management. Therefore, the sorbent candidates must

Figure 2. Design of sorption-based SBTM and characterization of MIL-101(Cr) for efficient thermal management to LIBs. (a) Design of MOF
sorption-based SBTM for a single LIB. The MIL-101(Cr) is coated on carbon foam (CF) as MOF@CF to enhance the heat and mass transfer
performance of MIL-101(Cr). The MOF@CF layer is stuck on the external surface of LIBs by thermal interface material (TIM). (b) Optical
microscopic image displaying the uniform coating of MIL-101(Cr) (green part) on CF (dark metal frameworks). (c) SEM image showing MIL-
101(Cr) particles adhered on the frameworks of CF. (d) SEM image of MIL-101(Cr) showing the regular octahedral structures of MIL-101(Cr)
crystals. (e) TEM image of MIL-101(Cr) crystal presenting its ordered nanoscale pores for water vapor sorption. (f) Water sorption isotherms of
MIL-101(Cr) under typical winter conditions (water vapor pressure of 80% RH at 10 °C) and typical summer conditions (water vapor pressure of
60% RH at 30 °C). The large water uptake changes of MIL-101(Cr) within a small temperature swing enable its promising potential for sorption-
based BTM. (g) Climate data of typical cities worldwide in winter and summer,46 together with two water vapor sorption equilibrium lines of MIL-
101(Cr) with water contents of 1.0 (blue line) and 0.1 g/g (read line), revealing that MIL-101(Cr) has a wide adaptability for sorption-based
SBTM due to its capability of adsorbing water from ambient air to become a saturated adsorption state under winter and summer conditions.
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meet several strict restrictions to realize successful thermal
management applications: (i) moderate hydrophilicity to
adsorb water from air under ambient conditions while
desorbing water to air at a suitable working temperature
range of thermal management; (ii) an “S” shape (type V) of
the water sorption isotherms, allowing reversible sorption−
desorption transitions within small temperature swings;39 (iii)
a high water sorption capacity to provide a large amount of
heat dissipation or generation; (iv) fast water sorption/
desorption kinetics to achieve high heating/cooling powers;
and (v) high thermal stability during repeated water sorption−
desorption processes.
Traditional microporous sorbents, such as zeolites, show a

high desorption temperature (>100 °C) that exceeds the range
of thermal management.40 Although traditional mesoporous
sorbents, such as silica gel, have low desorption temperatures,
their nearly linear desorption isobars induce a poor working
capacity at small temperature swings (Figure S1). Recently, the
utilization of metal−organic frameworks (MOFs) for water
sorption was proposed,41,42 and their diverse structures and
tunable properties make them able to meet the specific
requirements of various applications, such as atmospheric
water harvesting,43 refrigeration,44 and heat pump.45 Apart
from the superiority of a large water sorption capacity, MOFs
have the desirable “S”-shaped water sorption isotherms
allowing reversible sorption−desorption with small temper-
ature or pressure swings. Here we screen out the MIL-101(Cr)
(Cr3F(H2O)2O[(O2C)−C6H4−(CO2)]3·nH2O) from com-
mon MOFs as one of the most promising candidates for
BTM due to its moderate transition temperature, high thermal
stability, fast water sorption/desorption kinetics, and large
water sorption capacity in typical climates of 80% relative
humidity (RH) at 10 °C (∼1.0 kPa vapor pressure) in winter
and 70% RH at 30 °C (∼3.0 kPa vapor pressure) in summer.
We synthesize MIL-101(Cr) by using a hydrothermal

method and design a sorption-based SBTM system with the
MOF. The powder X-ray diffraction (PXRD) pattern shows
that the synthesized MIL-101(Cr) has satisfactory purity
(Figure S2), and its pore volume is determined to be as high as
1.74 cm3/g together with a large BET surface area of 2719.3
m2/g, according to the results of N2 gas adsorption (Figure
S3). Because the thermal conductivity of MIL-101(Cr) is as
low as 0.2 W/m·K (Figure S4), carbon foam (CF) is employed
as a thermal conduction enhancement for MIL-101(Cr). The
CF is pretreated; then, the well-distributed suspension of MIL-
101(Cr) is sprayed onto the CF frameworks to obtain the
composite sorbent of MOF@CF (See the detailed information
in the Methods section). The results measured by the laser
flash method show that MOF@CF exhibits a high thermal
conductivity of 0.9 W/(m·K), approximately four to five times
higher than that of pristine MIL-101(Cr). Moreover, both
water sorption−desorption cycling tests under SBTM work
conditions (Figure S5) and falling tests under shaky operation
conditions (Figure S6) confirm the MOF@CF has excellent
stability. Because of the relatively low desorption temperature
(<50 °C) under SBTM work conditions, the water sorption−
desorption capacity of MIL-101(Cr) is slightly lower than its
saturated sorption capacity, where the coordinated water
cannot be released at such low temperatures, as verified by
Fourier-transform infrared (FT-IR) spectra of MIL-101(Cr)
under different temperatures (Figure S7). Afterward, the
MOF@CF is coated on the external surface of a cylindrical LIB
as a sorption material for thermal management, and highly

thermally conductive tape is used as a thermal interface
material (TIM) to reduce the thermal contact resistance
between the LIB and MOF@CF (Figure 2a). A thermal
resistance and capacity network is given to show the heat
transfer conditions from the MOF to ambient air (Figure S8),
where the composite sorbent plays a key role in absorbing/
generating heat through water desorption/sorption, which is
triggered by the ambient temperature or vapor pressure.
Because of the contribution of highly thermally conductive
carbon foam to accelerate the heat transfer, the conduction
resistance of the composite sorbent of MOF@CF (0.001 m2·
K/W) is one or two orders of magnitude lower than the
convective heat transfer coefficient of air (0.01 to 0.1 m2·K/
W).
An optical image (Figure 2b) shows the good distribution of

MIL-101(Cr) on the CF frameworks, while scanning electron
microscopy (SEM, Figure 2c,d) and transmission electron
microscopy (TEM, Figure 2e) images show that MIL-101(Cr)
has satisfactory crystallization and ordered micropores. In the
heating mode in winter, MIL-101(Cr) shows a water
sorption−desorption transition temperature at 20−30 °C
(Figure 2f), indicating that the potential temperature increase
of the MOF in the start-up preheating stage is as high as 10 °C
due to heat generation from water sorption. Its transition
temperature becomes high at 35−45 °C in summer because
the water humidity of the air is higher than that in winter.
Considering that the optimal working temperature of LIBs is
between 20 and 40 °C, MIL-101(Cr) shows the ability to
supply both heating and cooling effects under extreme
conditions. Additionally, the large water sorption/desorption
capacity of ∼1.0 g/g for a small temperature swing indicates its
high thermal energy density of 2541 kJ/kg (Figure S9), which
is much higher than the energy densities based on conven-
tional solid−liquid or liquid−gas phase-change processes.47 To
show the sorption−desorption transition temperatures under
various climate conditions, we provide a series of water
sorption isotherms/isobars of MIL-101(Cr) at different
pressures and temperatures (Figure S10). To confirm the
water sorption capacity of MIL-101(Cr) coated on CF,
thermogravimetric analysis (TGA) was carried on both the
pure MIL-101(Cr) and the MIL-101(Cr)@CF (Figure S11).
The results show the MIL-101(Cr)@CF has a lower
desorption temperature, a faster desorption rate, and more
thorough release of water compared with bulk pure MIL-
101(Cr), indicating that the heat and mass transfer perform-
ance was apparently enhanced when it was coated on the
frameworks of CF. Remarkably, this sorption-based SBTM
system using MIL-101(Cr) can achieve self-regeneration by
adsorbing water from air in many major large cities worldwide
(Figure 2g), indicating its ability to be widely adopted in
worldwide regions. Notably, the selection of MOFs is flexible
according to the operation climate, and more hydrophilic
MOFs (e.g., MOF-841 or CAU-10) are desirable for reliable
self-regeneration in arid regions.48 Moreover, temperature-
sensitive MOFs or hydrogels are also suitable for sorption-
based SBTM. Additionally, an auxiliary humidification device
for increasing the RH of ambient air can ensure the successful
self-regeneration of MOFs under extremely low-humidity
conditions.

Proof-of-Concept of Sorption-based Smart Battery
Thermal Management. To verify the feasibility of sorption-
based SBTM, we first demonstrate a proof-of-concept device
for smart thermal management using an electric heater. The
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electric heater has the same size as 18650 LIBs and can provide
a stable heating power from 1 to 2 W to simulate the heat
generation power of LIBs under different discharge rates
(Figure S12). To reveal the cooling effects of SBTM, we
directly compare the temperature profiles of a blank electric
heater and an electric heater coated with MOF@CF under a
heating process with a constant heating power (Figure 3a).
The two electric heaters have almost the same temperature
evolution in the beginning stage, and an obvious temperature
difference between them appears when the temperature is
higher than the desorption temperature of MIL-101(Cr), as
shown in Figure 3a. Compared with the blank electric heater,
the electric heater coated with MOF@CF has a low
temperature due to the heat dissipation by the hydrated
MIL-101(Cr) during the water desorption process. The heat
consumption of MOF@CF cools the electric heater and
dissipates heat to the ambient environment by releasing water
vapor to air. A higher heating power brings a sharper

temperature increase and a larger temperature difference.
Although only 0.51 g of MIL-101(Cr) powder is applied to
regulate the working temperature of the electric heater, a
maximum temperature difference as high as 8.3 °C is achieved
due to its strong cooling effects (Figure S13).
Moreover, the specific cooling power supplied by the water

desorption of MIL-101(Cr) exhibits self-adaptive and real-time
adjustment at different heating powers (Figure 3b), showing
that the cooling power varies with the cooling load from 1 to 2
W. The specific cooling power (q) per mass of the MOF is
calculated based on the mass loss of the MOF by the following
equation

=
̇ ·Δ

·
q

m H

m M
MOF H O

MOF H O

2

2 (2)

where ṁMOF is the mass loss rate (water desorption rate) of the
MOF, mMOF is the mass of the MOF (0.51 g), ΔHH2O is the

Figure 3. Proof-of-concept of the sorption-based smart thermal management by MOF@CF. (a) Temperature comparison of electric heaters with
and without MOF@CF at cooling modes under stable heat generation powers of 1, 1.5, and 2 W, together with the variation of the water uptake of
MIL-101(Cr) versus time. Before the tests, the MOF is pretreated to reach its sorption equilibrium completely under ambient conditions; then, the
electric heater is powered on. Compared with the blank electric heater without MOF@CF, the other one coated with MOF@CF shows lower
temperature during the long operating duration until the amount of water is completely desorbed from the MIL-101(Cr). The MOF can
automatically perform self-regeneration when its temperature decreases to the sorption equilibrium temperature after it stops working. (b) Specific
cooling power supplied by the water desorption of MIL-101(Cr) at different heating powers, showing the self-adaptive and real-time adjustment of
sorption cooling power with different loads. (c) Temperature comparison of two electric heaters during the start-up preheating process at heating
mode, together with the variation in water uptake of MIL-101(Cr) versus time. Before the tests, the MIL-101(Cr) is totally dried and isolated from
ambient air. The preheating process is triggered by exposing the MOF to air to perform fast water sorption. The hydrated MOF undergoes self-
regeneration by the Joule heat generated from electric heater when the operating temperature increases to be higher than the desorption
temperature. (d) Specific heating power supplied by the water sorption of MIL-101(Cr) showing the reversible sorption−desorption process for
smart thermal management.
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water desorption enthalpy (44 kJ/mol water), and MH2O is the
relative molecular mass of water.
Because the desorption rate of MIL-101(Cr) is mainly

dependent on the driving temperature difference (Figure S14),
a higher heating power results in a faster water desorption rate
of MIL-101(Cr). Therefore, the high desorption rate increases
the amount of water desorbed by the MOF and improves the
specific cooling power at a high heating power. After heating,
the dry MIL-101(Cr) self-regenerates by adsorbing water from
ambient air once its temperature decreases below the sorption
equilibrium temperature, as shown in Figure 3a. As a result,
hydrated MIL-101(Cr) recovers its water desorption capacity
for cooling during the next stage. The dynamic water sorption
under different RH conditions shows that the sorption kinetics
of MIL-101(Cr) becomes high with increasing RH of air
(Figure S15), and thus its self-regeneration duration is
positively related to the RH. Moreover, the water uptake of
MIL-101(Cr) remains stable (∼0.7 g/g) during the sorption−
desorption cycles at different heating powers, indicating that
sorption-based smart thermal management exhibits reliable
heat dissipation for electronic devices by removing the

generated heat generation to ambient air in the form of
desorption heat of MIL-101(Cr) by releasing water vapor.
For the preheating test, the two electric heaters are placed in

cold environments of 12 °C (Figure 3c). Afterward, the
temperature of the electric heater coated with MOF@CF
rapidly increases to 14 °C once the dry MIL-101(Cr) is
exposed to air to enable sorption of atmospheric moisture. The
sorption heat released by MIL-101(Cr) preheats the electric
heater from a low ambient temperature to a relatively high
working temperature. Benefiting from the fast water sorption
rate, the temperature increase period is as short as 1 min,
which is desirable for fast start-up EVs after short-term
preheating. Theoretically, the temperature increase range in
the heating mode is close to the temperature decrease range in
the cooling mode because the sorption heat of MIL-101(Cr) is
close to its desorption heat. However, the heating temperature
is much lower than the predicted value in Figure 2f, which is
ascribed to the large amount of sorption heat lost to the
ambient cold air. The cooling power and heating power in
these two modes can be described by the following equations

Figure 4. Demonstration of sorption-based smart thermal management to cool commercial 18650 LIBs. (a) Optical image of the 18650 LIB with
SBTM. The LIB is covered by the composite sorbent of MOF@CF, whose thickness is 1 mm. (b) Infrared photos showing the temperature
evolutions of LIBs with/without SBTM during the discharging phase under a discharging rate of 2.4 C. For the LIB without SBTM, its temperature
reaches as high as 54 °C within 25 min and thus has potential safety risks, whereas the LIB with SBTM can be controlled below 45 °C during the
whole operating duration. (c) Temperature profiles of LIBs at different discharging rates of 1.8, 2.4, and 3.0 C, showing the strong thermal
regulation abilities by the desorption cooling of MIL-101(Cr). Only the partial water inside the MOF is desorbed for cooling at low discharging
rates, indicating the water desorption cooling by MIL-101(Cr) is enough to remove all Joule heat generated from a single 18650 LIB at common
discharging rates. The faster discharging rate causes a large temperature increase, resulting in faster desorption kinetics together with stronger
cooling power, confirming the self-adaptive characteristics of SBTM. (d) Comparison of the cooling powers of the MOF sorption-based SBTM
with those of traditional PCM-based BTMs, showing that the SBTM exhibits much higher cooling power and distinct advantages of self-adaptive
characteristics with the variation of battery discharging rates. The cooling power can be improved by as high as one order of magnitude.
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= +Q Q Qcooling desorption conv (3)

= −Q Q Qheating sorption conv (4)

In the cooling mode, as listed in eq 3, the Joule heat generated
from the electric heater is not only consumed by the water
desorption of MIL-101(Cr) (Qdesorption) but also dissipated to
ambient air by thermal convection (Qconv). Thus the total
cooling capacity is the sum of the desorption heat and the
convective heat. Because the mass of the composite sorbent is
much smaller than that of the battery, the sensible heat caused
by temperature changes in the sorbent can be ignored.
However, the heating capacity is only supplied by the water
sorption heat of MIL-101(Cr) (Qsorption) in the heating mode.
The sorption heat released by the MOF provides the sensible
heat consumed by the device during the preheating stage, but
it is also dissipated to the ambient air by thermal convection
(Qconv), thus causing a relatively weak heating effect.
Therefore, thermal insulation is necessary to further increase
the preheating temperature range in cold environments.
As illustrated in Figure 3d, the dry MIL-101(Cr) first

undergoes water sorption from air to preheat the electric
heater during the low-temperature start-up period, showing a
very high transient heating power (∼2.5 W/g) in the beginning
stage. The sorption heating power provided by the MOF
gradually decreases with the temperature increase in the
electric heater during its operation phase. At the same time, the
Joule heat generated from the electric heater further self-heats
it to a high operating temperature. The sorption heating power
will be close to zero when the operating temperature reaches
the sorption equilibrium temperature of MIL-101(Cr). After-
ward, the hydrated MIL-101(Cr) will self-regenerate due to
the Joule heat generated from the electric heater. Once the
operating temperature of the electric heater increases to above
the sorption equilibrium temperature, the hydrated MIL-
101(Cr) will undergo water desorption for its regeneration by
releasing water vapor to air to become the dry MOF. The self-
regeneration through the desorption process makes the
dehydrated MIL-101(Cr) recover its water sorption capacity
for heating during the next stage, and this can also prevent
overheating of the electronic device under extreme operating
conditions.
According to the working principle in Figure 1b, the water

desorption in the cooling mode is driven by the temperature
difference between Tover and TB,s, whereas the water sorption in
the heating mode is driven by the water vapor pressure
difference between Pwin and Pa. The equilibrium characteristics
of the MOF powered by temperature or pressure differences
ensure that the sorption-based smart thermal management
system exhibits the distinct advantages of desorption cooling at
high temperatures and sorption heating at low temperatures. In
addition, the high sorption heating and cooling powers in
Figure 3d indicate that MOF@CF not only enhances the heat
transfer between MIL-101(Cr) and electronic devices due to
its high thermal conductivity but also improves the mass
transfer between MIL-101(Cr) and water vapor due to its
porous matrix.
Sorption-based Smart Battery Thermal Management

Demonstration. As a preliminary demonstration, we test the
sorption-based SBTM performance of the thermal manage-
ment for a single commercial 18650 LIB under natural air
convection conditions (Figure 4a). First, we carry out
desorption cooling experiments by comparing the temperature

evolutions of a blank LIB and an LIB with SBTM under a
common humidity of 60% RH in summer, where the latter
shows a lower temperature and a more uniform temperature
distribution in IR images under a discharge rate of 2.4 C
(Figure 4b). With the strong heat dissipation effects due to the
water desorption cooling of MIL-101(Cr), the working
temperature of the LIB with SBTM can be effectively
controlled below 45 °C during the entire operation duration
at the discharge rates of 1.8 and 2.4 C (Figure 4c). Moreover,
the working temperature can still remain below 50 °C, even
when the discharge rate of the LIB is as high as 3 C, where the
maximum temperature difference between the LIB with SBTM
and the blank LIB reaches 8.3 °C. In particular, we observe
that only part of the water in MIL-101(Cr) (∼0.5 g/g) is
desorbed for cooling during the LIB discharging process under
relatively low discharge rates of 1.8 and 2.4 C according to the
mass change of MIL-101(Cr) (Figure 4c), indicating that the
SBTM system will never be exhausted before the electricity of
the LIB is exhausted. The results indicate that the water
desorption cooling by 0.51 g MIL-101(Cr) is sufficiently high
to cover all Joule heat generated from a single 18650 LIB at
common discharge rates. The contributions from the sensible
heats of the MOF and CF are <5% due to the high desorption
enthalpy of the MOF (Table S1). Moreover, the comparison
tests between the blank battery and the pure CF confirm that
the cooling effects from CF are small enough to be ignored
(Figure S16). More importantly, the weight of the MOF is
only 1.0% of the weight of the battery (48 g for the LIB), but
>60 g paraffin wax is needed for traditional PCM-based BTM,
indicating the distinct advantage of high-energy/power-density
BTM in our strategy. To improve the reliability of SBTM
under some extreme conditions, such as continuous charging−
discharging at high rates, the amount of MIL-101(Cr) can be
flexibly adjusted to cover all of the Joule heat (Figures S17 and
S18).
Similar to the proof-of concept tests, MIL-101(Cr) can self-

regenerate by adsorbing water from air when the LIB stops
working. Approximately 1 to 2 h is required to complete the
self-regeneration process during the natural cooling of the LIB
in this test; however, the self-regeneration duration can be
significantly shortened if forced air convection is introduced by
improving the sorption heat dissipation and water molecule
diffusion to ambient air. Moreover, the influence of the RH on
the desorption cooling performance shows that the MOF
sorption-based SBTM is still strong for the efficient thermal
management of the commercial 18650 LIB under high
humidity, even at 80% RH (Figure S19). In comparison with
traditional PCM-based BTM methods, our MOF sorption-
based SBTM system shows a much higher cooling power at
different discharge rates due to the ultrahigh solid−gas
sorption reaction enthalpy of MIL-101(Cr), and the cooling
power can be improved by as high as one order of magnitude
(Figure 4d).48−51 Moreover, the sorption-based SBTM
exhibits the desirable self-adaptive characteristics of the cooling
power with the variation in the battery cooling load at different
discharge rates, whereas traditional PCM-based BTM methods
nearly maintain a stable cooling power because of the fixed
phase-change temperature, resulting in a nearly constant heat
transfer power. Remarkably, the proposed SBTM can
automatically adjust the cooling power between 0 and 1.2
kW/kg according to the real-time temperature of the battery
under practical operating conditions, such as the typical driving
conditions of an EV given by the Federal Urban Driving
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Schedule (FUDS), where the highest discharge rate during the
rapid acceleration process is ∼2 C (∼45 A) and the average
discharge rate during the entire driving process is only 0.2 C
(∼4.5 A) (Figure S20). We further designed and constructed
an LIB pack with 4S (four cells in series) to confirm the
feasibility of SBTM in the LIB pack, where four LIBs are
staggered and arranged as 2*2 with 10 mm gaps between each
other, as shown in Figure S21. During the discharge process
under 3 C, the temperature of the LIB pack with SBTM is 10
°C lower than that of the LIB pack without SBTM following a
0.45 g/g water desorption, confirming that the SBTM can
efficiently operate under the LIB pack with narrowed space.
Additionally, forced air convection can also be used to further
improve the mass transfer and promote the water vapor
diffusion from the LIB to an ambient environment if needed.
To confirm the stability of MIL-101(Cr)@CF, the PXRD
pattern of the MIL-101(Cr) after 10 operating cycles was
compared with that of the original synthesized MIL-101(Cr),
whose results show that the crystal structure remains stable
(Figure S22). Moreover, the SEM images also confirm that the
morphology of MIL-101(Cr) remains the same as the original
MIL-101(Cr) (Figure S23). Consequently, the MOF sorption-
based SBTM provides a potential strategy to realize efficient
battery cooling with the distinct advantages of smart self-

adaptive adjustment, near-zero energy consumption, low-cost
operation, and high energy density.
In cold environments, the electrolyte viscosity increases and

thus impedes the movement of charge carriers. Under
extremely cold conditions, the electrolyte even freezes and
causes the battery to be unable to discharge and the EV to be
unable to start. Additionally, the energy and power of LIBs are
substantially reduced at low temperatures. Therefore, preheat-
ing LIBs before start-up and maintaining moderate temper-
atures during the operation phase are key points for BTM in
winter. Here we demonstrate heating applications of SBTM for
the thermal management of a commercial 18650 LIB in a cold
environment of 10 °C. The IR images show that the sorption
heat released by MIL-101(Cr) during its water sorption from
air can effectively raise the temperature of the LIB and ensure a
uniform temperature distribution in the start-up stage (Figure
S24). However, much heat is lost to the surrounding
environment at the edge parts of the LIB, which causes the
temperature increase of the LIB during the heating process to
be small (<3 °C). To enlarge the temperature increase, we
design a semiclosed SBTM system to reduce the heat loss by
preventing heat dissipation to cold air as much as possible
while allowing water vapor transport between MIL-101(Cr)
and the air atmosphere (Figure S25). The total temperature

Figure 5. Concept design and feasibility testing of sorption-based smart thermal management to heat commercial 18650 LIBs. (a) Temperature
profiles of LIBs with and without MOF@CF during the preheating and discharging process, together with the variation in water uptake of MIL-
101(Cr) versus time. A temperature increase of 3 °C is realized before the start-up of the LIB, together with a further temperature increase of 5 °C
during the battery discharging phase. (b) Schematic of the reversible heating process of LIBs with a periodical water desorption regeneration
strategy. Before LIBs start-up, the dry MOF is exposed to air to adsorb water from moisture, releasing sorption heat to heat the LIBs. After several
minutes, the LIBs begin to discharge, and the MOF continuously adsorbs water until it reaches a saturated state, bringing a further temperature
increase in LIBs. (c) Temperature comparison of LIBs with and without MOF@CF during the 2.4 C charging process, together with the variation
in water uptake of MIL-101(Cr) versus time. The temperature of the LIB with SBTM becomes low during the high-rate charging to avoid the
overheating of the LIB, and the Joule heat generation is used for the regeneration of MOF@CF. (d) Comparison of the battery capacities of the
LIB with and without SBTM, showing that the apparent battery capacity of the LIB with SBTM can be increased by 9.2% and indicating that warm
working temperature allows the LIB to more deeply discharge−charge.
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increase achieved by the water sorption heat of MIL-101(Cr)
is as high as 8 °C in the semiclosed SBTM system (Figure 5a),
including a temperature increase of 3 °C in the preheating
stage and a further temperature increase of 5 °C in the
discharging phase. Therefore, the semiclosed sorption-based
SBTM system exhibits efficient sorption heating for the
thermal management of LIBs at low temperatures. Moreover,
benefiting from the fast sorption kinetics of the MOF and its
large sorption heat released in the initial stage, the preheating
time is as short as several minutes, which is desirable for fast
start-up in winter. However, Joule heat generated by the LIB
during the operation process is not sufficient for driving the
regeneration of MIL-101(Cr) at a low discharge rate, and thus
achieving self-regeneration by the internal Joule heat from LIBs
is difficult.
To address this challenge, we propose a method for the

regeneration of MIL-101(Cr) by utilizing the heat utilization
generated from LIBs during both the discharging and charging
processes, as illustrated in Figure 5b. During the discharging
process in cold environments (left part), the water sorption
heat released by MIL-101(Cr) heats the LIB from a low
temperature to a suitable working temperature in the start-up
and early operation stages of the discharging process.
Afterward, MIL-101(Cr) begins its self-regeneration, desorbing
water vapor to air by utilizing the Joule heat generation of the
LIB until it completes the whole discharging process. During
the charging process (right part), the MOF desorbs the
residual water to air by recovering the heat generated by the
LIB because the charging process is generally continuous. To
ensure the complete regeneration of the MOF, alternating
current (AC) electrothermal conversion from the battery
charging station can be used to actively drive the water
desorption of MIL-101(Cr). The water content of MIL-
101(Cr) can be easily detected based on the remarkably
variation in the impedance before and after desorbing water,52

which guides whether extra electrothermal input is needed
after battery charging. Even if the MOF is completely
regenerated by consuming external electricity, the sorption-
induced heating strategy still has the advantages of a fast
temperature response rate and a larger thermal energy storage
density (706 Wh/kg for MIL-101(Cr)) compared with the
electricity storage density of LIBs (<350 Wh/kg) in this
stage.53

We further evaluate the feasibility of the combined
discharging−charging heat generation method and find that
hydrated MIL-101(Cr) can complete its regeneration within
35 min by using only the internal heat generated by the LIB
during the battery charging process at 2.4 C (Figure 5c). After
regeneration, the semiclosed SBTM system is closed to isolate
the humidity in the air from the MOF, which will be reopened
to the air in the next stage to perform water sorption to preheat
the LIB. The overnight isolation of the MOF from air requires
good sealing of the battery, and thus an air inlet valve
controlling the access of moisture is necessary for practical
applications. The regeneration of MIL-101(Cr) can also
prevent the overheating problem of LIBs during the charging
stage at high rates by consuming heat in the form of the
desorption heat of MIL-101(Cr). Benefiting from the
preheating and suitable working temperature of the LIB in
cold environments, the working capacity of the battery with
SBTM can be improved by 9.2% compared with that of the
battery without SBTM, as shown in Figure 5d, which means
that the sorption-based SBTM can enlarge the driving range by

∼37 km on the assumption of a 400 km travel distance for
common EVs in winter. Notably, the mass and heat transfer
conditions of the battery pack are different for different EVs,
and thus more efforts need to be focused on engineering
innovations to take the proposed SBTM strategy from concept
design to practical application in the future.

■ CONCLUSIONS

In summary, we reported a near-zero-energy SBTM strategy to
regulate the battery temperature in both hot and cold
environments enabled by sorption energy harvesting from
air. The sorption-based SBTM can overcome the contradiction
of cooling requirements at high temperatures and heating
requirements at low temperatures for BTM. The sorption-
induced endothermic/exothermic effects enable passive battery
cooling/heating through reversible water vapor desorption/
sorption of the sorbent without any additional energy input.
The liquid-free operation makes the sorption-based SBTM
very suitable for the thermal management of electronic
devices/batteries. We further demonstrated SBTM applica-
tions for the thermal management of commercial 18650 LIBs
with MIL-101(Cr)@CF. The sorption-based SBTM system
can control the battery temperature below 45 °C, even at a
high discharge rate of 3 C in a hot environment while realizing
self-preheating to ∼15 °C in a cold environment, with an
increase in battery capacity of 9.2%. Importantly, the SBTM
strategy can automatically switch between the battery cooling
and heating modes by realizing the self-regeneration of MIL-
101(Cr) between its hydrated and dehydrated states via water
vapor sorption from air or desorption to air. Moreover, the
sorption-based SBTM exhibits self-adaptive working powers
with variation in the battery temperature and an ultrahigh
power density compared with the traditional PCM-based BTM
methods, improved by one order of magnitude. Our proposed
sorption-based SBTM strategy has the distinct advantages of
being a liquid-free, high-energy/power-density, near-zero
energy consumption, low-operating-cost, and self-adaptive
smart thermal management approach for electronic devices/
batteries.

■ METHODS

Synthesis and Characterization of MIL-101(Cr) and
MOF@CF. First, 0.01 mol chromic nitrate nona-hydrate and
0.01 mol terephthalic acid were added to 47.5 mL of deionized
water; then, the mixture was stirred for 15 min at room
temperature. Afterward, the mixed solution was transferred to a
100 mL Teflon vessel and heated to 220 °C for 8 h for the self-
assembly synthesis of MIL-101(Cr) crystals.54 The residual
terephthalic acid inside the MIL-101(Cr) pores was washed
with DMF, ethanol, and deionized water three times to obtain
a pure MIL-101(Cr) suspension. The MOF@CF composite
was prepared by spraying the MIL-101(Cr) suspension into
CF pores using an electric spray gun. During the spraying
process, the composite was heated to 80 °C for 30 min per 10
mL of MIL-101(Cr) suspension sprayed; finally 0.51 g of MIL-
101(Cr) was coated on 2.26 g of CF. The thermal diffusivity of
the composite was measured by the laser flash method using a
commercial instrument (LFA 447, Netzsch). Carbon was
sprayed on the surface to avoid reflection and reduce the
roughness before testing. The thermal capacity (Cp) of the dry
composite sorbent was measured by using differential scanning
calorimetry (Pyris1 DSC, PerkinElmer). The morphology of
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MIL-101(Cr)@CF was characterized by a field-emission
scanning electron microscope (FESEM, Sirion 200 instrument,
FEI). The PXRD patterns were measured by an X-ray
diffractometer (Ultima IV, Rigaku). N2 gas adsorption was
measured with a gas sorption analyzer (Autosorb-IQ3,
Quantachrome) at 77 K. FT-IR spectra were measured by an
FT-IR spectrometer (Nicolet 6700, Thermo Fisher Scientific)
with varying temperatures from 25 to 45 °C. The TGA tests
were carried out by a commercial thermogravimetric analyzer
(STA 449, Netzsch) equipped with a moisture humidity
generator (MHG 32, ProUmid). The samples of pure MOF
and MOF@CF first reached the water sorption equilibrium at
30 °C, 60% RH (water vapor pressure of 2.55 kPa). Then, the
samples were heated from 30 to 120 °C at a constant heating
rate of 0.2 °C/min, under a water vapor atmosphere with a
constant vapor pressure of 2.55 kPa, wherein the flow rate of
water vapor was 150 mL/min.
Water Sorption Isotherm and Isobar Measurements.

The water sorption isotherms were measured using an
accelerated surface area and porosimetry analyzer (ASAP
2020, Micromeritics) under a water vapor atmosphere with
controllable vapor pressure. The sample temperature was set as
a constant (35, 40, and 45 °C), and the relative pressure of the
water vapor was increased from 0 to 1 according to a set of
pressure intervals. The water sorption isobars were measured
using a self-constructed adsorption testing device. First, the
MOF samples reached adsorption equilibrium under a specific
water vapor pressure (500, 1000, 2000, 3000, 4000, and 5000
Pa, respectively); then, the water vapor pressure inside the gas
chamber was kept constant, and the sample temperature was
increased according to a set of temperature intervals. Every
equilibrium point was determined when the weight change was
<0.02% over 10 min. The water sorption−desorption cycling
tests were carried out by a commercial thermogravimetric
analyzer (STA 449, Netzsch) equipped with a moisture
humidity generator (MHG 32, ProUmid) under working
conditions of 30 °C at 2.55 kPa (60% RH) for sorption and 45
°C at 2.55 kPa for desorption.
SBTM Demonstration Experiments. For the stable

working conditions of the battery, all demonstration experi-
ments were carried out in a psychrometer testing room with a
constant temperature and a constant RH. (See the fluctuations
of the temperature and RH in Figure S26.) Commercial single-
battery online testing equipment with a constant current−
constant voltage (CC−CV) protocol (SBCT-3125, QunLing
energy) was used for battery charge−discharge. Cooling mode:
The batteries with/without SBTM were first fully charged and
naturally cooled to room temperature; then, they were
discharged at 1.8, 2.4, and 3.0 C at 30 °C and 60% RH.
Heating mode: The batteries with/without SBTM were fully
charged at 2.4 C, during which the composite sorbents
wrapped around the batteries were desorbed. Then, the two
batteries were enclosed in a confined space to avoid water
adsorption (Figure S25). The confined space was opened,
allowing water adsorption before the battery start-up to
preheat the batteries to 10 °C and 80% RH. Battery capacity
cycling tests were carried out by repeated charging−
discharging of two new 18650 LIBs at 10 °C and 80% RH,
where one was covered with the MOF and the other was blank.
The temperatures of the batteries were measured by highly
accurate Pt-100 temperature sensors, which were placed
between the MOF and the battery (under the MOF) to
directly measure the temperatures of the external surface of the

batteries, which were approximately regarded as the temper-
atures of the batteries. IR thermometry was also used to
qualitatively evaluate the uniformity of the temperature
distribution at the MOF surface. The mass change of the
MOF was measured by an electronic balance (ME503TE,
Mettler Toledo), whose real-time values were automatically
recorded.
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