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Water-based evaporative cooling is emerging as a promising technology to
provide sustainable and low-cost cold to alleviate the rising global cooling
demand. Given the significant and fast progress made in recent years, this
review aims to provide a timely overview on the state-of-the-art material
design and engineering in water-based evaporative cooling. The fundamental
mechanisms and major components of three water-based evaporative
cooling processes are introduced, including direct evaporative cooling, cyclic
sorption-driven liquid water evaporative cooling (CSD-LWEC), and atmos-
pheric water harvesting-based evaporative cooling (AWH-EC). The distinctive
requirements on the sorbent materials in CSD-LWEC and AWH-EC are high-
lighted, which helps synthesize the literature information on the advanced
material design and engineering for the purpose of improving cooling perfor-
mance. The challenges and future outlooks on further improving the water-

based evaporative cooling performance are also provided.

1. Introduction

Cooling has a wide range of end-use applications as it can reg-
ulate the temperature of spaces and objects for building tem-
perature control, food storage, and device heat dissipation.!'™
However, global cooling demand is set to roar as a result of the
ongoing global warming, ever-growing global population, and
the steadily improving life standards.>” The prevailing cooling
technologies, such as air conditioning and refrigeration, rely
on electricity as the energy source. It has been estimated that
cooling accounts for 15% of global electricity consumption
and produces 10% of the global greenhouse gas emission.’
Furthermore, their high electricity consumption limits their
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accessibility, and people living in the
impoverished regions are unable to enjoy
the advanced cooling technologies due to
the lack of stable electricity supply.l'!ll
From a scientific point of view, cold
can be generated by heat exchange
and thermal absorption.’l Active heat
exchange generates cold by transferring
heat from low to high temperature region
driven by high-grade energy (e.g., elec-
tricity) while passive heat exchange pro-
duces cold by transferring heat from high
to low temperature region in the absence
of external energy input, with sky cooling
being one example.® 8 However, its
nature of being passive radiative cooling
inevitably makes it have a low intrinsic
thermodynamic cooling power ceiling of
=160 W m=2 and thus necessitates a
large land footprint for its application. On
the other hand, thermal absorption generates cold by taking
advantage of the endothermic process such as dissolving.[2021
The dissolution-based cooling process employs specific chem-
ical compounds, such as ammonium nitrate, that absorbs heat
during its dissolution. However, it requires large amount of
energy to recycle the dissolved chemicals from its solution. The
active thermal absorption is by far the most commonly used
cooling process in domestic, commercial, and industrial activi-
ties mainly due to its high cooling power.?Zl For example, com-
pression-based cooling (e.g., air conditioning and refrigeration)
generates cold by evaporating refrigerant and circulating refrig-
erant via gas compression, achieving superior energy efficiency
and coefficient of performance (COP > 2).2%l However, it is very
electricity-intensive, resulting in cooling being a large share of
the global electricity consumer and greenhouse gas emitter.?*l
In this context, passive cooling is emerging, among which
passive water-based evaporative cooling using water as refrig-
erant is attracting significant attentions.*>?’l Due to the exten-
sive network of the hydrogen bonds formed between the neigh-
boring hydrogen and oxygen atoms of the adjacent water mole-
cules, water has the highest enthalpy of vaporization among all
room temperature liquids.?®! As a result, water-based evapora-
tive cooling shows the advantages of higher cooling power due
its high evaporation enthalpy compared to other evaporative
cooling technology. Moreover, it has a broader application sce-
nario, which could meet various application demands, such as
house cooling, electronic device cooling, industrial cooling, as
well as food storage. In addition, water is nontoxic, safe, and
easily accessible. Therefore, phase change of water (i.e., evapora-
tion) is an effective, green, and convenient way to produce cold.
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Figure 1. Schematic illustration of three major water-based evaporative cooling processes.

Water-based evaporative cooling can be achieved through
three different approaches (Figurel): direct evaporative cooling
(DEC), cyclic sorption-driven liquid water evaporative cooling
(CSD-LWEC), and atmospheric water harvestingbased evapora-
tive cooling (AWH-EC). Direct evaporative cooling is the embry-
onic form of the advanced evaporative cooling processes. Heat
is extracted largely from liquid water to overcome the enthalpy
of vaporization of water and the liquid water, which is a sacrifi-
cial working fluid in this case, is cooled down accordingly.?>-31l
Consequently, its application scenario is limited due to the con-
sumption of large amounts of liquid water. To this end, CSD-
LWEC or AWH-EC either recycle the generated vapor®?34 or
harvest vapor from ambient air by using easily regenerable
water vapor sorbents to reduce its reliance over bulk water.>>-%’]
It is worth pointing out, when sorbing water vapor, hygroscopic
materials maintain a solid-like form while deliquescent ones
form aqueous solution.3® In a typical CSD-LWEC system, the
water evaporation rate and thus the cooling power is promoted
by the enhanced water vapor pressure gradient between the
liquid water and sorbent in comparison to that in DEC, and the
sorbent can be regenerated by utilizing low-grade waste heat
(e.g., solar heat and industrial waste heat).3>* On the other
hand, AWH-EC emerged only in the past two years.>>*4 The
AWH-EC does not require liquid water supply, is flexible with
the device dimension, and represents a new avenue of water-
based evaporative cooling.

Since in CSD-LWEC and AWH-EC, water vapor sorbent is
a key component, a thorough understanding to fundamental
sorbent properties, their water sorption—-desorption cycles,
the ways of modulating the interactions between water and
sorbents, along with the cooling system design, could lead to
a rational enhancement of their cooling performance. In this
review, we seek to highlight and discuss the recent develop-
ment on water-based evaporative cooling with a clear focus on
advanced sorbent materials and system designs. This review
first introduces the fundamentals of evaporative cooling pro-
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cess, followed by the materials-enabled advanced direct evapo-
rative cooling. The distinctive sorbent material properties of
CSD-LWEC and AWH-EC are then critically synthesized based
on the literature information. The review concludes by high-
lighting the challenges and future opportunities in order to
make the water-based evaporative cooling a significant contrib-
utor to the global sustainability.

2. Direct Evaporative Cooling That Consumes
Liquid Water

2.1. Overview of Direct Evaporative Cooling

People in Ancient India discovered rapid evaporation at night
could cool water in clay pots, leading to the formation of ice.
People in Ancient Greece cooled rooms by hanging wet mats
in front of the windows. However, these ancient methods usu-
ally show an unsatisfactory cooling efficiency when compared
to the total energy dissipated from the liquid water during the
evaporation. This is because that evaporation only takes place at
the water/air interface, and the cooling effect is difficult to be
delivered to the cooling object other than the bulk water.
Conventional direct evaporative cooling (DEC) addresses
this problem by utilizing specific medium (e.g., air or water)
or system (e.g., cooling tower) for a better heat exchange effi-
ciency.?>3% The removal of waste heat from the industrial
process is through circulated water stream across hot sur-
face, relocating the energy to the atmosphere by exposing the
heated water to the ambient for heat exchange and evaporative
cooling. This process demonstrates a high cooling power due
to the high latent heat and specific heat capacity of water, and
consumes electricity mostly in the water circulation process.
Figure 2a shows the basic working principles of conventional
DEC system, in which the ambient air is first chilled as a result
of water evaporation when passing through the wet pad, and
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Figure 2. Structures and materials for direct evaporative cooling. a) Schematic illustration of typical direct evaporative cooling system. Reproduced with
permission.* Copyright 2021, Elsevier. b) Schematic of IEC with and without water-proof thermal interconnecting layer (WTIL). c) IR images of the
solar cell working with and without WTIL. b,c) Reproduced with permission.l% Copyright 2019, Elsevier. d) Schematic illustration of a conical aerogel
evaporative cooling system for household cooling with simultaneous solar steam generation. e) Picture and SEM image of the conical aerogel (inset:

SEM image of the longitudinal section of the conical aerogel). d,e) Reproduced with permission.l®4 Copyright 2021, Elsevier

then used to reduce the temperature of the cooling object.

It is undeniable that great progress has been made during the
past centuries in developing advanced wet pad and designing
highly efficient evaporative cooling system. However, heat relo-
cation in the conventional DEC system is an indirect process
where heat must be transported by water from the hot surface
before being exposed and rejected to the ambient air, which
potentially reduces its energy efficiency. Conventional DEC is
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believed uneconomical at small scale application also due to its
complicated configuration.[*>—#

In light of these concerns in the conventional DEC, in
recent years, interfacial evaporative cooling (IEC) is emerging
as an advanced DEC process, and is considered a significant
milestone of the water-based cooling process. IEC is a direct
heat relocation process where an evaporator is attached to the
cooling object (e.g., solar cell, thermoelectric generator)i3>434l
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and liquid water is delivered to the evaporator surface by a com-
bined capillary and transpiration effect.*’] In the early stage of
IEC development, the evaporator was mainly configured as 2D
structure to conveniently attach to the flat surfaces of the cooling
objects. This simple configuration results in better stability of
the cooling system, but leads to its limited cooling power due to
the limited evaporation surface area. The emerging 3D cooling
structure is considered one of the most important landmark
achievements of the IEC, which significantly increases the
evaporation surface area, and introduces energy exchange with
the surrounding ambience to facilitate water evaporation and
thus achieves better cooling performance.

Due to the low thermal resistance of the evaporator, the
cooling effect generated at the water/air interface can be effi-
ciently delivered to the cooling object by thermal conduction.
Moreover, IEC is compatible with various types of source water,
such as seawater, wastewater, brackish water, brine, which
broadens its application scenarios.>"!

For IEC, the cooling power can be calculated as follows:

qcool = ]hlv (1)

where g, is cooling power (W m™2), | is the evaporation rate
(kg m™2 h™Y), hy, is the enthalpy of vaporization of pure water
(k] kg™)). As seen, the cooling power is proportional to the
evaporation rate. Therefore, enhancing the evaporation rate is
of significance in improving the cooling performance of evap-
orative cooling. In this section, we discuss how the material
engineering promotes the evaporation rate and cooling perfor-
mance in IEC.

2.2. Materials for IEC

In IEC, two strategies are typically adopted to increase the
evaporation rate: reducing enthalpy of vaporization®=>3 and
creating more water/air interface.*% Reducing the enthalpy
of vaporization by developing hydrophilic hydrogel materials
would increase the evaporation rate, but has limited effect on
the final cooling power while counterproductively consuming
more water. In contrast, creating more water/air interface
is preferable for evaporative cooling, which could render a
high evaporation rate with low surface temperature. Over the
past years, the designs of the IEC evaporator underwent the
structure evolution from 2D to 3D ones.P 58] Initially, 2D
evaporator with high thermal conductivity was developed.
For example, Zhu et al. prepared a water-proof thermal inter-
connecting layer (WTIL), which allowed the evaporator to be
attached to the solar cell and ensured effective transfer of the
thermalization energy from the top solar cell to the bottom 2D
evaporator (Figure 2b).5% Due to the high thermal conductivity
of WTIL (0.98 W m™ K™), the solar cell temperature could be
reduced by 11 °C with an evaporation rate of 0.8 kg m™2 h.
Wang et al. designed a very thin evaporative crystallizer (thick-
ness of 0.8 mm) beneath a photovoltaic-membrane distillation
system to dissipate the water condensation heat, which indi-
rectly cooled the solar cell by 15 °C (Figure 2¢).l®% Agyekum
et al. applied a water-tank-connected wick mesh at the rear side
of a PV panel and achieved a temperature drop (i.e., the tem-
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perature differences between the PV panel with and without
cooling) of 23.6 °C by evaporative and water circulation,
which resulted in an =30% of power output increment.® In
essence, the rate-limiting step of 2D evaporative cooling system
is the vapor diffusion process, which could be addressed by
increasing the evaporation surface area through creating more
water/air interface. Xue et al. designed a 3D conical evaporator
for room cooling (Figure 2d).l°% Vertically aligned channels
were designed in the aerogel to ensure efficient water supply
by capillary effect (Figure 2e). The 3D evaporator was directly
placed on the rooftop to efficiently capture heat from room,
and, under one-sun illumination, the 3D evaporator reduced
room temperature by 13.7 °C, and the corresponding evapora-
tion rate reached up to 2.23 kg m™2 h™t. Compared to the 2D
evaporators, the 3D evaporators have a higher surface area,
which can compensate the poor vapor diffusion in 2D evapora-
tors, leading to their higher cooling performance.

The evaporative cooling performance of IEC is also signifi-
cantly affected by the quality of water resources. Freshwater
with low ion concentration is the best candidate as the precipi-
tation of salt crystals can be avoided. However, this would limit
the application of IEC only to the regions where freshwater is
sufficiently available. Utilizing salt water, such as seawater and
wastewater, could extend the application regions of IEC, but
would suffer the problem of salt crystallization on the surface
of the evaporator, which prevents vapor diffusion and leads to a
lower evaporation rate. To this end, many strategies have been
proposed such as designing water channel for ion diffusion
back to bulk water,[°2%3 designing salt rejecting layer on evapo-
rator, %% or isolating salt crystallization.l®>%’] Despite the great
progress that has been made to utilize various liquid water for
IEC, the uncompensated consumption of liquid water entails
sufficient liquid water supply, which limits the application of
direct evaporative cooling in the water scarcity regions. (8!

3. Sorption-Driven Evaporative Cooling

To reduce or eliminate the reliance on liquid water for evapo-
rative cooling, cyclic sorption-driven liquid water evaporative
cooling (CSD-LWEC) and AWH-based evaporative cooling
(AWH-EC) are developed. Water vapor sorbent, whose has a
lower water vapor pressure at its surface than the ambient, is
used to capture water vapor from its surroundings and is con-
sidered the core component of both technologies. Although
sorbents are the key materials for both CSD-LWEC and AWH-
EC, they have different working principles (Table 1). In CSD-
LWEC, sorbent is utilized to drive water evaporation from an
evaporation pond due to the low saturated vapor pressure of
the sorbent, and water is regenerated by the evaporation and
condensation of the adsorbed water via low-grade heat. In com-
parison, in AWH-EC, the sorbent is used to harvest water from
atmosphere and cold is produced by evaporating the adsorbed
water.3>® Both approaches require the sorbents with good
thermal conductivity as high thermal conductivity ensures
rapid and even heat transfer across the sorbents. Fast water
vapor sorption/desorption kinetics of the sorbents also help
improve the performance in both approached. In addition, the
AWH-EC highlights the importance of a high water uptake
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Table 1. Comparison of the key features of CSD-LWEC and AWH-EC.

CSD-LWEC AWH-EC
High sorbent capacity Preferred Required
Low sorption RH Preferred Preferred
Fast sorption kinetics Required Required
Sorbent desorption Wide range Low
temperature
High sorbent thermal Required Required

conductivity

Energy source of Electricity or Low-grade waste heat

sorbent desorption low-grade heat from cooling objects

System configuration Closed system with Opened system with

sorbent regeneration sorbent regeneration
and cooling processes and cooling processes

separated integrated

Operational mode Continuous cyclic mode Discontinuous batch mode

capacity and a lower desorption temperature. The regeneration
process of the sorbents in CSD-LWEC is usually separated from
the cooling process, and thereby high temperate is required for
higher sorbent dehydration degree and faster regeneration rate.
For AWH-EC, the cooling power is generated by evaporating
the water sorbed in the sorbent, driven by the waste heat from
the cooling object. In such cases, a low desorption tempera-
ture is compulsory in order to maintain the cooling object at
a low temperature. Meanwhile, high water uptake capacity is
essential to ensure longer effective cooling duration and better
cooling performance.l*? In general, a steep water vapor uptake
in a narrow humidity range is preferred since it allows water
sorption at low RH while evaporating the sorbed water at a
stable low temperature."!

Compares some of the key features of CSD-LWEC and AWH-
EC, which will be elaborated in the following sections of this
review.

3.1. Cyclic Sorption-Driven Liquid Water Evaporative Cooling
3.1.1. Overview of Sorption-Driven Liquid Water Evaporative Cooling

CSD-LWEC works by removing heat from bulk water through
evaporative cooling strengthened by the sorbent’s sorption—
desorption cycle. The evaporation-water vapor sorption process
is usually a spontaneous process driven by vapor pressure gra-
dient and barely requires additional energy input.?%’! In con-
trast, the regeneration of the sorbent necessitates the external
energy input to drive the desorption of water out of the
sorbent, which can be achieved by either utilizing low-grade
energy (e.g., solar heating),/>”74 or by employing high-grade
energy (e.g., Joule-heating) for better sorbent regeneration
degree.>70]

The energy conversion and transportation in a CSD-LWEC
consists of two sections. The first section is the working cycle
of the system, which describes the isosteric cooling process of
the sorbent after removal of its water by heating (dry sorbent)
to the ambient temperature, and the isobaric sorption process
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of water vapor to the dry sorbent.”7’8l The cooled dry sorbent
has a lower water vapor pressure at its surface than the water
vapor pressure at the water—air interface and water vapor can
be spontaneously moved from the liquid water to the sorbent.
Thus, the dry sorbent is used to capture water vapor from the
evaporation pond and generate cooling under constant pres-
sure. The water vapor sorption process stops when the sorbent
is saturated, which is at the point when the water vapor pres-
sure at the sorbent and the water—air interface reaches an
equilibrium. The energy extracted from the water inside the
evaporation pond is equal to the total energy in this section
(Figure 3a, left).[?’]

The second section is the regeneration cycle, where heating
is required to release the sorbed water within the saturated
sorbent (wet sorbent).”® When the temperature of the sorbent
reaches the desorption temperature with constant pressure,
the sorbed water in the sorbent can be released.””! The energy
required for desorption of water vapor from the sorbent is
equal to the total energy demand in the heating and desorption
process (Figure 3a, right).8)

Owing to the vapor pressure differences between water and
sorbents, the evaporation can take place even when the water
temperature is below the ambient, thus allowing CSD-LWEC
to achieve sub-ambient temperature cooling.®183 Moreover,
in the course of water vapor sorption processes, new hydrogen
bonds among water molecules and between the water mole-
cules and the sorbents are formed, which partially explain
why these processes are typically exothermic.B*#¢! Since the
cooling and the sorbent regeneration are separated in space,
the cooling and heating energy can be utilized for different sce-
narios as cooling and heating functions with the same device
(Figure 3b).1¥

The cooling power achieved by a CSD-LWEC within an indi-
vidual cooling cycle is determined by the efficiency of sorbent
to extract specific amount of water from the evaporation
pond.B88% Thereby, the mass transport in the cooling system
and water vapor sorption kinetics of the sorbent need to be opti-
mized. In CSD-LWEC, coefficient of performance for cooling
(COPc) is used to describe the energy efficiency of the sorption-
driven cooling cycle,””*% which is defined as:

COPc = Q (2)
1%

T

where Q, is the cooling energy by CSD-LWEC (]), and W,
is the work required to regenerate the saturated sorbent (J).
It should be mentioned that besides COPc, temperature
drop, temperature differences, and evaporation rate are also
employed as performance indicators for the water-based evap-
orative cooling process in many other reported works. The
evaporation rate determines how much energy can be taken
out from the cooling media within a certain time via latent
heat by evaporation-induced phase change process. The tem-
perature drop or temperature difference reflects the degree to
which the temperature of the cooling object can be reduced
at specific working condition. In some cases, COPc and the
temperature drop can be interconnected. For example, a
lower cooling temperature can lead to a lower COPc of the
system. 8]
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Figure 3. Schematic illustration of CSD-LWEC. a) Schematic of the operational principle of CSD-LWEC heat transformation cycle with the sorption
stage (left) and the desorption stage (right). Reproduced under the terms of the CC-BY Creative Commons Attribution 3.0 Unported license (https://
creativecommons/licenses/by/3.0).B% Copyright 2021, Royal Society of Chemistry. b) Schematic of the working principles of the heating and cooling
processes conducted in the same CSD-LWEC device. Reproduced with permission.®’] Copyright 2020, Royal Society of Chemistry.

3.1.2. Materials for CSD-LWEC

Solid-State Porous Sorbents for CSD-LWEC: Solid-state porous
sorbent, such as silica gel, some zeolite with large pore size,
have been well studied for CSD-LWEC.2%777890.9495] \Water
vapor sorption in the porous material usually experiences sev-
eral steps, including single- to multilayer sorption, pore filling,
and capillary condensation.’*%1 The porous structures with
abundant hydrophilic functional groups provide sufficient sorp-
tion sites with strong sorbent-water interactions for water vapor
sorption, making them capable of adsorbing water vapor at
low RH.>1% For example, zeolite SAPO-34 is a commercially
available adsorbent for CSD-LWEC.[12102] Based on the Young-
Laplace equation,/3>1] the microporous structure and hydro-
philic nature of the SAPO-34 leads to a strong excess pressure
at the meniscus of water—air interface, undesirably creating a
high-energy demand for sorbent regeneration.'®l This makes
the COPc in a SAPO-34-based CSD-LWEC system only 0.68 at a
regeneration temperature of 80 °C.° In addition, owing to the
rigid solid-state porous structure, the water uptake capacity of
SAPO-34 at low RH (RH < 30%) is only 0.28 g g™.

MOFs are a series of emerging sorbent for CSD-
LWEC.P195101108109] Ty particular, the MOFs with S-shaped
water vapor sorption isotherms are preferable due to their
ability to achieve high water uptake within a small RH
window.P$10MI For example, MIP-200 showed a water vapor
sorption isotherm with a steep water uptake increase within
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RH range of 2-20%.”7 Its water uptake capacity was 0.39 g g!
at 25% RH and the COPc was 0.78 at a regeneration temper-
ature of 70 °C. Lewis basic nitrogen site modified MIP-20001
exhibited an enhanced water uptake capacity of 0.43 g g! at
25% RH, and the COPc was increased to 0.79 at a regeneration
temperature of 70 °C (Figure 4a).

In addition to the chemical compositions, the pore size of
the porous solid sorbents plays an important role as well.['-113]
The critical pore diameter is defined as the pore size at which
the sorption changes from continuous pore filling to hysteretic
capillary condensation.[7719114] Rieth et al. presented an MOF
Co,CL,BTDD with its pore size below the critical diameter of
water (D. = 2.076 nm), which successfully prevented irrevers-
ible capillary condensation at low temperature and achieved the
maximal occupancy of the internal volume available for filling
water (Figure 4b).*2l Co,Cl,BTDD sorbent demonstrated a water
vapor uptake capacity of 0.6 g g™ at a RH of 30%, which is 1.6
times that of Ni,Cl,BBTA sorbent with smaller pore diameter
(i-e., 1.3 nm). The COPc of Co,Cl,BTDD could reach up to 0.91
at a regeneration temperature of 57 °C while Ni,Cl,BBTA had a
COPc of 0.72 even when regenerated at 127 °C (Figure 4c).

Deliquescent-Salt-Based and Polymeric-Based Water Vapor
Sorbents for CSD-LWEC: Deliquescent salts cover a broad range
of chemicals,™ including but not limited to, inorganic deli-
quescent salts, such as lithium chloride (LiCl), calcium chloride
(CaCly), or their mixtures. Intensive research has been per-
formed on the deliquescent-salt-based CSD-LWEC during the
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Figure 4. Water vapor sorbents for CSD-LWEC. a) Water vapor sorption isotherms of MIP-200 and modified MIP-200, featured with stepwise water
vapor sorption isotherm. Reproduced under the terms of the CC-BY Creative Commons Attribution 4.0 International license (https://creativecommons.
org/licenses/by/4.0).Pl Copyright 2022, The Authors, published by Wiley-VCH. b) Pore size modulation of M,Cl,(BTDD) MOF. c¢) Comparison of
COPc and volume working capacity of Co,Cl,BTDD and Ni,CI,BBTA. b,c) Reproduced with permission.’2l Copyright 2017, American Chemical Society.
d) Corrosion assessment of PAETA-X hydrogel on aluminum plates; the first row is the digital photos of pristine aluminum plates before test, the second
and the third lines are the digital photos of aluminum plates after 60 days of corrosion test. e) Water vapor sorption isotherms of PAETA-X hydrogel at
25 °C, displaying a linear increase in the isotherm shapes. e,f) Reproduced with permission.® Copyright 2021, Royal Society of Chemistry. f) Schematic
of the working principle of passive sorption-driven cooling. Reproduced with permission.’l Copyright 2020, AAAS.

past years. Xiong et al. demonstrated a cooling system with a
COP increment from 0.23 to 0.72 by involving a dual-staged
liquid desiccant cooling system with each stage filled with dif-
ferent deliquescent salt (i.e., CaCl, and LiCl for the 1st and
2nd stage, respectively.).l"®! Hassan et al. proposed a deliques-
cent salt mixture containing 50% of CaCl, and 20% CaNOs in
their water solution, and demonstrated an improved viscosity,
vapor pressure, and the heat and mass transport of the cooling
system.""”] However, the major drawbacks of deliquescent salts-
based CSD-LWEC are the aqueous phase of the sorbent and
their corrosivity, which complicates the design of the CSD-
LWEC and increases its operational cost.'!®]

Hygroscopic polymeric sorbents (e.g., poly quaternary
ammonium salts, super moist sorption gels, salt-infiltrated
hydrogels.) take on quasi-solid-state, offer physical stability, and
thus can be handled more easily than the deliquescent salt solu-
tion.BL18-124 Wang and co-workers demonstrated that incorpo-
rating deliquescent salt CaCl, with polymeric framework poly-
acrylamide (PAM) helped effectively restrain the mobility of the
CaCl, solution." Further improvement was made by the same
group to enhance the stability of the salt-polymer system by
using zwitterionic polymers to replace the charge-neutral poly-
mers in the previous works, such as polyacrylamide. The pres-
ence of the oppositely charged ions on the same polymer chains
makes the zwitterionic polymers more soluble and stable in
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the high concentration salt solutions, leading to a higher water
vapor uptake capacity as a result of the salting-in effect."?”] The
composite of deliquescent salts with hydrogels are emerging as
attractive sorbents for water-based evaporative cooling.

These group of sorbents usually experience chemisorp-
tion at the initial stage to form hydrate counterparts for salt-
infiltrated hydrogels or non-freezable bonded water for pristine
hygroscopic polymeric sorbents, and further liquify into high-
concentration solution within the polymer framework or is
softened into quasi-solid gels, respectively. Due to their expand-
able structures, a high water vapor uptake capacity could be
achieved.'®125-128] Unlike the solid-state porous sorbents that
rely on the physical sorption of water vapor into their porous
structure and display an S-shaped water vapor sorption iso-
therm with a steep water uptake at specific narrow humidity
range, hygroscopic polymeric-based and deliquescent-salt-based
sorbents usually show a linear water uptake across a broad
humidity range (shown in Figure 4a for S-shaped isotherm
and Figure 4e for linear isotherm).['2#12812] Qbviously, the
water uptake capacity of the sorbents with S-shaped isotherms
could be increased greatly at a small temperature variation,
while linear one shows a much lower increase in water uptake
capacity at the same temperature change. Moreover, moving
the inflection point of the S-shaped isotherm to the low RH
region would achieve high water uptake capacity at low RH, but
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higher temperature will be required to release the sorbed water.
However, the sorbent with a linear-shaped isotherm usually has
a higher water uptake capacity at high humidity region.

One of the drawbacks of these polymeric sorbents is their
slow water vapor sorption kinetics due to their dense structure
and slow internal diffusivity of water molecules.3%1*1 Theoreti-
cally, reducing the size and increasing the surface area of the
sorbent can be an effective approach to increase the number
of the sorption sites and reduce the water molecular diffusion
length, which can enhance the overall water vapor sorption
kinetics.3213 Wang et al. prepared a sub-micron scale sorbent
consisting of LiCl and porous hollow structured SiO, (LiCl@
Si0,).¥"l Deliquescent salt LiCl provided superior water uptake
capacity at low RH while the hollow structured SiO, confined
the LiCl, prevented the leakage of as-formed LiCl solution, and
formed a composite sorbent with high water vapor sorption
kinetics (i.e., =4 times of pristine LiCl) and water vapor sorption
capacity (i.e., 1.2 g g% at low RH of 20%. The COPc of LiCl@
SiO, reached up to 0.97 at a regeneration temperature of 80 °C,
which is among the best performance achieved in CSD-LWEC.

Due to the liquid features and the existence of corrosive
anions CI” in most of deliquescent salts, their applications
are faced with the practical challenges of easy material corro-
sion.] Wu et al. developed a series of halide-free poly qua-
ternary ammonium salts poly[2-(acryloyloxy)ethyl]trimethylam-
monium hydrogel sorbent (PAETA-X), effectively minimized
the corrosion effect (Figure 4d).5% The water vapor uptake
isotherms of the PAETA-X hydrogel sorbents showed a linear-
increase along with RH. The highest water uptake capacity of
the PAETA-Ac was 0.31 g g™! at 30% RH, with a COPc of 0.75 at
regeneration temperature of 70 °C (Figure 4e).

Novel CSD-LWEC system design is an alternative method
to evade some deficiencies in water vapor sorbents. Alberghini
et al. developed a new passive adsorption-driven cooling system
that does not need complicated material design, as shown in
Figure 4£.% Distilled water and salt water were placed on the
two sides of the hydrophobic membrane. The salinity differ-
ence would induce a vapor pressure gradient, generates a net
vapor flux from the evaporating (Yg) to the condensing (Y()
layers, leads to the evaporation of distilled water and adsorption
of water vapor in high salinity side between two inlet solutions.
These evaporation—condensation processes allow the removal
of heat from the lower-temperature chamber and the transfer
of heat into the higher-temperature external environment. By
stacking multiple same stage, the cooling performance would
be enlarged, and a cooling power of 170 W m 2 was demon-
strated in a 4-stage device, in which CaCl, solution were used as
the working fluid for water vapor sorption.

3.2. Atmospheric Water HarvestingBased Evaporative Cooling

Atmosphere preserves =1.2 x 105 tons of fresh water.'3¢137 The
efficient utilization of such ubiquitous water for different pur-
poses has attracted numerous interests.!33-4I Thus, extracting
atmospheric water for evaporative cooling is emerging as an
attractive approach in meeting global cooling demands, espe-
cially for arid and land-locked regions. AWH-EC shares simi-
larity with CSD-LWEC, both of which require water vapor
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sorbents to establish a vapor pressure gradient to drive water
vapor sorption process. However, in comparison to CSD-LWEC
where water is used as working fluid and the cooling and
sorbent regeneration processes are separated in time, AWH-EC
is different in many aspects.

In a typical AWH-EC, water vapor sorbents are directly
attached to the cooling object and the sorbent sorbs and con-
verts the atmospheric water vapor into liquid water and stores
it within the sorbent. The evaporation of the stored water
directly extracts heat from the hot surface until its exhaus-
tion.3>421%2] Therefore, the water vapor sorption process in
the AWH-EC is considered the regeneration process of the
cooling system, while the cooling and the sorbent desorption
processes are integrated together during operation.l3>42%3] On
the one hand, the amount of water stored in the sorbent during
the cooling system regeneration process determines the dura-
tion of the stable cooling performance during the operation,
which requires higher water vapor uptake capacity and water
vapor sorption kinetics.?>#12 On the other hand, AWH-EC
is a passive cooling process, the cooling temperature that can
be achieved is highly dependent on the water vapor desorption
temperature of the sorbents, leading to the requirements of
sorbent with low desorption temperature.

Due to the nature of the AWH-EC, the cooling process is
generally performed in the open air, which allows the desorbed
water vapor to effectively diffuse to the ambient air.[3543142-144)
With some specific design where a closed chamber was used
as the condenser to encapsulate the sorbent, clean water could
be produced from air with the cooling performance expectedly
degraded.’>™] The cooling power in such design is deter-
mined by the water vapor diffusion rate and the heat dissipa-
tion performance of the condenser. It should be mentioned that
the AWH-EC is still at it very early stage of development, with
the amount of available literature limited.

3.2.1. Cooling Process and Cooling Power of AWH-EC

The cooling process of AWH-EC mainly consists of three

different pathways, convection, radiation, and water
evaporation.[14>140]
% = (pconv + (prad + (pevap (3)

where Q_ is the energy cooled by the AWH-EC system, ¢ is time,
Q. /t is the cooling power of AWH-EC. @y Prads AN Persp aTE
heat dissipation flux by convection, radiation, and evaporation,
respectively.

(pconv = hA (’Ts - Tamb) (4)
Praa = OEA(T) = Tity) (5)
(pevap = m(h’lv + h") (6)

where h is convective heat transfer coefficient (W m=2K™), A
is the contact surface area (m?) of cooling system and cooling
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object, T; and T, are the cooling object temperature and
ambient temperature (K), o is the Stefan-Boltzmann con-
stant (5.67 x 108 kg s K™). ¢ is the emissivity coefficient of
the sorbent, m is the mass of water evaporated during cooling
process (g), hy, is the enthalpy of vaporization of pure water
(k] kg!), and I is the differential enthalpy (k] kg™) for the
sorbent during the water vapor sorption process.

In general, increasing emissivity of the sorbent can enhance
the cooling performance by strengthened thermal radia-
tion.’>821#] Faster evaporation rate, larger contact area, and
higher thermal conductivity will help to improve heat dissi-
pation.® Tt is worth pointing out that the sorbent materials
that have reduced enthalpy of vaporization of water are not
preferred for AWH-EC as the amount of energy dissipated by
evaporation of unit mass of water is declined.3% In other
words, water demand is increased in such sorbent system for
dissipating same amount of heat from the cooling object.

3.2.2. Materials Used for AWH-EC

Solid-State Porous Water Vapor Sorbents for AWH-EC: Porous
materials such as MOFs have good water vapor capture per-
formance at low RH and thus are also regarded as a candi-
date sorbent for AWH-EC. Wang et al. utilized MIL-101(Cr) as
sorbent to cool down the electronic device.l*?l The water uptake
capacity of the glued MIL-101(Cr) reached up to 0.92 g g™" at
a RH of 60%, showing an effective cooling time only 20 min
at a heating power of 1.5 W (=937 W m™2). As a result, the
adsorbed water was quickly exhausted. Additionally, over 6 h
were demanded to completely regenerate the sorbent at 25 °C
and RH of 60%. To enhance the adsorption kinetics, the use of
artificial air flow on the surface of the sorbent led to the adsorp-
tion time to be shortened to less than 1 h.

The same MOF was later loaded on the carbon foam for
smart battery thermal management (BTM) (Figure 5a).°! The
prototype BTM device showed an =9 °C temperature difference
after cooling at draining rate of 2.4 C.*2 The similar concept
was demonstrated by Yue et al.in a 100-battery BTM system.[>3]
Furthermore, the use of MOF as sorbent in AWH-EC of mobile
electronic device was reported by Wang et al., who demon-
strated an extra heat dissipation capacity of =10%./1*
Polymeric-Based Water Vapor Sorbents for AWH-EC: Polymeric-
based water vapor sorbents are another option for AWH-EC.
The water vapor sorption process in this type of water vapor
sorbents is similar to the sorption process in the liquid
sorbent. The water vapor pressure gradient between the
sorbent and the ambient changes quasi-linearly along with
water vapor sorption until the equilibrium state is reached at
the sorbent saturation.*”l Their linearly changed water vapor
sorption performance across a broad RH range makes this
group of sorbents better performers at high RH, while pre-
serving parts of their water uptake capacity at low RH.[123154158]
Since deliquescent salts cannot be directly used for AWH-EC
due to the formation of their liquid solutions, the hybridiza-
tion of hygroscopic salts and polymeric frameworks has been
demonstrated a promising approach in eliminating the fluidic
nature of salt solution while offering an expandable matrix to
allow for a high water uptake capacity.'>?$31 For example,
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Chen et al. developed a lithium bromine-enriched polyacryla-
mide hydrogel (Li-PAAm hydrogel) for semiconductor cooling
(Figure 5b), in which LiBr worked as the sorbent for atmos-
pheric water capture and PAAm hydrogel provided a solid
platform that constrained the solution in a desired region.*!
The hydrogel could reduce the cell-phone chip temperature
by 15 °C under the heat flux of 2229 W m™. However, effec-
tive cooling lasted for only 12 min due to the exhaustion of the
sorbed water. Moreover, it required around 70 min to regen-
erate the sorbent by sorbing atmospheric water vapor at 25 °C
and RH of 70%.

In an application scenario with lower heat flux, Wang et al.
demonstrated a hygroscopic PAM-CNT-CaCl, hydrogel for
PV cooling (Figure 6a), in which the deliquescent salt CaCl,
worked as the sorbent.3>11912014 The water uptake capacity of
the PAM-CNT-CaCl, hydrogel reached up to 0.99 g g™' at a RH
of 60%. Accordingly, the PV temperature was reduced to 45 °C
as compared to the solar cell working alone of 62 °C under one-
sun irradiation (1000 W m™2). The reduced temperature of the
PV increased its electricity generation by over 13%. The cooling
power of the hydrogel was calculated to be 294.9 W m™2. How-
ever, the solar cell temperature was increased to =54 °C by
the end of the 3h illumination, which was resulted from the
exhaustion of the sorbed water, emphasizing the importance of
increasing water uptake capacity in order to extend the cooling
effect, especially at a high heat influx.1’> Such design was fur-
ther extended to the simultaneous production of electricity,
water, and crops in the desert regions, providing a proof-of-
concept of AWH-cooling based hybrid system in addressing the
food safety stress in arid regions.[*2

Hygroscopic ionic liquid was also utilized as water vapor
sorbent to aid cooling."?3> Chen et al. developed a hydro-
philic ionogel that contained poly(acrylic acid-co-2-acrylamido-
2-methylpropane sulfonic acid) (P(AA-co-AMPSA)) network,
hygroscopic ionic liquid of 1-ethyl-3-methylimidazolium acetate
((EMIM][Ac]) and thermal conductive reduced graphene oxide
(RIG) (Figure 6b).04 Although, the RIG had a low water uptake
capacity of 0.59 g g™! at an RH of 90%, it showed an excellent
adhesion performance, which could provide a stable interface
and avoid mechanical deformation. Interestingly, the hydrogel
could maintain a stable temperature difference of 15 °C in a
TEG device for over 12 h (Figure 6¢), when the hot-side tem-
perature was maintained at 50 °C. The averaged evaporation
rate was estimated to be 0.14 kg m™2 h™}, producing a cooling
power of 91.7 W m™2. Such a design is better suited where a
low cooling power is expected for an elongated period of time
(Table 2).

4. Conclusion and Perspective

We have summarized the recent progress in IEC, CSD-LWEC,
and AWH-EC. Material engineering and structure design are
typical strategies to enhance their cooling performance via
enhancing thermal conductivity and evaporation rate. For
example, the emergence of 3D structure could enhance the
evaporation rate and cooling performance significantly, but the
thermal conductivity needs to be further improved to reduce
the temperature difference between the evaporation surface
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Figure 5. Water vapor sorbents for AWH-EC. a) Conceptual design of MOF@carbon foam battery thermal management system based on AWH-EC.
Reproduced with permission."* Copyright 2020, American Chemical Society. b) Schematic of the RIG hydrogel employed to cool down the thermo-
electric generator’s cold side to expand temperature differences for efficient thermoelectric performance. Reproduced with permission.] Copyright

2020, Wiley-VCH.

and cooling object. For IEC, rational water channel design for
water delivery from bulk water to the evaporation surface is
vital to ensure efficient continuous cooling, and materials with
higher internal water molecules mobility should be developed
accordingly. Moreover, liquid water consumption is another

Adv. Mater. 2024, 36, 2209460 2209460 (10 of 14)

main factor that limits the development of IEC. Utilizing sea-
water or wastewater is capable of mitigating its over-reliance on
liquid water sources, but there still remains some challenges
in multiple aspects such as salt clogging, biofouling, material
stability, etc.
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Figure 6. Application of AWH-EC in PV cooling and electronic cooling. a) Schematic illustration of the PV working with and without PAM-CNT-CaCl,
hydrogel. Reproduced with permission.®* Copyright 2020, The Authors, published by Springer Nature. b) Schematics of cell-phone cooling by AWH-
based evaporative cooling. c) Temperature variations of the chip with and without cooling by the hydrogel. Inset shows the infrared images of the chip
with (left) and without (right) the Li-PAAm hydrogel. b,c) Reproduced with permission.l*3l Copyright 2020, Wiley-VCH.

Table 2. Summary of material properties, strategies to enhance cooling performance, and representative materials of different evaporative cooling technologies.

Strategies to enhance
cooling performance

Cooling strategy Key features Representative material properties Pros and cons (P and C)

IEC 1) High evaporation rate Capillary thin-layer materials. Material designing P: High thermal conductivity

2) Requires liquid water supply (e.g., Cotton wick mesh, (composite material) P: Efficient heat relocation

nonwoven fabric, etc.) Structure engineering C: Massive liquid water consumption

(3D structure and aligned C: Limited cooling power

water channel)

CSD-LWEC 1) Requires liquid water supply Solid-state porous sorbents Pore design (hydrophilicity P: Low sorption RH and high tunability
2) Recycle evaporated water (e.g., MOFs, COFs, etc.) modification, pore C: Low water vapor uptake capacity
during operation size modulation)
Deliquescent-salt (e.g., CaCl,) Material engineering P: High water vapor uptake capacity
and polymeric (e.g., PAETA-X)- (molecular design, substrate C: Slow sorption kinetics and corrosivity
based water vapor sorbents design, system design)
AWH-EC 1)  Does not require liquid water.  Solid-state porous sorbents Structure design P: Low sorption RH, high sorption kinetics
2) Passive heat relocation (e.g., MOFs, COFs, etc.) (substrate design) C: Rigid structure, low thermal conductivity

Polymeric-based water
vapor sorbents

Material engineering
(composite sorbent)

and low water uptake capacity

P: Soft and flexible structure,
high thermal conductivity and
high sorption capacity
C: Low sorption kinetics
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CSD-LWEC and AWH-EC are capable of achieving evaporative
cooling without liquid water consumption. Sorbent design is of
significance for both of them, but they have different requirements
on sorbent properties. CSD-LWEC highlights high sorbent capacity
and low sorption RH, while in addition to the above emphasis,
the sorbents of AWH-EC need to have fast sorption kinetics, low
desorption temperature and high thermal conductivity. Devel-
oping desired sorbents demands in-depth understanding in the
interaction between sorbent and water. Moreover, since IEC and
AWH-EC works in open region and the cooling power is signifi-
cantly affected by the testing conditions, such as environmental
temperature, humidity, heat flux, a field-accepted testing standard
is urgently needed to fairly evaluate cooling power. Although, the
past has witnessed commendable progresses in smart sorbent
design, to date, many significant roadblocks remain, which limits
the adoption of the relevant processes in practice but, at the same
time, bring the new opportunities for research.

First, the rational design of the sorbent materials requires a
much better understanding to the water-sorbent interaction at the
molecular level. The state of water when stored inside the sorbents
and its potential impacts on the water vapor sorption and desorp-
tion and the energy exchange associated with them remain ambig-
uous. The physicochemical properties of the sorbents in relation to
water vapor sorption/desorption capacity, kinetics, and desorption
temperature, among others deserve more research attentions. The
fundamental knowledge, once available, will guide the design and
synthesis of more advanced sorbents for a broad range of practical
applications with much improved performance.

Second, the physicochemical properties of the sorbents and
the cooling performance of such a system can be established,
which calls for reliable system design and simulation. Such a
material-properties—performance relationship would lead to the
system optimization in many aspects, such as, sorbent regen-
eration temperature, regeneration energy demand, effective
cooling duration. More specifically, focus should be made in
reducing the onset sorption RH of the sorbent to reach a lower
achievable cooling temperature; substrates with higher thermal
conductivity should be developed and involved in the system
design to support the powder-form sorbents and enhance the
cooling efficiency of the evaporative cooler. Other strategies that
can enhance the cooling performance such as modulating the
water-sorbent interactions, requires further investigations.

Third, the CSD-LWEC and AWH-EC can be further extended
to other application scenarios in energy and water sector other
than cooling. On the one hand, CSD-LWEC involves phase
change of water throughout the cooling process, which can
be used to produce clean water from contaminated sources,
such as wastewater, seawater, while simultaneously producing
cooling power driven by green energy. On the other hand, cur-
rent CSD-LWEC and AWH-EC can only work in an intermit-
tent form as the sorbent needs to be regenerated, which makes
them unable to provide continuous cooling. Therefore, devel-
oping novel system that is capable of generating cold continu-
ously is highly desired, and this calls for more research efforts.
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