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It is of great importance to correlate the water adsorption performance of MOFs to their physicochemical

features in order to design and prepare MOFs for applications in adsorption heat transformation. In this

work, both data analysis from existing studies and Grand Canonical Monte Carlo molecular simulation

investigations were carried out. The results indicated that the highest water adsorption capacity was

determined by the pore volume of MOF adsorbents, while there was a linear correlation interrelationship

between isosteric heats of adsorption and the water adsorption performance at a low relative pressure.

More detailed analysis showed that the charge distribution framework and pore size of MOFs

contributed together to the hydrophilicity. Electrostatic interaction between water molecules and the

framework atoms played a key role at low relative water pressure. A quantitative structure–property

relationship model that can correlate the hydrophilicity of MOFs to their pore size and atomic partial

charge was established. Along with some qualitative considerations, the screening methodology is

proposed and is used to screen proper MOFs in the CoRE database. Seven MOFs were detected, and

four of them were synthesized to validate the screening principle. The results indicated that these four

MOFs possessed outstanding water adsorption performance and could be considered as promising

candidates in applications for adsorption heating and cooling.

1. Introduction

Energy is the foundation for human life and is an important

resource for economic development. Recent decades have wit-

nessed a huge increase in energy demand with the development

of economy and increased resident living level in China. Energy

consumption for space heating and cooling is a major propor-

tion. By the end of 2016, the total heating area of urban and

rural buildings in northern China was about 20.6 billion square

meters, and the number is growing continuously. However, up

to 83% of the energy demand for space heating is provided by

coal. At present, about 400 million ton of standard coal is

needed for heating in both rural and urban households.1 This

clearly highlights the importance of fuel substitution and the

transition to cleaner fuels for heating and cooling as a tool to

decrease fossil fuel consumption and associated environmental

issues. The utilization of solar energy has huge potential for

heating and cooling purposes due to its intrinsic characteristics

of wide distribution, abundant, clean, and renewable resource.

Thermally driven adsorption heat transformation utilizing solar

energy can be employed due to its advantages such as low

driven or regeneration temperatures, extremely little electrical

power demand, environment-friendly working medium and the

potential of energy storage.2–4

Fig. 1 shows the thermodynamic principle of an adsorption

heat transformation (AHT). For the adsorption process,

a working uid (usually water) is evaporated when evaporation

heat Qevap is introduced, and consequently adsorbed at porous

materials where adsorption heat Qads is released. For the

regeneration process, aer saturation of the adsorbent, regen-

eration heat (solar thermal energy or waste heat) Qdes is applied,

and water desorbs from adsorbents with the vapor condenser,

releasing condensation heat Qcond. In the cooling case, Qevap

serves as useful cold, and Qads + Qcond are rejected into the

environment. In the heat pump and thermal energy storage

case, Qevap is taken from the environment and Qads + Qcond is the

useful heat. Water is the best green working uid given its non-

toxicity and high enthalpy of evaporation.

The porous materials, as the adsorbent, play an important

role in the performance of the heat transformation. The water

uptake, hydrophilicity, and desorption hysteresis of the used

materials directly determine the available driving temperatures,

relative working pressure, price and efficiency of the heat

transformation. Silica gel, zeolites and composite superabsor-

bent polymers5–10 have been widely used for adsorption-based

heat pumps and chillers. However, some drawbacks of these
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adsorbents have been identied, such as an insufficient

adsorption capacity at a low relative pressure and/or a high

regeneration temperature. In recent years, porous metal–

organic frameworks (MOFs) have been considered a new class

of water adsorbents due to the fact that MOFs exhibit a distinct

tunability of their structural and hydrophilic properties. By

using MOF/water working pairs, much signicant progress has

been achieved in the elds of adsorption heat trans-

formation.11–13 Furukawa et al.14 prepared a series of zirconiu-

m(IV) MOFs by using various organic linkers. Among these

materials, MOF-801 and MOF-841 showed the highest water

adsorption performance. Cadiau et al.15 designed a hydrophilic

Al-based MOF, named MIL-160, by using a linker with an

aromatic ring incorporating a polar heteroatom (2,5-fur-

andicarboxylic acid). This material possesses a high water

uptake of 0.35 g g�1 at low pressure (below p/p0 < 0.2) and

excellent hydrothermally stability. Sohail et al.16 synthesized

NH2-MIL-125 (Ti) derived from Ti(BuO)4 with high hydro-

thermal stability, showing a high water uptake of 0.55 g g�1

under p/p0 ¼ 0.3. More recently, Wang et al.17 prepared a large-

pore Zr-based MOF, MIP-200, which showed a high water

uptake of 0.39 g g�1 under p/p0¼ 0.25, facile regeneration at low

temperatures (<70 �C) and stable cycling. Lenzen et al.18

designed and synthesized an aluminum-based MOF (CAU-23)

that showed a water adsorption capacity of 0.37 g g�1 around

p/p0 ¼ 0.3 and excellent cooling performance under driving

temperatures down to 60 �C. Lee et al.19 developed three iso-

structural metal–organic frameworks (MOFs), named M-CUK-1

(where M ¼ Co2+, Ni2+, or Mg2+), which showed step-like water

adsorption isotherms, relatively high water sorption capacities

(0.3 g g�1) at low p/p0, stable cycling, facile regeneration, and

benchmark coefficient of performance values for cooling and

heating at a low driving temperature. Luna-Triguero et al.20

found that a recently synthesized Zr-based MOF, ZJNU-30,21

showed record-breaking water sorption capacity (1.2 g g�1),

cooling capacity (550 kW h m�3), and COP for cooling appli-

cations (0.948) through GCMC simulation. Besides these new

synthesizedMOFs, some considerable work has been devoted to

the performance enhancement of the existingmaterials, such as

MIL-101, UiO-66,22 MOF-801 23 and CAU-11. For example, the

group of Prof. Janiak24,25 carried many studies to modify the Al-

basedMOFs to improve their performance for the application of

AHT.

Although the above-mentioned MOFs possess good potential

for application as adsorption heat pumps or chillers, there is

still a long way to go to obtain practical materials with excellent

performance. The best approach to guide the design and

preparation of the materials is still unclear. It is necessary to

understand the quantitative relationship between the water

adsorption performance and the physicochemical features of

the MOFs. Based on a set of 15 MOFs exhibiting various pore

sizes, topology and surface functions, Canivet et al.26 investi-

gated the water uptake and the hydrophobicity–hydrophilicity

of the materials. In addition, the inuences of the surface

chemistry and pore size were discussed. Recently, the high-

throughput screening of MOFs for gas sorption or storage has

been reported with the help of GCMC simulations due to the

enhancement of the power and speed of computing.27–30

However, the calculation of detailed adsorption isotherms for

thousands of structures is still an expensive computational cost.

Also, the GCMC computation accuracy is hugely dependent on

the force eld used for MOFs or adsorbate molecules. The

reliability of the simulation results may be in doubt without

experimental verication. Therefore, a simple and quantitative

understanding of the structure–property relationship, which

can directly evaluate the performance of the porous materials

based on their physicochemical features, is needed based on

a large library of MOF materials. Simply put, deriving the

quantitative structure–property relationship models that could

rationalize the performance of a large series of MOFs for a tar-

geted application could be invaluable for not only predicting the

characteristics of a given MOF, but for further guiding the

design and preparation of advanced materials with enhanced

performance.

In light of the above considerations, this paper aims to

understand the relations of the pore volumes, surface areas,

pore sizes, and heat of adsorption of the MOFs with their

calculated and experimental water adsorption capacities

(include maximum water uptake, pressure at which pore lling

occurs and so on) based on a set of 230 experimental and

simulation data. The Grand Canonical Monte Carlo (GCMC)

molecular simulation investigations were also performed to

further reveal the detailed connection between the physico-

chemical features of MOFs and their water adsorption proper-

ties at the molecular scale. Quantitative structure–property

relationship models were obtained. Subsequently, a simple

Fig. 1 Schematic diagram of thermally-driven adsorption heat transformation.
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screening method to nd the advanced materials with

enhanced water adsorption performances is proposed, which is

veried by using the CoRE MOF database. Finally, 7 MOFs with

predicted remarkable water sorption performance were ob-

tained, and 4 of them were prepared. All of these synthesized

materials exhibited excellent water adsorption performance.

2. Method
2.1. Data collection

Water adsorption capacities reported in the literature for

various MOFs with open-metal sites were taken into consider-

ation in this study to reveal quantitative relationships between

the structural characteristics of these materials and their

measured/simulated adsorption capacities. 230 data available

for 55 different MOFs were utilized in the investigations, as

shown in Table S1 in the ESI.†Most of these were obtained from

the review of de Lange et al.,11 and the latest reported data in

recent years were included. The structure properties, such as

pore volumes, surface areas and pore size that can be directly

measured and/or evaluated based on a specied MOF, were

collected. The maximum water uptake, heats of adsorption, and

relative pressure for which half of the largest water adsorption

capacity (represents hydrophilicity) was reached were also

collected for the corresponding MOFs.

2.2. GCMC simulation

Grand Canonical Monte Carlo (GCMC) simulations were

employed to calculate the adsorption of water in the MOFs at

298 K. We placed an emphasis on the inuence of electrostatic

interactions and pore size. UiO-66(Zr) and Na-rho-ZMOF were

used in this study due to their different physicochemical

features and pore size. Their framework structures were con-

structed from their corresponding experimental single-crystal

diffraction data.31,32 All of the MOFs were treated as rigid

frameworks with atoms frozen at their crystallographic posi-

tions. A cutoff radius was set to 1.2 nm for the LJ interactions,

while the long-range electrostatic interactions were handled by

the Ewald summation technique. Periodic boundary conditions

were considered in all three dimensions. For each state point,

GCMC simulations consisted of 1 � 107 steps to ensure the

equilibration, followed by 1 � 107 steps to sample the desired

thermodynamic properties. In addition, to obtain accurate

ensemble averages in GCMC simulations, at least millions of

congurations generated by random translation, rotation,

regrowth, and swap moves were sampled in each simulation.

The reliable force elds for the adsorbed molecules and MOFs,

as well as the atomic partial charges for the atoms in UiO-

66(Zr)33 and Na-rho-ZMOF (ref. 34) used in this study are listed

in the ESI.†

In this study, the TIP4P and TIP3P water model was used to

describe the water–water interactions for UiO-66(Zr) and Na-

rho-ZMOF, respectively. Table S2 and Fig. S1† list the corre-

sponding LJ parameters and atomic charges. For both MOFs,

a combination of the LJ and coulombic potential was employed

to calculate the interactions between adsorbents and

frameworks. The LJ potential parameters for the framework

atoms were taken from the Dreiding force eld,35 and the

missing parameters for the metal were taken from the Universal

force eld36 for the water adsorption in UiO-66(Zr). It should be

noted that the LJ parameters of the force eld were rescaled in

this work by reducing or increasing their values by 30% (3used ¼

0.703 and sused ¼ 1.30s) to better represent the experimental

adsorption isotherms of water in UiO-66(Zr). However, all

parameters were taken from the Universal force eld for that in

Na-rho-ZMOF as listed in Table S2 in the ESI.†

3. Results and Discussion
3.1. Structure–property relationships

Maximum water adsorption capacity. Fig. 2 and 3 depict the

variation in the maximum water adsorption capacity with

respect to their total pore volume and BET surface area,

Fig. 2 Relation of maximumwater adsorption capacities of MOFs with

their total pore volume.

Fig. 3 Relation of maximumwater adsorption capacities of MOFs with

their BET surface area.

This journal is © The Royal Society of Chemistry 2020 RSC Adv., 2020, 10, 34621–34631 | 34623
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respectively. Good linear relationships are observed between

the maximum water adsorption capacity and both structural

properties of the MOFs, exclusive of the ones with obvious

hydrophobicity, although there was some data for the hydro-

philic MOFs beyond the specied �30% deviation that may be

due to different preparation (or post-treatment process)

methods andmeasuring devices. For the total pore volume case,

a coefficient of determination (R2) value of 0.839 was obtained

when linear regression was applied to the plotted data, except

for the hydrophobic MOFs, while the value is 0.735 for the BET

surface area case. This indicates that about 84% of the variation

in the maximum water adsorption capacity of MOFs may be

explained by a linear relationship between the capacity and pore

volume. The results can be easily understood because the

packing effects are important and become the leading factor

inuencing the amount adsorbed; this is because more mole-

cules are adsorbed far away from the preferential sites, and thus

the accessible voids determine the maximum water adsorption

capacity at a high relative pressure, which is similar to the

conclusions in the cases of other molecules (such as CH4 (ref.

37) and H2 (ref. 38)) adsorbed in MOFs. The correlation between

the maximum water adsorption capacity and total pore volume

is shown in eqn (1).

qmax ¼ 0.781Vp + 0.012 (1)

Hydrophilicity. It is generally known that the working

capacity of porous materials, dened as water transfer per

adsorption/desorption cycle at the employed operational

temperatures, and not maximum water adsorption capacities,

decides their performances for heat transformation applica-

tions. Therefore, the water adsorption capacities at p/p0 of 0.1 to

0.3 are the critical index to choose high-performance MOFs.

Fig. 4 and 5 show the variation in water adsorption capacity at p/

p0 ¼ 0.1 with respect to their total pore volume and BET surface

area, respectively. No linear relationship was observed between

the water adsorption capacity at low relative pressure and both

structural properties of the MOFs. This may be ascribed to the

fact that hydrophilicity/hydrophobicity, i.e. the interaction

between the frameworks and water molecules, determines the

water uptake at low relative pressure. The interaction between

the adsorbent and adsorbate can be represented by isosteric

heats of adsorption at innite dilution in some studies,37–40

which canmirror the interaction between gas andmaterials and

describe the gas sorption nature of porous materials. Hence, in

this work, the experimental and simulated heats of adsorption

at the lowest relative water pressure reported in the literature,

which substitute for the isosteric heat of adsorption at innite

dilution, are used to correlate the water adsorption capacity at

low p/p0. The result is shown in Fig. 6. An improved linear

relationship with a coefficient of determination value of 0.885

was found. This indicates that the enthalpy interactions play

a critical role in the amount adsorbed at low relative pressure.

However, the heats of adsorption cannot be directly predicted

by the geometric structure of the porous materials, and thus we

cannot simply obtain the water adsorption performance of

a given MOF.

Unfortunately, the isosteric heats of adsorption cannot be

directly obtained through the structural properties of the

porous materials. Therefore, it is necessary to identify the

structural parameters that can be related to the hydrophilicity.

As we all know, the smaller pore size of a porous material leads

to a deeper overlap of the potential, thus resulting in the

stronger adsorption of adsorbates. Also, electrostatic interac-

tions (Coulomb interactions) are an important factor due to the

fact that water is a highly polar molecule and the atomic charge

distribution of MOFs is signicantly varied.41–43 Therefore, the

inuence of pore size and atomic charge distribution of MOFs

on the water uptake must be investigated. In this work, a GCMC

study was carried out on the adsorption of water in two types of

MOFs with various pore sizes and charge distribution of

frameworks, i.e., UiO-66(Zr) and Na-rho-ZMOF. The former

possesses pore sizes of 6–11 Å, while the latter exhibits larger

pore diameters (18.2 Å), and an anionic framework and charge-

balancing non-framework ions, which enhance the non-

Fig. 4 Relation of water uptake at low relative pressure of MOFs with

their total pore volume.

Fig. 5 Relation of water uptake at low relative pressure of MOFs with

their BET surface area.
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uniformity of the atomic charge distribution. To determine the

effect of the electrostatic interactions on the water adsorption

isotherm, additional GCMC simulations were performed, that

is, the electrostatic interactions between the water molecules

and theMOFs were switched off. The results are shown in Fig. 7.

The comparison of the GCMC results in our study and the

experimental or simulation data in the literature is also depic-

ted for both MOFs, and the results are acceptable, except for the

water uptake values of UiO-66(Zr) at higher pressure. The

center-of-mass distributions of H2O adsorbed on UiO-66(Zr)

and Na-rho-ZMOF at 298 K and various relative pressures are

shown in Fig. 8 and 9, respectively. For UiO-66(Zr), water

molecules are preferentially adsorbed on the unsaturated metal

sites and the neighboring areas of H atoms in the ligand at a low

relative pressure. With increasing relative pressure, the adsor-

bed amounts of water increase gradually due to the interaction

between water molecules. The situation changes for Na-rho-

ZMOF, where the adsorbed water molecules interact more

strongly with the non-framework Na ions even at a fairly low

relative pressure. This illustrates the critical inuence of elec-

trostatic interactions on the water adsorption.

Also, it is shown that huge differences in the water isotherm

are found when all atomic charges are zero for both MOFs,

demonstrating that the electrostatic interactions play a signi-

cant role in the hydrophilicity. The polarity of water leads to this

phenomenon. It can also be concluded that the greater effect of

electrostatic interactions is shown for water sorption in Na-rho-

ZMOF, which exhibits few adsorption sites even at p/p0 > 3 when

the atomic charges are zero. However, UiO-66(Zr) without

atomic charges can adsorb a large number of water molecules at

p/p0 > 1.5. This can be attributed to the inuence of pore size.

UiO-66(Zr) with smaller pore sizes shows a higher adsorption

capacity of water at low relative pressure when all atomic

charges are set to zero. These results illustrate the inuence of

pore size and atomic charge distributions on hydrophilicity

once again.

To address the issues mentioned above, the relationship

between a (relative pressure for which capacity is 50% of qmax) and

both pore size and atomic charges was studied. The metal partial

charge and the pore limited diameter were used to simplify the

correlation. The results are depicted in Fig. 10. It can be shown

that ln a is related to d2/qM with the R2 of 0.776, demonstrating

that the hydrophilicity can be predicted by the metal partial

charge and the pore limited diameter. The correlation for ln a and

d2/qM at themaximum is shown in eqn (2). It should be noted that

the presence of hydrophilic or hydrophobic functional groups

could reduce the predicted accuracy of this correlation. The

hydrophilicity should be overestimated when the MOFs were

constructed with ligands with hydrophobic functional groups. For

example, the a for MIL-101(Cr)-NH2 can be overestimated by

a factor of 6.95%, which may be acceptable for the screening.

�ln a ¼ 10:148

�

r2

q
�

m

�0:559

(2)

3.2. Screening methodology

In this section, a simple method is built to screen the promising

MOFs or evaluate the performance of a given MOF by consid-

ering the quantitative analysis of the structure–property

Fig. 6 Relation of water uptake at low relative pressure of MOFs with

their heats of adsorption.

Fig. 7 Water adsorption isotherms from GCMC simulation of UiO-

66(Zr) (a) and Na-rho-ZMOF (b) with and without charge.

This journal is © The Royal Society of Chemistry 2020 RSC Adv., 2020, 10, 34621–34631 | 34625

Paper RSC Advances

O
p
en

 A
cc

es
s 

A
rt

ic
le

. 
P

u
b
li

sh
ed

 o
n
 1

8
 S

ep
te

m
b
er

 2
0
2
0
. 
D

o
w

n
lo

ad
ed

 o
n
 8

/2
8
/2

0
2
2
 4

:5
1
:2

7
 A

M
. 

 T
h
is

 a
rt

ic
le

 i
s 

li
ce

n
se

d
 u

n
d
er

 a
 C

re
at

iv
e 

C
o
m

m
o
n
s 

A
tt

ri
b
u
ti

o
n
-N

o
n
C

o
m

m
er

ci
al

 3
.0

 U
n
p
o
rt

ed
 L

ic
en

ce
.

View Article Online

http://creativecommons.org/licenses/by-nc/3.0/
http://creativecommons.org/licenses/by-nc/3.0/
https://doi.org/10.1039/D0RA06363K


relationship mentioned above and some qualitative investiga-

tions. Four steps were needed in our study. The detailed

description of the screening methodology is presented below.

Step 1: Water uptake evaluation.Maximum water adsorption

capacity, which is determined by the total pore volume based on

eqn (1), is rst used to reduce the scope of the screening. To nd

excellent materials, MOFs with a maximum water adsorption

capacity less than 0.6 g g�1 are not considered further in this

work, although some potential materials may be ignored.

Step 2: Hydrophilicity evaluation. A very steep uptake step is

desired to ensure the highest thermodynamic efficiency in

adsorption heat transformation applications. Desirable struc-

tures should have a very steep adsorption step within the

appropriate relative pressure. Hence, for the remaining struc-

tures aer the rst step, hydrophilicity evaluation was carried

out based on eqn (2) to determine the relative pressure when

a large number of water molecules are quickly adsorbed. In this

work, the relative pressure is preferentially located at 0.05–0.3.

If the relative pressure is high (p/p0 > 0.3), an increasing evap-

orator temperature is needed, resulting in low efficiency for

cooling. Meanwhile, the lower relative pressure (p/p0 < 0.05)

causes an increase in the required desorption (regeneration)

temperature.

Step 3: Hysteresis evaluation. One of the unfavorable

phenomena in AHP/5ACs is adsorption–desorption hysteresis,

which may be caused by the irreversible capillary condensation

of the adsorbate and leads to a high desorption temperature.

The critical pore diameter plays an important role in the

capillary condensation and hysteresis, which can be different

for each adsorbate (for water, critical pore diameter ¼ 28 Å (ref.

11)). It is also generally accepted that the materials with wide

pore size distribution may bring about hysteresis and gently

adsorption isotherm. Hence, by considering the available pore

diameter range in the database, MOFs were selected when the

largest cavity diameter (LCD) value is lower than 28 Å and the

difference between PLD and LCD is lower than 10 Å.

Step 4: Structural analysis. In this step, the remaining

structures were assessed on the basis of structural properties,

such as hydrothermal stability, exibility of the structure and

functional groups. The water stability of MOFs is crucial for

industrial applications that require efficient adsorption and

desorption of water cyclically. The MOFs which have been

pointed out to be unstable in water were not considered further.

The exibility of the structure can cause desorption hysteresis,

which increases the desorption temperature and lowers the

efficiency. Moreover, MOFs constructed with a ligand with

hydrophobic functional groups (–NO2, CF3, –CH3, and so on)

should exhibit hydrophobicity, which lowers the water uptake

and increases the needed evaporating temperature. Therefore,

frameworks with water instability, exibility, and hydrophobic

functional groups were excluded.

Fig. 8 The center-of-mass distributions of H2O adsorbed UiO-66(Zr) at 298 K. (a) p/p0 ¼ 0.1; (b) p/p0 ¼ 0.3; (c) p/p0,a ¼ 0.9.

Fig. 9 The center-of-mass distributions of H2O adsorbed Na-rho-ZMOF at 298 K. (a) p/p0 ¼ 0.01; (b) p/p0 ¼ 0.3.

34626 | RSC Adv., 2020, 10, 34621–34631 This journal is © The Royal Society of Chemistry 2020

RSC Advances Paper

O
p
en

 A
cc

es
s 

A
rt

ic
le

. 
P

u
b
li

sh
ed

 o
n
 1

8
 S

ep
te

m
b
er

 2
0
2
0
. 
D

o
w

n
lo

ad
ed

 o
n
 8

/2
8
/2

0
2
2
 4

:5
1
:2

7
 A

M
. 

 T
h
is

 a
rt

ic
le

 i
s 

li
ce

n
se

d
 u

n
d
er

 a
 C

re
at

iv
e 

C
o
m

m
o
n
s 

A
tt

ri
b
u
ti

o
n
-N

o
n
C

o
m

m
er

ci
al

 3
.0

 U
n
p
o
rt

ed
 L

ic
en

ce
.

View Article Online

http://creativecommons.org/licenses/by-nc/3.0/
http://creativecommons.org/licenses/by-nc/3.0/
https://doi.org/10.1039/D0RA06363K


3.3. Verication

The Computation-Ready, Experimental (CoRE) database46 con-

taining geometric data for 5109 structures was used to verify the

screening method mentioned above. The workow of the

simple screening strategy employed in this work is shown in

Fig. 11. In step 1, maximum water adsorption capacities of all

MOFs in the database were evaluated based on eqn (1). The

results indicate that 720 MOFs remained that exhibit a water

uptake of up to 0.6 g g�1, and the other were eliminated with no

more consideration. In step 2, a was evaluated based on eqn (2),

in which PLD was used as pore diameter d and the atomic

charges were calculated through the CBAC method.47 Aer this

step, 370 MOFs remained. In steps 3 and 4, hysteresis evalua-

tion and structural analysis were carried out and only 7 MOFs

(MIZJUB, AGAXOV, PEJNOJ, MIBMER, UWAGAB, ANUGOG, and

FEQSIF) were screened and considered as the potential mate-

rials for adsorption heat pumps.

To further verify the availability of the screening method, 4

MOFs (MOAAF-1(Zn),48 MOF-107(Cu),49 Zn(NH2BDC),
50 and

Zn(BTCpyrol)51) among these screened materials were prepared,

and the synthesis and activation methods are shown in the

ESI.† The other 3 MOFs were not synthesized since the required

ligands were expensive and difficult to obtain. The XRD patterns

and SEM pictures of the as-preparedMOFs are shown in Fig. S2–

S6.† Nitrogen adsorption/desorption isotherms and pore

diameter distributions for the as-prepared MOFs are shown in

Fig. 12 and 13. The results indicate that the N2 adsorption

isotherms of the samples belong to type I with excellent

microporosity, and a few mesopores also appear in MOAAF-

1(Zn), MOF-107(Cu), and Zn(NH2BDC). The comparison of

pore structure between the theoretical predicted results and the

experimental data from the as-prepared MOFs is depicted in

Table 1. It can be seen that the experimental BET surface areas

of the as-prepared MOFs are lower than those of the ideal values

while their total pore volumes are similar, except for

Zn(BTCpyrol). This highlights the deviation between the ideal

crystal and the as-synthesized one and/or the inappropriate

activation methods. Fig. 14 depicts the water sorption

isotherms for the as-prepared MOFs at 298 K. The water sorp-

tion isotherms of all 4 MOFs possess a sigmoidal shape. Most of

the water uptake occurs at p/p0 < 0.2, except for MOF-107(Cu).

The maximum water uptake at 298 K progresses as MOAAF-

1(Zn) (0.557 g g�1) > MOF-107(Cu) (0.534 g g�1) > Zn(NH2-

BDC) (0.487 g g�1) > Zn(BTCpyrol) (0.318 g g�1). The hydro-

philicity of the MOFs ranks as Zn(NH2BDC) > MOAAF-1(Zn) >

Zn(BTCpyrol) > MOF-107(Cu). Zn(NH2BDC) and MOAAF-1(Zn)

are recommended as potential materials for adsorption heat

pumps due to their excellent water uptake and appropriate

hydrophilicity. Zn(NH2BDC) exhibits a high equilibrium water

uptake of 0.408 g g�1 at 25 �C and p/p0 ¼ 0.3. This uptake is

higher than those of the selected benchmark water adsorbents:

0.29 g g�1 (SAPO-34),11 0.20 g g�1 (silica gel),11 0.35 g g�1 (MIL-

160),15 0.30 g g�1(CAU-10),11 0.28 g g�1 (MOF-801),14 0.30 g g�1

(Co-CUK-1),19 0.37 g g�1 (LTA-AlPO4),
52 0.375 g g�1 (CAU-23)18

and 0.39 g g�1 (MIP-200).17 It should also be noted that no

obvious loss of crystallinity was observed for Zn(NH2BDC) aer

an adsorption–desorption cycle, demonstrating its application

prospect, although more work should be carried out.

Fig. 10 Relation of relative pressure for which capacity is 50% of qmax

of MOFs with d2/qM.

Fig. 11 Workflow of the simple screening strategy employed in this

study.

Fig. 12 Nitrogen adsorption/desorption isotherms for the as-

prepared MOFs.
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Table 1 also lists the comparison of experimental and pre-

dicted water adsorption performance of as-prepared MOFs. The

results indicate that the experimental maximum water uptake

of the fourMOFs is lower than the predicted values based on the

theoretical pore volume with deviation within 30%, except for

Zn(BTCpyrol), while all of them are close to the predicted values

based on the experimental pore volume. The experimental a of

the four MOFs is similar to the predicted ones, except for MOF-

107(Cu) and Zn(NH2BDC). The experimental a of MOF-107(Cu)

is higher than the calculated one due to the larger pore size of

the as-prepared sample, while that of Zn(NH2BDC) is lower than

the evaluated one due to the presence of hydrophilic –NH2

groups.

Although some materials were undoubtedly missed, it may

be concluded that the screening method proposed in this work

is available to identify potential materials or evaluate the

performance of a MOF with the given structural properties

quickly for the application of adsorption heat transformation,

especially when the computing power is limited.

4. Conclusions

Focusing on the screening of more appropriate MOFs with

better water adsorption performance for the application of

adsorption heat pumps, we investigated the structure–property

relationships of MOFs for water adsorption with the aid of

GCMC molecular modeling combined with data analysis re-

ported in the literature. This study shows that pore volume is

a crucial feature of the MOFs that determines the adsorption

capacities of the MOFs at high relative water pressure. The

results further highlight that there is a linear correlation

interrelationship between the heats of adsorption and the water

adsorption capacities of the MOFs at low humidity. Specically,

the electrostatic interactions and pore size play a dominant role

in the water adsorption capacities at low relative water pres-

sures. The GCMC study shows that the electrostatic interactions

produced by the atomic charges of the frameworks largely

dominate the adsorption of water molecules with intrinsic

polarities at the initial stage of the adsorption. Moreover, two

structure–property relationship models and a simple screening

methodology were proposed to quantitatively and qualitatively

guide the screening of potential MOFs with excellent water

adsorption performance, which was tested and veried by using

the CoRE MOF database. Finally, seven potential MOFs for the

application of adsorption heat pumps and chillers were iden-

tied. Four of them were synthesized, and their water isotherms

were measured. The results demonstrated the utility of the

screening methodology in this work and two MOFs, i.e.,

Zn(NH2BDC) and MOAAF-1(Zn), were recommended as prom-

ising materials for adsorption-driven heat pumps and chillers.

Table 1 Experimental and predicted structural properties and water adsorption performance of as-prepared MOFs

Samples St
a (m2 g�1) SBET

b (m2 g�1) Vp,t
c (mL g�1) Vp,e

d (mL g�1) qmax,p
e (g g�1) qmax,p

f (g g�1) qmax,e
g (g g�1) ap

h (—) ae
i (—)

MOAAF-1(Zn) 2943.50 1221.78 0.884 0.780 0.692 0.620 0.557 0.133 �0.18

MOF-107(Cu) 2760.67 1002.29 0.801 0.581 0.632 0.466 0.534 0.184 �0.30

Zn(NH2BDC) 2078.60 827.03 0.773 0.666 0.605 0.532 0.487 0.160 �0.08

Zn(BTCpyrol) 2251.23 555.65 0.766 0.343 0.600 0.280 0.318 0.133 �0.15

a Theoretical surface area. b Experimental BET surface area. c Theoretical pore volume. d Experimental pore volume. e Predicted qmax based on the
theoretical pore volume. f Predicted qmax based on the experimental pore volume. g Experimental qmax.

h Predicted a based on theoretical pore size.
i Experimental a.

Fig. 13 Pore diameter distributions for the as-prepared MOFs.

Fig. 14 Water sorption isotherms for the as-prepared MOFs at 298 K.
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G. Mali, Superior performance of microporous

aluminophosphate with LTA topology in solar-energy

storage and heat reallocation, Adv. Energy Mater., 2017, 7,

1601815.

This journal is © The Royal Society of Chemistry 2020 RSC Adv., 2020, 10, 34621–34631 | 34631

Paper RSC Advances

O
p
en

 A
cc

es
s 

A
rt

ic
le

. 
P

u
b
li

sh
ed

 o
n
 1

8
 S

ep
te

m
b
er

 2
0
2
0
. 
D

o
w

n
lo

ad
ed

 o
n
 8

/2
8
/2

0
2
2
 4

:5
1
:2

7
 A

M
. 

 T
h
is

 a
rt

ic
le

 i
s 

li
ce

n
se

d
 u

n
d
er

 a
 C

re
at

iv
e 

C
o
m

m
o
n
s 

A
tt

ri
b
u
ti

o
n
-N

o
n
C

o
m

m
er

ci
al

 3
.0

 U
n
p
o
rt

ed
 L

ic
en

ce
.

View Article Online

http://creativecommons.org/licenses/by-nc/3.0/
http://creativecommons.org/licenses/by-nc/3.0/
https://doi.org/10.1039/D0RA06363K

	Screening of metaltnqh_x2013organic frameworks for water adsorption heat transformation using structuretnqh_x2013property relationshipsElectronic supplementary information (ESI) available. See DOI: 10.1039/d0ra06363k
	Screening of metaltnqh_x2013organic frameworks for water adsorption heat transformation using structuretnqh_x2013property relationshipsElectronic supplementary information (ESI) available. See DOI: 10.1039/d0ra06363k
	Screening of metaltnqh_x2013organic frameworks for water adsorption heat transformation using structuretnqh_x2013property relationshipsElectronic supplementary information (ESI) available. See DOI: 10.1039/d0ra06363k
	Screening of metaltnqh_x2013organic frameworks for water adsorption heat transformation using structuretnqh_x2013property relationshipsElectronic supplementary information (ESI) available. See DOI: 10.1039/d0ra06363k
	Screening of metaltnqh_x2013organic frameworks for water adsorption heat transformation using structuretnqh_x2013property relationshipsElectronic supplementary information (ESI) available. See DOI: 10.1039/d0ra06363k

	Screening of metaltnqh_x2013organic frameworks for water adsorption heat transformation using structuretnqh_x2013property relationshipsElectronic supplementary information (ESI) available. See DOI: 10.1039/d0ra06363k
	Screening of metaltnqh_x2013organic frameworks for water adsorption heat transformation using structuretnqh_x2013property relationshipsElectronic supplementary information (ESI) available. See DOI: 10.1039/d0ra06363k
	Screening of metaltnqh_x2013organic frameworks for water adsorption heat transformation using structuretnqh_x2013property relationshipsElectronic supplementary information (ESI) available. See DOI: 10.1039/d0ra06363k
	Screening of metaltnqh_x2013organic frameworks for water adsorption heat transformation using structuretnqh_x2013property relationshipsElectronic supplementary information (ESI) available. See DOI: 10.1039/d0ra06363k
	Screening of metaltnqh_x2013organic frameworks for water adsorption heat transformation using structuretnqh_x2013property relationshipsElectronic supplementary information (ESI) available. See DOI: 10.1039/d0ra06363k
	Screening of metaltnqh_x2013organic frameworks for water adsorption heat transformation using structuretnqh_x2013property relationshipsElectronic supplementary information (ESI) available. See DOI: 10.1039/d0ra06363k
	Screening of metaltnqh_x2013organic frameworks for water adsorption heat transformation using structuretnqh_x2013property relationshipsElectronic supplementary information (ESI) available. See DOI: 10.1039/d0ra06363k
	Screening of metaltnqh_x2013organic frameworks for water adsorption heat transformation using structuretnqh_x2013property relationshipsElectronic supplementary information (ESI) available. See DOI: 10.1039/d0ra06363k
	Screening of metaltnqh_x2013organic frameworks for water adsorption heat transformation using structuretnqh_x2013property relationshipsElectronic supplementary information (ESI) available. See DOI: 10.1039/d0ra06363k
	Screening of metaltnqh_x2013organic frameworks for water adsorption heat transformation using structuretnqh_x2013property relationshipsElectronic supplementary information (ESI) available. See DOI: 10.1039/d0ra06363k

	Screening of metaltnqh_x2013organic frameworks for water adsorption heat transformation using structuretnqh_x2013property relationshipsElectronic supplementary information (ESI) available. See DOI: 10.1039/d0ra06363k
	Screening of metaltnqh_x2013organic frameworks for water adsorption heat transformation using structuretnqh_x2013property relationshipsElectronic supplementary information (ESI) available. See DOI: 10.1039/d0ra06363k
	Screening of metaltnqh_x2013organic frameworks for water adsorption heat transformation using structuretnqh_x2013property relationshipsElectronic supplementary information (ESI) available. See DOI: 10.1039/d0ra06363k


