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Adsorption heat pumps (AHPs) powered by low-grade waste heat or renewable energy can reduce
electricity consumption and carbon emission. The exploration of the high-performing adsorbents of AHPs
is the key to improving their coefficient of performance (COP) by tuning their adsorption capacity and step
location. The structure-property relationship of adsorbents can provide useful guidance for developing and
designing potential adsorbents for AHPs. However, given the complexity of the chemical composition and
structural diversity of adsorbents, it is extremely challenging to extract the structure-property relationship
from high-throughput computational screening based on molecular simulations of existing adsorbents. In
this study, ideal nanoporous crystal structures comprising Lennard-Jones (LJ) spheres were generated to
simplify this process. The effects of pore size and LJ interaction parameters (¢ and ¢) on the adsorption
performance of the structures, including the saturation uptake (W), step location of adsorption isotherms
(a) and the uptake change at step location (W,), were investigated by grand canonical Monte Carlo (GCMC)
simulations. It was demonstrated that large o, ¢ and cell length or pore size are favorable for W and W,,. O
Received 18th October 2022, < a < 04 is favorable for W, and W, for small-pore structures, and 0.6 < « < 1 is preferential for large-
Accepted Ist February 2023 pore structures, which can be attributed to the strong interaction strength of small-pore structures and the
DOI: 10.1039/d2me00222a relatively weak interaction in large-pore structures. Given the various optimal pore sizes of W and W,
developing an effective strategy to simultaneously improve W and W, by tuning the structural properties

rsc.li/molecular-engineering of adsorbents is key in the future.

Design, System, Application

The structure-property relationship extracted from 3718 ideal nanoporous crystal structures can guide the future design of high-performing adsorbents
with improved ethanol adsorption performance for adsorption heat pumps.

1. Introduction heat have been proposed for several decades.” However, the
unsatisfactory energy efficiency (i.e.,, coefficient of
performance, COP) of AHPs due to the low adsorption
capacity of adsorbents and unfavorable adsorption isotherms
significantly limits their wide application.™®
One possible way to improve the COP is to explore
adsorbents with outstanding adsorption capacity and suitable
adsorption isotherm.” Recently, several high-performing
adsorbents in AHPs have been reported, most of which are
metal-organic frameworks (MOFs)®® that can be formulated
as coatings or pellets in the adsorbent bed.'®'' MOFs are
crystalline nanoporous materials composed of metal nodes
“Energy & Electricity Research Center, Jinan University, Zhuhai, 519070, China and organic linkers,"> which possess many advantageous
® Department of New Energy Science and Engineering, School of Energy and Power properties, including the large pore volume, ultra-high
Engineering, f-!uazhorlg University of Science and Technology, Wuhan 430074, surface area, an d tunable s tructure, that are favorable for gas
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adsorption.” MOFs have been reported as potential
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10.1039/d2me00222a adsorbents with significantly high adsorption capacity of

Global building energy consumption, especially space heating
and cooling, dominates approximately 40% of the total
energy, which is also responsible for almost 30% of
greenhouse gas emissions." A considerable amount of low-
grade thermal energy is released to the ambient
environment,” approximately twice the building energy
consumption.” To save electricity, such low-grade thermal
energy can be utilized in adsorption heat pumps (AHPs) for
heating and cooling. AHPs powered by solar energy or waste
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working fluids (i.e., water, methanol, and ethanol). MIL-
101(Cr) was reported to exhibit the highest water uptake
(~1.2 g g") at 298 K and 5.6 kPa."® However, it was recently
surpassed by another MOF (Cr-soc-MOF-1), exhibiting ~2.0 g
g water uptake at 298 K and 2.65 kPa."* Moreover, MOF-74
exhibited 1.0 g g* methanol uptake with remarkably high
stability, indicating its great application potential in AHPs."
It was suggested that the working capacity, which is the
uptake difference between the adsorption and desorption
processes, determines the amount of allocatable heat per
working cycle, which is more crucial in determining the COP
of AHPs’ than the maximum uptake or saturation adsorption
capacity.” Mg-VNU-74-II with a methanol working capacity of
0.41 cm® em™ between 298 K and 355 K exhibits a COP of
0.82."° Furthermore, it is demonstrated that adsorbents with
stepwise adsorption isotherms are desirable, which enables a
large loading lift upon a small pressure change, indicating
enhanced heat and mass transfer.'"'® The step location (a)
of the stepwise adsorption isotherm is attributed to the
rapidly increasing uptake at the relative pressure (P/P,),
which is related to the applicable working conditions of
AHPs."'7 1t is also noted that the step location and uptake
pressure range should be tunable depending on the desired
working conditions." 1t is suggested that adsorbents with «
< 0.05,0.1 < @< 0.3,0.15 < o < 0.5, and 0.45 < < 0.6 at
room temperature are preferred for dehumidification, heat
pumps, desalination and humidity control, respectively.'®
Hence, the step location of the adsorption isotherm plays
critical roles during the designing and choosing of the
adsorbents.'”?® Our recent study reveals that there are
optimal step locations for adsorbents at specific working
conditions, which is 0.07 < a < 0.18 for typical heating, 0.06
< a < 0.29 for cooling and 0.04 < « < 0.13 for ice making."”
Hence, it is a challenging task to develop high-performing
adsorbents with higher saturation capacity, larger working
capacity and suitable step location for AHPs.

However, how can we choose a suitable candidate from
many existing MOFs by considering all the abovementioned
characteristics, including saturation capacity, working
capacity and step location? It has been validated that high-
throughput computational screening (HTCS) is a high-
efficiency approach for identifying potential MOFs for H,
storage,”" CO, capture,® and Xe/Ke separation, which is
also widely adopted in AHPs. Erd0s et al. carried out HTCS of
CoRE (Computational-Ready Experimental) MOFs for AHPs’
in which six promising MOFs were selected based on their
methanol uptake change at step location (W,) and step
location of adsorption isotherm instead of COP.” We
performed a HTCS of 2932 CoRE MOFs and 275 CoRE COFs
(covalent-organic frameworks) by directly predicting the COP
of each working pair based on the working capacity and
average enthalpy of adsorption (<A,qsH>) of ethanol.
Eventually, 26 MOFs and 32 COFs with COP¢ larger than 0.8
are selected for cooling, most of which possess a high
saturation capacity (i.e. ~0.3 g g™"), larger deliverable working
capacity (>0.2 g g') and suitable step location (0.2 < a <
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0.3).>>2® Moreover, it was demonstrated that the medium
pore size and suitable host-adsorbate interaction are
favorable for working capacity and stepwise adsorption
isotherm, which eventually benefits the COP. To date, nearly
90000 MOFs>” and 280 COFs>® have been synthesized, and
over 600000/470000 hypothetical MOFs/COFs have been
generated, along with numerous zeolites and composite
materials. Given the many adsorbent materials, predicting
the AHP performance of these adsorbents seems a
formidable task.

Hence, the structure-property relationship urgently needs
to be clarified to guide the discovery and design of high-
performing adsorbents. However, the structure diversity®” of
both CoRE MOFs and hypothetical MOFs complicates the
structure-property relationship extraction process. To
generalize the correlation between MOF structures and their
adsorption performance, the simplified pseudo nanoporous
models comprising Lennard-Jones (LJ) spheres were
generated.>® Babaei et al. created several idealized (pseudo)
MOFs consisting of L] spheres and investigated the effect of
pore size and shape on the thermal conductivity of MOFs.*°
In this study, to explore the structure-property relationship
of MOFs for AHPs, we generated pseudo nanoporous
structures with tunable pore size and L] interaction. Ethanol
was taken as a working fluid owing to its high vapor pressure
that favors heat and mass transfer and the reasonable
computational cost for simulating ethanol adsorption by
molecular simulation, especially compared with water.>®
Moreover, the stability of MOFs in water under operational
conditions of over thousands of cycles is a major challenge
during application.’®*' Most MOFs were stable in ethanol
because they were frequently used for MOF activation during
the preparation process.*’”* To save computational cost,
grand canonical Monte Carlo (GCMC) simulations were
performed for these generated structures to obtain the
saturation capacity (W;), uptake change at step location (W,)
and step location (a), which can guide the identification and
design of high-performing adsorbents for AHPs. The
structure-property relationship revealed in this study may
provide insightful guidance for designing and discovering
high-performance adsorbents for AHPs.

2. Methodology
2.1. Porous crystal construction

Porous crystal models comprising L] spheres have been
adopted and validated in previous studies.’®***> In this
study, the L] parameters of these spheres were set based on
the UFF force field to present different pseudo atom types.
Because the van der Waals radius (o) and the potential well
depth (¢) of atoms in the UFF force field were within 1.052-
6.549 A, and 0.0105-4.2 k] mol ™, respectively, the ranges of ¢
and ¢ were set from 1 to 6 A and 0.042 to 4.2 kJ mol™?,
respectively. In detail, to simulate the different interaction
strengths of different-sized atoms in porous structures, 26
values of o (¢ = 1-6 A with an interval of 0.2 A) and 11 values
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of & (¢ = 0.042, 0.084, 0.168, 0.252, 0.336, 0.42, 0.84, 1.68,
2.52, 3.36, 4.2 k] mol ") were adopted in this study.

As for the structures of pseudo nanoporous crystals, the
simple cubic crystal inspired by the IRMOF series was
employed to represent the framework, in which the LJ
spheres were located in the axis of the crystal lattice shown
in Fig. 1a. Because the pore sizes of most experimentally
synthesized MOFs are in the range of 5-35 A,***” our pseudo
nanoporous structures were built using different numbers of
L] spheres (n = 4, 7,10, 13, 16, 19, 22, 25, 28, 31,34, 37, 40) to
create different predefined crystal cell lengths (I = 5, 12.5, 15,
17.5, 20, 22.5, 25, 27.5, 30, 32.5, 35 A). The representative
structures are presented in Fig. 1b-e, in which the spacing
between the neighboring L] spheres is 2.5 A. In general, 3718
pseudo nanoporous structures were generated by 13 cell
lengths (1), 26 van der Waals radii (¢) and 11 potential well
depths (¢) for L] parameters in this study, as shown in Table
S1 in ESL}

2.2. GCMC simulations

The structure characteristics of these porous structures,
including largest cavity diameter (LCD), pore limiting diameter
(PLD) and available pore volume (V,), were calculated by Zeo++
0.3 (ref. 36) with a nitrogen probe radius of 1.82 A, in which the
L] parameter (o) was used as van der Waals diameter of the
framework atoms.””° It was found that the accessible pore
width for ethanol molecules should be greater than the
dynamic size of ethanol molecules (3.95 A) based on the
TraPPE force field parameters of ethanol. GCMC simulations
were carried out using RASPA 1.0 (ref. 40) to obtain the ethanol
adsorption performance at a typical temperature of 303 K for
adsorption cooling. The transferable potentials for the phase
equilibria force field (TraPPE)*" were used for ethanol (Table
S2t), and the reliability of TraPPE force fields in describing
adsorption properties has been validated in previous
studies.”"* During GCMC simulations, four types of Monte
Carlo moves, including insertion, deletion, rotation and
translation with equal probability, were implemented. A total
of 1 x 10° cycles were performed to estimate the adsorption
performance, in which 5 x 10" cycles were used for
equilibration and another 5 x 10* cycles for production.

To obtain the step location (&), saturation uptake (W),
and uptake change at step location (W,) at low computational

(a) (b) ()
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cost, GCMC simulations of 3718 structures were performed
at 303 K and P/P, = 0-1.0 with an interval of 0.1. Thus, 10
GCMC simulations of each structure were conducted at P/P,
= 0.1, 0.2, 0.3, 0.4, 0.5, 0.6, 0.7, 0.8, 0.9 and 1.0 based on
which the adsorption isotherm at 303 K was obtained. As
demonstrated in Fig. 2a, the schematic adsorption isotherm
comprises ten adsorption capacities at varying pressures, in
which Wy is the saturation adsorption capacity at the
saturation pressure of P/P, = 1.0 or P, = 10.3 kPa. Herein, « is
defined as the pressure range at which the maximum uptake
change is achieved. In detail, ten uptake changes (W, — W;)
under a pressure interval of P/P, = 0.1 were calculated.
Herein, « is defined as the pressure range instead of the
pressure point at which the maximum uptake change is
achieved. Thus, the step location a was defined as P; < o <
P, when the corresponding uptake change (Wy; - W))
achieves the maximum (W,). Detailed uptake changes at
varying pressure ranges are shown in Table S3 and Fig. S1.}

2.3. Theoretical analysis of the ideal adsorption heat pump

Notably, the working principle of an ideal adsorption heat
pump (Fig. 2b) at typical conditions comprises four steps: 1)
isosteric heating (I-II), in which the temperature and
pressure of adsorbent are increased (from T; = 303 K to T, =
325 K and from P; = 3000 Pa to P, = 10300 Pa) without
desorption at maximum loading (Wphay); 2) isobaric
desorption (II-II), in which the temperature continues to
increase at a fixed pressure (i.e., from 325 K to T; = 353 K at
10300 Pa) and the desorption of working fluids from the
adsorbent; 3) isosteric cooling (III-1IV), in which both the
temperature and pressure decreased (i.e., from 353 K to T, =
328 K and from 10300 Pa to 3000 Pa) at minimum loading
(Wmin); 4) isobaric adsorption (IV-I), in which the
temperature continues to decrease at a fixed pressure (i.e.,
from 328 K to 303 K at 3000 Pa), and the working fluids were
adsorbed. The working capacity (AW) is the uptake difference
(Wmax — Wmin) between the maximum isostere at the
adsorption stage I-II (i.e., T, = 325 K and P, = 10300 Pa) and
the minimum isostere at desorption stage III-IV (i.e., T5 = 353
K and P, = 10300 Pa)." Herein, the orange point (P3, T,) with
minimum adsorption potential A, or uptake Wy, is
highlighted because it is located in the same isotherm as II
(P,, T») and maximum A; or Wy,,,. Thus, the working capacity
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Fig. 1 The schematic figure of (a) the supercell of simple cubic crystal and cubic crystal of pseudo materials with [ = (b) 5, (c) 7.5, (d) 10 and

(e) 35 A.
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Fig. 2 Schematic (a) adsorption isotherm and (b) thermodynamic cycle of adsorption heat pumps; the blue and red curves represent the low-
temperature and high-temperature adsorption isotherms, respectively, where A is the adsorption potential.

(AW) can be expressed as the uptake difference between
pressure P, and P; of a single isotherm, i.e., AW = f(T,, P,) —
f(T,, P3), which is discussed later.

It has been validated that Dubinin-Astakhov (DA)
equation*® can predict the adsorption performance of
adsorbents over a wide range of temperatures and pressures.
Herein, the DA equation was used to derive the potential
working capacity of the adsorbents based on a single
isotherm. In theory, the uptake of adsorbents can be
described by the DA equation as follows:

W /W, = exp {— (%) n] , 1)

where A = -RTIn(P/P,) is the adsorption potential, R is the
gas constant, E is the characteristic energy and n is a
dimensionless parameter’* and W, is saturation uptake.
Because E and n are constants for specific adsorption
isotherm, the uptake can be rewritten as follows: W/W, =
flA(P, T)). Thus, the working capacity (AW) that is the
transferred amount of ethanol between the adsorption and
desorption processes of AHPs could be simplified as follows:
AWIW; = f(A1(Py, T,)) = f(As(Ps, T3)). According to Fig. 2a, this
equation can be also expressed as AW/W; = f(A1(P,, T»)) —
flAy(Ps, T3)), which is the uptake change at different
pressures. Moreover, because W, is the maximum uptake

(a)

Capacity

o —
AP/P, = 0.1 pressure

change at step location « under a pressure interval of P/P, =
0.1, W, can be written as W,/ Wy = f(A1(P, + 0.1P,, T,)) —
f(A5(P,, T,)). Although W, is not working capacity at this
given working condition, it can be taken as working capacity
at specific working conditions to meet the requirements for
AHPs. This is because a large loading lift with a small
adsorption potential change is favored. Thus, W, becomes an
indicator of the potential working capacity within a narrow
chemical potential range, which can evaluate the working
capacity of an adsorbent with only a single isotherm
provided.

Moreover, as illustrated in Fig. 3, the ratio of W,/W, can
represent the shape of the adsorption isotherm and the
degree of uptake variation at step locations. If W, is
approximated to W;, the high W,/W; corresponds to the very
steep uptake at step location and indicates the high working
capacity (AW), which favors cooling performance and vice
versa.

3. Results and discussion
3.1. Structure—property relationship

The structural characteristics of these pseudo nanoporous
crystals shown in Fig. 4 indicate that LCD almost linearly
depended on the cell length (), which slightly decreased with

(b

Capacity ~

APIP, =01 pressure

Fig. 3 Schematics of stepwise adsorption isotherms with (a) large and (b) small W ,/W..
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Fig. 4 The (a) LCD and (b) V, of pseudo material, colored by van der Waals diameter (o).

the increase of the LJ sphere's van der Waals radius (o).
Moreover, the structures with large o possess non-available
pore volume (structures with /=5 A and ¢ > 1.2 A, and those
with [ = 7.5 A and ¢ > 4.2 A). Hence, the ethanol adsorption
performance of these structures was not considered in the
following analysis.

It is well documented that sufficient loading and large
saturation uptake (W) of adsorbents are essential for
AHPs."*>*® Hence, the correlation between W, and crystal
cell length (/) for LJ interaction parameters (¢ and ¢) is
presented in Fig. 5. Notably, although the structures with 13
different cell lengths were constructed in this study, only four
representative cell lengths (I = 5, 7.5, 10 and 35 A) are shown
in Fig. 5, and the rest are presented in Fig. S2.f It was found
that the structures with high W, exhibited a maximum Wy of
029¢gg " (I=5),054gg " (l=75),1.06¢gg" (I =10)and
395 g g (I = 35 A), at specific cell lengths (Fig. 5).
Considering Fig. S2,f it can be found that, in general, the
maximum W; increased with [ until W, = 4.84 g g™* at [ = 27.5
A and then decreased. This tendency is probably due to the

(@) W; (9/g) (b) W (g/g)
6 6
0.25
5
0.20
4
< 0.15<
=]
3
0.10
2
0.05
1 000 !
0042 042 42 %Y o042 042 4.2

€ (kJ/mol)

€ (kJ/mol)

structures with small [ and pore volume V, (illustrated in
Fig. 4), which limits the improvement of W,. With increased
cell length, more structures with high W, were observed with
increased o. Except for the structures with remarkably high
Ws, many structures exhibit significantly low W;. In detail, for
structures with [ = 5 A, the preferential o of 1-1.2 A and ¢ of
2.52-4.2 k] mol™* were observed for structures with Wy close
to 0.29 g g '. However, the preferential ¢ and ¢ are in the
range of 1.2-4 A and 0.42-4.2 k] mol ™, respectively, for [ =
7.5A,0=2-6 Aand ¢ = 0.42-4.2 k] mol™ for /=10 A, and ¢ =
6 A and ¢ = 4.2 k] mol™ for [ = 35 A. It can be found that for
the structures with high Wi, the high ¢ and ¢ were favored
with increasing cell length to satisfy the interaction strength
requirement for ethanol adsorption.

Step location () plays a vital role in identifying promising
adsorbents for AHPs."” It was observed that a < 0.05 is the
optimal step location for dehumidification, 0.1 < o < 0.3 is
optimal for heat pump and water harvester, 0.15 < o < 0.5 is
optimal for desalination, and 0.45 < o < 0.65 is optimal for
humidity control.’®*” Hence, the correlation between the step

() W; (g/g) (d) W (g/g)

0.042

0.42
€ (kJ/mol)

0.042 0.42 4.2

€ (kJ/mol)

Fig. 5 The relationship between saturation uptake (W;) and LJ parameters (s and ¢) in (a) [ = 5, (b) [ = 7.5, (c) [ = 10 and (d) [ = 35 A structure.

This journal is © The Royal Society of Chemistry and IChemE 2023

Mol. Syst. Des. Eng., 2023, 8, 733-742 | 737


https://doi.org/10.1039/d2me00222a

Published on 01 ferraghju 2023. Downloaded on 16/10/2025 14:27:09.

View Article Online

Paper MSDE
(a) (b)
6 10 4 10 4
s INNEEEEEEEN | (00 ; DN 08 s
4 ANEEEEEEEN [ 06 4 D‘ 0.6
< HNNEEEEEEE <
S} o
5 5 |
0.4 = 0.4
...... -
N 2 -
,,,,,,,,,,,, 0.2 0.2
||
1 1 . i} B 1
0.01 0.1 o 0.042 0.42 0:0 0.042 0.42 4.2 0:0 0.042 0.42 4.2 a0
€ (kJ/mol) € (kJ/mol) € (kJ/mol) € (k)/mol)
Fig. 6 The correlation between step location (a) and LJ parameter (o and ¢) for (a) [ = 5, (b) [ = 7.5, (c) [ = 10 and (d) [ = 35 A structures.

locations of these structures and the LJ parameters is
presented in Fig. 6. Notably, structures (¢ > 1.4 A for [ = 5
A; ¢ = 4 A for [ = 5 A) with non-available pore volumes are
excluded. It can be found that there is an unclear trend in
a distribution for those structures with significantly low
Ws. For the structure with high W, their step location is
small (0 < « < 0.2). For the structures with small cell
lengths (Fig. 6a-c), the preferred step is 0 < a < 0.1. For
structures with large cell lengths, a large step location (0.6
< a < 1) is preferred for high saturation uptake (Wj)
(Fig. 6d and S3f). This trend may be attributed to the
multi-stage adsorption isotherm (i.e., type VI isotherm) of
the structures with a large cell length, which is discussed
later.

@) We (g/g) W, (9/g)

0.5

0.4

0.3
0. 15«(

0.2

0.1
0.00 0.0

0 042 0.42 4.2
€ (kJ/mol)

1
0.042 0.42 4.2
€ (kJ/mol)

The uptake change (W,) at step location related to the
maximum working capacity in AHPs was also investigated. As
aforementioned, if W, is approximate to Wy or W,/W; = 1, the
isotherm tends to be intensely steep, and vice versa. As shown
in Fig. 7 and S4, the maximum W, increased with cell length
until 2.88 g g”* and then decreased, similar to the trend of
Ws. However, it was found that the optimal cell length for the
maximum W, is 20 A, which is smaller than the optimal cell
length for the maximum W, (27.5 A). Furthermore, as
depicted in Table S4,;f W, /W, decreased from 0.99 to 0.25
with an increased cell length, suggesting that the stepwise
adsorption isotherm transforms to a non-stepwise or multi-
stage adsorption isotherm in large-pore structures. Such
results agree with the adsorption isotherm defined by IUPAC

(c) W, (g/g) (d)
1.0

We (9/g)
6 1.0

0.8 5
06 4

04 3

02 2

0.0

0.0

0.042 0.42 4.2
€ (kJ/mol)

0.042 0.42 4.2
€ (kJ/mol)

Fig. 7 The uptake change at step location (W,) changed with LJ parameter (s and ¢) for (a) [ = 5, (b) [ = 7.5, (c) [ = 10 and (d) [ = 35 A structures.
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for existing porous materials,*® in which type I isotherms are
preferred for small-pore materials and type IV and V are
favorable for large-pore materials.

In order to clearly presented the optimal step location
for large W, (W, > 0.1 g g '), structures satisfying W, <
0.1 g g”* were colored white, and the rest structures were
colored by a, as presented in Fig. S5 and S6.f The
percentage of the number of rest structures for each cell
length is presented in Table S5, in which the majority of
the structures exhibit cell length of 10 and 15 A. Such
results indicate that the relatively small-pore structures tend
to exhibit large W,. Thus, based on a previous study, CoRE
MOFs with LCD = 10-15 A and AW > 0.2 g g perform
better in ethanol-based AHPs.>> Moreover, as demonstrated
in Fig. 5-7, for small-pore structures with high W, taken 2
<o <4A =168k mol", and [ = 7.5 A as an example,
the increase in ¢ leads to the decrease in step locations
without any variation in W, while the W, significantly
decreases when ¢ > 3.2 A. As for large-pore structures (i.e.,
5<0<6A =42k mol?, and [ = 35 A), the increase
in o significantly improves W, and W,. Thus, for the
relatively small pore-size structures, 0 < «a < 0.2 is
favorable for W, and W, while for the relatively large pore-
size structures, 0.6 < o < 1 is preferential for W, and Wi.

3.2. Insight into adsorption properties

Because the L] parameters of pseudo atoms affect the host-
adsorbate interaction strength that dominates the ethanol
adsorption performance, the relationship between host-
adsorbate interaction (Qpest—aq) and saturation uptake (Wj)
was investigated, as illustrated in Fig. 8 and S7.f Except for
those structures with a non-available pore volume (I =5 A, ¢
> 1.2 A; 1 = 7.5 A, ¢ > 4.2 A), the increase in ¢ and &
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significantly improves the Qpogst-aq for the structures with [ <
20 A. It was found that the maximum Qpest_aq (~70 kJ mol )
was reached at [ = 10 A, 0 = 6 A and ¢ = 4.2 k] mol™". In
contrast, for the structures with I > 20 A, the Ohostad
interaction for [ > 20 A is 10-22 kJ mol ™, which can be
attributed to the weak interaction towards ethanol of the
large-pore  structures.’®*® In addition, the adsorbate-
adsorbate (Q,q-aq) interaction for all structures (Fig. S8 and
S9t) is about 35 kJ mol™. Therefore, the host-adsorbate
interaction dominates the total interaction in small-pore
structures (I < 20 A). However, the Q.q_aq interaction plays a
relatively important role in large-pore structures. It is
noteworthy that for structures with high W and W, the total
interaction (Qnost-ad + Qad-ad) 1S large than the enthalpy of
vaporization of ethanol (42.3 k] mol™) at 298 K. It was
observed that Qpest-aq for the structures with notoriously low
W, and W, is smaller than 20 kJ mol™, while for the
structures with W, and W, greater than 0.1 g g, their
Ohost-ad 15 over 20 kJ mol™ to ensure sufficient ethanol
adsorption.

The ethanol adsorption density distribution of the
structures with varying ¢ and ¢ (Fig. 9a and b) demonstrated
that large o (i.e., o = 2-4 A for [ = 7.5 A) is required for high
ethanol uptake. The ultra-large van der Waals radius o (i.e., o
=4 A for £ = 2.52 k] mol™* and / = 7.5 A) may weaken the
interaction strength by reducing the available adsorption
sites (Fig. 9c and d). Moreover, the increase in ¢ enhances the
interaction with ethanol, leading to ethanol molecule
adsorption in the cage and channel (Fig. 9¢ and f). In
addition, the increase in ¢ does not change the ethanol
density in the structures, while the ethanol density is
significantly reduced at large o (4 A). Hence, ¢ plays a more
important role in ethanol density distribution in a small-
pore-size structure.

(a) ~Qrost—aa (ki/mol) (B) ~Quost—aq (K/mol) (€) ~Quost- 2a (ky/mol) (d) ~Qnost—a (K}/mol)
30
20.0
25 17.5
15.0
20
12.5
15 10.0
10 7.5
5.0
5
25
0.042 0.42 0 0.042 0.42 4.2 0.042 0.42 4.2 0.042 0.42 4.2
€ (kJ/mol) € (kJ/mol) € (kJ/mol) € (kJ/mol)
Fig. 8 The host-adsorbate interaction (Qnost—aq) between pseudo material and ethanol under various LJ parameters (o and ¢) for (a) [ = 5, (b) | =

7.5, (c) | = 10 and (d) [ = 35 A structures.
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Fig. 9 The ethanol adsorption density distribution of W in [ = 7.5 A 4 x 4 x 4 supercell with fixed ¢ = 2.52 kI mol™ for (@) 6 = 1, (b) 6= 2, (c) 6 = 3,
and (d) o = 4 A. The ethanol adsorption density distribution of W, in [ = 7.5 A 4 x 4 x 4 supercell with fixed ¢ = 2.2 A for (e) ¢ = 0.42, (f) ¢ = 1.68, (g)
£=2.94,and (h) & = 4.2 kJ mol ™.

7.5 10 12.5 15 25

Fig. 10 The ethanol adsorption density distribution of W, with fixed ¢ = 3 A, ¢ = 4.2 kI mol™ for (=5 A (6 x6x6), 75 A (4 x 4x4), 10 A (3 x 3 x
3),125A(3x3x3),15A(2%x2x2),25A (2x2x2) and 35 A (1 x 1 x 1) structures.

Furthermore, the effect of pore size or the cell length of
the structures on ethanol density distribution is more
complicated. As presented in Fig. 10, there was no ethanol

adsorption in the structure with [ = 5 A owing to the non-
available pore volume. When the cell length increased to [ =
7.5 A, the highest adsorption density was observed in the

2.0 - 1.0
(b) iy
. °
1.6 8, %®o 0.8
el e o
° °q ;
& e o
=12 o &o 0.6
o IS d :' °
=]
s AR
0.8 > o 3 o 0.4
oo * ® o ® o
o
S AR
@ O
0.4 4 . ;.-ges”.ﬁw 0.2
o o O o 09000
ox° ® o8 g
% - o o0 0%0g o
09 10 20 30 0 o 0
LCD (A)

Fig. 11 The correlation between (a) LCD, ¢, and Ws (b) LCD, a and W, in all 3718 structures.
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cages and channels. When [ > 7.5 A, the increase in cell
length remarkably reduces the ethanol uptake and density.
Moreover, for structures with [ > 15 A, only a small amount
of ethanol molecules was adsorbed near the pseudo atoms.
This is due to the low host-adsorbate interaction of 10-20 kJ
mol ™" that cannot ensure ethanol adsorption in the cage,
suggesting that a large pore size is unfavorable for ethanol
adsorption.

The ethanol adsorption performance, including W, W,,
and o of all 3718 structures, is presented in Fig. 11. It was
found that structures with ¢ < 0.42 kJ mol " barely adsorb
ethanol. As for the structures with ¢ > 0.42 k] mol™, as ¢
increases, Wy increases. Moreover, the optimal LCD for W is
27.5 A with a maximum W, of approximately 5 g g *. This
result suggests a tradeoff between interaction strength and
pore size. In principle, a large & indicates the strong
interaction strength, and a large ¢ indicates the large
framework atom/linker size, leading to a smaller pore size.
Strong host-adsorbate interaction favors the adsorption
capacity. However, too small pore size or ¢ limits the
available space for gas adsorption. Too large pore size or o is
unfavorable for adsorption capacity owing to the significantly
weakened interaction strength in the space away from the
pore surface. Thus, a tradeoff between interaction strength
and pore size can be observed. As shown in Fig. 11b, it was
found that W, increases with LCD until ~20 A and then
decreases. For structures with LCD < 20 A at high ¢, most of
them exhibit a step location of 0 < a < 0.4 with W, ranging
from 0 to 2.0 g g'. For LCD > 20 A, the preferential step
location is 0.5 < o < 0.9. Moreover, it is noteworthy that the
maximum W, is about 2.0 g ¢”', which is smaller than the
maximum W, (~5 g g '), suggesting that there is still great
potential to improve W, for improved AHP performance.
Furthermore, the optimal LCD for W, is 20 A, which is
smaller than the optimal LCD for maximum W, (30 A),
indicating that it is an imperative challenge to achieve both
satisfactory W, and W; by tuning the structural properties of
adsorbents, which requires further in-depth exploration in
the future.

4. Conclusion

To design and discover adsorbents for AHPs, GCMC
simulations were performed to obtain the ethanol adsorption
performance of 3718 ideal nanoporous structures comprising
L] spheres. The structure-property relationship, especially
the effects of crystal cell length (/) and LJ interaction
parameters (¢ and ¢) on the saturation uptake of ethanol
(Wy), step location (@) and uptake change at step location
(W,) was investigated. It is found that both large ¢ and ¢ are
favorable for W, and W,. Both W, and W, increase with cell
length or pore size and then decrease, and the maximum W
of 4.84 g g * was observed at [ = 27.5 A. The maximum W,, of
2.88 g g ' was observed at [ = 20.0 A. A similar trend was
observed for their host-adsorbate interaction, suggesting that
the variation in o, ¢ and cell length affects ethanol adsorption

This journal is © The Royal Society of Chemistry and IChemE 2023
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through tuning the host-adsorbate interaction within porous
structures. Similarly, the shape of the adsorption isotherms
is also affected by the three factors. It is found that 0 < a <
0.2 is favorable for W, and W, for small-pore structures,
indicating the high W,/W; and stepwise adsorption isotherm,
which is attributed to the strong interaction strength towards
ethanol in small-pore structures. However, 0.6 < a < 1 is
preferential for W, and Wy of large-pore structures, implying
the small W,/W, and non-stepwise adsorption isotherms or
multistage isotherms, owing to the relatively weak interaction
in large-pore structures. More specifically, for structures with
LCD < 20 A, most of them exhibit steps of 0 < o < 0.4 with
W, ranging from 0 to 2.0 g g'. As for LCD > 20 A, the
preferential step location is 0.5 < a < 0.9. In fact, both W,
and W; are preferred for AHPs although it seems extremely
challenging to improve them simultaneously. The
hierarchical pores within one adsorbent may be the key to
the future design of high-performing adsorbents. The
findings in this study can guide the modification strategy to
improve the interaction strength for enhanced ethanol
uptake by tuning the structural properties of adsorbents. This
study also provides insights into the design and discovery of
high-performing adsorbents for ethanol-based AHPs.
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