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1 Abstract
Metal-organic frameworks (MOFs), along with other novel adsorbents, are frequently 

proposed as candidate materials to selectively adsorb CO2 for carbon capture processes. However, 
adsorbents designed to strongly bind CO2 nearly always bind H2O strongly (sometimes even more 
so). Given that water is present in significant quantities in the inlet streams of most carbon capture 
processes, a method that avoids H2O competition for the CO2 binding sites would be technologically 
valuable. In this paper, we consider a novel core-shell MOF design strategy, where a high-CO2-
capacity MOF “core” is protected from competitive H2O-binding via a MOF “shell” that has very 
slow water diffusion. We consider a high-frequency adsorption/desorption cycle that regenerates the 
adsorbents before water can pass through the shell and enter the core. To identify optimal core-shell 
MOF pairs, we use a combination of experimental measurements, computational modeling, and 
multiphysics modeling. Our library of MOFs is created from two starting MOFs–UiO-66 and UiO-
67–augmented with 30 possible functional group variations, yielding 1,740 possible core-shell MOF 
pairs. After defining a performance score to rank these pairs, we identified 10 core-shell MOF 
candidates that significantly outperform any of the MOFs functioning alone. 

2 Introduction
Negative emissions technologies such as direct air capture (DAC) are necessary to limit 

planetary warming.1 There are now several companies with DAC pilot plants, such as ClimeWorks, 
Carbon Engineering and Global Thermostat, whose processes are based on aqueous or solid sorbents 
that capture CO2 and a vacuum or temperature swing to regenerate the sorbent that utilizes waste 
heat.2–8 However, scaling these pilot plants from the current total of 6,500 t CO2 /year to the required 
scale of >12 Gt CO2 / year is a non-trivial process that will strain global resource limitations on water, 
energy and land.9 To make the resource cost of DAC more manageable, there need to be novel 
breakthroughs in both material design and process design. 

DAC technologies typically consist of either solvents or sorbents that remove CO2 from the 
atmosphere, where it is present at very low concentration (~400 ppm). Most sorbents require lower 
regeneration temperatures but larger facilities to obtain the same capture capacity as their solvent 
counterparts.10–13 It is possible to reduce a sorbent-based DAC facility’s size and capture cost by 
improving the sorbent through chemical functionalization or coupling the sorbent with an additional 
material, either via surface coatings or impregnation. In prior work, a composite material of the metal-
organic framework (MOF) NbOFFIVE-1-Ni@PA affixed to the surface of polyacrylate (PA) led to 
a CO2 loading capacity improvement of 10.8% relative to the lone MOF.14 Additionally, coupling 
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sorbents, which typically have poor thermal conductivities, with unorthodox processes has been 
shown to lead to lower regeneration duty requirements. For example, microwave-assisted desorption 
of CO2 saturated Lewatit VP OC 1065 (benzylamine-functionalized, porous polystyrene particles) 
showed marked improvement in productivity compared to temperature and/or pressure swing 
desorption due to the use of radiative heating.15  

Here we consider novel MOF designs to achieve higher performance in a DAC process. 
MOFs are a promising and very tunable class of materials; inorganic metal centers and organic ligands 
can be combined in different ways to create porous materials of varying geometries and surface 
chemistries.16 Over 90,000 MOFs have been synthesized to date17 and have demonstrated uses for gas 
storage, gas separation, catalysis and more.18 However, it can still be difficult to design a single MOF 
that fulfills all of the requirements of a challenging process. One particular challenge of using MOFs 
in a DAC process is that water is present in the atmosphere at higher concentrations than CO2, and 
typically adsorption sites that bind strongly to CO2 bind even more strongly to H2O, leading to 
unfavorable competitive adsorption. The presence of water may also negatively affect the stability of 
the MOF.19–21 A MOF with otherwise very high CO2 / N2 selectivity may not be viable under humid 
conditions for a DAC process. 

One means of addressing this problem is by constructing a stratified MOF,22 the simplest 
being a “core-shell” MOF consisting of a core MOF surrounded by a shell of another MOF.23 The 
resulting composite material can exhibit unique properties that neither individual MOF possesses. The 
first core-shell MOFs were synthesized in 200924,25 and core-shell MOFs have shown promise for a 
number of applications23 and specifically for CO2 separation and capture.26–28

Furthermore, a vast quantity of different stratified MOFs is possible from even a small basis 
set of individual chemical components. The properties of such MOFs would derive from the 
compositions of the individual strata and the sequence of those strata in the hierarchical structure. It 
would be time-consuming and impractical to synthesize every possible combination of materials to 
identify ideal strata compositions and sequences for a specified process and set of properties. We can 
greatly accelerate this discovery process by computationally screening a wide set of materials to identify 
promising MOFs and combinations to pursue in the lab. To the best of our knowledge, there have 
not been any attempts to develop process conditions for CO2 capture specific to core-shell MOF 
materials, or to attempt to identify promising core-shell MOF candidates for CO2 capture 
computationally. 

Figure 1: Overview of the strategy for designing optimal core-shell MOFs for DAC. A library of MOFs is 
combinatorically assembled into all of the possible core-shell MOF pairs, and then each pair is computationally 
evaluated to find candidates for experimental synthesis. Optimal designs should prevent H2O from reaching 
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the core while allowing for significant CO2 adsorption in the core. Note that we include in our consideration 
core-shell MOF “pairs” where the core and the shell are the same MOF.

Figure 2: UiO-67 (left) and UiO-66 (right) structures showing biphenyl and phenyl ligands.

The purpose of this work is to identify core-shell MOFs that outperform their constituent 
MOFs in a DAC process. We define a ranking methodology to score all potential core-shell MOF 
pairs and identify 10 core-shell MOF pairs that have a performance at least 25% greater than their 
core or shell individually.

Certain selected MOFs were synthesized experimentally and their single component N2, CO2, 
and H2O isotherms were collected. Sorption selectivities were calculated and compared to predictions 
to validate the computational approach. One core-shell MOF combination, amino1⊂methyl2, was then 
simulated in COMSOL Multiphysics® to demonstrate the core-shell concept at the pellet scale.

3 Methodology
3.1 Overview

We chose UiO-66 and UiO-6729 (Figure 2) as our base MOFs (original MOFs that will be 
modified with different functional groups) because they are good candidates for CO2 capture due to 
their high adsorption selectivity of CO2 over N2.20,30 To create our MOF library, we substituted one 
or more hydrogens on the linkers with 16 functional groups (see Figure 3), chosen to represent a 
variety of possible chemical motifs, from fluorinated and methylated groups to alkane chains and 
rings. For many of the functional groups, we allowed for substitution either once or twice per linker, 
resulting in 30 different forms of each base MOF. Because the base MOFs UiO-66 and UiO-67 have 
different unit cell sizes, a core-shell MOF can’t be a mix of both MOFs; the core-shell MOF must be 
composed of one kind or the other. However, 30 functional variations per base MOF makes possible 
about 302 core-shell MOF combinations per base MOF.
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Figure 3: Chemical diagrams of functional groups used to modify UiO-66 and UiO-67 linkers.

3.2 Idealized Adsorption/Desorption Cycle
In this study, we assume an idealized adsorption/desorption cycle (as shown in Figure 4), 

where the adsorption step is carried out over a time scale such that CO2 saturates the core MOF but 
before water is able to diffuse through the shell MOF. In our model process, we assume that spherical 
pellets of a core-shell MOF are arranged in a shallow bed reactor, such that every pellet is exposed 
simultaneously to the input gas stream at the onset of the adsorption step. The input gas stream is 
assumed to be at atmospheric temperature, pressure, and humidity, all of which depend on the time 
of day, the season of year, the weather, and other factors. For the purposes of this model, we are 
assuming the input gas stream is 298 K, with partial pressures of 42 Pa CO2, 79 kPa N2 and 50% 
relative humidity.

With a shell that allows for faster CO2 diffusion as compared to water, the CO2 will reach the 
core before the water. The results of this process are dependent on the exact timing of the switch 
from adsorption to regeneration: too early and very little CO2 reaches the core, too late and both the 
core and shell reach equilibrium loading (i.e., where the core would be saturated with H2O). In both 
cases, there would be no benefit to using a core-shell MOF design. Therefore, a core-shell MOF 
process requires thoughtful design and timing to be effective.

Figure 4: Schematic overview of our idealized adsorption/desorption cycle process used to investigate core-
shell MOF candidates. We assume 100% evacuation of adsorbed gases during the desorption step, which can 

Page 4 of 18Nanoscale



5

be mediated via imposing a vacuum or raising the temperature (or both), but in this idealized model the specific 
desorption conditions are intentionally ignored.

In this work we are sizing the pellets so that the water in the input gas stream breaks through 
into the core at 100 seconds, at which time the pellets are regenerated. For simplicity, we assume 100% 
evacuation of all gases during the regeneration step, and so in this idealized model wo do not specify 
whether desorption is due to imposing a vacuum, raising of the temperature of the reactor bed, or 
both. 

For this process to be selective for CO2, the shell MOF of the pellet must be diffusion-selective 
for CO2 over H2O, and the core MOF must be adsorption-selective for CO2 over N2. This process is 
designed to allow different core-shell MOF combinations to be directly compared, and as a proof of 
concept demonstrating the viability of using a core-shell MOF for direct air capture.
3.3 Experimental

To compare with the simulation results, five MOFs, UiO-67, amino1-UiO-67, amino2-UiO-
67, methyl1-UiO-67, and methyl2-UiO-67 were synthesized and characterized. The structures, 
compositions, and porosities of these MOFs were determined. CO2, N2 and water vapor sorption 
isotherms at 298 K were collected, and these data were then used to calculate experimental adsorption 
selectivity (see Supplementary Information Section 2). 
3.4 Determination of Water Breakthrough Times and Pellet Loadings

First, we calculate the breakthrough time of water according to the system shown in Figure 5. 
Let  be the boundary between the core-shell MOF pellet and the gas stream, let  be the 𝑥 = 0 𝑥 = 𝑥0
boundary between the core MOF and the shell MOF, and let  be an arbitrary limit to the core 𝑥 = 𝑥1
MOF. The concentration profile of a gas in this system can be calculated using the diffusion equation, 
a Dirichlet boundary condition at , and a Neumann boundary condition at :𝑥 = 0 𝑥 = 𝑥1

(1)
∂𝑐𝑔𝑎𝑠

∂𝑡 = 𝐷𝑔𝑎𝑠
∂2𝑐𝑔𝑎𝑠

∂𝑥2

At , (2)𝑥 = 0 𝑐𝑔𝑎𝑠 = 𝐴𝑔𝑎𝑠, 𝑒𝑞

At , (3)𝑥 = 𝑥1 ∂𝑐𝑔𝑎𝑠/∂𝑥 = 0
Here, cgas is the concentration of the gas, Dgas is the diffusivity of the gas, and Agas,eq is the 

equilibrium adsorption of the gas in the shell MOF. This partial differential equation can be solved 
analytically and is used to determine breakthrough times for both CO2 and H2O at . 𝑥 = 𝑥0
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Figure 5: A 1-D infinite slab model of the outer region of a core-shell MOF used to estimate breakthrough 
times and fluxes of both H2O and CO2.

There are two major notes to consider here. The first is that the properties of the core are not 
being considered at this point, and the diffusivity of the shell is applied across the entire system 

. The rationale for including a core region, even though we are only interested in 0 ≤ 𝑥 ≤  𝑥1
calculating shell properties, is to allow the concentrations and fluxes at the core-shell boundary to vary 
(i.e., not to be fixed) while maintaining simple boundary conditions elsewhere. For calculating 
breakthrough times through the shell, the diffusivity of the core should not significantly affect this 
calculation, and this simplification is necessary in order to evaluate a shell independently from a core. 
The second note to consider is that we are explicitly using the infinite slab version of the diffusion 
equation, not the spherical form. This is because we will be sizing the particles based on the results of 
the calculated breakthrough times so the radius of the core and the thickness of the shell are not 
known in advance. A more detailed 2D multi-physics model with spherical geometry is described 
below in Section 3.6.

We define the breakthrough time of a gas into the core as the smallest time ( ) such 𝑡 = 𝜏𝑔𝑎𝑠
that . In other words, the breakthrough time of a gas ( ) occurs 𝑐𝑔𝑎𝑠(𝑥 = 𝑥0,𝜏𝑔𝑎𝑠) ≥  0.01 ⋅ 𝑐𝐶𝑂2, 𝑒𝑞 𝜏𝑔𝑎𝑠
when the concentration of the gas ( ) at the core-shell MOF boundary ( ) is greater than 1% of 𝑐𝑔𝑎𝑠 𝑥0
the equilibrium loading of CO2 ( ).𝑐𝐶𝑂2, 𝑒𝑞

For each core-shell MOF, the thickness of the shell ( ) is chosen so that the breakthrough 𝑥0
time of H2O ( ) equals 100 seconds. The breakthrough time of CO2 ( ) is calculated using this  𝜏𝐻2𝑂 𝜏𝐶𝑂2

. We assume a flux of CO2 through the shell to the core based on the solution diffusion model.𝑥0

 (4)𝑗 =
𝑝𝑒𝑟𝑚𝑒𝑎𝑏𝑖𝑙𝑖𝑡𝑦

 𝑠ℎ𝑒𝑙𝑙 𝑡ℎ𝑖𝑐𝑘𝑛𝑒𝑠𝑠 =
𝐴𝐶𝑂2, 𝑒𝑞𝐷𝐶𝑂2

𝑥0

The core is sized so that at 100 seconds the core will be fully loaded with CO2, given the flux 
j and assuming the core-shell MOF is a sphere. At 100 seconds, the total loading of H2O in moles (

) is calculated as the surface area of the core with radius ( ) multiplied by the integral of the 𝑀𝐻2𝑂 𝑟𝑐𝑜𝑟𝑒
concentration profile:

(5)𝑀𝐻2𝑂 = 4𝜋𝑟2
𝑐𝑜𝑟𝑒∫𝑥0

0 𝑐𝐻2𝑂(𝑡 = 100 𝑠) 𝑑𝑥

We assume N2 reaches equilibrium loading in both the shell and core, 𝑀𝑁2 = 𝐴𝑁2,𝑒𝑞, 𝑠ℎ𝑒𝑙𝑙 ⋅
, and CO2 reaches equilibrium loading only in the core: 𝑉𝑠ℎ𝑒𝑙𝑙 + 𝐴𝑁2,𝑒𝑞, 𝑐𝑜𝑟𝑒 ⋅ 𝑉𝑐𝑜𝑟𝑒 𝑀𝐶𝑂2 =

. In this calculation, CO2 loading of the shell is intentionally neglected because we 𝐴𝐶𝑂2,𝑒𝑞, 𝑐𝑜𝑟𝑒 ⋅ 𝑉𝑐𝑜𝑟𝑒
assume H2O will out-compete CO2 for binding sites (note that this is a conservative assumption, as 
any CO2 captured in the shell would improve process performance). At 100 seconds the core-shell 
MOF is regenerated and complete evacuation of all N2, CO2 and H2O in the core-shell MOF is 
assumed.
3.5 Scoring of Core-Shell MOF Pairs

Core-shell MOFs are scored as the output stream CO2 concentration of the core-shell MOF 
divided by the output stream CO2 concentration of standalone UiO-67: 

𝑠𝑐𝑜𝑟𝑒 = ( 𝑀𝐶𝑂2

𝑀𝐶𝑂2 + 𝑀𝐻2𝑂 + 𝑀𝑁2)
𝐶 ⊂ 𝑆

/( 𝑀𝐶𝑂2

𝑀𝐶𝑂2 + 𝑀𝐻2𝑂 + 𝑀𝑁2)
𝑈𝑖𝑂67
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C ⊂S denotes the core ⊂shell MOF (e.g. trifluoromethyl2 ⊂amino1). This gives us a dimensionless 
number where values are a multiple (or fraction) of the CO2 concentration in the output stream of a 
non-functionalized non-core-shell MOF UiO-67 under the same process. The main purpose of the 
scores is not to predict the absolute CO2 concentration of the output gas stream but to be able to 
fairly compare different core-shell MOF pairs and rank them compared to each other and the 
individual core and shell that they are composed of.

For the core to saturate with CO2 by the breakthrough time of water, the CO2 diffusivity of 
the core must be similar to the CO2 diffusivity of the shell. To ensure that we are only pairing shells 
with cores that have comparable CO2 diffusivity, we set the score to 0 for any core that has CO2 
diffusivity < 1/10 that of the shell.
3.6 COMSOL Multiphysics® Modeling

A multiphysics model of a spherical core-shell pellet was developed in COMSOL 
Multiphysics® to simulate the diffusion and adsorption of CO2 and H2O in a macro-scale core-shell 
MOF. This model is 2D-axisymmetric along the centerline of the pellet, as shown in Figure 6. The 
core size and shell thickness for a given core-shell MOF was chosen to match the same properties in 
our scoring model. For the example amino1⊂methyl2, this is a 0.453 cm radius core and a 0.04 cm 
thickness shell.

Figure 6: Setup of COMSOL Multiphysics® model of a single core-shell spherical pellet. Air flows in from 
the bottom over a 0.453 cm radius core + 0.04 cm thick shell pellet. 

Adsorption of CO2, N2 and H2O was modeled in COMSOL by curve-fitting the following 
Langmuir equation to experimental isotherm data:

(1)𝐶𝑃,𝑖 =
𝐶𝑃,𝑚𝑎𝑥,𝑖 ⋅ 𝐾𝐿,𝑖 ⋅ 𝐶𝑖

1 + 𝐾𝐿,𝑖 ⋅ 𝐶𝑖

where  [mol/kg] is the concentration of gas adsorbed,  [mol/kg] is the maximum amount 𝐶𝑃,𝑖 𝐶𝑃,𝑚𝑎𝑥,𝑖
of gas the MOF can hold,  [m3/mol] is the Langmuir constant, and  [kg/m3] is the concentration 𝐾𝐿,𝑖 𝐶𝑖
of available gas to adsorb. The Langmuir curve fits along with the fitted values for the constants in 
this equation are provided in the Supplementary Information, Section 3. 
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3.7 Adsorption and diffusion simulations
For every functionalized MOF, we ran molecular dynamics simulations in the NVT ensemble 

and calculated self-diffusion coefficients for CO2, N2, and H2O. We also performed grand canonical 
Monte Carlo (GCMC) simulations to calculate adsorption of CO2 and N2 and used the Widom 
insertion method31 to determine Henrys constants for H2O. CO2 and N2 were modeled using the 
TraPPE32 force field parameters and H2O was modeled using TIP4P33,34. Framework charges were 
calculated using EQeq35 and the framework atoms were modeled with Lennard-Jones parameters 
from UFF.36 Experimental N2, CO2, and H2O isotherms were collected and the Henry’s constant 
selectivities were calculated for comparison to the computational results. We employed custom force-
field parameters for the NH2-CO2 interaction to better reflect chemisorption. Full details can be found 
in the Supplementary Information, Section 1.

4 Results and Discussion
Molecular simulations of gas adsorption and diffusion were carried out on all MOFs, followed 

by calculations using a 1-D infinite slab model to determine water breakthrough times in every shell 
MOF candidate. These various data were then used to score every core-shell MOF combination in 
order to rank them from best to worst. In addition to validating the simple 1-D slab model using finite 
element modeling with COMSOL Multiphysics®, we also synthesized certain MOF combinations and 
measured the adsorption of CO2 and N2.

Calculated gas loadings varied from about 1e-2 to 1e1 V/V (cm3 gas STP / cm3 framework) 
with most functional groups having N2 loading > H2O loading > CO2 loading (see selected MOFs in 
Figure 7a). This ordering follows the relative partial pressures of each species in the ambient 
environment. The fluorinated groups fluoro8 and trifluoromethyl2 are notable exceptions, showing 
very high H2O loading. Diffusivities varied more widely, from about 1e-7 to 3e-2 Å2 / fs, with most 
MOFs having a N2 diffusivity > CO2 diffusivity > H2O diffusivity (see selected MOFs in Figure 7b). 
There are some MOFs that do not show the same diffusivity ordering, but those have very low 
diffusivity and very high uncertainty, such as cyclohexylamino2. 
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Figure 7: (a) Gas loadings of CO2, N2 and H2O for selected MOFs based on UiO-67. Vertical lines 
are the amount of each gas in the atmosphere. (b) Diffusivities of CO2, N2 and H2O for selected MOFs 

based on UiO-67, with error bars to 95% confidence interval.
The simulated gas loadings can be validated by comparing the adsorption selectivity of CO2/ 

N2 calculated using both the predicted gas loadings and the experimentally measured gas loadings (see 
Supplementary Information, Section 2.4.5). The predicted selectivities exhibit a similar trend within 
UiO-67, methyl-UiO-67, methyl2-UiO-67 and UiO-67, amino-UiO-67, amino2-UiO-67, respectively 
(Figure S10-S11). However, when comparing amino- and methyl- functionalized MOFs, the 
simulation and experimental results do not follow a similar trend (Figure S12-S13), prior to our 
adjustment of the NH2-CO2 interaction force field terms, which is due to chemisorptive effects not 
being modeled in the non-adjusted simulation model (more detail can be found in the Supplementary 
Information 1.4). Overall, general agreement between experimentally and computationally derived 
selectivities provides confidence that our models can be reasonably used to rank candidate MOF 
materials.

For UiO-66, there was no observable diffusion in 21 of 28 functionalized structures at the 
timescales simulated; this is likely because the pore size of UiO-66 is too small to reasonably pack 
larger functional groups into the empty space, leaving no room for a gas to diffuse through a rigid 
framework. Of the remaining functionalized structures, only one has a positive diffusive selectivity for 
CO2 over H2O: fluoro4-UiO-66. However, this fluorine group has a very high adsorption of water, 
which will cause the perm-selectivity of CO2/H2O to be less than one, making it selective for water 
over CO2. Therefore, none of the screened UiO-66-based MOFs are suitable as candidates for the 
shell. Since the layers within stratified MOFs should have similar unit cell parameters, we therefore 
will only be considering and scoring UiO-67 functional groups as potential core-shell MOFs.
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For UiO-67, some of the denser functional groups, such as the hydrocarbons with two groups 
per linker reported no diffusion, likely due to similar causes as UiO-66. For all other groups, we have 
diffusivity data, and largely all structures are diffusion selective for CO2 over H2O. There are many 
different functionalized UiO-67 structures to choose from for a core-shell MOF. Diffusivities and gas 
loadings for all functionalized MOFs can be seen in in Figures S2-3. 

Figure 8: Scores for all UiO-67-based core-shell MOF combinations (excluding any MOF where all core-shell 
MOFs derived from it had scores less than 1.0). Black boxes are a guide to highlight the scores for non-core-
shell MOFs under the same process. Numbers indicate every core-shell MOF combination where the 
combination has a higher score than both MOFs that compose it. Bold numbers show combinations with at 
least a 25% higher score than both MOFs that compose it.

When evaluating UiO-67-based core-shell MOF scores, we are looking for two things: (1) a 
score that is higher than both its individual core or shell under the same process, and (2) a high absolute 
score. Scores for all core-shell MOF combinations are shown in Figure 8 and there are examples of 
core-shell MOFs that outperform their constituent core and shell, and core-shell MOFs that 
underperform. 
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The top 10 core-shell MOFs that most outperform their constituent core and shell are shown 
in Table 1. The shell MOFs are varied, but the core MOFs are dominated by the two fluorinated 
groups, trifluoromethyl2 and fluoro8. Both fluorinated MOFs are entirely non-viable as a standalone 
MOF for either a diffusion-based or adsorption-based separation process. Their affinity for water 
makes them perm-selective for water over CO2 and hence cannot be used as a membrane or shell, and 
the water loading also makes them adsorption-selective for water over CO2 so they cannot be used by 
themselves in a standalone adsorption process. However, because they have a higher CO2/N2 
adsorption selectivity than most of the other MOFs in our dataset, they can be paired with almost any 
other MOF to improve on that MOF’s performance. The top three improved core-shell MOFs are 
trifluoromethyl2 ⊂ amino1, trifluoromethyl2 ⊂ hydroxy2, and fluoro8 ⊂ hydroxy2, all of which show 
improvement greater than 40% over the score of the standalone shell under the same process. This is 
a prime example of how pairing two MOFs into a core-shell MOF can make it possible for one to 
mitigate the negative traits of the other, thereby unlocking its positive traits.
Table 1: Top ten core-shell MOFs by greatest improvement over scores of their core and shell individually.

# Core MOF Shell MOF Score
(core-only)

Score
(shell-only)

Score
(core-shell) Improvement

1 trifluoromethyl2 amino1 < 0 2.10 3.11 48%

2 trifluoromethyl2 hydroxy2 < 0 1.21 1.75 45%

3 fluoro8 hydroxy2 < 0 1.21 1.69 40%

4 trifluoromethyl2 butoxy1 < 0 1.87 2.44 31%

5 fluoro8 methyl1 < 0 1.14 1.49 30%

6 trifluoromethyl2 methyl2 < 0 1.58 2.04 29%

7 trifluoromethyl2 methyl1 < 0 1.14 1.47 28%

8 fluoro8 UiO-67 < 0 1.00 1.28 28%

9 trifluoromethyl2 pentylamino < 0 1.86 2.38 28%

10 propanamino hydroxy2 1.05 1.21 1.52 26%

The three highest scoring core-shell MOF combinations (see Table 2) have an amine shell and 
three different cores: butoxy2, cyclohexylamino1, and trifluoromethyl2. All three of these show some 
improvement over their individual core and shells, from 5-13%. The next seven highest-scoring pairs 
do not show improvement over their individual core and shells, and in some cases, such as 
cyclohexylamino1⊂cyclohexylamino1, butoxy2⊂butoxy2, and amino2⊂amino2, the core and shell are 
the same MOF. All three of these MOFs have high adsorption selectivity for CO2 / N2 and high 
diffusion selectivity for CO2 / H2O, making them good candidates for this process when not part of 
a core-shell MOF. If it is possible to find a MOF with both properties we want, then this will always 
be a simpler approach than synthesizing a core-shell MOF.  
Table 2: Top core-shell MOFs by absolute score.

# Core MOF Shell MOF Score
(core-only)

Score
(shell-only)

Score
(core-shell) Improvement

1 butoxy2 amino2 3.50 3.26 3.74 7%

2 cyclohexylamino1 amino2 3.53 3.26 3.69 5%

3 trifluoromethyl2 amino2 - 3.26 3.68 13%

4 butoxy2 cyclohexylamino1 3.50 3.53 3.57 1%
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5 cyclohexylamino1 cyclohexylamino1 3.53 3.53 3.53 0%

6 trifluoromethyl2 cyclohexylamino1 - 3.53 3.52 0%

7 butoxy2 butoxy2 3.50 3.50 3.50 0%

8 cyclohexylamino1 butoxy2 3.53 3.50 3.46 -2%

9 trifluoromethyl2 butoxy2 - 3.50 3.44 -2%

10 amino2 amino2 3.26 3.26 3.26 0%

Figure 9: CO2 / H2O perm-selectivity (higher values indicate better performance as a shell) vs CO2 / N2 
adsorption selectivity (higher values indicate better performance as a core) for selected MOFs.

As we have defined the system above, the thickness of the shell decreases the better the shell 
is at separating out the CO2. Concurrently, the size of the core decreases the better the core is at 
storing CO2. For excellent shells ( , high jco2), adsorption in the core-shell MOF is 𝜏𝐶𝑂2 ≪ 𝜏𝐻2𝑂
determined primarily by the adsorption of the core, and the resulting CO2 concentration depends on 
the adsorption selectivity of CO2 / N2. We can plot the perm-selectivity of CO2 / H2O vs the 
adsorption-selectivity of CO2 / N2 to rank or identify good candidate core shell MOFs (see Figure 9) 
without calculating full scores. Note that the perm-selectivity cannot be interpreted as a strict 
selectivity since this is not a membrane process (i.e. a selectivity of 1 does not divide shells that are 
selective vs shells that are not selective for this process) but it can be used to rank shells. Using Figure 
9, we can arrive at the same conclusions (minus the quantitative metric) as the fully calculated scores. 
The three highest-performing standalone MOFs–cyclohexylamino1, butoxy2 and amino1-can be 
readily identified in the upper-right hand corner. Since they are in both the group of highest-
performing cores and the group of highest-performing shells, they will not form significantly 
improved core-shell MOF with any of the other MOFs. CF3 has comparable CO2 / N2 selectivity as 
the highest performers, and as a core will improve almost every other MOF, but especially the MOFs 
with high CO2 / H2O perm-selectivity and low CO2 / N2 adsorption selectivity (upper left corner). 
Besides the quantitative comparison, this plot is also missing comparative absolute diffusions, so it is 
possible to wrongly identify a possible core-shell MOF pair if the diffusions of the MOFs vary widely. 
However, it is a simple way of validating the calculated scores and understanding the factors that are 
driving the scores.
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Although the 1-D infinite slab model is simple enough to solve analytically, it does not capture 
many important effects that would take place in a real carbon capture process. In addition to the loss 
of fidelity from considering a slab vs. a sphere, real fluid flows also experience friction, variations in 
pressure, turbulence, etc. We primarily expect these factors to significantly affect the timescales over 
which the gases adsorb/diffuse into/through the core-shell MOF pellets, as opposed to the 
equilibrium loading capacity, for example.

As a first step to investigate how a core-shell MOF would perform in pellet form under more 
realistic conditions, we simulated a core-shell MOF pellet in COMSOL Multiphysics®. We selected 
amino1⊂methyl2 as our core-shell MOF system because we had experimental gas sorption isotherms 
for both MOFs from validating our gas loading calculations. Subsequently, we modeled separate core 
and shell domains (as opposed to a homogenous core-shell MOF throughout the pellet). The core 
domain (amino1) of the spherical pellet had a radius of 0.453 cm, and the surrounding shell domain— 
methyl2— had a thickness of 0.04 cm. Figure 10 shows a snapshot of the CO2 and H2O concentrations 
throughout the pellet at t = 990 seconds. Note that we expect the timescales of adsorption/diffusion 
to vary from the simplified 1-D slab model, hence the longer breakthrough time than 100 seconds 
used elsewhere. As intended, the CO2 enters the core before H2O can reach it, which demonstrates 
that the shell is preventing H2O from accessing the core over this short time period. Further 
multiphysics simulations could be performed for more core-shell MOF combinations, however, this 
case study serves as a proof-of-concept for the basic principle of the core-shell MOF design.

Figure 10: CO2 concentrations (left) and H2O concentrations (right) in a simulated amino1⊂methyl2 
spherical pellet at t = 990 seconds. 

Our methodology for scoring core-shell MOFs is intended to be simple and to efficiently rank 
core-shell MOF pairs so that top candidates can be scrutinized in more detail. We did not incorporate 
multi-gas adsorption simulations or multi-gas diffusion calculations, so cases where CO2, H2O, or N2 
interfere with the adsorption or diffusion of another gas is explicitly not modeled. Since the gas loading 
of H2O is derived from its Henry’s coefficient, if H2O is not in the Henry’s regime for a specific MOF 
then the H2O loading predictions will be high. All simulations are performed on an ideal crystal, when 
synthesized MOFs typically have varying kinds of defects in their crystal structure which can affect 
their properties. Out of necessity our models neglect many of the complex details of real materials and 
processes, and synthesis and testing of core-shell MOFs is required to validate our proposed candidate 
materials. It is also important to emphasize our idealized adsorption/desorption process, where every 
MOF pellet is exposed to the input gas stream simultaneously. In future work, more realistic process 
simulations will be needed to predict the efficacy of these materials in more conventional reactors. 
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We have only looked at two different base MOFs–UiO-66 and UiO-67–with 30 functional 
groups, or only 60 total MOFs out of the more than 90,000 MOFs that have been synthesized. An 
exciting research area could be to search for better core-shell MOF pairs by broadening the search to 
new base MOFs or new functional groups. Because the best MOFs identified in this work–amino2, 
cyclohexylamino1, butoxy2–perform well for both the core and shell, any new MOF that would pair 
nicely with them must either be a significantly superior core or shell. The fluorinated MOFs could be 
possibilities as core MOFs if their CO2 /N2 adsorption selectivity can be improved. Regardless, we 
recommend doing two searches: one for high CO2 / H2O perm-selectivity materials, and the other 
for materials with high CO2 /N2 adsorption selectivity in the absence of water.

Page 14 of 18Nanoscale



15

5 Conclusion
Computational screening of material properties is vital to sift through the vast number of 

potential stratified MOF combinations, which is exponentially larger than the number of available 
MOFs themselves. This work represents the first major step in that direction by identifying MOFs 
that could be good shells or good cores as part of a core-shell MOF used to separate CO2 from the 
atmosphere. 

We have looked at the MOFs UiO-66 and UiO-67 augmented with 16 different functional 
groups (leading to 30 functional group variations) and experimentally tested gas sorption on five UiO-
67 analogues to verify computational predictions. All functionalized UiO-66 MOFs were eliminated 
from further consideration as none of them were sufficiently selective for CO2 or well-suited for acting 
as a shell. For UiO-67, we identified multiple possible combinations where a core-shell MOF was 
better than either of the component MOFs in isolation. Notably, when the fluorine-based functional 
groups–fluoro8 and trifluoromethyl2–were used as the core, they almost always resulted in an 
improved core-shell MOF. Hence, a result from our study with potentially broader applications is that 
a MOF that is selective for an undesirable gas in a standard adsorption or diffusive process may still 
be high-performing when used as a core in a core-shell MOF. 

We also found that the three high-performing MOFs amino2, cyclohexylamino1 and butoxy2 
showed little-to-no improvement when used as a core or a shell in a core-shell MOF–this was due to 
them having good properties for being both a core and a shell. Finding a core-shell MOF where the 
core and shell serve two distinct needs therefore requires that (1) there must not already be a single 
MOF that has superior characteristics across both needs, and (2) there must be two distinct MOFs 
that individually fulfill one need but do not fulfill the other need. 

While these results provide guidance towards researchers hoping to pair specific MOFS 
together as a core-shell MOF; ultimately, what is most important is the absolute performance of a 
core shell MOF material compared to other core-shell and non-core-shell materials. From this 
screening, the best starting points for developing a core-shell MOF for CO2 capture are starting with 
a fluorinated MOF as the core and searching for a new MOF as the shell, or pairing one of the MOFs 
which performed well as either a core or a shell (amino2, cyclohexylamino1 and butoxy2) with a new 
MOF serving the other purpose. 

Finally, A multiphysics case study of a core-shell amino1⊂methyl2 pellet was performed to 
demonstrate that the core-shell MOF design can be applied to the pellet-scale to effectively block 
water from the core while it loads with CO2. This paper provides a framework for computationally 
screening MOF combinations for a given application and lays the foundation for a novel approach to 
hybrid solid sorbent materials optimization. 
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