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ABSTRACT: Thermal engineering of metal—organic frame-
works for adsorption-based applications is very topical in view of
their industrial potential, in particular, since heat management
and thermal stability have been identified as important obstacles.
Hence, a fundamental understanding of the structural and
chemical features underpinning their intrinsic thermal properties
is highly sought-after. Herein, we investigate the nanoscale
behavior of a diverse set of frameworks using molecular
simulation techniques and critically compare properties such as
thermal conductivity, heat capacity, and thermal expansion with
other classes of materials. Furthermore, we propose a hypo-
thetical thermodynamic cycle to estimate the temperature rise
associated with adsorption for the most important greenhouse
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and energy-related gases (CO, and CH,). This macroscopic response on the heat of adsorption connects the intrinsic thermal

properties with the adsorption properties and allows us to evaluate their importance.
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1. INTRODUCTION

Metal—organic frameworks (MOFs)' belong to the class of the
most promising porous materials envisioned to play a role in
gas storage and separation.”” These porous, hybrid inorganic—
organic crystalline frameworks possess excellent chemical and
physical properties and may, therefore, contribute to solutions
for present-day world problems, such as the reduction of the
greenhouse effect and the use of sustainable energy.4’5 Hence,
much fundamental research effort has been devoted to the
development of MOFs with a particular emphasis on the
improvement of their adsorption properties for carbon capture
and methane storage. As MOFs are slowly progressing toward
industrial applications,””” attention increasingly turns toward
important thermal engineering issues, such as thermal
stability'® and heat management.''™'® This is particularly
relevant as these adsorbents are exposed to large thermal
fluctuations, since the adsorption and desorption of guests
implies the release or consumption of energy. While efficient
heat transport in MOFs will ultimately be limited by their
inherent porosity, it is, nevertheless, essential to understand
and improve the intrinsic thermal characteristics to reduce the
costs of, for instance, compensating heat exchangers."*
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The released heat of adsorption during charging needs to be
dissipated quickly, as an increase in temperature severely
diminishes the maximum uptake. In other words, to avoid the
system from heating up, the charging rate needs to be
constrained. During discharging, a decrease in temperature due
to the heat of desorption will increase the number of unusable
adsorbates remaining in the pores at the depletion pressure.
The amount of gas stored or delivered under realistic
dynamical conditions is always lower than that under perfect
isothermal conditions. Therefore, for applications based on
pressure swing adsorption (PSA), small temperature changes
have a detrimental influence on their performance. This
bottleneck is often mentioned when considering adsorbed
natural gas as an alternative to conventional petroleum-based
fuels for transportation vehicles.'””~"” This problem is not
limited to MOFs but extends to other candidate materials,
such as activated carbon or zeolites, as well.'®'? Nevertheless,
for some technologies, it is possible to take advantage of the
thermal properties of MOFs. An example is the removal of
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Figure 1. Overview of the MOFs investigated in this study. Al-soc-MOF-1*? is an aluminum-based MOF. HKUST-1*° and MOF-505>" (or
NOTT-100*%) are copper-paddle wheel MOFs. UiO-66 is a zirconium MOF (Zrs0,(OH),). MOE-5,* MOF-177,%* and UMCM-1°° are Zn-
based MOFs (ZnO,). The simulated and experimental unit cell parameters of these MOFs are given in the Supporting Information (SI). The

figures are generated with iRASPA.*’

carbon dioxide from flue gas streams using temperature swing
adsorption (TSA),””*' where MOFs would have a lower
energy penalty to heat to the regeneration temperature than
the currently used monoethanolamine technology, as MOFs
have a much lower heat capacity.”” To compensate for the
limited availability of pilot-scale measurements of MOF
applications,""'” system performance studies to monitor the
thermal effects have started to appear.””** These studies are
mostly based on computational fluid dynamics and require the
design of the system (e.g, geometry of the storage tank)
together with the adsorbent material’s properties. However,
there are no systematic studies available mapping simulta-
neously the various thermal properties, ie., the thermal
conductivity, the heat capacity, and the thermal expansion
coeflicient, of MOFs. Except for the thermal stability, which is
typically measured for every new material,'” experimental and
even computational data about these properties are mainly
limited to the well-known MOFs. This is in sharp contrast to
gas adsorption, catalytic, and even mechanical properties. For
these properties, large-scale computational screenings of
structures have pinpointed important structure—property
relations,””® whereas studies of thermal properties remain
limited to toy models'**” or very specific classes of MOFs.**

Motivated by this, we evaluated the thermal conductivity,
the isobaric specific heat capacity, and the volumetric thermal
expansion coefficient from a molecular perspective, by applying
molecular simulation techniques to a diverse set of materials
representing widely studied classes of rigid MOFs for storage
applications (Figure 1).” We included examples with the most
important inorganic building blocks, such as the copper-paddle

wheel (HKUST-1*° and MOF-505*") and ZnO, (MOF-5,**
MOF-177,% and UMCM-1°°). Furthermore, we selected UiO-
66> and Al-soc-MOF-1*’ to represent the Zr-based and Al-
based MOFs, respectively. The set under study includes a
number of MOFs for which experimental data on thermal
properties have been reported (Table $2).'***™** To
investigate the effect of elongating the organic linkers, we
also tested IRMOF-10 and IRMOF-16 as longer linker
equivalents of MOFE-5 (i.e, IRMOF-1).** The key goal is to
obtain insight into how the overall thermal properties are
affected by the nanoscale design. In this way, we present the
first systematic study of these important properties, giving a
broader view on the thermal performance of MOFs and their
associated limitations. Additionally, we present a materials
property chart, where the thermal properties of MOFs are
visualized alongside other classes of materials, such as metals,
polymers, and ceramics.

Based on the thermal properties obtained at the molecular
level, we, furthermore, propose a thermodynamic cycle to
estimate how adsorption impacts the temperature of the
adsorbent. This thermodynamic cycle mimics the initial
charging process and allows quantifying an upper bound for
the intrinsic temperature rise of the system resulting from the
release of the heat of adsorption. We investigate the influence
of adsorbing the most important greenhouse and energy-
related gases (CO, and CH,) on the material’s temperature by
applying our protocol on the same set of MOFs, while probing
the impact of the intrinsic thermal properties of the MOF on
the observed behavior.
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2. COMPUTATIONAL METHODS

2.1. Force-Field Derivation. As the computational cost of
extracting the thermal properties of MOFs with first-principles
molecular dynamics techniques is too high, we instead rely on
force-field simulations. Therefore, new system-specific force fields
were derived from first-principles cluster data for all MOFs under
study. To that end, the quantum mechanical potential energy surface
is approximated by a sum of analytic functions of the nuclear
coordinates that describe the covalent, electrostatic, and van der
Waals interactions. The covalent interactions were fitted using
QuickFF,***” an in-house developed protocol for deriving force
fields from first-principles input that has been tested for its adequacy
in describing structural, vibrational, mechanical, and thermal proper-
ties of MOFs. The underlying idea of QuickFF is to mimic the
quantum mechanical potential energy surface in the neighborhood of
the equilibrium structure, which is defined by the provided optimized
geometry and Hessian, by fitting the unknown parameters featuring in
the covalent interactions. The electrostatic interactions were modeled
by a Coulomb interaction between Gaussian charge distributions. The
van der Waals interactions were described by the MM3-Buckingham
model*® up to a finite cutoff of 12 A and were supplemented with tail
corrections.

The required first-principles data for the determination of the
covalent terms were generated with Gaussian 16* using the B3LYP*°
exchange-correlation functional. The 6-311G(d,p) basis set’' was
used for the H, C, O, Al, and Cu atoms, together with the LanL2DZ
basis set for Zn and Zr.>* The atomic charges were derived with the
Minimal Basis Iterative Stockholder (MBIS) partitioning scheme®’
from the all-electron density obtained with Gaussian 16. The MBIS
atomic charges of the Zn- and Zr-clusters were obtained from the
PBE** all-electron density computed with GPAW.>> The cluster
models for the different MOFs under study are shown in Figures S1—
S4. A similar approach was followed for CH, and CO,.

More details on the force-field energy expression, derivation, and
validation can be found in SI Section S1. The force fields and input
structures are also added to the Supporting Information.

2.2. Molecular Dynamics Simulations. To compute the heat
capacity and thermal expansion coefficient, Suzuki—Chin (SC) path
integral molecular dynamics (PIMD) simulations®®*” were performed
at a controlled mechanical pressure of 1 bar and at different
temperatures in the range of 100—600 K. PIMD is the method of
choice to calculate the equilibrium properties of distinguishable
particles with inclusion of nuclear quantum effects at a finite
temperature by mapping the quantum partition function onto the
classical gartition function of an extended system of interacting
replicas.” Nevertheless, the inclusion of nuclear quantum effects in
molecular dynamics typically comes at a large computational cost.
Hence, cost-reduction techniques are required to enable simulations
on large systems, such as guest-loaded MOFs.*” In this study, we used
a combination of multiple-time stepping and ring-polymer contraction
to reduce the number of force evaluations® together with the
Suzuki—Chin high-order factorization of the quantum partition
function to reduce the number of necessary replicas.’® The
simulations were performed with the universal force engine, i-
PL%*" a code that efficiently implements PIMD in the appropriate
thermodynamic ensemble. The evaluation of the forces is carried out
by other external codes: the covalent interactions are computed with
our in-house Yaff code® and the long-range interactions are evaluated
with LAMMPS.®*

These SC PIMD simulations were used to determine the thermal
properties, following the procedure of ref 57. In this advanced PIMD
scheme,®® all important effects related to the anharmonic and
quantum nature of the atomic movements are accounted for, which
is necessary to obtain a reliable heat capacity estimate in the presence
of guests.””**

Furthermore, the Green—Kubo approac was used to compute
the classical thermal conductivity of the empty frameworks. This
method provides a relation between a transport coefficient (thermal
conductivity) and an integral over a time-correlation function (heat

L6566

flux) and is based on the fluctuation—dissipation theorem in
nonequilibrium statistical mechanics. This formalism yields a method
capable of obtaining a transport property from a simulation of a
system in thermodynamic equilibrium. In our case, the thermal
conductivity is extracted from the heat current autocorrelation
function (HCACF). Data used to approximate this property are
collected from hundred independent simulations in the classical
microcanonical ensemble (NVE) performed with LAMMPS. To
obtain the thermal conductivity at room temperature, the system has

to be equilibrated first at the desired temperature in the NV (h,)T
ensemble®” before going over to the NVE ensemble. The equilibrium
crystallographic unit cell at 300 K was taken from the SC PIMD
simulations. The simulations were performed on super cells to limit
finite size effects.”® The same approach as that applied on MOEF-S by
McGaughey et al. was followed to estimate the thermal conductivity
from the HCACE.*”°

More details on the molecular dynamics simulations are provided
in SI Section S2. A comparison of the simulated thermal properties
with experiment is tabulated in Table S2.

2.3. Thermodynamic Cycle. A detailed thermodynamic analysis
of our hypothetical cycle is presented in SI Section S3. The main
ingredients that need to be computed using molecular simulations are
the heat capacity of the guest-loaded structure (see the previous
section) and the total heat of adsorption when the empty MOF
adsorbs n guest molecules at a temperature T. To compute the latter,
we note that this can be written as (SI Section S3)

AH,, = AU(0—n) + PAVS(0—n) — n(Ur(1) + kgT) (1)

The first term in this expression, i.e, AUS(0 — n), is the change in
internal energy of the thermodynamic system S, which corresponds to
the difference in energy between the guest-loaded MOF and the
empty MOF under isothermal—isobaric conditions. The second term
is typically rather small and is associated with the mechanical work
determined by the product of the controlled mechanical pressure P
and the change in volume AV of the system when adsorbing n guest
molecules. Both terms can straightforwardly be extracted from the SC
PIMD simulations required for the heat capacity of the empty and
guest-loaded MOF. The last term coincides with the enthalpy change
of an ideal gas reservoir R, from which n gas molecules are removed.
The internal energy U5(1) can be found by performing a SC PIMD
simulation on a single gas molecule at a temperature T.

Four different loadings of CH, and CO, are considered to enable a
consistent comparison between the different MOFs, namely, 20, 50,
75, and 100% of the equilibrium loading at 300 K and 100 bar. This
high-pressure loading was computed using Grand Canonical Monte
Carlo (GCMC) simulations with RASPA.”" Snapshots from these
GCMC simulations were subsequently used in the SC PIMD
simulations of the guest-loaded MOFs. More details on the GCMC
simulations and a comparison with experimental isotherms can be
found in SI Section S3.2.

3. RESULTS AND DISCUSSION

3.1. Thermal Properties of MOF Adsorbents. Before
comparing the properties of MOFs with other classes of
materials, such as metals, polymers, and ceramics, the three
investigated thermal properties are discussed separately for our
diverse set of MOFs.

3.1.1. Thermal Conductivity. Heat dissipation and efficient
thermal transport are big issues in the context of storage
applications with charge and discharge cycles.””> Hence, the
low thermal conductivity of MOFs is perceived as a
fundamental problem of the materials. The main origins of
the bad thermal conductance in MOFs are known and result
from the intrinsic chemical diversity and porosity."”” "
Chemical diversity or heterogeneity introduces a mismatch
between atomic masses and bond strengths, which results in
phonon scattering. Moreover, the large empty voids hinder the
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Table 1. Structural and Thermal Properties of a Number of MOFs”

material Al-soc-MOF-1 HKUST-1 MOF-505 UiO-66
p (kg m™) 343 851 888 1162
ASA (m? g™") 5016 2229 2423 1246
void fraction (%) 80 66 64 47
Kk (Wm™ K™ 0.22 0.45 1.16—1.26 0.87
C Jkg' K7 1051 774 800 758
By (107 K1) -19 -15 -17 -9

MOEF-5 IRMOE-10 IRMOEF-16 UMCM-1 MOE-177
555 304 193 366 406
3894 5230 6123 4584 4899
77 86 90 83 80
0.29 0.09 0.07 0.07-0.13 0.08—0.09
786 860 913 865 894
—41 —48 =52 —47 -39

“The structural properties (density p, accessible surface area (ASA), and probe-occupiable void fraction) were derived from the optimal structure at
0 K using Zeo++ > (N, probe molecule with kinetic diameter 3.64 A). The thermal properties are simulated at room temperature (300 K): thermal
conductivity k, isobaric heat capacity Cp, and volumetric thermal expansion coefficient fy. A comparison of the simulated thermal properties with

experiments is tabulated in Table S2.

efficient propagation of phonons through the porous crystal
structures. While a high thermal conductivity for these
materials might, therefore, not be realistic, it should be
possible to identify structural and chemical descriptors that
describe the best-performing frameworks.

The thermal conductivity is often defined through the
empirical Fourier’s law for heat conduction

q=-kVT )

where q is the local heat flux density, VT is the local
temperature gradient, and X is the second-order thermal
conductivity tensor. The thermal conductivity coefficient can
depend on the crystal direction in MOFs,"” but most structures
in our set are isotropic and can be described by one thermal
conductivity coefficient (Table 1). For MOF-505, UMCM-1,
and MOF-177, we have indicated the limited spread on the
coeflicients due to the anisotropic cell directions in Table 1.
Within the class of MOFs, there are some important trends
to be noted in Figure 2 regarding k. First, to systematically
investigate the effect of elongating the linkers or increasing the
size of the pores, IRMOF-10 and IRMOEF-16 were compared
with MOF-5 (blue dotted line). As the low thermal
conductivity of MOFs mainly stems from the large empty
voids, it is not a surprise that the coeflicient of heat conduction
decreases with increasing linker length. Indeed, it goes down
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Figure 2. Thermal conductivity (blue) and heat capacity (red) as a
function of the density at room temperature. The markers indicate the
inorganic node: Zr¢OgH, (down-triangle), ZnO, (square), CuC,O4
(up-triangle), and Al (circle). The IRMOF-series (MOF-5, IRMOF-
10, and IRMOF-16) are connected by a line. 1 = Al-soc-MOF-1, 2 =
HKUST-1, 3 = MOF-505, 4 = UiO-66, 5 = MOE-5, 6 = IRMOEF-10, 7
= IRMOF-16, 8 = UMCM-1, and 9 = MOF-177.
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from MOEF-S toward IRMOF-16, in line with the toy model
predictions of Babaei et al."”

The suggested correlation between the size of the pores and
the thermal conductivity appears to be relatively independent
of the underlying chemical structure. MOFs with a density
below 500 kg m™ have ultralow thermal conductivities.
Unfortunately, these are the most porous frameworks, which
can store the largest amount of gas at high pressure (see
textural properties in Table 1). Moreover, MOF-S, HKUST-1,
and UiO-66 have a similar linker length in between the
inorganic nodes, but their performance seems to be solely
dominated by the density. MOF-505 with copper-paddle
wheels in the popular NbO-topology has a significantly higher
value than the other frameworks and could be an interesting
topology with improved thermal characteristics to start from.

3.1.2. Specific Heat Capacity. Another thermal property
that has been recognized to influence the actual performance
of adsorption-based technologies is the heat capacity. As
mentioned in the Introduction, for applications based on TSA,
a low value is desired as the adsorbent heat capacity largely
affects the energy penalty to heat the system to the
regeneration temperature. In contrast, for PSA processes, a
high adsorbent heat capacity is beneficial, as it limits the
temperature peaks during charging and discharging.'>”®

The specific heat capacity (J kg™ K™') describes the amount
of energy required to increase the material’s temperature and is

defined as

c = L(a_H)
" oM\aT ), 3)

where H is the molar enthalpy of the system and M is the
molar mass. It has previously been measured for a selected
number of MOFs,'**”*” and these reported values suggested a
specific heat capacity in between 700 and 1000 J kg™' K™' at
room temperature.”’ It is sensitive to the temperature and can
ch;nge by more than 65% in the interval between 200 and 400
K

The results in Table 1 are evidently in line with the
proposed experimental range (and with the available
experimental results (Figure SS)). Figure 2 shows that
MOFs possessing the lowest density, ie., Al-soc-MOF-1,
MOF-177, and UMCM-1, have a larger specific heat capacity.
This is also reflected in the IRMOF-series. The inverse
correlation between specific heat capacity on a mass basis and
the density is also found in regular solids (Figure S13). A
different picture emerges when considering the volumetric heat
capacity (=pCp, Figure S7), where the most porous frame-
works possess the lowest value and vice versa.
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The aluminum-based Al-soc-MOF-1 has the highest value
per gram MOF, which is due to the lighter inorganic node, as
compared to zinc, copper, and zirconium, and the presence of a
tetratopic linker containing many light atoms. This can be
understood by realizing that the specific heat capacity is a
measure for the available degrees of freedom on a mass basis.

3.1.3. Thermal Expansion. A third thermal property that
needs to be dealt with in applications is the thermal expansion
behavior. This is characterized by a volumetric thermal
expansion coefficient fy

(5]
T )p (4)

The difference between the thermal expansion coeflicients of
the materials in contact with the adsorbent bed may give rise to
mechanical failure. This thermal expansion mismatch is an
important issue that has been mentioned before, mainly in the
context of thin-film-based applications of MOFs.”* MOFs such
as MOEF-5 and HKUST-1 even shrink with increasing
temperature as opposed to most other materials possessing a
positive thermal expansion.*"”** However, the studied MOFs
(see Table 1) and an increasing number of reports’® suggest
that negative thermal expansion is not the exception but might
be quite common for MOFs. MOFs containing the ZnO,
inorganic node have notably larger negative thermal expansion
coefficients, whereas UiO-66 exhibits a smaller coefficient that
might be explained by the higher connectivity of the inorganic
nodes. The origin of negative thermal expansion has been
investigated for several of these structures (MOF-S, IRMOF-
10, IRMOE-16, HKUST-1, and Ui0-66).*%*"*>8%81 Thege
studies have suggested that low-energy transverse vibrational
modes play an important role, and that it strongly depends on
the topology of the structure.””

3.1.4. Comparison with Other Materials. To put the
obtained values for the different properties into perspective, a
comparison is made with more common classes of materials,
such as metals, ceramics, and polymers.*” This is done in the
materials property chart in Figure 3, where a two-dimensional
representation based on the simulated specific heat capacity
and thermal conductivity is shown for the MOFs under study
alongside experimental data for other materials (see SI Section

1
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Figure 3. Materials property chart displaying the thermal conductivity
and the specific heat capacity of MOFs alongside other classes of
materials, namely, metals (and alloys), ceramics (glasses and (non-)
technical ceramics), polymers, and hybrid materials (composites,
foams, and natural materials). An overview of the used materials is
given in the SIL

38701

S4). It should be noted that our simulated results contain
intrinsic model uncertainties and that they might quantitatively
differ from experimental measurements, which have not been
available for most MOFs to date. However, in this work, we
will mainly focus on qualitative trends. As such, the data
undeniably show that MOFs have thermal properties at the
crossing of the ceramics, polymers, and hybrid materials
(natural materials and composites). More specifically, the
MOFs with the lowest thermal conductivity are relatively
unique in this set of materials. The ones with the highest value
lie in the neighborhood of typical ceramics, such as borosilicate
glass (k ~ 1-1.3 Wm™ K, Cp ~ 800 J kg~' K™') and brick
(k ~ 045-0.7S Wm™ K™, C, ~ 800 ] kg~' K™"). Finally, Al-
soc-MOF-1 compares relatively well with Teflon.

In the Supporting Information, the separate thermal
properties are displayed as a function of the density in a
comparison with the same materials (Figures S12—S14). This
reveals, for instance, that MOFs provide a heat conduction
similar to that of natural materials (e.g., softwood) and specific
heat capacities on the order of those of foams (e.g., ceramic
foam) for the same density. The thermal expansion behavior is
rather exceptional. All other material representatives have
positive thermal expansion coeflicients, whereas the opposite is
true for the investigated MOFs. However, the magnitude of the
thermal expansion coeflicient is quite similar to that of foams.
One might envisage the production of composite materials,
which behave as zero thermal expansion materials.

Also note that we evaluated all properties on infinite perfect
single crystals, whereas in reality, MOFs are loose powders that
will have to be shaped using compaction methods.*>** In
principle, the single-crystal thermal conductivity should
represent an upper limit for the material and should, therefore,
be higher than that of the MOF in powder form. Densification
of these MOF powders will, in some cases, improve the heat
transfer characteristics of the sample (for example, due to
plastic deformation), even though the intrinsic properties of
the single-crystal material are not changed.'* In addition,
making MOF composites with expanded natural graphite
together with compaction was already shown to enhance the
thermal properties of the system.”™*” To succeed in system
integration of MOF powders together with an acceptable
thermal performance, engineering approaches beyond improv-
ing the intrinsic MOF thermal properties, such as heat
exchangers or MOF composites, will have to be devel-
oped %0

Furthermore, up to now we have focused on the intrinsic
thermal properties of the adsorbent in the absence of guests.
Of course, in practical applications the pores will often be filled
with adsorbates. How this influences all three thermal
properties will be the topic of a future study. On the one
hand, for the thermal conductivity and the heat capacity, a
limited number of isolated case studies are already
available.”””*”>°! They show that the influence can be quite
drastic, and more studies are required to explain the observed
phenomena. On the other hand, guests have been used to tune
the thermal expansion behavior of MOFs,”>”* which is not
limited to the flexible MOFs that display phase transitions and
massive volume changes under guest adsorption.”*"*

3.2. Thermodynamic Cycle for Adsorption. So far, a
clear overview has been obtained for the thermal properties of
several MOFs. However, to use the materials in practical
applications, this knowledge should be coupled with the
adsorption properties of guests. Herein, we focus on the heat
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generated when gas molecules adsorb into the pores of the
material. To this end, a hypothetical thermodynamic cycle is
presented, which allows predicting the temperature rise within
a MOF due to guest adsorption. This quantity depends not
only on the intrinsic thermal properties of the adsorbent but
also on the guest—host and guest—guest interactions of the
adsorbates. This hybrid, computational descriptor could be
used in future screenings to probe the thermal performance of
a framework.

This thermodynamic cycle starts from an empty MOF at
temperature T and ends at a guest-loaded final state at a higher
temperature T + AT. We consider an idealized scenario in
which the framework instantaneously adsorbs the guest
molecule as well as instantaneously absorbs the resulting
heat of adsorption. During the actual filling process, a complex
dynamical combination of mass and thermal transport takes
place at the molecular level, which was nicely divided into
different phenomena by Babaei et al.”® We do not include
interface effects but investigate how the bulk material will
thermally respond to the adsorption of guest molecules. At the
system’s level (i.e., including equipment different than the
adsorbent), other effects such as compression work and
thermal mass from the inlet can play a role.”” Below, we
describe our idealized process and discuss its assumptions. In
the Supporting Information (SI Section S3), we present a
detailed thermodynamic analysis of our hypothetical cycle.

Figure 4 displays the different steps and thermodynamic
states of the thermodynamic cycle. The initial state (the empty
MOF adsorbent) adsorbs n guest molecules (1), a step which

1
AHads
la 1b
MOF+
MOF A | adsorbates | 2o T
i . n-adsorbates
+n no interaction
Adiabatic > 2
=AH
AH;=0 Q=4H,
MOF+ MOF+
n-adsorbates
i . n-adsorbates
no interaction
® o
° ® o © e ©
la 1b ° 04| 2 ° L 3PS
PS o o ° K
® [
T T+AT

Figure 4. Definition of our hypothetical thermodynamic cycle. After
step 1, n guest molecules are adsorbed in the MOF (N atoms) under
isothermal (T) and isobaric (P) conditions. This step is subdivided
into two parts. First (1a), n noninteracting particles are introduced in
the MOF. Subsequently, these guests are physisorbed in 1b. During
step 2, the released heat of adsorption is used to heat up the
thermodynamic system to a temperature T + AT. We assume that 1b
+ 2 = 3 proceeds adiabatically. Molecular simulations are performed
to obtain the relevant quantities.

evolves under isothermal and isobaric conditions and is
subdivided into

o la: the introduction of n noninteracting molecules in the
MOF, ie., neither guest—guest nor guest—host inter-
actions are already present.

e 1b: the physisorption of n particles (including all
physical interactions).

After step la, the thermodynamic system S is thermally
isolated and does not allow for mass and heat transfer with the
gas reservoir. The internal energy, U, can still change due to
the exchange of PAV work. The heat, Q, required during step 2
to increase the temperature with AT can be found by
integrating the isobaric heat capacity of the guest-loaded MOF
from T to T + AT.

We consider an adiabatic process 3 (=1b + 2), which
enables us to calculate AT. Based on the first law of
thermodynamics, we can write the following integral equation
for the unknown AT

T+AT
—-AH, = AH, = Q= / Cp(T5 n)dT
T (%)
This equation emphasizes the importance of the heat capacity
of the adsorbent including adsorbates Cp(77 1).”” As discussed
in the Computational Methods Section, all relevant quantities
can be extracted from SC PIMD simulations.

In other words, the heat of adsorption released due to the
stabilizing guest—host and guest—guest interactions is
subsequently used to heat up the thermodynamic system and
to increase the temperature during step 2. We assume adiabatic
walls, as this process happens very rapidly, with fast
temperature rises.'” This assumption is supported by a
molecular simulation study by Babaei et al.”® They showed
that the conduction of the heat generated due to adsorption is
faster than the diffusion of the guest molecules, making the
temperature spatially uniform at any time. The heat can,
however, not easily be transferred to the pure gas region in
contact with the MOF interface due to the high thermal
resistance at this interface. They concluded that the interface
presents a bottleneck, making the heat transfer to the
surroundings a slow process. Similarly, Beckner and Dailly
experimentally observed, in a pilot-scale study for vehicular
storage, temperature peaks of 30 K when adsorbing methane at
40 bar and a temperature which only equilibrated after 2 h."”

The assumption of an adiabatic process presents an ideal
limiting case, which will result in an upper bound for a
temperature rise at the material’s level. The other extreme case
is the isothermal process, where the heat is immediately
dissipated through its surroundings. In practice, heat ex-
changers in contact with the adsorbent bed are used to steer
the process toward the latter, as this results in a more efficient
(dis)charging process.

We display the most important results for our thermody-
namic cycle in Figure S. This graph indicates the increasing
temperature (T + AT) as a function of loading for our set of
materials based on guest-loaded MOF simulations. We find a
temperature rise AT ranging from 100 to 250 K depending on
the framework and the adsorbate at a high-pressure loading of
100 bar. Figure S shows that CH, has less influence on the
material’s temperature than CO,. It should be noted that more
CO, molecules are adsorbed than CH, at the same gas
pressure (Table SS). The copper-paddle wheel MOFs,
HKUST-1 and MOEF-50S5, have the highest increase for
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Figure S. Temperature rise of MOFs when adsorbing CH, (cyan) and
CO, (magenta) at 300 K. The size of the symbols increases with the
loading and represents 25, 50, 75, and 100% of the loading at 300 K
and 100 bar. The markers indicate the inorganic node: ZrsOgH,
(down-triangle), ZnO, (square), CuC,Og (up-triangle), and Al
(circle). The numerical results of these data are presented in Table SS.

methane, whereas the Zn-MOFs (MOF-5, UMCM-1, and
MOF-177) respond the most to CO,. UiO-66 has the lowest
increase in temperature for both adsorbates. These trends are
already visible at lower loadings (25% of the high-pressure
loading), and AT in general keeps increasing with loading.
Although this temperature increase is an idealized upper
bound, its magnitude is indicative of the huge temperature
fluctuations that are associated with gas adsorption. For some
MOFs, it is even on the same order as their decomposition
temperature (e.g, 550 K for HKUST-1°") in the case of 100
bar CO, adsorption.

Now it becomes possible to assess whether improving the
heat capacity is a viable and realistic strategy to reduce the
temperature peaks during (dis)charging. Figure 6 displays the
correlation between the heat of adsorption (—AHj,) (on a
mass basis) and the temperature increase AT of the

250

Total heat

adsorbed [ | (]
200] by MOF A ° o

(@) g W=
[ ]
150 v
s = [ co, heat of adsorption |

) 2

100- ‘ﬂ

501 v" ICH4 heat of adsorption

Temperature increase (K)
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Heat of adsorption (] per g MOF)

Figure 6. Temperature increase (starting from 300 K) after adsorbing
CH, and CO, as a function of the heat of adsorption. The size of the
symbols increases with the loading and represents 25, 50, 75, and
100% of the loading at 300 K and 100 bar. The markers indicate the
inorganic node: Zr¢OgH, (down-triangle), ZnO, (square), CuC,Oy
(up-triangle), and Al (circle). The gray shaded area indicates the total
heat that can be adsorbed by the MOF.

thermodynamic system containing adsorbent and adsorbates.
The symbol size and shape refer to the number of adsorbates
and the type of framework, respectively. It comes as no surprise
that the temperature rise increases with increasing heat of
adsorption. Furthermore, as methane has weaker guest—guest
and guest—host interactions than CO,, the released heat is
lower and so is AT, as observed above.

To understand how much heat the framework atoms can
absorb, we focus here on the heat capacity of the empty
framework. The gray shaded area covers the specific heat Q¥°F
that the MOFs under study can intrinsically absorb (based on
the empty framework simulations) according to the following
relation:

QMOH(AT) = /—300+AT CHOF (YT
300 P (6)

with QMOF on the horizontal axis and AT on the vertical axis of
Figure 6. This is a good approximation, as the presence of
guests does not signiﬁcantlgr modify the contribution of the
MOF to the heat capacity. 7 Hence, the horizontal distance
between the gray area and the simulated results illustrates how
much heat of adsorption is captured by the adsorbates in the
pores. For most loadings of CO,), this is significantly more than
the heat absorbed by the framework itself. The mixture of
guests inside the pores, thus, dominates the total heat capacity
and, thus, controls the temperature rise. The narrow range of
observed heat capacities for MOFs does not offer much
potential in limiting temperature spikes by optimizing within
the space of known MOFs. Interesting is also the apparent
plateau in AT for the heat of adsorption in a wide range
between 500 and almost 800 J per gram MOF. This suggests
that the additional heat of adsorption beyond 500 J g~' MOF
can be stored rather efficiently by the inter- and intramolecular
interactions of the adsorbates.

Nevertheless, it is clear that for weaker interacting
molecules, such as methane, most heat can be adsorbed by
the framework. This can be understood by the fact that the
gray shaded area is close to the simulated methane-loaded data.
However, in this region, the narrow spread on the performance
of the diverse set of MOFs again suggests that selecting a MOF
with a higher heat capacity within the currently known range
will only have a minor impact on the temperature peaks. This
will probably also be the case when the adsorbent is coupled
with a heat exchanger.

Overall, the analysis thus indicates that replacing a MOF by
another MOF with similar adsorption properties but with a
higher heat capacity in the studied range will not significantly
modify the performance. Rather, new frameworks should be
constructed to extend the width of the gray area toward the
right, such that the materials are capable of absorbing more
heat. As we showed that MOFs are relatively clustered in the
materials property chart for thermal properties, conceptually
new structures should be devised.

4. CONCLUSIONS

MOFs have been recognized as promising adsorbents. It has
been envisioned that these materials will play a key role in
adsorption-based technologies such as natural gas storage.
However, an actual system is also subjected to thermal effects,
as adsorption and desorption processes involve the release or
consumption of energy. This will result in large temperature
changes that have a detrimental effect on the desired

DOI: 10.1021/acsami.9b12533
ACS Appl. Mater. Interfaces 2019, 11, 38697—38707


http://pubs.acs.org/doi/suppl/10.1021/acsami.9b12533/suppl_file/am9b12533_si_002.pdf
http://dx.doi.org/10.1021/acsami.9b12533

ACS Applied Materials & Interfaces

Research Article

performance. Engineering strategies exist that can reduce these
effects; however, so far it has been unclear as to what extent the
intrinsic thermal properties play a role in the thermal effects of
the overall process.

In this work, we assessed the thermal conductivity, heat
capacity, and thermal expansion of a diverse set of MOFs using
molecular simulation methods and indicated how important
characteristics such as the density and the chemical nature of
their inorganic building blocks influence them. We showed
that the thermal conductivity and heat capacity of MOFs are
generally low in comparison to other standard materials and
that it will be difficult to fundamentally improve the material’s
properties. The negative thermal expansion behavior of MOFs
has already been reported for various structures and was found
here as well for a diverse set.

We used the knowledge of these intrinsic thermal properties
to estimate as to what extent the temperature of the material
would rise when adsorbing CH, and CO,. To this end, a
hypothetical thermodynamic cycle was proposed that relies on
macroscopic quantities found through simulations at the
molecular level. Our thermodynamic considerations reveal
significant temperature increases at the material’s level. This
quantity itself is a relevant materials parameter balancing both
thermal and adsorption properties in MOFs. In this way, it was
clear that the adsorption of CO, has much more impact on the
temperature than that of the weaker interacting CH,.
Furthermore, by visualizing the correlation between the
increase in temperature and the heat of adsorption, we were
able to assess the relevance of the heat capacity of the
framework and note its limited impact. Our simulations
suggest that selecting a MOF with a higher heat capacity would
only be a viable strategy if new and improved MOFs are
synthesized.
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