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A straightforward method for the prediction of the gas storage capabilities of porous materials has been
established. The Topologically Integrated Mathematical Thermodynamic Adsorption Model (TIMTAM)
combines analytical surface potential energies with classical physisorption thermodynamics in a compu-
tationally inexpensive fashion. Experimental and simulated isotherms from leading sorbent candidates
such as metal-organic frameworks (MOFs), zeolitic imidazolate frameworks (ZIFs), carbon nanotubes
and activated carbons have been used to verify the model. Furthermore, the effect of pore size and shape
upon gas storage characteristics is explored using the TIMTAM routine.
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1. Introduction

One of the challenges of the 21st century is the generation, stor-
age and delivery of energy in an affordable, renewable and clean
fashion [1,2]. The ability to efficiently capture, store and release
gases plays an important role in addressing such issues, for exam-
ple: carbon capture and storage (CCS) for clean coal, petroleum and
natural gas combustion [3-5]; methane capture and storage for cli-
mate control or safe energy transport [6,7], and hydrogen capture
and storage from photolytic water splitting or coal gasification for
clean combustion or fuel cell technologies [1]. Porous materials are
poised to meet such challenges.

The leading candidates for efficient high capacity gas storage
porous materials are metal-organic frameworks (MOFs) [8-11],
zeolitic imidazolate frameworks (ZIFs) [12-14], nanotubes
[15-17], and graphenic carbons [18-22], which can each undergo
physisorption, with capacity closely related to surface area. The
usage of such adsorbents depends strongly on key factors such as
the capacity, operating temperature, cyclability and kinetics of
operation. Within a porous gas adsorbent, the nature of the pores
is integral to addressing these issues, with pore shape, size,
concentration and surface chemistry all important to the overall
performance.
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Experimental materials discovery has led to substantial
improvements in gas storage performance. However, the formula-
tion of improved guidelines for further development of new mate-
rials could greatly speed this process. Whilst detailed, atomic level
resolution modeling can elucidate the fundamental atomic interac-
tions, a model that focuses on the overall impact of pore topology
on overall performance is pertinent. Furthermore, a quick, accu-
rate, yet accessible model would strengthen the feedback loop be-
tween experimentalists and modelers.

Modeling techniques for addressing physisorption range in
complexity, accuracy and utility. Firstly there are fundamental
equations such as the Langmuir single-layer model [23] and the
Brunauer, Emmett and Teller (BET) multi-layer model [24] that
have simplicity, such that anyone can calculate adsorption proper-
ties without the need for extensive computational or modeling
expertise. Then, on a more complex level, there are the simulation
(or computational) techniques such as Molecular Dynamics (MD)
[25-30], Monte Carlo (MC) [16,30-34] and those based on ab initio
principles [35-41] or mean-field density functional theories
[42,43]. Each of these techniques offer useful functions that have
significant impact on the field of materials science and more spe-
cifically on the current demand for high performing membranes
and adsorbents [44]. The simple equations offer quick estimates
of surface area and heat of adsorption from experimental adsorp-
tion isotherms, while the computationally-expensive simulation
techniques offer in-depth detail and prediction of all aspects of
adsorption within specific atomic structures. A tool that is missing
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for the porous materials community is a simple predictive model
that can speedily estimate gas uptakes based on obtainable details
such as pore size, shape and composition. Therefore we present a
technique that exists on the middle ground - it is as straightfor-
ward as the BET type models and as predictive as the simulation
techniques. As such it can be readily applied by those without
extensive modeling experience. We envisage that this technique
will also be utilized for computational screening of large databases
of potential adsorbents where detailed simulation techniques are
not suitable.

By exploiting thermodynamic and kinetic principles we develop
a model that can be used to investigate the gas adsorption phe-
nomenon and which encompasses the main characteristics found
by statistical simulation studies. Essential input factors for the
model include temperature, pressure, and pore geometry (which
is used to derive the potential energy landscape, free volume and
surface area). For complex atomic structures, algorithms for calcu-
lating potential energy, free volume and surface area are readily
available [45-48]. For structures with simple pore geometries that
can be approximated by spheres, cylinders or slits, we provide ana-
lytical formulations which are used throughout this study. These
formulations are ideal as they do not rely on specific atom posi-
tions for which computationally expensive methods are needed
to calculate the potential energy at each point within the structure.
Therefore, by approximating the topology, integrating the potential
energy within the cavity and incorporating thermodynamic theory
we establish the Topologically Integrated Mathematical Thermo-
dynamic Adsorption Model (TIMTAM). The major advantage of
our TIMTAM approach is that it provides researchers with analyt-
ical formulae that are computationally instantaneous, and there-
fore many distinct scenarios can be rapidly investigated to
accelerate material design [11]. The primary function of the model
will be the simulation of adsorption isotherms from estimates of
pore volume, size and shape.

The following section outlines the basic theory and formula-
tions for the model. Experimental and simulation results are then
used to validate the model, followed by an investigation into the
effect that pore shapes have on adsorption. This approach has al-
ready been used to investigate the performance of a new class of
adsorbents, MOFs impregnated with nanostructures [11]. The
model successfully described the uptake within existing MOFs
and predicted an enhanced hydrogen and methane uptake within
MOFs infused with fullerenes and decorated fullerenes. Here we
fully present the model in its complete form, demonstrating its
ability to model gas uptake in a range of adsorbents such as MOFs,
ZIFs, nanotubes and activated carbons, and direct the reader to a
graphical user interface, Adsorb IT, that we have developed to
demonstrate the speed, versatility, usability and accuracy of the
TIMTAM approach.

2. Theory and mathematical formulation

The interactions between a gas molecule and a surface, arising
from van der Waals forces, are well described by the Lennard-Jones
(L-]) potential energy function. This potential is known in this con-
text as the potential energy for adsorption, found by integrating
the atom-atom L-] function over the surface. Here we assume a
continuous surface and formulate the potential energy within
cavities that can be represented as analytical geometric shapes.
For conventional Monte Carlo algorithms, the potential energy is
calculated numerically where the surface is treated as discrete
atoms to produce a potential map [45,47,48]. However, since
generating the potential map is the most time-consuming element
of a Monte-Carlo algorithm, it is advantageous to approximate the
geometry where possible. Here the available analytical

formulations for the potential energy within three different cavity
shapes are given below and we refer the reader to [49,50] for fur-
ther details.
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p is the distance of the gas molecule from the cavity center, d rep-
resents the cavity dimension (distance between surface nuclei) and
n is the atomic surface density of the cavity wall. A and B are the
attractive and repulsive constants, respectively, defined as
A=4¢06% and B =4¢0'? (o is the kinetic diameter and ¢ is the well
depth for interacting pairs of atoms). Potential energy maps are
shown within each cavity shape in Fig. 1. The potential minimum
is deepest within cavities with higher curvature where the gas is
closer to more surface atoms. Note that this potential is indepen-
dent of both temperature and pressure. The kinetic energy of the
gas, as a result of the specified temperature, relative to the size of
the potential energy for adsorption, determines the probability that
surface adsorption of a gas molecule will occur [51].

According to kinetic theory, the average translational kinetic
energy per molecule KEg, in an ideal gas is equal to 3kzT/2 where
kg is the Boltzmann constant and T is the temperature. Usually the
values for the kinetic energy of a gas molecule KEg,s and the poten-
tial energy for adsorption PEgyface are similar and hence there ex-
ists a continuous mixture of adsorbed and bulk phases rather
than the discrete monolayer adsorption as assumed by the Lang-
muir treatment [23]. Generally speaking, if KEgas < PEsyrface then
surface adsorption occurs. Following this, the probability of
adsorption at a distance p from the cavity center can be approxi-
mated as

Pulp) =1~ exp (g 2). @)

where exp(—|PE|/KE,,s) is the probability that KEg,s > PEgysface, i.€.
the probability that a gas molecule is in the bulk phase. Note this
criterion is of similar form to the acceptance probability used in
MC simulations, though in this case we are not calculating the
acceptance of a certain particle but rather determining the phase
likely to exist at this position.

The total free volume V; within a cavity is defined here as
the volume for which the potential energy is less than zero.
In other words, the boundaries for this free volume are located
where the potential energy for adsorption is zero at a distance
po from the center of the cavity, indicated in Fig. 1. Alterna-
tively, temperature dependent boundaries could be chosen at
which the potential energy is equal to the average kinetic en-
ergy, which gives a more accurate free volume but is found
not to significantly affect the total uptake. Here the former
definition is used. By integrating the probability function in
Eq. (4) over the total free volume we determine the volume
free for adsorption V.4 as follows,
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Fig. 1. Analytical representations for microcavities found in adsorbent materials. Potential energy maps for adsorption within slit-shaped, cylindrical and spherical cavities.

Values are calculated by assuming carbon surfaces at an atomic dimension d of 30 A.

Vaa = | Paa(p)dp, ()

Vi

and similarly, the volume free for bulk gas is calculated as
Vbulk = /V [1 - Pad(P)]dP (6)
f

See Supplementary information for expanded integrals. This
partition of free volume offers a convenient framework for treating
the system as two phases in equilibrium. The final step in the mod-
el is to calculate the actual number of gas molecules within the to-
tal free volume (or in each phase) at a certain temperature and
pressure. Equations of states are commonly used for this purpose
[52-54]. The ideal gas law is a thermodynamically consistent equa-
tion that assumes no interaction between molecules (i.e. no poten-
tial energy). Hence the total internal energy from kinetic energy
only is as follows, pV = 2NKg,sNa/3 = NRT, where N is the number
of molecules, p is the pressure, N, is Avogadro’s Number and R is
the universal gas constant. This equation of state is appropriate
to govern our bulk gas phase apart from the assumption that each
molecule is a point mass with no occupied volume which will pro-
vide inaccurate results for situations involving small pores, high
pressures and low temperatures. Therefore we use the modified
van der Waals equation of state accordingly,

P(Vbuik/Mpuc — vo) = RT (7)

where npy x N4 is the number of molecules in the bulk gas phase
and 7 is the occupied volume of closely packed gas molecules.

An appropriate equation of state for the adsorbed phase does
not exist, to the best of our knowledge, apart from the virial equa-
tion, which has no explicit predictive power [55]. Here we estab-
lish an equation of state which is of a similar form to the
Dieterici equation of state [53,56], and that satisfies the following
criteria: (1) when potential energy equals zero, the equation of
state reduces to the ideal gas law and (2) when the potential en-
ergy tends towards negative infinity the equation of state repre-
sents a solid phase. Hence we propose the following,

P(Vaq/naq — vo) = aRT exp(—|PE"|/RT), (8)
with PE* defined as follows,
PE" = wPEwin + (1 — ®)PEcent, 9)

where n,q x N4 is the number of molecules in the adsorbed phase, w
represents the weighted contribution of the potential minimum
PEin and the potential at the center PE..; of the cavity, and « is
the proportionality constant such that oRT (or okgT) is a measure
of the kinetic energy per mole (or molecule) in the adsorbed phase
due to the translational movement of the adsorbed molecules par-
allel to the cavity surface. Keep in mind that the kinetic energy per
molecule restricted to one dimension is kgT/2, two dimensions is
kgT, and three dimensions is 3kzT/2. Hence, smaller o translates to
more restricted motion and consequently more heat loss upon
adsorption.

To demonstrate the relationship between this formulation and
the equations used in Grand Canonical Monte Carlo (GCMC) simu-
lations, we calculate the heat of adsorption h through the thermo-
dynamic equation [55,57],

By rearranging Eq. (8) to make p a function of T and then inte-
grating we determine the isosteric heat of adsorption (see Supple-
mentary information),

hy = [PE'| +RT, (1)

which is identical to that used in GCMC simulations [32,58]. Addi-
tionally, a reasonable approximation of the heat of adsorption is gi-
ven by Everett and Powl [59] as h= |PEmin| + 21 RT, where ¢ = 0.5 due
to parallel motion across the surface and vibration normal to the
surface. Therefore the TIMTAM construction has kinetic and ther-
modynamic consistency, which allows comparison with approaches
based on both statistical and analytical arguments.

Note that n,q is not to be confused with the excess amount Ny
used frequently in the literature [60]. Ne is defined as the amount
of molecules in excess of the theoretical amount of molecules that
the cavity would contain in the bulk gas phase. While n,q x Ny is
the actual amount of molecules in adsorbed phase, assuming a par-
titioning of free volume as defined previously (Egs. 5 and 6).

Finally, the total amount of moles are found (n = nyq + npyK) and
the gravimetric uptake is calculated in the following way,

nm
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where m is the mass of a gas molecule and M is the mass of the cav-
ity wall. In addition, the volumetric uptake is calculated as

nm
7 )
where V is the total volume of the cavity including the free volume
and occupied volume.

To summarize, the structure topology is approximated with
continuous surfaces with analytical potential energy formulations
for adsorption which are then used to determine the tempera-
ture-dependent probability of adsorption throughout the cavity.
By integrating the probability of adsorption over the free volume,
the volume free for adsorption is found and in the same way the
volume free for bulk phase is also found. Finally, temperature
and pressure dependent equations of states are used to determine
the quantity of gas molecules in each phase within the cavity (See
Supplementary information for density profile predictions that fur-
ther demonstrate the TIMTAM construct).

For general users of the model, the following step-by-step
instructions are given:

o= (13)

(1) Define pore shape, pore size and pore surface composition
(e.g. cylindrical pore with diameter of 15 A and 0.4 carbon
atoms per A? of surface).

(2) Calculate potential energy using Egs. (1, 2 or 3).

(3) Choose temperature and calculate the probability of adsorp-
tion using Eq. (4).

(4) Calculate amount of volume for gas phase and amount of
volume for adsorbed phase using Egs. (5 and 6).

(5) Choose pressure and calculate total uptake using Egs. (7 and
8).

3. Results and discussion

To demonstrate the capability of TIMTAM to accurately predict
adsorption performance within a range of porous adsorbents we
reproduce the results found from MC simulations for hydrogen up-
take within carbon slits and carbon nanotubes by Rzepka et al.
[54], experimental results for methane uptake in carbon slits from
Aukett et al. [61], MC simulations for hydrogen uptake within
MOFs by Ryan et al. [62], experimental results for hydrogen uptake
within MOFs from Kaye et al. [63], and experimental and simula-
tion results for carbon dioxide within ZIFs from Perez-Pellitero
et al. [64] All calculations were carried out using Maple software
[65]. The Maple code has been translated to Fortran and incorpo-
rated into a graphical user interface, Adsorb IT, which is available
upon request [66].

Comparison with existing simulation results is a good test of the
model since all the variables are known, as opposed to experimen-

Table 1

tal results where some variables can be difficult to control accu-
rately. Rzepka et al. [54] have simulated the gravimetric and
volumetric hydrogen uptake in carbon slits and carbon nanotubes
of various sizes d at a range of pressures and temperatures. Here
we represent the slits and nanotubes analytically according to
Egs. (1 and 2), respectively, and use the same L-] parameters as
Rzepka et al. listed in Table 1. Figs. 2 and 3 show excellent fits of
the model to the simulation results for gravimetric and volumetric
uptakes for slits and nanotubes. Despite its simplicity, it is clear
that the model captures the essential characteristics of the simula-
tion results.

Rzepka et al. [54] noted that the small peaks in the uptake cor-
respond to pores into which only an individual hydrogen molecule
can fit. Since our model utilizes a continuum perspective it is diffi-
cult to mimic the uptake of an individual molecule accurately.
However, the pore size for this situation is very close to the pore
size in which the potential is at a minimum and therefore the mod-
el is capable of mimicking the peak uptake especially within the
slit-shaped cavities, see Fig. 2.

Recently, Herrera et al. [69] developed and implemented a mass
balance (MB) method that predicted the pore size distribution of
activated carbon AX-21 that can roughly be described as a bimodal
distribution centered around 12 and 21 A. The model also repro-
duced the experimental methane uptake within this material. A
comparison of TIMTAM and Aukett’s results are shown in Fig. 4.
An excellent fit is observed and the parameter values are listed
in Table 1.

Since the leading candidate hydrogen storage materials are
MOFs it is important that the model is capable of describing their
uptake performance, as shown in Fig. 5. Here we consider the
isoreticular MOF-5 (a.k.a. IRMOF-1) [8] with cubic periodicity
which is approximated here by a cubic array of spherical cavities.
The framework atoms zinc, oxygen, carbon and hydrogen, denoted
by the subscripts i = 1,2,3 and 4, are assumed to be distributed on
the surface of the continuum spherical cavity at diameter d. There-
fore the potential energy for adsorption within the cavity can be
estimated as,

4
PEwor(p) = ZPEsph.i(p)7 (14)

where the parameters in Eq. (3) are given by =5 #;, A= A; and
B =3" B;. The L-] parameter values are taken from the Dreiding force
field calculations [67] and are listed in Table 1 along with all the
other parameter values used in the model. The spherical cavity size
d was set to 21.8 A such that the amount of free volume matched
that found by simulation, see Supplementary information for more
details. Despite the geometrical approximation, the TIMTAM
results agree well with the simulation and experimental results.

Parameter values used for TIMTAM predictions. @ and « were fitted per family of structures. Additionally, the occupied volume of compressed hydrogen », = 0.0156 L/mol,
methane 2o = 0.043 L/mol and carbon dioxide z, = 0.036 L/mol (calculated from critical parameters).

Data from literature Gas-adsorbent  Kinetic diameter ¢ (A) ~ Well depth ¢/kg (K)  Surface density  (No./A?) o
Hydrogen uptake carbon nanotubes and carbon H,-C: 3.19 30.5 0.382 0.80 1.17
slits Rzepka et al. [54]
Methane uptake carbon slits Aukett et al. [61] CH4-C: 3.64 84.19 0.382 0.55 1.24
Carbon dioxide uptake ZIFs Perez-Pellitero et al. [64]  CO,-C: 3.41 84.35 See Supplementary 1 0.55
information
CO»-H: 2.87 54.60
CO,-N: 3.20 68.37
CO,-Cl: 3.41 124.02
CO,-Zn: 2.82 91.66
Hydrogen uptake IRMOF-1 Kaye et al. [63] H,-C: 3.22 41.90 0.064 1 0.41
H,-0: 3.00 42.05 0.070
H,-H: 291 16.76 0.032
H,-Zn: 3.50 31.89 0.021
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Fig. 2. TIMTAM prediction (solid lines) compared to simulation results for hydrogen gravimetric (left) and volumetric (right) uptakes within carbon slits (blue squares) and
carbon nanotubes (red circles) of different pore size d at 300 K and 98.7 atm. Simulation data from Rzepka et al. [54]. (For interpretation of the references to color in this figure
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Fig. 4. TIMTAM prediction (solid line) compared to experimental methane uptake
(squares) within activated carbon AX21 with average slit-shaped pore sizes of 12
and 21 A with volume ratios of 45% and 65%, respectively. Data from Aukett et al.
[61].

The TIMTAM model has also previously modeled hydrogen uptake
successfully within IRMOF-8, -10 and -16, see Thornton et al. [11].

Finally, much interest has arisen in ZIFS, a new family of MOFs
that provide a range of new topologies for carbon capture applica-
tions and other gas storage and separations [70]. These topologies
can be represented as simple geometrical shapes, for example, SOD
which we approximate as uniformed-sized spherical cavities, LTA
which we approximate as two alternating spherical cavities and
GME which we approximate as two cylindrical cavities, see Supple-
mentary information. Similarly to the previous case for IRMOF-1,
the potential energy within ZIFs is calculated by distributing the
framework atoms continuously across the approximated cavity
surface, as in Eq. (12). For ZIFs it is convenient to use the building
blocks such as mIM, IM, nIM and cbIM, to make the calculation. For
example, the structure of ZIF-8 (with SOD topology) is approxi-
mated as a series of spherical cavities (or cages) with 24 zinc atoms
joined by 24 mIM bridging units making up its surface, hence with
each mIM unit containing 2 nitrogen atoms, 4 carbon atoms and 6
hydrogen atoms, one can easily utilize Eq. (12) to predict the stor-
age properties. This same approach was taken here for ZIF-69 with
LTA topology and ZIF-76 with GME topology, where once again the
cavity sizes were determined such that the actual free volume
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Fig. 5. TIMTAM prediction (solid red lines) for total hydrogen uptake to experi-
mental results (green diamonds) and simulation results (blue circles) for IRMOF-1
at 77 (upper curve) and 298 (lower curve) K. Experimental data from Kaye et al. [63]
and simulation data from Ryan et al. [62] Inset image of MOF geometry where
yellow sphere closely resembles the TIMTAM cavity representation. (For interpre-
tation of the references to color in this figure legend, the reader is referred to the
web version of this article.)

matched that predicted by the approximated pore geometry. For
consistency, the L-] parameter values established by Perez-Pellite-

193

ro et al. are used here, see Table 1. As demonstrated in Fig. 6, the
TIMTAM predictions for carbon dioxide uptakes match the experi-
mental and simulation results reasonably well, which is quite
remarkable considering that carbon dioxide is treated as a contin-
uous medium where shape and dipole characteristics are not
incorporated, and the internal structure is treated as a topological
approximation.

The parameters w and o were fitted for each family of struc-
tures because of their common morphology. Here we discuss the
fundamental significance of these parameters and anticipate that
these values will remain constant for future investigations within
each family. As stated earlier, according to the theoretical compo-
sition of the model, both parameters play a role in representing the
adsorbed phase, where w represents the nature of the potential en-
ergy across the surface and « represents the adjusted heat loss (or
heat remaining) upon adsorption. Practically, from the present use
of the model, o tends towards unity as the adsorption sites be-
come more defined or specific, for example, MOFs and ZIFs have
specific metal and ligand adsorption sites while nanotubes and
graphene have non-specific continuous adsorption surfaces. Addi-
tionally, a larger o means that the heat loss during an adsorption
event is inhibited by some energy-conserving feature, which could
be adsorbate mobility or adsorbent flexibility. This is evident by
the larger o values for carbon tubes and slits compared to MOFs
and ZIFs, reflecting the fact that adsorbed molecules are more mo-
bile across the “smoother” surfaces and more constricted on the
surfaces with cornices. Either way, the results do not significantly
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Fig. 6. Carbon dioxide uptake within (a) ZIF-8 (SOD topology), (b) ZIF-69 (GME topology) and (c) ZIF-76 (LTA topology). Experimental and simulation results from Perez-
Pellitero et al. [64] versus TIMTAM predictions. Inset images of ZIF geometries where spheres and cylinders closely resemble the TIMTAM cavity representations.
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at temperature 243 K. (For interpretation of the references to color in this figure legend, the reader is referred to the web version of this article.)
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alter with varying  or ¢, in fact, the saturation amount cannot be Here we have demonstrated success in predicting adsorption
altered by these parameters which makes this final value more properties for H,, CO, and CH4 within various porous materials
robust. at various operating conditions; the predictions can be extended
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predict adsorption for different gases, porosity, composition, con-
ditions, etc.

An advantage of the TIMTAM approach is that it provides a fast
way of exploring the range of values for the factors controlling
adsorption. Pore size, free volume, system mass, heat of adsorption,
temperature and pressure all play crucial roles in determining gas
storage outcomes. Here we use TIMTAM to explore such factors.

Fig. 7 demonstrates the effect of pressure within carbon slits,
tubes and spheres of dimension 10 A and at temperature 243 K.
The same parameter values used by Rzepka et al. [54] are used
here. An important note is that the cavity shape with the highest
uptake depends on the pressure, which means that the appropriate
cavity shape can be selected according to the known operating
pressure. This observation is more noticeable from the volumetric
uptake. Frost et al. [68] provide an explanation for this in that at
low pressures the heat of adsorption is the dominant factor while
at higher pressures the free volume becomes the dominant factor.
The heat of adsorption is greatest in spherical cavities and lowest
in slit-shaped cavities, while free volume is greatest in slit-shaped
cavities and lowest in spherical cavities. Therefore the observation
is a result of the competition between the dominating factors, the
heat of adsorption and free volume at various pressures.

As there are many possible combinations of temperature, pres-
sure and pore size, Figs. 8 and 9 show the gravimetric and volumet-
ric uptake within carbon slits, tubes and spheres of varying pore
sizes at four distinct pressures and temperatures. Slit-shaped cav-
ities outperform the other shaped cavities in gravimetric uptake
due mainly to the higher volume to mass ratio (Fig. 8). However,

|/ L B B A N L AL LR
C p=10atm ]
T f » T=200K ]
=0 L 1 i
Q 8-— ]
=] L I |
2 6r ! 5
5 °t I —
E I ! ]
3 i 1 1
S 4r 1 ]
> L 1 -
o 2 F =
= 20 h ]
L ! 1
0||||Il|||I||||I||||I||||I||||
0 5 10 15 20 25 30
Pore dimension d (A)
S L L B WL B B
p =100 atm
30 T=200K

N
W

I AR A R

_
(9,1
S T

—_
o

Total volumetric uptake (kg/m’)
[
(=)

W

P T S IN 20 TI  TT T T T T BB

5 10 15 20 25 30
Pore dimension d (A)

o

the cavity shape delivering the highest volumetric uptake depends
on cavity size, temperature and pressure (Fig. 9). At small pore
sizes the gas uptake is restricted by the free volume available in
each cavity shape. At large pore sizes the volumetric uptake tends
toward that of compressed gas (no adsorbent); slit-shaped cavities
approach this limit first followed by cylindrical cavities and spher-
ical cavities. This is because the pore surfaces with higher curva-
ture (higher heat of adsorption) cause denser adsorption layers
to form along the surface which keeps the uptake higher than that
of compressed gas until pores become larger where the influence
of curvature decreases and the ratio of surface adsorption to bulk
gas decreases.

Overall TIMTAM encompasses all the characteristics observed
in gas adsorption phenomena: the amount of molecules in ad-
sorbed and bulk gas phase increases with decreasing temperature
and increasing pressure; the amount of molecules in the adsorbed
phase increases with increasing heat of adsorption; heat of adsorp-
tion is proportional to the magnitude of potential energy for
adsorption which increases with decreasing pore size, increasing
surface curvature and increasing well depth of surface atoms;
and finally, gravimetric uptake increases with decreasing surface
mass.

We anticipate that this versatile approach will be applied to a
wide range of porous materials including porous crystals such as
zeolites and MOFs, carbon structures such as nanotubes, graphene
and fullerenes, or even porous sedimentary rock for coal seam gas
(or shale gas) exploration where quick estimates are useful. The
potential downfalls of the approach will likely occur in scenarios
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Fig. 9. TIMTAM results for total volumetric hydrogen uptake within carbon slits (blue lines), tubes (red lines) and spheres (green lines) with varying pore sizes at four distinct
combinations of pressures and temperatures. (For interpretation of the references to color in this figure legend, the reader is referred to the web version of this article.)
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Fig. 10. Screen shot of Adsorb IT with 2D color plots generated by the TIMTAM
routine for H, within IRMOF-1. See Table 1 for parameter values. Adsorb IT software
available from corresponding author. (For interpretation of the references to color
in this figure legend, the reader is referred to the web version of this article.)

where the specific atomic details of the material critically affect
adsorption such as open metal sites or pores not captured in the
pore size approximation. Additionally, the reliance on existing
forcefields may cause the model to inaccurately model new mate-
rials with exotic elements such as the beryllium-based MOF [10].
Condensation or quantum effects are not captured in the current
model. Surface or molecule polarity could be incorporated by uti-
lizing an appropriate potential function such as the Morse poten-
tial, which is currently being formulated within our group.

Therefore, the TIMTAM approach is an excellent tool to guide
material design for gas storage applications. A basic software pack-
age has been developed to implement the TIMTAM algorithm;
examples for uptake within IRMOF-1 are shown in Fig. 10. The
2D color plots were generated within 30 s. This demonstrates the
model’s ability to speedily explore a large parameter space, a capa-
bility unachievable through statistical simulation techniques. Fu-
ture work will focus on adding a built-in capability to
automatically approximate complex structures into topologically
simple shapes.

4. Conclusions

The TIMTAM formulation has been established to provide a sim-
ple method for predicting gas uptake capacities within a variety of
porous materials for which the Langmuir or BET adsorption iso-
therms are inappropriate. Good agreement between experiment
and simulation for uptake of H,, CH; and CO, has been demon-
strated, with variations typically less than 15%. The continuum-
based model can be readily applied to cylindrical, spherical or
slit-shaped pores. The model is able to account for the effects of
temperature, pressure, adsorption enthalpy and pore topology on
gas isotherms. TIMTAM is a method that can readily be used by
those without extensive experience in modeling, and a graphical
user interface for TIMTAM is available from the authors upon re-
quest. The model represents a significant step in accelerating
materials discovery for important applications including storage
media for gaseous fuels, clean energy applications, exploiting H,
and CHy4, and for the capture of environmentally threatening gases
such as CO,.

Consequently the model has been applied to investigate the ef-
fects of pore size, free volume, heat of adsorption, system mass,

pressure and temperature upon gas storage performance, high-
lighting the available parameter space for further development of
gas storage media.
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