High-Throughput and Comprehensive Prediction
of H, Adsorption in Metal-Organic Frameworks
Under Various Conditions

Yu Liu, Shuangliang Zhao, Honglai Liu, and Ying Hu
Dept. of Chemical Engineering, State Key Laboratory of Chemical Engineering, East China
University of Science and Technology, Shanghai 200237, China

DOI 10.1002/aic.14842
Published online August 7, 2015 in Wiley Online Library (wileyonlinelibrary.com)

High-throughput prediction of H, adsorption in metal-organic framework (MOF) materials has been extended from a
few specific conditions to the whole T, p space. The prediction is based on a classical density functional theory and has
been implemented over 712 MOFs in 441 different conditions covering a wide range. Some testing materials show
excellent behavior at low temperatures and obvious improvement at high temperatures compared to conventional
MOFs. The structures of the best MOFs at high and low temperatures are totally different. Linear and nonlinear corre-
lations between the two Langmuir parameters have been found at high and low temperatures, respectively. According to
the analysis of the excess uptake, we found that the saturated pressure increases along with temperature in the low tem-
perature region but decreases in the high temperature region. © 2015 American Institute of Chemical Engineers AIChE
J, 61: 2951-2957, 2015
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Introduction

Metal-organic framework (MOF), as a high performance
nanoporous material, has achieved great success in adsorp-
tion, separation, catalysis and sensing due to its high surface
area, porosity and diversity.H8 In the adsorption field, spe-
cifically, gas storage is the most important application. Dur-
ing previous decades, thousands of structures have been
proposed and synthesized, most of which are very satisfac-
tory, such as MOF-177 ' and NU-100.?° However, as indi-
cated by Snurr et al.,*' there are millions or even billions of
possible MOFs in principle, and it is reasonable to expect
that there are many higher performance materials that exist
in the unexploited region.

To address such a large number of materials, an efficient
predictive method is expected. The traditional technique is
the Monte Carlo simulation. One of the most impressive
studies was performed by Snurr et al.,”'® who examined
methane adsorption in 137,000 MOFs and identified over
300 structures that have a higher uptake than any known
materials at a specified temperature and pressure. However,
in real applications, due to the different demands of adsorp-
tion materials, adsorption properties at various conditions
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should be considered when evaluating a material. Hydrogen
delivery is a typical example. One important issue, according
to the US Department of Energy,27 who stated that
“infrastructure includes the pipelines, trucks, storage facili-
ties, compressors, and dispensers involved in the process of
delivering fuel,” is that the delivery condition is related to a
wide temperature and pressure range of 233-358 K and 0.3—
1.2 MPa, respectively, in addition to the relevant storage
condition.”® In general, uptake under a specified condition
may not reveal the expanse of a material. A more compre-
hensive prediction is required. To do this, we need to expand
the predictions from several points (specified T, p) to the
whole space (all reasonable 7, p combinations). In this way,
simulation may be not the best choice due to its high compu-
tational costs; thus, a more efficient method is expected.

The classical density functional theory (CDFT) may be
the appropriate choice. The main idea of the CDFT is to
obtain microscopic information (density profile) by minimiz-
ing the grand potential and to then obtain the thermodynamic
properties from the density profile. During its 30 years of
development, the accuracy and efficiency of the CDFT have
been well-examined and improved, especially for adsorption
systems.”* ™ Very recently, the CDFT has been successfully
implemented for the fast screening of hydrogen storage in
MOF materials at specified conditions and has produced sim-
ilar results with a much lower computational cost compared
to simulations.*' In this work, we will extend the method
into a full 7, p space to give a comprehensive prediction of
the adsorption properties.
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Molecular Model

We consider H, (guest) adsorbed in an MOF (host). Atom—
atom interactions are modeled by a spherical Lennard-Jones
(LJ) 12-6 potential

s o

where ¢; and o; are the well depth and diameter between
atoms i/ and j. The two parameters are obtained from the
Lorentz—Berthelot mixing rule and the corresponding standard
force fields. For Hy, emomo/ks = 36.7 K, Grom = 0.2958 nm*?
(kg is the Boltzmann constant); for MOF atoms, the universal
force field*? is used. The MOF structure is supposed to be rigid,
that is, the host—host interactions can be regarded as a constant
in the calculation. The coordinates of the MOF atoms are gener-
ated from the Northwestern hypothetic MOF database.”!

Classical density functional theory

The CDFT starts from the grand potential, which can be
written from its definition

9[p<r>}=F[p<r>]—ﬂjp<r>dr @

where p(r) is the density profile of the guest molecule (H,
in this work) and p is the chemical potential, which can be
obtained from the corresponding bulk system due to the
equilibrium condition

1=t (25 T) (3)

where p, T are the pressure and temperature, respectively,
and ppy 1s the chemical potential of the bulk system, which
can be calculated from the modified Benedict—-Webb—Rubin
(MBWR) equation of state.** F[p(r)] is the free energy func-
tional of density profile p(r), which can be divided into ideal
gas Fi9, excessive F°*, and external parts F°*

Flp(r)]=F [p(r)]+F*[p(r)] +F[p(r)] O]

The ideal term stands for the kinetic contribution, which
can be exactly written as

F4p(r)] :kBTJ p(1)[In p(r)—1]dr )

The external term stands for the H,-MOF interactions,
which can also be expressed simply as

(o) = [ o)V ©)

Ve¥!(r) is the external potential, which can be calculated
through the summation of host-guest (H,-MOF interaction in
this work) interactions

Ve (r)= " un,(r—r;) @)

i€EMOF

where r; represents the coordinates of the ith MOF atoms.
The excess term arises from the guest—guest interactions,
which cannot be expressed exactly. In this work, F®* is
approximated by a combination of three methods: the modi-
fied fundamental measure theory (MFMT), the weighted den-
sity approximation (WDA) and the mean field theory (MFT).
The accuracy of this azpproximation has been well-examined
in the previous work.*" Specifically, the three methods are
used to approximate the three terms contained in F*: the
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hard sphere term F" the correlation term F°, and the
attractive term F*'"", respectively

FX[p(r)]=F™[p(r)]+F< [p(r)]+F*"[p(r)] ®

Equation 8 is straight forward for hard sphere-attractive
models; the LJ 12-6 model can be modified into a hard
sphere-attraction model by the Barker Henderson theory45

W™ (1) =u" (1) + 1™ (r) 9)
where
oo r<d
W™ (r)= (10)
0 r>d
and
0 r<a

OO0 e

where d is the hard sphere diameter, which can be calculated
using
e 14+0.2977(e) "'
14+0.33163(fe) ' +0.0010477(e) >

with f§ = 1/(kgT).

With such a modification, Eq. 8 can be calculated item by
item: first, the hard sphere term is calculated using the
MFMT?

12

ﬁFhS:J D" [, (r)]dr (13)

O = —ngln (1 —np) + M2V Y2
1—7[3

14

n3+(1—n3)%In (1—n3) 14

3
ny—3nnyy - n
367m§(1—n3)2 (2 2z - 1v2)

na(r)=Jp(r')w(“)(|r—r'|)dr' xe {0,1,2,3,V1,V2} (15)

w® are the weighting functions, which can be expressed as

w? (r)=nd?w® (r)=2naw) (r)=6(d/2—r)
w(r)=0(d/2—r) (16)

WV (£) =27dw ™V (r) =w® (r) -
:

where 0(r) is the Dirac function and 0(r) is the Heaviside
step function.
Second, the attractive term, F*', is written using MFT

Fam:%JJp(r)p(r')u"‘m(r—r')drdr' (17)

Third, the correlation term, F°", is calculated using WDA
For= | ol (r)jar as)

where p(r) is the weighted density

3

p)= s [ o0l ar (19)
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and f°"(p) is the bulk free energy density (per number of
molecules) due to the correlation effect, which can be
obtained by

— F]Eilk(P) _F}ﬁﬁlk(P) _Fa/llnFl?(P)

o)== N N

(20)

where N is the number of molecules and FL, (p) is the
excess free energy for bulk LJ fluid, which is obtained using
the MBWR equation of state™

FU 8 ; i 3i 6
7] :g<2“ LTS b @1
i=1

i=1

where a; and b; are functions of T and G, are functions of
pa’. FS, (p) is the excess free energy for bulk hard sphere
fluid, which can be obtained from the Carnahan—Starling
(CS) equation of state™®

Fii(p) _ kBT4n—3n22 @2)
N (1=n)

FMEA(p) is the attractive term defined by Eq. 17 when

p(r) trends to p, which takes the form
Fiuie (p)

_ 16,
N ?nﬁepa (23)

According to Egs. 2-23, grand potential Q can be written
as a functional of density profile, Q[p(r)]. By minimizing
Q[p(r)], the three-dimensional (3-D) density profile p(r) can
be obtained. For an adsorption system, the uptake N, can
then be calculated from the integration of p(r)

Nads:Jp(r)dr (24)

Computational Methods

All calculations are given in a 3-D box with a periodical
boundary condition and a grid resolution of 0.05 nm. The
cutoff distance of the LJ potential is set at 1.3 nm, and the
box length is two times larger than the cutoff distance,
depending on the unit cell of MOFs. Fast Fourier transform
(FFTW3 package®’) is used to compute all convolutions in
the CDFT: (such as Egs. 15, 17, and 19)

Jfl OA@—r)d'=F HFREFRO} @5

where F and F ! stand for the forward and backward fast
Fourier transform, respectively. A conjugate gradient method
(CG_DESENT package*®*’) is used for minimizing the
grand potential.

We picked up 712 types of MOF materials that give the
highest uptake in a previously specified screening (the detailed
structure codes are listed in the supporting information).?"*!
For each material, the prediction is implemented under 441
different conditions (21 X 21 in T, p space) with a temperature
range from 77 to 373 K and a pressure range from 1 kPa to 10
MPa. The whole calculation (712 X 441 = 313,992 cases in
total) only takes approximately 1500 CPU hours.

Results and Discussion

Uptake is always the essential concern for adsorption;
Figure 1 shows the highest uptake (N;.x) among the 712
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Figure 1. The highest uptakes from 712 types of MOF
materials at different temperature and pres-
sure.

[Color figure can be viewed in the online issue, which is
available at wileyonlinelibrary.com.]

structures under 441 different conditions. Clearly, the most
impressive uptakes are located in the lower temperature
region. Specifically, at 77 K, the highest uptake at 10 MPa
reaches 38 mol/L, which is higher than MOF-177 30 by 10%
and exceeds the density of liquid hydrogen (35 mol/L). Even
at very low pressure, for example, 1 kPa, the uptake also
reaches 13 mol/L, a value comparable to the saturated uptake
of many known MOFs.”® In contrast, at high temperatures,
for example, 298 K, although the values are not as impres-
sive as those at low temperatures, improvement can also be
found compared to current MOFs.”! Obviously, decreasing
the uptake along the T axis is much faster than that along
the p axis; the uptake at 77 K and 1 kPa is two times the
uptake at 298 K and 10 MPa. This indicates that storing H,
at low temperatures is more efficient and preferable than at
high pressures.

To identify the most successful structures, in Table 1, we
list the top 10 materials that give the highest uptake under
four typical conditions: 298 K and 0.1 MPa, 298 K and 10
MPa, 77 K and 0.1 MPa, and 77 K and 10 MPa. It seems
that the finalists for 298 K and 0.1 MPa and 298 K and 10
MPa are very similar, and the structure with code 254 gives
the highest uptake for both cases. The reason may lie in the
similar slopes of the nearly linear isotherms, which will be
shown later. For the condition of 77 K, the situation is com-
pletely different. At 0.1 MPa, four new structures (with
codes 215, 216, 311, 360) have arisen, and the structure with
code 216 emerges as the best one. However, at 10 MPa, the
finalists are totally different; none of the candidates can be
found in the foregoing lists. Such differences indicate that
screening in a fixed condition is inadequate to evaluate a
material. To give insight, we picked up three structures that
show the highest uptake in the four conditions: structures
254, 216, and 401. The isotherms and their Langmuir fitting
can be found in Figures 2a, b, while the corresponding struc-
tures are shown in Figure 2c. Figure 2a shows the isotherms
at a high temperature of 298K, which display a trend of near
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Table 1. Top 10 MOF Structures for H, Adsorption Under Different Conditions (Uptake Unit: mol/L)

298K, 0.1 MPa 298 K, 10 MPa 77K, 0.1 MPa 77K, 10 MPa
Order Code Uptake Code Uptake Code Uptake Code Uptake
1 254 0.1451 254 6.818 216 21.33 401 37.94
2 226 0.1432 226 6.727 227 21.27 399 37.89
3 231 0.1419 231 6.613 252 19.98 373 36.64
4 258 0.1273 207 6.515 215 19.80 409 36.27
5 298 0.1270 258 6.413 254 19.79 21 33.12
6 342 0.1241 298 6.391 207 19.74 17 33.08
7 207 0.1225 232 6.333 311 19.46 18 33.08
8 232 0.1210 222 6.263 222 19.37 11 33.07
9 222 0.1181 292 6.140 258 19.30 20 33.04
10 292 0.1140 227 6.136 360 19.18 1 33.03

linearity with similar slopes for different materials; Figure
2b depicts the isotherms at a low temperature of 77 K with
remarkably different shapes for different MOFs. By compar-
ing these three figures, it is easy to find the correlations
between the isotherms and the structures; structures with
high surface area give higher uptake in a medium or rela-
tively low loading region, while structures with a large pore
size result in a higher uptake in a high loading region. This
is consistent with Frost et al.’s ﬁnding:52 the uptake is corre-
lated with the heat of adsorption, surface area and free vol-
ume at low, intermediate and high loadings, respectively. In
most cases, there are three typical adsorption areas in an
MOF material (sorted by the binding strength): the favorable
adsorption sites (usually around the metal sites), surface and
pore center. For the low uptake case, guest molecules are
mainly adsorbed at the favorable sites and the uptake

a = No. 254
( ) Langmuir 254 298 K

7 5 No.216

— = Langmuir 216
6 @ No. 401 i
| — - —Langmuir 401 e
= 54 ' >
o
E 4
-

2 3 3
©
-
o 24
-]

14

(c)

No. 254

No. 216

depends on the binding strength between metal sites and
guest molecules, which is represented by the heat of adsorp-
tion in the macroscopic view; once the favorable sites are
saturated, guest molecules tend to stay at the surface, and
the surface area dominates the uptake; finally, if both are sat-
urated, the uptake is determined by how much free volume
is available. Such a microscopic mechanism has also been
exhibited in other studies.’>>*

Clearly, the isotherms in Figures 2a, b could be fitted very
well by the Langmuir equation

Nadgs=No (26)

PtPo
where N4 stands for uptake, p for pressure, and py, Ny are
two fitting parameters. The two parameters capture the
essential properties of the adsorption isotherm, where N is

(b)
| 77K
40 %
* =
"o -I 5 - £
—~ 30 g
= | D e Fa e T e
CE) _ 2
— 20 N
Q = No. 254
fu Langmuir 254
2 10 No. 216
=) = = Langmuir 216
@ No. 401
— - = Langmuir 401
4 6 8 10

Pressure (MPa)

No. 401

Figure 2. Adsorption isotherms for three MOF structures (with codes 254, 216, 401, respectively) at (a) 298 K; (b)

77 K.

(¢) Structure of the three MOFs, with color codes: C, purple; H, white; O, red; N, light blue; Zn, pink; Cu, orange; Br, wine; V,
yellow. [Color figure can be viewed in the online issue, which is available at wileyonlinelibrary.com.]
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Figure 3. Langmuir parameters of 712 types of MOF
material at (a) low (77 K) and (b) high (298 K)
temperatures.

The line in (b) is a numerical fitting result. [Color fig-

ure can be viewed in the online issue, which is available
at wileyonlinelibrary.com.]

the saturated uptake, which is determined by the free vol-
ume, and p, denotes the linear region of the isotherm, which
is inversely proportional to the binding strength. We fit pg
and N, for all 712 MOFs at different temperatures. Figure 3
shows the results at two typical temperatures: 77 and 298 K.
The Ny-po space can be separated into four regions, as
marked. For gas storage, high Ny and low p, are favorable,
which means that materials located at the bottom right cor-
ner, denoted as region IV, should be the best ones. Second,
materials in region II give high Ny and high p,, which
implies that the materials may be favorable at high pressure.
Correspondingly, materials in region III may be promising at
low pressure. Region I denotes the worst materials for gas
storage. For the low temperature case, as shown in Figure
3a, most materials are located in region IV and none are
located in region I, which suggests that all these testing
materials are promising for low temperature and most of
them should be very successful. At high temperature, as
shown in Figure 3b, the behavior is different. A linear rela-
tion between po and N, seems to be exhibited. According to
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Figure 4. Saturated pressure ps at different tempera-
tures: (a) percentage of how many ps are
captured in the range of 1 kPa-10 MPa; the
three subfigures are the excess uptake iso-
therms of a typical structure (code 6) at tem-
peratures 77 K, 250 K, and 373 K,
respectively.

(b) Saturated pressure p; at different temperatures.

[Color figure can be viewed in the online issue, which is
available at wileyonlinelibrary.com.]

their physical meaning, this suggests that the larger the free
volume is, the weaker the binding strength. Because the
attraction between H, and an MOF atom is relatively weak
(compared to kinetic energy) at high temperatures, the bind-
ing strength is determined by the density of MOF atoms. To
strengthen the binding energy, one has to make the pore size
smaller (such as structure 254, shown in Figure 2c), which
leads to a smaller free volume, and finally, a correlation is
formed between po and Ny. For low temperature, the binding
strength is better determined by the well depth of the site—
site attractions, which breaks down the linearity.

Figure 4 shows the saturated pressure for different materi-
als and temperatures. The excess uptake is defined by the
uptake differences between the adsorbed phase and bulk
phase, that is, Nex=N,s—Np, where N, is the number of
guest molecules (H,) in the bulk phase. Because N, is inde-
pendent of the MOF structures, screening based on absolute
uptake N,4s and N, is equivalent; however, to examine the
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saturated adsorption, the peak of excess uptake is more con-
vincing than the numerically fitted parameters in many cases.
In this work, the saturated pressure p; is defined as the corre-
sponding pressure at the peak of the excess uptake isotherm.
Due to the restriction of our calculation range, we can cap-
ture ps only when 1 kPa<p,< 10 MPa. Figure 4a shows
how many p, are found from 1 kPa—10 MPa (by percentage).
Figure 4b shows the values of the saturated pressure pg at
different temperatures. According to the definition, pq
denotes the attractive-repulsive transition point of the adsorb-
ent, that is, when p <p,, the adsorbent is attractive, and
when p > p,, the adsorbent becomes repulsive. Because Ny, is
larger than N,y (i.e., Nex <0) when p — oo, in principle,
there should be a peak for each isotherm. For the uncaptured
one, the peak could locate at p, > 10 MPa. For the low tem-
perature case of 77 K, all materials are saturated during
adsorption when p,< 8 MPa and most of the saturated pres-
sures are located at p; <4 MPa, as shown in Figure 4b. For
the high temperature cases, that is, 7> 300 K, approximately
30% of the peaks are captured and most of them are located
in the high pressure region. Something special happens in
the medium temperature region, that is, 150 K <7 <270 K,
where most peaks are not captured, that is, py> 10 MPa.
This suggests an increase-decrease trend of py(7T). The
increase of py(T) can be understood by the filling of free vol-
ume; when temperature increases, higher pressure is required
to fill up the free volume. The decrease is due to the weak
host-guest attraction at high temperature. In this case, only
the favorable sites are attractive; once these sites are occu-
pied, the entire MOF becomes repulsive and the gases tend
to stay in the bulk, and the increase of N,qs cannot keep up
with the increase of Ny, even though there is much free vol-

H 1 dNex = dNugs — dﬂ 1 18-
ume available, that is, ( o )T ( o )T (dp)r < 0 is satis

fied in the low pressure region. In other words, at p, the
material is not really “saturated” because there is still much
free volume left; what pg really stands for is the attractive-
repulsive transition. The higher the temperature is, the
weaker the attraction and the less gas molecules required to
make MOF repulsive; this leads to the decreasing trend of
ps(T) in the high temperature region.

Conclusion

A fast and comprehensive prediction of H, adsorption over
712 MOF materials and 441 different conditions has been
implemented using the CDFT. According to the predictions,
the following elements have been found: first, the materials
show excellent performance at low temperatures and obvious
improvement at high temperatures compared to current MOFs.
Second, the characteristics of the best structures at high and
low temperatures are completely different. Third, correlations
between the two Langmuir parameters and an increase-
decrease trend in py(T) have been captured and explained.
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