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Identifying Zeolite Topologies for Storage and Release of 
Hydrogen 
A. Martin-Calvo [b], J. J. Gutiérrez-Sevillano *[c], I. Matito-Martos [a], T. J. H. Vlugt [d], and S. Calero *[a]  

 

Abstract: We present a molecular simulation study on the most 
suitable zeolite topologies for hydrogen adsorption and storage. We 
combine saturation capacities, pore size distributions, preferential 
adsorption sites and curves of heat of adsorption of hydrogen as 
function of temperature (we call them HoA-curve) to identify the 
optimal zeolites for storage and release of hydrogen. Then we 
analyze the relation between the shape of the HoA-curve and the 
topology of the materials. We also evaluate the influence of 
incorporating Feynman-Hibbs effect on the adsorption behavior. We 
can stablish different shapes on the HoA-curve depending on the 
uniformity or not of the pores of the zeolites. Parabola-like curves 
are observed in structures with one or similarly sized pores, while 
deviations from the parabola are found at low temperature for 
structures combining large and small pores. The Feynman-Hibbs 
quantum correction reduces the adsorption capacity of the materials 
affecting not only the saturation capacity but also the shape of the 
isotherms. From our results the zeolites studied in this work can be 
considered potential candidates for the storage and release of 
hydrogen. 

Introduction 

Optimization of porous materials to improve their separation, 
storage, and catalytic properties is an on-going challenge faced 
by many scientists.[1] Energy storage technologies are based on 
emerging materials with the aim of lowering costs while 
increasing simultaneously the storage/release efficiency.[2] One 
of the objectives set by the U.S. Department of energy (DOE) for 
2017 is the development of automotive hydrogen storage 
systems achieving 5.5wt.% hydrogen in gravimetric capacity and 
40 g hydrogen/L in volumetric capacity at mild conditions and 

low cost.[3] These criteria cannot be met by any available 
material yet, and it is in this contest where simulation studies are 
suggesting strategies to identify porous materials optimal 
enough to reach the gravimetric target.[4]   One of the 
approaches to reach this goal is to store molecules in porous 
media based on physisorption mechanisms. Porous materials 
share the common features of uniform and regular pores that 
can be described using parameters such as size, shape and 
volume of the pore, occupiable and accessible volume, surface 
area, size of the windows, or channel dimensionality among 
others. Zeolites are the most important family in microporous 
materials, conventionally are based on TO4 tetrahedra where the 
T atom is typically Si or Al. The tetrahedra form three 
dimensional frameworks with pores of molecular dimensions. 
Current zeolites are described in the Database of Zeolite 
Structures[5] and up to now the number of entries have risen to 
232. Each topology is assigned a three-capital letter code in 
alphabetical order that describes the network of tetrahedrally 
coordinated framework atoms, independently of the composition, 
the distribution of the T atoms, or the dimensions and symmetry 
of the unit cell. 
The adsorption of hydrogen in zeolites involves the interaction of 
the molecule with the internal surface of their pores. This 
physisorption is governed by van der Waals interactions 
between hydrogen and the zeolite, including low interaction 
potentials and heats of adsorption. Unfortunately, weak 
physisorption implies low values of temperature to achieve 
reasonable loadings. 
At room temperature and atmospheric pressure, none of the 
current zeolites has a storage capacity to meet the target value, 
so storage in these structures needs to be cryogenic and/or 
pressure systems. However, hydrogen storage under these 
conditions is directly related to increasing safety risks and costly 
processes.[6] Therefore, moderate working conditions would be 
optimal to validate the viability of the materials for this purpose. 
For hydrogen, a typical temperature of 77 K, i.e. temperature of 
liquid nitrogen and pressures of at least 2 MPa and up to 10 
MPa would be ideal.[7]  
The first studies on zeolites for hydrogen storage were focused 
on structures with sodalite cages[8] but the storage capacities of 
these structures are very low at room temperature, increasing at 
77 K up to 1.5wt% in the case of FAU.[9] This capacity still falls 
short of relevant values.  The highest storage capacity (2.19 
wt%) on a FAU zeolite was found on a Ca-exchanged 
material.[10] Note that the storage capacity of this zeolite 
increases with the number of cations inside the structure. At 
cryogenic temperatures CHA exhibits hydrogen capacity of 1.28 
wt%.[11]  Zeolite ITT has a pore volume of 0.37 cm3/g. When the 
structure is filled with hydrogen at liquid hydrogen density, the 
storage capacity reaches 2.5 wt%.[12] To the best of our 
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knowledge this is the zeolite with the highest hydrogen capacity 
reported to date.  
Based on the above-mentioned works and considering that our 
study is performed at temperatures between 25 and 350 K and 
pressures up to 100 MPa, we are focusing on pure silica zeolites 
with the goal of finding structures with storage capacities above 
2.5 wt% at 77 K and above 4 wt% at 25 K. We are perfectly 
aware that these capacities are still well below practical targets 
however, they are significant and deserve further study, 
especially if we take into account that zeolites are advantageous 
over other sorbent materials for their low cost and high thermal 
stability. The use of pure silica structures allows to stablish a 
lower bound of the maximum storage capacity of the materials. 
Adding cations would lead to higher storage capacities 
nevertheless, a quantitative study of the uptake variations as a 
function of the type and number of cations would be object of a 
completely different work.  
Experimental and simulation studies have demonstrated that 
hydrogen adsorption capacity in zeolites depends on the 
framework topology, composition, micropore volume, specific 
surface area, and channel diameter, as well as the type of non-
framework cations.[8, 13] Adsorption capacity is maximized in 
structures that exhibit a proper balance between these factors.[11, 

14] From these studies it is clear that the idea of designing novel 
zeolites as materials for the storage and release of hydrogen 
has not yet been discarded. A given material is capable to store 
hydrogen only if the heat of adsorption of this molecule is strong 
enough to adsorb a large amount of gas at the charging 
pressure but weak enough to release most of this gas at the 
discharge pressure. It has also been proven that the amount of 
hydrogen adsorbed in the structure correlates at low loading with 
the heat of adsorption, at medium loading with the surface area, 
and at high loading with the free volume.[15] Our aim is to 
analyze the performance of all available zeolites and to use this 
knowledge for the selection of the best ones for hydrogen 
storage and release as well as the optimal conditions at which 
these processes should take place. We base the analysis on 
relations between saturation capacities, isosteric heats of 
adsorption, pore size distributions, and preferential adsorption 
sites, with the final goal of interpreting the curves of heats of 
adsorption in terms of hydrogen and storage release. 

Results and Discussion 

To get an overall impression of the adsorption capacity of the 
219 zeolites, we computed the weight percentage of hydrogen in 
gravimetric capacity at moderate (77 K and 1 MPa) and extreme 
(25 K and 100 MPa) working conditions. We chose these 
conditions in order to compare with the storage capacities of 
FAU, CHA, and ITT reported in the literature [9, 11-12]. Figure 1 
shows the weight percentage of hydrogen as a function of the 
zeolite surface area at a) 77 K and 1 MPa, and b) at 25 K and 
100 MPa.  Contrary to the reported values for ITT (2.5 wt%), our 
simulations show that the storage capacity of hydrogen for this 
zeolite is 1.5 wt%. We found also structures such as IRR, PUN, 
AFY, JST, OSO, and JSR, with higher saturation capacity and 
larger surface area that ITT, but still below 2.5 wt%. Simulations 
at moderate conditions (77 K and 1 MPa), point out only four 
zeolites which storage capacity of hydrogen is above 2.5 wt%: 
NPT (2.83 wt%), RWY (2.66 wt%), OBW (2.6 wt%), and BOZ 

(2.53 wt%).  At extreme conditions (25 K and 100 MPa) the 
storage capacity of these zeolites is clearly larger than 2.5 wt%. 
In fact, we found a set of zeolites with saturation capacity above 
4 wt% of hydrogen, one of them with more than 7 wt% of 
hydrogen:  RWY (7.18 wt%), IRR (4.53 wt%), OBW (4.48 wt%), 
NPT (4.24 wt%), JSR (4.08 wt%) and BOZ (3.86 wt%). These 
adsorption capacities were somehow in contradiction with the 
theoretical work reported by Vitillo and coworkers, in which they 
concluded that the zeolite capacities are intrinsically limited to a 
maximum of 2.86 wt% due to their geometrical contains. These 
values were obtained for FAU and RHO, computing the maximal 
capacities for 12 zeolite topologies at 0 K and zero 
pressure[13a]. The capacities that we obtained for FAU and 
RHO were 1.85 wt% and 2.08 wt% at moderate working 
conditions and 3.45 wt% and 3 wt% at extreme conditions. All 
values are collected in Table S1 of the Electronic Supporting 
Information (ESI). 
The core of our study will focus on the 6 zeolites with the highest 
storage capacity, comparing them with ITT zeolite. From a 
topological point of view, these zeolites do not share any specific 
feature to explain their better performance. Some of them have 
certain similarities, but in general they are quite different. To 
gain insights on the differences between zeolites, we compute 
the heat of adsorption of hydrogen on each structure in a wide 

Figure 1. Hydrogen weight percentage as a function of surface area at 77 K 
and 1 MPa (top) and 25 K and 100 MPa (bottom). Light blue indicates the 
region where hydrogen weight percentage of the structures is above the 
stablished benchmarks of 2.5 (top) and 4 (bottom). 
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Figure 2. HoA-curves of ITT, NPT, RWY, OBW, BOZ, IRR, and JSR. 
 
 
 

 
Figure 3. XY (left) and YZ (right) views of the Average Density Profiles of 
hydrogen at 77 K and 1 MPa (top) and 100 MPa (bottom) in ITT (a) and IRR 
(b). The color gradation indicates the occupational density (white-cyan-blue-
red). 
 
 

 
range of temperature. Plotting the heat of adsorption as a 
function of temperature we obtain what we name the heat of 
adsorption curve (HoA-curve). Then, we base the analysis on a 
combination of these HoA-curves, the topology of the structures, 
and the adsorption isotherms. Figure 2 shows the HoA-curves of 
ITT, RWY, BOZ, JSR, NPT, OBW, and IRR. The heat of 
adsorption obtained for ITT is almost independent of 
temperature (about 5 kJ/mol). This zeolite consists of a 3D 
channel system with large straight pores with circular openings 
of 18-rings along the c axis interconnected by a bidirectional 
system of 10-ring channels.  The pore size distribution of the 
structure (Figure S2 of the ESI) shows two picks at 5 and 12 Å 
approx. The larger peak corresponds to the wide longitudinal 
channels while the smaller one to the narrow channels 
intersecting with the main channels. The molecule of hydrogen 
commensurate well in the channels of 5 Å leading to constant 
values of the heat of adsorption in a large range of temperature. 
The largest channels are filled with increasing pressure and 
consequently with loading as shown in Figure 3. 
The quantum effect mimicked with a Feynman-Hibbs correction, 
becomes important for adsorption at low values of temperature. 
As can be observed in Figure S1 from the ESI, when the 
Feynman-Hibbs corrections is incorporated to the Lennard-
Jones potential, the minimum of the potential shifts to longer 
distances. For host-guest interactions, this implies a reduction of 
the available space for adsorption. In the case of guest-guest 
interactions, the shift means that the adsorbed molecules are 
more separated. The combination of both factors leads to a 
reduction of the maximum loading of a structure. For ITT, this 
effect is significant at 25 K, but is almost inexistent at higher 
temperatures. At 25 K, the molecules of hydrogen enter the 
structure at 10-3 Pa, i.e. five orders of magnitude lower than at 
50 K, as a result of a combination of the effective potential and 
the particular pore size distribution of the structure (Figure 4). At 
temperature higher than 50 K the quantum effect of hydrogen is 
lower and almost negligible for temperatures larger than 100 K. 
Among the 6 selected zeolites, only IRR has a similar topology 
than ITT but the pore size distribution shows channels and 
cavities wider than ITT (Figure S3 for the ESI). This explains on 
the one hand the lower values of heat of adsorption at the same 
temperature, and on the other hand the largest storage capacity 
and saturation values obtained for this structure.  Figure 3 
shows that the density profiles obtained for the two zeolites are 
rather similar, but for ITT the intersections between small big 
and small channels are preferential adsorption sites whereas for 
IRR this preferential adsorption site disappears (since the small 
channels are wider than these in ITT). These differences on the 
preferential adsorption sites are translated into different 
adsorption isotherms in both zeolites. As can be observed in 
Figure 4, hydrogen adsorption begins at lower values of 
pressure in ITT while the saturation values are larger in IRR. 
Nevertheless, the Feynman-Hibbs effect still stands at 25 K 
(adsorption of hydrogen at this temperature starts at 10-2 Pa, 
two orders of magnitude lower than at 50 K) and the effect at 
saturation is also appreciable for this zeolite (decrease of 
saturation loadings compared to these at higher temperature). 
The heats of adsorption of JSR at low values of temperature are 
like the obtained for IRR since both structures show a peak at 
about 6 Å in the Pore Size Distribution, corresponding to the 
small channels in IRR and the irregular cavities of JSR (Figure  
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Figure 4. Adsorption isotherms of hydrogen in ITT (full symbols) and IRR 
(empty symbols). 
 

 
Figure 6. Energy Grid Profile of JSR (left) and RWY (right). All views are 
identical. Brown and blue colors represent the accessible and inaccessible 
surface, respectively. 
 

 
Figure 7. Average Density Profiles of hydrogen at 77 K and 1 MPa (top) and 
100 MPa (bottom) in NPT (left, all views are identical) and OBW (right, XY, YZ, 
and ZX views). The color gradation indicates the occupational density (white-
cyan-blue-red). 
 
S4 of the ESI). Contrary to IRR, JSR is highly isotropic exhibiting 
only one type of cavities or channels (Figure S5 of the ESI). This 
fact together with the lack of preferential adsorption sites explain 
the linear behavior of the heats of adsorption for increasing 
temperature. It is remarkable that, despite its isotropy, JSR and 
IRR share cavities with the same minimal length size and this 
can be responsible of the similar influence of the Feynman-
Hibbs contribution at 25 K in the saturation regime (Figure 5). 

Figure 5. Adsorption isotherms of hydrogen in JSR (full symbols) and RWY 
(empty symbols). 
 
This effect is much lower for RWY, also isotropic, but formed by 
more homogeneous cavities than JSR (Figure 6).  The pore size 
distribution of RWY shows one single pick at 14 Å that explains 
the low values of the heat of adsorption as well as the large 
values in saturation capacity (Figure S6 of the ESI). 
The last isotropic zeolite identified in this work as potential 
structure for hydrogen storage is NPT.  The pore size 
distribution of this structure indicates two cavities with peaks at 
about 5 and 9.5 Å (Figure S7 of the ESI). This structure is 
formed by 3- , 4-, and 8-membered rings leading to a 3D system 
of channels. Big cavities are indirectly connected to each other 
through narrowness that communicate with smaller cavities. 
These small cavities (formed by 8-membered rings) form an 
intersected system of channels (Figure S8 of the ESI). The 
particular topology of this structure provides preferential 
adsorption sites at the constrictions of the pores that are 
indicated in the pore side distribution by a wide peak at about 
3.5 Å (Figure 7). This narrowness also explains the relatively 
high values of heat of adsorption at low temperature that remain 
constant up to 100 K. The preferential adsorption sites at the 
constrictions of the pore are also evidenced in the adsorption 
isotherm at 25 K (Figure 8). It is also interesting to note that the 
Feynman-Hibbs contribution does not affect saturation values for 
this zeolite. A similar behavior is found on OBW. This zeolite 
contains 3-, 4-, 8-, and 10-membered rings on its structure, and 
a 3D system that reminds to this of NPT.  Two main cavities are 
observed of 5.5 and 8.5 Å approx. (Figure S9). In a similar way 
as occurred in NPT, big cavities are connected via constrictions 
to the smaller cavities (Figure S10 of the ESI). However, the 
complexity of this topology is enhanced by its lack of isotropy. 
The particularities of this framework also reveal strong 
preferential adsorption sites that can be translated into high 
heats of adsorption, nevertheless, contrary to what we observed 
on NPT, they are not constant at low temperature. Compared to 
NPT the effect of the Feynman-Hibbs correction at 25 K in this 
zeolite is more significant at saturation values (Figure 9). 
However, there is a remarkable effect in both zeolites at 
intermediate values of pressure (between 10-1 and 105 Pa) 
where not only the adsorption capacity but also the shape of the 
isotherm is modified. This effect is more evident in OBW than in 
NPT. 
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Figure 8. Adsorption isotherms of hydrogen in NPT (full symbols) and OBW 
(empty symbols). 
 
 
We identify BOZ as the zeolite with the highest heats of 
adsorption. This is attributed to a combination of a) the presence  
of four peaks in the pore size distribution (Figure S11 of the ESI) 
and b) the anisotropic character of the structure.  This zeolite 
has a 3D network of channels formed by 3-, 4-, 6-, 8-, and 10-
membered rings. This leads to four types of cavity of 3, 4.5, 6.5, 
and 8 Å. According to the topology, different channels are 
identified, being their cranny shape and narrow connections the 
responsible of the presence of preferential adsorption sites for 
hydrogen, and therefore of the high heats of adsorption (Figure 
10). Similarly to what we observed for ITT, the Feynman-Hibbs 
correction has an impact on the adsorption capacity of this 
zeolite, with strong effect at 25 K (Figure S12 of the ESI). 
Based on our simulations we can stablish relations between the 
topology of the structures (PSDs and channel system) and the 
HoA-curves (Figure 2).  The molecular model used for hydrogen 
is slightly larger than its kinetic diameter (2.89 Å). Therefore, 
structures with the smallest pore of about 3 Å in diameter do not 
show any specific behavior (hydrogen molecules do not enter 
these pores). However, sorting the zeolites based on their next 
smallest pore (from smaller to larger pore size), they follow the 
reverse order as the heat of adsorption of the structures at the 
lowest temperature (25 K). As expected smaller pores result on 
higher heat of adsorption. Nevertheless, the shape of the HoA-
curve varies depending on the type and size of the remaining 
pores of the frameworks. Structures with just one type of pore 
(RWY) or with more than one but similar in size (JSR) show a 
parabola-like shape on the HoA-curve, being the minimum heat 
of adsorption shifted to lower temperatures on structures with 
smaller pores (from 100 to 75 K on RWY and JSR with pores of 
about 13 and 6-7 Å, respectively). The shape of the HoA-curve 
can deviate from the parabola in the 0 K range, when different 
pore sizes are combined in the structure. Similar shapes are 
found for ITT and IRR, both structures combining small pores of 
about 5 Å with large pores of 12.5 and 12-13.5 Å, respectively. 
The small pore is responsible of the small kink that can be 
observed at temperatures between 30 and 50 K in ITT and at 30 
K in IRR (this kink is less remarkable in IRR since its small pore 
is slightly larger than this of ITT). Above 50 K, the general V-
shape remains, with the lowest values of heat of adsorption on  

Figure 9. Adsorption isotherms of hydrogen in NPT (green) and OBW (purple) 
at 25 K with and without Feynman-Hibbs quantum correction (full and empty 
symbols, respectively). 
 

 
Figure 10. From left to right, XY, YZ, and ZX views of the average density 
profiles of hydrogen at 1MPa (top) and energy grid profile (bottom) of BOZ. 
Brown and blue colors represent the accessible and inaccessible surface, 
respectively. The color gradation indicates the occupational density (white-
cyan-blue-red). 
 
the structure with the largest pores. IRR with pores of 12 Å 
shows its minimum at 125 K, while this value is shifted to 175 K 
on ITT with slightly larger pore (12.5 Å). When the structures 
contain a combination of pores similar in size (NPT and OBW), 
the kink observed on the HoA-curves are less noticeable. The 
two structures contain small pores of about 5 Å and large pores 
of 8.5 Å (OBW) and 9.5 Å (NPT). With these PSDs, one would 
expect similar behavior than for ITT and IRR. However, this is 
just partially true for OBW, with less effect due to the smaller 
size of the big pore of this structure. On the contrary, the already 
mentioned presence of constrictions together with the isotropic 
nature of NPT make the HoA-curve not a parabola-like function, 
becoming flat up to 100 K. Finally, the combination of more than 
2 types of pore sizes (BOZ) shows the strongest deviations of 
the HoA-curve, being the structure with the largest differences 
between maximum (6.1 kJ/mol at 35 K) and minimum (5.2 
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kJ/mol at 125 K) heat of adsorption.  Above 200 K all HoA-
curves follow the same trend since the high thermal contribution  
overcomes topological factors on the calculation of the heat of 
adsorption. In this regard, we observe that the HoA-curves can 
provide information about the topology of the materials, but 
heats of adsorption must be computed below 200K. 

Conclusions 

In this work, we screened the hydrogen adsorption capacity of 
the 219 zeolites from the IZA Database by computing the weight 
percentage of hydrogen at moderate (77 K and 1 MPa) and 
extreme (25 K and 100 MPa) working conditions. For a target 
capacity of 4 wt% at 25 K, we found a set of 6 zeolites with 
saturation capacity above this value (RWY, IRR, OBW, NPT, 
JSR, and BOZ), showing RWY the maximum capacity with 7wt%. 
We computed adsorption isotherms, pore size distributions, 
preferential adsorption sites, and heat of adsorption of hydrogen 
at different temperatures on each structure, as well as on ITT, 
since this is considered the zeolite with the highest hydrogen 
capacity reported to date. We established relations between the 
HoA-curves obtained by plotting the heat of adsorption versus 
temperature and the topology of the structures. (1) Structures 
with one type of pore or with more than one but similar in size 
show a parabola-like curve. (2) Structures with small and large 
pores show HoA-curves with a kink at the lowest temperatures. 
This kink depends on the size of the smallest pore. Regarding 
the computed isotherms, the use of Feynman-Hibbs quantum 
correction leads to a decrease of the adsorption that not only 
affects the saturation capacity but also the shape of the isotherm. 
Based on our results we consider that the mentioned zeolites 
can be potential candidates for the storage and release of 
hydrogen. 

Simulation Section 

Our molecular simulations for energy storage materials are 
enhanced by constant update in calculation methods,[16] force 
fields,[17] and optimized models.[18] In this study, we face the 
advantages and disadvantages of simulating one of the smallest 
molecules that can be adsorbed in a porous material. The small 
size of the molecule of hydrogen and the relatively large rigidity 
of most zeolites allow to neglect flexibility. However, the mere 
combination of Lennard-Jones and Coulomb potentials could be 
insufficient to describe the interactions between such a small 
molecule and the porous material, requiring specific interactions 
in order to reproduce experimental adsorption.[18a, 19] At the 
cryogenic temperatures of our study, the quantum behavior of 
hydrogen is non-negligible in the nanoscale confinement of 
zeolite pores and other nanostructured materials.[6a, 18a, 20] 
Therefore, we use for hydrogen the model proposed by Deeg et 
al.[18a] with a single uncharged Lennard-Jones center that 
incorporates quantum effects through a Feynman-Hibbs 
effective interaction potential (Figure S1). This model was 
validated with experimental adsorption of hydrogen in pure silica 
LTA (ITQ-29) and MFI at 25, 77, 90, and 120 K. The structures 
of the zeolites were taken from the Database of Zeolite 
Structures.[5] Among them, 13 topologies (CHI, CLO, EWT, IFU, 
IRY, ITN, ITV, LIT, PAR, RON, SSO, SVR, and WEN) were 

discarded as the coordination of the silicon atoms is not 
tetrahedral. The remaining 219 topologies were modeled as rigid 
frameworks in their pure silica form using previosuly validated 
force field parameters.[21] 
Saturation capacities and absolute adsorption isotherms were 
calculated by Monte Carlo simulations in the Grand-Canonical 
ensemble, and for heats of adsorption (HoA) under diluted 
conditions we used the Widom test particle method.[22] Surface 
area (SSA) and Pore Size Distribution (PSD) of the materials are 
computed geometrically.[23] A cutoff of 12 Å is applied to the 
Lennard-Jones and Feynman-Hibbs potentials. Rotation, 
translation and reinsertion are the main movements applied to 
the molecules. No partial blockage of the structures is applied, 
since all their cavities are accessible for the molecule of 
hydrogen. Simulations were performed with the molecular 
simulation software RASPA.[24]  
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