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Abstract: Several zeolites, such as fau-
jasite, mordenite, and ZSM-5, with var-
ious aluminum contents have been
used to analyze the effect of aluminum
or cation concentration (strength of
electrostatic field) on hydrogen adsorp-
tion at low temperature. Irrespective of
the zeolite structure, the adsorption ca-
pacity, isosteric heat of adsorption
(—AH,), surface coverage, and micro-

ing aluminum content of a zeolite. Zeo-
lites with a higher amount of aluminum
favorably adsorb hydrogen at relatively
low pressures. For zeolites with similar
aluminum contents, the adsorption ca-
pacity, isosteric heat of adsorption, sur-
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face coverage, and micropore occupan-
cy are in the order of mordenite >
ZSM-5 > faujasite, probably due to dif-
fering pore sizes and the presence or
absence of pore intersections. This
work demonstrates that zeolites with
strong electrostatic fields and narrow
pores without intersections are benefi-
cial for high hydrogen uptake.

pore occupancy increase with increas-

Introduction

Efficient storage of hydrogen is very important for the uti-
lization of hydrogen, one of the best alternative fuels for ve-
hicles powered with fuel cells."?! The storage of hydrogen
by adsorption, including physisorption, by using porous ma-
terials is one of several methods® currently being investigat-
ed. Porous materials, such as carbons,*® aluminosilicate
zeolites,”"®! and inorganic—organic hybrid materials, such as
metal-organic frameworks (MOFs),” " have been studied
as potential hydrogen sorbents. Materials with high porosity
(expressed either in terms of surface area or pore volume)
are invariably sought due to the general consensus that
higher porosity leads directly to higher overall hydrogen
uptake.*%19 Very recently, adsorption capacity as high as
6.1-7.5 wt % has been reported by using high surface area
MOFs!™>7 at liquid-nitrogen temperature.

Several strategies to increase the adsorption capacity, in-
cluding 1) optimizing pore size,'®?! 2) preparation of frame-
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works from light metal species,'®! 3) utilization of hydrogen
spillover,? and 4) optimization of adsorption energy,”! have
been suggested. Optimum pore or small pore size is stated
to be important to enhance the hydrogen uptake.’ Very
small pores lead to high binding affinity due to increased
van der Waals contact area.'¥! Effective use of the available
pore volume is most likely in materials with smaller
pores.'”) Hysteresis in hydrogen adsorption and desorption
occurs in a very small pore which may not allow hydrogen
to pass freely.® Very recently, we have demonstrated that
aluminophosphate molecular sieves (AIPOs) with small
pore show high adsorption capacity (per surface area or mi-
cropore volume) and heat of adsorption due to the in-
creased interaction between the AIPOs (with small pore)
pore walls and hydrogen.” Very recently, it has also been
shown that catenation of a MOF, even with concurrent re-
duction of pore dimension, leads to a significant enhance-
ment of hydrogen adsorption.”'?! Light metals, such as
magnesium, improve gravimetric hydrogen storage capaci-
ties by lowering the weight of the adsorbent.™™ Li and Yang
have shown that the hydrogen storage capacity can be in-
creased much with the idea of hydrogen spillover for ad-
sorbents including a physical mixture of Pt/carbon and
MOFs.™!

Acid-base, electrostatic, and dipole interactions have also
been considered to be important.’>?! For example, Froud-
kis?® has shown that high hydrogen adsorption on an alkali-
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metal-doped carbon nanotube was due to the charge-in-
duced dipole interaction between hydrogen and the alkali
metal. Development of open or coordinatively unsaturated
sites (CUS) of metal atoms is also helpful to increase the ad-
sorption strength.”?%#1 CUS in a MOF enhances the hy-
drogen adsorption capacity.”!! Some of us have reported
that coordinatively unsaturated nickel sites of porous nickel
phosphate®” or nickel-5-sulfoisophthalate™ leads to an ad-
sorption of hydrogen with high heat of adsorption and hys-
terisis in adsorption—desorption isotherms.””?! Kazansky
et al. have suggested that the hydrogen adsorption on fauja-
site zeolites is high when the faujasite has a low Si/Al ratio
because there are more basic sites and stronger perturbation
of the H-H bond.” However, recently, Langmi et al. re-
ported that the hydrogen adsorption capacity does not rely
on the Si/Al ratio but only on the BET surface area.l’”
These observations suggest that the effect of Si/Al ratio or
electrostatic field of a zeolite is an important parameter for
hydrogen storage; however, this is not yet understood thor-
oughly.

In this work, the effect of the electrostatic field of porous
materials on the hydrogen sorption properties, including ad-
sorption capacity and energy etc. has been studied by using
wide-ranging conditions, including zeolite structures (several
important zeolites, such as faujasite (IZA codel!! FAU),
mordenite (IZA code MOR), and ZSM-5 (IZA code MFT)),
Si/Al or Si/Na ratios and temperatures. Moreover, the ef-
fects of pore structure, such as pore size and the presence of
an intersection of zeolites (with similar Si/Al ratios), on the
hydrogen adsorption has been examined.

Results

Figure 1 shows the adsorption isotherms at 77 K over the
three zeolites with various Si/Al ratios. The desorption iso-
therms have the same characteristic lineshapes as the ad-
sorption isotherms (data not shown) which represents fully
reversible adsorption due to physisorption. As shown in
Figure 1, the zeolites adsorb various amounts (71-
172 mLg™") of hydrogen at 760 Torr depending on the struc-
ture and Si/Al ratio. The adsorbed hydrogen capacities are
summarized in Table 1 and Figure 2, illustrating the monoto-
nous increase of adsorption capacity with increasing alumi-
num (and sodium accordingly) concentration. This suggests
the increase of interaction between hydrogen and the zeolite
pore walls or sodium ions when the concentration of alumi-
num or sodium is high.

The isosteric heat of adsorption (—AH,4) can be calculat-
ed by using the Clausius—Clapeyron equation®” from the
isotherms at various adsorption temperatures. Figure 3
shows the typical isotherms over FAU (60) zeolite for vari-
ous temperatures (77, 87, and 90 K). As is well known, the
adsorbed hydrogen decreases when increasing the adsorp-
tion temperature. Other zeolites show very similar depend-
ences on adsorption temperatures. Figure 4 illustrates the
dependences between InP versus T~' for the FAU zeolites
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Figure 1. Hydrogen adsorption isotherms over zeolites with various Si/Al

ratios at 77 K: a) A FAU (2.81), o FAU (5.6), o FAU (60); b) o MOR

(13), © MOR (20), A MOR (90), and c) v MFI (23), & MFI (50), o MFI
(80), o MFI (140).

(Figure 4a) and three zeolites with similar Al concentrations
(Figure 4b) when the adsorbed hydrogen is 30 mLg~'. The
—AH,, can be obtained from the slopes of Figure 4 and the
results are presented in Table 1. For other cases, including
various hydrogen uptakes, zeolite structures and Al or Na
concentration, —AH 4 values are obtained similarly, and the
results are shown in Table 1 and Figure 5 for selected cases.
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Table 1. Physicochemical properties of various zeolites and a summary of their hydrogen adsorption results.

Sample A(AIHS]) St PVl H, adsorption)  Surface Micropore volume P! —AH, ¥ [kImol™]
(Si0/ALO;  [%] [m?’g™'] [mLg™'] [mL-STPg'] coverage!d  occupancy!® [%] [Torr]
ratio) [%]

20 25 30 35 40
FAU (2.81) 41.6 604 0.29 172 97.8 76.7 54.0 6.9 6.8 6.4 6.9 7.0
FAU (5.6) 26.3 827 0.39 140 55.5 45.8 140.0 6.1 6.0 6.0 6.0 5.8
FAU (60) 32 749 0.36 71 32.6 252 230.0 4.8 4.7 4.6 4.6 -
MOR (13) 133 425 0.19 131 105.9 86.1 16.4 11.7 10.9 9.2 6.6 6.7
MOR (20) 9.1 500 0.22 124 85.2 72.6 28.7 10.9 8.8 8.2 7.8 7.8
MOR (90) 22 500 0.24 113 77.6 59.1 80.2 7.2 7.5 7.6 7.6 7.2
MFI (23) 8.0 425 0.16 96 77.6 77.0 25.6 NDM  ND ND ND ND
MFTI (50) 39 425 0.20 91 73.5 56.9 68.7 6.7 6.7 6.7 6.6 6.6
MFTI (80) 24 425 0.22 87 70.3 50.2 73.8 6.6 6.5 6.4 6.3 6.3
MFTI (140) 1.4 425 0.21 84 67.9 50.1 77.4 6.3 6.2 6.2 6.2 6.2

[a] Surface area calculated by the BET equation. [b] Micropore volume calculated by the t-plot. [c] Adsorption capacity of hydrogen at 760 Torr. [d] Rel-
ative surface coverage based on the fact that 1.3x 107> mol of adsorbed hydrogen is needed to cover (monolayer) one square meter of a solid surface.
[e] Relative micropore occupancy by hydrogen calculated by using the density of liquid hydrogen (0.07 gmL™"). [f] The pressure at which half of adsorp-
tion capacity (at 760 Torr) is adsorbed. [g] Heat of adsorption calculated by the Clausius—Clapeyron equation when the adsorbed amount is 20-40 mL g
[h] ND: not-determined.
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Figure 3. Effect of adsorption temperature on hydrogen adsorption on A MFI (80), o MOR (90).
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As shown in Table 1 and Figure 5a, the isosteric heat of hydrogen and zeolite pore walls (or cations) increases with
adsorption increases with increasing Al concentration for Al concentration. Moreover, —AH,, is in the order of
the three zeolites, illustrating that the interaction between MOR >MFI >FAU when the three zeolites have similar Al
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Figure 5. Isosteric heat of adsorptions over various zeolites for hydrogen
adsorption of 2040 mLg™": a) FAU zeolite with various Si/Al ratios.
o FAU (2.81), o FAU (5.6), A FAU (60); b) FAU, MFI, and MOR zeo-
lites with similar Si/Al ratios. o FAU (60), c MOR (90), A MFI (80).

concentrations (Table 1 and Figure 5b), suggesting that the
interaction between hydrogen and zeolites is in the order of
MOR >MFI>FAU. Therefore, hydrogen adsorption de-
pends on not only the Al concentration but also zeolite
structure.

Hydrogen uptake as a function of adsorption pressure
varies considerably depending on the type of zeolites and Si/
Al ratios. The normalized uptakes are shown in Figure 6 for
faujasite zeolites. Other zeolites show similar dependences
on the aluminum concentration. The differences are, howev-
er, rather small between samples of MFI (or MOR) with Si/
Al ratios because of the relatively small difference in Al
concentrations. The pressures (P:,) at which half of the total
adsorption capacity at 760 Torr is adsorbed are summarized
in Table 1. Hydrogen adsorbs readily into zeolite pores at a
relatively low pressure with increasing aluminum (or
sodium) concentration for the three zeolites, thus indicating
an increase of interaction between hydrogen and the pores
of the zeolites with increasing the electrostatic field due to
the increase of aluminum and cation (sodium in this case).
Compared with the FAU zeolites, the low P:, for MOR or
MEFT zeolites confirms the strong interaction between hydro-
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Figure 6. Hydrogen adsorption isotherms normalized to the adsorption

capacity at 760 Torr over FAU zeolites with various Si/Al ratios. o FAU
(2.81), o FAU (5.6), o FAU (60).

gen and the pores of MOR or MFTI in accord with the high
—AH, 4, for the MOR and MFI zeolites.

The relative surface coverage, meaning the fraction of sur-
face area that is covered by hydrogen, was also calculated
(Table 1) based on the fact that 1.3x107° mol of adsorbed
hydrogen is needed to cover one square meter of an adsorb-
ent by monolayer.! The relative surface coverage increases
with increasing Al concentrations of zeolites (Table 1),
which is consistent with the heat of adsorption. Moreover,
in accord with the heat of adsorption, the surface coverage
is in the order of MOR >MFI >FAU when the Al concen-
tration is similar (Table 1 and Figure 7). In our previous
study, it has been reported that the surface coverage on
AIPOs increases with the decrease of pore size due to an in-
crease of interaction between hydrogen and pore walls for
small-pore AIPOs.”! Therefore, the interaction between hy-
drogen and the pores of zeolites increases when the Al con-
centration is high, especially for the MOR zeolite. It is not
certain as to whether the surface coverage higher than
100 % means multilayer adsorption or not. We cannot rule
out the experimental error even though the reproducibility
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Figure 7. Surface coverages and micropore occupancies over FAU (60),
MFTI (90) and MOR (80) zeolites with similar Si/Al ratios.
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of hydrogen adsorption is very high. The relative surface
coverage is usually below 100 % except for a porous hybrid
material, manganese formate, for which the coverage is
150 % .1

Micropore occupancy, calculated from the PV, and the
volume of adsorbed hydrogen, shows very similar trends to
those of surface coverage (Table 1 and Figure 7). As the alu-
minum concentration increases, the micropore occupancy in-
creases for the three zeolites. The micropore occupancy is in
the order of MOR >MFI>FAU when the aluminum (or
sodium) concentration is similar (Table 1 and Figure 7). The
micropore occupancies of adsorbed hydrogen on AIPOs,
several MOFs, and porous zinc dicarboxylate diamines are
37-80,71 1364, and 37 —52 % ,**l respectively.

Discussion

Aluminosilicate zeolites are well known for their electrostat-
ic fields™! due to the electronegitivity™®! differences between
Al Si, and O and the contribution of charge-balancing cat-
ions. As the Al concentration increases, the electrostatic
field of a zeolite increases accordingly.® So far, the effect
of the Si/Al ratio or electrostatic field on hydrogen adsorp-
tion has not been established conclusively.?*¥) We hypothe-
sized that the electrostatic field may increase the adsorption
capacity of hydrogen considerably at low pressure because
coordinatively unsaturated sites (CUS) increase the adsorp-
tion strength due to the polarization of adsorbed hydro-
gen.”?1 Very recently, Rowsell and Yaghi have also report-
ed that CUS leads to an increased hydrogen uptake.’! As
shown in Figure 2, the adsorption capacity (at 760 Torr) in-
creases with Al concentration irrespective of the zeolite
types. Moreover, the isosteric heat of adsorption (Table 1
and Figure 5a), surface coverage (Table 1), micropore occu-
pancy (Table 1), and P:, (pressures at which half of the total
adsorption capacity at 760 Torr is adsorbed; Table 1 and
Figure 6) confirm the stronger interaction for a zeolite with
a higher concentration of Al (also a higher sodium concen-
tration) because of the higher electrostatic field. Very re-
cently, Frost et al.,®” by using Grand canonical Monte Carlo
simulations, have shown that heat of adsorption is one of
the most important factors for adsorption at low pressures,
presumably because the interaction is very important at low
pressure. We have also analyzed the effect of the electrostat-
ic field by the adsorption on FAU zeolites that were ion-ex-
changed with alkali metals and alkali-earth metals. The re-
sults can be explained by means of the size of ions and elec-
trostatic fields and will be reported elsewhere.

We also analyzed the adsorption for the three zeolites
(FAU (60), MOR (90), and MFT (80)) with similar Al con-
centrations to understand the effect of pore structures. The
adsorption capacity (Table 1), —AH,, (Figure 5b), surface
coverage, and micropore occupancy (Figure 7) increase in
the order of FAU<MFI<MOR. The P, however, de-
creases in the order of FAU >MFI~MOR. All these results
confirm that the strength of interaction between hydrogen
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and the pore wall of a zeolite is in the order of FAU <
MFI<MOR. Very recently, we have shown that the heat of
adsorption and adsorption capacity (per unit micropore
volume or BET surface area) increase when decreasing the
pore size of AIPOs.”" In addition, AIPOs with smaller pore
sizes favorably adsorb hydrogen at relatively low pres-
sures.””! FAU and MFI are composed of three-dimensional
(3D) channels delineated by 12 and 10-membered rings
(MR), respectively.’!! The two zeolites have intersections
formed by the crossing channels."!! On the contrary, the
MOR is composed of an one-dimensional (1D) channel
(12MR) without intersection.’!! Pore sizes of FAU, MFI,
and MOR are 0.74x0.74 x0.51x0.55 nm (or 0.53x0.56 nm)
and 0.7x0.65 nm, respectively.’!! From the adsorption re-
sults and our experience, it may be concluded that the effec-
tiveness of pore structure of zeolites for hydrogen adsorp-
tion decreases in the order of MOR >MFI>FAU. The ef-
fective adsorption on MOR might be related with the 1D
channel structure without intersections. The inefficient hy-
drogen storage over FAU is probably due to the larger pore
structure and larger intersection.

Conclusion

In this work, we have demonstrated unequivocally that the
adsorption capacity, the isosteric heat of adsorption
(—AH,y), surface coverage, and micropore occupancy in-
crease with increasing Al or Na concentration of zeolites ir-
respective of framework structures. Moreover, the adsorp-
tion capacity, surface coverage, micropore occupancy, and
the heat of adsorption over three zeolites with similar Al or
Na concentration increase in the order of FAU<MFI<
MOR. The hydrogen adsorbs readily at relatively low pres-
sure for porous materials containing high concentrations of
Al or with the structure of the MOR zeolite. Therefore, it is
reasonable to suggest that the ideal zeolite for an efficient
hydrogen storage, especially at low pressure, is one with
higher concentrations of Al or Na (to show high electrostat-
ic field) and narrow pores without intersections.

Experimental Section

General methods: Several zeolites, such as faujasite, mordenite, and
ZSM-5 were obtained from Zeolyst (faujasite and ZSM-5) or Zeocat
(mordenite). Zeolites in ammonium or proton forms were fully ion-ex-
changed into sodium form by a conventional ion-exchange method by
using aqueous NaCl solution (three exchanges). The zeolites are denoted
as FAU (n), MOR (n), or MFI (n) in which n means the SiO,/Al,O; ratio
of the zeolite. The specifications of zeolites used in this study are sum-
marized in Table 1. FAU (60), MOR (90), and MFI (80) were used to
study the effect of pore structure because the three zeolites have similar
Al/(Si+Al) atomic ratios of 2.2-3.2%.

The surface area and micropore volume of various zeolites were calculat-
ed from nitrogen adsorption isotherms by using the BET equation and
the t-plot, respectively. The nitrogen adsorption isotherms were obtained
by using a Micromeritics ASAP 2400 adsorption unit at liquid nitrogen
temperature after evacuation under vacuum. The H, adsorption on vari-
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ous zeolites was also conducted by using a volumetric adsorption appara-
tus (Tristar 3300, Micrometrics) at liquid nitrogen (77 K), liquid argon
(87 K), and liquid oxygen temperature (90 K). The adsorption capacities
at various pressures were calculated by using the ideal gas law because
the adsorption pressure was only up to 760 Torr. The accuracy of the ad-
sorption unit for the measurement of the adsorption capacity was con-
firmed by conducting the experiments on the well-known molecular
sieves, such as K-Y and SAPO-34. The reproducibility of the adsorption
data was confirmed at least three times, and the experimental error of
the adsorption capacity was less than 2 mLg™' at 760 Torr. The results
shown in this study are averaged results derived from three or four inde-
pendent experiments.

The isosteric heat of adsorption (—AH,y) was calculated by using the
Clausius-Clapeyron equation®™ from the adsorption isotherms at three
temperatures. The Clausius—-Clapeyron equation is expressed as

InP = —AH 4R 'T™! (1)
in which, P, R, and T are the pressure, gas constant, and temperature, re-
spectively. The —AH,4 can be obtained from the slope of the plot of
Equation (1). The surface coverage was calculated based on the fact that
1.3x107° mol of adsorbed hydrogen is needed to cover one square meter
of an adsorbent by monolayer.!! The micropore occupancy was obtained
from the volume of adsorbed hydrogen (calculated with the density of
liquid hydrogen of 0.07 gmL™") and micropore volume of a zeolite.
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