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An interpenetrated MOF-5 with high mesoporosity was synthesized via solvothermal method. The porous
texture was confirmed by X-ray diffraction (XRD), scanning electron microscope (SEM), transmission electron
microscope (TEM), and N2 adsorption/desorption analysis. And the thermal stability and hydrogen storage at
low pressure of the samples were studied. The results showed that the temperature of thermal decomposition
for as-prepared MOF-5 increased and more interestingly the hydrogen uptake at 77 K and low pressure could
be improved. The enhancement of hydrogenuptakewas considered to be originated from successful construction
of interpenetrated structure and intercrystalline mesopore.

© 2013 Elsevier B.V. All rights reserved.
1. Introduction

With the increasing demand for alternative fuel, hydrogen has been
considered as one of the best candidates because of its abundance, non-
pollution and high power density. Themain issues of using thisflamma-
ble gas are efficient storage and safe transport. The preferable way to
solve the both problems is to choose solid porous materials as storage
medium [1]. As a promising porousmaterial, metal-organic frameworks
(MOFs) have attracted more research interest in the field of hydrogen
storage, owing to their high specific surface area, high volume, low
density, and tunable pore size [2]. Recently, a large number of strategies
have been developed to tune pore size and structure in MOFs for an
optimal hydrogen uptake at low pressure [3,4]. Framework interpene-
tration, compared to non-interpenetrated form of the same framework,
can further reduce the pore size and enhance the hydrogen uptake and
thermal stability of MOFs, because smaller pores can result in higher H2

heat of adsorption [4,5]. In view of the contribution of smaller pores to
gas uptake, larger pores seemed to be detrimental for gas uptake at
low pressure. But, more recently, Bai et al. investigated a batch of exper-
iments on gas adsorption of nanoMOFs with high mesoporosity, which
was attributed to a mass of mesopores including intercrystalline
mesopores. They pointed out that nanoMOFs with the coexistence of
micro- and mesopore possessed higher H2 heat of adsorption for the
strong physisorption from intercrystalline mesopores [6–8]. These
results indicated that interpenetration and intercrystalline mesopores
can be employed to optimize the gas uptake, respectively. Thus, the
structure combining intercrystalline mesopores with interpenetration
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might possess high hydrogen uptake at low pressure. However, rare re-
ports concern about the effect of introducing intercrystallinemesopores
into the interpenetrated bulk MOFs on hydrogen adsorption.

MOF-5 is a representative MOFs because of its thermal stability and
excellent hydrogen storage capacity [9,10]. Supramolecular templating
method is one of the preparativemethods for introducing intercrystalline
meso-/macropores into materials [11]. Triethylamine (TEA), as organic
amine, plays significant roles in formation of above-mentioned structures
such as templating, deprotonating agent and charge-balancing agents
[12].

In this paper, we synthesized an interpenetrated MOF-5 with high
mesoporosity by adding TEA. The results showed that as-prepared
materials can store 1.86 wt % hydrogen at 77 K under 1 atm, which
was higher than the earlier reported hydrogen uptake of the inter-
penetrated MOF-5 with little mesopores under the same test condition.
It is also implied that both intercrystalline mesopores and interpen-
etrated structure might result in enhancing hydrogen uptake of the as-
prepared MOF-5 at low pressure.

2. Experimental

2.1. Materials

All chemicals were obtained commercially and usedwithout further
purification: zinc nitrate hexahydrate (Zn(NO3)2 · 6H2O) (XiLong
Chemical Co., Ltd.), terephthalic acid (H2BDC) (Sinopharm Chemical
Reagent Co., Ltd.), N,N′-dimethylformamide (DMF) (XiLong Chemical
Co., Ltd.), triethylamine (TEA) (XiLong Chemical Co., Ltd.), 4A-type mo-
lecular sieves (Sinopharm Chemical Reagent Co., Ltd.), and anhydrous
chloroform (BeiJing Chemical Works).
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2.2. Methods

The procedure of synthesizing MOF-5 reported in the literature [13]
wasmodified. The details are described as follows: The solventDMFwas
first dehydrated for 24 h by 4A-type molecular sieves (activation at
400 °C for one day), and then Zn(NO3)2 · 6H2O (1.664 g, 5.60 mmol)
andH2BDC (0.352 g, 2.12 mmol)were dissolved in 50 ml of dehydrated
DMF solvent. TEA (550 μl) was added into the mixture and white
precipitate was immediately removed. The transparent solution was
quickly transferred to a 100 ml glass vial and sealed. The glass vial
was then heated to 105 °C and held for 24 h. After the reaction, the
vial was taken out of the oven and cooled down to room temperature
naturally. The powders were collected from the solvent and washed
thoroughly with DMF for three times. After that, the powders were
immersed in 50 ml chloroform, sealed tightly at room temperature for
7 days. During the process, the chloroform solution was decanted and
replenished every two days. The prepared MOF-5 powders were dried
under vacuum at 155 °C for 24 h.

3. Characterization

Powder X-ray diffraction (XRD) pattern of samplewas obtained on a
Rigaku Ultima IV X-ray diffractometer with a Cu Kα1 radiation source
(k = 1.54056 Å) operated at 40 kV and 40 mA at a scanning step of
0.01° in the 2θ range 5°–40°. The morphologies of sample were charac-
terized using a HITACHI-S4300 Scanning electron microscope (SEM)
and a PHILIPS CM 200 FEG transmission electron microscope. Fourier-
transform infrared (FT-IR) spectra were recorded with an AVATAR 360
FT-IR spectrophotometer using a standard KBr pellet technique.
Thermogravimetric analysis of the sample was carried out using TA
TGA Q5000IR under N2 stream with a heating rate of 5 °C/min from
room temperature to 600 °C. The porosities and specific surface areas
were measured with a Micromeritics ASAP 2020 gas sorption and
porosimetry apparatus using nitrogen gas at 77 K. Before the measure-
ments, the sample (0.1 g) was heated at 130 °C under vacuum for 10 h.
The hydrogen adsorption capacity (volumetric method) was measured
at 77 K under 1 atm pressure using the same gas sorption instrument.
Before the hydrogen-uptake measurement, the sample (0.1 g) was
heated at 130 °C under vacuum for 10 h.

4. Results and discussion

The powder X-ray diffraction studies (Fig. 1) can demonstrate that
the samples with high crystallinity possess the structure of interpen-
etrated MOF-5. In typical synthesis methods, solvothermal is preferable
for the growth of MOF-5 with high crystallinity. Sharpness and high
intensity of the peaks indicate high crystallinity of the prepared bulk
Fig. 1. XRD patterns of the as-prepared MOF-5.
materials, which agrees with the SEM image of the prepared MOF-5.
In addition, according to Fang et al., the ratio (denoted as R2) of the
intensity of the peak at 13.8° to that at 6.8° of the non-penetrated
MOF-5 was low, while high R2 implied an interpenetrated structure,
especially when the ratio (denoted as R1) of the intensity of the peak
at 9.7° to that at 6.8° was low [14]. As shown in Fig. 1, the peaks of the
samples have the same two-theta values as those of the reported
MOF-5 materials. Moreover, it is worthwhile to note that the as-made
MOF-5 possesses high R2 and relative low R1, and the relative XRD
peak intensity of the preparedMOF-5 is similar to that of interpenetrated
MOF-5 reported by Fang et al., except the peak at 8.4°. The presence
of the peak at 8.4° might imply partial collapse of the interpenetrated
structure in MOF-5 [10,15]. Furthermore, based on the study of Park
et al., the reactant concentration might be the key factor to prepare
interpenetrated MOF-5 [16]. Thus, the interpenetration frameworks are
likely due to high reactant concentration. On the other hand, MOF-5
seed crystals can be easily detached or dissolved by a high concentration
of organic acid. Therefore, as a deprotonating agent, TEA is used to pre-
vent protons of organic acid from attacking the MOF crystals [13].

The FT-IR spectrum of the as-preparedMOF-5 is shown in Fig. 2. The
samples exhibit a band at 3600 cm−1 and a broad band centered at
3460 cm−1 due to strongly bound water [17,18]. In the region between
3100 and 2850 cm−1, several bands can be assigned to aromatic and
aliphatic C–H stretching vibrations modes of benzene ring [18]. The
bands at 1500 cm−1 and 1560 cm−1 are attributed to the asymmetric
stretching of carboxylate group in the BDC, whereas the peak at
1380 cm−1 is due to the symmetric stretching of carboxylate group in
BDC. In the region between 1300 and 700 cm−1, several bands are
observed that can be assigned to the out-of-plane vibrations of BDC
[19]. The FT-IR spectrum of the samples indicates that there are no
chemical changes in the as-prepared MOF-5.

In order to characterize themorphology andporous texture, the SEM
and TEM images of the samples are given in Fig. 3. Fig. 3a shows each
particle consists of the intergrown cubic crystals. According to the defi-
nition, interpenetration is that the frameworks are maximally displaced
from each other by shifting the second framework exactly one half of
the pore size in the 3D directions [1]. Thus, the unique morphology
might be due to interpenetration. The SEM image with higher magnifi-
cation is shown in Fig. 3b, it is clear to seemeso- andmacropores on the
surface of the samples. Fig. 3c gives the disordered porous structure in
the bulk MOF-5. Fig. 3d shows the intercrystalline mesopores in the
interpenetrated MOF-5, which is similar to the observation of Bai et al.
[6]. The meso/macroporous structure including intercrystalline
mesopores in the resulting MOF-5 could be mostly attributed to the
function of TEA template [20,21]. More detailed mechanisms are still
under investigation.
Fig. 2. FT-IR spectra of the as-prepared MOF-5.
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Fig. 3. SEM and TEM images of the as-prepared MOF-5. (a) SEM image, (b) SEM image with high magnification, (c) and (d) TEM images of pores in the samples.
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The pore size and distribution of the samples can be further con-
firmed by the nitrogen adsorption anddesorption analysis. The nitrogen
adsorption and desorption isotherms of the samples are shown in
Fig. 4a, and the inset shows a magnification of nitrogen adsorption/
desorption isotherms in the relative pressure range 0.02–1.0. Pore
Fig. 4. (a) Nitrogen adsorption/desorption isotherms of the as-prepared MOF-5 at 77 K under
calculated by (b) H–K method, (c) BJH method.
size distributions are calculated by H–K method (Fig. 4b) and BJH
method (Fig. 4c), respectively. Fig. 4a shows an initial steep increase
in the volumetric uptake before 0.02 P/P0 and then a quick saturation
step at relative low pressure which signifies micropore filling, and a
hysteresis loop at a relatively higher pressure, typically stemming
1 atm. Inset shows a magnification in 0.02–1.0 P/P0. Pore size distribution of the samples

image of Fig.�3
image of Fig.�4


Fig. 6. Hydrogen adsorption/desorption isotherms of the as-prepared MOF-5 at 77 K
under 1 atm.
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from the mesopores. Thus, nitrogen adsorption and desorption
isotherms appear to have Type I character with H3 hysteresis loop
(according to IUPAC classification) [22]. The results indicate that
micro- and meso- even macropores coexist in the prepared MOF-5,
which is consistent with the results of SEM and TEM. Fig. 4b shows
that the micropores mainly distribute in the range of 0.52 nm–0.8 nm,
which can suggest the interpenetrated structure in the prepared MOF-
5. Because the micropore diameter of non-interpenetrated MOF-5 is
commonly lager than 1 nm [23], the interpenetrated structure can de-
crease the pore size. And the mesoporous size distribution is in a wide
range and the average mesopore diameter is about 6.2 nm using the
BJH method (Fig. 4c). The pore volume contributed by the micropore
in the interpenetratedMOF-5 is about 74%. And the BET specific surface
area (SSA) of the interpenetrated MOF-5 with mesopore is only
732 m2g−1. As we know, the relatively low SSA of MOF-5 is mainly
due to pore-filling, the interpenetrated structure [24], or themesopores
in the material [25]. The XRD and TGA curves can indicate that pore-
filling is not the reason resulting in low SSA. Because XRD shows low
intensity ratio of peak at 9.7° to that at 6.8° (low R1) and might predict
its pore without or with small amounts trapped zinc species or solvent
[24]. In addition, the results of TGA further indicate no solvent and zinc
species in the pores. As shown in Fig. 5, the initial weight loss below
100 °C is mainly due to desorption of water adsorbed on the surface.
Then a rather sharp weight loss takes place after 375 °C and corre-
sponds to the structural decomposition to ZnO. Except the two steps
of weight loss, no distinct weight loss appears in 100–300 °C, and
it means the activated temperature is efficient to remove the residual
solvent in the pores. And zinc hydroxide, if trapped, will dehydrate at
125 °C [14]. Hence, the interpenetrated structure and the mesopore
result in low SSA in this paper. Moreover, compared with the earlier
reported MOF-5 [10], the temperature of thermal decomposition of
the samples increases to 465 °C, owing to interpenetration resulting
in high thermal stability.

Hydrogen isothermal adsorption and desorption curves of the
interpenetrated MOF-5 with high mesoporosity are given in Fig. 6. The
hydrogen adsorption capacity reaches 1.86 wt% at 77 K under 1 atm,
which is greater than the reported interpenetrated MOF-5 without or
with very small mesopores under the same testing condition [14,16].
In fact, large meso- and macropores in the as-prepared MOF-5 should
be detrimental to hydrogen storage, because of no attraction from the
surface of the pore walls to hydrogen molecules near the centre of the
pore. But hydrogen uptake of the prepared MOF-5 can still reach to
1.86 wt%. The result suggests that intercrystalline mesopore plays an
important role in hydrogen uptake of the interpenetrated MOF-5 at
low pressure, which is likely due to the strong physisorption of hydro-
gen onto the unsaturated metal sites on the surface of intercrystalline
Fig. 5. Thermogravimetric curves of the as-preparedMOF-5. The inset shows amagnifica-
tion of weight loss in the temperature range 25–100 °C.
mesopores [6]. On the other hand, interpenetration can efficiently
improve the hydrogen uptake at low pressure. Thus, both intercrystalline
mesopores and interpenetration can result in enhancinghydrogenuptake
of the as-prepared MOF-5 at low pressure.

5. Conclusions

In summary, we prepared an interpenetrated MOF-5 with high
mesoporosity via solvothermal synthesis and investigated its effects
on the thermal stability and hydrogen uptake capacity. The results
showed that the thermal decomposition temperature of this material
was 465 °C, and hydrogen storage capacity reached 1.86 wt% at 77 K
under 1 atm. The results suggested that the interpenetrated structure
enhanced the thermal stability of the material, and both interpenetra-
tion and intercrystalline mesopores can enhance hydrogen storage of
the as-prepared MOF-5 at low pressure. This study may have general
implication for the other MOFs materials with improved thermal stabil-
ity and enhanced hydrogen storage capacity at 77 K and low pressure.
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