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The utilization of NH3;BH; (ammonium borane) as a H, gas storage compound is restricted by its slow rate for H, evolution. In this
study, three Ag@Zn-MOF nanocomposites with different amounts of Ag:Zn-MOF ratio of 0.25:1 (1), 0.5:1 (2) and 1:1 (3) were
investigated as catalysts for hydrogen evolution from hydrolysis of NH;BH;. Well dispersed encapsulated Ag nanoparticles (30-60 nm) in
the matrix of the composites have been prepared in the presence of Zn(Il) metal-organic frameworks (Zn-MOFs) in an aqueous solution by

using NaBH, as a reducing agent at room temperature. These nanocomposites have shown good catalytic activity for the hydrolysis of

NH;BH;.
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INTRODUCTION

Effective hydrogen storage materials have attracted much
attention in the last decades because hydrogen is considered
as a clean energy source owing to its power density,
efficiency and less environmental problems [1-3]. Ammonia
borane (NH3;BHj3) is an environmentally benign, stable, and
nontoxic hydrogen storage compound. It is considered as a
suitable hydrogen storage material due to its high hydrogen
capacity, predominant stability, and high solubility in
aqueous solutions [4,5]. Hydrogen can be released from
NH;BH; through hydrolysis or thermolysis routes catalyzed
by some heterogeneous or homogenous catalysts such as
pure metal nanoparticles (MNPs) and their composites [6,7].
Compared to the thermolysis of NH;BHj3, the hydrolysis of
this compound doesn’t generate harmful gases. However,
due to the stability of NH3;BH; in the solid state and in
solution, under ambient conditions, a proper catalyst is
required for its hydrolysis [8].

Some metal nanoparticles (MNPs), and more frequent
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their reported as effective

heterogeneous catalysts for the dehydrogenation of NH;BHj.

nanocomposites,  are
The distribution of MNPs in the matrix of the composites is
considered as a crucial factor in the heterogeneous catalysis
These MNPs can be well-dispersed into the pores and
channels of porous structures. In this route, the porous
compounds provide reaction selectivity and enhance catalytic
site stability [9-11].

Recently, metal-organic frameworks (MOFs) have been
reported as suitable supports for MNPs owing to their unique
structural properties. These chemical materials are crystalline
compounds that can be prepared from metal ions and organic
linkers. MOFs have interesting characteristics, including
diversity, high porosity and high surface area. Therefore,
MOFs are considered as promising materials for application
in various fields such as biomedicine, catalysis, and gas
storage [12-14]. The porous structure of MOFs enables
proper dispersion of MNPs in the fabricated nanocomposites,
enhancing their catalytic performance [15-17].

The immobilization of different MNPs into the structure
of MOFs of their
nanocomposites are conducted by many researchers.

and fabrication heterogeneous
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Zhu et al. used AuNi@MIL-101 as
dehydrogenation of NH;BH3, and around 70 mL of hydrogen

a catalyst for

was generated over 2.67 min with a turnover frequency
(TOF) value of 66.2 mol H,.mol cat min™' [18]. Also, Liu and
coworkers investigated the hydrolysis of NH;BH; at room
temperature and reported that Ru@MIL-101 could catalyze
this reaction [19].

In this study, the catalytic activity of Ag@Zn-MOF
nanocomposites, made by supporting of Ag NPs on a
Zn-MOF [20], for hydrogen generation from the hydrolysis
of NH;BH; at different conditions was investigated.

EXPERIMENTAL

Materials and Methods

Sodium borohydride (NaBH;) and ammonium sulfate
([NH4],S0O,) were obtained from Merck. Ethanol (EtOH) and
tetrahydrofuran (THF) were purchased from Sigma. The FT-
IR spectra and PXRD patterns of the synthesized NH;BH;
were recorded on a Perkin Elmer spectrum two
spectrophotometer and PXRD pattern was obtained from
X'Pert PRO powder diffractometer, using CuKa radiation.
SEM and TEM images were recorded using
TESCAN MIRA3 and LEO 906E microscopes, respectively.
The Ag species concentration was assessed by inductively

coupled plasma (ICP; AGILENT, ICP-7900) technique.

Preparation of Ag@Zn-MOF Nanocomposites
Ag@Zn-MOF  catalysts prepared the
encapsulation of Ag ions into the Zn-MOF structure with a

were via
subsequent reduction using NaBH, as a reducing agent. The
detailed process for the preparation and characterization of
the Zn-MOF and its Ag NPs impregnated Zn-MOF
nanocomposites have been reported in our previous research
[20]. In brief, Zn-MOFs were loaded with Ag™ ions by the
suspension of Zn-MOF nanoparticles into a silver nitrate
solution. After reducing of Ag" ions with sodium
borohydride, Ag@Zn-MOF nanocomposites were separated,
washed with water, ethanol, and dried in an oven.

Synthesis of NH;BH;

Sodium borohydride (1.0 g, 26 mmol) was added to 7.34
g of ammonium sulfate (56 mmol) in 50 mL of THF. After
refluxing at40 °C under a nitrogen atmosphere for 2 h, the

mixture was centrifiged. Then, the solvent was evaporated
from supernatant under vacuum to obtain NH;BH; as white
crystals [21].

Catalytic Performance of Ag@Zn-MOF
Nanocomposites in the Dehydrogenation of NH;BH;

A mixture of the predetermined amount of Ag@Zn-MOF
nanocomposite (10 mg), NaBH; (5 mg, 0.13 mmol), and
NH;BH; (22.5 mg, 0.32 mmol) was placed in a two-necked
flask. One neck of the flask was sealed with a rubber stopper
and a gas burette was connected to the other neck of the
flask. Using a syringe 5 mL of distilled water was introduced
into the flask. The reaction started immediately after the first
drops of distilled water reached the mixture. The reaction
was continuously stirred at room temperature. When gas
evolution is stopped this point is considered as the end of a
hydrolysis reaction. For recyclability study of the as-
the first
experiment, Ag@Zn-MOF nanocomposite was separated by

prepared nanocomposites, after completion
centrifuging and washed with H,O and EtOH, respectively.
Then, the recovered catalyst was used in a new reaction. The

catalyst was recycled and used for three times.
RESULTS AND DISCUSSION

Preparation of the Ag@Zn-MOF catalysts was involved
incorporating of the Ag” ions into the Zn-MOF and reducing
these ions using NaBHj, as a reducing agent (Scheme 1). The
SEM and TEM images (Fig. 1) confirmed the presence of the
incorporated spherical Ag NPs with diameters 30-60 nm into
the Zn-MOF matrix. The weight percent of Ag element in
the structure of the nanocomposites was quantitatively
determined by ICP technique as 1.6, 3.1, and 6.5 % for 1-3,
respectively.

The NH;BH; hydrolysis was studied as a model reaction
to investigate the catalytic activity of the as-prepared
nanocomposites. Four critical factors that can affect the
catalytic performance of Ag@Zn-MOF nanocomposites are:
Ag NPs to Zn-MOF mass ratio, catalyst amount, volume of
solvent, and temperature. The maximum H, gas generation
can be achieved by determining the proper reaction
conditions.

Before starting the study of the catalytic performance of
the as-fabricated Zn-MOF in the hydrolysis of NH3;BHj3, a
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Scheme 1. Schematic illustration of the preparation of Ag@Zn-MOF nanocomposites

Fig. 1. SEM and TEM images of Ag@Zn-MOF (3) nanocomposite [20].

control test was conducted to find its catalytic property. As
reported by Xu et al, an activated complex that formed
through the interaction of NH3;BH; with the surfaces of the
used catalyst was dissociated by attacking water molecules
and generated hydrogen gas. The activated complex

formation is considered as the rate-determining step [22].
The porous structure of Zn-MOF impregnated with Ag NPs
can interact with NH3BHj better than pristine Zn-MOF and
therefore Ag NPs facilitate the formation of activated
complexes.
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2 NaBH4 + (NH4)ZSO4 L 2 NH3BH3 + Nast4 +2 H2

Scheme 2. Synthesis of the NH;BHj;
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Fig. 2. FT-IR spectrum of NH;BHs.

Synthesis and Characterization of NH;BH;

NH;BH; was synthesized according to Scheme 2. The
FT-IR spectrum of the NH;BH; sample (Fig. 2) is identified
by strong absorptions at 3316 and 3251 cm™, ascribing to the
N-H asymmetric and symmetric stretching, respectively.
The absorption peak around 2325 cm’ is assigned to
v(B-H). The band attributing to v(B-N) was observed around
726-782 cm™ [21,23].

The PXRD pattern of NH;BH; (Fig. 3) shows a strong
diffraction peak at 26 = 24° and is in agreement with the
previous reports [24,25]. The result high
crystallinity of the as-prepared NH;BHj3.

indicates

Catalytic Performance of the As-fabricated
Ag@Zn-MOF
Effect of the catalyst with different amount of

Ag@Zn-MOF. The catalytic performance of the pure

Zn-MOF was tested to compare it with its Ag NPs loaded
nanocomposites. According to our study, free Zn-MOF
exhibited no catalytic activity in the hydrolysis of NH3;BHj.
This finding indicates the crucial role of Ag NPs in this
catalysis reaction.

The dependence of dehydrogenation of NH;BH; on the
Ag content of the nanocomposite was investigated using
catalysts with fixed amount of NH;BH;, NaBH,, and solvent
but with different amount of silver. Figure 4 shows the
hydrogen volume plots versus time for hydrolysis of
NH;BH; catalyzed by the Ag@Zn-MOF nanocomposites
with different Ag NPs loadings. As it can be clearly seen, the
increase of Ag NPs amount in the nanocomposite increases
the hydrogen generation, revealing the critical role of Ag
NPs as active catalytic sites. Various Ag NPs catalysts have
been reported for hydrolytic hydrogen evolution of NH;BHj.
As appeared in this figure, the generation of 41, 35.5 and
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Fig. 3. PXRD pattern of NH;BH;.
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Fig. 4. Hydrogen evolution by the hydrolysis of NH;BHj in the presence of the as-fabricated catalysts.

29 mL of hydrogen was obtained in 120, 220 and 200 min,
respectively for Ag@Zn-MOF (3), Ag@Zn-MOF (2), and
Ag@Zn-MOF (1) nanocomposites. Owing to the promising

catalytic activity of the Ag@Zn-MOF (3) nanocomposite,
further investigations were also conducted using this
catalyst. In this catalysis reaction, hydrogen gas production
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Fig. 5. Hydrogen evolution by the hydrolysis of NH;BHj in the presence of the as-fabricated Ag@Zn-MOF (3) by
using different volumes of H,O as solvent.
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Fig. 6. Hydrogen evolution by hydrolysis of NH;BHj in the presence of the different amounts of Ag@Zn-MOF (3).

is evaluated according to the following equation. evolution was also studied by using different volumes (2.5-
7.5 mL), whereas other factors are kept unchanged. The

NH,BH, +2H,0 —“ 5, )NH,” + BO,” +3H, results of three different volumes (2.5, 5 and 7.5 mL) of
distilled water on the dehydrogenation of NH;BH; are

Effect ofwater volume. To find the optimum presented in Fig. 5. It was found that for the conditions as
conditions, the effect of H,O volume on the hydrogen mentioned above, maximum volume for H, generation over a
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Fig. 7. Hydrogen evolution by the hydrolysis of NH3;BHj in the presence of the as-fabricated Ag@Zn-MOF (3) at

different temperatures
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Fig. 8. Hydrogen evolution by the hydrolysis of NH;BHj in the presence of the as-fabricated Ag@Zn-MOF (3).

shorter time was obtained for 2.5 mL of H,O. This finding
indicates that dilution of the hydrogen generator substrates
decreases the rate of hydrogen production.

Effect of catalyst dose. Figure 6 exhibits the plot of
hydrogen generation versus catalyst amount of the as-
fabricated nanocomposite for the catalytic hydrolysis of
NH;BH;. It was observed that the hydrogen evolution is

dependent on the used catalyst amounts. The obtained results
indicated an optimum amount of the catalyst exhibits highest
activity for NH;BH; hydrolysis. Therefore, the optimum
amount of catalyst which is 30 mg was used further study.
Temperature. The effect of temperature has also been
studied on the volume of hydrogen (Fig. 7). The amount
of catalyst, NaBH, and H,O was kept constant. When the
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temperature was raised, the volume of hydrogen gas
increased. These studies demonstrated that Ag@Zn-MOF
nanocomposite has temperature dependent catalytic
performance for the dissociation of NH;BH;.

Investigation of catalyst recyclability. Recycling
studies were conducted under the optimized conditions
(2.5 mL H,0, 30 mg of catalyst, and 45 °C). As it is
seen in Fig. 8, the catalytic activity of Ag@Zn-MOF
nanocomposite noticeably declines after the second run. This
observation indicates that the as-fabricated catalyst more or
less loses its activity for the hydrogen generation from

hydrolysis of NH;BHj; aqueous solutions.
CONCLUSIONS

The catalytic property of various catalysts is generally
dependent upon the support, metal particle size, and surface
morphology. Zn-MOF is used as a support for Ag NPs (30-
60 nm) which were fabricated by reducing of Ag' ions
loaded onto the Zn-MOF surface. After loading of Ag NPs
on the surface of Zn-MOF, its catalytic performance
was studied for NH;BH; hydrolysis. The Ag@Zn-MOF
nanocomposites showed catalytic activity toward hydrogen
evolution via hydrolysis of NH;BH;. Among the studied
nanocomposites 1-3, Ag@Zn-MOF (3) which has the highest
content of Ag NPs, shows better activity for hydrogen gas
generation.
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