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ABSTRACT: Highly dispersed ultrafine Nilr nanoparticles with different
compositions were successfully encapsulated into the cavities of MIL-101 and
applied to catalyze the dehydrogenation of hydrazine monohydrate. The catalytic
activities relied on the composition of metals, support materials, alkaline, as well as
the temperature strongly. Among all the catalysts tested, NigsIr;s@MIL-101
exhibited the highest catalytic performance in the presence of NaOH at 50 °C.
Even at 25 °C, the NigsIr;s@MIL-101 exhibited the complete dehydrogenation of

hydrazine with a turnover frequency value of 24 h™".
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Bl INTRODUCTION

Hydrogen is a source of clean and environmental-friendly
alternative energy addressing typical energy-related issues such
as air pollution or global climate change. As a result, numerous
efforts have been carried out to construct a “hydrogen
economy” society.' > The key constraint to the widespread
use of hydrogen energy lies in searching for safe and efficient
hydrogen carriers with high hydrogen content, easy handling
and transportation, recycling of byproducts, and so on.*"® To
date, metal hydrides,7 sorbent materials,® ' and chemical
hydride systems'' have been investigated as hydrogen
carriers.'”> Among them, liquid-phase hydrogen carriers without
the involvement of any solid byproduct, like formic acid
(HCOOH),">”'® liquid organic hydrogen carriers
(LOHCs),"*~** liquid amine borane complexes, ' and hydrous
hydrazine,**** with easy handling and transportation, have
been considered more advantageous over traditional solid-
phase hydrogen materials.”>~>" Hydrous hydrazine (N,H,-
H,0), with a hydrogen content of 8.0 wt %, is regarded as a
potential hydrogen carrier due to its complete decomposition
to hydrogen with only nitrogen as the byproduct via the
reaction (eq 1).2373! Moreover, nitrogen could be transformed
to ammonia and then to hydrazine successively by an
electrolytic process to fulfill the easy recharging advantage.*>~**
In view of hydrogen storage application, the undesired pathway
decomposed by the reaction (eq 2) must be avoided.>>*® Thus,
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a number of unitary and binary metal nanoparticles (NPs) have
been developed.””~*

N,H, - N, + 2H, (1)

@)

Iridium-based catalysts have been widely used for dehydro-
genation reaction of hydrazine monohydrate. However, catalyst
preparation or hydrazine decomposition only exhibited high
selectivity at harsh conditions. For example, Cho et al. reported
a set amount of Ir-based catalysts, prepared at high temper-
atures (>400 °C), and the decomposition of hydrazine were
tested at high pressures (i.e., 350 psi).*>* Vieira et al. reported
the synthesis of Ir/CNF at 680 °C and the decomposition test
was carried out at 120 °C under the pressure of 22 or 5.5 bar.**
Zhang’s group reported a two-step synthesis of a Nilr/Al,O;
catalyst by reducing the precursor in the H, atmosphere at 500
°C to get Ni/AL,O; first, and further reducing in the H,
atmosphere at 300 °C after being mixed with H,IrCly. This
catalyst exhibits a turnover frequency (TOF) value of 6.3 h™*
with 99% H, selectivity at 30 °C.** Recently, the decomposition
of liquid-phase hydrazine catalyzed by Ir-based NPs at mild
conditions was reported. For example, Xia’s group reported

3N,H, — 4NH, + N,

Received: January 6, 2015
Revised:  April 27, 2015
Published: April 29, 2015

DOI: 10.1021/acssuschemeng.5b00009
ACS Sustainable Chem. Eng. 2015, 3, 1086—1093


pubs.acs.org/journal/ascecg
http://dx.doi.org/10.1021/acssuschemeng.5b00009

ACS Sustainable Chemistry & Engineering

Research Article

Scheme 1. Scheme of the Synthesis of Nilr@MIL-101 and Its Application to the Hydrogen Generation of N,H,'H,0
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Table 1. Ni—Ir Compositions of the as-Synthesized Nilr@MIL-101 Catalysts Determined by ICP-AES

metal compositions of Nilr@MIL-101 Niyolrs;
Ni—Ir of loading Nigolrgo

Ni (wt %) 16
Ir (wt %) 54
Ni+Ir/Nilr@MIL-101 (mmol/100 mg) 0.055

Ni, Iryg Nig,Ir|g NigIrg Nigolro
Nigolryo Nigolrso NigsIrys Nigolr,o
2.51 3.4S5 4.76 S.61
342 2.44 2.73 221
0.077 0.072 0.096 0.107

core—shell octapods and alloyed nanocages PdIr with H,
selectivity of 66% and 29% respectively at room temperature.*®
Xu’s group reported surfactant stabilized Nilr NPs with a TOF
value of 1.6 h™! and 100% H, selectivity at room temperature.*®
Thus, the development of Ir-based nanocatalysts with 100%
hydrogen selectivity and extremely high catalytic activity toward
dehydrogenation of hydrazine monohydrate at relatively mild
conditions is highly desirable.

On the other hand, metal—organic frameworks (MOFs),
possessing large surface area, high porosity, and chemical
tunability, have been widely studied in gas storage and
separation, sensing, catalysis, and so on.”~" The large pore
size and relatively small window size of the porous MOFs may
facilitate the limitations of shape and diameter of metal NPs in
the cavities and further prevent their aggregation.’*~>” Herein,
we reported the synthesis of bimetallic Nilr NPs immobilized
on MIL-101 and their application in dehydrogenation of
hydrazine monohydrate in alkaline solution. MIL-101, a
terephthalate-based MOF, was selected as the support for
Nilr NPs due to its superiorities of hybrid surface structure,
large cavity and diameter, and high thermal and aqueous
stability.>® Among all the catalysts tested, the Nigslr;s@MIL-
101 catalyst exhibited a rather satisfactory catalytic activity with
100% hydrogen selectivity toward the decomposition of
hydrous monohydrate in alkaline solution, with TOF values
of 464 h™' at 50 °C and 24 h™' at 25 °C, respectively.

B MATERIALS AND METHODS

Materials. Ammonium fluoride (96 wt %), aqueous hydrofluoric
acid (40 wt %), chromic nitrate nonahydrate (99 wt %), nickel
chloride hexahydrate (99 wt %), sodium borohydride (96 wt %),
terephthalic acid (99 wt %), and ethanol with a purity >99.8 wt % were
provided by Sinopharm Chemical Reagent Co., Ltd. Iridium chloride
with a purity >99 wt % was purchased from Wuhan Greatwall
Chemical Regent Co., Ltd. Hydrazine monohydrate with a purity >98
wt % was provided from TCI Shanghai Co., Ltd. All the chemical
regents were used directly.

Synthesis of MIL-101. Porous MOF (MIL-101) was hydro-
thermally prepared according to the literature.”® Typically, a mixture of
332 mg of terephthalic acid, 800 mg of Cr(NO;);9H,0, and 0.1 mL
aqueous HF in 9.6 mL water was heated at 220 °C for 8 h. The raw
products of green powder were further treated in ethanol at 80 °C for
24 h, followed by soaked in a solution of NH,F with a concentration of
1 M at 70 °C for 24 h to remove the unreacted terephthalic acid. The
purified MIL-101 was activated at 150 °C in a vacuum for 12 h.

Synthesis of Nilr@MIL-101. Nilr@MIL-101 catalysts were
prepared by a simple impregnation method. In a typical procedure,
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100 mg of activated MIL-101 was added to 10 mL of deionized water
containing 0.2 mmol metal precursors with varying compositions of
IrCl;-H,O and NiCl,-6H,0O (with Ni/Ir molar ratios of 1:0, 3:2, 2:3,
3:7, 1:3, 1:4, 0:1). After the solution was stirred at room temperature
for 24 h, the metal salts were finally loaded into the pores of MIL-101
successfully. And then, 37.8 mg of NaBH, was added to the solution as
a reductant at 0 °C. After centrifugation, the as-synthesized Nilr@
MIL-101 catalysts with different Ni/Ir ratios were obtained.

Synthesis of Catalysts with Different supports. The synthesis
of catalysts with Different supports (such as y-AlL,O;, SiO,, carbon
black) were similar to that of MIL-101.

Hydrazine Monohydrate Decomposition. Typically, a mixture
of 100 mg of Nilr@MIL-101 catalyst, 80 mg of NaOH, and 4 mL of
water was placed in a 25 mL two-necked flask with stirring at the same
time. One neck was slipped with a rubber plug, and the other neck was
connected with a gas buret. After 0.1 mL of N,H,-H,0 was injected
into the flask, the decomposition began with gas released. The gas was
collected after a filtration treatment of 1 M HCI solution. The value of
H, selectivity (X) is calculated by eq 3, and the turnover frequency
(TOF) is determined by eq 4.

X = (34— 1)/8[4 = n(H, + N,)/n(H,NNH,)]
3)

(n = amount of substance)

TOF = kyyy /1y (ki (mol-h") = hydrogen generation rate)

4)

The decomposition reaction without NaOH was used to test the
role of alkaline, with a similar method except that NaOH was not
added.

An additional 0.1 mL of N,H,-H,O was added into the flask after
completion of the previous decomposition to test the reusability of
NigsIr; s@MIL-101 catalysts.

To determine the Arrhenius activation energy (E,), the hydrogen
generation of N,H,-H,O was carried at the same conditions except
that the temperature was controlled at 25, 40, 50, and 60 °C.

Characterization. The characterization of X-ray diffraction
(PXRD) profile was measured by a Bruker D8-Advance X-ray
diffractometer/PANalytical X'Pert Pro X-ray diffractometer with a
velocity of 1° min™' for the low-angle profile and 5° min™" for the
wide-angle profile, in which Cu Ka was used as the radiation source
with a wavelength of 0.154 178 nm. The N, adsorption/desorption
pattern was recorded by Quantachrome NOVA 4200e at the
temperature of 77 K controlled by the liquid nitrogen. The XPS
spectrum was investigated by a Kratos XSAM 800 spectrophotometer.
The transmission electron microscopy (TEM) images and the EDX
spectrum of the catalysts were obtained from a Tecnai G20 U-Twin
transmission electron microscope and the acceleration voltage was
kept at 200 kV for the energy-dispersive X-ray (EDX) detector. An
Ametek Dycor mass spectrometer was used to test the composition of
the gas released (MS profile) under an Ar atmosphere. The inductively
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Figure 1. PXRD of low-angle profiles (A) and wide-angle profiles (B): (a) MIL-101; (b) Ir@MI-101; (c) Niglr;; @MIL-101; (d) Ni,,Ir,@MIL-
101; (e) Nig,Ir;g@MIL-101; (f) NigsIr;s@MIL-101; (g) Nigslr;s@MIL-101 after five circles of catalytic decomposition of hydrazine monohydrate;

(h) Nigolr,(@MIL-101; (i) Ni@MIL-101.

coupled plasma atomic emission spectroscopy (ICP-AES) results were
determined by an IRIS Intrepid II XSP (Thermo Fisher Scientific,
USA).

Bl RESULTS AND DISCUSSION

The synthesis of Nilr@MIL-101 catalysts are illustrated in
Scheme 1. The compositions of Ni and Ir in the Nilr@MIL-
101 catalysts are listed in Table 1 according to the ICP-AES
results. The low-angle powder X-ray diffraction profiles of all
the samples in Figure 1A indicate no obvious collapse of the
intrinsic structure of MIL-101 after the immobilization and
reduction of Nilr. From the wide-angle pattern of the PXRD of
the catalysts, no obvious peaks of Ni and Ir were observed
(Figure 1B), which indicated the ultrafine Nilr NPs were
immobilized in the pores of MOFs (vide infra).*>*° The high
stability of porous structure was further confirmed by N,
adsorption/desorption isotherms (Figure 2). A significant
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Figure 2. N, adsorption/desorption isotherms of activated MIL-101
and NiggIr;;@MIL-101.

decrease of the specific areas, pore size, and pore volume
between the Nilr@MIL-101 catalysts and the activated MIL-
101 (Table 2, and Table S2 of the Supporting Information)
strongly demonstrated that the pores of MIL-101 were filled or
blocked by Nilr NPs.®" Figure 3 shows a pattern tested by X-
ray photoelectron spectroscopy (XPS) with different etch
times. The signals of I’ (63.7 and 60.7 eV) and Ni® (852.3 and
870 V) were observed after Ar etch treatment.* As a result,
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Table 2. BET Surface Area Results of All the Different
Carrier Materials with/without Loading

carrier materials with/ surface area  pore volume difr?lreeter

without loading metals (m? g_l) (em?® g_l) (nm)
MIL-101 2233 1.195 2.995
C 1030.3 135 6.87
SiO, 380.0 0.89 6.79
7-ALO, 1185 0.19 446
Nilr@MIL-101 1833 0.693 1.23
Nilr@C 4382 0.91 3.65
Nilr@SiO, 251.1 0.67 10.52
Nilr@y-Al,O, 103.5 0.16 3.66

the binding energies of Ir* in the Nilr@MIL-101 nanocatalysts
moved to a higher level and the binding energies of Ni*® shifted
to a lower level, which indicated the formation of an alloy
structure. Because the preparation of XPS samples was under
the air atmosphere, the peaks of oxidized Ni (856, 873.2 eV)
and Ir (65.7, 62.8 eV) before etch treatment were observed.
The size and shape of Nilr NPs were further characterized by
transmission electron microscopy (TEM) as well as EDX
analysis, as shown in Figure 4. Both signals of Ni and Ir were
observed in the EDX spectra. Uniform Nilr NPs with an
average size of 1.9 + 0.4 nm were observed, indicating the Nilr
NPs could be confined in the pores of MIL-101.

The catalytic activity toward the decomposition of hydrazine
monohydrate was investigated in alkaline solution (0.5 M) at
50 °C (Figure S). Large differences of the activities between the
catalysts with various Nilr composition were observed.
Surprisingly, the Ni@MIL-101 showed almost no activity
toward the hydrogen generation of hydrazine monohydrate,
and Ir@MIL-101 showed the highest TOF value (788 h™") but
poor selectivity (only 6%). Considered with the activity and H,
selectivity, Niglr;;@MIL-101 stands out from all the other
Nilr@MIL-101 catalysts tested, with 100% hydrogen selectivity
and the TOF value of 464 h™" at 50 °C. Compared with all the
Ir-based bimetallic catalysts previously reported, NigsIr; @MIL-
101 exhibites the highest TOF value (Table 3). Moreover, the
gas released over Nigslr;;@MIL-101 was further detected by a
mass analyzer. As shown in Figure 6, no signals of NH; were
observed, indicating 100% H, selectivity. Furthermore, to
demonstrate the effects of porous MIL-101 in the catalysts
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Figure 4. NigIr;;@MIL-101 catalyst with uniform Nilr NPs
supported on porous MIL-101: (a, b) TEM of the as-synthesized
catalyst, (a inset) the Nilr NPs distribution; (c) after five run uses; (d)
EDX spectrum.

toward the dehydrogenation of hydrazine monohydrate, Nilr
NPs supported on other carriers, including some common
supports like y-Al,O;, SiO,, and carbon black were tested. In
addition, the catalytic activities of the physical mixture of Nilr
NPs and MIL-101 were also tested. As shown in Figure 7a, all
the catalysts tested were inferior to that of Nilr@MIL-101,
which highlights the dominant effect of MIL-101 toward the
hydrogen generation of hydrous hydrazine. The pore size, pore
volume, and surface areas of the catalysts with/without Nilr
NPs loading, tested by N, adsorption—desorption, are listed in
Table 2. For all the supports, large decreases were observed for
the surface area and pore volume after the encapsulation of the
metal nanoparticles. Thanks to the large pore size, window size
and hybrid pore surface of MIL-101,°> which could facilitate the
immobilization of Nilr NPs with size- and shape-controlled in
the confined cavities (Figure 4, and Figure S1 of the Supporting
Information), and adsorption of substrate hydrazine inside the
pores, and thus the Nilr@MIL-101 catalyst exhibits the highest

1089

Figure S. Time plots for the dehydrogenation of hydrazine
monohydrate catalyzed by Nilr@MIL-101 catalysts in the presence
of NaOH (0.5 M) at 50 °C: (a) Ir@MI-101; (b) Ni,olrs, @MIL-101;
(¢) NiyIr,e@MIL-101; (d) Nig,Ir,;@MIL-101; (e) Nigglr,@MIL-
101; (f) Nigolr;o@MIL-101; (g) Ni@MIL-101 (catalyst = 0.100 g;
Himecal/ Manr = 1:10).

Table 3. Comparison of the Decompositions of Hydrazine
Monohydrate Catalyzed by Catalysts in This Study and
Previous Reports

ratio TOF
catalyst (°C) (metal/H,NNH,) (h™!) reference

NiFe 70 0.1 66 6
Nigslr,;@MIL-101 50 0.048 464 this

study
Ni;Pt,/graphene S0 0.5 416 30
NigRhs,@ZIF-8 50 0.141 140 59
Nigs Moy, sBrgs-La(OH); S0 03 133 24
Nig ¢Feq Mo 50 02 288 38
NiPty o5,/ALO; 30 045 165 64
Nigslr,@MIL-101 25 0.048 24 this

study
Ni,Pt,/graphene 25 0.5 68 30
Rh,Ni 28 0.1 96 23
NiggsIro0s-CTAB 25 0.1 16 36
NigoPtso 25 0.1 150 3%
PdIr 25 0.25 26 46
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hydrogen generation of N,H,-H,O catalyzed by NigIr;s@MIL-101
catalyst (catalyst = 0.100 g; e/ Mronnm = 1:10) at SO °C.

catalytic activity toward hydrogen generation from alkaline
solution of hydrazine. Furthermore, only 2.35 equiv gas and
78.3% hydrogen selectivity were obtained after 1.5 h for the
physical mixture of Nilr NPs and MIL-101, indicating the key
factor of MOFs in promoting decomposition of hydrazine
monohydrate. It is the host—guest cooperation between
nanoparticles and MOF that greatly improves H, selectivity.
The limited window size of MIL-101 prevents Nilr NPs from
crossing the cavities, thus minimizing the possibility of
aggregation of Nilr NPs.%%®* The physical mixture of Ni@
MIL-101 and Ir@MIL-101 exhibited little catalytic performance
and almost no activity was observed for MIL-101, indicating the
synergistic effect of Ni and Ir in the molecular-scale level is the
key for enhancement of their catalytic activity (Figure 7b). The
catalyst surface was modified by strong intermetallic electronic
interactions between Ni and Ir, which may significantly tune the
bonding pattern of the catalyst surface and stabilize the reaction
intermediates, resulting in enhanced the catalytic activity and
selectivity (Scheme S1 of the Supporting Information).****!
The decomposition of N,H,-H,O contains two types of bond-
dissociation including N—N and N—H breakage. The
intermediate product of -NH, radical is formed through N—
N bond dissociation. However, further N—H bond cracking to

form hydrogen molecules is more difficult than to form NH; by
the combination of ‘NH, and H- due to the external energy
needed. In this system, the dissociation of N—H can be selected
by Nilr@MIL-101 for hydrogen generation. To test the effect
of alkaline toward the decomposition of the hydrazine
monohydrate, the catalytic performance was checked without
adding NaOH (Figure 8). As a result, the reactivity and H,

—a— with NaOH

3.04 o
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204

1.5 4
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Figure 8. Time plots for the hydrogen generation of N,H,-H,O

catalyzed by NigsIr;@MIL-101 catalyst with/without alkaline (0.5 M
NaOH) at 50 °C. (catalyst = 0.100 & e/ Mranng = 1:10).

selectivity in the alkaline system were much higher than that in
the absence of adding NaOH, which may be caused by the
acceleration of rate-determining step of hydrazine decom-
position (N,H, — N,H;* + H*) and suppresses the formation
of basic NH; by NaOH.®"

To obtain the Arrhenius activation energy, the dehydrogen-
ation reactions were performed at 25, 40, 50, and 60 °C,
respectively (Figure 9a). The E, was calculated as 66.9 kJ mol™*
(Figure 9b), which is a close to the previous report.”**** To
our delight, even at 25 °C, the NigIr;;@MIL-101 exhibits
100% hydrogen selectivity with a TOF value of 24 h™".

The reusability of NiggIr;;@MIL-101 was tested by
successively adding the same amount of hydrazine mono-
hydrate after the accomplishment of the previous hydrogen
generation at 50 °C. Figure 10 shows a result of little decreasing
of catalytic performance after five runs, but the H, selectivity
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NigsIr,s@MIL-101 catalyst in alkaline solution (0.5 M NaOH) at 50
°C (catalyst = 0.100 g; #, e/ Pronnm = 1:10).

remained 100%. From the PXRD in Figure 1, there is no
change of the as-synthesized catalyst after a five run test.
Furthermore, Figure 4c indicates that the NPs remain well-
dispersed after a five run test; however, the average diameter
was increased to 2.5 + 0.4 nm, which may be the major factor
for the slight decrease of the catalytic activity. Further work for
the improvement of the catalysts including the stability and

performance is still underway.

B CONCLUSION

In summary, bimetallic Nilr NPs were successfully encapsulated
on the pores of MIL-101 by a simple liquid impregnation
method. Thanks to the unique porous structure of MIL-101
and the synergetic effect, the catalytic activity of Nilr NPs has
been enhanced, to a great extent, with 100% H, selectivity and
good durability toward dehydrogenation of hydrazine mono-
hydrate after being immobilized into the pores of MIL-101.
The combination of high catalytic activity and selectivity makes
NigsIr;s@MIL-101 a potential catalyst for dehydrogenation of
alkaline solution of hydrazine for chemical hydrogen storage.
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