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Promoted H, Generation from NH;BH; Thermal Dehydrogenation
Catalyzed by Metal-Organic Framework Based Catalysts
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Abstract: The application of ammoni-
um borane (AB) as a hydrogen storage
material is limited by the sluggish ki-
netics of H, release. Two catalysts
based on metal-organic frameworks
(MOFs) have been prepared either by

significantly increased H, release rates
at <90°C, and the decreased reaction
exothermicity have all been achieved
with only 1.0 mol% MOF-based cata-
lyst. Moreover, the clear catalytic di-
versity of three catalysts has been ob-

served and discussed. The in situ syn-
thesized Ni’ sites and the MOF sup-
ports in the catalysts were proven to
show significant and different effects to
promote the catalytic activities. With
MOF-based catalysts, both the en-

applying MOF as precursors or by the
in situ reduction method. In the release
of H, from AB, the high H, content of
the whole system, the remarkably
lower reaction onset temperature, the

hydrogen

Introduction

On-board storage is a major technical barrier to the applica-
tion of H, as a transportation fuel.l'! In recent years, ammo-
nia borane (AB) has attracted increasing attention as an ef-
ficient and safe storage medium for H,,?®! owing to the high
capacity (19.6 wt% by weight and 0.145 kgLL.™' by volume)
and the stability in ambient atmosphere.**! The practical ap-
plication of AB as an on-board hydrogen medium is, howev-
er, limited by the sluggish dehydrogenation kinetics at
<100°C,"1 Other drawbacks of AB include the release of
by-products and the lack of cost-effective methods for spent
fuel regeneration."”! Recently, various remarkable ap-
proaches have been developed to promote the H, genera-
tion from AB, such as, catalytic hydrolysis in aqueous solu-
tion"1? and methanol,*"¥ dehydrocoupling in ionic lig-
uids!"* " or organic solvents,®""! tailoring nanophase struc-
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hanced kinetics and the high H, capaci-
ty of the AB system present great ad-

c vantages for future use.
science

tures by using nanoporous scaffolds,®?? substituting an H
of NH; in AB by alkali or alkaline earth metals,”?° and
catalytic thermal decomposition.”*?” The solvents, ionic lig-
uids, porous scaffolds, or the replacing metals inevitably
bring additional weight to the whole system and thus de-
crease the overall hydrogen storage capacity. Therefore, the
thermal decomposition of AB with a small amount of cata-
lyst has become particularly attractive.'"?! At present, one
pending issue in the catalyzed thermal decomposition of AB
is the kinetic rates at low temperatures (the most favorable
is around 85°C for proton exchange membrane fuel cell
(PEMFCQ)). Efficient catalysts are thus essential for further
development of the thermal dehydrogenation of AB.

Metal-organic frameworks (MOFs), structures composed
of metal sites and organic ligands, have also been greatly fo-
cused on. The extremely large surface areas, abundant mi-
croporous pores, and uniform channels of MOFs have of-
fered convenient conditions for small molecules to access
the interior surface and react with each metal site independ-
ently. Therefore, MOFs by nature should promote the for-
mation of active metal sites as well as provide a porous sup-
port for catalysis.

In our efforts to promote the thermal decomposition of
AB, we have developed two MOF-based catalysts (MOF-
cats). A mild reduction method was introduced to synthesize
the MOFcats from [Ni(4,4-bipy)][HBTC] (4,4"-bipy=4.,4"-
bipyridine, H;BTC=1,3,5-benzenetricarboxylic acid)
(MOF1) and [Ni(pyz)][Ni(CN),] (pyz=pyrazine) (MOF2).

View this journal online at
wileyonlinelibrary.com

— 10887



CHEMISTRY

A EUROPEAN JOURNAL

The catalytic results reveal that both the in situ synthesis
and the confinement of the active sites within microporous
framework result in unexpected catalytic activities of the
MOFcats.

Results and Discussion

The MOF-based catalysts (MOFlcat, MOF2cat, and
MOF3cat) were synthesized by immersing the correspond-
ing MOF (Figure 1) in a solution of AB in methanol. As il-
lustrated in Figures S1-S9 in the Supporting Information,
MOF1, MOF2, and MOF3 have been characterized by
powder X-ray diffraction (XRD), thermal gravimetric analy-
sis (TGA), and nitrogen sorption measurements, which
show favorable crystallinity, high thermal stability, and or-
dered porous structures with large surface areas (1570, 1518,
and 718 m?g"!, respectively). The microporous frameworks
of the MOFs promote the high dispersion of reactant mole-
cules and offer channels for these molecules to infiltrate
into the interior pores. In addition, the MOFs provide abun-
dant metal and organic sites to absorb the reactant mole-
cules. The special structures of the precursors (MOFs) pro-
mote the synthesis of the MOF-based catalysts.

AB has been shown to be an efficient and mild reducing
reagent.'>?3% Ag shown in Figures S10 and S11 in the Sup-
porting Information, when treated with a solution of AB in
methanol, the green crystals of MOF1 and the purple
powder of MOF2 gradually turn into black powders. Impor-
tantly, the Ni 2p X-ray photoelectron spectroscopy (XPS)
peaks of the as-synthesized MOFlcat and MOF2cat, as
shown in Figure 2, can be deconvoluted into two peaks at
852 and 856 eV, indicating the presence of both metallic Ni
(852 ¢V) and divalent Ni (856 eV). The results reveal that in
MOF1cat and MOF2cat, some of Ni’* ions in the original
MOFs have been reduced to zero valence Ni (852 eV) and

Figure 1. The frameworks of a) MOF1, b) MOF2, and ¢) MOF3.
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Figure 2. Ni 2p X-ray photoelectron spectra of MOF1cat, MOF2cat, and
MOF3cat.

the Ni’t peaks (856 eV) are ascribed to the remaining
frameworks. The relative peak areas of Ni’ (852eV) and
Ni** (856 ¢V) in XPS spectra indicate that more Ni’" has
been reduced to Ni’ in MOF1cat than in MOF2cat, which is
attributed to the relatively weak coordination between Ni**
and the ligands in MOF1. Moreover, as shown in Figur-
es S12 and S13 in the Supporting Information, the as-pre-
pared MOFlcat and MOF2cat display the XPS peaks that
are assigned to elemental C, N, O, and Ni. The C, N, and O
elements, which belong to the organic ligands constructing
the framework, further confirm the existence of some por-
tion of the preserved MOF structures. As a result, owing to
the microporous precursors (MOFs) and the mild reduction
method, MOF1cat and MOF2cat contain both in situ syn-
thesized Ni’ sites and some preserved framework supports.
The structures of MOFlcat and MOF2cat were further
studied by TEM and XRD. The TEM images of MOF1cat
and MOF2cat are composed of nanosized particles
(Figure 3). The rough and porous surfaces of the MOFcats
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Figure 3. TEM images of the as-prepared a) MOF1cat and b) MOF2cat.

are caused by the in situ reduction reaction happening in
the tiny pores and channels of the frameworks. The XRD
patterns (Figure S1 in the Supporting Information) demon-
strate that in MOFlcat, the as-prepared Ni’ is in the amor-
phous phase and the remaining framework support exhibits
poor crystallinity. Compared with that of MOF1cat, the mi-
croporous crystal structure of MOF2cat has been unexpect-
edly well kept during the synthetic process (Figure S2 in the
Supporting Information). The MOF2cat consists of amor-
phous metallic Ni supported on the well-preserved micropo-
rous framework. The clear difference between the frame-
work crystallinity of MOFlcat and that of MOF2cat is at-
tributed to the reduction of more Ni** sites to Ni’ in
MOFIcat, as discussed previously. Meanwhile, the differen-
tial scanning calorimetry (DSC) curves of the as-synthesized
MOFecats (Figure S14 in the Supporting Information) show
no observable peaks from room temperature to 140°C,
which reveal that the catalysts have good thermal stability
and the frameworks in the MOFcats can preserve their
structures below 140°C.

MOF3cat, although synthesized from a similar method,
exhibits quite different properties to those of MOF1cat and
MOF2cat. No significant color change of MOF 3 has been
observed during the preparation (Figure S15 in the Support-
ing Information). In addition, the Ni 2p XPS spectrum of
the as-prepared sample shows only one Ni’* peak at 856 eV
(Figure 2). It is ascribed to the strong bonds between metal
ions and the CN ligands, which prevents the reduction reac-
tion of Ni** in MOF3. The XRD patterns of MOF3cat fur-
ther prove that there is no significant change of MOF3 after
the synthetic process (Figure S3 in the Supporting Informa-
tion).

In MOF1cat and MOF2cat, both the amorphous Ni" sites
and the remaining frameworks could be anticipated to en-
hance the catalytic activities and promote the release of H,
from AB, whereas the differences in the amount of Ni° sites
and the framework supports of MOFlcat, MOF2cat, and
MOZF3cat should lead to varying catalytic behaviors, as
shown below.

Each of the MOFcats was mixed with AB by hand in an
agate mortar in a 1:100 molar ratio so as not to sacrifice the
high overall gravimetric storage capacity. As shown in the
DSC curves (Figure 4), neat AB released the first equivalent
of H, at approximately 114°C following the endothermic
melting peak at approximately 109°C, and the second equiv-
alent of H, with a broad DSC peak centered a approximate-
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Figure 4. The DSC results of AB/MOF1cat, AB/MOF2cat, AB/MOF3cat,
and neat AB.

ly 161°C at a heating rate of 5°Cmin™", in agreement with
literature results.®! In contrast, AB/MOF1cat (Figure 4) re-
leases H, with one peak centered at 80°C and another peak
at 101°C. For AB/MOF2cat, the decomposition occurs with
a desorption DSC peak at 102°C and gives a peak of very
low intensity at around 150°C. The disappearance of the en-
dothermic melting peak indicates the direct solid-state dehy-
drogenation of AB/MOFcats. Importantly, MOF1cat lowers
the dehydrogenation onset temperatures more effectively
than MOF2cat; this is attributed to the existence of abun-
dant amorphous Ni’” in MOFlcat. As described previously,
compared with MOF2cat, MOF1cat contains more metallic
Ni” sites. During the synthesis of MOFcats, AB molecules
gradually infiltrate into the microporous framework of the
MOFs and reduce Ni** to the metallic form. The special
structure of the MOFs containing Ni** sites, which are uni-
formly separated by organic ligands, allows for the reactant
molecules to access and react with each Ni’"T ion in the
frameworks separately. Therefore, the metallic Ni, generated
from independent Ni** sites within the framework, is quite
different from normal Ni nanomaterials and is likely present
as very tiny clusters, which possess high catalytic activity.
Additionally, the amorphous phase has a great structural
distortion and aids in obtaining a high concentration of
active sites for catalysis."* This effect of Ni” has been fur-
ther proved by the results of MOF3cat. As mentioned previ-
ously, no Ni’ in MOF3cat has been observed. Compared
with those of AB/MOFlcat and AB/MOF2cat, the DSC
curve of AB/MOF3cat shows no significant differences to
that of neat AB. The results reveal that only with in situ syn-
thesized Ni sites, can the MOFcats greatly enhance the ki-
netics and efficiently lower the dehydrogenation tempera-
tures.

For AB/MOF1cat and AB/MOF2cat, the second steps of
desorption exhibit different DSC patterns (AB/MOF1cat
with a relatively sharp peak and AB/MOF2cat with a peak
of very low intensity) compared with that of neat AB. The
difference in the mechanism of the first step in the thermal
decomposition process should affect the behavior of the H,
release in the second step. Furthermore, the DSC results of
AB and AB/MOFecats illustrate that the decomposition re-
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action enthalpies from AB/MOFlcat and AB/MOF2cat
(AH=—4.3 and —7.9 kImol™', respectively) are significantly
less than that of neat AB (AH=—21kJmol").’%! The de-
creased reaction exothermicity favors the regeneration of
the spent fuel. More importantly, the differences in the AH
values, combined with the changes of DSC patterns indicate
that the MOFcats with Ni° sites lead to a change in the ther-
modynamics of the thermal decomposition, which is proba-
bly the reason that the AB/MOFcats can generate H, at
lower temperatures.

Isothermal volumetric H, release measurements also pres-
ent distinct features among the neat and the MOFcat-doped
AB samples. As shown in Figure 5Sa, little H, generation has
been detected from neat AB after being held at 80°C for
2.5 h, which is due to the long induction period for the for-
mation of the initiator (the diammoniate of diborane)’ !
and the high kinetic barrier of dehydrogenation. In contrast,
AB/MOFIcat can release approximately 7.5 wt % H, within
2h and AB/MOF2cat generates approximately 6.0 wt % H,
within only 40 min at 80°C. Importantly, the AB/MOF1cat
does not suffer from the long induction period that is pres-
ent in neat AB. Compared with AB/MOFIcat, after a short
induction period of approximately 20 min, AB/MOF2cat
evolves H, vigorously at a high release rate of 0.48 wt % per
minute. One reason for the remarkably accelerated kinetics
is the active Ni” sites. As mentioned above, in MOF1Icat
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Figure 5. The volumetrically measured release of H, from AB/MOFIcat
(gray line), AB/MOF2cat (dotted line), and neat AB (black line)at
a) 80°C and b) 90°C.
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there exists abundant active metallic Ni’ sites, which are
proposed to be the catalytically active species. The sufficient
amorphous Ni’ sites in MOF1cat result in the fast H, evolu-
tion without any induction period. The different behavior in
the dehydrogenation of the AB/MOF2cat is attributed to
the preserved framework, which is naturally a good sub-
strate for highly dispersed tiny metal clusters. Owing to the
confinement effect of the microporous framework, in AB/
MOF2cat, although the Ni sites are not sufficient enough to
reach a very low reaction onset temperature and a kinetic
process without an induction period, the supporting effect of
the well preserved MOF2 combined with Ni® leads to a fur-
ther significant acceleration of the kinetics (0.48 wt% H,
per minute) in AB/MOF2cat after the inevitable short in-
duction period.

At a higher temperature of 90°C (Figure 5b), the AB/
MOFcat samples present significantly fast kinetics. Approxi-
mately 7.0 wt% H, for AB/MOFlcat can be generated in
40 min without an induction period. For AB/MOF2cat,
6.0 wt% H, was vigorously released within only 20 min,
whereas the corresponding release of H, from neat AB is
less than 0.3 wt%. At the same operating temperatures, the
dehydrogenation rate of AB/MOFcat is similar to that re-
cently reported by Lu et al.”” in the AB/Li*—carbon compo-
site (50:50 of AB and carbon), but the MOFcats (1.0 mol %)
bring significantly less additional weight. Both the H, ca-
pacity and the H, release rate by weight of the whole
system are much higher in the AB/MOFcats.

To obtain further insight into the enhanced kinetics, the
activation energy has been determined by the Kissinger
equation, namely,

In(8/T> = In(AR/E,)~E,/RT,

in which f§ is the heating rate, 7, is the temperature of the
maximum reaction rate peak, A is the pre-exponential
factor, R is the gas constant, and E, is the activation energy.
As shown in Figure 6a and b, DSC tests have been per-
formed with various heating rates and the dependences of
In(B/T,’) versus 1000/T,, are shown to in Figure 6¢c. The acti-
vation energies for the H, release of AB/MOF1cat and AB/
MOF2cat are determined to be approximately (131+5) and
(160+5) kImol™', respectively, which are lower than that of
the neat AB ((184+5) kImol ). The decrease in the E,
value of the AB/MOFcats further provides direct evidence
for the possibility of enhancing the kinetics of the AB de-
composition with MOFcats.

The development of good catalysts is an essential step to-
wards the application of the AB-based hydrogen storage
system. The above results suggest that MOFlcat and
MOF2cat provide an effective strategy to modify the enthal-
py of decomposition and speed up the kinetics in the ther-
mal dehydrogenation of AB. The in situ generation of metal
clusters in the catalysts prepared from different MOFs pro-
vides a novel strategy to produce catalytically active metal
sites. The microporous structures of the MOFs have been
found to be good substrates for highly dispersed tiny metal

Chem. Eur. J. 2010, 16, 10887 —10892
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Figure 6. DSC profiles of the dehydrogenation of a) AB/MOFlcat and
b) AB/MOF2cat at heating rates of 5, 10, 15, and 20°Cmin"". ¢) The Kis-
singer plots of the MOFlcat-doped (A) and MOF2cat-doped (m) AB
samples.

clusters. Due to the good thermal stability of the frame-
works and the MOFcats (Figures S4, S5, S6, and S14 in the
Supporting Information) during the thermal dehydrogena-
tion of the AB/MOFcats at 80 and 90°C, the remaining
frameworks in the MOFcats should not be destroyed by the
heating process. Moreover, because AB itself is a mild re-
ducing reagent, it is possible that some Ni** in the MOFcats
could be further reduced to Ni’ sites, which are catalytically
active and thus promote the activity of the MOFecats.
MOF1cat with abundant amorphous Ni’ sites leads to the
rapid release of H,from AB without any induction period.
MOF2cat with a well-preserved framework can further re-
markably accelerate the H, release rate. MOF3cat without
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Ni’ sites shows no significant catalytic activity in the decom-
position. The clearly distinct catalytic activities of the three
catalysts, caused by different catalytic effects of Ni’ sites and
the preserved framework, are attributed to the different
structures and organic ligands of original MOFs. If the coor-
dination between the ligands and the metal ions in the
MOFs is weak, as in MOF1cat, Ni** can be easily reduced
to amorphous Ni’ along with some destruction of the frame-
work. For the MOFs constructed by very strongly bound li-
gands, it is, however, difficult to obtain catalytically active
metallic sites (Ni’), as shown in MOF3cat. For future devel-
opment, by adopting proper metal ions, organic ligands, and
reducing agents, we may find a suitable MOF for which the
corresponding MOFcat contains both sufficient active Ni’
sites and a properly preserved MOF support. This new
MOFcat should in principle further enhance the catalytic ac-
tivity and kinetics in the dehydrogenation of AB. Further in-
vestigations on more MOFcats are needed.

Conclusion

Two novel MOFcats synthesized from microporous MOFs,
have been introduced into an AB thermal dehydrogenation
system. The in situ synthesized Ni’ sites and the preserved
framework supports in the MOFcats greatly promote the
catalytic activity.

Catalyzed by MOFcats (1.0 mol %), the decomposition of
AB shows a significantly lower reaction onset temperature,
decreased activation energy, and remarkably accelerated ki-
netics. At 80°C, AB with MOF1-based catalyst (MOF1cat)
released 7.5wt% H, in 2h without any induction period.
Catalyzed by MOF2-based catalyst (MOF2cat) at 80°C, AB
can generate 6.0 wt % H, in 40 min. At 90°C, approximately
7.0 wt% H, for MOF1cat doped AB (AB/MOFIcat) within
40 min and 6.0wt% H, for MOF2cat doped AB (AB/
MOF2cat) within only 20 min can be vigorously released.
Moreover, the results indicate that the compositional and
structural diversity of three MOFs (MOF1, MOF2, and
Ni;[Fe(CN)¢], (MOF3)) leads to clearly distinct catalytic ac-
tivities and behaviors of the corresponding MOFcats. There-
fore, for further development, both the frameworks and the
metal sites in the MOFs can be well adjusted by crystal en-
gineering®! to create more effective MOFcats for various
catalytic processes.

The catalytic effects of the MOFcats make AB a competi-
tive candidate for hydrogen storage and the study of three
MOFcats implies a novel type of efficient catalysts. The sig-
nificantly different catalytic activities of the MOFcats, which
are attributed to the different effects of the Ni’ sites and the
preserved MOF support, present great potential for future
development. Not only the catalytic efficiency of MOFcats,
but also the huge componential and structural diversity of
MOFs provide us enormous possibilities for a variety of cat-
alyst designs.
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Experimental Section

Synthesis of MOF1, MOF2, and MOF3: MOF1 and MOF2 were synthe-
sized according to our previous work.***! MOF3 was prepared by solu-
tion reaction at ambient temperature (see the Supporting Information).
MOF 1, 2, and 3 were identified by powder XRD (Rigaku D/Max2500
VB2+PC). Thermogravimetric analyses (TGA) were carried out on a
TGA-DSC-DTA (Q600 SDT) analyzer with a heating rate of 5°Cmin~"
under an N, atmosphere. After the activation process (180°C, 2 h for
MOF1; 220°C, 4 h for MOF2; and 200°C 4 h for MOF3), N, sorptions
measurements were taken on a COULTER SA 3100 apparatus at
—196°C.

Synthesis of MOF-based catalysts: MOF1cat, MOF2cat, and MOF3cat
were synthesized by immersing the corresponding MOF into a solution
of AB in methanol (the molar ratio of MOF/AB =0.02) in a glove box at
room temperature for a week. The products were filtered and washed
with five 10 mL portions of methanol and dried under Ar. The as-synthe-
sized catalysts were identified by XRD, X-ray photoelectron spectrosco-
py (XPS), and TEM. The XPS experiments were conducted on an AXIS-
Ultra instrument from Kratos Analytical using monochromatic Aly, radi-
ation (225 W, 15 mA, 15 kV) and low-energy electron flooding for charge
compensation. The TEM micrographs were performed on a JEM-200CX
machine.

Catalytic measurements of MOF-based catalysts: The MOFcats were
mixed with AB by hand in an agate mortar for 3 min in a glove box at
room temperature. The molar ratio of the MOFcat/AB =0.010. DSC was
carried out under a flowing stream of Ar at a Netzsch DSC 204 HP calo-
rimeter. The H, generated from the thermal decomposition of the
MOFcat-doped AB was measured by a pressure capacity temperature
(PCT) measuring system, based on the volumetric method.
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