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Abstract: Crystalline zeolite imidazolate framework ZIF-9 has been prepared via solvothermal

method and used as an efficient heterogeneous catalyst for the hydrolytic dehydrogenation of am—

monia borane( AB) complex to generate a stoichiometric of hydrogen at room temperature. Co-

ZIF9 exhibited much higher catalytic activity than the bare Co nanoparticles( NPs) for hydrogen

generation from the hydrolysis of AB duo to that the porous structure of Co-ZIF-9 play an impor—

tant role in the catalytic hydrolysis of AB. Additionally the activation energy for CoZIF-9 was

measured to be approximately of 40. 8 kJ * mol ™' being lower than most of reported activation

energy values for the same reaction using many different catalysts indicating the superior catalyt—

ic performance of CoZIF9.
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0 Introduction

Hydrogen owing to its clean burning nature high
calorific value environmentally benign has been con—
sidered as one of the new energy carriers for heating
transportation mechanical power and electricity genera—
tion. The storage and separation of hydrogen are the
major problems that must be overcome on the way to a
hydrogen-powered society ' . In the last few decades
different storage solutions have been developed such as
metal hydrides > sorbent materials * and chemical
hydride systems > . Among the various kinds of solid hy—
drogen storage materials ammonia borane ( NH, « BH,
AB) has recently been considered as a promising can—
didate for chemical hydrogen storage application due to

its high hydrogen content low molecular weight and
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environmentally friendly nature > . There are several
methods for the release of hydrogen from AB which can
be broadly divided into categories namely solid ther—
molysis and solvolysis ( hydrolysis or methanolysis) .
However thermal dehydrogenation process requires
high temperature and power consumption. In contrast

AB is able to release hydrogen via at room temperature
hydrolysis reaction in the presence of a suitable cata—
lyst. Thus the catalysts are the predominant factor for
the hydrolytic dehydrogenation of AB. So far many met—
Ru '™ Pd"

Co 7

have been investigated for this reac—

als such as noble metals Rh "

Pt Au”

Nl 1920 Cu 2122

and non-noble metals Fe '

tion among which noble metal catalysts provide signifi—
cant catalytic activities in the hydrolysis of AB. For the
practical application of this system it is important to

develop cost effective catalysts.

(21463012 21103074)
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Recently a new class of porous materials known

2426

as metal organic frameworks ( MOFs) especially

the family of zeolitic imidazolate frameworks ( ZIFs)
has been currently attracted significant attention **” .
ZIFs have ordered porous structures with high specific
surface area and chemically flexible frameworks con—
sisting of inorganic metal ions( eg. Zn Co Cu) coor—
dinated with organic imidazole or imidazolate ligands.
However since first discovery of the ZIF sample re—
search efforts have been mostly aimed in preparing new
ZIFs and investigating their applications in gas storage
and separation. Actually using ZIFs as catalysts or cat—
alyst supports have been reported very limited in the
literature *">* .

In this work for the first time the crystalline zeo—
lite imidazolate framework Co—ZIF-9 has been used as
highly efficient catalyst for hydrogen generation from
NH;NH, for chemical hydrogen storage. Compared with
the Co NPs the Co-ZIF9 showed higher performance
for the dehydrogenation of NH;NH; at convenient tem—

perature for chemical hydrogen storage.
1 Experimental

1.1 Chemicals

All chemicals were commercially obtained and
used without further purification. Ammonia borane
(NH,BH, AB Aldrich 90%) sodium borohydride
( NaBH, Sigma-Aldrich 99%) cobalt ( II)
hexahydrate( Co( NO,) , * 6H,0 Sinopharm Chemical
Reagent Co. Ltd. >99%) benzimidazole ( H-PhIM
Sigma-Aldrich 98%) N N’ -dimethylforma-mide

( DMF) were used as received. Ultrapure water with

nitrate

the specific resistance of 18.3 M() * cm was obtained
by reversed osmosis followed by ion exchange and fil-

tration.
1.2 Instrumentation

Powder X—ray diffraction( XRD) studies were per—
formed on a Rigaku RINT2200 X-ray diffractometer
with a Cuy, source (40 kV 20 mA) . The morphologies
and sizes of the samples were carried out using cold
field emission scanning electron microscope ( SEM
SU8020) . FTIR spectra were collected at room temper—

ature by using a Thermo Nicolet 870 instrument using

KBr discs in the 500 ~4 000 c¢m ~'region.
1.3 Preparation of crystalline zeolite imidazolate
framework Co-ZIF-9

The CoZIF-9 was synthesized using cobalt nitrate
hexahydrate ( Co( NO;), ¢ 6H, O and benzimidazole
( H-PhIM) by a solvothermal method in DMF according
to a literature procedure * . Briefly 1.05 g Co( NO,), *
6H,0) and 0.3 ¢ H-PhIM were mixed into 90 mL
DMF. After stirring the transparent solution was trans—
ferred into a Teflon autoclave. The autoclave was closed
and heated at a rate of 5 °C * min~' to 130 °C in dr—
ying oven and held at this temperature for 48 h then
cooled to room temperature at 0.4 °C * min~'. After
crystallization the as-prepared purple ZIF-9 crystals
were filtered and then washed with DMF three times.
Finally ZIF9 was conducted with vacuum drying at
80 °C for 10 h to obtain ZIF9 catalyst.

1.4 Preparation of cobalt NPs ( Co NPs)

The cobalt NPs were preparedby in situ synthesis
method. Co( NO,) , * 6H,0 was dissolved in 6 mL of
distilled water and kept in a 25 mL two necked round-

bottomed flask. Then 4 mL of aqueous solution contai—
ning 55 mg of AB and 10 mg NaBH, were added into
the flask with shaking.

1.5 Hydrolytic dehydrogenation of AB
In a typical experiment 15 mg CoZIF-9 were dis—

persed in 6 mlL distilled water and kept in a two-
necked round-bottomed flask. A burette filled with wa—
ter was connected to the reaction flask to measure the
volume of hydrogen. The reaction started when 4 ml. of
aqueous solution containing 55 mg of AB and 10 mg
NaBH, were added into the flake with vigorous sha-—
king. The reaction was completed when there was no
more gas generation. The reactions were carried out at
different temperatures ( 298 303 308 313 K) under
ambient atmosphere.
1.6 Reusability of Co-ZIF-9 in the hydrolysis of AB
For the durability test of the catalysts after the
first run of hydrogen generation reaction was comple—
ted another equivalent of NH,BH,( 55 mg) was subse-
quently added to the reaction system and the released
gas was monitored by the gas burette. The reactions
were repeated 5 times under ambient atmosphere at

room temperature. After cycle test the catalysts were
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separated from the reaction solution by centrifugation
washed with water for three times and dried in vacuum

oven at 313 K overnight.

2 Result and discussion

Crystalline zeolite imidazolate framework Co—-Z1F-9
was prepared using cobalt nitrate hexahydrate and ben—
zimidazole by a solvothermal method and used as cost
effective catalyst for the hydrolytic dehydrogenation of
ammonia borane( AB) complex to generate a stoichio—
metric of hydrogen at room temperature. Fig. 1 shows
the time course of the hydrogen generation from AB
(0.16 mol * ™" 10 mL) in the presence of the Co—
ZIF9 and Co catalysts. The catalytic results demonstra—
ted that the reaction rate and the amount of hydrogen
evolution significantly depended on the catalysts. As
shown in Fig. 1 a stoichiometric amount of hydrogen
was evolved in 5.55 min and 9. 55 min respectively in
the presence of the CoZIF9 and bare Co catalysts.
Obviously the as-synthesized Co-ZIF-9 exhibited supe—
rior performance in comparison to bare Co NPs for the
hydrolytic dehydrogenation of AB at convenient temper—
ature for chemical hydrogen storage. In the present re—
action system hydrogen is evolved via the following two
reactions!

NaBH, + 2H,0 — NaBO, +4H, (1)
and

NH,BH, + 2H,0 — NH,BO, +3H,  (2)
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Fig. 1 Hydrogen generation from the hydrolysis of

AB (0.16 mol * L™' 10 mL) with NaBH, ( 10 mg) in the
presence of (a) Co-ZIF9 (b) Co at 298 K ( catalyst:
15 mg)

Under the present reaction condition the total

amount of hydrogen via reaction (1) and (2) is about

135 mL. Moreover the turnover frequency ( TOF) of
the CoZIF9 and bare Co catalysts were measured to
be 9.74 and 5.61 mol H, * mol ™' Co * min~" respec—
tively for the hydrogen generation from the hydrolysis
of AB.

Fig. 2 shows the volume of hydrogen generated
versus time during the catalytic hydrolysis of AB
(0.16 mol * L™" 10 mL) solution in the presence of
CoZIF9 catalysts with different contents (5 10 15
20 25 30 mg)

Fig.2 when the catalyst content increased the reaction

at room temperature. As shown in

time decreased obviously from 20.2 min to 2. 1 min.
The hydrogen generation rate is determined from the
linear portion of each plot for different cobalt content.
The inset of Fig. 3 shows the plot of hydrogen genera—
tion rate vs. cobalt contents both in logarithmic scale.
The slope of the obtained line is 1. 04 which is closed
to 1. 00 indicating that the hydrolytic dehydrogenation
of AB catalyzed by the CoZIF9 is a first-order reac—

tion with respect to the catalyst concentration.

140 |
»’:vv AA o. i.
HY £ . w
120 | Hy 4 s -
nvv: & .i
wor HyL 8 u
= My 3 o
S 80F Hva O -
MyAd o | .
o) ny: : o w0 r
o % n rate=1.04 1n[Col+5.
R - 3 A R
= Ll %5 mg g A
40 m‘c ‘/-’ —+-10 mg:&o Y
we m ——15 mg 0
20 | 5-",,-’ v 20 mg . _///
+25 mgz =3.6-3.4-3.2-3.0 -2.8 -2.6 -2.4 2.2 -2.0 -1.8 -1.6
ot L r30mg CUMEATREMTO
0 5 10 15 20 25 30
t/min
Fig. 2 Hydrogen generation from the hydrolysis of

AB (0.16 mol * L' 10 mL) with NaBH, (10 mg) in the
presence of CoZIF-9 with different contents at 298 K. The
inset shows the plot of hydrogen generation rate vs. the con—
tents of Co both in logarithmic scale

The effect of temperature on the hydrogen genera—
tion rate by Co-ZIF-9 was also studied and a series of
experiments were carried out by varying the tempera—
tures. Fig. 3 shows the volume of hydrogen generated
versus of AB

(0.16 mol * L™" 10 mL) catalyzed by Co-ZIF-9 cata—

reaction time in the hydrolysis
lysts at various temperatures in the range of 293-
308 K. Clearly with the increase of the reaction tem—
perature the catalytic activity of the CoZIF-9 improves

remarkably. The reaction rate constant k at different
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temperatures was estimated from the slope of the linear
part of each plot in Fig. 3. The Arrhenius plot of Ink
versus 1/T for the catalyst is plotted in Fig. 3 ( inset)
from which the activation energy ( E,) for the hydrolyt—
ic dehydrogenation of AB is measured to be 40.8 kJ *
mol ™' being lower than most the reported activation
energy values( Table 1) indicating the superior cata—

lytic performance of the CoZIF-9 catalyst.
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Fig.3 Hydrogen generation from the hydrolysis of

AB (0.16 mol - L™' 10 mL) with NaBH, ( 10 mg) in the
presence of CoZIF-9 (15 mg) at 293 ~ 308 K. The inset
shows the Arrhenius plot ( Ink vs. 1/T)

Table 1

drogen generation from aqueous AB at room temperature

The values of activation energy( E,) for hy—

Catalyst E, /(K] +mol ")

Col/y-AlL O, * 62.0
RuCo/y-Al,0, ™ 47.0

Zeolite—confined Cu * 51.8+1.8
Cu, ,@ Coy 4 /1Go ¥ 51.3

CoB/MCM41 * 51.0+3.0
Cuy 35 Feq g ™ 43.2

CoB/SBA-S5 ¥ 43.0+2.0
Co-ZIF9 40.8
Ru@ Si0, " 38.2
Pt/y-AL O, " 21.0

The reusability of the CoZIF-9 catalyst was tested
under ambient atmosphere at room temperature. After
complete hydrolysis of AB kept the catalyst of Co-ZIF-
9 in the reaction solution under ambient conditions and
a new AB (55 mg) was added to the reaction system.
Fig. 4 shows the productivity of hydrogen versus reac—
tion time for the generation of hydrogen from an aque—
ous AB(0.16 mol * L™ 10 mL) solution catalyzed by
the CoZIF9. After five runs of the catalytic reaction

for dehydrogenating aqueous AB the productivity of hy—
drogen remained almost unchanged indicating that the
Co—ZIF9 shows good durability/stability for hydrogen

generation from the aqueous of AB at room tempera—

2 3 4 5

Recycle Number
Fig.4 Hydrogen productivity vs. recycle number for

hydrogen generation from the hydrolysis of AB
(0.16 mol*+ L™ 10 mL) in the presence Co-ZIF9

(15 mg) at sequential runs by the addition of equivalent a—

ture.
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Powder X-ray diffraction( XRD) was performed on
Co—ZIF9 before and after hydrolysis of AB. As shown
in Fig.5( a) several sharp peaks were observed on the
XRD profile for the fresh Co-ZIF-9. The positions of
diffraction peaks indicated that Co-ZIF-9 was highly
crystalline material and the recorded pattern corre—
sponds well with the previous reports ** . Moreover
Compared with the fresh and used catalyst revealed that
the CoZIF9 could maintain its basic structure and

crystallinity after the hydrolytic dehydrogenation of AB.

JU ) MMM et )
JJ (a)

5 10 15 20 25 30 35 40 45 50
20/ (° )

Fig.5 Powder X-ray diffraction patterns for the ( a)
reused and ( b) fresh of Co-ZIF-9

I/a. u.

As expected the SEM micrograph showed that a
crystalline material was achieved ( Fig. 6) . The mor—

phology of CoZIF-9 shows no significant changes be—
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fore and after catalytic reaction. Meanwhile FTIR spec—
trum showed the same nature namely the catalyst of
CoZIF9 has not changed much before and after hy-

drolysis reaction ( Fig. 7) . These characteristic results

reveal that the catalyst of Co—=ZIF-9 has high stability
during the hydrogen generation from the hydrolysis of
AB.

Fig. 6 SEM images of the (a) reused and ( b) fresh of CoZIF-9
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Fig. 7

3 Conclusion

In summary ecrystalline zeolite imidazolate frame—
work Co-ZIF9 has been successfully prepared by using
the solvothermal method. The catalytic results demon-—
strated that the CoZIF-9 exhibit superior catalytic ac—
tivity in comparison to Co NPs for the dehydrogenation
of AB at convenient temperature for chemical hydrogen
storage. The hydrolysis activation energy for Co-ZIF-9
was measured to be approximately of 40. 8 kJ * mol ™'

which is lower than most the reported activation energy

values for the same reaction using many different cata—
lysts except for some noble-metal containing catalysts
indicating the superior catalytic performance of Co-—
ZIF9. These results not only present an efficient cata—
lyst for AB hydrolysis but also provide new insight into
the application of CoZIF9 in the field of catalysis.
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The GHSOM Network Cloud Classification Model of Stationary
Satellite Infrared Cloud Images at Night

YAN Tingya WANG Shan”
( School of Information Engineering East China Jiaotong University Nanchang Jiangxi 330013 China)

Abstract: Aiming at the low accuracy of cloud classification at night the features of FY2E cloud images which in—
clude bright temperatures and split window values were extracted and selected based on the method of singular value
decomposition. The neural network models of growing hierarchical self-organizing map ( GHSOM) and self-organi-
zing map ( SOM) were built separately to classify cloud images at night meanwhile contrasting the classified effect
of the two network models. The experiments results showed that GHSOM network can improve the distinguishing
effect of cloud images at night greatly through hierarchical classified method and the average accuracy of cloud clas—
sification results is higher than SOM.

Key words: growing hierarchical self-organizing map; self-organizing feature map; night cloud image: cloud classifi-

cation ( : )



