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ZIF-67 and Its Mother Liquor Derived Co304 as Catalyst Precursors for Hydrolysis of
Ammonia Borane to Generate Hydrogen

WEI Lei, LIU Hongyan, WANG Dongsheng, WANG Qian, MA Liwen
(College of Chemistry and Materials Science, Langfang Normal University, Langfang 065000, Hebei, China)

Abstract: ZIF-67 as one kind of zeolitic imidazolate frameworks was synthesized by a conventional precipitation method, and the
mother liquor was concentrated and crystallized to recover cobalt-based compounds. For AB hydrolysis, two kinds of Co3;0, catalyst
precursors (i.e., Co304-S and Co304-L) were prepared from the ZIF-67 and recovered compounds via calcination treatment,
respectively. The morphology and phase composition of the samples were characterized by field-emission scanning electron
microscopy and X-ray diffraction, respectively. Effects of AB and catalyst concentration and reaction temperature on the hydrogen
generation rates and kinetics were investigated. The results show that Co;0,-S has a porous and polyhedral structure, and Co30,4-L is
composed of nanoparticles. In addition, increasing AB and catalyst concentration can enhance the hydrogen generation rates. The
maximum hydrogen production rates do not decline in the presence of Co;04-S, but decrease to 78% of the initial level in the
presence of Co;04-L after recycling for four times.
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Fig. 1 Micrograph and XRD pattern of the prepared ZIF-67



2 48 55 3 W) B S ZIF-67 MILBEEATA CosO4 fHEAZ M T K AR HI o 457

17.99°. 22.06°. 24.44°, 26.63°F1 29.61°Kb 1 fi7 5 I
435N, ZIF-67 F1(011). (002)- (112)+ (022). (013).
(222). (114). (233). (134)F1(044) 1, 5 SCHkR
E-EP K b wran, Bl ZIF-67 HAT
BAras s, HARKRMIEIRTYME. B 2 N,
I e/ i B 253 28, B4 BET J5 FEAELAS i ) 4% ZIF-67
EL AL 2 250 m*/g, 1 BIH WEEAF %A R
L2 HN 1.07nm, & THFLIEH;

Volume @STP/mL
W
O
S
T

0.0 0.2 0.4 06 0.8 10

330+ :

Relative pressure p/p,

Bl 2 il ZIF-67 W/l I S5 2 S AL AR A
Fig. 2 Adsorption/desorption isotherms and pore-size
distribution curve of the prepared ZIF-67

ICP-AES 73 #r4s KW, BRI &H 75%24
Fi R B AR R AL N ZIF-67. i iR s e i 7
Ao¥f ZIF-67 S HA BBy Cos0,4, T 5EIH I

XRD A& P AT A, W 3 Pis. HIE 3
RGN, AT R LK e A, X UL TR )
BRI R 2 PPy AT S A7 & 56 4 Al
W], Wi YAEAR R

(311)

(440)

ﬂ C0,0,-S

Intensity
(=)
8% E)
B
(400)
(511)

H h ﬂ C0.0,-L
0 70

2 50 60 80 90
20/(°)

E] 3 Fﬁﬁ?”%’ C03O4-S Lj C0304-L E"] XRD -i/jEJIlZ
Fig. 3 XRD patterns of the prepared Co;04-S and Co30,4-L
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Fig. 6 Effect of ammonia borane concentration on hydrogen generation rates and kinetic analyses
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Fig. 8 Effect of reaction temperature on hydrogen generation rates and apparent activation energy analyses

2.5 EIMERXMFERIERENEN

8 1A A2 DA i A0 1) 256 P BB 1 B B4R AR
Z o RTHIZ I Co304-S Fl Cos04-L HEAT T 1ESE
DY A A IR 2 56 o A A A DU 0 A 7R 2R AT
2~3 VR, FEEEHL 5 mL B N, R4 R n
9 fin. SHIRMA TSI AL, G
HFE ARSI R M B B 9b 518 9d AN A
PRI A 2R 1) K= S A, 75 1 IRAE R SE 6 b
PEAC TG A P4t iy, G D DR AT REAE T st 7R
BER T —E R CoBEEM . BEA I I
W%, BT HAFIRIMEY (0 B,Os (OH),

B, O, nH,O) I¥1 W B S AR T 88 2 v PR, A AL )3T
ﬁ&’iﬁ%@m_m .

I 9 AT 50, 4 IRPAEFRJE , CosO4-L (3G 1 A 42
WILGTETER 78% 547, 1M Co304-S 1E 4 IRAFIA T
KGR S TR KT, BT 1 e i 2%
18 o 38R b 27 S 1) 2 R nT BeAE T AR A Rk
WEERY 225 Co304-L A ANKITURE 55 5 I3 33 e fieh 5
hFegy, I AR T SRR g AT A
Co304-S NTALZ MR, b )3 1 4% 5T FH )
KT CosO4-L, 54 KR, 15T
TR Cos04-L B/,



2 48 55 3 W) B M

ZIF-67 JILBEAT A Cos04 AL Z I K fif AL < 461 -

80

(o)
(=]
T

—&— Original
—o— Ist

Hydrogen volume/mL
N
S

20 —A—2nd
—<— 3rd
—<—4th
£ 1 1
0 15 20 25

Time/min
(a) Recycling performance of the Co;04-S

80

60 -

—&— Original

Hydrogen volume/mL
N
S
T

20 —o— Ist
—A— 2nd
—<—3rd
) —<—4th
0 . =t 1 1
0 3 6 9 12 15 18

Time/min

(c) Recycling performance of the Co;O4-L
Catalyst amount, 20 mg; [AB]=0.20M; 25 C.

3501

300

250

200

150

H, generation rate /(mL-(min-g™"))

0 1 2 3 4
Recycle number

(b) Recycling performance of the Co304-S

H, generation rate /(mL-(min-g™'))

Recycle number

(d) Recycling performance of the Co;O4-L

Bl 9 JTl Cos04-S 55 Cos0,-L fEAPEREMIK 45 R
Fig. 9 Recycling measurement of the prepared Co;04-S and Co;04-L

3 i

1) 390 e I8 8 2, W e R o 04 £ 770 3 B AT
WA R A &, 3 )% RN RN T
0.5~1.0.

2) 2 Fft Cos04 AL ZME N &L 1K 2 WA AL FEAH
3T, 5 HA & RO S5 TE 5% o

3) ZUBIEIA RN S WL BE X Co304 AL IS FE
HR S LRI —E 5.

4) ZIF-67 fi142 Co3O4 W PEA T RHEAT A Co304,
EAIEERE FH 1 BB e

Bogt: O R B A ST SUIT RAO BT EoR
RREE S INEs & NS A& & S

S 30k
[1] AKBAYRAK S, OZKAR S. Ammonia borane as hydrogen storage

materials[J]. Int J Hydrogen Energy, 2018, 43(40): 18592-18606.

[2] DEMIRCI U B. Ammonia borane, a material with exceptional
properties for chemical hydrogen storage[J]. Int J Hydrogen Energy,
2017, 42(15): 9978-10013.

[3] OLUP Y, DESCHAMPS F, CALADRELLA G, et al. Investigation of
platinum and palladium as potential anodic catalysts for direct
borohydride and ammonia borane fuel cells[J]. J Power Sources, 2015,
297:492-503.

[4] CHOU C, CHEN B, LEE D. Hydrogen storage in a chemical hydride
fuel system containing ammonia borane and Ni—Co/r-GO catalyst[J].
Energy Proced, 2014, 61: 142—-145.

[5] DIWAN M, HANNA D, VARMA A. Method to release hydrogen
from ammonia borane for portable fuel cell applications[J]. Int J
Hydrogen Energy, 2010, 35(2): 577-584.

[6] SARICA E, AKBAYRAK S, OZKAR S. Ruthenium(0) nanoparticles
supported on silica coated Fe;O4 as magnetically separable catalysts
for hydrolytic dehydrogenation of ammonia borane[J]. Int J Hydrogen
Energy, 2018, 43(32): 15124-15134.

[71 XU D, WANG W D, TIAN M, et al. Immobilization of Pt
nanoparticles in hollow mesoporous silica nanocapsules: An
aggregation- and leaching-resistant catalyst[J]. J Coll Inter Sci, 2018,
516: 407-415.



462 - CREMR £R 2741

J Chin Ceram Soc, 2020, 48(3): 455462

2020 4F

(8]

[

[10]

(1]

[12]

[13]

[14]

[15]

[16]

[17]

(18]

[19]

METIN O, DURAP F, AYDEMIR M, et al. Palladium(0) nanoclusters
stabilized by poly (4-styrenesulfonic acid-co-maleic acid) as an
effective catalyst for Suzuki-Miyaura cross-coupling reactions in
water[J]. J Mol Catal A, 2011, 337(1): 39-44.

YOUSEF A, BROOKS R M, EL-HALWANY M M, et al. A novel and
chemical stable Co-B nanoflakes-like structure supported over titanium
dioxide nanofibers used as catalyst for hydrogen generation from
ammonia borane complex[J]. Int J Hydrogen Energy, 2016, 41(1):
285-293.

FERNANDES R, PATEL N, MIOTELLO A, et al. Dehydrogenation
of Ammonia Borane with transition metal-doped Co-B alloy
catalysts[J]. Int J Hydrogen Energy, 2012, 37(3): 2397-2406.

EOM K, CHO K, KWON H. Hydrogen generation from hydrolysis of
NH;BHj; by an electroplated Co-P catalyst[J]. Int J Hydrogen Energy,
2010, 35(1): 181-186.

RAKAP M, KALU E E, OZKAR S. Hydrogen generation from the
hydrolysis of ammonia borane using cobalt-nickel-phosphorus
(Co-Ni-P) catalyst supported on Pd-activated TiO, by electroless
deposition[J]. Int J Hydrogen Energy, 2011, 36(1): 254-261.
COSKUNER FILIZ B, FIGEN A K, PISKIN S. The remarkable role of
metal promoters on the catalytic activity of Co—Cu based nanoparticles
for boosting hydrogen evolution: Ammonia borane hydrolysis[J]. App
Catal B, 2018, 238: 365-380.

LI C, WANG D, WANG Y, et al. Enhanced catalytic activity of the
nanostructured Co-W-B film catalysts for hydrogen evolution from the
hydrolysis of ammonia borane[J]. J Coll Inter Sci, 2018, 524: 25-31.
KRISHNAN P, HSUEH K L, YIM S D. Catalysts for the aqueous
borohydride solutions to produce hydrogen for PEM fuel cell[J]. App
Catal B, 2007, 77(1-2): 206-214.

SIMAGINA V I, KOMOVA O V, OEROVA A M, et al. Cobalt oxide
catalyst for hydrolysis of sodium borohydride and ammonia borane[J].
App Catal A, 2011, 394(1): 86-92.

BARAKAT N A M. Effective Co-Mn-O nanofibers for ammonia
borane hydrolysis[J]. Mater Lett, 2013, 106: 229-232.

LU D, LIAO J, ZHONG S, et al. CuggNip4C0,04 nanowires, a novel
noble-metal-free catalyst with ultrahigh catalytic activity towards the
hydrolysis of ammonia borane for hydrogen production[J]. Int J
Hydrogen Energy, 2018, 43(11): 5541-5550.

RO, <R @ S A IEAZ 52 4K S 4 B PR G A B e
Z[D). ’E: TLVEITE R, 2015: 25-27.

[20]

[21]

[22]

[23]

[24]

[25]

[26]

[27]

(28]

[29]

[30]

HU Y J. Synthesis of metal@silica core—shell nanostructures for
hydrogen production from ammonia borane (in Chinese, dissertation).
Nanchang Normal University, 2015: 25-27.

GUO X, XING T, LOU Y, et al. Controlling ZIF-67 crystals formation
through various cobalt sources in aqueous solution[J]. J Solid State
Chem, 2016, 235: 107-112.

QIAN J, SUN F, QIN L. Hydrothermal synthesis of zeolitic
imidazolate framework-67 (ZIF-67) nanocrystals[J]. Mate Lett, 2012,
82:220-223.

KRISHNAN P, ADVANI S G, PRASAD A K. Cobalt oxides as Co,B
catalyst precursors for the hydrolysis of sodium borohydride solutions
to generate hydrogen for PEM fuel cells[J]. Int J] Hydrogen Energy,
2008, 33(23): 7095-7102.

WEI L, DONG X, MA M, et al. Co304 hollow fiber: An efficient
catalyst precursor for sodium borohydride to generate hydrogen[J].
Inter J Hydr Energy, 2018, 43(3): 1529—-1533.

GROVEN L J, PFEIL T L, POURPOINT T L. Solution combustion
synthesized cobalt oxide catalyst precursor for NaBH, hydrolysis[J].
Int J Hydrogen Energy, 2013, 38(15): 6377-6380.

BASU S, BROCKMAN A, GAGARE P, et al. Chemical kinetics of
Ru-catalyzed ammonia borane hydrolysis[J]. J Power Sources, 2009,
188(1): 238-243.

AKBAYRAK S, GENCTURK S, MORKAN 1, et al. Rhodium(0)
nanoparticles supported on nanotitania as highly active catalyst in
hydrogen generation from the hydrolysis of ammonia borane[J]. Rsc
Adv, 2014, 4(26): 13742-13748.

MOHAIJERI N, T-RAISSI A, ADEBIYI O. Hydrolytic cleavage of
ammonia-borane complex for hydrogen production[J]. J Power
Sources, 2007, 167(2): 482—-485.

ZHUANG D W, DAI H B, ZHONG Y J, et al. A new reactivation
method towards deactivation of honeycomb ceramic monolith
supported cobalt-molybdenum-boron catalyst in hydrolysis of sodium
borohydride[J]. Int J Hydrogen Energy, 2015, 40(30): 9373-9381.
KIM D R, CHO K W, CHOI Y 1, et al. Fabrication of porous Co-Ni-P
catalysts by electrodeposition and their catalytic characteristics for the
generation of hydrogen from an alkaline NaBH, solution[J]. Int J
Hydrogen Energy, 2009, 34(6): 2622-2630.

WANG Y, QI K, WU S, et al. Preparation, characterization and
catalytic
cobalt-phosphorous catalysts[J]. ] Power Sources, 2015, 284: 130-137.

sodium  borohydride hydrolysis of nanostructured



