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ABSTRACT

Amongst different amine-borane derivatives, methylamine-borane (CH;NH,BH3) seems to
be one of the capable aspirants in the storing of hydrogen attributable to its high hydrogen
capacity, stability and aptitude to generate hydrogen through its catalytic hydrolysis re-
action under ambient conditions. In this research paper, we report that cobalt nano-
particles supported on alumina nanofibers (Co/Al,05) are acting as active nanocatalyst for
catalytic hydrolysis of methylamine-borane. Co/Al,0; nanocatalyst was fabricated by
double-solvent method followed with wet-chemical reduction, and was characterized by
utilizing various spectroscopic methods and imaging techniques. The results gathered
from these analyses showed that the formation Al,0; nanofibers supported cobalt(0)
nanoparticles with a mean diameter of 3.9 + 1.2 nm. The catalytic feat of these cobalt
nanoparticles was scrutinized in the catalytic hydrolysis of methylamine-borane by
considering their activity and durability performances. They achieve releasing of 3.0
equivalent of H, via methylamine-borane hydrolysis at room temperature (initial
TOF = 297 mol Hy/mol metal x h). Along with activity the catalytic durability of Co/Al,O3
was also studied by carrying out recyclability tests and it was found that these supported
cobalt nanoparticles have good durability during the course of the catalytic recycles so that
Co/Al, 05 preserves almost its innate activity at 5th catalytic recycle. The studies presented
here also contains kinetic investigation of Co/Al,O5; catalyzed methylamine borane hy-
drolysis depending on the temperature, cobalt and methylamine borane concentrations,
which were used to define rate expression and the activation energy of the catalytic
reaction.
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Introduction

Today, the advancement of secure and effectual hydrogen (H,)
storage is crucial concern in the hydrogen based energy econ-
omy, which would aid the changeover from fossil fuel based
energy to renewable energy [1,2]. In this respect, the acceler-
ated number of studies are still reported for testing various
materials such as carbon nanotubes [3], zeolites [4], metal-
organic framework materials [5], organic polymers [6,/hydrous
hydrazine (N,H4.H,0) [7], boron hydrides (LiBH,, NaBHy, etc.) [8],
boron-nitrogen compounds (AB; NH;BH3, N,H,BH3, NH3B;H;,
etc.) [9—12] in the chemical hydrogen storage [13]. Amid these
chemicals ammonia-borane (NH3;BHs;) appears to be well-
matched for this goal owing to its hydrogen content (19.6 %
wt) and benign nature [14]. There are vast numbers of studies
have already presented for the ammonia-borane dehydroge-
nation [9,14,15]; however, an only limited number of reports
exist for the dehydrogenation of aqueous methyl substituted
AB, methylamine-borane (MeAB; CH;NH,BH;) [16—26], which
also has high hydrogen content (11.1 % wt). Hydrogen can be
generated from MeAB through its catalytic dehydrocoupling in
organic solvents [16], hydrolysis in water [17—25] and ther-
molysis [27] in the absence of solvents. In the midst of these
transformations, the metal-catalyzed hydrolysis of MeAB (Eq.
(1)) has been known as the most efficient way to produce high
purity of H, at desirable rates. The studies carried out for the
catalytic hydrolysis of MeAB have exposed that 3 mol of H, can
be released from 1 mol of MeAB (Eq. (1)) under air at room
temperature by employing a proper catalytic system.

CH3NH2BH3 + 2H20 d CH3NH3B02 + 3H2 (1)

The literature survey shows that different transition
metals based solid supported (Ag@CoNi/graphene [17],
Cu@Co/r-GO [18], Ag@Co/graphene [19], Ag@Ni/graphene [19],
Ag@Fe/graphene [19], Ru@Ni/graphene [20], Ru@Co/graphene
[21], Rw/MCM-41 [22], Ru/CNF [23], Cu/nano-MIL-101 [24], Rh/
ZrO, [25]) and colloidal (PVP stabilized Ru [26]) nanoparticle
(NP) have been employed in MeAB hydrolysis. As seen from
the earlier efforts, employed catalytic systems comprises
transition metal nanoparticles, which have high surface-to-
volume ratio with respect to their bulk counterparts, thus,
higher fraction of catalytically active atoms exist on their
surface [28]. These highly active catalytic architectures are
considered as thermodynamically unstable against to
agglomeration into bulk form owing to their large surface
areas and high surface energies. In this context, the suitable
protecting ligands or polymers are commonly used as stabi-
lizing agents in their synthesis to circumvent their aggrega-
tion [29]. Though, the agglomeration of transition metal
nanoparticles ultimately to the bulk form even in the atten-
dance of best stabilizing agents [30] is still the most vital
concern that should be overwhelmed in their catalytic appli-
cations. Additionally, it is one more critical matter to attain
neat active metal surfaces by staying away from surface
contamination resulting from surface protecting groups,
which often lead to a decrease in the catalytic activity
resulting from the blocking of active sites. At this concern, the
utilization of solid support materials as host material for the

immobilization of guest transition metal nanoparticles allows
the generation of specific surfactant-free active sites with the
advantages of preventing particle aggregation [28—30]. Among
these aforementioned nanocatalyst systems employed in the
catalytic hydrolysis of MeAB remarkable catalytic activities
were achieved by Ru and Rh based NPs; however, the anxieties
over the extensive use of these highly expensive metals have
driven the studies for the progress of nanocatalysts comprised
of low-cost metals. At this concern, the latest scientific efforts
have concentrated on the employment of non-prestigious 3d
metals such as copper (Cu) [18,24], cobalt (Co) [19], nickel (Ni)
[19] and iron (Fe) [19] as active centers in the nanocatalysts
developed for the dehydrogenation of aqueous MeAB. Unfor-
tunately, the majority of these low-cost nanocatalysts have
provided either low activity [18,19,24] or reusability [19] per-
formance. Hereof, the advance of low-cost nanocatalyst sys-
tem that provides high reactivity and durability in MeAB
hydrolysis is the wanted target for this important reaction.
With this motivation in mind, we have prepared cobalt
nanoparticles supported on alumina (Al,O3) nanofibers (Co/
Al,03) by following two-steps procedure including double-
solvent [31]followed by chemical reduction [32] methods and
tested as a catalyst in MeAB hydrolysis. The characterization of
the resulting material was carried out by using various spec-
troscopic and microscopic techniques, which shows that the
formation of alumina nanofibers surface decorated cobalt(0)
nanoparticles (3.9 + 1.2 nm) by without damaging the crystal-
linity of the support material. The catalytic performance tests
concerning reactivity and stability performed on the resulting
Co/Al,05; in the hydrolysis of MeAB reveal that Co/Al,0s
nanocatalyst effectively catalyzes hydrolytic dehydrogenation
of MeAB by providing 3 equiv. of H, generation at an initial
turnover frequency (TOF) value of 297 mol Hy/mol metal x h
and room temperature. Recyclability experiments judged the
stability of Co/Al,03; nanocatalyst and concluded that cobalt
nanoparticles decorated on alumina nanofibers are very stable
against to agglomeration and leaching during the reaction.

Experimental section
Materials

Cobalt(Il) chloride hexahydrate (CoCl,.6H,0), tetrahydrofuran
(C4HgO), methylamine hydrochloride (CH3NH,-HCI), alumina
nanofibers (Al,0; L < 20 nm x 100 pm), and diethyl ether
((CH3CH,),0) were acquired from Sigma. The synthesis of
MeAB was done by following the literature procedure [17,18].
After synthesis and isolation, Co/Al,03 samples were kept in
atmosphere-controlled glove-box (Labsconco; H,O < 3 ppm,
0, < 2 ppm) to minimize their surface oxidation. Deionized
water was provided from Milli-Q-WPS. Glassware types of
equipment were washed with ethanol/acetone mixture and
plentifully wetted afore drying in a vacuum oven.

Preparation protocol of cobalt nanoparticles supported on
alumina nanofiber (Co/Al,O3)

Co/Al,03 nanocatalyst was fabricated by following two-steps
procedure including a double solvent method to impregnate
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metal precursor onto the solid surface then, liquid-phase
borohydride reduction of precatalyst. In a typical prepara-
tion route, 200 mg support material was transferred into a
10.0 mL n-hexane (dry), and sonicated approximately 20 min,
then stirred at 1000 rpm for 1 h at 25 °C. Next, 1.0 mL aqueous
CoCl,.6H,0 (23.92 mg, 0.1 mmol Co) was drop-wisely added
over 15 min during the stirring for 2 h. Afterwards centrifu-
gation (5000 rpm, 10 min), plentiful water washing (3 x 10 mL),
the powdered form of sample was dried at 90 °C for 4 h. Next, a
5.0 mL NaBH, aqueous solution was poured into the powder
sample and the final solution was mixed for 30 min.
Following, the mixture was taken into centrifugation for 5 min
at 5000 rpm, washed with water/ethanol mixture and dried in
a vacuum oven at 90 °C for 4 h. Finally, Co/Al,05; nanocatalyst
in the form of dark-gray powder was kept in the glove-box.

Characterization of Co/Al,0O3 nanocatalyst

Cobalt (Co) loading of the samples in the form of % wt Co was
found by inductively coupled plasma optical emission spec-
troscopy (ICP-OES; Perkin Elmer DRC II model) afterwards
samples were entirely dissolved in a highly acidic solution.
The crystallinity of Co/Al,03; was surveyed via investigating
their P-XRD patterns by using Rigaku Ultima-IV (Cu-Ka, 1.54 A,
40 kV, 55 mA). The morphology of the resulting Co/Al,03 was
analyzed by using FE-SEM, TEM and HRTEM analyses. Firstly,
FE-SEM images were obtained FE-SEM/Quanta 400 F. Then, we
conducted TEM and HRTEM analyses, and TEM images were
recorded on a JEOL (JEM-200 CX) TEM working at 120 kV,
whereas HRTEM analyses were carried out on JEOL/JEM-2010F
operational at 200 kV. Oxford EDX system equipped with Inca
software to collect TEM-EDX spectrum. TEM/HRTEM samples
were set by adding a drop of the catalyst solution on a TEM
grid (Cu/C) followed by drying to remove solvent. XPS and HR-
XPS spectra were taken on a PE-5800 XPS spectrometer (Al-Ka,
1486.6 eV, 15kV, 350 W, 23.5 eV). NMR analyses were done on a
Bruker Avance DPX (400.1 MHz for 'H NMR; 128.2 MHz for *'B
NMR.

Co/Al,03 catalyzed hydrolysis of methylamine-borane

The catalytic reactivity of Co/Al,05 nanocatalyst was judged
by determining the hydrogen generation rate (volume of H, to
time), which was then transformed into the initial turnover
frequency (mol Hy/mol Co x h). The volume of H, released
from the catalytic reaction was measured via a gas burette
method as described elsewhere [17—-26]. In a typical test of the
catalytic activity, Co/Al,O03 nanocatalyst was weighed and
taken into the Schlenk, and then water was added followed by
vigorous stirring ~15 min for the achievement of the thermal
equilibrium. Ensuing, aqueous solution of MeAB was added
fastly to start reaction at stirring speed of 1000 rpm.

Recyclability experiments

The catalytic durability of Co/Al,05; nanocatalyst was evalu-
ated by the use of the results of catalytic recyclability experi-
ments, which were started with fresh Co/Al,03 nanocatalyst
and an aqueous MeAB solution at room temperature. Instan-
taneously after >90% conversion was achieved in 1st cycle, an

additional same amount of substrate (MeAB) solution was
taken into the catalytic reaction, providing more hydrogen
evolution.

Results and discussion

Cobalt nanoparticles supported on alumina nanofibers:
preparation and characterization

Cobalt nanoparticles decorated on alumina nanofibers (Co/
Al,03) were fabricated by two-steps procedure; (i) the
impregnation of cobalt precatalyst (CoCl,.6H,0) onto the
alumina nanofiber surface by double solvent method [31]
using n-hexane as hydrophobic solvent, (ii) next the room
temperature reduction of Al,O; surface impregnated pre-
catalyst by aqueous sodium borohydride solution [32]. After
washing and drying steps for purification to remove surface-
bound chlorine (Cl7) and metaborate (BO;) anions, the
resulting Co/Al,0; nanocatalyst was isolated as a solid
powdered sample. The characterization of Co/Al,0; was
started by examining P-XRD patterns of the product contain-
ing different amounts of cobalt. Fig. 1 displays P-XRD patterns
of Al,03; nanofibers along with Co/Al,0; samples containing
different amounts of cobalt (0.42, 1.02, 2.72 and 4.84 wt % Co
loading) as found by ICP-OES analyses. The evaluation of P-
XRD patterns obviously displays that the crystallinity of Co/
Al,03 samples at different Co loadings are indistinguishable to
that of Al,0; nanofiber and no new phases appear, thus
signifying that Al,05; nanofiber crystallinity leftovers undam-
aged at the end of the formation of Co/Al,0;. The nonap-
pearance of any diffraction ascribed to cobalt nanoparticles
can be explained by low loading wt % of Co onto host material.
In the meantime the minor decline in the Bragg peak in-
tensities of Co/Al,0; samples by increasing of guest Co
amounts can be attributed to the variation in the electron
density due to the presence of cobalt nanoparticles on
alumina surface and their contact through surface oxygen
atoms and/or vacancies [33].

The surface elemental composition and the oxidation state
of cobalt in Co/Al, O3 nanocatalyst (with 1.02 % wt Co loading)
were examined by using XPS analyses. XPS spectrum of Co/
Al,O3 taken as survey scan is depicted in Fig. 2(a) as seen from
this spectrum acquired signals discloses that the surface
composition comprised of Al, O, and Co. The oxidation state of
Co was intensely investigated by HR-XPS analysis of Co/Al,Os.
Fig. 2(b) displays HR-XPS spectrum taken at Co 2p core-level
and its deconvoluted chemical states for Co/Al,O;, which
shows that the existence of metallic Co (798 ev for 2py,
781.5 eV for 2ps/,) along with minor amount of cobalt(Il) oxide
(CoO) (804 ev for 2p4,,, 787 €V for 2ps/,) [34,35]. The observation
of oxide signals in HR-XPS spectra of transition metal nano-
particles is not a new phenomenon and usually caused from
the surface oxidation of highly oxophilic transition metal
nanoparticles for the duration of the sampling process [36].
The morphology, size, and dispersion of cobalt nanoparticles
in Co/Al,0; were inspected in terms of FE-SEM, SEM-EDX,
TEM, and HRTEM studies. Fig. 3 shows FE-SEM images of Co/
Al,O3 taken at various magnification values, and the inspec-
tion of these images indicate that (i) the observation of only


https://doi.org/10.1016/j.ijhydene.2019.02.088
https://doi.org/10.1016/j.ijhydene.2019.02.088

28444

INTERNATIONAL JOURNAL OF HYDROGEN ENERGY 44 (2019) 28441—28450

Co/Al,O, (% 4.21 Co)

Co/Al,0, (% 2.72 Co)

ColALO, (% 1.02 Co)

Bragg Intensity (c/s)

ColALO, (% 0.42 Co)

2 Theta (degree)

Fig. 1 — P-XRD patterns of Al,0; and Co/Al,03; samples at
different cobalt loadings (0.42, 1.02, 2.72 and 4.84 wt % Co
loading).

Al,O3 nanofibers and preservation of fiber structure of Al,O5
upon formation of Co/Al,Os, (ii) no bulk cobalt shaped in
observable size on the surface of Al,0; nanofibers. Even
though no bulk metallic cobalt is detected on the surface of
Al,03 nanofibers, SEM-EDX spectrum (Fig. S1 in the Support-
ing Information) as well as IC-OES analyses, point to the ex-
istence of cobalt in material, which suggests the formation of
cobalt nanoparticles in small-sized (<50 nm) regime in Co/
Al,03 nanocatalyst.

Next, the same Co/Al,03 sample (with 1.02 % wt Co loading)
was further analyzed by TEM and HRTEM microscopic tech-
niques. TEM images of Co/Al,05; nanocatalyst are illustrated in
Fig. 4 (a)-(b), the scrutiny of them undoubtedly shows that the
existence of small sized Co nanoparticles along with some
clumped Co nanoparticles (circled in Fig. 4(a)). The mean
particle size of non-clumped cobalt nanoparticles was esti-
mated to be 3.9 + 1.2 nm through an NIH image program [37],
whereby 80 particles were considered (Fig. 4(c)). The crystal-
linity of the resulting cobalt nanoparticles was investigated by
HRTEM, Fig. 4(d) shows HRTEM image of Co/Al,0; nano-
catalyst that shows the formation of highly crystalline cobalt
nanoparticles and the crystalline fringe distance of cobalt
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Fig. 2 — (a) Survey scan XPS spectrum and (b) Co 2p core
level high-resolution XPS spectrum of Co/Al,03.

nanoparticle was measured to be 0.205 nm, which can be
ascribed to (111) plane of fcc cobalt [38].

Catalytic hydrolysis of MeAB in the presence Co/Al,03
nanocatalyst

The catalytic nature of metal-free Al,03 nanofiber and the effect
of cobalt loading and oxidized Co species on Co/Al,O3 activity
Before starting the catalytic performance tests, one should
check the catalytic nature of the support material in the target
catalytic reaction under identical conditions to express net
reactivity of the guest metal nanoparticles in nanocatalysis.
For that reason, firstly we checked the activity of metal-free
Al,O3; nanofibers in the MeAB hydrolysis at room tempera-
ture, and the result of this experiment revealed that neat Al,05
nanofibers are catalytically inactive in this catalytic trans-
formation. Then, control tests were done to realize the effect
of cobalt loading on Co/Al,O3 activity and optimize cobalt
loading on Co/Al,O3 nanocatalyst. In these experiments, the
catalytic activity of Co/Al,0; nanocatalyst with various cobalt
loadings (0.42, 1.02, 2.72 and 4.84 wt % Co) was examined in
MeAB hydrolysis under alike conditions ([Co], [MeAB] and
temperature). The results gained from these experiments are
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Fig. 3 — (a—c) FE-SEM images of Co/Al,O; at different
magnification ratios.

summarized in Fig. 5 and as easily understood the highest
conversion and activity performance was achieved by Co/
Al,05 sample that comprised of 1.02 % wt Co loading. The
initial turnover frequency (TOF) values were found to be 106,
297, 203 and 145 mol Hy/mol metal x h for Co/Al,03; nano-
catalysts containing 0.42, 1.02, 2.72 and 4.84 wt % Co, respec-
tively. The distinction observed in the catalytic activity of Co/
Al,O; samples (Fig. 5) reflects the accessibility of cobalt
nanoparticles in Co/Al,0; by MeAB so that cobalt nano-
particles in Co/Al,05 sample containing 1.02 % wt Co are most
readily accessible. Additionally, the increase in the size of
cobalt nanoparticles, especially at high Co loadings (2.72 and
4.84 wt % Co) can also explain the observation of low activities
with respect to that of obtained by Co/Al,O3; sample contain-
ing 1.02 % wt Co. Indeed, the informative TEM image (Fig. 5)
taken from Co/Al,O; sample containing 4.84 % wt Co confirms
that formation of larger size cobalt nanoparticles
(4.9 + 1.6 nm) in this sample that explains its lower activity
than that of Co/Al,0; sample containing 1.02 % wt Co. It is
worth noting that, the other test reported hereafter Co/Al,05
nanocatalyst with 1.02 % wt Co loading was used unless
otherwise stated. As well as the quantification of volume of
hydrogen, the completion of the catalytic transformation was
also checked by B NMR spectroscopy. The 'B-{*H}-NMR
spectrum of the aliquot recovered at the end of the catalytic
reactions shows that MeNH,BH; (6 = —19 ppm, q) is wholly
transformed into (MeNH3)BO, (6 = —13.2 ppm, s) (Fig. S2 in the
Supporting Information).

Another control experiment was performed for the clarifi-
cation of active catalytic species (Co or Co(ll), which was
detectedin XPS analyses), and in a separate control experiment
the nature of active species was investigated by checking and
comparing the catalytic activities of Co/Al,03 and Co,Oy/Al,0s,
which was fabricated through the heating of Co/Al,05 under O,
stream, in the hydrolysis of MeAB under identical conditions
(Fig. S3 in the Supporting Information). Expectedly, after an
induction time period (required for the reduction of oxidized
cobalt species to metallic cobalt) Co,O,/Al,O3 catalyzes hy-
drolysis of MeAB at almost same reactivity with Co/Al,03 so the
result of this experiment indicates that the catalytically active
species were comprised of metallic cobalt (Co(0)).

Effect of supporting catalytically active cobalt; comparison of

the catalytic activities of CoCl,.6H,0 precatalyst and Co/Al,03
In order to understand stabilizing effect of Al,0; nanofiber
support on catalytically active Co species, which were formed
at the nucleation step during the reduction of CoCl,.6H,0
precatalyst, we performed two groups of experiments in which
the catalytic reactivities of CoCl,.6H,0 precatalyst and Co/
Al,O3 sample containing 1.02 % wt Co were monitored up to
two catalytic recycles in the hydrolysis of MeAB. The results of
these experiments are demonstrated in Fig. 6. Throughout the
reduction of Co(Il) to Co(0) the sole stabilizing agent in the
aqueous solution is the weakly coordinating chloride anion
and it has recently been reported that chloride anion as elec-
trostatic stabilizing agent cannot afford enough stabilization to
colloidal metal nanoparticles [ [39]]. Hence cobalt species
formed via the reduction from CoCl,.6H,0 precatalyst could
not preserve their remarkable activity observed in the first
catalytic cycle due to the formation of bulky Co that
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Fig. 4 — (a,b) TEM images and (c) the size histogram of Co/Al,0; (d) HRTEM image of Co/Al,O3.

precipitated out from the solution (Fig. S4 in the Supporting
Information) [40,41]. For that reason, almost no hydrogen
evolution was observed for the second catalytic cycle in the
MeAB hydrolysis, whereas Co/Al,05 nanocatalyst retains >80%
initial activity at the second catalytic cycle. These results are
indicative of the stabilizing effect of Al,03 nanofiber plus the
importance of the size of catalytically active metal in catalysis.

Effect of methylamine-borane [MeAB] and cobalt [Co]
concentrations on the rate of Co/Al,O5 catalyzed hydrolytic
dehydrogenation of MeAB

To clarify rate expression for Co/Al,O5 catalyzed hydrolytic
dehydrogenation of MeAB we conducted two groups of ex-
periments in which the effect of cobalt and MeAB concentra-
tions on the rate of catalytic transformation was investigated.
Fig. 7 shows mole of H,/mole MeAB versus time plot for Co/
Al,O3 catalyzed MeAB hydrolysis (0.82 mmol and kept con-
stant in all experiments) at room temperature starting with
different cobalt concentrations ([Co] = 0.43, 0.86, 1.29 and
1.72 mM); as predictable hydrogen generation rate increases
owing to increase of cobalt concentration. The rate of
hydrogen generation versus cobalt concentration (in log.
scale; inset in Fig. 7) plot has a line with a slope of 1.12,
revealing that Co/Al,O3 catalyzed hydrolysis of MeAB occurs
in the first order relative to the cobalt concentration.

Next, in the second bunch of experiments, we kept cobalt
concentration constant and varied initial substrate ([MeAB|)
concentration, and their outcomes are given in Fig. 8, which
reveals that the rate of hydrogen generation is not differing
too much in the substrate concentration range of 41-82 mM
but remarkably increases at [MeAB| > 82 mM. Under these
circumstances, the slope of the line (Fig. 8 inset) fitted from the
log. scale plot of hydrogen generation rate versus MeAB con-
centration was found to be 0.5 revealing that Co/Al,0;

catalyzed hydrolysis of MeAB takes place in half order in
respect of MeAB concentration, which is different from zero-
order dependence to AB in AB methanolysis on CoPd alloy
nanoparticles [42], first-order dependence to AB in AB meth-
anolysis on Ru nanoparticles [43] but is similar to AB in AB
hydrolysis over Ni nanoparticles [44] and MeAB in MeAB
methanolysis on Rh nanoparticles [25].

Effect of temperature on the rate of Co/Al,O3 catalyzed
hydrolytic dehydrogenation of MeAB

Fig. 9 shows mole of H,/mole MeAB versus time graph for Co/
Al,O5 catalyzed MeAB hydrolysis at the different tempera-
tures as one can expect the enhancement in rate of hydrogen
generation is observed depending on the increase of temper-
ature. The initial hydrogen generation rates for Co/Al,O;
catalyzed MeAB hydrolysis at 15, 25, 35 and 45 °C were found
to be 0.57, 1.56, 1.88 and 3.63 mL H, x min~?, respectively.
These values were used to get Arrhenius plot (inset Fig. 9) that
tells us the activation energy of Co/Al,O; catalyzed MeAB
hydrolysis is 44.23 kJ/mol, and this observed activation energy
value is lower than those of provided by Cug,@Coqg/r-GO
(55.9 kJ/mol) [18], Ru@Ni/r-GO (57 kJ/mol) [20] and Ru/MCM-41
(47.6 kJ/mol) [22].

The activity values on the order of initial TOF values were
also found from Fig. 9, and initial TOF values were estimated to
be 112, 297, 346 and 647 mol H,/mol metal x h at 15, 25, 35, and
45 °C, respectively. The initial TOF value gained by Co/Al,05
nanocatalyst (297 mol H,/mol metal x h) is higher than pre-
viously reported catalytic systems such as Cug,@Coq g/r-GO
(138 mol Hy/mol metal x h) [18], Cu/nano-MIL-101 (247 mol H,/
mol metal x h) [24], and Agp 1@Co0g 45Nig 45/T-GO (210 mol Hy/
mol metal x h) [17] for the same catalytic transformation. This
remarkable catalytic activity obtained by Co/Al,0; nano-
catalyst in MeAB hydrolysis can be attributed to small size and
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high dispersion of cobalt nanoparticles on host Al,03; nano-
fiber surface plus strong metal support interaction between
guest cobalt nanoparticles and host Al,0; nanofiber support
material [45,46].

Catalytic durability of Co/Al,05 nanocatalyst in the hydrolysis
of MeAB

The catalytic durability of Co/Al,O3 nanocatalyst in the cata-
lytic hydrolysis of MeAB was inspected by testing its recycla-
bility performance. As illustrated in Fig. 10, Co/Al,03
nanocatalyst retains 97% of its original catalytic performance
in conversion (97% conversion at 5th recycle) by providing 72%
of its natural activity at 5th recycle in MeAB hydrolysis. The
initial TOF values for 1st, 2nd, 3rd, 4th and 5th recycles were
found to be 297, 252, 238, 227 and 213 mol H,/mol metal x h,
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Fig. 8 — Mole of H,/mole MeAB versus time (min.) graphs for
Co/Al,0; catalyzed (in all [Co] = 1.29 mM) MeAB hydrolysis
at different MeAB concentrations ((MeAB] = 0.41, 062, 0.82
and 123 mM) and room temperature.


https://doi.org/10.1016/j.ijhydene.2019.02.088
https://doi.org/10.1016/j.ijhydene.2019.02.088

28448

INTERNATIONAL JOURNAL OF HYDROGEN ENERGY 44 (2019) 28441—28450

3.0 W ‘A‘:‘m B 15°C ® 25°C A 35°C ¥ 45°C
by et T
2.5 - vV L L
v ° n
.
A n"
°
w204 ¥ "
< A® I
g v .
- ° " 3
° 1.5 o A [ 5
£ Y o ]
= ] 1
I
A ] 3
210{dve a r (: n\n\n\a
£ . . ’z
v4 = "
0.5 4 n
=
[ 0.0032 0.0033 0.0034 0.0035
004" AN ()
——r——r————r—1 ———T— v

Ll Ll
0 20 40 60 80 100 120 140 160 180 200

Time (min.)

Fig. 9 — Mole of Hy/mole MeAB versus time (min.) graphs
for Co/Al,0; catalyzed ([Co] = 1.29 mM) in the hydrolysis of
MeAB ([MeAB] = 0.82 mM) at different temperatures and
Arrhenius graph (inset).

a) 3.0 [ ] LI ]
@ m 1% cycle - .. " PR * ”x A A A
® 2™cycle .. 'Y * ® 4 A
254 ¢ 3 cycle - * [ ] A
® 4"cycle | ] ® * . A
A 5"cycle u L 4 A
| ] ® A
. *
g 2.0 L A
2 AN
o
3 154 o %ea
= n e A
3 .2
5 1.0 " . A
E ®
:. oA
0591 m a
2°
0.0
— T T T T - T v T ' T 1
(1] 20 40 60 80 100 120 140
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(MeAB] = 0.82 mM) up to five catalytic recycles and (b) TEM
image of Co/Al,0; nanocatalyst recovered from 5th
catalytic recycle.

respectively. The observed decline in the catalytic perfor-
mance of Co/Al,03 nanocatalyst in both conversion and ac-
tivity was inspected by carrying out analyses on the reused Co/
Al,03 nanocatalyst. The TEM image of Co/Al,0; nanocatalyst
recovered from the 5th catalytic recycle (inset Fig. 10) indica-
tive of clumping of both Al,0; nanofiber and surface-bound
cobalt nanoparticles that elucidates the reason of observed
decrease in the catalytic performance. In addition, the slight
decrease in catalytic activity in subsequent runs may also be
attributed to the passivation of cobalt nanoparticles surface by
increasing the concentration of boron products, e.g. metabo-
rate, which decreases accessibility of active sites [47,48].

It should be underlined that the leaching possibility of
guest cobalt nanoparticles from Al,0; nanofiber surface to
aqueous solution during these experiments was also exam-
ined by carrying out ICP-OES investigates on reaction sample
solutions taken at the finishing of 1st, 3rd and 5th recycle, in
none of them, cobalt was detected. This result is confirming
that the retention of cobalt nanoparticles on Al,0; nanofiber
support material and there is no leaching of cobalt into the
aqueous reaction solution. Additionally, the crystallinity of
the host material Al,0; nanofibers was also checked at the
end of the recyclability experiment by considering P-XRD
pattern of Co/Al,05; nanocatalyst recovered from 5th catalytic
recycle (Fig. S5 in the Supporting Information). It shows that
the crystallinity of Al,03 nanofibers retained intact at the end
of these experiments. Bearing in mind of results of these ex-
periments, one can conclude that Co/Al,0; nanocatalyst is
acting as not only active but also durable nanocatalyst for the
catalytic hydrolysis of MeAB.

Conclusions

This presented study is focused on the development cobalt
nanoparticles decorated on alumina nanofibers and their
employment as heterogeneous catalyst in the hydrolysis of
MeAB and has given following understandings; (i) Co/Al,03
nanocatalyst can fabricated through the double solvent
method followed by borohydride reduction technique carried
out at room temperature, (i) The formation of highly
dispersed cobalt nanoparticles (3.9 + 1.2 nm) on Al,O3 nano-
fibers surface have been confirmed by using characterization
techniques, (iii) Co/Al,03 was found to be an active catalyst in
the hydrolytic dehydrogenation of MeAB, which provides TOF
value of 297 mol Hy/mol metal x h at room temperature and 3
equiv. H, generation, (iv) Moreover, Co/Al,0; nanocatalyst
offers acceptable catalytic durability during the course of the
recyclability experiments.

In summary, Co/Al,05; nanocatalyst is readily available by a
low-cost and straightforward procedure and found to be an
active and stable catalyst in the hydrolysis of MeAB.
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