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ABSTRACT: Herein we report the development of a new and
cost-effective nanocomposite catalyst for the hydrolysis of
ammonia-borane (NH;BHj;), which is considered to be one of
the most promising solid hydrogen carriers because of its high
gravimetric hydrogen storage capacity (19.6% wt) and low
molecular weight. The new catalyst system consisting of
copper nanoparticles supported on magnetic SiO,/CoFe,0,
particles was reproducibly prepared by wet-impregnation of
Cu(II) ions on SiO,/CoFe,0, followed by in situ reduction of
the Cu(1I) ions on the surface of magnetic support during the
hydrolysis of NH;BH; and characterized by ICP-MS, XRD,

NH.BH, + 2 H.0

CoFe;Dy

sio. 4

Copper MNanoparticles Supported on SiO./CoFe,0,

XPS, TEM, HR-TEM and N, adsorption—desorption technique. Copper nanoparticles supported on silica coated cobalt(II)
ferrite SiO,/CoFe,0, (CuNPs@SCF) act as highly active catalyst in the hydrolysis of ammonia-borane, providing an initial
turnover frequency of TOF = 2400 h™' at room temperature, which is not only higher than all the non-noble metal catalysts but
also higher than the majority of the noble metal based homogeneous and heterogeneous catalysts employed in the same reaction.
More importantly, they were easily recovered by using a permanent magnet in the reactor wall and reused for up to 10 recycles
without losing their inherent catalytic activity significantly, which demonstrates the exceptional reusability of the CuNPs@SCF

catalyst.
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B INTRODUCTION

Hydrogen is a globally accepted clean energy carrier, which
would facilitate the transition from fossil fuels to the renewable
energy sources.”” Although there has been enormous efforts to
develop suitable hydrogen storage and releasing materials in the
last few decades, the eflicient storage and production of
hydrogen are still two key problems in the “Hydrogen
Economy”.> Among the new hydrogen storage materials,*
ammonia-borane (NH;BH,, AB) appears to be the most
promising material for this purpose’ because of its low
molecular weight (30.9 g/mol), high stability under possible
fuel cell applications, nontoxicity, and high hydrogen density
(19.6 wt %), which is greater than the 2015 target of U.S.
Department of Energy (5.5 wt % H,).° To date, thermal
decomposition in the solid state,” or metal-catalyzed dehydro-
genation® in the organic medium have been demonstrated to
provoke the hydrogen release from AB. Although, difficulties in
the regeneration of hydrolysis products due to the strong B—O
bonds, there is much interest in the transition-metal-catalyzed
hydrolysis of AB due to favorable fast hydrogen generation
under mild reaction conditions.” The results of the studies
concerned with the metal-catalyzed hydrolysis of AB show that
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~3 equiv. of H, per mole of AB can be generated from the
aqueous solution of AB in the presence of a suitable catalyst
under mild conditions (at RT under air).

The literature review shows that various homogeneous'® and
heterogeneous'" catalysts have been tested in the hydrolysis of
AB. Although, the hydrolysis of AB has been achieved with
homogeneous catalysts,'” current effort has been directed
toward the heterogeneous catalysts because of their significant
advantages in the catalytic reaction including simple product
separation and catalyst recovery.'” Among the heterogeneous
catalysts precious metals Ru,'*'* Rh,'*!* Pd,13’16 Pt,">'” and
Au'® provide significant catalytic activities in the hydrolysis of
AB. However, the concerns over the practical usage of these
high cost metals have motivated the research for the
development of low cost catalyst systems for this important
reaction. In this context, the recent reports reveal that some 3d
metal-based catalyst systems including Fe,"’ Co,*° Ni,*' and
Cu*?* can also catalyze the hydrolysis of AB. Unfortunately,
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most of these low-cost heterogeneous catalysts suffer from low
catalytic activity and reusability performance. In this regard, the
development of a non-noble metal catalyst with a high activity
is clearly a desired goal for this important reaction.

Herein we report the preparation and characterization of
copper nanoparticles supported on magnetic SiO,/CoFe,0,
nanocomposite, hereafter referred to as CUNPs@SCEF. As a first
row metal based catalyst, CuNPs@SCF were reproducibly
prepared by wet-impregnation of Cu(II) ions on the magnetic,
silica coated cobalt(Il) ferrite SiO,/CoFe,0, followed by in
situ reduction of the Cu(II) ions on the surface of magnetic
particles during the hydrolysis of AB at room temperature. The
characterization of the resulting catalytic material was done by
using ICP-MS, XRD, XPS, TEM, HR-TEM, and N,
adsorption—desorption. These new copper nanoparticles
provide exceptional catalytic activity (TOF = 2400 h™') and
unprecedented reusability (98% retained activity even at 10th
catalytic run) in the hydrolysis of ammonia-borane at room
temperature.

B EXPERIMENTAL SECTION

Materials. Ferric chloride (FeCly), cobalt chloride (CoCl,), copper
chloride (CuCl,), tetraethylorthosilicate (TEOS), ammonium hydrox-
ide (NH,OH), ammonia-borane (NH;BH,), sodium hydroxide
(NaOH), deuterated water (D,0), boron trifluoride diethyl etherate
(BF;0(C,H;),0) were purchased from Sigma-Aldrich and used as
received. Ammonia-borane (NH;BH;, 97%) was kept in the
refrigerator (~10 °C). Deionized water was distilled by water
purification system (Milli-Q Water Purification System). All glassware
and Teflon-coated magnetic stir bars were washed with acetone and
copiously rinsed with distilled water before drying in an oven at 150
°C.

Characterization. The amount of copper loading on the support
and leaching into the solution were determined by inductively couple
plasma mass spectroscopy (ICP-MS) by using Perkin-Elmer DRC II
model. X-ray diffraction (XRD) analyses were carried out on Rigaku
Ultima-IV in the range of 20 = 5—60°. Field emission scanning
electron microscopy (FE-SEM) images were taken on QUANTA 400F
Field Emission SEM. The transmission electron microscopy (TEM)
and high resolution-TEM (HR-TEM) images were taken on JEOL
JEM-2010F (FEG, 80—200 kV). XPS analysis was performed on a
Physical Electronics 5800 spectrometer equipped with a hemispherical
analyzer and using monochromatic Al—Ka radiation (1486.6 eV, the
X-ray tube working at 15 kV, 350 W and pass energy of 23.5 keV). The
nitrogen adsorption/desorption experiments were carried out at 77 K
using a NOVA 3000 series instrument (Quantachrome Instruments).
The sample was outgassed under vacuum at 573 K for 3 h before the
adsorption of nitrogen.

Synthesis of Magnetic Silica-Coated Cobalt Ferrite (SiO,/
CoFe,0,) Nanoparticles and In situ Formation of Copper
Nanoparticles Supported on Magnetic Silica-Coated Cobalt
Ferrite (CuNPs@SCF) Nanoparticles and Concomitant Hydrol-
ysis of Ammonia-Borane. The synthesis of magnetic cobalt ferrite
nanoparticles was carried out by modification of previously established
procedures.”>** In a typical experiment 25 mL of 0.4 M iron chloride
and 25 mL of 0.2 M of cobalt chloride solutions were mixed at room
temperature. Then, in a separate vessel 25 mL of 3.0 M sodium
hydroxide solution was prepared and slowly added to the salt solution.
This mixture was constantly stirred using a magnetic stirrer until a pH
of 11—12 was reached. 1.0 mL of TEOS and 0.5 mL of NH,OH were
added to the reaction mixture and this was stirred for 12 h. The
resulting silica coated cobalt ferrite nanoparticles were separated by
using a permanent magnet and washed with excess ethanol.

Copper (Cu**) ions were supported onto the CoFe,0,@SiO, by
wet-impregnation method.” In a typical experiment 4.13 mg
copper(Il) chloride (CuCl,) was added to the 10 mL of water that
containing 100 mg of CoFe,0,@Si0O,. This mixture was stirred for 12
h and then, all supernatant solution was removed. Next, the resulting
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particles (CuNPs/CoFe,0,@SiO,) were washed with 10 mL of
deionized water and taken from this solution by using a permanent
magnet. The catalytic activity of CuNPs/CoFe,O,@SiO, formed in
situ during the hydrolysis of ammonia-borane was determined by
measuring the rate of hydrogen generation. To determine the rate of
hydrogen generation the catalytic hydrolysis of ammonia-borane was
performed using a Fischer—Porter pressure bottle modified with
Swagelock PTFE-sealed quick connects and connected to a Omega
PX-302 pressure transducer interfaced through an Omega D1131
digital transmitter to a computer using the RS-232 module. The
progress of an individual hydrolysis reaction was followed by
monitoring the increase of H, pressure on Lab View 8.0 program.
The pressure versus time data was processed using Microsoft Office
Excel 2003 and Origin 7.0 then converted into the proper unit
(volume of hydrogen (ml)). In a typical experiment, 31.8 mg (1
mmol) NH;BH; was dissolved in 10 mL water (corresponding to a
maximum amount of 3 mmol = 62 mL H, at 25.0 °C). This solution
was transferred with a 50 mL glass-pipet into the F—P bottle
thermostatted at 25.0 °C. Then, 15.0 mg powder of Cu(Il)
/CoFe,0,@Si0, (with 1.32 wt % Cu loading corresponding to 3.12
pumol Cu) was transferred into the FP bottle. The experiment was
started by closing the FP bottle connected to the pressure transducer
and turning on the stirring at 1000 rpm simultaneously. In addition to
the volumetric measurement of the hydrogen evolution, the
conversion of ammonia-borane to ammonium metaborate was also
checked by comparing the intensities of signals of ammonia-borane
and metaborate anion at 5 = 23.9 and 9 ppm, respectively, in the ''B
NMR spectra of the solution.?®

Isolability and Reusability of Copper Nanoparticles Sup-
ported on Magnetic Silica-Encapsulated Cobalt Ferrite
(CuNPs@SCF) Nanoparticles in the Hydrolysis of Ammonia-
Borane. After the first run of hydrolysis of 100 mM NH,;BH, (47.7
mg in 15 mL), starting with Cu(IL)/@SCF (100 mg with a copper
content of 1.32 wt % [Cu] = 1.4 mM) at 25.0 °C, the in situ generated
CuNPs@SCF were separated by using a permanent magnet and
washed with 10 mL H,O and dried under N, gas purging at room
temperature then bottled under nitrogen atmosphere and transferred
into the drybox (0, < S ppm, H,O < 1 ppm). The isolated and bottled
samples of CuNPs@SCF were weighed and used again in the
hydrolysis of 100 mM NH;BH;. The same procedure was repeated up
to ten catalytic cycles and the results were expressed as the retained
catalytic activity versus no of catalytic runs.

CuNPs@Al,O;, CuNPs@TiO,, CuNPs@SiO,, CuNPs@C Cata-
lyzed Hydrolysis of Ammonia-Borane. In separate experiments
the catalytic hydrolysis of 100 mM NH;BH; (31.8 mg in 10 mL)
starting with 100 mg of Cu(II)@ALO;, Cu(Il)@TiO,, Cu(Il)@SiO,
and Cu(I)@C (with wt % Cu loadings of 1.64, 2.38, 1.33, and 1.85
corresponding to [Cu] = 2.6, 3.8, 2.1, and 2.9 mM, respectively) were
carried out at 25.0 °C using the method described for Cu(II)
/CoFe,0,@Si0,.

B RESULTS AND DISCUSSION

Characterization of Silica-Encapsulated Magnetic
Cobalt Ferrite (SiO,/CoFe,0,) Nanoparticles. The silica
coated magnetic cobalt ferrite nanoparticles (SiO,/CoFe,O,,
SCF) were synthesized following a slightly modified version of
literature procedures:*>>* the preparation of magnetic cobalt
ferrite (CoFe,0,) nanoparticles by coprecipitation technique®
followed by silica coating of the resulting CoFe,O, nano-
particles. Figure la shows the X-ray diffraction pattern of the
SiO,/CoFe,0, synthesized. Bragg reflections in the 26 range of
5—60° (18.4, 303, 35.8, 43.3, 53.8, and 57.4° for (111), (220),
(311), (400), (422), (S11), respectively) are assigned to a
single CoFe,O, phase with a cubic spinel structure (PDF Card
22—1086). One can conclude that the silica shell is amorphous
and the crystallinity of the magnetic CoFe,O, nanoparticles is
retained after silica coating. Figure 2 exhibits representative
TEM images of the SiO,/CoFe,0, sample. TEM images a and
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Figure 1. XRD patterns of (a) SiO,/CoFe,0,, (b) CuNPs@SCF, and
(c) CuNPs@SCEF after the 10th reuse in the hydrolysis of ammonia-
borane.
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Figure 2. (a—c) TEM images of SiO,/CoFe,O, in different
magnifications; (d) high-resolution TEM image of SiO,/CoFe,O,.

b in Figure 2 show the aggregates of spherical SiO,/CoFe,0,
particles of about 20—25 nm size. The higher-magnification
TEM image in Figure 2c shows that the spherical particles are
made of about 7—10 nm core CoFe,0, nanoparticles and 6—8
nm silica shell. Moreover, the high resolution-TEM image in
Figure 2d reveals the crystalline feature of the resulting SiO,/
CoFe,0, nanoparticles. The lattice fringe of 0.48 nm calculated
from this image corresponds to (111) plane of cubic CoFe,O,
phase. Figure 3a shows N, adsorption—desorption isotherms of
CoFe,0,. The pore size distribution determined by BJH
(Barret—Joyner—Halenda) method”” is given in Figure 3b. The
isotherm shape follows the type III, which is indicative of
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multilayer formation at the interface with high coverage and
characteristic for certain kinds of silica based materials.”® In
addition to the mesopores formed upon aggregation of
spherical SiO,/CoFe,O, nanoparticles (around 0.7 < P/P, <
1.0), the BJH pore size distribution indicates mesopores formed
with sizes centered at about 3.0 nm. The surface area and total
pore volume of SiO,/CoFe,O, were calculated from BET
(Brunauer—Emmett—Teller) plot and found to be 175 m?/g
and 0.78 cm?®/g, respectively.

The magnetic properties of the SiO,/CoFe,0, nanoparticles
were investigated using a vibrating sample magnetometer
(VSM). As shown in Figure 4, the isothermal magnetization
curve of the SiO,/CoFe,0, at 293.0 + 0.2 K and at a maximum
magnetic field of 2.2 T displays a rapid increase with increasing
applied magnetic field* Saturation magnetization (M) of
Si0,/CoFe,0, nanoparticles was measured to be 44.7 emu/g
with a remanence (M,) of 7.2 emu/g The corresponding
coercivity (H,) of the SiO,/CoFe,O, nanoparticles was also
found to be 202.542 Oe.

Preparation and Characterization of Copper Nano-
particles Supported on Magnetic Silica-Encapsulated
Cobalt Ferrite (CuNPs@SCF) Nanoparticles Formed In
situ During the Hydrolysis of Ammonia-Borane. Figure
1b shows the XRD pattern of the resulting CuNPs@SCF
isolated at the end of the hydrolysis of ammonia-borane. A
comparison of the XRD patterns of CuNPs@SCF in Figure 1b
and S§iO,/CoFe,0, in Figure la clearly shows that the
incorporation of copper(1l) ions into SiO,/CoFe,0, structure
and the formation of copper(0) nanoparticles on SiO,/
CoFe,0, cause no observable change in the crystallinity of
Si0,/CoFe,0,.

Figures 3c and 3c show the N, adsorption—desorption
isotherm and pore size distribution of CuNPs@SCF,
respectively. The same isotherm shape (type III) was also
observed for CuNPs@SCF. Moreover, the BJH pore size
distribution also indicates the formation of mesopores, which
are centered at about 3.0 nm. The surface area and total pore
volume of CuNPs@SCF were calculated from BET (Bruna-
uer—Emmett—Teller) plot and found to be 154 m*/g and 0.58
cm’/g, respectively. On passing from S$iO,/CoFe,0, to
CuNPs@SCF the notable decrease in the pore volume (0.78
to 0.58 cm®/g) and pore area (175 to 154 m?/g) can be
attributed to the encapsulation of copper nanoparticles into the
silica layer.

The morphology and composition of CuNPs@SCF were
investigated by TEM, HRTEM and ICP-OES analyses. Figure §
shows the TEM images of CuNPs@SCEF with a copper loading
of 1.32 wt % at different magnifications. The low-resolution
TEM image given Figure Sa reveals that there is no bulk copper
metal formed in observable size on the surface of SiO,/
CoFe,0,. Images b and c in Figure S show a higher-resolution
TEM image and corresponding size histogram (>100 non-
touching particles were counted) of CuNPs@SCF, respectively,
which indicate the presence of well-dispersed very small
copper(0) nanoparticles (which were also confirmed by
STEM-EDX analyses performed in the selected regions)
supported on SiO,/CoFe,0, in the range of 0.3—0.9 nm
with a mean diameter of 0.7 + 0.3 nm.

The oxidation state of copper in the resulting CuNPs@SCF
and the surface composition of CuNPs@SCF were investigated
by X-ray photoelectron spectroscopy. The XPS spectrum of
CuNPs@SCF (Figure 6) suggests that copper is the only
element detected in addition to the SiO,/CoFe,0, framework

dx.doi.org/10.1021/am3005994 | ACS Appl. Mater. Interfaces 2012, 4, 3866—3873



ACS Applied Materials & Interfaces

Research Article

350

(@)

300 | o
o 250
5 |
S 200 o
T [
@ I
£ 150 I\
[=]
2 o
< 100 @
E o
5 \
5 %0 00-o_ -

S0
0+ —
T T T T 0.0 T T T T T o
0.0 0.2 0.4 0.6 0.8 1.0 0 50 100 150 200 250 300
PP, diameter (A)

350 3.5

© 2 “ds'l @ |9
1

300 |2 __Des. 30 |
~ @ o
‘& 250 4 / 254 |
e / 1
) % "> 20 q‘»)
3 21" %
| @/ E [+
2 150 -] fo} < 15 o
< ’ = y
F 8 2 O
g 100 L} 1.0 o)
= o0 )
(=] 0" N
> a0 a0 P N

50 2030 0.5 o

o9 -
0 : : r ‘ 0.0 ; ; : . —
0.0 0.2 04 0.6 08 1.0 0 50 100 150 200 250 300
PP, diameter (A)

Figure 3. (a) N, adsorption—desorption isotherm of SiO,/CoFe,0,, (b) pore size distribution of SiO,/CoFe,0,, (c) N, adsorption—desorption
isotherm of CuNPs@SCF, (d) pore size distribution of CuNPs@SCF.
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Figure 4. Field-dependent magnetization curve for SCF measured at
298 K at a maximum magnetic field of 2.2 T.

elements (Si, O, Co, Fe). This spectrum gives two prominent
bands at 934 and 955 €V that are readily assigned to Cu(0) 2p
3/2 and Cu(0) 2p1/2, respectively.*® The shakeup features
around 943 and 962 eV for the Cu 2p3/2 and Cu 2pl/2,
respectively, are compelling evidence and diagnostic of an open
3 d° shell, corresponding to Cu(I).** Thus indicating the
complete reduction of Cu(Il) on SiO,/CoFe,0, to Cu(0) by
ammonia-borane during the catalytic hydrolysis. The observa-
tion of copper(Il) in the XPS spectrum indicates that the
supported copper(0) nanoparticles must be oxidized, probably,
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during the XPS sampling. In fact, surface oxidation of metallic
copper to copper(I) or copper(Il) in the XPS sampling
procedure is not unprecedented.>">

Catalytic Activity of Copper Nanoparticles Supported
on Magnetic Silica-Encapsulated Cobalt Ferrite
(CuNPs@SCF) Nanoparticles Formed in the Hydrolysis
of Ammonia-Borane. Before starting to test the catalytic
activity of CuNPs@SCF a control experiment is needed to
check whether the support material catalyzes the hydrolysis of
ammonia-borane. For this purpose, we performed the
hydrolysis of ammonia-borane in the presence of SiO,/
CoFe, 0, at 25 °C and found that the host material is
catalytically inactive in the hydrolysis of ammonia-borane.
However, in the presence of copper(Il) impregnated on the
surface of silica coated cobalt(II) ferrite particles ([Cu] = 0.31
mM), the in situ formation of CuNPs@SCF and concomitant
hydrolysis occur at 25 °C. Hydrogen generation starts
immediately without induction period and continues until the
complete consumption of ammonia-borane (Figure 7). This
observation indicates that the reduction of copper(II) ions to
the metallic copper on the surface of SiO,/CoFe,0, particles is
fast. It is worth noting that the use of CaNPs@SCF (starting
with Cu(II)@SCF, [Cu] = 0.31 mM and substrate/catalyst
ratio ~322) leads to a complete H, release (3.0 mol H,/mol
NH;BHj corresponds to ~0.06 wt % of H, releasing relative to
catalyst, solvent and starting ammonia-borane used in the
experiment, which is lower than 2015 target of USA DOE®)
within S0 min with an initial turnover frequency (TOF) and
value of 2400 mol H,/mol Cu X h (corresponds to ky. = 2.08

dx.doi.org/10.1021/am3005994 | ACS Appl. Mater. Interfaces 2012, 4, 3866—3873
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Figure 5. (a) Low-resolution TEM image, (b) high-resolution TEM
image and (c) corresponding size histogram of CuNPs@SCF.
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Figure 6. X-ray photoelectron spectrum (XPS) of CuNPs@SCEF.

X 107" M (H,)/s) in air at 25.0 °C.** To the best of our
knowledge this is the highest TOF value among the first row
metal catalysts used in the hydrolysis of ammonia-borane (see
Table 1). Moreover, this TOF value is also higher than TOF
values obtained by some of the 3previously used precious metal
catalysts such as Pt (150 h™"),"** PtO, (1125 h™'),"** K,PtCl,
(474 h™),** Pd (31.2 h™"),">* Ru NPs (1800 h~1),"*® Ir NPs
(170 h™),"** Rh/TiO, (15 h™"),'*® Pd/zeolite (400 h™"),'*"
[IrtHCI{(PPh,(0-C4H,CO)),H}] (300 h™'),** Ir-PNP complex
(250 h™').** In addition to the volumetric measurement of the
hydrogen gas generated in each experiment, the conversion of
ammonia-borane to ammonium metaborate was also measured
by comparing the signal intensities of ammonia-borane and
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Figure 7. Plot of mol H,/mol NH;BH; versus time (min.) for the
hydrolysis of 10 mL of 100 mM (31.8 mg) NH;BHj solution starting
with 15 mg Cu(II)/CoFe,0,@SiO, (with a copper content of 1.32 wt
%, [Cu] = 0.31 mM) and 100 mg Cu(II)/ SiO, (1.33 wt %, [Cu]
2.09 mM), Cu(II)/ TiO, (2.38 wt %, [Cu] = 3.7S mM), Cu(II)/Al,0,
(1.64 wt %, [Cu] = 2.58 mM), and Cu(1I)/C (1.85 wt %, [Cu] = 2.91
mM).

Table 1. First-Row-Metal-Based Catalyst Systems Employed
in the Hydrolysis of Ammonia-Borane at 25 °C and Their
Activity/Reusability Performances Tabulated from Scifinder
Literature Search

retained activity in

entry (pre)catalyst TOF*? reuse” ref
1 Fe NPs 280 ND 19
2 Co/ALO;, 130 ND 20a
3 Ni/ALO; 135 ND 20a
4 Fe/ALO, 0 ND 20a
S Co NPs 2250 80% at Sth run 20c
6  Co NPs 840 ND 20d
7 Co/Zeolite 240 60% at Sth run 20e
8  Co/SiO,- 1200 75% at 10th run 20f
nanosphere
9  Co/SiO, 480 50% at 10th run 20f
10  Co NPs 1540 ND 20g
11 Ni NPs 600 ND 20g
12 Co@SiO, 800 72% at 10th run 20h
13 Ni NPs 234 60% at Sth run 21a
14 Ni@SiO,-hollow 212 ND 21b
15  Ni NPs 41 90% at 10th run 21c
16  Ni NPs 528 80% at Sth run 21d
17 Ni/Zeolite 305 80% at Sth run 2le
18  Cu@Cu,O 15 ND 22a
19 Cu/Zeolite 47 50% at Sth run 22b
20  Ni-SiO, 27 ~60% at Sth run 21f
20 Cu/Cos0, 1080 ND 22¢
21  CuNPs@SCF 2400 98% at 10th run this study

“TOF = mol H,/mol metal X h. “These TOF values are not corrected
for the number of exposed surface atoms; that is, the values given are
lower limits. “The initial activity retained in the given catalytic run.

metaborate anion at 6 = 23.9 and 9.4 ppm, respectively, in the
"B NMR spectra of the solution (see Figure SI-1 in the
Supporting Information).*® The quantity of ammonia liberated
during the hydrolysis of ammonia-borane has been checked by
using copper(II) sulfate or acid/base indicators, which showed
that no ammonia evolution in CuNPs@SCF catalyzed
hydrolysis of ammonia-borane.

dx.doi.org/10.1021/am3005994 | ACS Appl. Mater. Interfaces 2012, 4, 3866—3873
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The uniqueness of CuNPs@SCF catalyst among the
different supported copper nanoparticles was also tested by
using the most commonly used solid support materials (AL O;,
SiO,, TiO,, and C). Figure 7 also shows the mol H,/mol
NH;BH; versus time plots for the hydrolysis of NH;BH,
solution starting with Cu(Il)/ SiO, (1.33 wt.%, [Cu] = 2.09
mM), Cu(Il)/ TiO, (2.38 wt.%, [Cu] = 3.75 mM), Cu(Il)/
AL O; (1.64 wt.%, [Cu] = 2.58 mM) and Cu(Il)/C (1.85 wt.%,
[Cu] = 2.91 mM) at 25 °C. The initial TOF values were found
to be 15, 13, 23, and 44 h™" with the generation of 1.22, 2.64,
0.4, and 2.3 equiv. of H, for the in situ generated Cu/SiO,, Cu/
TiO,, Cu/ALO; and Cu/C catalysts, respectively.

The advantage of our new copper nanoparticles catalyst lies
in the ease of separation and reusability provided by the
magnetic support (SiO,/CoFe,0,). Simply by using an external
magnet to the reaction vessel, the magnetic CuNPs@SCF can
easily be separated from the solution within seconds and the
resulting clear supernatant can be decanted (Figure 8). Copper

Figure 9. (a) TEM image of CuNPs@SCF isolated from the tenth
catalytic run in the hydrolysis of ammonia-borane, (b) the
corresponding size histogram of CuNPs@SCEF.

(a) (®)

Figure 8. The pictures of (a) CuNPs@SCF dispersed in the reaction
solution, (b) the reaction solution at the end of the reaction after the
application of lab magnet.

nanoparticles isolated by this way were washed with water, and
dried under N, purging at room temperature. Black samples of
CuNPs@SCF are bottled under nitrogen atmosphere. The
isolated CuNPs@SCF are redispersible in aqueous solution of
ammonia-borane, and are still active catalysts. The CuNPs@
SCF retain almost their inherent activity (~ 98% of their initial
activity) even at the tenth run with the complete release of
hydrogen in the hydrolysis of ammonia-borane, which indicates
that CuNPs@SCF are isolable, bottleable, redispersible, and yet
catalytically active. The characterization of the isolated sample
from the tenth catalytic run by using XRD reveals that the
crystallinity of the magnetic CoFe,O, nanoparticle core is
retained at the end of the tenth catalytic run in the hydrolysis of
ammonia-borane. Additionally, TEM analysis of the same
sample indicates that there is no agglomeration of silica surface
bound copper nanoparticle (Figure 9a) and bulk copper
formation. The negligible decrease in the activity of copper
nanoparticles observed in the tenth catalytic run can be
ascribed to the increase in the mean size of the copper
nanoparticles from 0.7 + 0.3 nm to 1.1 + 0.6 nm (Figure 9b).

More importantly, no copper was detected in the filtrate by
the ICP-MS technique confirming the retention of copper on
Si0,/CoFe,0, (no copper passes into the solution during the
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catalytic runs). A control experiment was performed to show
that the hydrolysis of ammonia-borane is completely stopped
by the removal of CuNPs@SCF from the reaction solution.

B CONCLUSIONS

In summary, our study of the preparation and characterization
of copper nanoparticles supported on magnetic SiO,/CoFe,0,
nanocomposite (CuNPs@SCEF) catalysts for the hydrolysis of
ammonia-borane has led to the following conclusions and
insights.

CuNPs@SCF can easily and reproducibly prepared by the
wet-impregnation of Cu(Il) ions on SiO,/CoFe,0, followed
by in situ reduction of the Cu(Il) ions with NH;BH; on the
surface of magnetic SiO,/CoFe,0, particles. CuNPs@SCF
were found to be highly active catalyst in the hydrolysis of
ammonia-borane. They provide exceptional initial turnover
frequency (TOF = 2400 h™"), which is the highest TOF value
among the first row metal catalysts employed in the same
reaction, even at low concentration (0.31% mol) and
temperature (at 25.0 °C). Moreover, the complete release of
hydrogen is achieved even in successive runs performed by
redispersing CuNPs@SCF that simply isolated from the
previous run by applying an external magnet to the reaction
vessel. They show exceptional stability throughout the catalytic
runs against leaching and sintering so that they retain 98% of
their initial activity even at the tenth catalytic run.

Opverall, CuNPs@SCF are available by a simple and low cost
procedure and are found to be exceptional catalyst in terms of
activity and reusability in the hydrolysis of ammonia-borane.
Therefore, it is worth to testing them as catalysts in applications
of hydrogen supply by using ammonia-borane as solid
hydrogen storage material.

B ASSOCIATED CONTENT
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