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Abstract: Cubic mesoporous silica SBA-1 functionalized with carboxylic acid (-COOH), namely
S1B-C10, is used as a support to fabricate and confine Ru nanoparticles (NPs). The uniformly
dispersed organic functional groups in SBA-1 are beneficial in attracting Ru cations, and as a result,
homogenously distributed small sized Ru NPs are formed within the mesopores. The prepared
Ru@S1B-C10 is utilized as a catalyst for H, generation from the hydrolysis of ammonia borane
(AB). The Ru@S1B-C10 catalyst demonstrates high catalytic activity for H, generation (202 mol H;
molg, min~!) and lower activation energy (24.13 kJ mol~!) due to the small sized Ru NPs with
high dispersion and the support’s interconnected mesoporous structure. The nanosized Ru particles
provide abundant active sites for the catalytic reaction to take place, while the interconnected porous
support facilitates homogenous transference and easy dispersal of AB molecules to the active sites.
The catalyst demonstrates good recycle ability since the accumulation and leaking of NPs throughout
catalysis can be effectively prevented by the support.

Keywords: mesoporous silica; carboxylic acid; Ru; ammonia borane; hydrolysis

1. Introduction

Hydrogen is considered as one of the cleanest fuels with high chemical energy, and thus receives
tremendous attention as a potential renewable energy carrier for future energy applications. However,
safety and efficient storage of hydrogen is a great challenge for its widespread utilization. Amongst the
various physical and chemical approaches, such as adsorption, compression, and liquefaction, interests
have been growing in hydrogen generation from chemical hydrogen storage materials [1-4] as they are
convenient to carry safely and can be stored easily. A variety of hydrogen storage materials, such as
sodium borohydride (NaBHy) [5,6], ammonia borane (NH3BH3, AB) [7,8], hydrazine (N,Hy-H,O) [9],
and formic acid (HCOOH) [10], have been used for hydrogen generation. Ammonia borane (AB)
has received particular interest among the hydrogen storage materials because of its high amount of
hydrogen (19.6 wt %), low molecular weight (30.87 g mol~!), non-toxic character, and high stableness
in neutral aqueous solution at room temperature [1,11]. Hydrogen can be released from AB through
thermal dehydrogenation in the solid state [12,13], and hydrolysis [14-16] or methanolysis [17-19] in
solution. Although AB can release hydrogen through thermal dehydrogenation in the solid state, it
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generally requires higher temperatures (>80 °C) to release more hydrogen and presents a relatively
low hydrogen generation rate [20,21]. However, an equivalent amount of hydrogen can be generated
from the hydrolysis of AB at room temperature using an appropriate catalyst. The reaction takes place
is expressed as [22,23]

NH;3BH; + 2H,0 — NH; + BO*™ + 3H, (1)

The development of a proper catalyst with high catalytic performance for hydrogen release by
means of AB hydrolysis has prompted significant research attention over the past decades. Noble
metals, such as Pt [24], Pd [25], Ag [26], and Ru [27-29] based catalysts, can promptly generate
hydrogen from AB and hence have been touted as greatly effective catalysts. However, the scarcity of
resources and high cost of noble metals are the great challenges for their extensive application. This
drawback of the noble-metal-based catalysts could be overcome by reducing the particle size to the
nanometer dimension to achieve a high surface area and more numbers of active sites. However, small
sized metal nanoparticles (NPs) with high surface energy have the inherent tendency to agglomerate
and as a result the catalytic activity is reduced greatly. The use of proper support is the most effective
approach to prevent the agglomeration problem of the metal NPs. Various materials with high surface
areas, such as graphene [30], active carbon [31], carbon nanotubes [32], and mesoporous silica [33,34],
have been employed as supports for immobilization of metal NPs in order to obtain homogenous
dispersion of the metal NPs in the support. Mesoporous silicas, such as SBA-15, MCM-41, FDU-12,
and SBA-16, have been widely used as the supports for the incorporation of the metal NPs due to
their large surface areas, pore volumes, and homogenous pore structures [35-40]. In particular, 3D
cubic mesoporous silicas like FDU-12, SBA-16, and SBA-1 are of great interest as the supports for the
entrapment of the metallic NPs, since their interpenetrating mesoporous networks are resilient to pore
blocking, and hence the catalysts can provide more active sites for the catalytic reactions [41,42]. In
addition, the use of 3D mesoporous support prevents agglomeration of metal NPs and offers more
open spaces for the faster diffusion of the reactants. The product molecules can exit easily through
these interconnected mesopores as well. Unfortunately, agglomeration of metal NPs still takes place
because of the poor electrostatic interaction between the pure mesoporous silica and the metal NPs
that decrease the performance of the catalyst. The surface of the mesoporous silicas is hence altered by
integrating organic functional groups, such as carboxylic acid (-COOH) [43], amino (NH;) [44], and
thiol (SO3) [45] etc., to confine the metal NPs firmly within the support.

In this work, 3D cage-type mesoporous silica SBA-1 functionalized with -COOH groups is
employed as the support to confine Ru NPs. The prepared materials are utilized as the catalysts for the
hydrogen release from AB through hydrolysis. Mesoporous silica SBA-1 possesses cage-type mesopores,
which are connected to each other by small entrance windows. The use of SBA-1 as the support is
expected to govern the metal NPs growth effectively and precludes the NPs from agglomeration. The
-COOH functional groups are introduced into SBA-1 via co-condensation of tetraethyl orthosilicate
(TEOS) and carboxyethylsilanetriol sodium salt (CES) in the presence of poly(acrylic acid) (PAA) and
hexadecylpyridinium chloride (CPC). The Ru NPs with a very small size can be incorporated into
the mesopores of SBA-1 by the chemical reduction approach. The co-condensation synthesis route
has an advantage since it can distribute the -COOH groups within the mesopores uniformly, which
eventually help the Ru NPs to be dispersed homogenously within the support. Ru NPs encapsulated
in the -COOH functionalized SBA-1 display high catalytic performance for hydrogen generation from
hydrolysis of AB. The leaching of Ru NPs can also be overcome as the -COOH groups can confine
the Ru NPs firmly because of the strong electrostatic attractive force between the carboxylate and Ru
cations. The presence of -COOH groups within the mesopores is helpful as it can control the size of the
metal NPs and reduce leaching during recycling, which in the end increased the stability of the catalyst.

2. Results

To explore the feasibility of the prepared S1B-C0 and S1B-C10 as the supports for the encapsulation
of the Ru NPs, the microstructural and the textural properties of the template extracted S1B-C0 and
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S1B-C10 were studied. The small angle X-ray diffraction SXRD patterns of S1B-C0 and S1B-C10 shown
in Figure 1A revealed three well defined peaks that could be credited to the (200), (210), and (211)
diffractions of SBA-1 with P 3n symmetry. Although the intensity of the most extrusive peak decreased
slightly on inclusion of -COOH organic groups, similar XRD patterns of S1B-C10 with those of S1B-C0
indicated that the mesoporosity of SIB-C10 remained intact. The Nj adsorption—desorption isotherms
also showed similar type IV isotherms with two adsorption steps at P/Py of 0.3-0.5 and 0.75-0.95 in both
the materials S1B-C0 and S1B-C10 as seen in Figure 1B, which further indicated that the mesostructural
ordering has not significantly degraded in S1B-C10 on inclusion of the functional organic groups.
The surface area and pore volume of S1B-C10 were 850 m?g~! and 1.84 cm?®g~!, respectively, slighter
larger than those of S1B-C0 (832 m?g~! and 1.23 cm®g~!), which could be ascribed to the intrinsic
correlations between the cationic surfactant CPC and Na* that exists in carboxyethylsilanetriol (CES).
The interrelation facilitated the co-assembling of the inorganic constituents with the template along
with the cross-linking of the silica framework. The presence of mesopores in both S1B-C0 and S1B-C10
were also realized from the TEM images presented in Figure 2A. It was observed that both the materials
exhibited highly ordered cage-type mesopores in 3D arrays, which is typical of cubic mesopores with
Pm 3n symmetry. The pore sizes were measured to be around 3 nm, which was persistent with the
pore size estimated from the N, adsorption-desorption measurements. The FTIR spectra of both
S1B-C0 and S1B-C10 presented in Figure 2B showed highly intense bands at 948 and 3450 cm™! for
Si-OH groups and at 1076 cm™! for the Si-O-Si linkage. The FTIR spectra also showed a peak of high
intensity at 1636 cm™!, which could be attributed to the bending mode of H,O. An extra band at
1720 cm™, characteristic of -COOH organic functional groups, was also observed in the FTIR spectrum
of 51B-C10, as shown in Figure 2Bb, indicating the successful incorporation of the -COOH groups into
the mesoporous silica framework. The incorporation of the -COOH functional groups were further
substantiated by the solid state NMR spectroscopy. Three peaks at the chemical shifts of 7, 27, and
178 ppm were observed in the 13C cross polarization magic angle spinning (CPMAS) NMR spectrum
of S1B-C10 shown in Figure 3A, which could be ascribed to the C1, C2, and C3 carbon atoms of the
silica framework (Si-O-5i-C(1)-C(2)-C(3)OOH) due to the incorporated -COOH moiety.
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Figure 1. Small angle XRD patterns (A) and N, sorption isotherms (B) of (a) S1B-C0 and (b) S1B-C10.
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Figure 2. TEM images (A) and FTIR spectra (B) of (a) SIB-C0 and (b) S1B-C10.
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Figure 3. 13C cross polarization magic angle spinning (CPMAS) NMR spectrum of S1B-C10 (A), and
295 MAS NMR spectra (B) of (a) S1B-C0 and (b) S1B-C10.

A 2Si MAS NMR study was carried out on S1B-C0 and S1B-C10 to determine the actual -COOH
functionalization level and the results are presented in Figure 3B. The presence of both Q and T species
were noticed in the 2°Si MAS NMR spectrum of S1B-C10, as shown in Figure 3B-b, in contrast to only
Q species in S1B-C0, as shown in Figure 3Ba. The Q species were due to the condensation of TEOS,
whereas the T species were due to the incorporation of carboxylic acid moiety from CES. The organic
functionalization level was determined from the deconvulation of the 22Si MAS NMR spectra and
estimated to be around 10%. The zeta potential measurements shown in Figure S1 demonstrated
that the surface of S1B-C10 was relatively more negatively charged compared to S1B-C0 within the
studied pH range of 3 to 9, that could be accredited to the partial dissociation of the -COOH groups.
This also propagated the inclusion of organic -COOH groups for the case of SIB-C10. The analysis
of microstructural, surface, and textural properties revealed that the prepared materials could act as
suitable supports for the immobilization of metal NPs. The prepared mesoporous silica S1B-C0 and
S1B-C10 were used as the supports to immobilize Ru NPs with various loadings. The small angle XRD
patterns of the Ru NPs encapsulated in S1B-C0 and S1B-C10 depicted in Figure 4 demonstrated three
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discrete peaks of (200), (210), and (211) reflections at 20 < 5° implying the presence of mesoporosity in
both the supports maintained even after the immobilization of the Ru NPs. However, a decreasing
trend in the intensity of the most distinctive peak with the increasing Ru loading was observed in
the XRD patterns of both Ru(x)@S1B-C0 and Ru(x)@51B-C10, which hinted at the distortion of the
mesoporous structure of the supports to some extent. The deterioration of the mesoporosity could be
credited to the refilling of the mesopores by the Ru NPs. The electronic density difference between the
walls and the pores reduced gradually with the rise in the Ru NPs’ loading and as a result, a decrease
in the intensity of the diffraction peak was observed. The peaks slightly shifted to higher 26 values
after incorporation of the Ru NPs, which implied insufficient occupation of the mesopores by Ru NPs.
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Figure 4. Small angle XRD (SXRD) patterns of (A) Ru(x)@S1B-C0 and (B) Ru(x)@S1B-C10, where x =
(a) 0, (b) 0.5, (¢) 1.0, (d) 2.0, and (e) 5.0 wt %.

The incorporation of the Ru NPs within the mesopores was also realized from the decrease
in surface areas and pore volumes of Ru(x)@S1B-C0 and Ru(x)@S1B-C10 in comparison to S1B-C0
and S1B-C10, respectively, determined from the N; adsorption—-desorption isotherms presented in
Figure 5. Although both S1B-C0 and S1B-C10 exhibited type IV isotherms with two adsorption
steps, the shapes changed after incorporation of the Ru NPs, which was particularly visible in the
N, adsorption—desorption isotherms of Ru(x)@51B-C10. Both pore volume and surface area of the
supports decreased after incorporation of the Ru NPs, which suggested the effective immobilization
of the NPs within the support. A significant drop in the pore volume of S1B-C10 compared to
Ru(0.5)@S1B-C10 was observed, which pointed out the filling of the mesopores in S1B-C10 by the Ru
NPs. Homogenously distributed -COOH organic functional groups exist within the mesopores in
S1B-C10, which served as the active sites for the growth of the Ru NPs via the electrostatic attraction
between the -COO™ and the Ru cations. The blocking of the mesopores by the Ru NPs reduced the
support’s pore volume. The surface area and pore volume were also reduced as the amount of Ru
precursors increased, as shown in Table 1, that could be assigned to the formation of larger sized NPs.
As the concentration of the metal precursor was increased, the reduction phenomenon took place at
a faster rate, and ultimately could form Ru NPs of larger size. The filling of the mesopores by the
large sized Ru NPs finally affected the surface areas and the pore volumes. The increase in the particle
size with the increase in Ru precursor concentration could also be evidenced from the high resolution
transmission electron microscopy HRTEM images of Ru(x)@S1B-C0 and Ru(x)@S1B-C10 presented
in Figure 6. The average size of Ru NPs embedded in S1B-C0 increased from 2.8 to 4.6 nm when the
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amount of the Ru precursor was increased from 0.5 to 2.0 wt %, as shown in Figure S2A. On the other
hand, the particle size of Ru NPs embedded in S1B-C10 increased from 2.0 to 3.2 nm for the similar
range of Ru precursor, as shown in Figure S2B. The particle size distribution histogram shown in the
insets of Figure 6A—c,B—c, indicated that the size of the Ru NPs affected by the presence of -COOH
groups within the support.

Table 1. Textural properties of Ru(x)@S1B-C0 and Ru(x)@S1B-C10, where x = 0.5, 1.0, 2.0, and 5.0, and
metal loadings determined by inductively coupled plasma optical emission spectrometer (ICP-OES).

Sample Surface Area  Pore Volume Pore Size Ru Loading

(m2g-1) (cm3g-1) (nm) (wt %)

S1B-CO0 834 1.23 32 -
Ru(0.5)@S1B-C0 775 1.03 3.0 0.223
Ru(1)@S1B-C0 698 1.03 3.0 0.779
Ru(2)@S1B-C0 664 0.96 3.0 1.020
Ru(5)@ S1B-CO 602 0.94 3.0 2.760

S1B-C10 850 1.84 3.0 -
Ru(0.5)@S1B-C10 808 0.72 3.0 0.224
Ru(1)@S1B-C10 792 0.71 3.0 0.639
Ru(2)@S1B-C10 658 0.53 3.0 1.190
Ru(5)@S1B-C10 624 0.48 3.0 2.880
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Figure 5. N, sorption isotherms of (A) Ru(x)@S1B-C0 and (B) Ru(x)@S1B-C10, where x = (a) 0.5, (b) 1.0,
(c) 2.0, and (d) 5.0.
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Figure 6. High resolution transmission electron microscopy HRTEM images of (A) Ru(x)@S1B-CO
and (B) Ru(x)@S1B-C10, where x = (a) 0 (i.e., only support), (b) 0.5, (c) 1.0, (d) 2.0, and (e) 5.0 wt % of
Ru. The insets of A(c) and B(c) represent Ru particle size distribution within the support. Elemental
mapping of Si, O, and Ru in Ru(1)@S1B-C10 is also presented.
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The average size of the Ru NPs was 2.4 nm when using S1B-C10 as the support (i.e., Ru(1)@S1B-C10),
which was smaller than the RuNPs’ size (~3.2 nm) when using S1B-C0 as the support (i.e., Ru(1)@5S1B-C0)
for the same concentration of Ru precursor (1 wt %). It was also observed that the Ru NPs were
homogenously dispersed within the support. In order to visually determine the distribution of Ru
within the support S1B-C10, the elemental mapping of Ru(1)@S1B-C10 from scanning transmission
electron microscopy STEM was performed. The mapping of Si, O, and Ru elements revealed that Ru
NPs were distributed homogeneously within the support, as observed from the inset of Figure 6B—c.
The co-existence of the -COOH organic groups, along with -5iO™ in S1B-C10, might induce electrostatic
interactions with the highly positive Ru**, which not only governed the effective adsorption of Ru®*,
but also controlled the growth of Ru NPs during the chemical reduction process. On the other hand,
the silanol groups on the mesopore surface of S1B-C0O might have a poor ability to bind Ru®* species,
and consequently Ru NPs with a large size were formed. Based on these results, it could be deduced
that the -COOH groups in S1B-C10 not only controlled the Ru NPs’ size, but also their distribution in
the support. The wide angle XRD patterns presented in Figure S3 showed that no significant diffraction
peak attributable to Ru NPs can be observed for Ru loadings of 0.5, 1.0, and 2.0 wt %, indicating that
either the Ru NPs were well dispersed within the supports or the metal loadings were too low to be
detected by XRD. The -COOH and -S5iOH groups in S1B-C10 might have enough capacity to absorb Ru
species and retain the high dispersion. However, a weak diffraction peak at 26 = 43° corresponding to
the Ru (002) peak was observed at high Ru loading of 5 wt % in both the supports [46].

The oxidation states of the Ru NPs immobilized in S1B-C0 and S1B-C10 were further analyzed
using the XPS technique. In the XPS survey scans of the surface of Ru(1)@S1B-C0 and Ru(1)@S1B-C10,
as shown in Figure 54, the peaks corresponding to C, Ru, Si, and O elements were detected. However,
the overlapping of the Ru 3d and C 1s peaks around 285 eV made it difficult to confirm the presence
of Ru. Therefore, XPS spectra of both Ru(x)@ S1B-C0 and Ru(x)@ S1B-C10 were acquired in the Ru
3p region. The high resolution Ru 3p XPS spectra of Ru(x)@S1B-C0 and Ru(x)@S1B-C10 presented
in Figure 7 showed two peaks at 462.9 and 485.3 eV, that could be endorsed to the Ru 3p3, and Ru
3p12 of metallic Ru(0) species [47]. The peaks around binding energies of 465.8 and 488.3 eV were
ascribed to the Ru(IV) state such as RuO,. It was observed that with the increase in the Ru loadings in
the samples, the peak intensity also increased.

The catalytic activities of the prepared Ru-based catalysts were probed from H; generation due
to AB hydrolysis at room temperature. The supports S1B-C0 and S1B-C10 showed no H; generation
during hydrolysis, which implied that only Ru NPs were acting as the active catalysts for this reaction.
The catalytic activities of Ru(x)@S1B-C0 and Ru(x)@S1B-C10 with varied Ru loadings within the range
of 0.5 to 5 wt % were tested, and H, generation versus time during the AB hydrolysis at 25 °C plots are
shown in Figure 8A,B. A stoichiometric amount of H, (40 mL) was generated in the presence of both
the catalysts Ru(x)@S1B-C0 and Ru(x)@51B-C10, where x stands for the Ru loadings of 0.5, 1, 2, and
5 wt %, respectively. The linear increase in the volume of the produced H;, with reaction time in the
initial period for both the Ru-based catalysts suggested a zero-order reaction, which suggested that the
external diffusion of the reactant had not limited the reaction. Taking into account the Ru active sites,
the turnover frequencies (TOFs) of the catalysts were estimated by employing following equation:

VH,

TOF = — 2
© 22.4VCrut

@)
where Vy, is the volume of H; generation, V; is the volume of the solution, t is the time required for
reaction completion, and Cgy, is the Ru precursor concentration. The Ru loading of 1 wt % within both
the supports S1B-C0 and S1B-C10 showed higher catalytic activities compared to other Ru loadings.
However, Ru(1)@51B-C10 could generate H, much faster than Ru(1)@S1B-C0, as can be seen from
Figure 8C. Obviously, Ru(1)@5S1B-C10 exhibited the highest catalytic activity with a TOF value as high
as 202 mol H, molg, min~! amongst all the catalysts. During the AB hydrolysis, the activation process
is generally started on the catalyst surface by the development of active complex compounds [11,48].
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The catalyst activity highly depends on its attraction towards the reaction intermediates. The H,O
molecules attack the activated reaction intermediates and produce BHj as the byproduct, which in
turn generates H, and boric acid upon hydrolysis. The higher catalytic activity of Ru(1)@S1B-C10
could be assigned to the nanosize dimension of the Ru particles and its homogenous dispersal inside
the support. The smaller Ru NPs’ size provided enormous active sites for the occurrence of the
catalytic reaction. Because of the support’s cubic mesoporous texture, the reactant molecules could
quickly interact with the active sites of the Ru NPs and the product molecules could also come out
easily through these pores. Thus, active sites’ intrinsic activity and the pore confinement from the
support might help to activate the reactants and promote the reaction. Although the size of Ru NPs
in Ru(0.5)@S1B-C0 was comparable to those in Ru(1)@S1B-C10, the metal loading was much lower,
resulting in its inferior catalytic activity. However, the obtained TOF value was comparable to those of
other Ru-based catalysts on silica supports. The TOF values of some Ru-based catalysts on different
supports reported in the literature for the hydrolysis of AB are given in Table 2. The catalytic activity
of Ru(1)@S1B-C10 was similar to that of Ru@SiO; core shell nanospheres where ultrafine Ru of size
around 2 nm were embedded in a silica nanosphere of size around 25 nm [49]. Ru@SBA-15 showed
higher catalytic activity than Ru(1)@51B-C10, which could be attributed to the higher Ru loading in
SBA-15 and the larger pore size of SBA-15 as compared to SBA-1 [50]. Although three dimensional
pore arrangements in SBA-1 are more resistant to pore blocking and allow easier diffusion of the
reactants inside the porous channel, the larger mesopores of the catalyst Ru@SBA-15 facilitate the
transport of the reactants into the SBA-15 channels. As seen in Table 2, Ru(1)@5S1B-C10 exhibited
higher TOF values for H, generation from the AB hydrolysis than other Ru-based catalysts, such as
Ru/NC-Fe, Ru0/ZrO;, Ru(0)/5i0,-Fe,O3, and Ru/y-Al,O3 [51-54]. The mesoporous channels in the
catalyst acted as the transference paths for reactants and products during the catalysis. The activities
of the metal NPs confined in mesoporous supports also depend on the unique textural properties of
the support, chemical nature of the surface, and interactions among the metal NPs and the oxides.
The higher catalytic activity of the catalyst Ru/HPCM (hierarchically porous carbon material) was
attributed to the ultrafine Ru NPs, high porosity, and abundant nitrogen and oxygen-rich groups in the
hierarchically porous carbon material (HPCM) support that facilitated the stabilization of Ru NPs and
prohibited them from aggregation [28]. Being the most active amongst all the catalysts investigated
here, Ru(1)@S1B-C10 was selected to analyze the effect of reaction temperature on the performance of
the catalyst. The same catalyst was also used to evaluate the reusability.

The activation energy (E,) of the catalyst Ru(1)@S1B-C10 was calculated by increasing the reaction
temperature from 30 to 55 °C. As depicted in Figure 8D, the rate of H, generation increased with the
elevation of the temperature reaction. The values of rate constants k at different temperatures were
calculated from the slope of the linear portion of each plot. E, was evaluated to be nearly 24.13 k] mol ™!
from the Arrhenius plot of In (k) versus 1/T, as shown in the inset of Figure 8D, employing the
following equation:

— Ea
Ink = == +1InA 3)

where R is the ideal gas constant, A is the pre-exponential factor, and T is the reaction temperature in
Kelvin. The estimated E, value was lower than most of the reported values for the same reaction by
using different catalysts, as shown in Table 2, which implied that the Ru(1)@S1B-C10 catalyst is a very
promising candidate for the hydrolysis of AB.
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Figure 7. XPS spectra of Ru 3p peaks of the (A) Ru(x)@S1B-C0 and (B) Ru(x)@51B-C10, where x
represents (a) 0.5, (b) 1.0, (c) 2.0, and (d) 5.0 wt % Ru loading.
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Figure 8. H; generation from ammonia borane (AB) aqueous solution catalyzed by (A) Ru(x)@S1B-C0
and (B) Ru(x)@S1B-C10, (C) Ru(1)@S1B-C0 and Ru(1)@S1B-C0, and (D) Ru(1)@S1B-C10 at different
reaction temperatures. Arrhenius plots of In (k) versus 1/T is shown in the inset of (D).
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Table 2. Catalytic activity of various Ru-based catalysts for H, generation from aqueous AB.

TOF E,
Catalysts (mol H, min—1 molg,~1) (k] mol-1) Ref.
Ru(1)@S1B-C10 202.4 2413 This work
Ru(1)@S1B-C0 175.0 30.06 This work
Ru/HPCM 440 43.0 [28]
Ru@SiO, 200 38.2 [49]
Ru@SBA-15 316 34.8 [50]
Ru/NC-Fe 102.9 47.42 [51]
Ru’/ZrO, 173 58 [52]
Ru(0)/SiO,-Fe, 03 127 54 [53]
Ru@Y-ALO; 77 23 [54]

The reusability of Ru(1)@S1B-C10 for H, from AB hydrolysis was also explored. The plot of mol
Hy/mol AB versus time for Ru(1)@S1B-C10 catalyzed AB hydrolysis from the first to fifth cycle at
25 °C is shown in Figure 9A. It was observed that the total conversion of AB could be accomplished
with generation of three equivalents of H, per mole of AB in each run. However, the reaction rates
decreased with the increasing number of recycling. To explore the deterioration of the activity, the
amount of Ru in the catalyst Ru(1)@S1B-C10 after being used for five cycles was detected by ICP.
The amount of Ru in Ru(1)@S1B-C10 after being used for five cycles was 0.423 wt % compared to that
of 0.639 wt % in the fresh sample. Therefore, it was speculated that some Ru NPs were leached out
during the separation after completion of each cycle and, as a result, catalytic activity decreased. Due
to the use of catalysts for several cycles, metaborate ions could have adsorbed on its surface, which
restricted the accession of the reactants to the Ru NP active sites that might be another possibility for
the lower catalytic performance.

(A) 404 " o
" e a v
. o4 : ¢
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Figure 9. (A) H; generation from AB by Ru(1)@S1B-C10 catalyst from 1st to 5th cycle at 25 °C; (B) TEM
image of the five-times recycled Ru(1)@S1B-C10. The inset picture shows the particle size distribution
after being reused five times.

The recycled catalysts were further characterized by XRD and TEM analysis. As shown in Figure
S5, the wide angle XRD pattern of the recycled Ru(1)@S1B-C10 catalyst was comparable to the fresh
catalyst, which implied that there was no significant change in the microstructural property after being
used for several cycles. The TEM image of the reused catalyst given in Figure 9B pointed out that the
morphology of Ru NPs within the support S1B-C10 remained unaltered, but the size of the Ru NPs
increased marginally to 3.1 nm, as shown in the inset of Figure 9B.
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3. Materials and Methods

3.1. Materials

Sigma-Aldrich (Steinheim, Germany) provided TEOS, CPC, PAA (35% in solution), and
RuCl3nH,O. CES 25 wt % was supplied by Gelest. All chemicals were commercially available
and used without further purification.

3.2. Synthesis of S1B-C0 and S1B-C10

Pure SBA-1 (S1B-C0) and SBA-1 functionalized with -COOH (51B-C10) were produced by adopting
the already described synthesis procedures with minor alterations [55]. In a typical synthesis procedure,
CPC (0.54 g) and PAA (2.66 g) were dispersed in deionized water (25 mL) and stirred at 25 °C until a
clear solution was obtained. NH4OH (3.0 g) was then added quickly into the solution and stirred for
an additional 20 min. Afterwards, TEOS (2.08 g) was mixed into the solution and blended for another
30 min, transferred into an autoclave, and hydrothermally treated at 80 °C for 48 h. To prepare the
-COOH functionalized S1B-C10, a solution mixture of TEOS (1.248 g) and CES (3.136 g) was made
before hydrothermal treatment. As-synthesized materials were obtained after filter. The as-synthesized
material (0.6 g) was mixed with HNOj3 (10.0 g) and tetrahydrofuran THF (100 mL) and heated at
60 °C for 3 h to remove the template. The process was repeated twice to obtain SBA-1 and -COOH
functionalized SBA-1. The number 10 in S1B-C10 represents the loading level of -COOH functional
groups, which can be determined by ?°Si solid state NMR spectroscopy.

3.3. Synthesis of Ru(x)S1B-CO0 and Ru(x)@S51B-C10

A double chemical reduction approach was used to prepare S1B-C0 and S1B-C10 supported Ru
NPs. NH3;BH3; and NaBH,; were used as the reducing agents during the synthesis. In the typical
synthesis process, the support (0.1 g, S1B-C0/S1B-C10) was first dispersed in RuClz-nH,O (0.001 M)
and mixed for 24 h and then kept in an ultrasonicator for 1 h. Reducing agents NaBH4 and NH3;BHj3
were mixed in distilled water initially and then added to the Ru precursor solution drop by drop and
stirred intensely till the bubbles vanished. The solid samples were obtained by centrifugation, followed
by washing with distilled water and drying. The concentration of the Ru precursor solution was varied
in order to prepare the samples with different Ru loadings. The molar ratio of the various components
was set as 1 RuCl3-nH,O: 54 NH3BHj3: 8.8NaBH,: 18600 H,O. The prepared materials were named as
Ru(x)@51B-C0 and Ru(x)@S1B-C10, where x represented the Ru loading (wt %) in the reaction mixture.

3.4. Characterization Methods

The crystallinity and the structural orders of the prepared Ru(x)@51B-C0 and Ru(x)@S1B-C10
were analyzed using an X-ray diffractometer (Lab-x XRD-6000 SHIMADZU) and a Wiggler-A beam
line (A = 0.133367 nm) in National Synchrotron Radiation Research Center, Taiwan, respectively.
The textural properties of S1B-C0, S1B-C10, Ru(x)@S1B-C0, and Ru(x)@S1B-C10 were explored from
the N, adsorption—desorption isotherms with an Autosorb iQ2 at 77 K. The Barrett-Joyner-Halenda
(BJH) method was employed to estimate the pore size and pore volume. Ru NP size distributions
and structural orders were obtained using TEM (JEOL JEM2100). A JASCO FTIR-4100 was used
to corroborate the existence of -COOH groups in S1B-C10. Then, *Si MAS (magic angle spinning)
and 13C CPMAS (cross polarization magic angle spinning) NMR spectra were acquired by a Varian
Infinityplus-500 NMR spectrometer. The chemical state of Ru NPs was characterized by XPS analysis
using a Thermo VG Scientific Sigma Probe spectrometer. Zetasizer Nano-ZS90 (Malvern) was used to
assess the zeta potential. The actual Ru amounts in Ru(x)@S1B-C0 and Ru(x)@S1B-C10 were estimated
using a Jarrell-Ash, ICAP 9000, an inductively coupled plasma optical emission spectrometer (ICP-OES).
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3.5. Hydrolysis of Ammonia Borane by Ru(x)@S1B-C0 and Ru(x)@S1B-C10

The activity of the catalysts Ru(x)@51B-C0 and Ru(x)@S1B-C10 for the hydrolysis of AB were
evaluated from the H; generation rate due to the hydrolysis of AB [56]. In the typical experimental
procedure, catalyst and NH3;BHj3 (molar ratio ~ 0.05) were put into a round-bottom flask, thermostated
at 30 °C, and followed by the addition of water (5 mL). A glass burette filled with water was connected
to the reaction flask and the volume of H; released was determined from the change of water level in
the burette. The measurement carried out till the bubbles disappeared. The temperature of the reaction
varied within the range 30 to 55 °C to calculate the activation energy.

The reusability of the catalyst was accessed by repeating the AB hydrolysis experiments five times
by the same catalyst, Ru(1)@S1B-C10. After completion of each cycle, the catalyst was extracted from
the aqueous solution by centrifugation, washed with water, and dried for 24 h.

4. Conclusions

Herein, we demonstrated a successful synthesis of Ru NPs inside the channels of SBA-1 using
the double chemical reduction approach. Prior to encapsulation of the Ru NPs, the mesoporous silica
support was functionalized with -COOH organic groups to study the effect of organic groups on the
formation of Ru NPs. The characterization results of Ru(x)@S1B-C0 and Ru(x)@S1B-C10 showed that
the -COOH organic functional groups distributed within the support play a prominent part in the
dispersion and size of the formed Ru NPs. The strong electrostatic interactions between Ru®** and
-COO at high pHs could efficiently confine the Ru NPs inside the mesopores and restrain the NPs from
agglomeration. The prepared Ru(x)@S1B-C0 and Ru(x)@S1B-C10 catalysts exhibited improved catalytic
activity towards the hydrolytic dehydrogenation of AB under ambient temperature. In particular,
Ru(1)@S1B-C10 exhibited excellent catalytic performance with a TOF value of 202 mol Hy molg,
min~! due to the collective contribution from a small particle size and its homogenous dispersion,
and exceptional porous structure of the support. The catalyst also revealed good reuse capacity as the
cage-type mesopores of the support inhibited metal leaching, and thus the active sites of the catalysts
remained intact.

Supplementary Materials: The following are available online at http://www.mdpi.com/2073-4344/10/3/267/s1,
Figure S1: Zeta potentials of (a) SIB-CO and (b) S1B-C10, Figure S2: High magnification HRTEM images of (A)
Ru(x)@S1B-C0 and (B) Ru(x)@S1B-C10, where x = (a) 0.5, (b) 1.0, and (c) 2.0 wt %, Figure S3: Wide angle XRD
patterns (A) Ru(x)@S1B-C0 and (B) Ru(x)@S1B-C10, where x = (a) 0.5, (b) 1.0, (c) 2.0, and (d) 5.0 wt %, Figure S4:
XPS Survey spectra of (A) Ru(1)@S1B-C0, and (B) Ru(1)@S1B-C10, Figure S5: Wide angle XRD patterns of fresh
and recycled Ru(1)@S1B-C10.
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