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Ammonia borane (AB) is a potential hydrogen storage material with high-efficiency hydrolytic
dehydrogenation under a suitable catalyst. Noble metal catalysts have drawn a lot of attention. In this
study, a carbon-coated zeolite was obtained by calcination at high temperatures using glucose as
a carbon source. Pt nanoparticles were fixed on a core-shell composite support by a simple
chemical reduction method. A series of catalysts were prepared with different synthesis parameters.
The results show that PSC-2 has excellent catalytic performance for hydrolytic dehydrogenation of
AB in alkaline solution at room temperature, and the turnover frequency (TOF) is 593 min~l. The
excellent catalytic performance is attributed to the carbon layer on the zeolite surface which inhibits
the aggregation or deformation of metals in the catalytic reaction. The metal-support interaction
activates the water and accelerates the rate-limiting step of hydrolysis. The activation energy (E, =
44 kJ mol™!) was calculated based on the reaction temperature. In addition, the kinetics of AB
hydrolysis was studied, and the effects of catalyst concentration, AB concentration and NaOH
concentration on AB hydrolysis rate were further investigated. The high-efficiency catalyst prepared
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1. Introduction

Increasing energy consumption and environmental degrada-
tion make the development of clean energy particularly
important. To meet the energy demand, people must develop
new alternative energy sources. Hydrogen is an excellent energy
carrier that is environmentally friendly after combustion and
has a higher energy density than fossil fuels. It is widely
regarded as one of the most promising clean energy sources.'”
However, the efficient storage and controlled release of
hydrogen limit the practical application of hydrogen energy.
Therefore, safe and reliable storage of hydrogen under envi-
ronmental conditions is widely studied.®® Hydrogen can be
stored chemically in some materials, such as metal hydrides,*
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hydrazine hydrate,"* borohydrides,’** and ammonia borane
(AB)."** The advantages of high hydrogen content (19.6 wt%),
stability and non-toxicity make AB a potential hydrogen storage
material.’*"® AB is stable in aqueous solution for a long time,
but it has good thermodynamics for hydrolysis and release of
hydrogen. Each mole of AB can release 3 mol of H,, as shown in
reaction (1).

NH3BH3 + 2H20 i NH4+ +B02_ + 3H2T (1)

A safe, effective, and useful hydrogen production tech-
nique, AB's hydrolytic hydrogen production can be controlled
by the catalyst and benefits from mild reaction conditions and
no CO.”™ Owing to the strong hydrolysis resistance of AB
aqueous solution under environmental conditions, the suit-
able catalyst is needed to accelerate hydrolysis reaction. A
suitable catalyst is key to the hydrolysis reaction of AB.>*** At
present, many catalysts for hydrolytic dehydrogenation of AB
have been extensively studied, including transition metal
catalysts such as Pt,**** Rh,**** Ru,***” Pd,*®** Co,***' and
Ni.?>* Although noble metals have a high price and few
resources, they have characteristics of long life and high
activity. Previous studies have shown that catalysts containing
noble metals have higher catalytic activity and lower activation
energy.***® However, to realize the practical application of AB
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in hydrogen energy, it is still a great challenge to develop
efficient and stable catalysts. Pt-based catalysts have attracted
much attention as excellent catalysts in various reactions.’”**
Highly scattered Pt nanoparticles (NPs) have been prepared
using a variety of supports to increase the number of atoms
that are exposed to the catalyst surface and hence enhance the
catalytic efficiency of the catalyst.*>*° Suitable support is very
important for the stability and activity of metal-based cata-
lysts. The catalysts show excellent catalytic activity because the
support materials with large specific surface areas and suit-
able porosity can evenly spread metal NPs and provide
a synergistic effect.”*® Shen et al. reported engineering
bimodal oxygen vacancies and Pt to boost the activity toward
water dissociation.”” A bimodal oxygen vacancy (VO) catalysis
strategy is adopted to boost the efficient water dissociation on
Pt nanoparticles. The single facet-exposed TiO, surface and
NiO, nanocluster possess two modes of VO different from each
other. In ammonia borane hydrolysis, the highest catalytic
activity among Pt-based materials is achieved with a turnover
frequency of 618 min " under alkaline-free conditions at 298
K. Zeolite is widely used as a catalyst or carrier material in the
large-scale petroleum industry.***® However, the metal NPs on
the catalyst surface tend to aggregate and form larger particles.
The porous structure of carbon materials can effectively
prevent the aggregation of metal NPs and increase their active
sites. Carbon-based materials are widely used as supports.>*>*
Liu et al. reported a NiRu alloy anchored on the surface of
nitrogen-doped carbon-coated titanium dioxide showed the
highest catalytic activity (2.51 x 105 mL min " gg, ') for
NH;BH; hydrolysis at 298 K. The unprecedented activity is
beyond previous reports.>?

In this paper, a carbon-zeolite support was prepared by
calcination at high temperatures with glucose as carbon source.
The resulting composite support was impregnated in the Pt
precursor solution. By a simple chemical reduction method, the
Pt NPs were fixed on composite support with a core-shell
structure, and the supported Pt-based catalyst was obtained. A
series of catalysts (PSC-x) were prepared with different synthesis
parameters. The results show that PSC-2 has excellent catalytic
performance for hydrolytic dehydrogenation of AB at room
temperature, and the turnover frequency (TOF) is 593 min~". In
addition, the catalytic mechanism of AB hydrolysis was
proposed. The high catalytic activity is attributed to the metal-
support interaction and the inhibition of metal aggregation or
deformation by the carbon layer on the zeolite surface.
According to the reaction temperature, the activation energy (E,
= 44 kJ mol ') was obtained. The interaction of Pt-zeolite
speeds up the rate-limiting step of water dissociation in the
hydrolysis reaction. This study provides a new opportunity for
the industrial application of noble metal nanocatalysts in the
field of hydrogen energy.

2. Experimental section
2.1 Preparation of materials

2.1.1 Preparation of support. A certain amount of glucose
was dissolved in 100 mL water and stirred for 10 min. Then 5 g
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of zeolite (S-1) was added and oscillated in the ultrasonic
instrument for 10 min. The solution was moved to the water
bath and stirred for 1 h to make the zeolite evenly dispersed.
The temperature of the water was then raised to 90 °C so that
the water in the solution rapidly evaporated. After the solution
is completely dried, the white product was ground into
a powder. Then it was transferred to the vacuum tube furnace
for calcination. Under nitrogen protection, it was heated to
600 °C at the rate of 3 °C min~* and kept for 1 h. Black powder
was obtained after calcination, which was denoted as SC-x. The
amount of glucose was 0, 0.8, 1.2, 1.6, and 2.0 g, respectively,
and recorded as SC-x (x =0, 1, 2, 3, 4).

2.1.2 Preparation of catalyst. Chlorplatinic acid (H,PtClg, 1
mL, 0.01 g mL~") was added into 60 mL water, and after stir-
ring well, 1 g support (SC-x) was added. The solution was
placed in the ultrasonic instrument for 30 min oscillation and
then stirred for 1 h. Quickly add 3 mL sodium borohydride
solution (0.1 M) and continue to stir for 2 h. The solution was
processed by centrifugation (4000 rpm, 5 min), rinsed 3 times
with deionized water, and then dried in an oven at 80 °C.
Catalysts prepared with different supports were recorded as
PSC-x (x = 0, 1, 2, 3, 4). The theoretical content of Pt in the
prepared catalyst is 1 wt%.

2.2 Characterization

The crystalline phases of the prepared catalysts were charac-
terized by X-ray powder diffraction (XRD, Bruker/D8-Advance,
Cu Ka, A = 1.5418 A) in the 26 range from 5° to 80°. The
Raman spectrum was recorded on a HORIBA LabRAM HR
Evolution Raman Spectrometer (Horiba Scientific, Japan) with
excitation from the 532 nm line of the Ar-ion laser at a power of
about 5 mW. The morphology of catalysts was studied by using
transmission electron microscope (HRTEM, FEI Tecnai G2 F20
S-TWIN electron microscope, operating at 200 kV) and scanning
electron microscopy (SEM, ZEISS sigma500, Germany). The
metal content was determined by inductively coupled plasma
optical emission spectrometer (ICP-OES, Agilent-5110, USA). X-
ray photoelectron spectroscopy (XPS) was recorded on a Thermo
ESCALAB 250 electron spectrometer with an Al Ko = 1486.6 eV
excitation source, and the binding energy was calibrated by
reference to the C 1s peak (284.8 eV) to reduce the charge effect
of the sample. The N, sorption isotherms were measured on
surface area and pore size analyzer (MicromeriticTristar 3000,
USA) at 77 K. The specific surface areas (Sggr) of materials were
calculated by the multi-point Brunauer-Emmett-Teller (BET)
method. The pore size distribution was evaluated by the Bar-
rett-Joyner-Halenda (BJH).

The hydrogen production from AB hydrolysis was moni-
tored by the water displacement method. The catalyst (20 mg)
was added to a 25 mL flask, and the flask was placed in
a magnetic stirring water bath at a constant temperature of
25 °C. The speed of the stirring device is controlled at 500 rpm.
An upside-down measuring cylinder filled with water is used to
monitor the volume of hydrogen. A mixture of AB (84 mg) and
NaOH (1 M, 10 mL) is then quickly injected into the flask.
Bubbles can be observed in the cylinder. Record the time every

© 2023 The Author(s). Published by the Royal Society of Chemistry
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Fig. 1 (a) The preparation process of PSC-2, (b) XRD patterns of catalysts and support, (c) Raman spectra of PSC-2.

10 mL. According to the obtained data (at 80 mL), the TOF
value of the catalyst was calculated according to the following

formula:

-~

=

TOF = & 2)

npy t

Fig.2 (a—c) TEM and HRTEM images of PSC-0, (d—f) TEM and HRTEM images of PSC-2, (g) high-angle annular dark field-scanning transmission
electron microscopy (HAADF-STEM) image and corresponding EDX-STEM element mapping images of PSC-2.
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TOF is the turnover frequency, ny, is the number of moles of
hydrogen, np. is the number of moles of platinum, and ¢ is the
time of hydrogen to 80 mL, in minutes.

3. Results and discussion

Fig. 1a shows the preparation process of the catalyst. The sup-
ported catalyst in this study was synthesized by a simple in situ
reduction method. Firstly, zeolite and glucose are mixed thor-
oughly, and then carbon-zeolite support is formed after high-
temperature calcination. The Pt metal precursor was reduced
by sodium borohydride to form metal nanoparticles, which
were effectively anchored to support. Carbon materials effec-
tively limit the aggregation of Pt NPs. The interaction between
metal and support enhances the catalytic activity of the catalyst.

Phase analysis of support and catalyst was performed by X-
ray powder diffraction (Fig. 1b). The results show that the
broad peak at about 23.6° is identified as amorphous carbon.
The diffraction peak between 8°-30° is assigned to the standard
peak position of S-1 (JCPDS Card No. 44-0696). The intensity
and position of the diffraction peak of support do not shift. This
indicated that the structure of support remained intact without
loss of skeleton lattice and crystallinity after the Pt precursor

was reduced during catalyst synthesis. However, the
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calculated by BJH method.
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characteristic peak of Pt NPs was not found, which was attrib-
uted to the small particle size and a low load of Pt NPs in the
catalyst. The catalyst was tested and analyzed by Raman spec-
troscopy (Fig. 1c). Two distinct peaks in the figure are attributed
to the best catalyst (PSC-2). The D and G peaks are Raman
characteristic peaks of C atom crystals. Peak D near 1381 cm ™"
represents a defect in the lattice of C atoms. Peak G near
1594 cm™ " represents the in-plane stretching vibration of sp”
hybridization of the C atom.**** The intensity ratio (Ip/Ig) of
peak D to peak G is 1.22, indicating that the C-atom crystal has
more defects. The integrated area data of D and G peak are
shown in Table S1 of ESL ¥

The morphology and structure of the catalyst were observed
by TEM. The TEM image of PSC-0 is shown in Fig. 2a-c, showing
slight aggregation of metal nanoparticles on the catalyst
surface. Fig. 2d-f is attributed to PSC-2. It can be observed that
S-1 is coated with carbon, and Pt NPs are uniformly distributed
on the catalyst surface. Fig. S11 shows the scanning electron
microscope image of PSC-2. The results show that the porous
structure of support can effectively inhibit the aggregation of
metal particles, thus improving the catalytic performance.> As
can be seen from Fig. 2f, the particle size of Pt is between 3-
5 nm. The crystal lattice with a spacing of 0.23 nm is attributed
to the (111) face of Pt (JCPDS No. 04-0802). In addition, Fig. 2g
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(@ and b) XPS spectra of PSC-2, (c) nitrogen adsorption and desorption isotherms of PSC-2, and (d) pore size distributions of PSC-2
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shows a high-angle annular dark field-scanning transmission
electron microscope (HAADF-STEM) image of PSC-2. The
elements C, O, Pt, and Si were identified by element mapping,
and Pt was uniformly distributed on the catalyst surface. The
content of Pt in the catalyst was measured by ICP-OES (Table
S21).

The chemical composition and valence states of PSC-2 were
analyzed by X-ray photoelectron spectroscopy (XPS). The spectra
in Fig. S27 identify Pt (75 eV), C (287 eV), Si (103 eV), and O (557
eV) elements in the catalyst. This is consistent with the results
in EDX. Fig. 3a shows the C 1s spectrum of PSC-2, and the peaks
at 284.8,285.9, and 288.9 eV are attributed to C-C, C-O, and C=
O, respectively.®® Fig. 3b shows the spectrum of Pt 4f. The Pt
element mainly exists in the metallic form of Pt(0), and the
peaks at 75.0 and 71.7 eV are attributed to Pt 4f5,, and Pt 4f,,,
respectively.®” The results show that the binding energy of Pt is
lower than reported, and the introduction of SC makes electron
transfer to surface Pt atoms easier.”® The reduction in binding
energy is attributed to the electron-rich Pt. The electron-rich
metal surface promotes the activation of H,O, thus increasing
the activity of the catalyst. Fig. S31 shows the O 1s spectrum of
PSC-2. The peak value at 534.0 eV corresponds to oxygen atoms
in SiO,. Fig. S41 shows the Si 2p spectrum of PSC-2, and the
peak at 104.6 eV is attributed to Si.

O
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Fig. 3c shows the N, adsorption-desorption test. Both
support and catalyst show type I isotherms and type H4
hysteresis loops.*® The specific surface areas were 369 m> g~
and 352 m*> g, respectively. The reduction of specific surface
area was attributed to Pt loading on the catalyst surface occu-
pying part of the pore. As shown in Fig. 3d, the aperture
distribution was analyzed using the BJH model (Barrett-Joiner-
Halenda). The results show that the support and catalyst are
abundant in micropores and mesoporous. The porous structure
can limit the aggregation of metal particles, thus improving the
activity of the catalyst.

Suitable support is crucial to the catalyst. A series of catalysts
were prepared by changing the parameters of glucose content in
the process of catalyst preparation. In addition, S-1 or SC is used
as a catalyst to catalyze the hydrolysis of AB, and no reaction
occurred within 2 h. The results show that S-1 and SC have no
catalytic activity for AB hydrolysis under the same conditions,
and Pt is the key for AB hydrolysis. Under environmental
conditions, different catalysts are used to catalyze AB hydrolysis
to produce hydrogen, and the results are shown in Fig. 4a. The
TOF values of different catalysts are obtained by calculation. It
can be observed from Fig. 4b that PSC-0 exhibits poor catalytic
activity, which is attributed to the lack of carbon protection on
the surface of the catalyst, leading to the aggregation of metal
particles. However, catalyst activity increased significantly when
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(a) Hydrogen generation catalyzed by various catalysts at 298 K, (b) TOF values of various catalysts, (c) hydrogen production rates of PSC-

2 at different temperatures, (d) Arrhenius plot for PSC-2 hydrolysis of AB under different temperatures.
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the zeolite is coated with carbon. Protection of carbon can
effectively limit the aggregation of metal particles, and the
performance of the catalyst is improved. By adjusting the
carbon content, catalyst activity is affected. The addition of
excess carbon in the preparation process resulted in a decrease
in catalytic activity, possibly owing to the limited interaction of
S-1 with Pt NPs. The results show that SC-2 is the best catalyst
support, and PSC-2 has excellent catalytic activity with a TOF of
593 min .

The catalytic hydrogen production results of PSC-2 at
different reaction temperatures (25-45 °C) are shown in Fig. 4c.
The rate of hydrogen production increases with increasing
temperature, which is attributed to the fact that high temper-
ature increases the activity of water molecules and accelerates
the rate-limiting step of the hydrolysis reaction.

Within the temperature range of 298-318 K, the Arrhenius
curve of Ink and the inverse of absolute temperature (1/7) is
a straight line (Fig. 4d). According to the slope, the activation
energy of PSC-2 is 44 k] mol ", which is lower than that of most
reported metal-based catalysts. PSC-2 is used as a catalyst in
subsequent kinetic studies.

In addition, the kinetics of the catalyst is explored. The
influence of different AB concentrations on catalyst activity is
explored, as shown in Fig. 5a. The results show that amount of
hydrogen varies with AB concentration (only 200 mL of data). A
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line with a slope of 0.16 is fitted between the catalytic rate and
AB concentration (Fig. S51), indicating that AB hydrolysis is
a quasi-zero-order reaction with respect to AB concentration.®
Under the same conditions, different catalyst dosages (5, 10, 20,
and 30 mg) are used in the experiment, as shown in Fig. 5b. The
catalytic activity is positively correlated with the content of the
catalyst, and the hydrolysis rate of AB is increased with the
increase of active component. A line with a slope of 1.2 is fitted
according to the catalytic rate and catalyst amount (Fig. S67),
indicating that AB hydrolysis is a first-order reaction with regard
to catalyst amount. The rate of hydrolysis of AB is accelerated by
NaOH. Therefore, the influence of different NaOH concentra-
tions on AB hydrolysis is explored (Fig. 5c¢). In the initial stage,
the catalytic rate increases with the increase of NaOH. The
improvement of the catalytic rate is attributed to the coordi-
nation of OH™ ions with the metal surface, which makes the
metal surface more electron-rich and promotes the activation of
H,0.% AB is difficult to hydrolyze in an aqueous solution of
NaOH. NaOH is considered a cocatalyst. However, excessive
NaOH has an adverse effect on the reaction device and catalyst.
Excessive OH ™~ coordination may occupy the active site on the
catalyst surface, resulting in decreased activity. NaBH, is one of
the most widely studied hydrogen storage materials.®>*
Therefore, PSC-2 is used as a catalyst for hydrolysis of NaBH, to
produce hydrogen (Fig. 5d). The final TOF value is only
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generation from the hydrolysis of AB with different NaOH concentrations, and (d) hydrogen production of NaBH4.
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NH,"+BO,

Fig. 6 Diagram of the catalytic mechanism of hydrogen generation of
NH3BHs.

139 min~ . The results show that PSC-2 has catalytic activity for
NaBH, but has the best catalytic effect for AB.

The mechanism of catalytic hydrolysis of AB by PSC-2 is
proposed (Fig. 6). The hydrolysis of AB occurs on the surface of
the catalyst.®>*”

First, H,O and NH3;BH; molecules are activated by electron-
rich Pt NPs. H* and OH* are formed by breaking the O-H bond
in H,O. Similarly, NH;BH; is activated causing the B-H bond to
break, forming NH;BH, and H*. Two H* adsorbs form an H,
molecule and dissociate from the catalyst surface. The OH*
attacks NH3BH; to form NH3;BH,OH* through a reduction-
oxidation step. Second, another H,O molecule and NH;BH,OH*
are activated again, and two H* form an H, molecule in the
same way and dissociate from the catalyst surface. An H,O
molecule is released owing to NH3BH(OH); instability formed
by OH* and NH3;BHOH®. Subsequently, an H, molecule is
formed again owing to the B-H bond in NH;BHO* and the O-H
bond in H,0 breaking. Eventually, OH* and NH;BO* form NH,"
and BO, ™, which is attributed to the attraction of NH}, to H. The
interaction between S-1 and Pt makes H,O more easily disso-
ciated and speeds up the rate-limiting step of AB hydrolysis.
Therefore, the catalytic performance of PSC-2 is among the top
Pt-based catalysts.

4. Conclusions

In summary, carbon-zeolite supports with core-shell structures
are prepared using glucose as a carbon source. A series of Pt-
based catalysts with different carbon content is obtained. The
results show that PSC-2 exhibits excellent catalytic activity (TOF
= 593 min~ ') for AB hydrolysis under the condition of 298 K
alkaline solution. This is attributed to the metal-support

© 2023 The Author(s). Published by the Royal Society of Chemistry
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interaction between Pt and zeolite which effectively promotes
the activation of H,O and improves the performance of the
catalyst. The protection of carbon limits the aggregation of
metal particles and increases the exposure of the active site. The
apparent activation energy of PSC-2 is determined as E, =
44 kJ mol ™' based on kinetic studies. The electron transfer of
metal-carrier interaction is affected by carbon content. PSC-2 is
an efficient Pt-based catalyst whose excellent catalytic perfor-
mance provides a new strategy in the field of catalysis. This work
will advance the development of hydrogen energy.
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