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ABSTRACT: A sodium-hydroxide-assisted reduction approach has been
developed to control the synthesis of ultrafine surfactant-free bimetallic NiPt
nanoparticles (NPs) supported on nanoporous carbon, Maxsorb MSC-30. For the
first time, this catalyst exerts exceedingly high catalytic activity for 100% selective
conversion of hydrazine borane (HB) to hydrogen at room temperature. This
remarkably facile and effective reduction approach provides a powerful entry into
ultrafine alloy NPs to make full use of noble metals and achieve enhanced
performance, where the compositions of the alloy can be widely adjusted and
tailored. Moreover, the catalytic results open up new avenues in the effective
application of HB as a promising hydrogen storage material.
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1. INTRODUCTION

Ultrafine metal nanoparticles (NPs) with extremely narrow size
range have attracted particular interest due to their increased
surface area and the number of edge and corner atoms, which
greatly improve the catalytic properties.] However, as the
surface energy increases with decreasing particle size, the
syntheses of ultrafine nanoparticles remain a challenge in terms
of particle size and distribution control, and catalyst stability
under various operating conditions. In order to get well-
dispersed metallic particles and protect them from agglomer-
ation, organic surfactants have been widely used.? For instance,
it has been reported that ultrafine and uniform alloy
nanoparticles can be achieved by using dendrimers and
oleylamines as stabilizing agents in the syntheses.za‘e’f Never-
theless, the exposed surface of nanocatalysts is often
contaminated by the chemical interactions between the
surfactant molecules and the catalyst surface in the process of
preparation and therefore decreases the catalytic activities. For
catalytic applications, general and facile methods that can easily
control the nucleation and growth of the uncapped metal NPs
with high uniformity, especially non-noble metal-based NPs, are
highly desirable.

On the other hand, despite decades of extensive efforts, the
search for effective on-board hydrogen storage materials with
the combination of high gravimetric/volumetric hydrogen
density and adequate kinetics remains one of the most
challenging barriers on the path to a “hydrogen economy”
society.” Since the early 2000s, boron-based chemical hydrogen
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storage materials, represented by the sodium borohydride
(NaBH,) and ammonia borane (NH;BH,;), have been
extensively studied owing to the lightness of boron.*
Hydrolyses of NaBH, and NH;BHj have attracted considerable
attention because of their significant hydrogen contents (10.8
and 19.6 wt % H, respectively). Yet their technological
implementation suffers from low effective material-based
gravimetric hydrogen storage capacities (GHSC, 7.3 wt % in
NaBH,—4H,0, eq 1 and 5.9 wt % in NH;BH;—4H,0, eq 2)
for consideration in vehicle applications. Recently, hydrous
hydrazine (N,H,-H,0), a liquid at room temperature having
high hydrogen capacity (8.0 wt %), has been identified as a
potential liquid-phase chemical hydrogen storage material,
whereas the safety issues due to its volatility and toxicity need
to be solved for practical use.®

NaBH, + 4H,0 —= NaB(OH), + 4H, )

NH,BH; + 4H,0 — NH,B(OH), + 3H, 0)

N,H,BH; + 3H,0 — N,H, + B(OH); + 3H, o
N, +2H,

3N,H, — 4NH;+N, (3b)
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Hydrazine borane (HB, N,H,BHj,), a stable and safe solid at
room temperature having hydrogen content as high as 15.4 wt
%, has high potential for use as a high-performance hydrogen
storage material®™® It can be prepared by mixing sodium
borohydride and hydrazine hemisulfate at room temperature
and obtained at high purity (i, 99%) in our conditions.* A
strategy combining hydrolysis of the group BH; and selective
decomposition of the moiety N,H, to N, and H, (eq 3a) might
be a promising approach for complete dehydrogenation of HB.”
This corresponds to a theoretical GHSC of 10.0 wt % for the
system HB—3H,O, which is much higher than those of
NaBH,—4H,0 and NH;BH;—4H,0O. With suitable catalysts, it
is expected to readily hydrolyze the group BHj; in an aqueous
solution at room temperature, producing hydrazine N,H,, in
comparison with the formation of ammonia NH; in the
hydrolysis of ammonia borane. Furthermore, the in situ formed
hydrazine can be selectively decomposed to N, and H, in the
presence of appropriate catalysts, which makes HB more
attractive than AB. However, to maximize the efficacy of HB as
a hydrogen storage material, one must avoid the undesired
reaction pathway given by eq 3b. Recently, a few surfactant-
stabilized nanocatalysts have been synthesized to catalyze the
dehydrogenation of HB, but they display incomplete hydrogen
selectivity and slow kinetics even at elevated temperatures (50
°C).”*® Therefore, it is critical to develop new catalysts that
exhibit high catalytic performance to both hydrolysis of the
group BH; and selective decomposition of the moiety N,H,
under moderate conditions for establishment of the hydrogen
storage system based on HB.

Owing to its inherent advantages such as accessible porosity,
large surface area, high chemical and thermal stability,
nanoporous carbon, Maxsorb MSC-30 (pore size, 2.1 nm;
BET surface area, ~3000 m* g_l) has capabilities that make it
superior to organic surfactants as support for high-performance
nanocatalysts.” Moreover, the anchoring of nanocatalysts on
MSC-30 could be capable of facilitating the electron transfer
and mass transport kinetics during the catalytic reaction
process.”® Herein, encouraged by the catalytic performance of
the NiPt system having shown hydrogen selectivity up to 100%
in the dehydrogenation of hydrous N,H,,**'® we synthesized
MSC-30 supported NiPt nanocatalyst by using a facile one-pot
sodium-hydroxide-assisted reduction approach in the presence
of sodium hydroxide, which played a key role to achieve
ultrafine NiPt alloy NPs via generating intermediate nickel
hydroxide gel during the reduction process (Figure 1).
Surprisingly, the resultant surfactant-free nanocatalyst is the
first one exerting 100% hydrogen selectivity and exceedingly
high activity toward complete conversion of hydrazine borane

5H,+ N,

N.H,-BH,

Sodium Hydroxide
|| Assisted Reduction

{ NaBH, + NaOH

®=Ni* ®=Pt

& = NiPtNps

Figure 1. Schematic representation for the preparation of NiPt/MSC-
30 nanocatalyst via a sodium-hydroxide-assisted reduction approach
and gas (H, + N,) evolution from the dehydrogenation of HB.
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to hydrogen via hydrolysis of BH; and decomposition of N,H,
at room temperature.

2. EXPERIMENTAL SECTION

2.1. Chemicals and Materials. Hydrazine borane (HB)
was synthesized according to the reported literature.”* The
other chemicals were purchased and used without further
purification. Nickel chloride hexahydrate (NiCl,-6H,0, Wako
Pure Chemical Industries, Ltd., 99%), potassium tetrachlor-
oplatinate (K,PtCl,, Wako Pure Chemical Industries, Ltd.,
>98%), sodium borohydride (NaBH,, Sigma-Aldrich, 99%),
sodium hydroxide (NaOH, Chameleon Reagent, >98%),
Maxsorb MSC-30 (Nanoporous Carbon, Kansai Coke and
Chemicals Co. Ltd.), and cetyltrimethylammonium bromide
(CTAB, Sigma-Aldrich, 95%) were used as received. Deionized
water with a specific resistance of 18.2 MQ2-cm was obtained by
reverse osmosis followed by ion-exchange and filtration (RFD
250NB, Toyo Seisakusho Kaisha, Ltd., Japan).

2.2. Syntheses of Catalysts. The NiPt nanoparticles
supported by MSC-30 were synthesized by a facile sodium-
hydroxide-assisted reduction method. Typically, 100 mg of
MSC-30 carbon powder in a two-necked round-bottomed flask
was ultrasonically dispersed in 2.5 mL of water and
subsequently mixed with an aqueous solution of K,PtCl,
and/or NiCl, with desired concentrations. The resultant
aqueous suspension was further homogenized under sonication
for 30 min. Then, 12 mg of NaBH, dissolved in 1.0 mL of 3.0
M NaOH solution was added into the above obtained solution
with vigorous shaking, resulting in the generation of catalyst as
a dark suspension. The molar ratios of Pt**/(Pt** + Ni*") were
changed with several values (0, 0.05, 0.15, 0.30, 0.40, 0.50. 0.70,
1.00), while the molar contents of (Pt** + Ni**) added to 100
mg of MSC-30 matrix were kept at 0.10 mmol. The catalysts
with different Pt/Ni molar ratios were denoted as Ni,_,Pt,/
MSC-30.

For comparison, another catalyst with Ni/Pt molar ratio of
6:4 was prepared using the same synthetic procedure but in the
absence of NaOH, which was denoted as Ni,¢Pt,,/MSC-
30_N.

2.3. Instrumentation. Laboratory powder X-ray diffraction
patterns were collected for synthesized catalysts on a Mac
Science MXP3 V diffractometer with Ni-filtered Cu Ko
radiation (4 = 0.15406 nm; 40 kV, 20 mA). The surface area
measurements were performed with N, adsorption/desorption
isotherms at liquid nitrogen temperature (77 K) after
dehydration under vacuum at 120 °C for 12 h using automatic
volumetric adsorption equipment (Belsorp-max). X-ray photo-
electron spectroscopic (XPS) measurements were conducted
on a Shimadzu ESCA-3400 X-ray photoelectron spectrometer
using an Mg Ka source (10 kV, 10 mA). The argon sputtering
experiments were carried out under the conditions of
background vacuum of 3.2 X 107° Pa and sputtering
acceleration voltage of 2 kV and sputtering current of 10 mA.
Charging of the catalyst samples was corrected by setting the
binding energy of the adventitious carbon (C 1s) at 284.6 eV.
The TEM and HAADF-STEM images and the EDX spectra
were recorded on transmission electron microscope (TEM,
TECNAI G? F20) with operating voltage at 200 kV equipped
with energy-dispersive X-ray (EDX) detector. Mass analysis of
the generated gases was performed using a Balzers Prisma QMS
200 mass spectrometer. UV—vis absorption spectra were
recorded on a Shimadzu UV-2550 spectrophotometer and
corrected by deionized water as background absorption.
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Figure 2. (a,b) TEM and (c) HAADF-STEM images of Nij¢Pt,,/MSC-30, (d) TEM image of NiyPt,,/MSC-30_N, and size distribution

histograms of (e) Nig¢Pto4/MSC-30 and (f) Nij¢Pty,/MSC-30_N.

2.4. Catalysis. The reaction apparatus for measuring the
H,/N, evolution from HB is the same as previously reported.””
Typically, the two-necked round-bottomed flask (30 mL) with
the as-synthesized catalyst was placed in a water bath at 30 °C
under ambient atmosphere. A gas buret filled with water was
connected to the reaction flask to measure the volume of
released gas (lab temperature kept constant at 25 °C during
measurements). The reaction started under shaking when 1.0
mL of aqueous solution containing 1.0 mmol HB was injected
into the mixture using a syringe. The volume of the evolved
hydrogen gas was monitored by recording the displacement of
water in the gas buret. The reaction was completed when there
was no more gas generation. The molar ratios of (Ni + Pt)/HB
were theoretically fixed at 0.10 for all the catalytic reactions.

Durability of the Catalysts. For testing the durability of the
catalyst Nij ¢Pt,,/MSC-30, an aliquot of HB in 1.0 mL of 1.0 M
NaOH solution was subsequently added into the reaction flask
after the completion of the last run. This cycling test for the
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catalytic dehydrogenation of HB was carried out for five runs at
30 °C.

Stability of the Catalysts. After the reaction, the catalyst
Nig 6Pt4/MSC-30 was separated from the reaction solution by
centrifugation, which was washed three times with water, and
then dried under vacuum at room temperature for the PXRD
and TEM analyses.

2.5. Calculation Methods for Kinetics. The metal
dispersion (Dy) value is defined as the ratio of the number
of surface atoms to the total number of atoms. For the
supported metal catalyst, the metal dispersion was calculated on
the basis of the average particle diameter by using the
equation:11

_ 6nM
- pNdy

M

Where n is the number of metal atoms on the surface per unit
area (1.25 X 10" m™ for Pt, and 1.54 X 10" m™ for Ni), M is
the molecular weight (195.08 g mol™" for Pt, and 58.69 g mol ™
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ACS Catalysis

Research Article

NaBH,+NaOH

0 min

iz + Pty

(b) |

Niz*+Pt2*

rngomzwth

| |
0.5 min ' 1 min

NiPt

NiPt

Figure 3. Color changes of the aqueous solution of Ni** and Pt** during the reduction processes in the (a) presence and (b) absence of NaOH.

for Ni), p is the density (21.35 g cm™ for Pt, and 8.91 g cm™
for Ni), N is 6.023 X 10> mol™’, and d; is the average particle
diameter measured by TEM. The average values of these
parameters were used to calculate the metal dispersion of NiPt
considering the molar ratio of Ni to Pt in the catalysts.

The kinetics of hydrogen generation in this work was
evaluated by using site-time- yield (STY) value, which is
defined as the number of molecules of a specified product made
per catalytic site per unit time.'* STY was calculated from the
equation:

se, V../RT

atm 7 gas

6D Mnmetalt

where P, is the atmospheric pressure (101 325 Pa), Vigas 1s the
final volume of generated H,/N, gas, R is the universal gas
constant (8.3145 m® Pa mol™ K™'), T is the room temperature
(298 K), Dy is the metal dispersion, 7, is the total mole
number of NiPt atoms in catalyst, and ¢ is the completion time
of the reaction.

3. RESULTS AND DISCUSSION

The surfactant-free NiPt alloy NPs supported on MSC-30 were
synthesized by coreduction of nickel(II) chloride and
potassium hexachloroplatinum (II) in the presence of MSC-
30 using an alkaline solution of sodium borohydride as a
reductant. The resulting Ni,_ Pt,/MSC-30 was used for
catalytically releasing H, from HB. Because the preparation of
NiPt catalysts was carried out in a reductive condition without
exposure to air, which then were used for the dehydrogenation
of HB immediately, the oxidation of nickel has been mostly
avoided. The catalyst with the Ni/Pt atomic ratio of 6:4
exhibited the highest activity (vide infra), and therefore,
Nij ¢Pty4/MSC-30 was chosen as the model catalyst to explore
the effect of sodium hydroxide on the distribution of the
nanoparticles. For comparison, Ni,¢Pt,,/MSC-30_N was also
prepared in the absence of NaOH.

The microstructures of Niy¢Pt,,/MSC-30 and Ni, Pty ,/
MSC-30_N catalysts were investigated with a full character-
ization. The transmission electron microscopy (TEM) and
high-angle annular dark-field scanning TEM (HAADF-STEM)
images of Nij¢Pt; 4/MSC-30 show that the NiPt NPs are highly
dispersed into the framework of MSC-30 with an average
particle size of 2.1 + 0.3 nm based on TEM observations
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(Figure 2a—c and 2e). The corresponding selected area energy
dispersion (SAED) pattern indicates the crystalline nature of
the Pt NPs (inset in Figure 2b). When the NiPt NPs were
loaded without NaOH, a larger average particle size of 4.2 + 0.6
nm was observed with some severely aggregated particles
(Figures 2d,f and SS). However, the X-ray diffraction (XRD)
and X-ray photoelectron spectroscopy (XPS) analyses show
that the two catalysts possess similar crystallinity and electronic
structures (Figures S2—S3). The XRD patterns of both
catalysts display primarily the characteristics of the face-
centered cubic (fcc) Pt with slight shift to higher angles with
respect to those of Pt/MSC-30, suggesting a lattice contraction
and alloy formation between Pt and Ni because platinum is
known to alloy well with nickel."* The presence of NiPt NPs
was also verified by N, sorption. In comparison to metal-free
MSC-30, appreciable decreases in the amount of N, adsorption
for both catalysts were observed (Figure S1). In addition, the
larger decrease of surface area for Niy¢Pt,,/MSC-30 is
attributed to the occupation of the dispersed size-matched
NiPt NPs in the mesopores (~2.2 nm) of MSC-30. The
particles in the confined cavities of MSC-30 can be protected
from aggregation and thus may provide higher catalytic stability
and durability. However, due to the particle size larger than the
pore size of the carbon support, NiPt NPs in Nij 4Pt ,/MSC-
30 N should be almost located on the surface of the MSC-30
framework.

Therefore, NaOH serves as an efficient dispersing agent to
control the size distribution during the growth of NiPt NPs.
For further making clear the role of NaOH in the catalyst
formation, we tried to gather insight into the changes of the
metal precursors during the reduction process by monitoring
the color changes. To eliminate the color disturbance of carbon,
only an aqueous solution of the metal precursors was used. As
shown in Figure 3, contrary to the fast reduction of Ni** and
Pt** by NaBH,, upon the introduction of the NaOH and
NaBH, mixture to the aqueous Ni** and Pt** solution, the fast
generation of Ni(OH), gel occurred preferentially prior to the
reduction. The hydrated Pt** ions would be simultaneously
converted into the chlorohydroxypallatium(II) species upon
the addition of NaOH, for example, PtCI(OH)(H,0), or
PtCL,(OH)(H,0)", which could be stable for a long time (1—2
days).'* Subsequently, the hydroxide intermediate acted as
precursor and capping agent in the successive reduction to
prevent the resulting NiPt NPs from aggregation, leading to the
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Figure 4. (a) Volume of the generated gas (H, + N,) versus time and (b) Pt-content dependence of n(H, + N,)/n(HB) for the dehydrogenation of

HB over NiPt/MSC-30 with different Ni/Pt molar ratios prepared with NaOH (n,,./nyys = 0.1, 30 °C).

Table 1. Catalytic Activities for Dehydrogenation of Hydrazine Borane Catalyzed by Different Heterogeneous Catalysts”

catalyst n(metal)/n(HB) temp (°C) n(H, + N,)/n(HB) H, generation rate (Ly, h™ goe™) ref
Nig ¢Pt, ,/MSC-30 0.1 30 5.95 + 0.05 142 this work
Rh,Ni/CTAB 0.1 NY 5.80 = 0.20 24 7b
NiggoPto1,/CTAB 0.14 50 579 + 0.05 7 7a
Nip77Ruy,3/CTAB 0.15 S0 4 + 0.05 very low 8a
Nig goRhy;;/CTAB 0.16 50 5.1 + 0.0 very low 8a
Nig goIry;;/CTAB 0.14 S0 4.9 + 0.05 very low 8a
RhCl; precatalyst 0.013 S0 4.1 very low 8b
RuCl; precatalyst 0.013 50 33 very low 8b
IrCl; precatalyst 0.013 S0 33 very low 8b

“The catalysts that can only release the hydrogen from the BH; group of HB are not included.

formation of ultrafine NPs. In the process of reduction, the
first-seeded Pt atoms are catalytically active for hydrogen
generation by hydrolysis of sodium borohydride; this is
accompanied by the generation of the intermediate Pt—H
species, which act as a reducing agent for the reduction of
nickel hydroxide and thus lead to the formation of NiPt NPs, as
evidenced by the XPS measurement (Figure $3a)."* The
reduction of Ni** and Pt** also has been followed by UV—vis
spectroscopy. From the UV—vis spectra of the monitoring for
the reduction process of NiPt NPs at different reaction times
(Figure S14), it can be found that the intensity of the strong
absorption of Pt** species was maintained even after the
addition of the alkaline solution of sodium borohydride for 20
s. The phenomena further suggest that the reduction of Ni**
and Pt*" took place after generating the nickel hydroxide
intermediate. Besides the formation of Ni(OH), species, the
stabilization of NaBH, in basic solution might also make the
nucleation process more controllable. In contrast, the tentative
reduction of aqueous Ni** by NaBH, in alkaline conditions
only resulted in the light-green precipitation of Ni(OH),; in
other words, Ni** as Ni(OH), cannot be reduced by sodium
borohydride, as evidenced by the XRD, XPS and TEM
measurement (Figures S2, S3e, S6¢,d, and S13). In addition,
the Ni/Pt molar ratio in the catalysts was also found to be
important for the particle size distribution. The TEM
measurement demonstrated that the NiPt NPs in catalysts
obtained with the Ni/Pt molar ratios more than 1:1 are highly
dispersed (Figure S7a—d). Although the Ni/Pt molar ratio was
decreased to less than 1:1, a larger NiPt particle size and
broader size distribution were observed (Figure S7e, f), which
may be due to the fact that the amount of Ni(OH),
intermediate first generated was not sufficient to efficiently
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disperse the Pt species and prevent the aggregation of the final
metal NPs.

The catalytic activity of Ni,_ Pt,/MSC-30 prepared in the
presence of NaOH for HB dehydrogenation has been
investigated at room temperature with a constant molar ratio
of catalyst/HB = 1:10. It has been found that the catalytic
activity and selectivity to hydrogen strongly depend on the Ni/
Pt ratio (Figure 4). The dehydrogenation of HB was initiated
by the introduction of aqueous HB solution into the reaction
flask with vigorous shaking at room temperature. The released
gas was measured volumetrically, and its composition was
analyzed by mass spectrometry. Both monometallic Ni and Pt
nanocatalysts showed activity for hydrogen release by
hydrolysis of the BH; group in HB only, whereas the
Ni,_,Pt,/MSC-30 nanocatalysts with platinum contents in the
range of 15—70 mol % exhibited high catalytic activities and
100% hydrogen selectivity with 5.95 + 0.05 equiv (H, + N,)
per HB released. This exceptional catalytic performance
demonstrates that the resulting synergistic effect between Ni
and Pt is required for the complete conversion of HB to H,. A
detailed analysis of the results in Figure 4 shows that the
catalytic activity of Ni,_ Pt,/MSC-30 is first improved with the
increasing content of Pt and reaches the maximum at 0.4. Then,
when the Pt content further increases, the tendency reverses.
These catalysts with 15—70 mol % Pt exhibit analogous time
course profiles with a process composed of two distinct steps
with different kinetics. The first step proceeds fast, where
slightly more than 3.0 equiv H, evolves in less than 0.5 min,
corresponding to the hydrolysis of the BH; group. The second
step, the decomposition of the N,H, moiety, is much slower,
which determines the time that is needed by the entire
dehydrogenation process of HB. It is observed that all the
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catalysts prepared by our method show much better activity
and selectivity compared to the previously reported analogous
NiPt nanocatalysts stabilized by CTAB (Table 1).”

The Niy4¢Pty,/MSC-30 catalyst was most active and
efficiently and completely released gases in a stoichiometric
amount (5.95 + 0.0S equiv) from HB in 4.5 min (n,/fys =
0.1) at room temperature (Figure 4). The gases were identified
by mass spectrometry to be hydrogen and nitrogen with a H,/
N, ratio of 5.0 (Figure S11), in agreement with the volumetric
observations of 100% selectivity for hydrogen. The average rate
of H, production was determined to be 142 Ly, h™' g,
corresponding to a theoretical power density of 192 W h™'
Gmetal | for energy generation.9b Particularly noteworthy is that
after calibration of the size of the nanocatalyst (i.e., ca. 2.1 nm
for Niy¢Pty,/MSC-30, corresponding to the metal dispersion
(D) of approximately S0%), the site-time yield of H, was
calculated to be 0.37 s! at 30 °C, which is much higher than
those of the most active Rh,Ni catalysts reported for this
reaction even at high temperatures (Table 1).”® Meanwhile,
Nij Pty 4/MSC-30 showed much higher H, selectivity and is
cheaper compared to Rh,Ni (it contains only 40% Pt compared
to 80% Rh). It was found that there were some decreases in
activity over five cycles (Figure S12), which may be due to the
slight increase in the particle size of NiPt NPs during the
catalytic process (Figures S15, S16). Nevertheless, Nij Pt/
MSC-30_N can only release 3 equiv of H,; even after adding
the same amount of NaOH as an important catalyst promoter
(vide infra), it still exhibited much lower catalytic activity than
that of Nij¢Pt,,/MSC-30 (Figure S8). It has been known that
the catalytic activity generally increases with the decrease in
metal NPs size, as smaller Earticles possess higher surface areas
available for reactants.'®”> Reasonably, the decrease in the
particle size of NiPt NPs on MSC-30 due to the presence of
NaOH should be responsible for the exceedingly high activity
of Niy¢Pt,,/MSC-30. It is also concluded that the alkaline
additive is extremely important for the catalyst preparation to
improvement of kinetics, which not only serves as an efficient
dispersing agent to control the particle size during the
formation of NiPt NPs in the present system but also plays a
crucial role as a catalyst promoter to improve the catalytic
performance.

It should be noted that a lower catalytic activity was observed
over the Niy¢Pty,/MSC-30 catalyst for the decomposition of
N,H,-H,O than that for the dehydrogenation of HB under the
same condition (Figure S). It took 6.5 min to completely
decompose the same amount of N,H,-H,0 (1.0 mmol) as that
resulted from the second step of the HB dehydrogenation
reaction. According to a previous work, the B(OH); formed in
the first step has no influence on the decomposition of N,H,.””
Thus, the results reported here indicate that the dehydrogen-
ation of HB is not simply divided into two steps in this catalytic
reaction. A plausible explanation is that when the BH; group of
HB is catalytically hydrolyzed by Ni,4Pt;4, concurrently, some
of the resulting N,H, moieties directly interact with metal NPs
to generate N, and H,, thus promoting the kinetic properties of
HB dehydrogenation.

To determine the significant effect of the surfactant-free
nature of NiPt NPs on the catalytic activity, surfactant
cetyltrimethylammonium bromide (CTAB) supported
Nig¢Pto4 nanocatalyst (Nig¢Pto4/CTAB) was prepared using
our recently reported procedure, which gave NiPt NPs with an
average size of ~3.5 nm.'® Surprisingly, despite their similar
particle size, the catalytic activity of the surfactant-protected
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Figure S. Volume of the generated gas (H, + N,) versus time for the
dehydrogenation of (a) HB and (b) N,H,-H,O over Ni¢Pty,/MSC-
30 (Mmeta/ M8 or N2m4H20 = 0.1, 30 °C).

NiPt NPs was much lower than that of surfactant-free ones for
HB dehydrogenation (Figure S10). The observations further
confirm that the absence of any protective surfactants,
especially a hydrophobic surfactant shell around the metal
NPs in an aqueous reaction medium, significantly benefits the
access of reactants to the metal surface and therefore benefits
the catalytic activity.

Besides the good dispersion and the surfactant-free character
of the Nij 4Pty 4 NPs immobilized by MSC-30, the presence of
NaOH plays an important role in promoting the catalytic
performance. After washing away the NaOH present in the
synthesis process of NijgPt;,/MSC-30, the selectivity and
activity of the catalyst decreased significantly with only 4.0
equiv of gases released even after 20 min (Figure S9). This
indicates that NaOH has indeed a galvanizing impact on the
selectivity and activity of the dehydrogenation of HB. Similarly,
for Niy¢Pty,/MSC-30_N catalyst without NaOH, only 3.0
equiv of gases was permitted to release, which originated only
from hydrolysis of the BH; group, while the addition of NaOH
could obviously improve the catalytic performance of Nij 4Pty 4/
MSC-30_N, further confirming the promotion effect of NaOH
(Figure S8). To determine the effect of the amount of NaOH
on the catalytic performance, we have synthesized MSC-30
supported Ni, (Pt;, NPs with various concentrations of NaOH
(0—4 M). It has been found that the selectivity and activity of
the catalysts for the dehydrogenation of HB increased with the
concentration of NaOH until the value reached 3M, after which
a further increase in the amount of NaOH showed little effect
on the dehydrogenation of HB (Figure 6). As HB is very stable
in the solution of MSC-30 and NaOH, NaOH only serves as a
catalyst promoter for the decomposition of the N,H, moiety in
the second step of this reaction. The possible reason for the
effects of the alkaline additive may be understood as follows:
(a) the addition of NaOH could decrease the concentration of
undesirable N,H;* (N,H;* + OH™ < N,H, + H,0) and
promote the rate-determining deprotonation step (N,H, —
N,H,* + H*) along the decomposition process of N,H, to N,
and H,; (b) the alkaline solution makes the catalyst surface
highly basic, which helps inhibit the formation of basic NH;
and therefore benefits the high H, selectivity.
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Figure 6. Volume of the generated gas (H, + N,) versus time for the
dehydrogenation of HB over Nij¢Pt,,/MSC-30 prepared with
different concentrations of NaOH solution (1.0 mL) added (n,,../
s = 0.1, 30 °C).

4. CONCLUSIONS

In summary, for the first time, a surfactant-free NiPt bimetallic
nanocatalyst with good dispersion, prepared by using a sodium-
hydroxide-assisted reduction approach in the presence of MSC-
30, exhibits remarkable catalytic activity for efficient and
complete dehydrogenation of hydrazine borane at room
temperature, wherein NaOH not only serves as an efficient
dispersing agent to control the particle size during the
formation of NiPt NPs but also plays an important role as a
catalyst promoter. The utilization of the sodium-hydroxide-
assisted reduction approach to obtain ultrafine alloy nano-
particles opens up new avenues for designing highly efficient
nanocatalysts. Meanwhile, the obtained catalyst is believed to
give a tremendous boost to the practical application of
hydrazine borane for chemical hydrogen storage with high
material-based GHSC of 10.0%.
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