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Abstract

In this work, we prepared the PtNi alloy nanopéescon AbO;3; (Al,O3-PtNi) via a
simple wet-grinding method followed by a thermalduetion process. The
as-prepared ADs-PtNi displayed a higher TOF of 426.84 mo{mols: min)* toward
the dehydrogenation of AB (ammonia borane) thai©f&Pt and A}Os-Ni. Based on
the theoretical calculations, an “electric-dipokffect generated by the neighboring
Pt-Ni atoms was found to facilitate the catalytghgdrogenation process of ammonia
borane (AB). The external electric field producertiie Pt-Ni dipole can elongate the
B-H bond and increase the negative charges of Fhaton the BH group, which

helps to activate the B-H bond in the AB molecwed thus enhances the kinetic
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process of catalysis.
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The “Electric-dipole” effect; Pt-Ni alloy nanopaies; Electron transfer; Ammonia
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1. Introduction

As a clean and source-independent energy carnghtoben possesses a higher
gravimetric energy density (120 MJ/kg) than gasol#4 MJ/kg), and can be used to
operate environment-friendly fuel cells with® as the only byproduct[1]. However,
it is still a challenge to controllably store anelelase 5-13 kg of Hto enable a
300-mile driving range with no excessive weight edido the fuel-cell-powered
vehicle[2]. For this onboard #6torage in vehicular applications, the U.S. Departt

of Energy (DOE) set a gravimetric hydrogen capadiHC) of 5.5 wt% or
volumetric hydrogen capacity (VHC) of 40 g/L as thayet for the year 2025 and 6.5
wt% (50 g/L) as the ultimate target[3].

Among various approaches, such as compressed gaq#tl Hy[5], material
absorption[6], etc., chemical hydrogen storage in materials composkedight
elements has drawn lots of attention. Ammonia ber@H;BH3;, AB), a stable,
non-toxic, non-flammable B-N compound, is conside@s one of the leading
candidates for hydrogen storage due to its high GHT9.6 wt% and VHC of 140
g/L, which are greater than the U.S. DOE’s tardiehas been reported that both
hydrolysis[7] and thermolysis[8] can be performegtoduce hydrogen from AB and
the obtained final byproduct can also be utilizedegenerate AB[9]. Compared with
thermolysis for 100% decomposition of AB at highmpeerature, the catalytic
hydrolysis provides a convenient approach to releisee equivalents of pure
hydrogen from AB in the presence of an appropreailyst (NHBH; + 2H,0 —
NH4BO; + 3H,) at room temperature. Thus, it is highly desirablelevelop excellent
catalysts with high activity, reusability and largeale facile preparation to meet the
terminal practical requirements of this systemuel fcells.

Various noble metal catalysts like Rh, Pd, Ru nhrsters, as well as the
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supported noble metals (Ru, Rh, Pd, Pt, and Auj V3, C and SiQ, have been
widely studied to produce hydrogen by the hydralysf AB[10]. Among them,
platinum-based catalysts have exhibited remarkgeliéormance in this catalytic
reaction. Chen et al. fabricated Pt-W@ith dual-active-sites to boost hydrogen
evolution from ammonia borane for the first timg[llh such unique catalyst, Pt and
WO; acted as the active for ammonia borane an@® Hlctivation, respectively.
However, the high cost and limited reserve of plat greatly hindered their practical
applications. Therefore, it is desirable to devebbdow-cost catalyst with high
hydrolysis activity. Recently, many non-noble mgtauch as Ni, Co, Fe, etc., have
been studied for the catalytic dehydrogenation Bf5. For example, Mahyari et al.
prepared Ni nanoparticles immobilized on three-disi@nal nitrogen-doped
graphene-based frameworks with a TOF of 41. 7ol * min™ for the hydrolytic
dehydrogenation of ammonia borane[9]. Hu et aloreg that Co nanoparticles
supported by amine-rich polyethyleneimine and gemgh oxide PEI-GO/CQ
showed an enhanced catalytic performance with a ®089.9 mol, moleg® min™
for hydrogen evolution from AB solution [12]. Altbgh many attempts have been
made to develop an efficient non-noble catalystcadalytic hydrolysis AB, there still
exists a catalytic activity gap between the nob&tats and non-noble metals.
Another efficient strategy to develop low-cost égts is to minimize the usage
of noble metakia introducing transition metals to form bimetallianmoparticles (NPs)
catalysts or core-shell structured catalyst[13-G#et al. developed a new strategy to
synthesize PtNi/NiO clusters coated by small-siaetiow silica for highly efficient
hydrogen evolution from the hydrolysis of BBH3[17]. Li et al. reported a galvanic
replacement method to synthesize atomically diggei8t on the surface of Ni
particles supported by CNT and found the dissamatf an O-H bond in D is
rate-determining step (RDS)[18]. Furthermore, basedhe results of kinetic isotope
effect (KIE) measurements, kt al. confirmed that RDS for AB hydrolysis was the
breaking of an O-H bond inJ@[19]. Zhu et al. immobilized ultrafine AuNi alloy
nanoparticles into MIL-101. The authors found ttieg AuNi/MIL-101 displayed a
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high activity for hydrogen evolution from the catad hydrolysis of AB[20].
Core-shell structured Pt@Ni NPs were also syntkéskyy Qi et al. in hollow Si©
nanocapsules for the catalytic hydrolysis of AB[2t]is well known that there is a
strong electronic interaction between differentahatoms when introducing a second
metal into the host metal due to the differenceth&ir electronegativity[22, 23].
However, up to now, it is still unclear about thifeet of electronic interaction
between different metal atoms on the kinetics oftA@rolysis.

In this work, by taking AlO; as catalyst support due to its low cost, highaxaf
area, and high abundance[24], we synthesize@APtNi with high catalytic activity
and long-term durability for hydrogen generatioonfr AB via a simple wet-grinding
method followed by a thermal reduction processiode characterizations, such as
XRD, TEM, XPS,etc., were conducted to analyze the catalysts in-deguth, the
kinetics of catalytic dehydrogenation of AB wereudied systemically. An
“electric-dipole” effect of neighboring Pt-Ni atomwas found to facilitate the
catalytic dehydrogenation process of ammonia borghB). The as-prepared
Al,O3-PtNi catalyst displayed a higher TOF of 426.84 iménole: min)* toward the
dehydrogenation of AB in contrast to,8k-Pt and A}Os-Ni.

2. Experimental section

2.1 Materials:

Nickel chloride (NiC}-6H0O) was purchased from Aladdin Ltd. (Shanghai,
China). Ammonia borane (AB) and Aluminium oxide {B%) were purchased
from Tianjin Kemiou Chemical Reagent Co., Ltd. Mitacid (HNQ) was
purchased from Tianjin Fuyu Fine Chemical Co., [@thloroplatinic acid was
purchased from Kunming Institute of Precious Metdlee deionized water
used in all of the experiments was 18.2%2Mm. All the chemical reagents
used in the preparation were analytical grade anthowt any further
purification.

2.2 Synthesis of Al,03-PtNi, Al,03-Pt and Al,O3-Ni

The ALOs-PtNi were synthesized by a wet-gridding methodofeéd by a thermal
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reduction process. Typically, 500 mg of @ and 30.5 mg of NiGI6H,O were
added into an agate mortar. Then, 0.658 mL 195 mMEk solution and 2 mL kD
were added into the mixture. Subsequently, vigorgued the mixture until the
sample became a dry powder. The powder sample {@aedoin a tube furnace at
400°C under the HAr atmosphere for 2 h. After cooling, the sampleswvashed in
deionized water several times and dried under 608°& vacuum oven for 5h. The
final obtained powder was designated agOAlPtNi. The AbOs-Ni and AbOs-Pt were
prepared by the same process except for no additioH,PtCk or NiCl,-6H0,
respectively. The loadings of Pt and Ni in,@4-Pt and A}Os-Ni were 5wt%. The Pt
loading in AbOs-PtNi was 5 wt%, consistent with that of.8k-Pt, and the molar ratio
of Pt:Ni was 1:1.

2.3 Catalytic hydrolysisof AB

The procedure for catalytic hydrolysis of AB wasdacted as previously reported[13,
25]. Typically, 50 mg catalyst was dispersed inl6#20 in a two-neck round-bottom
flask, which was placed in a water bath a@5under continuous magnetic stir. The
flash was purged with Nfor 20 min and connected to an inverted measuwytigder
filled with water via a rubber tube. Then, 4 mL wan contained 2 mmol AB
(corresponding to the generation of a maximum 6 mmd34 mL H gas) was
injected into the flask using a syringe. The voluohgenerated Hwas measured by
monitoring the displacement of water in the cylingeriodically. The reaction was
stopped when no hydrogen generation was observed.

2.4 Calculation method

The turnover frequency (TOF) value was calculatgthe following equation:

TOF = 2z — __ VHo Eq(l)

NpeXt  22.4XnpeXt
where the p, is the mol of the generated hydrogeg,isithe mol of Pt in the reaction
system, V, is the volume of the generated hydrogen, andhaseaction time. The
unit of TOF in this work was mg} mols;* min'™.
The activation energy (Efor the catalytic hydrolysis of AB was evaluateased on

the Arrhenius equation:
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InK =InA—E,/RT Eq(2)
The rate constant K (mL/min) of ;Hevolution was determined by the volume of
generated Kin the first 1 min for all catalysts, where thelwoe of evolved H
linearly increased with increasing reaction timg.is€the activation energy. R is the
gas constant. T is the reaction temperature.
2.5 Durability test of the catalyst
The process of durability test of the as-prepawddlgst was similar to the procedure
of catalytic hydrolysis of AB. Typically, 50 mg edyst was dispersed in 6 mL@& in
a two-neck round-bottom flask under continuous rnesignstir. The first run was
started when a 4 mL solution contained 2 mmol AB wgected into the flask using a
syringe. The volume of generated Was measured by monitoring the displacement
of water in the cylinder periodically. After the ropletion of the -run hydrolysis
reaction, the catalyst was collected by centrifisgat washed with water. The
obtained catalyst was reused for the next run dfdlysis of AB. Such cycle tests
were repeated 6 times.
2.6 Characterizations
The X-ray diffraction (XRD) patterns were obtainfedm a PANalytical X’pert MPD
Pro diffractometer operated at 40 kV and 40 mA gisWi-filtered Cu kKu irradiation
(Wavelength 1.5406 A). The morphology was charaer by scanning electron
microscope (SEM, JEOL JSM-7000F) at an acceleratioibtage of 15 kV. The
transmission electron microscopy (TEM) images, hggolution TEM (HRTEM)
images, and the high angle annular dark field-sognriransmission electron
microscopy (HAADF-STEM) images were obtained from J&OL JEM-F200
transmission electron microscope at an acceleratintjage of 200 kV. An
OXFORDMAX-80 energy-dispersive X-ray detector (ED¥Xhich was mounted in
the above TEM was used to conduct elemental asalysiray photoelectron
spectroscopy (XPS) measurements were conducted Torerano Fisher ESCALAB
Xi+ with monochromatic Al K radiation (lv = 1486.69 eV) and with the pressure of

sample analysis chamber under high vacuum <%%hibar. All binding energies
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were referenced to the C 1s peak at 284.8 eV. otat Pt and Ni contents in the
as-prepared sample was measured by Inductively |€diflasma Mass Spectrometer
(ICP-MS) (NexIONTM 350D, PerkinElmer, USA).

2.7 Theoretical methods

Spin-polarized DFT calculations were implementedusing the Vienna ab initial
simulation package (VASP) with the projected augme@nvave (PAW) potentials[26].
The Perfew-Burke_Ernzerhof (PBE) functional was dusé describe the
exchange-correlation potential[27]. The energy ffutwas set to 400 eV. A
Monhorst-Pack k-point mesh of 3x3x1 was used for@ieng the Brillouin zone for a
(2x2) PtNi (1 1 1) supercell. Four atomic layersrevancluded and the bottom two
layers were fixed during the optimizations. A 15vAcuum layer was added to
minimize the layer interactions. The converge datéor energy and force are't@v
and 0.05 eV/A, respectively. The supercell modélBtdli and the AB molecule are
shown in Figure S1-2, respectively.

The adsorption energy of molecule X (X = AB;®) was calculated as:

Eadsorption = Epx+surt) = Esurt. — Ex Eq(3)
where Ex:surt) Esurr. @and K were the total energy of X adsorbed surface, cheaface
and X molecule, respectively.

The MP2 method was applied by using Gaussian smdtwackage to explore the
structure and properties of BNH3, the geometry of BENH3; were optimized in the
external electric fields of 0 and 0.0320 a.u. (&. & 5.142 x 18 V mY) at the
MP2/6-311+G(2df,p) level[28]. The external electfield was applied along the
direction from the N atom to the B atom. The ndtln@nd orbital (NBO) analyses

were conducted at the QCISD/aug-cc-pVTZ level.

3. Resultsand discussion
The ALOs-PtNi catalysts were prepareth the wet-grinding method followed by a
thermal reduction process. A simplified illustratiof the synthesis process for

Al,O3-PtNiis depicted in Figure la. Briefly, the precursorsvadtained by grinding
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the mixture of HPtCk, NiCl,, Al,O3 and HO until the mixture became dry powder.
Then, the as-prepared precursor was calcined uhdef/Ar atmosphere at 400°C.
The finally obtained powder was the ;8k-PtNi catalyst. The morphology of the
as-prepared AOs;-PtNi was characterized by transmission electrorcrascopy
(TEM). Figure 1a shows a representative TEM imdggl g0s-PtNi. It can be seen in
Figure 1b that PtNi NPs with high contrast, which endicated by white arrows, are
well monodispersed on the surface 0f@J. The TEM image of AlOs-Pt in Figure
S3a shows that the Pt nanoparticles were distiiborethe surface of ADs, but some
Pt nanoparticles were slightly aggregated ogOAFigure S3b). The average size of
PtNi nanopatrticles is measured todae?2.4 + 0.5 nm (Figure S4), which was smaller
than that of Pt nanoparticle (2.8 + 0.6 nm, Fig@B88c). Compared with Pt
nanoparticles in ADs-Pt, the smaller size and well-distribution of PiNiAI,O3-PtNi
should also be favorable to the hydrolysis of ABlecale. Figure 1c shows the
enlarged TEM image of the dotted box in Figure Tle high-resolution TEM image
(HRTEM) of PtNi (inset in Figure 1c), which is reded from the rectangular area in
Figure 1c, reveals a well-resolved lattice spacih@.21 nm, consistent with the (111)
lattice spacing of the PtNi alloy.[29] The corresdimg EDX spectrum (Figure S5)
further confirmed the existence of Al, O, Pt andeldiments in AlOs-PtNi. Moreover,
the HAADF-STEM image of AlOs-PtNi and elemental mapping distribution were
recorded in Figure 1d. It can be confirmed that #leand O were uniformly
distributed through the as-prepared@4-PtNi. While Pt and Ni elements show the

same distribution without the segregation of eattferothroughout the image area,
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revealing the successful synthesis of homogenetusaHoy nanoparticles that are
deposited on the surface of 8. Furthermore, inductively coupled plasma mass
spectrometry (ICP-MS) characterization was condldte analyze the Pt and Ni
content in A}Os-PtNi. The mass fractions of Pt and Ni elementseviefo and 1.5%,

respectively, suggesting that the atomic ratiotéfliRvas approximately 1:1.

a) H,PtClg, AL,Os ®A @Ni
N|C|2, Hzo .O 0 Pt
o
o [ -
~
Wet-grinding Ho/Ar, 400 °C ALO.-PtNi

Figure 1. a) Schematic illustration of the syntegsiocess for ADs-PtNi. b) The TEM image of
Al,O3-PtNi, the PtNi nanoparticles are indicated by etitrows; c) the enlarged TEM image of
the dotted box area in a), the inset is the HRTEMge of the rectangular area in b); d) the
HAADF-STEM image of AJOz-PtNi and the corresponding EDX elemental mappingloO, Pt

and Ni, respectively.
The chemical state and surface characterizatiofPtohnd Ni atoms in the
as-prepared samples were investigated through Xpragtoelectron spectroscopy

(XPS). All of the XPS signals of Pt, Ni, Al, and Were detected in the ADs;-PtNi
9/21
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sample (Figure S6). The high-resolution XPS speofr@l 2p, Pt 4f regions for
Al,0O3-Pt and A}Os-PtNi samples are shown in Figure 2a. The peakatédodcat 74.5
eV corresponds to the Al 2p of A)[30-32], and no shift of the peak position for Al
2p is observed. The other peaks at around 71.3aVbe assigned to Pt.Afof
metallic Pt[33, 34], and the Pt4fpeak of A}Os-PtNi shows a negative shift by 0.2
eV in contrast to that of ADs-Pt, suggesting a strong electron interaction beiwtbae
Pt and Ni atoms in ADz-PtNi. However, the corresponding P¢4peaks of metallic
Pt at around 74.6 eV were not observed due to gakweaks of Pt 4f overlapped
by the strong peaks of Al 2p at 74.5 eV. The higésitution XPS spectra of Ni 2p for
Al,O3-Ni and ALOs-PtNi (Figure 2b) is well fitted with two spin-othiloublets of Ni
2ps2 and Ni 2p,, at around 855.8 and 874.8 eV, respectively. Trakpatca. 880.1
and 862.5 eV with intense signals are the shakesafgllites arising from the
multi-electron excitation[35]. Further deconvolutiof Ni 2, and Ni 2p,, spectra
for Al,O3-Ni reveal two different chemical environments fdir The peaks at 852.2
and 869.5 eV can be assigned to the metallic NW@)le the peaks located at 855.9
and 873.5 eV are ascribed to the Ni(ll) oxidatitetes which may be ascribed to the
interaction between Ni and lattice O atom in@J. Compared with AlOs-Ni, the
peak positions of Ni 2 and Ni 2p/, spectra for AlOs-PtNi were positively shifted
by 0.2 eV. When Pt was alloyed with Ni metal, agcelon-withdrawing effect would
be occurred from Ni atoms to Pt atoms due to thgelaelectronegativity of Pt (2.28)
than that of Ni (1.91), thus resulting in the lowtr binding energy and higher Ni

binding energy of AlO;-PtNi, respectivelyFigure S7 shows the X-ray diffraction
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patterns of the as-prepared samples. The XRD pwaRtNi(111) was detected, and
the relatively low intensity of PtNi(111) than thaftPt(111) suggested the smaller size
of PtNi in contrast to those of Pt, which was cetesit with the result of TEM images

for the two sample (Figure S3).

a) b)
Ni 2p,, Ni(Il), ;" 223;2
3 3
g & i \
= = iy
z = Nil)|
c c i
g & P
= = Satellite J |
&;ﬁ_ .
LONi

78 75 72 69 890 880 870 860 850
Binding energy (eV) Binding energy (eV)

Figure 2. a) The high-resolution Al 2p & Pt 4f XRfofiles of AbOs-PtNi and A}Os-Pt,

respectively; b) The high-resolution Ni 2p XPS exf of AL,Os-PtNi and AbOs-Ni, respectively.

It is well known that the dative bond of B-N in A8formed by the donation of the N
lone-pair electrons to the empty p-orbital of B[3Bhe difference in electronegativity) (
of the component hydrogen€2.20), nitrogen 4=3.04) and boron atomggE2.04)
result in the heterogeneous charge distributiagherNHBH3; molecule[37, 38]. Thus, the
H atoms attached to B are electronegative and thatteched to N are
electropositive[39-41]. As reported by Chandeq al.[42], during the catalytic
dehydrogenation of AB in aqueous solution over inetalyst, an activated complex
species between AB and the metal surface was forfiretd and then it was
immediately attacked byJ® molecules, leading to the dissociation of the Beawd.
The resulted Bglintermediate was hydrolyzed quickly to releasedgether with the
formation of borate ion. It has been reported thatmetal catalyst surface can react
with the H atom within AB molecules to form theigated complex species, which is
the prerequisite to generate hydrogen[13, 43, 4Bhsed on the above
dehydrogenation process of AB, a plausible mechantd catalytic hydrogen

evolution from AB over AIO;-PtNi is proposed, as shown in Figure 3. As evidenc
11/21
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by the XPS result in Figure 2, electron naturalgnsfers from a less electronegative
Ni atom to a more electronegative Pt atom, formangelectric dipole between the
neighboring Pt-Ni atom pair (Figure 3, left). Thewly generated local electric field
from the Pt-Ni dipole could affect the electron tdimution in the AB molecule
(Figure 3, middle), and the electron-redistribufe8l molecule may be more easily
interacted with the PtNi catalyst to form the aated complex(Figure 3, right).
Consequently, under the effect of Pt-Ni electrmot#, ALOs-PtNi is believed to display

higher catalytic activity toward the dehydrogenata AB in contrast to AlOs-Pt and

Al,03-Ni.
. B,\*"“ Electric Field
%)
> R Favoring the formation of
) Affecting the electron NH,;BH;-metal complex
.‘ redistribution in NH;BH, —
9 \)H;,B<—NH3*) ‘)HsB<—NH3‘)

A~ I8 =S
@ﬁé ©e—@ ¢—0

] \ Pt Ni 3 N

"@N ©B
Pt OH

Figure 3. The plausible process of catalytic debgdnation of AB over ADs-PtNi with the help
of the Pt-Ni dipole.

To verify the assumption mentioned above experiainthe catalytic activity
of the as-prepared ADs-Pt, ALOs-Ni, and AbOs-PtNi were evaluated by the catalytic
dehydrogenation of AB tests. Briefly, 4 mL of ABlston (2 mmol, 500 mM) was
added into a 6 mL dispersion of as-prepared cdtalyge H gas generated from the

catalytic hydrolysis of AB reaction was collecteda water-filled inverted measuring
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cylinder and measured every ten seconds. Figurshéavs the time course for
hydrogen production from the hydrolysis of AB. Ngdhogen was detected in the
hydrolysis experiment over ADs-Ni even after 290 s, suggesting that@4-Ni was
inactive for the catalytic hydrolysis of AB in owase. For both ADs;-Pt and
Al,O3-PtNi, it was clear that no introduction periodsra&vebserved for the catalytic
hydrolysis of AB over these two samples, and théammatio of generated #AB was
3/1 during the catalytic course, revealing the cletepdehydrogenation of AB. When
Al,O3-Pt was used as catalyst, it took 270 s to 100%rdpose AB with a TOF value
of 95.07 maly- (moky min)y* (Table S1). Compared with #ADs-Pt, ALOs-PtNi
provided a TOF of 315.17 mgt(mok: min)* (Table S1), which wasa. 3.32 times
that of ALOs-Pt, for the complete dehydrogenation of AB in 08ys, providing solid
evidence on the superior ability of 8l3-PtNi toward catalytic hydrolysis of AB. This
enhancement reasonably attributed to the effeBt-®di electric dipole, which would
be discussed later in this article in-depth. Sitmeedurability of the catalyst is also a
key parameter for its practical application, weoalgvestigate the stability of
Al,O3-PtNi by recycling the catalyst for six runs. A®sm in Figure 4b, although the
activity of Al,Os-PtNi showed a slight decrease, 100% AB was comlylet
decomposed in 4 min even after 6 runs, demonsgrahiat AbOs-PtNi possessed
excellent durability during the recycling experirhenhe slightly decreased activity
of Al,O3-PtNi may be due to the loss of catalytic materdising the separation
process of the catalyst after each run (the amoloatalyst was decreased from the

initial 50 mg to final 43 mg after the sixth run).
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Figure 4. a) Time course for hydrogen productioonfrAB over AbOs-Pt, ALOs-Ni, and

0.0033

1

2
Al,Os-PtNi, respectively; b) Durability test for the hhpgen generation from aqueous AB in the

3
4  presence of ADs-PtNi catalyst; c) Plot of times. hydrogen evolution from AB hydrolysis over
5  10-100 mg AJOs-PtNi at room temperature ([AB] = 200 mM); d) Padthydrogen generation rate
vs. the concentration of Pt, both in logarithmic sca&ePlot of timevs. the volume of hydrogen

gas generated from AB hydrolysis by 50 mg@PtNi at different temperatures; f) Arrhenius

6
plot of In[K] vs. the reciprocal reaction temperatd/T in the temperature range of 20°¢7

7

8
To study the reaction kinetics of AB hydrolysise time courses of hydrogen

9
evolution in the presence of As-PtNi with different mass were tested. When the

10
mass usage of ADs-PtNi was 10 mg, 20 mg, 50 mg, and 100 mg, the eatnation

11
of Pt in the reaction solution was 0.24, 0.48, 1a2@ 2.40 mM, respectively. As
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shown in Figure 4c, the time for completion of hylgsis AB was decreased with the
increase of catalyst mass from 10 to 100 mg, reawgathat the increased
concentration of Pt in the reaction solution caceterate the hydrolysis rate of AB.
Based on the results in Figure 4c, the reactioesré) can be determined from the
linear portion of each plot. Figure 4d shows thiatren between the reaction rates
and the Pt concentration in logarithmic scalealt be seen that the line slope is 1.04,
clearly demonstrating that the hydrolysis of AB viast-order with respect to the Pt
concentrations. Furthermore, we investigated thiecefof temperature on the
hydrogen evolution rate from the hydrolysis of A& shown in Figure 4e, the tests
of catalytic hydrolysis of AB over AOs;-PtNi were conducted at different
temperatures in the range of 20 to %7. It can be seen that the time for the
completion of hydrolysis of AB was decreased fro6® 1o 30 s when the reaction
temperature was increased from 20 ta°@7 with the TOF increased from 199.19 to
1106.61 mal,- (Mokr min)* (Table S2), clearly confirming that temperature tea
great influence on the hydrolysis kinetics of ABoidover, another parameter to
assess the effectiveness of the catalyst is touatelits ability in reducing the
activation barrier related to the hydrolysis of ABgure 4f shows the Arrhenius plots
of In[K] vs. the reciprocal reaction temperature 1/T in theperature range of 20-47
°C. From the corresponding Arrhenius plots, thevatitn energy of AlOs-PtNi was
calculated to be 45.679 kJ/mol. When comparing witbst reported Pt-based
catalysts, our samples displayed a comparableytiatglerformance in hydrolysis of

AB, as shown in Table S3.
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To further explore the role of the local electigld generated by the Pt-Ni dipole
in the process of AB hydrolysis, a series of Dgngtunctional Theory (DFT)
calculations were conducted. Bader charge analgsisaled thatca. 0.3 e was
transferred from Ni atoms to the neighboring Pivetan the (111) facet of PtNi, as
shown in Figure S8, which led to the formation ofNP dipole, consistent with the
XPS result (Figure 2). The absorption energy of &l HO molecule on the (111)
facet of PtNi was estimated to be ca. -0.919 eV-arib5 eV, respectively (Table S4),
revealing that AB molecule was preferentially absor on the PtNi (111) surface
instead of HO molecule. It can be seen that one of the H atanBld; group was
bonded to a surface Pt atom (Figure 5a). In afEeBH; molecule, the lengths of
B-H bond and B-N bond are 1.209 A and 1.649 A, eeipely (Table S7). Once the
AB molecule absorbed on PtNi(111) surface, DFT watons revealed that the B-H
and B-N bond length are 1.361 A and 1.602 A, whigh increased by 0.152 A and
decreased by 0.047 A relative to the free moleaelspectively. This suggested that
the B-H bond in the AB molecule was activated bpnity. Further, the influence of
the local electric field by the Pt-Ni dipole on t& molecule was simulated by
calculating the molecule in the external electigddf of 0.032 a.u.. With the external
electric field applied in the direction of the lbckeld, more negative charges
accumulated to the BHgroup (-0.334 |e| to -0.422|e|, Table S5), whichs w
transferred from Nklgroupvia the “B-N bond” channel (Figure 5b). The increased
negative charges in the H atom attached on B at0rh0690 |e| to -0.13776 |e|, Table
S6) could enhance the interaction between AB médgscand the vacant 5d band of Pt
in Pt-Ni dipole (Figure 5b), thus promoting therf@tion of the activated complex,
which is the prerequisite to generate hydrogenf®, 44]. The structure analysis
indicated that the electric field (0.032 a.u.) frddhatom to Pt atom made the B-N
bond length shorter (1.649 A to 1.613 A, Table $1),the B-H bond length became
longer (1.209 A to 1.224 A, Table S7), suggesthmag the local electric field can also
activate the B-H bond in AB molecule. These anayseygested that the activation of

AB molecule on the PtNi catalyst can be attributedhe local electric field assisted
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electronic structure of PtNi, thus enhancing theekt process of catalysis.

ay— ] b
eNi®s, ) Electric Field OE
@Pt ©H | e Tl A — RE
i ‘ N
| Tmnshrofebcﬂonsl
3 I

.............

Figure 5. a) The adsorption configuration of AB pwlle on PtNi (111) surface and b)
the proposed mechanism for the effect of Pt-Ni ldijmm the hydrolysis of AB.

4. Conclusion

In summary, compared with ADs-Pt, the TOF value toward the dehydrogenation of
AB was greatly enhanced when introducing the No At atoms to form PtNi alloy on
Al,Os. Due to the larger electronegativity of Pt thaattbf Ni atoms, the electron
donation from Ni atoms to Pt atoms led to the fdramaof electric dipole between a
neighboring Pt-Ni atom pair. In the external lofield generated by the Pt-Ni dipole,
the redistribution of electrons in AB molecule résd in the elongated B-H bond
length and the increased negative charges in th®id on BH group, contributing to
the activation of the B-H bond and the enhanceetaation between the AB molecule
and the Pt atom in Pt-Ni dipole. Therefore, thigque “electric-dipole” effect was the
reason for the higher catalytic activity of,8k-PtNi toward the dehydrogenation of
AB in contrast to AlO3;-Pt and A}Os-Ni. This work shed a light on the catalytic
process of the molecule with a permanent dipolesutite local field generated from
the electric dipole on the surface of alloy catalys
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Highlights

An electric dipole is formed between the neighboring Pt and Ni atom.

The Pt-Ni dipole generates alocal external electric field.

The electric field increases negative chargesin H atoms on BH3 group and B-H length.

The electric field helps to improve the interaction between AB molecule and Pt atom.

The electric dipole effect leads to the higher catalytic activity of Al,O;@PtNi.
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