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ABSTRACT: Catalysts based on metallic NPs have shown high activities in
heterogeneous catalysis, due to their high fractions of surface-active atoms,
which, however, will lead to the sacrifices in stability and recycle of catalysts.
In order to balance well the relationship between activity, stability, and
recovery, in this paper, we have constructed a 3D mesoporous sphere
structure assembled by N-doped carbon coated Ni/Pd NP heterojunctions
(Ni/Pd@N—C). This obtained Ni/Pd@N—C has shown high catalytic
activity, durability and recyclability for the hydrolytic dehydrogenation of
ammonia borane (AB). Further investigations, including experimental and
theoretical results, have shown that the unique structural features, the
synergistic effect between Ni and Pd, and the coating of N-doped carbon
layer are responsible for the good catalytic performance of Ni/Pd@N—C
mesoporous spheres.

[l Metrics & More | Q Supporting Information

1. INTRODUCTION

Heterogeneous catalysis, as a major technology in energy and
environmental fields, has attracted numerous attention.'
Tremendous efforts have been made to heterogeneous
catalysts based on metallic nanoparticles (NPs) due to their
excellent catalytic performances.” Narrowing down the particle
size of metallic NPs with enlarged fractions of surface atoms
has been proven as one of the most effect strategies to enhance
catalytic activities.” However, the decreased particle size can
lead to the sacrifices in stability and recovery of catalysts, which
are also the basic factors of heterogeneous catalysis.”
Therefore, we need to balance the relationship between the

by nanoparticles can inherit the high fractions of surface atoms
of the nanoparticles and maintain the accessibility and
availability of the surface atoms for the reacted molecules,
meanwhile, avoid the aggregation of metallic nanoparticles,
which can expose more active sites and maintain the stability
during the catalytic processes.” Moreover, the constructed 3D
structures have larger size distributions, which can be easily
separated from the reaction solution in heterogeneous
catalysis. Above all, by constructing 3D mesoporous structures
assembled by metallic NPs as catalysts, the relationship
between activity, stability and recovery can be well balanced.
However, despite of all the addressed merits, the studies on the

activity, stability, and recovery when designing metallic NP
catalysts.” As so far, the usage of capping agents has been
widely applied to make sure the good stability of metallic NP
catalysts during the catalytic processes, while this method are
unhelpful to the recovery and may cause possible decreases on
the activity due to the unclear surfaces.’ Metallic NPs
immobilized or grafted onto inorganic supports can improve
their stabilization and recycling ability, but this requires strong
metal—support interactions to avoid the aggregation of NPs.
Thus, far, a rational fabrication of metallic NP catalysts without
the usage of capping agents and supports, which have high
activity, stability, and recycling ability, are still highly desired.

Constructing three-dimensional (3D) mesoporous struc-
tures assembled by metallic nanoparticles and with controlled
shapes seems to be a good option for catalysts to meet the
above-mentioned targets. 3D mesoporous structures assembled
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fabrication of such 3D mesoporous structures are very rare,
because of the big challenges in the synthesis processes.
Therefore, it is very necessary to find a strategy to fabricate
such 3D mesoporous structures based on metallic nano-
particles.

Moreover, the activity of the metallic NP-based catalysts
should be further improved, in addition to the strategy of
exposing large amounts of surface atoms. As another effective
strategy, constructing bimetallic composites, which can provide
synergistic effects between the two compositions by modifying

Received: December 11, 2019

https://dx.doi.org/10.1021/acs.inorgchem.9b03607
Inorg. Chem. XXXX, XXX, XXX—XXX


https://pubs.acs.org/action/doSearch?field1=Contrib&text1="Yusheng+Yuan"&field2=AllField&text2=&publication=&accessType=allContent&Earliest=&ref=pdf
https://pubs.acs.org/action/doSearch?field1=Contrib&text1="Liming+Sun"&field2=AllField&text2=&publication=&accessType=allContent&Earliest=&ref=pdf
https://pubs.acs.org/action/doSearch?field1=Contrib&text1="Guanzheng+Wu"&field2=AllField&text2=&publication=&accessType=allContent&Earliest=&ref=pdf
https://pubs.acs.org/action/doSearch?field1=Contrib&text1="Yaya+Yuan"&field2=AllField&text2=&publication=&accessType=allContent&Earliest=&ref=pdf
https://pubs.acs.org/action/doSearch?field1=Contrib&text1="Wenwen+Zhan"&field2=AllField&text2=&publication=&accessType=allContent&Earliest=&ref=pdf
https://pubs.acs.org/action/doSearch?field1=Contrib&text1="Xiaojun+Wang"&field2=AllField&text2=&publication=&accessType=allContent&Earliest=&ref=pdf
https://pubs.acs.org/action/doSearch?field1=Contrib&text1="Xiguang+Han"&field2=AllField&text2=&publication=&accessType=allContent&Earliest=&ref=pdf
https://pubs.acs.org/action/doSearch?field1=Contrib&text1="Xiguang+Han"&field2=AllField&text2=&publication=&accessType=allContent&Earliest=&ref=pdf
https://pubs.acs.org/action/showCitFormats?doi=10.1021/acs.inorgchem.9b03607&ref=pdf
https://pubs.acs.org/doi/10.1021/acs.inorgchem.9b03607?ref=pdf
https://pubs.acs.org/doi/10.1021/acs.inorgchem.9b03607?goto=articleMetrics&ref=pdf
https://pubs.acs.org/doi/10.1021/acs.inorgchem.9b03607?goto=recommendations&?ref=pdf
https://pubs.acs.org/doi/10.1021/acs.inorgchem.9b03607?goto=supporting-info&ref=pdf
https://pubs.acs.org/doi/10.1021/acs.inorgchem.9b03607?fig=tgr1&ref=pdf
pubs.acs.org/IC?ref=pdf
https://pubs.acs.org?ref=pdf
https://pubs.acs.org?ref=pdf
https://dx.doi.org/10.1021/acs.inorgchem.9b03607?ref=pdf
https://pubs.acs.org/IC?ref=pdf
https://pubs.acs.org/IC?ref=pdf

Inorganic Chemistry

pubs.acs.org/IC

Ligand

+ DMF+EtOH+H:0
—
150°C, 6h

N
Pyrolysis

450°C, N2

Ni{NO:}2+6Hz0

b

NIO@N-C

Reduction Loading Pd
-
450°C, Hz 300°C, 3h

Intensity(a.u.)

2theta (degree)

2 It
gsn_gll.ll.
g i
<
2
-
< 40
<
£
=
| Ni: PDF No, (0-004-0850 .: y‘:‘
|, Pd: PDF No. 03-065-6174 N i
30 40 50 70 80 00 02 04 06 08 10

Relative Pressure (P/P))

Figure 1. (a) Schematic illustration of the synthetic process of Ni/Pd@N—C hierarchical mesoporous sphere; typical SEM image of (b) Ni
coordination compound, (c) NIO@N-C, (d) Ni@N—C, and (e) Ni/Pd-2@N—C; (f) the XRD pattern of Ni/Pd-2@N—C; (g) N, adsorption/

desorption isotherms and BJH pore size distribution of Ni/Pd-2@N—C.

electronic structures, has been studied well for their abilities to
improve the catalytic activities of monometallic NPs.” In
particular, when transition metals (such as Fe, Co, and Ni) are
combined with noble metal NPs, the cost can be decreased
together with the enhanced catalytic activity, making them as
more attractive catalysts.'’ In this paper, we have successfully
fabricated a 3D mesoporous structure assembled by Ni—Pd
bimetallic NP heterojunctions, i.e., Ni/Pd@N—C, which is
coated by a thin layer of N-doped carbon. Except the
advantages of morphology and Ni/Pd heterojunctions, the
existence of N-doped carbon can show benefits to the
adsorption of substrate, further facilitating the catalytic
processes.' Herein, we have chosen the dehydrogenation of
ammonia borane as the model reaction to evaluate the catalytic
performance of the obtained Ni/Pd@N—C mesoporous
spheres. The higher activity, recyclability, and durability of
the obtained catalyst can be attributed to the favorable feature
of a mesoporous structure assembled by NPs, the synergistic
effect between Ni and Pd, and the coating of N-doped carbon
layers. The influences of synergistic effect between Ni and Pd
on the catalysis have been proved by preparing Ni/Pd@N—-C
mesoporous spheres with different ratios as catalysts. In
addition, both the experimental and calculation results have
revealed that the coating of N-doped carbon layer can play a
positive role on the catalysis by facilitating the adsorption of
water in the hydrolytic process of AB and decreasing the
activation energy of the reaction.

2. EXPERIMENTAL DETAILS

Preparation of Ni/Pd@N—C. Ni/Pd@N—C microsphere
were synthesized via the reduction process of the obtained
Ni@N—C porous microspheres (0.0100 g) with sodium
tetrachloropalladate(II) (0.004 g) at an aqueous solution.
After a reaction at 30 °C for 3 h, the products were collected
via centrifugation and washed several times with deionized
water and ethanol, then dried at 60 °C overnight.

Procedures for the Hydrolysis of AB. The method used
for evaluating hydrogen evolution from the hydrolysis of AB
was as previously reported.'” In brief, the as-synthesized
catalyst (18 mg) and 1 mL of H,O mixture was carefully
poured into a two-necked flask, which was placed in a water
bath under ambient atmosphere. A gas buret filled with water
was connected to the two-necked flask to collect the generated
gas. After 1 mL of H,O solution containing AB (1 mmol) was
added to the flask, the catalytic reaction started and the yield of
generated H, was recorded by reading the volume of the
displacement of water in the gas buret. AB methanolysis was
finished when no more gas was generated. Generally, AB
methanolysis can be expressed as

NH,BH, + 2H,0 — NH,BO, + 3H,

3. RESULTS AND DISCUSSION

Figure 1a illustrates the detailed formation process of N-doped
C-coated Ni/Pd (Ni/Pd@N—C) hierarchical mesoporous
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Figure 2. (a) TEM image of Ni/Pd-2@N—C mesoporous spheres, (b) higher magnification TEM image of Ni/Pd-2@N—C mesoporous spheres,
(c) HRTEM image of Ni/Pd-2@N—C mesoporous spheres, (d) the corresponding SAED pattern, and (e—i) STEM image and EDX elemental

mapping of Ni/Pd-2@N—C mesoporous spheres.

spheres. First, Ni coordination compound with hierarchical
mesoporous sphere structure is synthesized according to the
previous reported strategy. The experimental details can be
found in the Supporting information. Scanning electron
microscopy (SEM) images reveal that Ni coordination
compound is composed of high monodispersed and uniform
mesoporous microspheres (Figure 1b, Figure Sla). EDX
elemental mapping images show that the Ni, O, C and N
elements are well dispersed in Ni coordination compound
microspheres (Figure S1b—f). After calcining Ni coordination
compound at 450 °C for 2 h in a nitrogen atmosphere, NiO@
N doped C with maintained morphology can be obtained,
which is shown in SEM image (Figure lc, Figure S3a). The
XRD pattern (Figure S2) confirms the presence of cubic NiO
phase. The EDX elemental mapping (Figure S3b—f) can
indicate the uniform distribution of Ni, O, C and N elements
in NiIO@N—C microspheres. After reduction treatment in Ar/
H, atmosphere, cubic NiO phase can be directly converted
into cubic Ni phase (Figure S4a). SEM images (Figure 1d and
Figure S4b) indicate that the as-synthesized Ni@N—C
products are still hierarchical mesoporous spheres composed
of Ni, C, and N elements (Figure S4c—f), but those
mesoporous spheres are assembled by nanoparticles due to
the absence of O atoms after the reduction process. The
deposition of Pd on Ni@N—C can obtained by a galvanic
exchange reaction and immersing Ni@N—C mesoporous
spheres in a solution containing palladium salts at 60 °C.
Duo to the reducibility of metal nickel, Pd** ions are reduced

to metallic Pd. As shown in Figure le is the SEM image of Ni/
Pd-2/N doped C particles with specific ratio of Ni/Pd, which
maintain the hierarchical mesoporous sphere morphology of
the precursors. Their XRD pattern (Figure 1f) shows the peaks
assigned to cubic Ni and cubic Pd phases. Brunauer—Emmett—
Teller (BET) measurement (Figure 1g) confirms the porosity
of Ni—Pd-2@N—C sample, with a surface area of 59.8 mz/g,
and the Barrett—Joyner—Halenda (BJH) pore size distribution
is not concentrated due to the presence of different kinds of
pores (inset of Figure 1g).

The Ni/Pd-2@N—C hierarchical mesoporous spheres have
been further characterized by transmission electron micros-
copy (TEM) to understand the detailed structural information
and components. From Figure 2a, we can see that the
projection appearance of Ni/Pd-2@N—C are mesoporous
sphere structures assembled with small nanoparticles, well
consistent with the SEM image. A higher-magnification TEM
image (Figure 2b) reveals that these small nanoparticles are
below 10 nm and coated with amorphous carbon (marked with
blue curves). The high-resolution TEM (HRTEM) image
(Figure 2c) shows the connected lattice spacings of 0.203 and
0.223 nm, which should be attributed to the (111) facets of
cubic Ni and cubic Pd, respectively. HRTEM image clearly
shows a heterojunction between Ni and Pd nanoparticles. The
corresponding selected-area electron diffraction (SAED)
pattern (Figure 2d) shows two sets of diffraction rings assigned
to the cubic Ni and cubic Pd phases, indicating the
polycrystalline property of Ni/Pd-2@N—C microspheres. A
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Figure 3. High-resolution XPS spectra of Ni/Pd-2@N—C mesoporous spheres, (a) Ni 2p, (b) Pd 3d, (c) C 1s, and (d) N Is.

typical HAADF-STEM image (Figure 2e) and its correspond-
ing elemental mapping images (Figure 2f—i) clearly show the
dispersion of Ni, Pd, C, and N elements. The uniform
distributions of Pd and N suggest the uniform deposition of Pd
nanoparticles and the uniform doping of N into carbon layers.
According to the above results, Ni/Pd-2@N—C can be
identified as N-doped carbon layer coated Ni/Pd nanoparticle
heterojunctions with hierarchical mesoporous sphere morphol-
ogy.

Moreover, the chemical valence and electronic structure of
Ni/Pd-2@N—C hierarchical mesoporous spheres have been
characterized by X-ray photoelectron spectroscopy (XPS). The
survey XPS spectrum of the sample shows the existence of Ni,
Pd, C, and N elements (Figure SS). The high resolution XPS
spectrum of Ni 2p (Figure 3a) indicates that the peaks at 855.9
and 861.6 eV are in agreement with the Ni** 2p,,,, and the
peaks at 873.9 and 879.9 eV correspond to the Ni** 2p, ,, due
to the surface oxidation of metallic Ni. The peaks at 852.7 and
871.8 eV are belong to Ni’, consistent with the XRD and TEM
results. Figure 3b shows the high resolution spectrum of Pd 3d,
which clearly indicates the existence of Pd’ with the peaks
centered at 335.4 and 340.7 eV. The C 1s spectrum for Ni/Pd-
2@N—C presented in Figure 3¢ can be deconvoluted into four
major peaks, which correspond to the sp2 C (284.5 €V), N-sp2
C (285.1 eV), N-sp3 C (285.9 eV), and C—O bonds (288.5
V). The high resolution N 1s spectrum (Figure 3d) can be
attributed to N-Graphene (402.6 V). The above XPS results
further revealed the Ni/Pd heterojunctions are coated by N-
doped carbon in the Ni/Pd-2@N—C mesoporous sphere
sample.

In order to evaluate the catalytic performance of the
obtained Ni/Pd-2@N—C mesoporous spheres, hydrolytic
dehydrogenation of ammonia borane (AB), which is an
important hydro§en storage system, has been chosen as the
model reaction.'” As shown in Figure 4a is the hydrogen
evolution curves from 1 mmol AB of the Ni/Pd-2@N—-C

sample, together with the control samples of Ni/Pd-2
mesoporous spheres without N-doped carbon coating (Figure
$6), Pd nanoparticles (Figure S7), Ni@N—C and NiO@N—-C
(with no activity) mesoporous spheres. Compared with the
other samples, Ni/Pd-2@N—C can release a stoichiometric
amount of hydrogen (72 mL) within 3.41 min, indicating its
highest hydrogen evolution rate and even higher than the Pd
nanoparticles. The best activity of Ni/Pd-2@N—C mesopo-
rous spheres can be attributed to the unique structural feature,
the synergistic effect between Ni and Pd, and the coating of N-
doped carbon. Moreover, Ni/Pd-2@N—C as the catalyst has
expectedly shown good cycle stability (Figure 4b), which
should be owning to its 3D mesoporous sphere structure. The
SEM and XRD measurement of Ni/Pd-2@N—C (Figure S8)
after five catalytic cycles have further indicated its good
durability.

Ni/Pd@N—C mesoporous microspheres with different
metallic ratios, ie., Ni/Pd-1@N—C (Figure S9) and Ni/Pd-
3@N—C (Figure S10), have been synthesized as the catalysts
of the dehydrogenation of AB to investigate the influence of
synergistic effect between Ni and Pd (Figures 4, parts b and c).
The metal ratios of different samples have been displayed by
Table S1. The volcano shape distribution of hydrogen
evolution rate toward the metallic ratios of Ni/Pd clearly
indicates the synergistic effects between Ni and Pd, and the
highest hydrogen evolution rate of Ni/Pd-2@N—C indicates
its feeding amount of Pd as the optimized amount. In order to
give more adequate evidence about the synergistic effect and
rule out the influence of N-doped C, we have also compared
the catalytic activity of Ni/Pd-2, Ni (product obtained with Ni
@N—C as the calcined precursor, Figure S11), and Pd. Ni/Pd-
2 has displayed the highest activity toward the dehydrogen-
ation of AB, which can further reveal the synergistic effect of
Ni and Pd (Figure S12). In addition, the positive role played
by the coating of N-doped carbon has been clarified by the
better activity of Ni/Pd-2@N—C sample than Ni/Pd-2 sample.
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Figure 4. (a) Time course plots for the hydrolysis of AB by using Ni/Pd-2@N—C, Ni/Pd-2, Pd, and Ni@N—C as catalysts at 298 K, (b) time
course plots for the hydrolysis of AB by using Ni/Pd-1@N—C, Ni/Pd-2@N—C and Ni/Pd-3@N—C as catalysts, (c) hydrogen production rate
with various catalysts for the hydrolysis of AB, (d) time course plots for the hydrolysis of AB at different temperatures by using Ni/Pd-2@N—C
catalysts, (e) the Arrhenius plots for the reaction activation energy E, by using Ni/Pd-2@N—C and Ni/Pd-2 catalysts, and (f) the cycle stability of

Ni/Pd-2@N—C catalyst.

Hydrogen evolution rates measured at different temperature
have been shown in Figure 4d and Figure S13 for Ni/Pd-2@
N—C and Ni/Pd-2, respectively, which indicate temperature-
dependences. From the Arrhenius plots calculated from
hydrogen evolution rates as the rate constant (Figure 4e),
activation energy with Ni/Pd-2@N—C have been determined
to be 18.46 kJ mol ™", which is lower than its counterpart with
Ni/Pd-2 as the catalyst (26.19 k] mol™"). These experimental
have revealed the positive influence of N-doped carbon on the
catalytic process of dehydrogenation of AB. Ni/Pd-2@N-C
catalyst also exhibited high cycle stability for hydrolytic
dehydrogenation of AB (Figure 4f).

In order to intrinsically understand the lower activation
energy of the N-doped C coated Ni/Pd catalyst, theoretical
calculation has been conducted. According to the proposed
catalytic mechanism of hydrolysis of AB,"* the breaking of O—
H bond has been determined as the rate-determining step.
Therefore, the adsorption of H,O molecular on Ni (111), Pd
(111), graphite (001) surfaces, and N-doped graphite (001)
surfaces has been investigated by the density functional theory
(DFT) calculations, and the corresponding stable adsorption
configurations are shown in Figure S and Figure S14. The
adsorption energies of H,O adsorbing on Ni (111), Pd (111),
graphite (001) surfaces, and N-doped graphite (001) surfaces
have been calculated to be —1.54, —1.75, —3.38, and —3.36 eV,

respectively. The small difference between the adsorption
energies of H,O on graphite (001) surfaces and N-doped
graphite (001) surfaces indicates that the doping of N element
on the carbon layer has little influence on the adsorption of
water. The corresponding distances between adsorbed H,O
and Ni (111), Pd (111), N-doped graphite (001) surfaces are
2.52,2.32, and 1.78 A, respectively. Combined with adsorption
energies and distances, it could be concluded that the
adsorption of N-doped graphite (001) surface to H,O
molecular is stronger than that of Ni (111) and Pd (111)
surfaces, which was attributed to the strong interaction
between N—O covalent bond, leading to the lower activation
energy of the Ni/Pd-2@N—C than Ni/Pd-2.

4. CONCLUSIONS

In conclusion, we have prepared a unique 3D mesoporous
sphere structure assembled by N-doped carbon coated Ni/Pd
NP heterojunctions (Ni/Pd@N—C), which has shown great
catalytic performance toward the hydrolytic dehydrogenation
of AB. The unique morphology of 3D mesoporous structure
assembled by metallic NPs, which affords a relative large
surface area and exposes high fractions of active sites, the
synergistic effect between Ni and Pd, and the coating of N-
doped carbon are the reasons that responsible for the high
activity of Ni/Pd-2@N—C with an optimized feeding amount
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a

Figure 5. Geometry of H,O adsorbed on Ni (111) surface (a), Pd
(111) surface (b), and N-doped graphite (001) surface (c). The
bluish violet, deep green, gray, red, and white balls represent Ni, Pd,
C, O, and H atoms, respectively.

of Pd. Theoretical calculations have verified that N-doped
carbon layer can facilitate the adsorption of water and help
improve the catalytic activity of Ni/Pd-2@N—C over the
hydrolytic dehydrogenation of AB. Furthermore, with the
obtained 3D mesoporous spheres of Ni/Pd-2@N—-C as
catalysts, good stability and recyclability can also be obtained.
Therefore, we, herein, provide a new avenue for the fabrication
of metallic NP-based catalysts for heterogeneous catalysis,
which can well balance the relationship between activity,
stability, and recovery.
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