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Catalytically active Rh species stabilized by
zirconium and hafnium on zeolites†

Yue Song,a Tianjun Zhang,a Risheng Bai, *a Yida Zhou,a Lin Li,b Yongcun Zoua and
Jihong Yu *a,c

Supported subnanometric metal species and metal nanoparticles, prepared through the impregnation

method, are widely used in industrial catalysis, but suffer from poor stability of the metal species to sinter-

ing at high reaction temperatures. Here, we report that hafnium (Hf) could stabilize rhodium (Rh) metal

species supported on zeolites by forming Rh–[O]x–Hf species to resist sintering in an oxidizing or redu-

cing atmosphere at high temperatures (600–700 °C). The resulting RhHf/S-1 is highly efficient in generat-

ing H2 from the hydrolysis of ammonia borane (AB), exhibiting a turnover frequency (TOF) of 363 molH2

molRh
−1 min−1 at 25 °C, which is more than 3-fold improvement over that of Hf-free Rh/S-1 (119 molH2

molRh
−1 min−1). The catalyst also shows superior catalytic activity in the cascade reactions of AB hydrolysis

and the hydrogenation of various nitroarenes. Besides the Hf atoms, zirconium (Zr) atoms can also

prevent the sintering of precious metal atoms. This sinter resistant strategy can also be extended to plati-

num (Pt) and ruthenium (Ru) atoms and other supports such as commercial SiO2. This work provides a

facile strategy for dispersing and stabilizing precious metal clusters with Zr and Hf additives by a simple

impregnation method which will be important for many catalytic processes.

1. Introduction

Supported catalytically active precious metal species, including
isolated metal sites, clusters, and nanoparticles, have been
widely used in producing clean fuels, chemicals, pharmaceuti-
cals, etc.1–5 The size of the metal species has a great influence
on their specific surface area, the number of active sites, their
electronic structures, the interaction strength with the
support, and thus their catalytic performances.6–8 However,
the sintering of the metal species is an undesirable phenom-
enon that is involved in catalytic reactions (especially at high
temperatures), and results in severe catalyst deactivation.
Coalescence and Ostwald ripening are two pathways of metal
sintering, which are thermodynamically driven by reducing
the chemical potential of the surface atoms.9–12 Improving the
chemical bond strength at the metal–support interface can
delay the sintering process to a certain extent. This can be

achieved by selectively fixing the metal substance on a specific
surface of the oxide or coating the metal substance with an
oxide shell.13 However, this kind of catalyst usually requires
reducible oxide supports (e.g., CeO2, Co3O4, and FeOx), which
exhibit abundant surface oxygen vacancies and can form
“strong metal–support interactions”,14–18 while excluding the
irreducible commercial oxides (SiO2 and Al2O3), due to the
poor reducibility and over-stable surface composition.19–21 The
difficulty in properly matching different metals and different
oxides limits the further generality of this method. Physical
confinement is another effective method for restraining the
metal sintering, especially at temperatures beyond the
Tamman temperature of the metal.3,10 Porous matrices, such
as zeolites, MOFs, etc., have been widely investigated as protec-
tive matrices, and could not only confine the metal species
from sintering but also impede the atom detachment from the
support by passivating the susceptible sintering sites.22–27

However, the narrow opening of the micropores limiting the
access of large molecules to the metal species that are con-
fined in the zeolite channels or cages, and the difficulty in con-
trolling the size of the metal species are two aspects that
should be overcome and cannot be ignored.28,29 Therefore,
preparing sinter-resistant supported precious metal catalysts
on carriers with open structures, especially the irreducible
ones, is challenging.

It has been demonstrated that the presence of secondary
elements, such as Zn, Sn, Co, Bi, Na, and K, could substan-
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tially modulate the electronic structures of precious metals
(e.g., Pt and Au), and thus their catalytic performances.30–33

Flytzani-Stephanopoulos and co-workers reported that the
presence of alkali ions (Na or K) could stabilize the Pt and Au
in the Pt–alkali–Ox(OH)y and Au–O(OH)x–(Na or K)y ensembles,
respectively, even with the irreducible SiO2 or Al2O3 as the
supports.33,34 The existing alkali could stabilize and provide
the oxygen-containing species (OH) to the Pt and Au atoms
and stabilize the metal atoms in their oxide form, which
showed excellent catalytic performances in the low-tempera-
ture water–gas shift reaction. Recently, Si and co-workers
showed that bismuth (Bi) could act as a dopant to form a plati-
num-bismuth cluster on silica; the formed partially oxidized
Pt–[O]x–Bi structure has been proven to be the active site for a
CO oxidation reaction, which could moderate the adsorption
toward CO and activate CO molecules through the electron
transfer between Pt and CO, thus showing outstanding cata-
lytic performance.35 However, there is still a lack of studies to
extend the above findings to other precious metals, such as
rhodium (Rh) and ruthenium (Ru), which might be neither
obvious nor anticipated. In this respect, taking advantage of
the modulation effect of the secondary element, the sintering
of the subnanometric Rh/Ru species or nanoparticles can be
alleviated.

In this work, we demonstrate that zirconium (Zr) and
hafnium (Hf) can act as a dopant to constrain the sintering of
precious metal atoms (Rh, Ru, and Pt) by forming partially oxi-
dized species (for example, Rh–[O]x–Hf). Supported catalysts
were prepared with irreducible MFI zeolites (pure siliceous sili-
calite-1 and aluminosilicate ZSM-5) as supports by an incipient
wetness impregnation method. The dopant of Hf stabilizes the
Rh clusters by forming a Rh–[O]x–Hf structure on the surface
of the Rh cluster, which dramatically limited the migration of
Rh atoms or nanoparticles under high temperature conditions.
Compared with the Rh/S-1 catalyst that is free from the modifi-
cation of Hf, the RhHf/S-1 catalyst exhibited extraordinary
sinter resistance in oxide or redox atmospheres and demon-
strated superior catalytic performance in the ammonia borane
(AB, NH3BH3) hydrolysis as well as the corresponding cascade
nitroarene hydrogenation reactions.

2. Results and discussion

Scheme 1a and b depict the schematic illustration of the syn-
thesis process of ultrasmall noble metal clusters (represented
by Rh, RhHf, and RhZr) supported on MFI zeolites through an
incipient wetness impregnation method. A silicalite-1 (S-1)
zeolite support was prepared with tetrapropylammonium
hydroxide (TPAOH) as the organic template with a gel compo-
sition of SiO2 : 0.2 TPAOH : 35 H2O under hydrothermal con-
ditions at 170 °C for one day, which displays a coffin-like mor-
phology with a size of ∼250 nm (Fig. S1†). Rh, RhHf, and RhZr
clusters were immobilized on the S-1 support by impregnation
with RhCl3 solution or a mixture of RhCl3 and ZrCl4/HfCl4
solutions in zeolites, followed by reduction in H2 at 400 °C for

2 h. The prepared samples are named Rh/S-1, RhZr/S-1, and
RhHf/S-1, respectively. The powder X-ray diffraction (XRD) pat-
terns (Fig. S2†) and N2 adsorption–desorption isotherms
(Fig. S3 and Table S1†) of all the Rh supported zeolite samples
exhibit characteristic diffraction patterns of MFI topology and
high crystallinity. Due to the ultrasmall sizes, low loading
amounts, and relatively uniform dispersions, no typical diffrac-
tion peaks of metallic Rh in these Rh-loaded samples were
detected.

As measured by the inductively coupled plasma-optical
emission spectroscopy (ICP-OES), Rh loading amounts are
0.45 and 0.32 wt% for RhZr/S-1 (Zr: 0.68 wt%) and RhHf/S-1
(Hf: 1.43 wt%), respectively, higher than that of Rh/S-1 (Rh:
0.12 wt%) (Table S1†). Notably, before the high-temperature
reduction treatment, the content of Rh in both RhHf/S-1 and
Rh/S-1 is 0.49 wt% (similar to the theoretical value of
0.50 wt%), while after the high-temperature treatment process,
the RhHf/S-1 sample exhibits higher Rh loading amounts than
Rh/S-1 (0.32 vs. 0.12 wt%), indicating that the presence of Hf
could facilitate the immobilization of Rh on S-1 zeolite
support and suppress the loss of Rh during high temperature
treatment. Significantly, the presence of Zr/Hf within the
impregnation solution could dramatically influence the size of
the Rh species. Scanning transmission electron microscopy
(STEM) and transmission electron microscopy (TEM) images
of the Rh/S-1 zeolite sample show that the supported Rh nano-
particles are mainly in the range of 2–6 nm (Fig. 1a–d and
Fig. S4†), while Rh clusters of 1.6–1.7 nm with narrow size dis-
tribution are detected in RhHf/S-1 and RhZr/S-1 zeolite
samples (Fig. 1e–l and Fig. S5, S6†). The corresponding energy
dispersive spectroscopy (EDS) mappings for Rh, Hf, Zr, and Si
of RhHf/S-1 or RhZr/S-1 zeolite samples reveal that the Rh and
Hf/Zr elements are uniformly distributed throughout the S-1
zeolite support without evident separation (Fig. S7 and S8†).
The above results clearly indicate that Zr or Hf species could
prevent the sintering of Rh metallic particles on the MFI zeolites.

1H and 29Si MAS NMR spectroscopy were applied to investi-
gate the Si and Si–OH species of the prepared Rh-supported
zeolite samples. As shown in Fig. 2a, the 29Si MAS NMR

Scheme 1 Schematic illustration of the formation process of (a) RhZr/
S-1, RhHf/S-1, and (b) Rh/S-1 zeolite samples through the wetness
impregnation method.
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spectra reveal that all these silicalite-1 zeolite samples exhibit
predominant signal peaks at −110 to −115 ppm, which are
ascribed to the Si(4Si) species, suggesting that the introduc-
tion of Hf and/or Rh species does not disturb the structural
integrity of the zeolite framework. The 1H MAS NMR spec-
troscopy was applied to study the silanol groups in the pre-
pared samples (Fig. 2b). The peaks at the chemical shifts of
2.0 ppm, 2.6 ppm, and 3.0–4.3 ppm are ascribed to the iso-
lated Si–OH, geminal or vicinal Si–OH, and H-bonded silanol
groups, respectively.36–38 As can be seen, the immobilization of
Rh and Hf species could lead to the decrease of the silanol
groups, suggesting that the silanol groups take the responsibil-
ity to immobilize the Rh and/or Hf species. 1H-29Si CP-MAS
NMR spectra further reveal the existence of abundant silanol
groups in zeolite samples, even after the immobilization of the
Rh and/or Hf species (Fig. 2c). UV-visible (UV-vis) spectroscopy

indicates that Hf/S-1 exhibits absorption bands at 200 nm and
220–260 nm, which are ascribed to the isolated Hf(IV) and
HfOx clusters, respectively.39–41 The Rh/S-1 sample shows
absorption bands at 260 nm and 320 nm, ascribed to the Rh–
O charge transfer and the 1A1g →

1T1g transition, respectively.
42

Thus, the absorption bands of RhHf/S-1 at 200 nm and
260 nm can be the superposition of two different bands
(Fig. 2d). We infer that the oxygen from the Si–OH groups may
form covalent bonds with Rh3+ and Hf4+ ions during the high
temperature treatment under a H2 atmosphere at 400 °C,
resulting in the formation of RhOx and HfOx.

To identify the electronic states of the supported metal
species, X-ray photoelectron spectroscopy (XPS) measurements
were performed. The peaks at 307.5 and 312.3 eV corres-
ponding to the Rh 3d5/2 and Rh 3d3/2 of Rh0 can be observed
in Rh/S-1 (Fig. 3a).43 Notably, the corresponding two peaks
marginally shift to higher binding energies of 307.9 and 312.7
eV in the RhHf/S-1 sample, suggesting that the Rh species in
RhHf/S-1 exhibits a higher valence state than that in the Rh/
S-1 sample, and the Rhδ+ species accounts for 16% of the total
Rh amount (Table S2†).

The X-ray absorption fine structure (XAFS) technique was
used to identify the local structure of Rh clusters in Rh/S-1 and
Hf-promoted RhHf/S-1 samples. In comparison to Rh foil, the
slightly higher white-line intensity in the Rh K-edge X-ray
absorption near-edge structure (XANES) spectra of the Rh/S-1
and RhHf/S-1 samples indicates the presence of the oxidized
state of Rh in these samples (Fig. 3b). The enhanced valence
state of Rh may be ascribed to the formed ultrasmall clusters
and the interaction between the Rh and the skeleton oxygen
atoms of the silicalite-1 support. Moreover, in the case of
RhHf/S-1, the enhancement of the valence state of Rh may be
ascribed to the interaction between Rh with Hf and/or Hf
oxide species grafted on the S-1 support through the abundant
oxygen around the Rh atom. The extended X-ray absorption
fine structure (EXAFS) fitting results show the existence of a
Rh–O shell (R ≈ 2.04 Å, CN ≈ 1.7) and a Rh–Rh shell (R ≈
2.69 Å, CN ≈ 6.3) in the Rh/S-1 zeolite sample; while in the
RhHf/S-1 zeolite sample, besides the major Rh–O shell (R ≈
2.02 Å, CN ≈ 1.5) and the Rh–Rh shell (R ≈ 2.67 Å, CN ≈ 4.4),
an apparent Rh–O–Hf component (R ≈ 3.54 Å, CN ≈ 1.6) is
also present, indicating the existence of the Rh–[O]x–Hf struc-
ture. The lower coordination number of Rh–Rh in the RhHf/
S-1 sample suggests that the Rh clusters in the sample are
smaller than that in Rh/S-1, which is in accordance with the
TEM results. Besides, the distance between the Rh–Rh atoms
in the RhHf/S-1 sample is slightly shorter than that in the Rh/
S-1 sample (2.67 Å vs. 2.69 Å), implying that the formation of
Rh–O–Hf species leads to the lattice contraction of the Rh clus-
ters,44 which might be due to the strong interactions in the
Rh–O–Hf species (Fig. 3c, Fig. S9, and Table S3†).

Furthermore, the nature of the Hf species in the RhHf/S-1
sample was also investigated through Hf L3-edge XAS. XANES
analysis shows that the Hf species are in the oxidation state for
the RhHf/S-1 sample (Fig. 3d). We also studied the XPS spectra
of Hf for HfO2, Hf/S-1, and RhHf/S-1 samples (Fig. 3e). The Hf/

Fig. 1 STEM images and the corresponding size distributions of Rh par-
ticles of different Rh–zeolite samples after reduction with H2 at 400 °C.
(a–d) Rh/S-1, (e–h) RhHf/S-1, and (i–l) RhZr/S-1. Scale bars, 50 nm. The
average particle size of the metal clusters is calculated according to the
formula dTEM = ∑nidi

3/∑nidi
2, where ni represents the particle number

with a size of di.

Fig. 2 (a) 29Si MAS NMR, (b) 1H MAS NMR, (c) 1H-29Si CP-MAS NMR,
and (d) UV-vis spectra of the impregnated S-1 zeolite samples.
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S-1 sample shows the Hf 4f7/2 and Hf 4f5/2 peaks at 17.0 and
18.7 eV, which are close to the peaks in HfO2 (17.1 and 18.8
eV), indicating the oxidation state of the Hf species in the
sample. In addition, in the RhHf/S-1 sample, the Hf 4f7/2 and
Hf 4f5/2 peaks shift to lower binding energies (16.8 and 18.5
eV), suggesting that the electrons may transfer from Rh to Hf
in the RhHf/S-1 sample. Based on the above-mentioned
results, we present a schematic illustration of Rh–Hf clusters
supported on the S-1 zeolite, mainly demonstrating the pres-
ence of Rh–[O]x–Hf species and the interaction between Rh
and Hf (Fig. 3f).

The thermal stability of the Rh/S-1 and RhHf/S-1 samples
was investigated through high temperature treatment under a
H2–O2 cycle atmosphere at 600 °C. After five cycles of
reduction–oxidation treatment at 600 °C, the size of bimetallic
RhHf clusters in RhHf/S-1 increased by 12.5% from 1.6 nm to
1.8 nm; while the Rh nanoparticles in Rh/S-1 increased by
30% (from 3.3 nm to 4.3 nm) (Fig. S10 and S11†). To investi-
gate the hydrothermal stability of the prepared Rh-supported
samples, steam aging treatment was performed at 700 °C with
N2 flow containing 10 vol% of water vapor for 1 hour. The
average metal size of the RhHf clusters in RhHf/S-1 increased
from 1.6 to 1.7 nm (Fig. S12†). In contrast, the Rh nano-
particles in the Rh/S-1 sample underwent severe aggregation,
with the particle size increasing from 3.3 to 5.3 nm (Fig. S13†).
The XRD patterns indicate that the crystallinity of the zeolite
supports remains intact after the high temperature treatment
(Fig. S14†). The above results further indicate that the presence
of Hf could significantly inhibit metal sintering under high
temperature conditions by forming a Rh–[O]x–Hf structure.

To demonstrate the generality of this method in preparing
sinter-resistant catalysts, we also immobilized Rh species on
NaOH-treated SiO2 by the incipient wetness impregnation
method, followed by reduction in H2 at 400 °C. The obtained
RhHf/SiO2 sample exhibits smaller Rh species than the Rh/

SiO2 sample (1.6 vs. 3.8 nm) (Fig. S15 and S16†). In addition,
we also prepared Pt/S-1, Ru/S-1, PtHf/S-1, and RuHf/S-1
samples by the same impregnation method and high tempera-
ture treatment. Fig. S17–S20† demonstrate that the presence of
Hf could dramatically reduce the noble metal particle size
(4.7 nm and 1.8 nm for Pt/S-1 and PtHf/S-1, respectively;
4.5 nm and 1.9 nm for Ru/S-1 and RuHf/S-1, respectively). The
above results demonstrate the universality of this preparation
method in preventing noble metal sintering under high temp-
erature conditions.

Catalytic experiments

We demonstrate the catalytic performance of the Rh-supported
catalysts in the hydrolysis of AB. The AB hydrolysis follows the
following equation:

NH3BH3 þ 2H2O �!Catalysts
NH4

þ þ BO2
� þ 3H2 "

As shown in Fig. 4a, the RhHf/S-1 catalyst exhibits a
higher hydrogen generation rate than the Rh/S-1 catalyst,
affording a TOF of 363 molH2

molRh
−1 min−1 at 25 °C, which is

3-fold higher than that of the Hf-free Rh/S-1 catalyst
(119 molH2

molRh
−1 min−1).

The products in the gas or liquid phase were analyzed
through gas chromatography, 1H NMR spectroscopy, and 11B
NMR spectroscopy (Fig. S21–S23†). Furthermore, the RhHf
loaded zeolite catalyst with a larger particle size was prepared
by increasing the reduction temperature from 400 °C to
800 °C, and the obtained sample was named RhHf/S-1(800 °C)
(Fig. S24†). In comparison to the Rh/S-1 sample (with a Rh par-
ticle size of about 3.3 nm) and the RhHf/S-1(800 °C) sample
(with a Rh particle size of about 1.8 nm), the RhHf/S-1 catalyst
(with a Rh particle size of about 1.6 nm) exhibits higher cata-
lytic activity in the hydrolysis of AB. The TOF values of Rh/S-1,
RhHf/S-1(800 °C), and RhHf/S-1 are 119, 238, and 363 molH2

molRh
−1 min−1, respectively (Fig. 4a and S25†), indicating that

Fig. 3 (a) Rh 3d XPS spectra, (b) Rh K-edge XANES spectra, and (c) Fourier transform of k2-weighted spectra of Rh/S-1 and RhHf/S-1 samples; (d) Hf
L3-edge XANES profile of the RhHf/S-1 sample; (e) Hf 4f XPS spectra, and (f ) schematic illustration of Rh–Hf clusters.
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the reduction of the noble metal particle size could facilitate
the hydrolysis of AB. Besides, the Hf/S-1 catalyst exhibits no
catalytic activity towards the AB hydrolysis and the physical
mixture of Rh/S-1 and Hf/S-1 also shows identical catalytic
activity to the monometallic Rh/S-1 catalyst, indicating that the
bimetallic synergistic effect between Rh and Hf in the RhHf/
S-1 catalyst plays an important role in improving the catalytic
activities (Fig. 4a). According to the above experimental
results, we conclude that the superior catalytic performance of
the RhHf/S-1 zeolite catalyst can be ascribed to the reduced
size of Rh clusters and the synergetic effect between Rh
and Hf.

The isotopic experiments were carried out using D2O
instead of H2O as the reactant to gain deeper insight into the
mechanism of AB hydrolysis. The ratio of the reaction rate con-
stants for H2O and D2O is defined as the kinetic isotope effect
(KIE), i.e., KIE = kH2O/kD2O. The KIE values of RhHf/S-1 and Rh/
S-1 zeolite catalysts are 4.78 and 6.92, respectively (Fig. S26†),
suggesting that the activation and cleavage of the O–H bond of
the water molecule is the rate-determining step in the reaction
of AB hydrolysis, which is consistent with previously published
works,45,46 and the introduction of Hf into the catalyst does
not change the catalytic mechanism of AB hydrolysis. Notably,
RhHf/S-1 exhibits a lower KIE value than Rh/S-1, showing that
the bimetallic synergetic effect between Rh and Hf could facili-
tate the activation of the water molecule.

It is notable that the catalytic activity towards AB hydrolysis
can be improved by introducing Al into the zeolite support.
The introduction of Al could bring Brønsted acidic sites into
the zeolite support, which could cooperate with the loaded Rh
species and activate both water and AB molecules.29,47,48 Rh/
ZSM-5 and RhHf/ZSM-5 were then prepared using commercial
ZSM-5 (with Si/Al = 31) as the support. As shown in Fig. S27
and S28,† the existence of Hf could dramatically hinder the

sintering of the Rh clusters, and the particle size is about
1.6 nm for RhHf/ZSM-5 and 3.0 nm for the Rh/ZSM-5 sample.
In comparison to the pure siliceous RhHf/S-1, RhHf/ZSM-5
demonstrates higher catalytic efficiency in the AB hydrolysis,
verifying the synergetic effect between the Brønsted acidic sites
and the noble metal clusters. The TOF value of RhHf/ZSM-5
increased to 412 molH2

molRh
−1 min−1 at 25 °C (Fig. 4a).

In addition, detailed effects of the reaction conditions,
including the concentration of Rh species and the reaction
temperature, were also investigated with RhHf/S-1 as a typical
catalyst. Fig. 4b shows the hydrolysis of AB at different reaction
temperatures over the RhHf/S-1 catalyst, and the TOF value
reaches up to 841 molH2

molRh
−1 min−1 at 40 °C. The apparent

activation energy of RhHf/S-1 is 43.8 kJ mol−1, calculated
according to the Arrhenius plot (Fig. 4c), dramatically lower
than that of the Rh/S-1 sample (50.3 kJ mol−1) (Fig. S29†).
Fig. 4d shows that the reaction rate increases with the increase
of the Rh catalyst concentration. The linear logarithm diagram
of the apparent reaction rate and the catalyst concentration
shows that when the concentration of AB is fixed, the reaction
rate has a first-order correlation with the concentration of the
catalyst (Fig. S30†).

The catalytic activity of Rh-supported catalysts for tandem
reactions that involved the coupling of AB hydrolysis with
nitroarene hydrogenation was also investigated (Table 1). The
nitrobenzene could be completely reduced to the corres-

Fig. 4 Hydrolysis reaction activity of ammonia borane (AB). (a) Volume
of the H2 produced from AB hydrolysis versus time over Rh/S-1, Rh/
ZSM-5, RhHf/S-1, and RhHf/ZSM-5 catalysts; reaction conditions: 25 °C,
1 mol L−1 of AB, nRh/nAB = 0.001; (b) activity at various temperatures over
the RhHf/S-1 catalyst; (c) Arrhenius plot (ln TOF versus 1/T ) for RhHf/
S-1; (d) catalytic activity at various catalyst concentrations over the
RhHf/S-1 catalyst at 25 °C.

Table 1 Conversion and selectivity for the tandem hydrogenation of
various nitroarenes by coupling with AB hydrolysisa

Entry Catalyst Substrate Product
Time/
min

Con./
%

Sel./
%

1 RhHf/S-1 7 >99 >99
2 Rh/S-1 20 >99 >99

3 RhHf/S-1 15 >99 >99

4 RhHf/S-1 15 >99 >99

5 RhHf/S-1 7 >99 >99

6 RhHf/S-1 15 >99 >99

7 RhHf/S-1 15 >99 >99

8 RhHf/S-1 15 >99 >99

9 RhHf/S-1 15 >99 >99

10 RhHf/S-1 15 >99 >99

11 RhHf/S-1b 7 >99 >99

a Reaction conditions: 1 mmol of NH3BH3, 0.1 mmol of nitro com-
pound, the Rh/nitroarene ratio is 0.019, 8 mL of MeOH, 12 mL of H2O,
25 °C. b RhHf/S-1 catalyst after five recycling tests in the tandem hydro-
genation of nitrobenzene.
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ponding aniline within 7 minutes over the RhHf/S-1 catalyst
and with a selectivity higher than 99%, showing superior cata-
lytic activity to Rh/S-1 (>99% conversion in 20 minutes). The
superior catalytic activity of RhHf/S-1 can be attributed to the
reduced size of Rh clusters and the special structure of the
formed Rh–[O]x–Hf species. Moreover, besides the nitro-
benzene, some other nitroarenes, even in bulky size, such as
1-methyl-2-nitrobenzene, 1-methyl-4-nitrobenzene, 1,2-
dimethyl-4-nitrobenzene, 1,3-dimethyl-5-nitrobenzene,
1-fluoro-4-nitrobenzene, 1-chloro-4-nitrobenzene, 1-bromo-4-
nitrobenzene, and 1-nitronaphthalene can also be effectively
converted into the corresponding amines with a selectivity
higher than 99% (Table 1).

The recycling tests of AB hydrolysis and tandem hydrogen-
ation of nitrobenzene over the RhHf/S-1 catalyst were carried
out. After five recycling tests of AB hydrolysis, the catalytic
activity of the RhHf/S-1 catalyst slightly decreases (Fig. S31†),
which can be ascribed to the increased RhHf nanoparticle size
(from 1.6 to 1.9 nm, Fig. 1e–h and S32†). Notably, in the dura-
bility test of the tandem hydrogenation of nitrobenzene over
the RhHf/S-1 catalyst, a conversion of 99% and a selectivity
exceeding 99% can also be achieved even in the fifth recycling
reaction test (Table 1, entry 11).

3. Conclusion

In summary, we have developed a Zr/Hf-assisted incipient
wetness impregnation synthesis method for the preparation of
sintering-resistant noble metal (such as Rh, Ru, and Pt) cata-
lysts over zeolite or SiO2 support. In comparison to the Hf-free
sample, the prepared RhHf/S-1 catalyst exhibits excellent sin-
tering resistance even in a redox atmosphere because of the
formation of Rh–[O]x–Hf, as revealed by the XAS analyses, and
shows superior catalytic performance in H2 generation via the
hydrolysis of ammonia borane, affording a TOF value of
363 molH2

molRh
−1 min−1 at 25 °C. The RhHf/S-1 catalyst also

shows excellent efficiency in tandem ammonia borane hydro-
lysis and hydrogenation of nitroarenes. Most significantly, Hf-
assisted samples demonstrate excellent resistance of the
metals (such as Rh, Ru, and Pt) to sintering, even under harsh
conditions, which can be anticipated to show excellent cata-
lytic activity in other important catalytic processes. Since this
method is universal in suppressing the sintering of noble
metals on the irreducible zeolite support, we expect that this
method can be extended to other metals and supports.
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