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5 ABSTRACT: Impregnation is the most commonly used approach
6 to prepare supported metal catalysts in industry. However, this
7 method suffers from the formation of large metal particles with
8 uneven dispersion, poor thermal stability, and thus unsatisfied
9 catalytic performance. Here, we demonstrate that the self-pillared
10 MFI zeolite (silicalite-1 and ZSM-5) nanosheets with larger surface
11 area and abundant Si−OH groups are ideal supports to immobilize
12 ultrasmall monometallic (e.g., Rh and Ru) and various bimetallic
13 clusters via simple incipient wetness impregnation method. The
14 loaded subnanometric metal clusters are uniformly dispersed
15 within sinusoidal five-membered rings of MFI and remain stable at
16 high temperatures. The Rh/SP-S-1 is highly efficient in ammonia
17 borane (AB) hydrolysis, showing a TOF value of 430 molH2
18 molRh

−1 min−1 at 298 K, which is more than 6-fold improvement over that of nanosized zeolite-supported Rh catalyst and even
19 comparable with that of zeolite-supported Rh single-atom catalyst. Because of the synergistic effect between bimetallic Rh−Ru
20 clusters and zeolite acidity, the H2 generation rate from AB hydrolysis over Rh0.8Ru0.2/SP-ZSM-5-100 reaches up to 1006 molH2
21 molmetal

−1 min−1 at 298 K, and also shows record activities in cascade hydrogenation of various nitroarenes by coupling with the
22 hydrolysis of AB. This work demonstrates that zeolite nanosheets are excellent supports to anchor diverse ultrasmall metallic species
23 via the simple impregnation method, and the obtained nanocatalysts can be applied in various industrially important catalytic
24 reactions.

25 ■ INTRODUCTION

26 Zeolite-supported metal nanocatalysts have emerged as an
27 indispensable class of industrial catalysts because of their
28 superior catalytic activity and excellent stability, which are
29 widely used in diverse catalytic conversions, such as hydro-
30 genations, dehydrogenations, and reforming reactions.1−6 The
31 fabrication of ultrasmall metal species is regarded as an
32 effective strategy to improve the catalytic activity and metal
33 utilization, because the small metal species possess high metal
34 dispersion and increased exposure of active sites.1−3,7,8

35 Recently, several novel synthetic strategies, such as the
36 ligand-protected method and precursor-stabilization methods
37 have been employed to fabricate zeolite-supported metal
38 catalysts, which exhibit excellent thermal stability and catalytic
39 performance.9−18 However, most of these synthetic strategies
40 either rely on the use of additional organic templates/ligands
41 or are not universal, which limits their large-scale industrial
42 production. In addition, the obtained zeolite-supported metal
43 catalysts usually suffer from mass transfer limitations in the
44 narrow micropores and the bulky substrate molecules cannot
45 enter microporous channels of zeolites and fail to access active
46 metallic sites, giving unsatisfied universality in different kinds

47of reactions.2 In contrast, the impregnation method is one of
48the most feasible and commonly used approaches to prepare
49zeolite-supported metal catalysts in industry. However, the
50impregnation method often leads to the formation of large
51metal particles with uneven dispersions and severe aggrega-
52tions during catalytic reactions, showing inferior catalytic
53activity and stability.2,19 It is highly desired yet challenging to
54fabricate zeolite-supported metal catalysts with small metal
55sizes and superior stability via the impregnation method to
56meet the requirements of practical industrial applications.
57Recently, nanosheet-like zeolites have aroused widespread
58interest due to their high specific surface areas and reduced
59micropore diffusion length, which exhibit superior catalytic
60performance and adsorption properties.20−27 For example,
61Ryong Ryoo and co-workers synthesized MFI zeolite nano-
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62 sheets with a 2 nm thickness by using a bifunctional
63 diquaternary ammonium-type surfactant, which exhibited
64 remarkably improved activity of the conversion of large
65 organic molecules and prolonged lifetime in methanol-to-
66 gasoline conversions as compared with conventional MFI
67 zeolites.22 Michael Tsapatsis and co-workers reported the
68 synthesis of self-pillared zeolite nanosheets by using relatively
69 inexpensive tetrabutylphosphonium hydroxide as a template.20

70 The tetrabutylphosphonium ions act as structure-directing
71 groups are incorporated intact in the zeolite framework, and
72 contribute to the anisotropic growth and the 90° rotational
73 intergrowths of the MFI framework, giving rise to self-pillared
74 zeolites composed of orthogonally connected single−unit cell
75 lamellae. The zeolite nanosheets show superior catalytic
76 efficiency for the etherification of bulky substrates. In addition,
77 compared with conventional zeolite crystals, the ultrathin
78 zeolite nanosheets possess significantly increased external
79 surface area and abundant Si−OH defects, which will facilitate
80 the dispersion of metal precursors in zeolites and the formation
81 of ultrafine metal species after the reduction process. The
82 zeolite nanosheet-supported metal catalysts can be expected to
83 possess excellent catalytic performance by integrating ultra-
84 small and ultrastable metal species with remarkably enhanced
85 mass transport efficiency of ultrathin zeolites for reactants and
86 products during catalytic reactions.
87 Herein, we employed self-pillared MFI zeolite nanosheets
88 (SP-S-1 and SP-ZSM-5) as efficient supports to immobilize a
89 series of ultrasmall monometallic (Rh and Ru) and bimetallic
90 clusters (Rh−Ru, Rh−Au, Rh−Ni, Rh−Co, Rh−Fe, Rh−Mn,
91 Rh−Cu, Rh−Zn, Ru−Cu, Ru−Fe, and Ru−Ni) via a simple
92 incipient wetness impregnation method. Extended X-ray
93 absorption fine structure (EXAFS) analyses and Cs-corrected
94 scanning transmission electron microscopy (STEM) confirm
95 that the metal clusters are subnanometer in size and uniformly

96distributed throughout zeolite nanosheets, and most of the
97metal clusters are confined within the sinusoidal five-
98membered rings of zeolite nanosheets. Compared with
99nanosized zeolite-supported metal catalysts, the self-pillared
100zeolite nanosheet-immobilized metal catalysts possess remark-
101ably improved thermal stability at various redox atmospheres at
102600 °C. The obtained zeolite nanosheet-supported metal
103catalysts are applied in ammonia borane (AB, NH3BH3)
104hydrolysis, which is regarded as one of the most promising
105liquid-phase chemical hydrogen storage methods.28−31 The
106Rh/SP-S-1 exhibits an excellent H2 generation rate (430
107min−1) from AB hydrolysis at 298 K, which is more than 6-fold
108improvement than that over nanosized zeolite-supported Rh
109catalyst (Rh/Nano S-1, 66 min−1), and even comparable with
110that over the single Rh atom catalyst (Rh1@S-1, 499 min−1).
111The excellent catalytic activity of Rh/SP-S-1 can be mainly
112attributed to the remarkably improved hydrophilicity and
113transport efficiency. In addition, thanks to the synergistic effect
114between bimetallic Rh−Ru clusters and Brønsted acid sites of
115zeolites, the optimized Rh0.8Ru0.2/SP-ZSM-5-100 exhibits a
116superior H2 generation rate from AB hydrolysis, affording a
117superhigh turnover frequency (TOF) of 1006 min−1 at 298 K,
118which represents the top activity among all of the best
119heterogeneous catalysts under similar conditions. Isotopic
120experiments reveal that both acidities of zeolites and bimetallic
121Rh−Ru synergy can promote the activation of water, which
122remarkably accelerates the H2 evolution rate from the
123hydrolysis of AB. In addition, the Rh0.8Ru0.2/SP-ZSM-5-100
124also exhibits record activities in cascade hydrogenation of
125various nitroarenes by coupling with the hydrolysis of AB at
126room temperature.

Figure 1. Synthetic procedure and Cs-corrected STEM images of representative self-pillared MFI nanosheet-supported metal nanocatalysts. (a)
Schematic illustration of the synthetic procedure of subnanometer Rh−Ru clusters in self-pillared MFI nanosheets. Cs-corrected STEM images of
(b−d) Rh0.8Ru0.2/SP-S-1 and (f−h) Rh0.8Ru0.2/SP-ZSM-5-100 as well as corresponding size distributions of metal particles of (e) Rh0.8Ru0.2/SP-S-1
catalyst and (i) Rh0.8Ru0.2/SP-ZSM-5-100. Inset of (h): the schematic model of MFI zeolites viewed along [001] orientation. Surface weighted
mean cluster diameter dTEM = Σnidi3/Σnidi2, where ni is the number of metallic clusters having diameter di.
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127 ■ RESULTS AND DISCUSSION
f1 128 Synthesis and Characterization of Catalysts. Figure 1a

129 shows the schematic illustration of the synthetic procedure of

130 metallic subnanometer clusters in self-pillared MFI nanosheets
131 taking Rh−Ru as representative examples. The self-pillared

132silicalite-1 (SP-S-1) and ZSM-5 (SP-ZSM-5) nanosheets are
133first synthesized by using tetrabutyl phosphorus hydroxide
134(TBPOH) as the template with molar compositions of
135SiO2:0.3TBPOH:yAl2O3:zNaOH:10H2O:4EtOH (y = 0,
1360.0025, and 0.005; z = 0, 0.005, and 0.0125) under
137hydrothermal conditions at 115 °C for 2 days.20 Following
138this, the organic templates and Na ions are removed by
139calcination in air and ion-exchange with NH4NO3. Finally,
140various RhxRu1−x (x = 1.0, 0.8, 0.6, 0.4, 0.2, and 0) clusters are
141immobilized in MFI zeolite nanosheets by impregnating
142different amounts of the RhCl3 and RuCl3 solution in zeolites
143followed by H2 reduction at 400 °C. The obtained catalysts are
144named as RhxRu1−x/SP-S-1, RhxRu1−x/SP-ZSM-5−200, and
145RhxRu1−x/SP-ZSM-5-100, in which the 200 and 100 represent
146the Si/Al ratio in initial synthesis gels. In comparison, the Rh/
147Nano S-1 is also prepared by the same incipient wetness
148impregnation method as the Rh/SP-S-1 except for replacing
149the self-pillared S-1 nanosheets with conventional S-1 nano-
150crystals that synthesized by using tetrapropylammonium
151hydroxide (TPAOH) as the template with a molar
152composition of SiO2:TPAOH:H2O = 1:0.4:35.
153The powder X-ray diffraction (XRD) patterns of RhxRu1−x/
154SP-S-1, RhxRu1−x/SP-ZSM-5, and Rh/Nano S-1 all exhibit
155typical diffraction peaks corresponding to the MFI framework
156 f2(Figures S1 and S2 and Figure 2a). The diffraction peaks of
157RhxRu1−x/SP-S-1 and RhxRu1−x/SP-ZSM-5 are widened

Figure 2. Characterizations of various catalysts. (a) XRD patterns of
representative samples as well as standard MFI zeolite and Rh foil. (b)
1H MAS NMR spectra, (c) N2 adsorption/desorption isotherms, (d)
in situ infrared spectra of the adsorbed pyridine at 350 °C, (e) water
adsorption isotherms, and (f) H2O-TPD curves of various catalysts.

Figure 3. XANES and EXAFS measurements of various samples and
corresponding standards. (a) Rh K-edge XANES spectra of Rh foil,
Rh2O3, Rh/SP-ZSM-5-100, and Rh0.8Ru0.2/SP-ZSM-5-100. (b) Ru K-
edge XANES spectra of Ru foil, RuO2, Ru/SP-ZSM-5-100, and
Rh0.8Ru0.2/SP-ZSM-5-100. Fourier transform of k2-weighted EXAFS
spectra of (c) Rh foil, Rh2O3, Rh/SP-ZSM-5-100, and Rh0.8Ru0.2/SP-
ZSM-5-100 at Rh K-edge, and (d) Ru foil, RuO2, Ru/SP-ZSM-5-100,
and Rh0.8Ru0.2/SP-ZSM-5-100 at Ru K-edge.

Figure 4. Catalytic activity of H2 generation from AB hydrolysis over 
various catalysts. Volume of the H2 generated from AB (1 M) 
hydrolysis versus time at 298 K (nMetal/nAB = 0.001) catalyzed by (a) 
Rh/Nano S-1 Rh/SP-S-1, Ru/SP-S-1, and various RhxRu1−x/SP-S-1 
catalysts, (b) Rh/SP-S-1, Rh/SP-ZSM-5-200, and Rh/SP-ZSM-5-100 
catalysts, and (c) Rh/SP-ZSM-5-100, Ru/SP-ZSM-5-100, and various 
RhxRu1−x/SP-ZSM-5-100 catalysts. (d) The recycling tests of AB 
hydrolysis over Rh0.8Ru0.2/SP-ZSM-5-100 catalyst at 298 K. (e) 
Volume of the H2 generated from AB (1 M) hydrolysis versus time at 
various temperatures over Rh0.8Ru0.2/SP-ZSM-5-100 catalyst and (f) 
corresponding TOF values (nMetal/nAB = 0.001). Inset of e: Arrhenius 
plot (ln TOF versus 1/T).
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158 compared to that of Rh/Nano S-1, which is attributed to the
159 formation of smaller zeolite crystals. No diffraction peaks of
160 metallic Rh and Ru (foils) are detected in samples because of
161 the relatively low metal loadings, small size, and uniform metal
162 dispersions. On the basis of the inductively coupled plasma
163 (ICP) atomic emission spectroscopy measurements, the molar
164 ratios of Si/Al of SP-ZSM-5-200 and SP-ZSM-5-100 are 253
165 and 75, respectively. The loading amount of P element in SP-S-
166 1, SP-ZSM-5-200, and SP-ZSM-5-100 are 1.26, 1.22, and 1.12
167 wt %, respectively, because of the formation of a small amount
168 of P2O5 after calcination of templates in air. All metal-
169 containing samples possess similar metal loading amounts of
170 0.42−0.44 wt % (Table S1) and the molar ratios of Rh/Ru in

171Rh0.8Ru0.2/SP-S-1, Rh0.6Ru0.4/SP-S-1, Rh0.4Ru0.6/SP-S-1, and
172Rh0.2Ru0.8/SP-S-1 are 0.81/0.19, 0.62/0.38, 0.39/0.61, and
1730.19/0.81, respectively. The molar ratios of Rh/Ru in
174RhxRu1−x/SP-ZSM-5-100 are also consistent with the prede-
175signed values (Table S1).
176Figure S3 shows the TEM images of pure SP-S-1, SP-ZSM-
1775-200, and SP-ZSM-5-100 zeolites. All of these zeolites exhibit
178self-pillared nanosheet-like morphology and the thickness of
179each lamellae in SP-S-1 and SP-ZSM-5-200 are only 2−3 nm.
180The introduction of more Al atoms into zeolite frameworks
181can slightly enlarge the zeolite crystals, but the average
182thickness of zeolites in SP-ZSM-5-100 is only about 10 nm. In
183comparison, the conventional S-1 nanocrystals exhibit a
184morphology of hexagonal prism with dimensions of 100−200
185nm. The high-resolution TEM and Cs-corrected high angle
186annular dark field STEM (HAADF-STEM) images of
187representative samples are shown in Figure S4 and Figure
1881b−i. The introduction of metal species does not change the
189nanosheet-like morphology of zeolites. Significantly, most of
190the metal species are confined within micropores of self-
191pillared MFI nanosheets and more than 80% of metal species
192are less than 1 nm in size. The average metal sizes of
193Rh0.8Ru0.2/SP-S-1 and Rh0.8Ru0.2/SP-ZSM-5-100 are as low as
1940.78 and 0.70 nm, respectively, and the ultrasmall metal
195clusters are uniformly immobilized throughout the zeolite
196nanosheets with superhigh dispersions and narrow size
197distributions. By looking at the zeolite along with the [001]
198projection, based on the Cs-corrected STEM analyses and the
199schematic crystallographic representation along this zone axis
200(Figure 1h inset); most of the metal clusters are confined
201within one or several “rectangular units” which are formed by
202the sinusoidal five-membered rings. In contrast, the metal
203nanoparticles (NPs) supported onto S-1 nanocrystals are quite
204large (∼4 nm) with uneven distributions and substantially all
205of the metal NPs are located on the outside of zeolite
206nanocrystals (Figure S4f1−f3). H2-chemisorption measure-
207ments reveal that the metal dispersions of Rh/SP-S-1, Rh/SP-
208ZSM-5-100, and Rh0.8Ru0.2/SP-ZSM-5-100 are 83.4, 86.1, and
20984.4%, respectively, which are much higher than that of Rh/
210Nano S-1 (23.0%) (Figure S5). The above results indicate that
211compared with conventional zeolite nanocrystals, the ultrathin
212zeolite nanosheets are much beneficial for improving the
213dispersion of metal precursors and forming ultrafine metal
214clusters upon reduction process. Scanning electron microscopy
215(SEM) exhibits that many large Rh particles are located on the
216outside of zeolites in Rh/Nano S-1, but they are hardly
217observed in Rh/SP-S-1, Rh/SP-ZSM-5-100, and Rh0.8Ru0.2/
218SP-ZSM-5-100 (Figure S6). The chemical elemental mappings
219for Si, O, Al, Rh, and Ru elements of Rh0.8Ru0.2/SP-ZSM-5-100
220are shown in Figure S7. The Rh and Ru are uniformly
221distributed throughout the SP-ZSM-5 crystals in a similar
222position, demonstrating the formation of a bimetallic system.
223The 1H and 29Si MAS NMR spectra of samples are shown in
224Figure 2b and Figures S8 and S9. In the 1H MAS NMR
225spectra, the signals at 1.8−2.1 and 3.7 ppm can be attributed to
226isolated Si−OH and H-bonded Si−OH, respectively.32

227Notably, compared with the Nano S-1, the SP-S-1, SP-ZSM-
2285-100, and Rh/SP-ZSM-5-100 possess more isolated Si−OH
229defects, and the introduction of metal species leads to some
230decreases in isolated Si−OH sites of zeolites. On the basis of
231the above results, we can deduce that the isolated Si−OH
232defects are probably responsible for immobilizing metal
233clusters, and the metal dispersions and sizes become better

Figure 5. Kinetic isotope measurements and catalytic activity of H2
generation from AB hydrolysis over various self-pillared ZSM-5-100-
supported Rh-based nanocatalysts. The volume of the H2 generated
from AB (1 M) hydrolysis versus time using H2O and D2O as the
reactants at 298 K over (a) Rh/SP-S-1, (b) Rh0.8Ru0.2/SP-S-1, (c)
Rh/SP-ZSM-5-100, and (d) Rh0.8Ru0.2/SP-ZSM-5-100 catalysts. (e)
TOF values of various self-pillared ZSM-5-100-supported Rh-based
nanocatalysts.

Figure 6. Catalytic activity of the cascade hydrogenation of
nitrobenzene and 4-nitroxylene coupling with the hydrolysis of AB
over various catalysts. (a) Cascade hydrogenation of nitrobenzene (b)
Cascade hydrogenation of 4-nitroxylene coupling with AB hydrolysis
over various catalysts. Reaction condition: 0.2 mmol of nitrobenzene
or 4-nitroxylene, 1 mmol of NH3BH3, the ratio of Rh/substrate is
0.0025, MeOH/H2O = 8 mL/12 mL, 298 K. The Rh0.8Ru0.2/SP-
ZSM-5-100 (1 bar H2) are tested under the same condition with
others just replacing NH3BH3 by 1 bar of H2.
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234 and smaller with the increase of isolated Si−OH defects in
235 zeolites. The peak at 4.2 ppm ascribed to bridging OH groups
236 (SiOHAl) is observable in SP-ZSM-5-100 and Rh/SP-ZSM-5-
237 100, indicating the presence of Brønsted acid sites.33 In the 29Si
238 MAS NMR spectra, the peaks at −110 to −115 ppm are the
239 predominant signal in all samples corresponding to Si(4Si)
240 species, and the SP-S-1 possesses more Si(3Si1OH) species
241 than the Nano S-1, indicating the formation of more defect
242 sites.
243 To identify the atomic structure and electronic property of
244 metal species, we measured the X-ray absorption near edge
245 structure (XANES) and extended X-ray absorption fine
246 structure (EXAFS) of Rh/SP-ZSM-5-100, Ru/SP-ZSM-5-

f3 247 100, and Rh0.8Ru0.2/SP-ZSM-5-100 (Figures 3 and Figures
248 S10, Table S2). Notably, Rh/SP-ZSM-5-100 and Rh0.8Ru0.2/
249 SP-ZSM-5-100 possess a more intense white line (i.e., the first
250 prominent peak following the absorption edge) in Rh K-edge
251 XANES spectra than that of Rh foil, suggesting the oxidized
252 state of Rh in these two samples. Such phenomenon can be

253attributed to the formation of ultrasmall metal clusters and the
254interaction between metal clusters and skeleton oxygen atoms
255of zeolites. Similarly, the XANES spectra of Ru/SP-ZSM-5-100
256and Rh0.8Ru0.2/SP-ZSM-5-100 at Ru K-edge (Figure 3b) also
257exhibit some differences from the Ru foil. Notably, at the Ru
258K-edge XANES spectra, the intensity of the white line at 22140
259eV of Rh0.8Ru0.2/SP-ZSM-5-100 is lower than that of Ru/SP-
260ZSM-5-100, and the Rh0.8Ru0.2/SP-ZSM-5-100 also exhibits a
261shift to lower binding energy as compared with Ru/SP-ZSM-5-
262100. However, compared with Rh/SP-ZSM-5-100, the
263opposite trend in the intensity of the white line at 23235 eV
264and binding energy appeared in Rh0.8Ru0.2/SP-ZSM-5-100 at
265the Rh K-edge XANES spectra. All the above changes in the
266XANES demonstrate that electrons are transferred from Rh to
267Ru in Rh0.8Ru0.2/SP-ZSM-5-100, indicating the formation of a
268bimetallic Rh−Ru structure.34 According to the EXAFS results,
269the average coordination numbers (CNs) of Rh−O with a
270bond length of about 2.02 Å for Rh0.8Ru0.2/SP-ZSM-5-100 is
2713.6, which is slightly higher than that of Rh/SP-ZSM-5-100

Table 1. Catalytic Results for the Cascade Hydrogenation of Nitroarenes by Coupling with the Hydrolysis of AB over Various
Catalysts

aReaction condition: 0.2 mmol of nitro compound, 1 mmol of NH3BH3, the Rh/substrate ratio is 0.0025, MeOH/H2O = 8 mL/12 mL at 298 K.
bReplacing NH3BH3 by 1 bar of H2.

cAll products were analyzed by gas chromatography−mass spectrometry. dThe activity was calculated based on
the total amount of metal atoms in catalysts when the conversion of nitroarenes reached 100%.
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272 (CN = 3.4), Figure 3c. In contrast, the CN of Ru−O with a
273 bond length of about 2.00 Å for Rh0.8Ru0.2/SP-ZSM-5-100 is
274 lower than that of Ru/SP-ZSM-5-100 (3.4 vs 4.1), Figure 3d.
275 These results further indicate that compared to monometallic
276 counterparts, the bimetal Rh−Ru clusters in Rh0.8Ru0.2/SP-
277 ZSM-5-100 are electron-rich (Ru) and electron-poor (Rh)
278 metal sites, respectively. Notably, all of the CNs of metal−
279 metal (e.g., Rh−Rh, Ru−Rh, and Ru−Ru) bonds in Rh/SP-
280 ZSM-5-100, Ru/SP-ZSM-5-100, and Rh0.8Ru0.2/SP-ZSM-5-
281 100 are less than 2. These low CNs show that the obtained
282 metal clusters are composed of a small number of atoms and
283 possess subnanometer dimensions, which is consistent with the
284 observation of Cs-corrected STEM images. The X-ray
285 photoelectron spectroscopy (XPS) measurements were also
286 performed to determine the electronic states of metal species
287 in samples. The peaks at 307.8 and 312.5 eV corresponding to
288 the Rh 3d5/2 and Rh 3d3/2 of Rh(0) can be observed in Rh/SP-
289 ZSM-5-100 (Figure S11).35 By comparison, the corresponding
290 peaks slightly shift to the higher binding energy of 308.1 and
291 312.8 eV in Rh0.8Ru0.2/SP-ZSM-5-100, which indicates that the
292 Rh species in Rh0.8Ru0.2/SP-ZSM-5-100 is more electron-poor
293 than that in Rh/SP-ZSM-5-100, in accordance with XANES
294 results.
295 N2 adsorption/desorption measurements show that the
296 specific surface areas of the SP-S-1 and SP-ZSM-5-100 are 608
297 and 567 m2/g, which is much higher than that of Nano S-1
298 (375 m2/g) (Figure 2 c and Figure S12, Table S1). It can be
299 mainly attributed to the formation of ultrathin zeolite
300 nanosheets in the SP-S-1 and SP-ZSM-5-100, possessing
301 significantly increased external surface areas. The large specific
302 surface area of self-pillared zeolite nanosheets is also a very
303 important factor in the formation of ultrafine metal clusters
304 with high dispersions. Compared to the pure SP-S-1 and SP-
305 ZSM-5-100 zeolites, a decrease in micropore volume (0.007−
306 0.008 cm3/g) can be observed for metal/SP-S-1 and metal/SP-
307 ZSM-5-100, attributed to the partial occupation of zeolite
308 micropores by the metal clusters. However, more than 90% of
309 void spaces (>0.075 cm3/g microporous volumes and >507
310 m2/g surface areas) are reserved in self-pillared MFI nano-
311 sheet-supported metal samples. In contrast, the microporous
312 volumes of Rh/Nano S-1 and pure Nano S-1 are identical,
313 which indicates that almost all of the metal nanoparticles are
314 likely located on the outer surface of Nano S-1 rather than the
315 inside of the zeolite matrix, in accordance with the observation
316 of TEM images.
317 The ammonia temperature-programmed desorption (NH3-
318 TPD) measurements are employed to evaluate the acidity of
319 samples. As shown in Figure S13, the Rh/Nano S-1 shows no
320 acidity, whereas a peak at about 160 °C can be observed in
321 Rh/SP-S-1, which can be mainly attributed to the existence of
322 the P2O5 in the sample. With the introduction of Al into zeolite
323 frameworks, a peak at 350−400 °C can be observed in the Rh/
324 SP-ZSM-5-200 and Rh/SP-ZSM-5-100, indicating the gen-
325 eration of strong acid sites. Among all of the samples, the Rh/
326 SP-ZSM-5-100 exhibited the highest acid concentration and
327 strength because of its lowest Si/Al ratio. In situ infrared (IR)
328 spectroscopy of the adsorbed pyridine at different temper-
329 atures was also used to probe the acidity of samples. As shown
330 in Figure 2d and Figure S14, the bands at 1455 and 1545 cm−1

331 are assigned to the Lewis and Brønsted acid sites,
332 respectively.36,37 The numbers of Lewis acid sites of Rh/SP-
333 S-1, Rh/SP-ZSM-5−200, and Rh/SP-ZSM-5-100 are 6.1, 17.6,
334 and 17.8 μmol/g at 350 °C, respectively. Among all samples,

335the Rh/SP-ZSM-5-100 possesses the highest number of
336Brønsted acid sites up to 56.0 μmol/g at 350 °C, which is
337over 2-fold higher than that of Rh/SP-ZSM-5−200 (24.8
338μmol/g). In contrast, there are no Brønsted acid sites in Rh/
339SP-S-1 (Table S3). The hydrophilicity of samples is
340determined by water absorption measurement. As shown in
341Figure 2e, the water absorption of the Rh/SP-S-1 sample is as
342high as 43.8 wt %, more than 8 times higher than that of Rh/
343Nano S-1 (5.1 wt %), suggesting Rh/SP-S-1 is much more
344hydrophilic than Rh/Nano S-1, which can be attributed to its
345ultrathin nanosheet-like morphology and the existence of more
346defects in the SP-S-1 nanosheets. The H2O-TPD measure-
347ments further reveal that the Rh/SP-S-1 and Rh/SP-ZSM-5
348possess stronger chemisorption for water than does Rh/Nano
349S-1, and among all of the samples, the Rh/SP-ZSM-5-100
350exhibits the strongest chemisorption for water (Figure 2f).
351The thermal stability of representative Rh0.8Ru0.2/SP-ZSM-
3525-100 is also investigated in various atmospheres. The average
353sizes of Rh−Ru species are only 1.1, 0.95, and 1.2 nm after
354thermal treatment at 600 °C under H2, N2, and O2−H2 cycle
355atmospheres, respectively (Figures S15−S17). In contrast, the
356metal sizes of Rh/Nano S-1 are dramatically increased to 4.5−
3578.5 nm after calcination under these atmospheres. It indicates
358that the self-pillared zeolite nanosheet-immobilized subnan-
359ometer metallic clusters possess significantly improved thermal
360stability than conventional nanosized zeolite-supported metal
361catalysts. Most significantly, besides Rh−Ru clusters, the SP-
362ZSM-5-100 can be also used as powerful supports to
363immobilize various ultrafine metal clusters. As shown in
364Figures S18−S27, a series of metal clusters, such as Rh−Au,
365Rh−Ni, Rh−Co, Rh−Fe, Rh−Mn, Rh−Cu, Rh−Zn, Ru−Cu,
366Ru−Fe, and Ru−Ni with subnanometric sizes and superhigh
367dispersions are successfully immobilized into SP-ZSM-5-100
368nanosheets via the incipient wetness impregnation method.
369Catalytic Activity of Hydrogen Generation from AB
370Hydrolysis. We demonstrate the catalytic efficiency of various
371self-pillared zeolite nanosheet-supported metal nanocatalysts
372 f4for the H2 generation from AB hydrolysis. As in Figure 4a, the
373H2 generation rate from AB hydrolysis over Rh/SP-S-1 reaches
374up to 430 molH2 molRh

−1 min−1 at 298 K, which is 6-fold
375higher than that of Rh/Nano S-1 (66 molH2 molRh

−1 min−1).
376Notably, such a value is also comparable with that of Nano S-1-
377encaged single Rh atom (Rh1@S-1) (499 molH2 molmetal

−1

378min−1) under the same catalytic condition,13 although the Rh
379clusters in Rh/SP-S-1 are larger than single Rh atoms. The
380excellent catalytic activity can be mainly attributed to the
381superior hydrophilicity and enhanced mass transport efficiency
382of reactants and products among zeolite nanosheets.
383Significantly, the introduction of a suitable amount of Ru
384into Rh species to form Rh−Ru bimetallic clusters could
385further enhance the catalytic performance for AB hydrolysis.
386Among all of the bimetallic catalysts, the optimized Rh0.8Ru0.2/
387SP-S-1 exhibits the highest H2 generation rate from AB
388hydrolysis, affording a TOF value of 620 molH2 molmetal

−1

389min−1. In addition, the H2 generation rates over the Rh/SP-
390ZSM-5 are further improved than that over the Rh/SP-S-1, and
391the H2 generation rates are improved gradually with the
392increase in zeolite acidity (Figure 4b and Figure S28, Table
393S4). The catalytic activities of AB hydrolysis are further tested
394over Rh/SP-SZM-5-100, Ru/SP-SZM-5-100, and various
395RhxRu1−x/SP-ZSM-5-100 catalysts at 298 K (Figure 4c).
396Among all of the catalysts, the Rh0.8Ru0.2/SP-SZM-5-100
397catalyst exhibits the best catalytic performance: 73.5 mL of
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398 stoichiometric H2 (H2/AB = 3) can be released within 3.0 min
399 (nmetal/nAB = 0.001) toward 100% decomposition of AB,
400 affording a superhigh TOF value of 1006 molH2 molmetal

−1

401 min−1 at 298 K. Such a TOF value is more than 15-fold
402 improvement compared to that of the Rh/Nano S-1, which is
403 also much higher than that of most state-of-the-art
404 heterogeneous catalysts (Table S5).13,38−40 The activities of
405 AB hydrolysis over bare SP-S-1 and SP-ZSM-5 zeolites are also
406 investigated at 298 K. H2 (0.55 mL) is released in 10 min over
407 bare SP-ZSM-5 zeolite, which is about 2-fold higher than that
408 over bare SP-S-1 (0.28 mL), indicating that the Brønsted acid
409 site of zeolite benefits for the hydrolysis of AB (Figure S29).
410 However, compared with metal-containing zeolite catalysts, the
411 H2 generation over pure zeolites is almost negligible, indicating
412 that the H2 generation from AB hydrolysis over zeolite-
413 supported metal catalysts mainly relies on the introduction of
414 metal species. Notably, the TOF ratio of Rh0.8Ru0.2/SP-ZSM-
415 5-100 to Rh/SP-ZSM-5-100 is 1.96, which is higher than that
416 of Rh0.8Ru0.2/SP-S-1 to Rh/SP-S-1 (1.44). Considering the
417 similar metal size of these catalysts, the above results indicate
418 that the synergistic effect between bimetallic clusters and acidic
419 zeolites is more conducive to accelerate the H2 generation rate
420 from AB hydrolysis. According to the gas chromatography
421 analysis and 1H NMR and 11B NMR measurements, the
422 gaseous H2, as well as NH4

+ and BO2
− ions, are the final

423 products after AB hydrolysis over catalysts (Figures S30−32).
424 The AB hydrolysis follows the equation as below:

+ ⎯ →⎯⎯⎯⎯⎯ + + ↑+ −NH BH 2H O NH BO 3H3 3 2
catalyst

4 2 2

425 The Rh0.8Ru0.2/SP-SZM-5-100 exhibits excellent recycling
426 stabilities during AB hydrolysis. After the completion of the
427 previous run, the catalyst is isolated from the reaction solution
428 and washed by dilute HCl solution (0.1 M). After successive
429 five cycles, the H2 generation rates over Rh0.8Ru0.2/SP-SZM-5-
430 100 keep unchanged (Figure 4d). Significantly, the size of
431 metal clusters, morphology and crystallinity of zeolites, and
432 metal loadings of spent catalysts remain identical with the fresh
433 one based on the TEM, XRD, and ICP measurements (Figures
434 S33 and S34, Table S1). Moreover, the durability tests are also
435 investigated over the Rh0.8Ru0.2/SP-SZM-5-100. Upon com-
436 pletion of the previous run of the AB hydrolysis, another
437 equivalent of AB (2 M, 0.5 mL) is directly added into the
438 reaction system to examine the activity of AB hydrolysis. As
439 shown in Figure S35a, 73.5 mL of stoichiometric H2 (H2/AB =
440 3) can be released in each run, and a high TOF value of 812
441 min−1 is achieved even after consecutive five injections of AB
442 solution. The slightly decreased catalytic activity after several
443 consecutive injections of AB solution is mainly attributed to
444 the increased viscosity of the solution and the deactivation
445 effect of the increasing metaborate concentration during the
446 hydrolysis reaction.41 Note that the activity of the spent
447 catalyst after consecutive five injections of AB solution can be
448 recovered by isolated from the reaction solution and washed by
449 dilute HCl solution (Figure S35b). The above results further
450 reveal excellent durable and recycling stability of self-pillared
451 zeolite-supported metal catalysts in the AB hydrolysis
452 reactions. Moreover, the H2 generation rates accelerate along
453 with the reaction temperatures, and the TOF value of
454 Rh0.8Ru0.2/SP-SZM-5-100 is as high as 3001 molH2 molmetal

−1

455 min−1 at 313 K, with an apparent activation energy of 56.5 kJ
456 mol−1 (Figure 4e, f).

457The kinetic studies of AB hydrolysis are also investigated
458over the Rh0.8Ru0.2/SP-SZM-5-100. The H2 generation rates
459over the Rh0.8Ru0.2/SP-SZM-5-100 almost keep unchanged
460with the increase of AB concentrations from 0.5 to 2 M, but
461gradually accelerate with the increase of catalyst concentrations
462(Figures S36 and S37a). The logarithmic plots of H2
463generation rates versus catalyst concentrations exhibited a
464slope of 1.274 (Figure S37b), indicating the first-order kinetics
465with respect to the catalyst concentration. To further
466investigate the mechanistic insights of AB hydrolysis, the
467isotopic experiments using D2O instead of H2O as the reactant
468 f5are also carried out over various catalysts. As shown in Figures
469 f55a−d, compared with H2O as the reactant, all of the catalysts
470show much slower H2 generation rates when the D2O is used
471as the reactant. Based on previous literature, the kinetic isotope
472effect (KIE) value is calculated as the ratio of rate constants
473between H2O and D2O as the reactants, which is regarded as
474an effective method to determine whether the cleavage of the
475O−H bond is the rate-determining step during the AB
476hydrolysis.42−44 The KIE values of Rh0.8Ru0.2/SP-S-1 and Rh/
477SP-ZSM-5-100 are 3.62 and 3.40, respectively, which are lower
478than that of Rh/SP-S-1 (KIE = 4.61). The above results
479demonstrate that the activation of the water molecule or the
480cleavage of the O−H bond is the rate-determining step for AB
481hydrolysis and both of the bimetallic Rh−Ru synergy and
482acidic sites of zeolites can promote the activation of the water
483molecule. Notably, among all of the catalysts, the Rh0.8Ru0.2/
484SP-ZSM-5-100 catalyst exhibits the lowest KIE value of 2.88,
485suggesting its strongest ability to active water molecules.
486The above results further indicate that the establishment of
487efficient synergy by coupling bimetallic clusters with Bronsted
488acid sites of zeolites can remarkably contribute to the
489activation of water molecules and boost the efficiency of H2
490generation from AB hydrolysis. The catalytic activities for H2
491generation from AB hydrolysis are also investigated over
492various SP-ZSM-5-100 nanosheet-supported Rh-based bimetal
493catalysts at 298 K (Figure S38). On the basis of the Rh atoms,
494the TOF values of Rh0.8M0.2/SP-ZSM-5-100 (M = Cu, Mn, Ni,
495Fe, Co, Au, and Ru) are increased in turn, which are higher
496than that of monometallic Rh/SP-ZSM-5-100 (Figure 5e).
497Among all bimetallic catalysts, the Rh0.8Ru0.2/SP-ZSM-5-100
498exhibits the highest TOF value of 1291 molH2 molRh

−1 min−1,
499indicating the synergistic effect of Rh−Ru is more conducive to
500improve the H2 evolution rate from the hydrolysis of AB than
501that of other Rh-based bimetal species. Notably, the TOF value
502of Rh0.8Zn0.2/SP-ZSM-5-100 is slightly lower than that of Rh/
503SP-ZSM-5-100, indicating that the introduction of Zn cannot
504enhance the activity of Rh for AB hydrolysis.
505Catalytic Activity of Cascade Hydrogenation of
506Nitroarenes by Coupling with the Hydrolysis of AB.
507The catalytic activity of Rh/Nano S-1, Rh/SP-S-1, Rh1@S-1,
508and Rh0.8Ru0.2/SP-ZSM-5-100 catalysts for the cascade
509reactions that couples the hydrolysis of AB with the
510hydrogenation of nitrobenzene (0.2 mmol) and 4-nitroxylene
511(0.2 mmol) at 298 K are investigated. The catalytic results are
512 f6t1shown in Figure 6 and Figures S39−S42 and Table 1. The
513nitrobenzene can be 100% converted to aniline (>99%
514selectivity) within 3 min over the Rh/SP-S-1, giving a high
515aniline generation rate of 133 molnitrobenzene molmetal

−1 min−1,
516which is 5- and 2-fold higher than that of Rh/Nano S-1 and
517Rh1@S-1, respectively. The superior catalytic activity of Rh/
518SP-S-1 can be mainly attributed to the remarkably enhanced
519transport efficiency of reactants and products across the
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520 ultrathin zeolite nanosheets. Significantly, thanks to the
521 synergistic effect between bimetal components and Brønsted
522 acid sites of zeolites, the aniline generation rate over
523 Rh0.8Ru0.2/SP-ZSM-5-100 reaches up to 267 molnitrobenzene
524 molmetal

−1 min−1, which represents the best activity among all
525 previously reported heterogeneous catalysts under similar
526 conditions.13,45,46 By comparison, the nitrobenzene conversion
527 is less than 1% after 20 min when the AB solution is replaced
528 by the atmospheric H2, and no product can be obtained
529 without adding catalysts. The above results indicate that the in
530 situ generated H2 from AB hydrolysis in the catalytic system is
531 much more efficient than the conventional gaseous H2 for the
532 reduction of the nitroarenes. The faster the H2 generation rate
533 from AB hydrolysis is, the higher the cascade nitrobenzene
534 hydrogenation activity becomes. The catalytic activity of
535 Rh0.8Ru0.2/SP-ZSM-5-100 for the cascade hydrogenation of
536 nitrobenzene (1 mmol) in a higher concentration at 298 K is
537 also investigated. As shown in Figure S43, the nitrobenzene in
538 higher concentration can be 20% converted to aniline within 1
539 min over the Rh0.8Ru0.2/SP-ZSM-5-100 catalyst, giving a
540 superhigh initial TOF value of 400 molnitrobenzene molmetal

−1

541 min−1. Significantly, the nitrobenzene can be 100% converted
542 to aniline (>99% selectivity) within 8 min over the Rh0.8Ru0.2/
543 SP-ZSM-5-100 catalyst, giving an aniline generation rate of 251
544 molnitrobenzene molmetal

−1 min−1.
545 Significantly, the 4-nitro-o-xylene with the larger molecular
546 size can be also 100% converted to 3,4-dimethylaniline within
547 3 min over the Rh0.8Ru0.2/SP-ZSM-5-100, affording a high
548 catalytic activity of 133 min−1. However, no product can be
549 obtained over Rh1@S-1 because the molecular size of 4-nitro-
550 o-xylene is larger than microporous sizes of MFI zeolite and
551 fails to access the metal active sites inside the zeolites matrix.
552 Most importantly, diverse nitroarenes, such as p-chloroni-
553 trobenzene, p-bromonitrobenzene, p-fluoronitrobenzene, 4-
554 nitrotoluene, 3-nitrotoluene, and even bulky 1-nitronaphtha-
555 lene can be totally converted to the corresponding amines
556 (>99% selectivity) within 1.5−3 min catalyzed by Rh0.8Ru0.2/
557 SP-ZSM-5-100 (Table 1 and Figures S44−S49). The above
558 results indicate that the self-pillared zeolite nanosheet
559 supported metal catalysts possess more extensive practicability
560 and superior performance for cascade hydrogenation of
561 different kinds of nitroarenes than previously reported
562 nanosized zeolite-encaged metal catalysts and other heteroge-
563 neous catalysts.

564 ■ CONCLUSION
565 In summary, we demonstrate that the self-pillared MFI zeolite
566 nanosheets are powerful supports to immobilize various
567 ultrasmall metallic clusters via a simple and industrially
568 available impregnation method. As compared with conven-
569 tional nanosized zeolite-supported metal catalysts, the self-
570 pillared zeolite nanosheet-immobilized metal catalysts pos-
571 sessed remarkably decreased sizes of metal species, improved
572 hydrophilicity and transport efficiency, and excellent thermal
573 stability under diverse redox atmospheres at high temperatures.
574 The as-prepared self-pillared zeolite nanosheet-supported
575 metal catalysts are highly efficient in AB hydrolysis.
576 Significantly, the optimized Rh0.8Ru0.2/SP-ZSM-5-100 ex-
577 hibited a superhigh activity of H2 generation rate from AB
578 hydrolysis at 298 K, up to 1006 min−1. Isotopic experiments
579 reveal that both zeolite acidity and Rh−Ru synergy can
580 promote the activation of water and significantly accelerate the
581 H2 generation from AB hydrolysis. The Rh0.8Ru0.2/SP-ZSM-5-

582100 also exhibited record catalytic activities in cascade
583hydrogenation of various nitroarenes by coupling with the
584hydrolysis of AB, which is even 4-fold higher than zeolite-
585encaged single-atom Rh catalysts due to its great superiority in
586fast transport of reactants and products during reactions. This
587work opens a new perspective for the utilization of ultrathin
588zeolite nanosheets as efficient supports to anchor ultrasmall
589metal nanocatalysts via simple and industrially available
590impregnation method. Most importantly, the zeolite nano-
591sheet-supported metal catalysts exhibit excellent thermal
592stability under various atmospheres and significantly improved
593mass transfer efficiency across narrow micropores of zeolites,
594which can be expected to exhibit high performance in other
595important catalytic reactions. It should be pointed out that
596more kinds of small and stable metal species can also be
597expected to be immobilized in zeolite nanosheets via the
598impregnation method by taking into account solubilities,
599molecular sizes, and electrical properties of metal precursors.
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