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Dual metal nanoparticles within
multicompartmentalized mesoporous organosilicas
for efficient sequential hydrogenation

Houbing Zou 1, Jinyu Daiz, Jinguan Suoz, Rammile Ettelaie 3, Yuan Li1, Nan Xue1, Runwei Wang Mg

Hengquan Yang® '™

Controlling localization of multiple metal nanoparticles on a single support is at the cutting
edge of designing cascade catalysts, but is still a scientific and technological challenge
because of the lack of nanostructured materials that can not only host metal nanoparticles in
different sub-compartments but also enable efficient molecular transport between different
metals. Herein we report a multicompartmentalized mesoporous organosilica with spatially
separated sub-compartments that are connected by short nanochannels. Such a unique
structure allows co-localization of Ru and Pd nanoparticles in a nanoscale proximal fashion.
The so designed cascade catalyst exhibits an order of magnitude activity enhancement in the
sequential hydrogenation of nitroarenes to cyclohexylamines compared with its mono/bi-
metallic counterparts. Crucially, an interesting phenomenon of neighboring metal-assisted
hydrogenation via hydrogen spillover is observed, contributing to the significant enhance-
ment in catalytic efficiency. The multicompartmentalized architectures along with the
revealed mechanism of accelerated hydrogenation provide vast opportunity for designing
efficient cascade catalysts.
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upported metal catalysts are at the heart of heterogeneous

catalysis!=3. Spatially separated localization of multiple

metal nanoparticles (NPs) on a single support is currently at
the cutting edge of designing supported metal catalysts because
such a kind of catalysts enables effective cascade of multistep
reactions*=®. Their noteworthy advantages are shortening the
diffusion distance of reaction intermediates and achieving
synergistic catalysis between different metal NPs, both of which
lead to boosted reaction efficiency and tunable selectivity!0-1°. An
ideal supported multimetal cascade catalyst should exhibit the
following features: (i) being capable of spatially isolating different
metal NPs in intimate proximity; (ii) having short nanochannels
to connect different metal NPs and thus guaranteeing efficient
molecular transport between them; and (iii) enabling positive
synergistic catalysis.

In pursuit of the ideal supported multimetal cascade catalysts,
researchers have explored various nanostructured materials
which are essential for achieving spatial localization of multiple
metal NPs. For example, core-shell nanostructures were
employed to spatially isolate two metal NPs within the core or on
the outer shell for CO, hydrogenation?0-2>. Similarly, TiO,
nanotubes were reported to localize Pt and Ni NPs on their outer
or inner surfaces using atomic layer deposition for transfer
hydrogenation?6-28. Hierarchical porous silicas were also used to
position dual metal NPs through stepwise modification of their
pore surfaces for sequential oxidation of cinnamyl alcohol?%-30.
Despite the great success in constructing cascade catalysts via
such spatial separation of multiple metal NPs, these existing
materials either lack compartmentalized structures to accom-
modate metal NPs on the outer surfaces?0-28, or else are unable to
provide well-defined nanochannels for connecting different metal
NPs in nanoscale proximity26-30. The unsatisfactory integration
of all the desired features in a single catalyst hinders realization of
efficient synergistic catalysis. Therefore, there is still a big
remaining gap between these reported catalysts and the ideal
cascade catalysts. In this context, developing new nanostructured
materials to separately position multiple metal NPs in nanoscale
proximity, so as to realize the full potential of cascade catalysts, is
a rather challenging task.

In this work, we developed a novel multicompartmentalized
mesoporous organosilica (MCMOS) to spatially isolate different
metal NPs in intimate proximity for constructing efficient cascade
catalysts. Possessing grooves on the outer surfaces and nano-
cavities within the interior, this material allowed us to position Ru
and Pd NPs separately in the grooves and in the nanocavities,
which are connected via nanopores on distance scales as short as
10 nm. The developed catalyst showed a remarkable catalytic
efficiency in sequential hydrogenation of nitroarenes to cyclo-
hexylamines, which otherwise was not achievable by its better
known mono/bi-metallic counterparts. An interesting phenom-
enon involving neighboring metal-assisted hydrogenation was
observed, in which hydrogen spillover from a catalytically inactive
metal to the neighboring catalytically active one in nanoscale
proximity accelerates the hydrogenation rate of each step of the
cascade reaction. This mechanism was identified to be crucial for
the enhanced catalytic efficiency.

Results

Preparation and characterization of MCMOS. To achieve a
multicompartmentalized structure, we developed a confined
coating-etching strategy to synthesize MCMOS, as illustrated in
Fig. 1a. Dendritic mesoporous silica nanoparticles (DSNs) with
pore diameter of 30 nm (Fig. 1b-d) were chosen as the hard
template because of their large-sized dendritic channels3!. Such
channels allowed a sol-gel process to occur within the pores,

hence generating a layer of mesoporous organosilica (MOS) on
the channel surfaces by using organosilane 1, 2-bis(triethoxysilyl)
ethane (BTEE) as the precursor. Due to the high pH conditions
(pH=14), the process of MOS growth simultaneously induced
dissolution of the enveloped frameworks of DSNs which were
hydrothermally less stable than MOS?2-34, Such simultaneous
growth of MOS and dissolution of DSNs yielded nanocavities
within the formed MOS framework. However, owing to the
sufficiently large pores of DSN, the growth of MOS layer did not
completely cram the initial channels of DSNs, leading to the
formation of many grooves on the surfaces of MCMOS. In par-
allel, mesopores were generated in the formed MOS layer because
of the introduction of hexadecyltrimethylammonium bromide
(CTAB, acting as pore-directing agents), which served as nano-
channels for connecting the interior nanocavities and the surface
grooves with each other.

An examination of the SEM image of the synthesized MCMOS
reveals that it is composed of uniform spherical particles with
particle size of 250 + 20 nm (Fig. le). A close inspection shows a
number of grooves with an average size of ca. 20 nm, located on
the surfaces of MCMOS. Comparing MCMOS with the original
DSNs template, the size of formed grooves is much smaller than
the channel size of DSNs. This is the result of the growth of MOS
layer, taking place on the surface of channels inside DSNs.
Interestingly, nanocavities are also clearly observed within the
interior of MCMOS particles (Fig. 1f). The HRTEM image in
Fig. 1g further reveals that the width of the formed nanocavities is
almost equal to the thickness of the pore walls of DSNs. This
result is an indication that the nanocavities stem from the
dissolution of silica frameworks, occurring at the same time as the
MOS growth. To the best of our knowledge, such a unique
nanostructure, quite distinct from the previously existing core-
shell/hollow structures3?-3%, has never been reported. Moreover,
on the MOS framework, numerous mesopore channels connect-
ing the interior nanocavities with the outer surface grooves,
having a pore size of 2-3 nm and pore length of about 10 nm, are
discernible (the inset in Fig. 1g). Such an architecture is further
confirmed by the HADDF-STEM image (Fig. 1h). The sorption
isotherm of MCMOS exhibits a typical type-IV curve with a
hysteresis loop in the P/P, range of 0.7-1.0. The
Barrett-Joyner-Halenda (BJH) pore size distribution curve
displays trimodal pore sizes centered at 2.2, 8.9, and 21.1 nm,
which can be attributed correspondingly to the mesopores on
MOS framework, the nanocavities within MCMOS, and the
grooves on the MCMOS surfaces. Elemental mapping shows
homogeneous distributions of Si, O, and C elements throughout
the particle, indicating the framework is composed of organosilica
(Supplementary Fig. 1). The organosilica framework is also
verified collectively by separate results of Fourier transform
infrared (FT-IR) spectroscopy, the solid-state NMR spectroscopy
as well as the thermogravimetry analysis (Supplementary Fig. 2).

To identify key factors for the formation of such a unique
architecture, we conducted a series of controlled experiments. By
decreasing the amount of BTEE from 0.15 to 0.10 mL but keeping
the other conditions unchanged, we found that the obtained
MCMOS still exhibited a similar trimodal porous structure.
However, in this case it was noted that the interior was sparse and
the framework walls of MOS were thin (Supplementary Fig. 3atc).
Conversely, when the amount of BTEE was increased from 0.15
to 0.2 mL, a core-shell structure with a denser interior and a very
thin MOS shell around the whole particle surface was generated
(Supplementary Fig. 3d-f). This is because the excessive
organosilane caused the coating process to continue on the
external surfaces of DSNs, even after cramming the channels in
their interior. Furthermore, we found that the channel size of
DSNs also played a crucial role in the formation of MCMOS
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Fig. 1 Synthesis and characterization of MCMOS. a Schematic illustration for the fabrication of MCMOS. b-d SEM (b) and TEM (¢, d) images of DSNs.
e-h SEM (e), TEM (f, g) and HAADF-STEM (h) images of MCMOS. i Nitrogen adsorption-desorption isotherm of DSNs and MCMOS. j BJH pore size
distributions of DSNs and MCMOS. The inset in (g) is the HRTEM image showing nanochannels in the MOS layer.

(Supplementary Fig. 4). MCMOS was successfully obtained using
DSNs with a channel size of 220 nm as the template, but small
channels (<15nm) resulted in hollow nanospheres, as already
reported in the literatures3>=3°. It is likely that the small channels
failed to provide sufficiently large spaces for the co-assembly of
surfactant and organosilica oligomers. Therefore, the coating-
etching process occurred predominantly on the external surfaces

of DSNs instead. Additionally, the framework of MCMOS
materials can be diversified through altering organosilane
precursors (Supplementary Figs. 5-6). Using bis(triethoxysilyl)
methane (BTEM) or 1, 2-bis(triethoxysilyl)ethylene (BTEEE) as
precursors was found to be viable for the synthesis of MCMOS.
Multicompartmentalized mesoporous silica with pure inorganic
framework was prepared by calcining the MCMOS materials in

NATURE COMMUNICATIONS | (2021)12:4968 | https://doi.org/10.1038/541467-021-25226-x | www.nature.com/naturecommunications 3


www.nature.com/naturecommunications
www.nature.com/naturecommunications

ARTICLE

NATURE COMMUNICATIONS | https://doi.org/10.1038/s41467-021-25226-x

. | coating-
etching

Pd<_
III"-ID‘
Ru&~

II----I..

Intensity (Counts)

0 10 20 30 40 50
Position (nm)

Fig. 2 Synthesis and characterization of the Ru/Pd/MCMOS cascade catalyst. a Schematic illustration for the fabrication of Ru/Pd/MCMOS. b-d
HAADF-STEM images of Ru/MCMOS (b), Pd/MCMOS (c) and Ru/Pd/MCMOS (d). e-g High-magnification HAADF-STEM image (e), EDX element

mapping (f) and EDX line-scanning profile (g) of Ru/Pd/MCMOS.

air at 550 °C for 6 h (Supplementary Fig. 7). MCMOS materials
with larger nanochannels (pore diameter ~3.2 nm) connecting the
surface grooves and the interior nanocavities could also be
obtained using octadecyltrimethylammonium chloride (OTAC)
with longer hydrophobic chains as the surfactant (Supplementary
Fig. 8). These results suggest that the dosage of organosilane and
the channel size of DSNs are crucial for the formation of
multicompartmentalized architecture and that the structure of
MCMOS materials is tunable.

Preparation and characterization of the cascade catalyst. Our
synthesis protocol, in combination with the unique architecture
of MCMOS, allows us to stepwise position different metal NPs in
the surface grooves and within the interior nanocavities, sepa-
rately. Here, Ru and Pd were selected to demonstrate the con-
struction of a cascade catalyst (Ru/Pd/MCMOS) since Ru NPs are
proven to be catalytically active towards hydrogenation of
arenes®0-3% while Pd NPs are ideal catalysts towards hydro-
genation of nitro group?-42. Integration of these two metal NPs
in a single particle is necessary to realize efficient one-pot
sequential hydrogenation of nitrobenzene to cyclohexylamine*3.

As displayed in Fig. 2a, Ru NPs (<2 nm) were first introduced
into the nanocavities of MCMOS (Ru/MCMOS) by using as-
prepared Ru-loaded DSNs (Ru/DSNs) as the template. To firmly
anchor Ru NPs, aminopropyl group was grafted on the surface of
the channels of DSNs before growing MOS and then was
functionalized on the surface of MCMOS after the process of
coating-etching (Supplementary Fig. 9). The desirable encapsula-
tion effect of nanocavities and the coordination interaction of
surface aminopropyl groups served to prevent the Ru NPs from
leaching from the surface*4. Subsequently, Pd NPs with particle
sizes of 4-10 nm were loaded into the surface grooves via an
adsorption process (see the Methods). Because Pd NPs in size
were larger than the nanochannels on the MOS layer (2-3 nm),
they had no possibility of entering the nanocavities located within
the interior of MCMOS. Therefore, Pd NPs were solely confined
inside the surface grooves. As a result, Ru and Pd NPs were
spatially separated by the MOS layer, as depicted in Fig. 2a. The
TEM images of such a fabricated Ru/Pd/MCMOS show that both
Ru and Pd NPs are co-localized within a single particle
(Supplementary Fig. 10). The spatially separated locations of
these two metals within Ru/Pd/MCMOS are verified by the
positional comparisons with their corresponding monometallic
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samples, Ru/MCMOS (Fig. 2b and Supplementary Fig. 11) and
Pd/MCMOS (Fig. 2c and Supplementary Fig. 12). From the
HADDEF-STEM images (Fig. 2d, e), it is clearly seen that Ru NPs
are confined within the nanocavities, whereas the Pd NPs with a
stronger contrast are positioned in the grooves. This observation
can be further supported by the X-ray photoelectron spectroscopy
(XPS) results for Ru/Pd/MCMOS. Typical Pd 3d peaks with a
binding energy of 336.1eV for Pd 3ds,, appeared in the XPS
spectra of Ru/Pd/MCMOS and Pd/MCMOS while no obvious Ru
3p peaks were observed over Ru/PdA/MCMOS and Ru/MCMOS
(Supplementary Fig. 13). This is due to the encapsulation of Ru
NPs within the interior nanocavities. These results confirm that
Ru NPs were confined in the interior of Ru/Pd/MCMOS while Pd
NPs resided on its surface grooves, as expected. Particle size
distributions for the Ru NPs and the Pd NPs of Ru/Pd/MCPMO
reveal a bimodal distribution, with well-defined maxima at 1.5
and 6.2 nm, superimposable with those observed for monome-
tallic Ru or Pd analogues (Supplementary Fig. 14). Furthermore,
EDX elemental mapping displays that the Ru, Si and C elements
are distributed throughout the Ru/Pd/MCMOS particle while the
Pd element is predominantly visible in the outer half of the
particle (Fig. 2f). This is because the grooves do not extend to the
center of the particle when formed via a confined coating-etching
process. The EDX line-scanning profile unveils that the distribu-
tion of Pd element is segregated away from Ru element (Fig. 2g)
because they are kept apart by the MOS layer. Nonetheless, the
two metals are still in close proximity, within nanoscale distances
of each other, but Ru and Pd NPs are well separated from each
other (inside and outside the nanocavities of MCMOSs connected
by nanochannel).

Enhanced catalytic efficiency. Sequential hydrogenation of
nitroaromatic compounds is an important transformation for
producing cycloaliphatic primary amines, necessary intermediates
accessible to various high-value chemicals*>. Such a transforma-
tion consists of two steps of hydrogenation0~4%, ie. nitro
hydrogenation and aromatic ring hydrogenation (Fig. 3a). Dual
metal-involved catalysts are necessary to achieve high catalytic
efficiency®3, because they can respectively catalyze one step of the
sequential hydrogenation aforementioned.

Our Ru/Pd/MCMOS cascade catalyst enabled the sequential
hydrogenation of nitrobenzene (NB) to proceed smoothly under
mild reaction conditions (80 °C, 2.0 MPa), giving the final product
cyclohexylamine (CA) in 99.2% yield along with trace aniline (AN,
intermediate) and ethylcyclohexylamine (ECA, side product)
within 2.5 h reaction period (Fig. 3¢ and Supplementary Table 1).
The CA production rate (defined here as the mole number of
generated CA per hour) was calculated to be as high as 27.4h~1
(Fig. 3d). For benchmarking the performance of our Ru/Pd/
MCMOS, we also examined a set of catalysts including mono-
metallic and bimetallic catalysts (Fig. 3b). Under the same reaction
conditions, the monometallic PA/MCMOS catalyst gave inter-
mediate aniline (AN) in >299% yield, and only a trace amount of
the final product CA was detected (Fig. 3c). Another monometallic
Ru/MCMOS catalyst provided a NB conversion of only 11.2% and
no product CA could be detected in this case (Fig. 3c). This is
reasonable because Pd/MCMOS was only active for converting NB
to AN (the first step) while Ru/MCMOS was exclusively active in
the AN hydrogenation (the second step, Supplementary Fig. 15),
which is consistent with previous literatures3’-42, Over the
physically mixed catalyst (a mixture of PA/MCMOS and Ru/
MCMOS), a yield of 15.5% for the final product CA was obtained
within the same reaction time although the conversion in the first
step reached 99.9% (Fig. 3c). The CA production rate for the
physically mixed catalyst was only 3.55h~!, which was 7.72-fold

lower than that of our Ru/Pd/MCMOS (Fig. 3d). Moreover, we
tested another two bimetallic catalysts (their preparation proce-
dures are provided in Supplementary Experimental Section): Ru-
Pd/DSNs catalyst with Ru and Pd NPs jointly loaded inside the
same channels of DSNs (without spatial isolation as shown in
Supplementary Fig. 16) and PdRuW/MCMOS alloy catalyst
(Supplementary Fig. 17). Ru-Pd/DSNs gave a CA vyield of 34.0%
with a production rate of 7.95h~1, and PdARWMCMOS even
showed almost no activity for producing CA (Fig. 3c, d).
Obviously, despite containing the dual metals, their activities for
this sequential hydrogenation were much lower than our cascade
catalyst. This can be explained in terms of electronic effects. As
shown by TEM images of Ru-Pd/DSNs (Supplementary Fig. 16),
the small Ru and large Pd NPs are so close in this non-
compartmentalized sample, as to be in direct contact with each
other. This situation induces charge transfer between these two
metals, as evidenced by the XPS results (Supplementary Fig. 18).
As a result, the surface electron density of Ru NPs decreases,
leading to inability in the adsorption and activation of aromatic
ring°%>! (Supplementary Fig. 19). It is the same case with the
PdRu/MCMOS alloy catalysts®. These comparisons highlight the
phenomenon that the presence of the second catalytically inert
metal, positioned in nanoscale proximity but yet not in direct
contact with the first metal, can significantly enhance the overall
catalytic efficiency.

This phenomenon was also observed in the hydrogenation of
other nitroarenes. Nitroarenes with different substituted groups
including methyl, ethyl and even dimethyl could all be efficiently
converted into their corresponding cyclohexylamines with yields
of 293% over our cascade catalyst (Table 1, Entries 1-6). For the
challenging substrates such as p-nitrophenol and p-methoxyni-
trobenzene that are easy to deoxidize by hydrogenolysis under
high-temperature, our catalyst still gave cyclohexylamines in
selectivities as high as >98.1% (Entries 7, 8). Alicyclic diamines
were also obtained in an approximately quantitative yield from
different nitroanilines (Table 1, Entries 9, 10). Using 2, 6-di-tert-
butyl-4-nitrophenol with a large molecule size as substrate, the
Ru/Pd/MCMOS catalyst also presented a yield of 99.4% for
corresponding cyclohexylamine within 12.0 h (Table 1, Entry 11).
In contrast, for all these investigated substrates, the physically
mixed catalyst only gave yields of 0.5-29.1%, which were 3.4-193
fold lower than those obtained over Ru/Pd/MCPMO. Collectively,
these results point to the general fact that our cascade catalyst has
an enhanced catalytic efficiency in comparison to the physically
mixed catalyst. Moreover, the Ru/Pd/MCPMO cascade catalyst
showed a good recyclability. The CA yield obtained within 1.5h
was slightly decreased from initial 84.4% to 74.0% after six
successive reaction cycles (Supplementary Fig. 20a). Such a high
catalytic stability was further confirmed by the filtration test
(Supplementary Fig. 20b). By analyzing the residual filtrate of the
sixth reaction cycle using ICP-MS, only ppb Pd and Ru species
could be detected. These results indicated that only 0.5 wt% of
metal NPs were leached out from the catalyst. The TEM images
and XPS spectra in Supplementary Fig. 21 reveal that the
recovered catalyst remains a well-defined multicompartmenta-
lized structure and most of the Ru and Pd NPs are still confined
in their own sub-compartments. Ru NPs are observed to undergo
slight sintering from the high-magnification TEM image.
Accordingly, the Ru/Pd/MCMOS cascade catalyst is catalytically
stable and recyclable, and the slight activity loss after the sixth
reaction cycle should be attributed to the slight metal leaching
and sintering.

Neighboring metal-assisted hydrogenation via hydrogen spil-
lover. The significantly enhanced catalytic efficiency of our Ru/Pd/
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Fig. 3 Catalytic performances evaluation. a Reaction network of the sequential hydrogenation of nitrobenzene. b Schematic illustration of four catalysts
including Ru/Pd/MCMOQOS, Pd/MCMOS, Ru/MCMOS and Ru-Pd/DSNs. ¢ Product distributions of the sequential hydrogenation over different catalysts. d
The CA production rate over different catalysts. The production rate value is estimated according to the CA yield of 20-30%. e Kinetic plots of the
sequential hydrogenation over Ru/Pd/MCMOS. f Kinetic plots of the sequential hydrogenation over the physically mixed catalyst. Reaction conditions: NB
(0.25 mmol), solid catalyst (Ru 0.77 mol%, Pd 1.01 mol%), ethanol (2.0 mL), H, (2.0 MPa), 80 °C, 2.5h.

MCMOS, in comparison to the physically mixed catalyst, pro-
motes one to clarify the origins of such a pronounced improve-
ment. We checked the kinetics of sequential hydrogenation over
Ru/Pd/MCMOS and the physically mixed catalyst. In both these
two systems, the maximum concentrations of intermediate AN
reached approximately 100% during the reaction process (Fig. 3e,
f), meaning that any significant AN hydrogenation only occurred

once the NB hydrogenation had been almost completed. This
tends to indicate that there existed a substrate inhibition effect for
the second step. Our poisoning experiment provides additional
support for the occurrence of this substrate inhibition effect. As
shown in Supplementary Figs. 22-24, the AN hydrogenation is
completely poisoned in the presence of 50% of p-nitrotoluene.
These results exclude the possibility that timely transport of
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Table 1 Results of sequential hydrogenation of various nitroarenes over the Ru/Pd/MCMOS cascade catalyst and the physically
mixed catalyst?.
C . Product Distribution (%)
Entry Substrate Product Time orz;//zt)rs 1o arylamine cyclohexylamine
(intermediate)  (final product)
| NO2 B X 0.3 99.2
’ (99.9) (84.5) (15.5)
NH
, NO: 2 sy 999 7.0 93.0
’ (99.9) (96.0) (4.0)
NO, NH,
99.9 6.0 94.0
3 Q/ Q 3.0 999 ©1.1) (8.9)
N NH
A Oz © o Lon 999 trace >99
’ (99.9) (99.4) (0.6)
NO, NH, 99.9 4.3 95.7
5 d d 6.5h (999 (92.9) 7.1
. NO2 N o 99.9 13 98.7
’ (94.9) (65.8) (29.1)
NO, NH,
I O e By s o
" o (99.9) (86.8) (13.2)
NO, NH,
S & AN G ST S
MeO VeO (99.9) (87.6) (12.4)
Noz e 99.9 99
. trace >
o T e i
HoN HoN (99.9) (89.5) (10.5)
NO, NH,
99.9 trace 96.5
10 ? ? 100h 999 (99.5) 0.5)
NH, NH,
NO, NH,
99.9 0.6 99.4
11 120h 999 (77.0) (23.0)
OH OH
Reaction conditions: nitroarenes (0.25 mmol), solid catalyst (Ru 0.77 mol%, Pd 1.01 mol%), ethanol (2.0 mL), H, (2.0 MPa), 80 °C.
aNumbers in brackets refer to the results obtained over the physically mixed catalyst.
bDetermined by GC and GC-MS.

intermediate from the Pd NPs to the Ru NPs may result in the
enhanced catalytic efficiency. It is well recognized that the con-
centration of active hydrogen species on the metal surfaces is
crucial to hydrogenation®3-2°. Based on the enhanced activity in
the presence of the catalytically inert second metal as discussed
above, we speculate that the migration of active hydrogen from
neighboring metal NPs may substantially accelerate the reactions
of both of steps and thereby improve the overall reaction rate.
To validate our hypothesis, hydrogen spillover between the two
metal NPs was investigated by hydrogen temperature-programmed
desorption (H,-TPD) and temperature-programmed reduction (H,-
TPR), which have been shown to be helpful in investigating the

hydrogen spillover effect®®>”. As displayed in Fig. 4a, Pd/MCMOS
and Ru/MCMOS exhibit a desorption peak centered at 51 °C and
61 °C, respectively. This indicates that both of metal NPs have good
ability for H, activation and dissociation, which can be further
evidenced by the color change in the mixture of the catalysts and
WO; nanoparticles (Supplementary Fig. 25) and the theoretical
calculations (Supplementary Fig. 26). Interestingly, Ru/Pd/MCMOS
shows a desorption peak centered at 49 °C, which is lower than that
of the physically mixed catalyst (63 °C). This observation suggests
that the ability in H, adsorption and dissociation is improved when
positioning Ru and Pd NPs in close nanoscale proximity. To further
confirm the hydrogen spillover occurring between these two metal
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NPs, the Ru NPs were partly oxidized to RuOy species (as evidenced
by the XPS spectrum in Supplementary Fig. 27) by hypochlorous acid
for H,-TPR tests. It can be observed that there is a distinct peak
centered at 187 °C in the H,-TPR profile of RuO,/MCMOS (Fig. 4b),
which can be attributed to the reduction of RuO, species®®. After
introducing Pd NPs in the nanoscale proximity to RuO,, the
temperature needed for the RuOy reduction on RuO,/Pd/MCMOS is
considerably lowered down to 147°C. This again confirms the
hydrogen spillover occurring from Pd to RuO,. Notably, the
reduction peak of RuO,/Pd/MCMOS is also lower than that for
the systems involving a mixture of RuO,/MCMOS and Pd/MCMOS
(167 °C), indicating that the closer proximity of two metals is more
favorable to the hydrogen spillover.

This hydrogen spillover effect is also supported by the results of
catalytic reactions. After Ru NPs were partly oxidized to RuOy
species, the conversion for AN hydrogenation over RuO,/MCMOS
was dramatically decreased from 97% to 60.4% within a 2 h period
(Supplementary Fig. 28). The decrease was due to the relatively
poor H, activation ability of RuO, species. In contrast, a high
conversion of 91.2% was obtained over RuQO,/Pd/MCMOS, on
which the Pd NPs were positioned beside the RuOj species in close
proximity. Since the Pd NPs themselves were inert for transforming
AN to CA (as aforementioned), this activity enhancement must
stem from the spillover of active hydrogen atoms generated on the
surfaces of Pd NPs. These results consolidate our hypothesis that
the migration of active hydrogen atoms, occurring between closely
spaced but separately positioned neighboring metal NPs, can
substantially accelerate hydrogenation reactions.

To further confirm the hydrogen spillover effect in Ru/Pd/
MCMOS, we examined the reaction kinetics of the two catalytic
steps independently over Ru/Pd/MCMOS and the physically
mixed catalyst. As displayed in Supplementary Fig. 29, since all
the reactions follow pseudo first-order kinetics, the reaction rate
constants are determined to evaluate their catalytic efficiencies in
accordance to the rate equation In(C/Cy) =kt. Our Ru/Pd/
MCMOS catalyst shows a rate constant in the first step (k;),
which is 3.77 times higher than that of the monometallic Pd/
MCMOS catalyst. In the second step, the rate constant (k) is also
242 fold larger than that of the monometallic Ru/MCMOS
catalyst. Note that although the physically mixed catalyst also
modifies both of the reaction rate constants (by 2.48 fold in the
first step and 1.48 fold in the second step), the enhancements are
much less pronounced than our Ru/Pd/MCMOS catalyst, which
is due to its far distance between two metals in separate particles.
These results clearly indicate that catalytically inert second metal
in nanoscale proximity accelerates the hydrogenation reaction
occurring on the neighboring metal NPs. Furthermore, we also
found that the reaction rates of both catalytic steps over Ru/Pd/
MCMOS were related to the ratios of Ru/Pd. For the first step of
hydrogenating NB to AN, when keeping the Pd NPs loading
unaltered while adjusting the catalytically inert Ru NPs loading
from 0.3 wt% to 1.1 wt%, the rate constant was increased by 1.42-
times (Supplementary Fig. 30). Likewise, for the second step of
converting AN to CA, when keeping the Ru NPs loading
constant, an increase of catalytically inert Pd NPs loading from
0.35wt% to 1.01 wt% resulted in a 1.65 fold reaction rate
enhancement (Supplementary Fig. 31). These findings further
disclose that more the catalytically inert second metal is, higher
the reaction rate of the hydrogenation occurring on neighboring
metal NPs is, because higher concentration of active hydrogen
atoms is provided by the second metal.

Based on the above results, we propose a mechanism of
neighboring metal-assisted hydrogenation. As illustrated in
Fig. 4c, the catalytically inert Ru NPs in the first step can still
dissociate H, efficiently, generating active hydrogen atoms that
are subsequently migrated to the surfaces of Pd NPs located in

close proximity. This leads to a high concentration of active
hydrogen atoms on the Pd NPs during their catalytic reactions,
thereby accelerating the hydrogenation of NB molecules adsorbed
on the Pd surfaces. In the same manner, the catalytically inactive
Pd NPs in the second step also activate H, to promote the
hydrogenation of AN molecules adsorbed on the Ru surfaces.
Such a neighboring metal-assisted hydrogenation is strongly
dependent on the distance and ratio between two metals because
they are relevant to the generation and subsequent migration of
active hydrogen atoms. This hydrogen spillover from the
neighboring metal mainly contributed to the high overall catalytic
efficiency obtained over Ru/Pd/MCMOS.

To examine the generality of this neighboring metal-assisted
hydrogenation, we prepared the Ru/Au/MCMOS cascade catalyst
by replacing the Pd NPs with Au NPs that were documented to
have poor activity for hydrogen activation®®. The TEM images
indicate that both of the metal NPs were co-localized on the
MCMOS support in a spatially isolated but nanoscale proximal
fashion (Supplementary Fig. 32). Although both the Au NPs and
the Ru NPs were catalytically inactive for nitrobenzene hydro-
genation, as shown in Supplementary Fig. 33a, the Ru/Au/
MCMOS catalyst exhibited a high activity for producing aniline
from nitrobenzene. Furthermore, its activity was also much
higher than that of the physical mixture of Ru/MCMOS and Au/
MCMOS due to the closer proximity of two metal NPs of Ru/Au/
MCMOS. More interestingly, the Ru/Au/MCMOS cascade
catalyst even exhibited a reasonably good activity in the
sequential hydrogenation of nitrobenzene for producing cyclo-
hexylamine (Supplementary Fig. 33b). These results demon-
strated the generality of the strategy of neighboring metal-assisted
hydrogenation within multimetal cascade catalysts.

Furthermore, the proposed neighboring metal-assisted hydro-
genation enabled us to tune the kinetics of this cascade reaction in
a rather unconventional way. As shown in Supplementary Fig. 34,
the reaction kinetics of NB sequential hydrogenation is very
different when adjusting the Ru/Pd ratio of Ru/Pd/MCMOS but
keeping the total metal loading constant. The rate constant of the
first step (k;) is decreased from 20.8 to 4.11 h—! when the ratio of
Ru/Pd ratio is increased from 1/1.7 to 1.2/1 (Fig. 4d). At the same
time, the rate constant of the second step (k) is found to
significantly increase from 0.16 to 2.65 h~! (Fig. 4d). The decline
of k; and the rise of k, in themselves are not surprising because
the corresponding metals catalyzing each step are decreased or
increased. However, the observations become far more interesting
when they are compared to the corresponding results, involving
the same change in the ratio of Ru/Pd in the physically mixed
catalyst (Supplementary Fig. 35). As shown in Fig. 4e, the k; value
of the physically mixed catalyst declines much more dramatically
than that of Ru/Pd/MCMOS (8.2 times vs 5.1 times), with its k,
value also rising far less (4.6 times vs 16.6 times). Consequently,
for the overall cascade reaction, Ru/PdA/MCMOS exhibits a
stronger dependence of CA production rate as a function of Ru/
Pd ratio, in comparison to the physically mixed catalyst (Fig. 4f).
This reflects the high sensitivity of our cascade catalyst to the
variation in the metal ratios, thus providing an opportunity and a
mean to optimize the kinetics of cascade reactions in a more
effective way.

Discussion

In summary, a novel multicompartmentalized nanoarchitecture
MCMOS has been successfully synthesized to spatially position
dual metal NPs for tandem reaction. MCMOS features grooves on
the surfaces and nanocavities within its interiors, which are
connected via uniform mesopores with pore lengths of about 10
nm. Such a unique architecture enables spatial isolation of
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different metals such as Ru and Pd within their sub-
compartments. The so designed Ru/Pd/MCMOS cascade cata-
lyst exhibits even an order of magnitude enhancement in catalytic
efficiency in the sequential hydrogenation of nitroarenes to
cyclohexylamines in comparison to the monometallic catalysts
and other bimetallic counterparts. Importantly, we find a novel
phenomenon of neighboring metal-assisted hydrogenation, which
involves hydrogen spillover from a catalytically inactive metal to
the neighboring catalytically active one for each step of the cas-
cade reaction. Thus, even the metal, seemingly inert to catalyzing
one of the two steps, begins to play an indirect synergic role in
enhancing the reaction rate of the other step, leading to the sig-
nificantly boosted catalytic efficiency. Our work not only
demonstrates the design of a new architectured material for
achieving the co-localization of multiple metal NPs but also
supplies fresh insight into multimetal-involved tandem hydro-
genation process, providing new opportunity for designing more
efficient cascade catalysts.

Methods

Synthesis of MCMOS nanoparticles. DSNs were prepared according to a previous
report®!. In a typical synthesis of MCMOS, 100 mg of the as-prepared DSNs was
homogeneously dispersed in a mixture containing 22 mL of water and 11 mL of
ethanol by ultrasonication. After addition of 0.5 g of CTAB and 4.0 mL of ammo-
nium aqueous solution (25-28%), the resultant mixture was further stirred at room

temperature for 30 min. 0.15 mL of 1, 2-bis(triethoxysilyl)ethane (BTEE) was then
added dropwise. After complete hydrolysis of BTEE, the obtained white suspension
was transferred to a stainless steel autoclave with a Teflon container and was further
hydrothermally treated at 100 °C for 24 h. The resultant MCMOS were collected
through centrifugation and then washed with water and ethanol several times. The
surfactant CTAB was removed by refluxing 0.5 g of the as-made material in 100 mL
of ethanol containing 0.5 g of concentrated HCI aqueous solution for 6 h.

Preparation of the Ru/Pd/MCMOS cascade catalyst. Firstly, Ru NPs were
supported on the dendritic channel surfaces of DSNs via an impregnation-reduction
method. To stably anchor Ru NPs, aminopropyl group was grafted on the pore
surfaces of DSNs (NH,-DSNs). Typically, 0.5 mL of 3-aminopropyltriethoxysilane
(APTES) was dropwise added into 20 mL of toluene solution containing 0.1 mL of
triethylamine and 200 mg of DSNs, and the obtained mixture was refluxed for 6 h at
120 °C. Centrifugation was conducted to collect the NH,-DSNs sample. After that, a
dosage of RuCl; solution was added into 50 mL of aqueous solution containing 200
mg of NH,-DSNs, and the obtained mixture was stirred at 50 °C for 4 h. After the
addition of NaBH, solution (0.1 M, 2.0 mL), the mixture was further stirred for 24 h
to reduce Ru ions, leading to Ru/DSNs. Then, the prepared Ru/DSNs were used as
templates to prepare the Ru/MCMOS catalyst (Ru NPs-supported MCMOS) under
the same conditions as MCMOS. Finally, 4-8 nm of Pd NPs suspension obtained
according to a previous report® was added drop-by-drop into a mixture containing
20 mL of H,O and a certain amount of Ru/MCMOS. The solid catalyst was collected
by centrifugation and then washed with water and ethanol for several times. After
drying at 80 °C for 6 h under vacuum, the Ru/Pd/MCMOS catalyst was obtained.
The PA/MCMOS catalyst (Pd NPs-supported MCMOS) was prepared under the
same conditions as those for Ru/Pd/MCMOS except by replacing Ru/MCMOS with
the MCMOS material. By inductively coupled plasma mass spectrometry (ICP-MS)
analysis, the loading amount of Ru and Pd was identified to be 0.54 wt % and 0.75
wt% in these bimetallic/monometallic catalysts, respectively.
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Sequential hydrogenation of nitroarenes to cyclohexylamines. In a typical
hydrogenation reaction, nitroaromatic (0.25 mmol), catalyst (36 mg, Ru 0.77 mol%,
Pd 1.01 mol%) and ethanol (2.0 mL) were added to a Teflon-lined steel autoclave.
Before reaction, the autoclave was sealed and flushed with H, three times to
remove the air. Then the autoclave was charged with a 2.0 MPa H, at room
temperature, and then heated from room temperature to 80 °C within 20 min and
kept at this temperature under magnetic stirring (900 rpm). After the completion of
the reaction, the autoclave was cooled down to room temperature. The products
were analyzed by a gas chromatograph (Agilent 7890 A) equipped with an HP-5
column, and further confirmed by GC-MS (Agilent 7890 A GC/5973 MS). After
each run the catalyst was separated from the reaction mixture by centrifugation,
thoroughly washed with ethanol for five times, and dried at 60 °C under a vacuum
for the next reaction cycle. After the sixth reaction cycle, the catalyst was recovered
by centrifugation for characterization and the residual filtrate was allowed for
further reaction under the same conditions. All of the error bars represent the
standard deviations from three repeated experiments.

Data availability
The data that support the findings of this study are available from the corresponding
author under reasonable request.

Received: 1 February 2021; Accepted: 28 July 2021;
Published online: 17 August 2021

References

1. Zhang, L., Zhou, M., Wang, A. & Zhang, T. Selective hydrogenation over
supported metal catalysts: From nanoparticles to single atoms. Chem. Rev.
120, 683-733 (2020).

2. Rong, H,Ji, S, Zhang, J., Wang, D. & Li, Y. Synthetic strategies of supported
atomic clusters for heterogeneous catalysis. Nat. Commun. 11, 5884 (2020).

3. Lu,J, Elam, J. & Stair, P. Synthesis and stabilization of supported metal
catalysts by atomic layer deposition. Acc. Chem. Res. 46, 1806-1815 (2013).

4. Climent, M., Corma, A. & Iborra, S. Heterogeneous catalysts for the one-pot
synthesis of chemicals and fine chemicals. Chem. Rev. 111, 1072-1133 (2011).

5. Sankar, M. et al. Designing bimetallic catalysts for a green and sustainable
future. Chem. Soc. Rev. 41, 8099-8139 (2012).

6. Xie, C, Niu, Z., Kim, D, Li, M. & Yang, P. Surface and interface control in
nanoparticle catalysis. Chem. Rev. 120, 1184-1249 (2020).

7. Yamada, Y. et al. Nanocrystal bilayer for tandem catalysis. Nat. Chem. 3,
372-376 (2011).

8. Lohr, T. & Marks, T. Orthogonal tandem catalysis. Nat. Chem. 7, 477-482
(2015).

9. Wheeldon, L et al. Substrate channelling as an approach to cascade reactions.
Nat. Chem. 8, 299-309 (2016).

10. Wang, L. et al. Single-site catalyst promoters accelerate metal-catalyzed
nitroarene hydrogenation. Nat. Commun. 9, 1362 (2018).

11. Zhang, J. et al. Origin of synergistic effects in bicomponent cobalt oxide-
platinum catalysts for selective hydrogenation reaction. Nat. Commun. 10,
4166 (2019).

12. Xiong, M. et al. In situ tuning of electronic structure of catalysts using
controllable hydrogen spillover for enhanced selectivity. Nat. Commun. 11,
4773 (2020).

13. Kuai, L. et al. Titania supported synergistic palladium single atoms and
nanoparticles for room temperature ketone and aldehydes hydrogenation.
Nat. Commun. 11, 48 (2020).

14. Yang, H, Fu, L., Wei, L,, Liang, T. & Bink, P. Compartmentalization of
incompatible reagents within Pickering emulsion droplets for one-pot cascade
reactions. J. Am. Chem. Soc. 137, 1362-1371 (2015).

15. Tang, Y. et al. Synergy of single-atom Ni; and Ru, sites on CeO, for dry
reforming of CHy. J. Am. Chem. Soc. 141, 7283-7293 (2019).

16. Li, A. et al. Thin heterojunctions and spatially separated cocatalysts to
simultaneously reduce bulk and surface recombination in photocatalysts.
Angew. Chem. Int. Ed. 55, 13734-13738 (2016).

17. Zheng, D., Cao, X. & Wang, X. Precise formation of a hollow carbon nitride
structure with a Janus surface to promote water splitting by photoredox
catalysis. Angew. Chem. Int. Ed. 55, 1151211516 (2016).

18. Wang, D. et al. Core/shell photocatalyst with spatially separated co-catalysts
for efficient reduction and oxidation of water. Angew. Chem. Int. Ed. 52,
11252-11256 (2013).

19. Wei, J. et al. In situ Raman monitoring and manipulating of interfacial
hydrogen spillover by precise fabrication of Au/TiO,/Pt sandwich structures.
Angew. Chem. Int. Ed. 59, 10343-10347 (2020).

20. Xie, C. et al. Tandem catalysis for CO, hydrogenation to C,—Cy
hydrocarbons. Nano Lett. 17, 3798-3802 (2017).

21.

22.

23.

24.

25.

26.

27.

28.

29.

30.

31.

32.

33.

34.

35.

36.

37.

38.

39.

40.

41.

42.

43.

44.

45.

46.

47.

Su, J. et al. Insights into the mechanism of tandem alkene hydroformylation
over a nanostructured catalyst with multiple interfaces. J. Am. Chem. Soc. 138,
11568-11574 (2016).

Aitbekova, A. et al. Engineering of ruthenium-iron oxide colloidal
heterostructures: Improved yields in CO, hydrogenation to hydrocarbons.
Angew. Chem. Int. Ed. 58, 17451-17457 (2019).

Lu, J., Dimroth, J. & Weck, M. Compartmentalization of incompatible
catalytic transformations for tandem catalysis. J. Am. Chem. Soc. 137,
12984-12989 (2015).

Qu, P., Kuepfert, M., Jockusch, S. & Weck, M. Compartmentalized
nanoreactors for one-pot redox-driven transformations. ACS Catal. 9,
2701-2706 (2019).

Meng, J. et al. Switchable catalysts used to control Suzuki cross-coupling and
Aza-Michael addition/asymmetric transfer hydrogenation cascade reactions.
ACS Catal. 9, 8693-8701 (2019).

Ge, H. et al. A tandem catalyst with multiple metal oxide interfaces produced
by atomic layer deposition. Angew. Chem. Int. Ed. 55, 7081-7085 (2016).
Zhang, J. et al. Porous TiO, nanotubes with spatially separated platinum and
CoOy cocatalysts produced by atomic layer deposition for photocatalytic
hydrogen production. Angew. Chem. Int. Ed. 56, 816-820 (2017).

Wu, H. et al. Distance effect of Ni-Pt dual sites for active hydrogen transfer in
tandem reaction. Innovation 1, 100029 (2020).

Parlett, C. et al. Spatially orthogonal chemical functionalization of a
hierarchical pore network for catalytic cascade reactions. Nat. Mater. 15,
178-182 (2016).

Isaacs, M. et al. A spatially orthogonal hierarchically porous acid-base catalyst
for cascade and antagonistic reactions. Nat. Catal. 3, 921-931 (2020).

Yang, Y. et al. Anion assisted synthesis of large pore hollow dendritic
mesoporous organosilica nanoparticle: Understanding the composition
gradiend. Chem. Mater. 28, 704-707 (2016).

Zou, H. et al. An organosilane-directed growth-induced etching strategy for
preparing hollow/yolk-shell mesoporous organosilica nanospheres with
perpendicular mesochannels and amphiphilic frameworks. J. Mater. Chem. A.
2, 12403-12564 (2014).

Zou, H. et al. One-dimensional periodic mesoporous organosilica helical
nanotubes with amphiphilic properties for the removal of contaminants from
water. J. Mater. Chem. A. 4, 4145-4154 (2016).

Yang, Y. et al. A yolk-shell nanoreactor with a basic core and an acidic shell
for cascade reactions. Angew. Chem. Int. Ed. 51, 9164-9168 (2012).

Teng, Z. et al. Mesoporous organosilica hollow nanoparticles: synthesis and
applications. Adv. Mater. 31, 1707612 (2019).

Gonzalez-Galvez, D., Nolis, P., Philippot, K., Chaudret, B. & van Leeuwen, P.
Phosphine-stabilized ruthenium nanoparticles: The effect of the nature of the
ligand in catalysis. ACS Catal. 2, 317-321 (2012).

Fang, M. & Sanchez-Delgado, R. Ruthenium nanoparticles supported on
magnesium oxide: A versatile and recyclable dual-site catalyst for
hydrogenation of mono- and poly-cyclic arenes, N-heteroaromatics, and
S-heteroaromatics. J. Catal. 311, 357-368 (2014).

Cui, X. et al. Highly selective hydrogenation of arenes using nanostructured
ruthenium catalysts modified with a carbon-nitrogen matrix. Nat. Commun.
7, 11326 (2016).

Su, F. et al. Thermally reduced ruthenium nanoparticles as a highly active
heterogeneous catalyst for hydrogenation of monoaromatics. J. Am. Chem.
Soc. 129, 14213-14223 (2007).

Zhang, S. et al. High catalytic activity and chemoselectivity of sub-nanometric
Pd clusters on porous nanorods of CeO, for hydrogenation of nitroarenes. J.
Am. Chem. Soc. 138, 2629-2637 (2016).

Zhang, J. et al. A Pd@zeolite catalyst for nitroarene hydrogenation with high
product selectivity by sterically controlled adsorption in the zeolite
micropores. Angew. Chem. Int. Ed. 56, 9747-9751 (2017).

Chen, P. et al. Experimental and theoretical understanding of nitrogen-
doping-induced strong metal-support interactions in Pd/TiO, catalysts for
nitrobenzene hydrogenation. ACS Catal. 7, 1197-1206 (2017).

Tomkins, P., Gebauer-Henke, E. & Miiller, T. Molecular assembly line:
Stepwise hydrogenation of multifunctional substrates over catalyst mixtures.
ChemCatChem 8, 546-550 (2016).

Guo, M., Peng, J., Yang, Q. & Li, C. Highly active and selective RuPd
bimetallic NPs for the cleavage of the diphenyl ether C—O bond. ACS Catal. 8,
11174-11183 (2018).

Roose, P., Eller, K., Henkes, E., Rossbacher, R. & Hoke, H. In Ullmann’s
encyclopedia of industrial chemistry. 1-55 (Wiley-VCH: Weinheim, Germany,
2015).

Tomkins, P., Gebauer-Henke, E., Leitner, W. & Miiller, T. Concurrent
hydrogenation of aromatic and nitro groups over carbon-supported
ruthenium catalysts. ACS Catal. 5, 203-209 (2015).

Leng, F. et al. Controlled and chemoselective hydrogenation of nitrobenzene
over Ru@Cg catalysts. ACS Catal. 6, 6018-6024 (2016).

10 | (2021)12:4968 | https://doi.org/10.1038/s41467-021-25226-x | www.nature.com/naturecommunications


www.nature.com/naturecommunications

ARTICLE

48. Lu, X. et al. Microwave-activated Ni/carbon catalysts for highly selective
hydrogenation of nitrobenzene to cyclohexylamine. Sci. Rep. 7, 2676 (2017).

49. Li, X. et al. Insight into the role of additives in catalytic synthesis of
cyclohexylamine from nitrobenzene. Chin. J. Chem. 36, 1191-1196 (2018).

50. Komanoya, T., Kinemura, T., Kita, Y., Kamata, K. & Hara, M. Electronic effect
of ruthenium nanoparticles on efficient reductive amination of carbonyl
compounds. J. Am. Chem. Soc. 139, 11493-11499 (2017).

51. Robinson, A., Mark, L., Rasmussen, M., Hensley, J. & Medlin, J. Surface
chemistry of aromatic reactants on Pt- and Mo-modified Pt catalysts. J. Phys.
Chem. C. 120, 26824-26833 (2016).

52. Kusada, K. et al. Solid solution alloy nanoparticles of immiscible Pd and Ru
elements neighboring on Rh: Changeover of the thermodynamic behavior for
hydrogen storage and enhanced CO-oxidizing ability. . Am. Chem. Soc. 136,
1864-1871 (2014).

53. Jiang, L. et al. Facet engineering accelerates spillover hydrogenation on highly
diluted metal nanocatalysts. Nat. Nanotechnol. 15, 848-853 (2020).

54. Kyriakou, G. et al. Isolated metal atom geometries as a strategy for selective
heterogeneous hydrogenations. Science 335, 1209-1212 (2012).

55. Prins, R. Hydrogen spillover. Facts and fiction. Chem. Rev. 112, 2714-2738
(2012).

56. Karim, W. et al. Catalyst support effects on hydrogen spillover. Nature 541,
68-71 (2017).

57. Im, J.,, Shin, H,, Jang, H., Kim, H. & Choi, M. Maximizing the catalytic
function of hydrogen spillover in platinum-encapsulated aluminosilicates with
controlled nanostructures. Nat. Commun. 5, 3370 (2014).

58. Guo, Y. et al. Low-temperature CO, methanation over CeO,—supported Ru
single atoms, nanoclusters, and nanoparticles competitively tuned by strong
metal—support interactions and H—spillover effect. ACS Catal. 8, 6203-6215
(2018).

59. Fujitani, T., Nakamura, L, Akita, T., Okumura, M. & Haruta, M. Hydrogen
dissociation by gold clusters. Angew. Chem. Int. Ed. 48, 9515-9518 (2009).

60. Shao, M., Yu, T., Odell, J., Jin, M. & Xia, Y. Structural dependence of oxygen
reduction reaction on palladium nanocrystals. Chem. Commun. 47,
6566-6568 (2011).

Acknowledgements

This work was supported by the National Natural Science Foundation of China
(21925203, 21733009, 21703128 and 21771082). We are grateful to Dr. Jianfeng Zheng
and Prof. Hui Ge at the Institute of Coal Chemistry, Chinese Academy of Sciences.

Author contributions

H.Z. designed and performed the experiments and characterization. J.D. and J.S. pre-
pared and characterized the multicompartmentalized meterials. R.E. contributed to
discussing the catalytic mechanism. Y.L. prepared the catalysts and performed the cat-
alytic reactions. N.X. contributed to preparing the Figures. H.Y. and R-W. conceived and
designed the experiments. The manuscript was written by H.Z. and H.Y. All authors
contributed to the manuscript.

Competing interests
The authors declare no competing interests.

Additional information
Supplementary information The online version contains supplementary material
available at https://doi.org/10.1038/s41467-021-25226-x.

Correspondence and requests for materials should be addressed to RW. or H.Y.

Peer review information Nature Communications thanks the anonymous reviewers for
their contribution to the peer review of this work.

Reprints and permission information is available at http://www.nature.com/reprints

Publisher’s note Springer Nature remains neutral with regard to jurisdictional claims in
published maps and institutional affiliations.

Open Access This article is licensed under a Creative Commons
BY

Attribution 4.0 International License, which permits use, sharing,
adaptation, distribution and reproduction in any medium or format, as long as you give
appropriate credit to the original author(s) and the source, provide a link to the Creative
Commons license, and indicate if changes were made. The images or other third party
material in this article are included in the article’s Creative Commons license, unless
indicated otherwise in a credit line to the material. If material is not included in the
article’s Creative Commons license and your intended use is not permitted by statutory
regulation or exceeds the permitted use, you will need to obtain permission directly from
the copyright holder. To view a copy of this license, visit http://creativecommons.org/
licenses/by/4.0/.

© The Author(s) 2021

| (2021)12:4968 | https://doi.org/10.1038/541467-021-25226-x | www.nature.com/naturecommunications 1


https://doi.org/10.1038/s41467-021-25226-x
http://www.nature.com/reprints
http://creativecommons.org/licenses/by/4.0/
http://creativecommons.org/licenses/by/4.0/
www.nature.com/naturecommunications
www.nature.com/naturecommunications

	Dual metal nanoparticles within multicompartmentalized mesoporous organosilicas for efficient sequential hydrogenation
	Results
	Preparation and characterization of MCMOS
	Preparation and characterization of the cascade catalyst
	Enhanced catalytic efficiency
	Neighboring metal-assisted hydrogenation via hydrogen spillover

	Discussion
	Methods
	Synthesis of MCMOS nanoparticles
	Preparation of the Ru/Pd/MCMOS cascade catalyst
	Sequential hydrogenation of nitroarenes to cyclohexylamines

	Data availability
	References
	Acknowledgements
	Author contributions
	Competing interests
	Additional information




