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Abstract: Ideal heterogeneous tandem catalysts necessitate the
rational design and integration of collaborative active sites.
Herein, we report on the synthesis of a new tandem catalyst
with multiple metal-oxide interfaces based on a tube-in-tube
nanostructure using template-assisted atomic layer deposition,
in which Ni nanoparticles are supported on the outer surface of
the inner Al,O; nanotube (Ni/Al,Oj; interface) and Pt nano-
particles are attached to the inner surface of the outer TiO,
nanotube (Pt/TiO, interface). The tandem catalyst shows
remarkably high catalytic efficiency in nitrobenzene hydro-
genation over Pt/TiO, interface with hydrogen formed in situ
by the decomposition of hydrazine hydrate over Ni/AlL,O;
interface. This can be ascribed to the synergy effect of the
two interfaces and the confined nanospace favoring the instant
transfer of intermediates. The tube-in-tube tandem catalyst with
multiple metal-oxide interfaces represents a new concept for
the design of highly efficient and multifunctional nanocatalysts.

Tandem catalysis has attracted increasing attention, because
it can combine multiple chemical transformations in one
synthetic operation without separation, purification and
transfer of intermediates in each step, thereby saving cost
and reducing waste.l'! A series of one-pot tandem catalysis
processes have been proposed, but most of these processes
employ homogeneous catalysts, resulting in difficulty in
product separation and catalyst recyclability.”) Many efforts
have been devoted to the design of heterogeneous tandem
catalysts, in which different active sites catalyzing different
reactions are immobilized on a support.'™? Metal nano-
particles supported on oxides are widely used in heteroge-
neous catalysis.!! The catalytic performance of the metal
nanoparticle can be modulated by changing its constitution,
shape, size, crystal surfaces, metal-oxide interface, and so
on." The integration of different metal-oxide interfaces can
yield new tandem catalysts for multistep reactions. However,
it is difficult to control the composition and microstructure of
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multiple metal-oxide interfaces in atomic level by traditional
methods.®

Atomic layer deposition (ALD) is a high-level film
deposition technology by which metals, oxides, polymers,
and other materials are deposited on the surface of substrates
via sequential self-limiting reactions.”’ It has outstanding
advantages in synthesis of uniform nanoparticles and thin
films with precise size and film thickness control.”! A series of
advanced catalysts have been synthesized by ALD.®l ALD
was also employed to engineer the metal-oxide interface by
coating the surface of metal nanoparticles with ultra-thin
oxide films.P*%**) Recently, we have introduced a general
template approach assisted by ALD to fabricate a multiply
confined Ni-based catalyst with greatly enhanced activity and
stability by optimizing metal-oxide interface.’!

Herein, we report on a facile template-assisted method
based on ALD to synthesize a new tandem catalyst with
multiple metal-oxide interfaces (note that the active sites also
possibly exist on the surface of metal nanoparticle besides the
interface even if the effect of the interface is emphasized in
this work). It was previously reported that Ni/Al,O; catalyst
can catalyze the decomposition of hydrazine hydrate
(N,H,H,0) to give hydrogen with high selectivity and
efficiency, and that Pt/TiO, catalyst can catalyze nitro-
benzene hydrogenation at room temperature.'!) Therefore, in
this work, we assembled the Ni/Al,O; and Pt/TiO, interfaces
in a tube-in-tube nanostructure by ALD using carbon nano-
coils (CNCs) as templates, thus Ni nanoparticles are sup-
ported on the outer surface of the inner Al,O; nanotubes (Ni/
Al,O; interface) and Pt nanoparticles are attached to the
inner surface of the outer TiO, nanotubes (Pt/TiO, interface).
This tandem catalyst shows remarkably high catalytic effi-
ciency in nitrobenzene hydrogenation with hydrogen formed
in situ by the decomposition of N,H,-H,O.

Figure 1 shows our strategy to prepare the tandem catalyst
with two distinct metal-oxide interfaces by ALD. First, an
AL O; layer (150 cycles) is deposited on the surface of CNCs,
which have a lower annealing temperature for convenient
removal than carbon nanotubes.” Second, NiO nanoparti-
cles (200 cycles) are deposited onto the surface of Al,O; layer
to form NiO/Al,O; interface. Third, the NiO/Al,O; interface
is coated with polyimide (PI) film (100 cycles) to form
a sacrificial layer. Fourth, Pt nanoparticles (10 cycles) are
deposited on the PI film. Finally, a TiO, layer (300 cycles) is
deposited to form the Pt/TiO, interface. The AI/Ni-Pt/Ti
tandem catalyst with Ni/Al,O; and Pt/TiO, interfaces is
obtained after O, calcination to remove the template and
sacrificial layer and H,/Ar reduction. This method can realize
conveniently assembling of suitable metal-oxide interfaces for
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Figure 1. Schematic illustration of the procedure for the synthesis of
the tandem catalyst with both Ni/Al,O; and Pt/TiO, interfaces and
semi-sectional views of different catalysts for comparison.

a given tandem reaction. For comparison, the catalysts with
one metal-oxide interface, labeled as Al-Pt/Ti and AI/Ni-Ti,
were also prepared by the same method but without
deposition of NiO or Pt during the ALD sequences,
respectively.

Figure 2 A (also Figure S1) shows the transmission elec-
tron microscopy (TEM) image of the Al/Ni-Pt/Ti catalyst. We
can clearly observe the void space between the inner Al,O;
nanotube and outer TiO, nanotube of the tube-in-tube
nanostructure. The void space between the two shells is
approximately 10 nm in thickness, which is consistent with the
thickness of polyimide film. The wall thicknesses of Al,Os
nanotubes and TiO, nanotubes are about 15 nm and 12 nm,
respectively. The Ni nanoparticles with a diameter of 6.3+
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Figure 2. TEM images of the catalyst Al/Ni-Pt/Ti (A), Al/Ni-Ti (B) and
Al-Pt/Ti (C). D) HAADF-STEM image of Al/Ni-Pt/Ti. E) EDX elemental
mapping of Al/Ni-Pt/Ti for the boxed area in (D).

www.angewandte.de

© 2016 Wiley-VCH Verlag GmbH & Co. KGaA, Weinheim

1.3 nm are dispersed homogeneously on the outer surface of
Al,O; nanotube, while Pt nanoparticles (less than 1 nm)
confined in TiO, nanotube are too small to be observed.
Figure 2B and 2C show that both AI/Ni-Ti and Al-Pt/Ti
catalysts have a similar tube-in-tube structure as the Al/Ni-Pt/
Ti catalyst. The AI/Ni-Ti catalyst shows a similar size
distribution of Ni nanoparticles as the AI/Ni-Pt/Ti catalyst.
High-angle annular dark field scanning transmission electron
microcopy (HAADF-STEM) and energy-dispersive X-Ray
spectrometry (EDX) analysis (Figure 2D and 2E) were used
to reveal the element distribution in the microstructure of the
AI/Ni-Pt/Ti catalyst. The HAADF-STEM image of the Al/Ni-
Pt/Ti catalyst provides a clear contrast for the inner Al,O;
nanotube, the Ni nanoparticles supported on the surface of
Al,O; nanotube, the void space, and the TiO, nanotube. EDX
element mapping (Figure 2 E) clearly reveals the existence of
Al, Ni, Pt, and Ti. Their distribution is consistent with the
positions of Al,Os, Ni, Pt and TiO, layers. In particular, the Pt
element is exactly detected although it is not clearly visible by
TEM investigation due to small size and the thick TiO, shells.
Inductively coupled plasma optical emission spectrometry
(ICP-OES) analysis shows that the Pt content is about
0.43 wt% for AI/Ni-Pt/Ti and Al-Pt/Ti, and the Ni content
is about 2.5 wt % for Al/Ni-Pt/Ti and Al/Ni-Ti (see Table S1 in
the Supporting Information).

Extended X-ray absorption fine structure (EXFAS)
spectra were measured on fresh reduced catalysts. Figure 3 A
shows the normalized X-ray adsorption near-edge structure
(XANES) of fresh reduced AI/Ni-Pt/Ti and Al-Pt/Ti catalysts.
The white line intensities of both catalysts are similar to that
of Pt foil, indicating the dominance of Pt’ nanoparticles in Al/
Ni-Pt/Ti and Al-Pt/Ti catalysts. In the Fourier transforms (r
space, Figure 3B) of EXAFS data, the peaks at 1.0-2.0 A in
the PtO, are due to scattering from the nearest O, while the
peaks at 2.0-3.3 A in the Pt foil are due to scattering from the
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Figure 3. A) The normalized intensity of Pt L;-XANES spectra. B) Corre-
sponding Fourier transform k’-weighted EXAFS spectra (without phase
correction): (1) Pt foil; (2) Al/Ni-Pt/Ti; (3) Al-Pt/Ti; (4) PtO,. Ak=2.8—
10.8 A™" was used for Al/Ni-Pt/Ti and Al-Pt/Ti; Ak=2.8-13.3 A" was
used for Pt foil and PtO,. C) H,-TPD profiles of Al/Ni-Pt/Ti, Al/Ni-Ti,
and Al-Pt/Ti.
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neighboring Pt. Both Al/Ni-Pt/Ti and Al-Pt/Ti samples have
one prominent peak at 2.5 A from either Pt-Ti or Pt-Pt
contributions. The weak peaks at 1.2 and 1.7 A can be
assigned to the Pt-O contribution, while the weak peak at
3.2 A canbe assigned to the Pt-Pt contribution. Therefore, the
Pt/TiO, interface on AI/Ni-Pt/Ti and Al-Pt/Ti is similar.

The AVNiI-Pt/Ti catalyst with two different metal-oxide
interfaces is an ideal catalyst for the tandem hydrogenation of
nitrobenzene to aniline using N,H,-H,O as hydrogen source
as a probe reaction. Figure 4 A (also Figure S2 and Table S1)
shows that the catalytic activity of the Al/Ni-Pt/Ti catalyst is
significantly higher than that of the AI/Ni-Ti and Al-Pt/Ti
catalysts with a single metal-oxide interface. Almost no
reaction occurs over the Al-Pt/Ti catalyst, and little aniline is
obtained over AI/Ni-Ti catalyst. The evolution of nitro-
benzene conversion over Al/Ni-Pt/Ti catalyst with the reac-
tion time at 40°C was investigated (Figure S3). As we
expected, the reaction can be efficiently catalyzed by the
AI/Ni-Pt/Ti catalyst with high activity and high selectivity of

Zuschriften

aniline (ca. 99%). The AlNi-Pt/Ti catalyst was reused for
four consecutive cycles and only slight reduction in catalytic
activity was observed, revealing good stability (Figure S4).

Previous reports show that Ni/Al,Oj; catalysts have a high
catalytic performance in decomposition of N,H,-H,O to H,
and N,."” Control experiments were performed for the
decomposition of N,H,-H,O at 40°C. Figure 4B shows that
the H,-generation rate from N,H,-H,O decomposition over
the AINi-Ti catalyst is 18 mmol g, 'h™', which is similar to
that of the AI/Ni-Pt/Ti catalyst (22 mmolg.,,'h™"). This
reveals that the decomposition of N,H,-H,O only occurs on
the Ni/ALO; interface, since the Al-Pt/Ti catalyst has no
catalytic activity in N,H,-H,O decomposition.

Figure 4 C shows the reaction rate of different catalysts for
nitrobenzene hydrogenation in 20 bar H,. The AIl/Ni-Ti
catalyst has a rather low catalytic activity (2 mmolg,, 'h™"),
while the reaction rate is 32 mmol g, 'h™! over the Al/Ni-Pt/
Ti catalyst and 9 mmolg,, 'h™' over the Al-Pt/Ti catalyst,
confirming that the nitrobenzene hydrogenation is catalyzed

by the Pt/TiO, interface. The reaction
rate over the AI/Ni-Pt/Ti catalyst is
higher than that over the AI-Pt/Ti

catalyst. H,-chemsorption analysis
(Table S1) shows that the H, uptake
on AINi-Pt/Ti (19.2 umolg™") is close
to the sum of that on AIl/Ni-Ti
(5.9 umolg™) and Al-Pt/Ti
(12.1 umol g '). Therefore, the increase
of reaction rate is not due to the

increase of active sites but the synergy
of two interfaces in the AI/Ni-Pt/Ti
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Figure 4. The catalytic performance of different catalysts. A) Activity for nitrobenzene hydro-
genation using N,H,-H,0 as hydrogen source (Reaction conditions: 50 uL nitrobenzene, 200 pL
hydrazine hydrate, 10 mL water—ethanol mixture (v/v=1/1), and 10 mg catalyst at 40°C; Physical
mixture catalysts of Al/Ni-Ti+ Al-Pt/Ti containing 10 mg Al/Ni-Ti and 10 mg Al-Pt/Ti; Physical
mixture catalysts of Ni/Al + Pt/Ti containing 5 mg Ni/Al,O; and 5 mg Pt/TiO,). B) Activity for H,
generation from N,H,-H,O decomposition (Reaction conditions: 200 uL hydrazine hydrate,

10 mL water, and 10 mg catalyst at 40°C). C) Activity for hydrogenation of nitrobenzene (Reaction
conditions: 50 pL nitrobenzene, 10 mL water—ethanol mixture (v/v=1/1), and 10 mg catalyst at
40°C in 20 bar H,). (D) Illustration of the tandem catalysis on Al/Ni-Pt/Ti catalyst in the aqueous

ethanol solution.
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catalyst. In addition, it is found that the
activity increases with the increase of
hydrogen pressure for the Al/Ni-Pt/Ti
catalyst (Figure S5). The reaction order
of H, for selective nitrobenzene hydro-
genation was calculated giving a value
of about 1.1 over the Al/Ni-Pt/Ti cata-
lyst, which suggests that the dissociated
adsorption of H, is not the rate-deter-
mining step and a high concentration of
hydrogen favors the hydrogenation.
However, the catalytic activity is still
much lower than that of the tandem
reaction even if the H, pressure
increases to 20 bar. This demonstrates
the advantages of this tandem reaction
over direct hydrogenation in terms of
the mild conditions.

The combination of collaborative
metal-oxide active sites for each step of
tandem reaction is absolutely necessary
for a high efficiency tandem catalyst.
Using ALD, we can easily control the
composition and microstructure of
multiple metal-oxide interfaces. There-
fore, the combination of metal-oxide
active sites can be modified by change
ALD process. For example, the Pt/TiO,

Al-Pt/Ti Al/Ni-Ti

Tio,
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interface can be changed to a Pt/Al,O; interface. An Al/Ni-Pt/
Al catalyst with Ni/Al,O; and Pt/AlL,O; interfaces was
prepared by sequential deposition of Al,O; (150 cycles), Ni
(200 cycles), PI (100 cycles), Pt (10 cycles), and Al,O; (150
cycles) on CNCs template by ALD, followed by O, calcina-
tion and H,/Ar reduction. However, the reaction rate of the
AI/Ni-Pt/Al catalyst is only about 10 percent of the Al/Ni-Pt/
Ti catalyst in this tandem reaction (Figure S6), because of the
low efficiency of Pt/Al,O; interface in nitrobenzene hydro-
genation.""! Therefore, the synergy of the Ni/Al,O; and Pt/
TiO, interfaces is essential in this tandem reaction.

We have also prepared the Ni modified Pt/TiO, (Al-
(mNi)Pt/Ti) and Pt modified Ni/Al,O; (Al/Ni(nPt)-Ti) cata-
lysts by sequential deposition of Al,O; (150 cycles), PI (100
cycles), m (m=2, 5, 10) cycles of Ni, Pt (10 cycles), and TiO,
(300 cycles), and Al,O; (150 cycles), Ni (200 cycles), n (n =2,
10) cycles of Pt, PI (100 cycles), and TiO, (300 cycles) on
CNCs templates, followed by O, calcination and H,/Ar
reduction, respectively. Figure 4 A (also Figure S7) shows
the tandem reaction results of these catalysts. It is clearly
observed that the catalytic activity of these Al-(mNi)Pt/Ti and
AI/Ni(nPt)-Ti is much lower than that of AI/Ni-Pt/Ti, and the
catalytic activity of Al-(mNi)Pt/Ti reduces with the increase
of Ni deposition cycle numbers from 2 to 10. Therefore, the
high catalytic activity of AI/Ni-Pt/Ti is due to the synergy
effect of two different metal-oxide interfaces, instead of the
formation of Ni modified Pt/TiO, interface, Pt modified Ni/
Al,O; interface or Pt-Ni alloy/oxide interface.

Hydrogen temperature programmed desorption (H,-
TPD) was conducted for Al/Ni-Pt/Ti, AI/Ni-Ti, and Al-Pt/Ti
catalysts (Figure 3 C). The high temperature desorption peak
(maxima around 540°C) is generally assigned to spillover
hydrogen.™™ The spillover hydrogen on Al/Ni-Pt/Ti
(240.6 umolg ") is almost 1.5 times more than the sum of
that on AI-Pt/Ti (121.0 umolg™") and AUNi-Ti (45.1 pmolg™),
suggesting the transfer of active hydrogen between two
interfaces in the AI/Ni-Pt/Ti catalyst. The transfer of active
hydrogen can explain the synergy of two interfaces in the Al/
Ni-Pt/Ti catalyst during nitrobenzene hydrogenation (Fig-
ure 4C). Generally, H, molecule can be activated on acitve
transition metal sites, and then spills over to the nearby less
active metal sites, and the spillover is reversible.'! The H,
dissociation on Pt surface is easier than that on Ni surface.™
In H, atmosphere, the active hydrogen generated from the Pt/
TiO, interface can spill over to the Ni/Al,O; interface, and
results in the increase of reaction rate during nitrobenzene
hydrogenation over the Al/Ni-Pt/Ti catalyst.

To further demonstrate the unique properties of the
tandem catalyst, the tandem reaction of nitrobenzene hydro-
genation using N,H,-H,O as hydrogen source was examined
over physical mixture of AI/Ni-Ti and Al-Pt/Ti catalysts (Al/
Ni-Ti + Al-Pt/Ti), and physical mixture of Ni/Al,O; and Pt/
TiO, catalysts (Ni/Al + Pt/Ti) (Figure 4A). The Ni/ALO;
catalyst and Pt/TiO, catalyst were prepared by sequential
deposition of Al,O5 (150 cycles) and Ni (200 cycles), or TiO,
(300 cycles) and Pt (10 cycles) on CNCs template by ALD,
followed by O, calcination and H,/Ar reduction, respectively.
The catalytic activity of mixed Ni/Al + Pt/Ti catalysts
(7 mmolg,,'h™") is higher than that of mixed AINi-Ti +
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Al-Pt/Ti catalysts (2 mmolg., 'h™"), but still much slower
than that of the AI/Ni-Pt/Ti catalyst (53 mmolg,, 'h™"). H,-
chemsorption results show that the number of metal sites on
AI/Ni-Pt/Ti is close to the sum of those on AI/Ni-Ti and Al-Pt/
Ti. Therefore, the special tube-in-tube geometry of the Al/Ni-
Pt/Ti catalyst is crucial to its high catalytic performance, not
just the presence of the two types of catalytic sites. Further-
more, the calculated H, consumption (159 mmolg., 'h~",
Figure 4 A) during tandem reaction is obviously higher than
the H, (gas) generation rate (22 mmolg,, 'h~', Figure 4B)
from hydrazine decomposition over the AI/Ni-Pt/Ti catalyst,
suggesting that the H,(gas) pressure in the nanotubes cannot
increase during tandem reaction and the rate of N,H,-H,O
decomposition is accelerated. The N,H,H,O decomposition
to H, (gas) includes two steps over Ni/Al,O; interface: the
decomposition of N,H,-H,O to active hydrogen, and the
formation and desorption of H, (gas)!'®! Considering that the
N,H,-H,O is excess during reaction, the rate of N,H,-H,O
decomposition depends on the available active sites on Ni/
AL O; interface. Control experiments reveal that a high
hydrogen pressure (or high hydrogen coverage) has a negative
effect in N,H,-H,O decomposition over the Ni/Al,O; catalyst
(Figure S12). In the tandem reaction over the AIl/Ni-Pt/Ti
catalyst, the instant transfer of active hydrogen from
N,H,-H,O decomposition over Ni/Al,O; interface to Pt/TiO,
interface for hydrogenation in the confined nanospace results
in a lower coverage of active hydrogen on the Ni/Al,O;
interface, namely, more available active sites, and therefore
accelerates the N,H,-H,O decomposition. The low activity for
the physical mixture of AI/Ni-Ti and Al-Pt/Ti catalysts is due
to the blocking of transfer of active hydrogen by the oxide
shell, and the little increase of reaction rate over the mixed
Ni/Al + Pt/Ti catalysts may be due to the slight random
intermediate transfer between the two catalysts. On the base
of above analysis, the high efficiency of the tandem catalyst
can be attributed to two reasons. First, the confined nano-
space facilitates the instant transfer of the active hydrogen.
Second, the synergy effect of the two metal-oxide interfaces
enhances the tandem reaction.

In summary, this work has demonstrated a general route
to synthesize tandem catalysts with multiple metal-oxide
interfaces by ALD. Dramatic activity enhancement has been
observed for the tandem catalyst in nitrobenzene hydro-
genation with hydrogen formed in situ by N,H,-H,O decom-
position due to the synergy of Ni/Al,O; and Pt/TiO, interfaces
in a confined nanospace. The confined nanospace favors the
instant transfer of intermediates between the two metal-oxide
interfaces. The tube-in-tube tandem catalyst with multiple
metal-oxide interfaces represents a new concept for the
design of highly efficient and multifunctional nanocatalysts.
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