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ABSTRACT: The concept of tandem catalysis, where sequential reactions
catalyzed by diﬀerent interfaces in single nanostructure give desirable
product selectively, has previously been applied eﬀectively in the
production of propanal from methanol (via carbon monoxide and
hydrogen) and ethylene via tandem hydroformylation. However, the
underlying mechanism leading to enhanced product selectivity has
remained elusive due to the lack of stable, well-deﬁned catalyst suitable
for in-depth comprehensive study. Accordingly, we present the design and
synthesis of a three-dimensional (3D) catalyst CeO2−Pt@mSiO2 with welldeﬁned metal−oxide interfaces and stable architecture and investigate the
selective conversion of ethylene to propanal via tandem hydroformylation.
The eﬀective production of aldehyde through the tandem hydroformylation was also observed on propylene and 1-butene. A thorough
study of the CeO2−Pt@mSiO2 under diﬀerent reaction and control
conditions reveals that the ethylene present for the hydroformylation step slows down initial methanol decomposition,
preventing the accumulation of hydrogen (H2) and favoring propanal formation to achieve up to 80% selectivity. The selectivity
is also promoted by the fact that the reaction intermediates produced from methanol decomposition are poised to directly
undergo hydroformylation upon migration from one catalytic interface to another. This synergistic eﬀect between the two
sequential reactions and the corresponding altered reaction pathway, compared to the single-step reaction, constitute the key
advantages of this tandem catalysis. Ultimately, this in-depth study unravels the principles of tandem catalysis related to
hydroformylation and represents a key step toward the rational design of new heterogeneous catalysts.

1. INTRODUCTION
Nanocrystalline inorganic catalysts for heterogeneous reactions
have recently been the subject of extensive research due to their
essential role in modern chemical industrial processes.1−3 Thus
far, the design and development of these catalysts has been
exclusively carried out at the single-interface length scale, where
the atomic arrangements on the catalytic interface are tuned to
alter the activity and selectivity of a single chemical conversion
process.4−8 Recently, however, tandem catalysis was demonstrated in a heterogeneous gas-phase reaction,9 wherein two
metal−oxide interfaces in a single nanostructure catalyzed
sequential chemical conversions with high product selectivity.
This work has inspired us to explore the rational design of
nanocrystalline heterogeneous catalysts beyond the single
interface length scale. Speciﬁcally, instead of optimizing a
single catalytic interface, the tandem catalyst design takes
advantage of the synergy between diﬀerent chemical conversions on multiple spatially arranged interfaces to achieve
desirable product distributions. In this context, harmonized
reaction kinetics at two interfaces can facilitate the overall
© XXXX American Chemical Society

sequential reactivity wherein one reactive species modulates the
chemical conversion of another. Thus, a thorough study of
heterogeneous tandem reactions, which is yet to be carried out,
would help to elucidate the underlying principles of such
catalysis and open up new opportunities for application in
heterogeneous reactions.
A model system for tandem catalysis is the ethylene
hydroformylation reaction, where the ﬁrst chemical conversion
is the production of hydrogen (H2) and carbon monoxide
(CO) by methanol decomposition, followed by ethylene
hydroformylation. This reaction is ideal not only because the
production of aldehydes via alkene hydroformylation is an
essential industrial process10,11 but also due to the fact that the
initial decomposition of methanol and subsequent hydroformylation are chemically orthogonal and compatible reactions. Previous research on alkene hydroformylation via
heterogeneous catalysis led to the development of nanocrystalReceived: April 15, 2016
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line Rh- and Pt-based catalysts.12−16 However, these catalysts
gave low aldehyde selectivity due to dominance of the
competing alkene hydrogenation reaction.17−19 We previously
showed that tandem catalysis is a plausible approach to
overcome this low selectivity, where propanal could be
preferentially produced by reacting ethylene with H2 and CO
formed in situ over a nanocrystal bilayer CeO2−Pt−SiO2.9 The
origin of the high selectivity has yet to be elucidated, however,
and an in-depth study of this tandem reaction would bring new
insights concerning tandem catalysis.
An essential prerequisite for successful implementation of
tandem catalysis is the synthesis of the complex nanostructured
catalyst. Although the drop-casted bilayer CeO2−Pt−SiO2
catalyst was adequate to demonstrate tandem catalysis, it
exhibited poor stability toward aggregation and low active site
density.20,21 In order to thoroughly study the tandem
hydroformylation reaction and gain insights into the
fundamental principles behind this sort of catalysis, a stable,
well-deﬁned catalyst is necessary. Such a catalyst could be
obtained by engineering both catalytic interfaces into one
particle. Enclosing this particle in mesoporous silica (mSiO2)
would further provide thermal stability and enhance active-site
accessibility by favoring the high surface area, powdered form of
the catalyst.17,21 Fundamentally, the fabrication of such a
complex nanostructure is of synthetic signiﬁcance and would be
a great example of utilizing the synthetic control of inorganic
nanocrystals to pursue the next generation heterogeneous
catalysts.
Herein, we report the design and synthesis of a new
generation tandem catalyst, the three-dimensional CeO2−Pt@
mSiO2, with a core−shell conﬁguration that consists of a
CeO2−Pt core and mesoporous silica shell. Tandem hydroformylation reactions carried out by this 3D catalyst show
greatly enhanced propanal selectivity compared to the singlestep ethylene hydroformylation with CO and H2. Signiﬁcantly,
the catalytic tandem hydroformylation can also be extended to
propylene and 1-butene. Further study of the tandem
hydroformylation indicates that the superior propanal selectivity can be attributed to the synergy between the two sequential
reactions and the altered reaction pathway aﬀorded by the
tandem reaction compared to the single-step reaction.

Figure 1. Synthesis and characterization of the 3D nanocrystal tandem
catalyst CeO2−Pt@mSiO2. (A) Synthesis of the tandem catalyst. (B)
TEM image of well-dispersed CeO2 nanoparticles. (C) TEM image of
CeO2−Pt nanoparticles synthesized the overgrowth of Pt. (D) TEM
image of core−shell CeO2−Pt@mSiO2 nanoparticles. Scale bar: 100
nm.

grown directly on the CeO2 surface.19 Finally, the CeO2−Pt
nanocrystal were coated with mesoporous silica and annealed in
air to obtain CeO2−Pt@mSiO2.21,24 The as-synthesized
nanoparticle was characterized by transmission electron
microscopy (TEM) and energy-dispersive X-ray spectroscopy
(EDS), which clearly showed its complex core−shell structure
(Figure 1 and Figure 2). The Pt loading was further calculated

2. RESULTS AND DISCUSSION
2.1. Synthesis and Characterizations of 3D Tandem
Catalysts. The CeO2−Pt@mSiO2 catalyst consists of a CeO2−
Pt core and mesoporous silica shell and thus features both Pt/
CeO2 and Pt/SiO2 functional interfaces. Importantly, while Pt/
CeO2 is a typical catalytic interface for methanol decomposition
to produce CO and H2,22,23 Pt/SiO2 has been shown to exhibit
catalytic activity for the hydroformylation of ethylene with CO
and H2.12 Thus, with these integrated interfaces, this catalyst
could convert methanol and ethylene to propanal through a
tandem process. Indeed, methanol could diﬀuse through the
mesoporous silica shell to the Pt/CeO2 core, whereby it would
be decomposed to CO and H2. The subsequent outward
diﬀusion of the CO an H2 through the mSiO2 channels and
reaction with ethylene would then result in the formation of
propanal at the nearby Pt/SiO2 interface, completing the twostep reaction.
The synthesis of the CeO2−Pt@mSiO2 was carried out over
the course of three steps (Figure 1). Well-dispersed and
uniform CeO2 nanoparticles were ﬁrst synthesized via a
solvothermal method, and subsequently, Pt nanocrystals were

Figure 2. (A) Imaging of CeO2−Pt@mSiO2 via high-angle annular
dark-ﬁeld scanning transmission electron microscopy. (B) Elemental
mapping of CeO2−Pt@mSiO2 with energy dispersive X-ray spectroscopy (EDS). Corresponding EDS elemental mapping for (C) Ce, (D)
Pt, (E) Si, and (F) O, respectively. Scale bar: 30 nm.

to be 5.14% from inductively coupled plasma atomic emission
spectroscopy (ICP-AES) (Table S1). The porosity of CeO2−
Pt@mSiO2 was conﬁrmed by nitrogen physisorption, while the
pore size distribution curve calculated from the adsorption
branch of the isotherms exhibited a maximum at 2.4 nm. The
Brunauer−Emmett−Teller surface area of CeO2−Pt@mSiO2
was calculated to be 236 m2 g−1, indicating the highly
mesoporous nature of the silica shell (Figure S2). Importantly,
the 3D nature of CeO2−Pt@mSiO2 imparts a higher surface
area than would be accessible in a bilayer catalyst. Finally, the
CeO2−Pt core maintained its original shape after annealing at
B
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350 °C to remove organic capping ligands and generate a clean
interface (see TEM images, Figure S3). Thus, CeO2−Pt@
mSiO2 clearly possesses high thermal stability imparted by the
mesoporous SiO2 shell.
2.2. Catalytic Performance of CeO2−Pt@mSiO2 in the
Hydroformylation of Ethylene with Methanol. 2.2.1. Catalytic Performance of Individual Interfaces in CeO2−Pt@
mSiO2: Tandem Reaction Is Sequentially Catalyzed. Prior to
examining the tandem reaction facilitated by CeO2−Pt@
mSiO2, control experiments were performed to understand
the role of each interface in catalysis. Accordingly, the tandem
hydroformylation of ethylene with methanol was carried out at
150 °C over the two single interface catalysts CeO2−Pt and
Pt@mSiO2 (Figure 3, Figure S4). The CeO2−Pt catalyst

ethylene hydroformylation by CeO2−Pt@mSiO2 was determined to be 4.1 × 10−3 s−1 per Pt atom, which is about 13
times greater than the TOF exhibited by CeO2−Pt alone (3.0 ×
10−4 s−1 per Pt atom). This signiﬁcant enhancement in the
hydroformylation activity with CeO2−Pt@mSiO2 clearly
demonstrates that the designed interfaces in the tandem
catalyst can be used to carry out sequential chemical reactions
eﬀectively and selectively.
2.2.2. Comparison of Single-Step Hydroformylation and
Tandem Reaction: Synergy between the Sequential Reactions. The production of propanal via sequential chemical
conversions at two diﬀerent neighboring metal-oxide interfaces
in CeO2−Pt@mSiO2 illustrates the unique advantage of the
tandem catalysis. In order to unravel the underlying mechanism
of propanal formation, we further studied the “decoupled”
single-step hydroformylation reaction as a control experiment,
wherein ethylene was directly reacted with CO and H2 present
in stoichiometry equal to one equivalent of methanol.
The single-step ethylene hydroformylation and the tandem
hydroformylation were examined over CeO2−Pt@mSiO2 for a
range of temperatures from 150 to 230 °C (Figure 4). As
shown in Figure 4A, the selectivity for propanal formation in
the tandem reaction was much higher than for the single-step
hydroformylation for all temperatures. The highest selectivity
achieved with tandem hydroformylation was an impressive
∼50% at 150 °C compared to only 2.2% for the single-step
hydroformylation with CO and H2. Also considering that
ethylene hydrogenation is much more favorable than the
ethylene hydroformylation on conventional Pt catalysts,17,19
intuitively ethane should almost always be the dominant
product in this reaction. Thus, the eﬀective and highly selective
production of propanal with CeO2−Pt@mSiO2 suggests an
important synergy between the two sequential reactions
facilitated with this catalyst.
To gain more insights into this synergistic eﬀect, we
examined the temperature dependence of the reaction with in
situ methanol decomposition and found that the selectivity for
propanal formation decreased with increasing temperature. At
150 °C, the rates of methanol decomposition, ethylene
hydroformylation, and ethylene hydrogenation in the tandem
process were found to be identical, suggesting that all the CO
and H2 formed in situ from methanol decomposition (1:2 CO
to H2 ratio) was simultaneously and fully consumed by reacting
with ethylene, which yields propanal at 50% selectivity without
accumulating H2 and CO on the Pt surface. With elevated

Figure 3. Ethylene hydroformylation with methanol carried out at 150
°C over CeO2−Pt@mSiO2 and single interface catalysts CeO2−Pt and
Pt@mSiO2. Methanol, ethylene, and helium partial pressures were 35,
7.5, and 727.5 Torr, respectively.

exhibited obvious activity for methanol decomposition, with a
turnover frequency (TOF) of 4.2 × 10−3 s−1 per Pt atom.
However, this catalyst exhibited a very low activity for ethylene
hydroformylation to propanal and instead was highly active for
ethylene hydrogenation to ethane. The Pt@mSiO2 catalyst
showed almost no activity for the tandem hydroformylation
due to the fact it is not catalytically active for methanol
decomposition, which is the ﬁrst step of the tandem process
(Figure S5). Gratifyingly, a much higher activity for propanal
formation was achieved by integrating the Pt/CeO2 and Pt/
SiO2 interfaces into a tandem catalyst. Indeed, the TOF for

Figure 4. Catalytic performance of CeO2−Pt@mSiO2 for the hydroformylation of ethylene with methanol at an ethylene pressure of 7.5 Torr. (A)
Comparison of tandem hydroformylation of ethylene with methanol and single-step hydroformylation with CO and H2. (B) The inﬂuence of
temperature on tandem hydroformylation of ethylene. (C) Catalytic performance of single-step hydroformylation under a deﬁciency of CO and H2
at 150 °C.
C
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TOF for methanol decomposition in the absence of ethylene
was found to be ∼0.49 s−1 per Pt atom (Figure S5). Upon
introduction of ethylene, however, this TOF decreased
signiﬁcantly and reached a minimum of 4.2 × 10−3 s−1 per Pt
atom when the ratio of ethylene to methanol was 0.21. Further
addition of ethylene to achieve ethylene:methanol ratios >0.21
had no eﬀect on the methanol decomposition rate.
We attributed this inhibiting eﬀect to the adsorption of
ethylene on the Pt surface and corresponding blockage of the
active sites for methanol decomposition. To test this possibility,
H2 gas was cofed to the catalyst with methanol and ethylene
(Figure 6, panels A and C), which resulted in a signiﬁcant
increase in the TOF for methanol decomposition. Indeed, the
excess H2 reacted with adsorbed ethylene thereby opening up
active sites and enhancing the methanol decomposition rate.
This data further supports the observation that variations in the
selectivity and TOF for the ethylene hydrogenation and
hydroformylation reactions can be attributed to accumulation
of H2, from externally added and the accelerated decomposition
of methanol. The presence of ethylene conversely slows this
decomposition, and upon achieving an ethylene:methanol ratio
> 0.21, the TOF for ethylene hydroformylation becomes
identical with methanol decomposition, yielding the propanal
selectivity of 50%.
A similar inhibiting eﬀect due to ethylene was observed for
temperatures above 150 °C (Figure 5), and notably the rate of
ethylene hydroformylation was signiﬁcantly enhanced at these
higher temperatures. For instance, the hydroformylation TOF
reached a maximum of 9.4 × 10−3 s−1 per Pt atom at 230 °C,
more than double the TOF achieved at 150 °C for the same
ethylene: methanol ratio. Because methanol decomposition was
accelerated at higher temperatures, however, a larger ethyleneto-methanol ratio was necessary to achieve the maximum
selectivity for propanal when compared with the lower
temperature data. For instance, at 230 °C the ethylene
hydroformylation reached its maximum activity and selectivity
for an ethylene:methanol ratio of 0.4, compared with the
maximum ratio of 0.21 necessary at 150 °C. This observed
reactivity with ethylene thus stands as further support of the
dual reaction synergy achieved with CeO 2 −Pt@mSiO 2
catalysis.
Given this comprehensive understanding of the tandem
hydroformylation, it is possible to tune the reaction conditions
to further increase the selectivity for propanal and the reaction
rate simultaneously. As hydroformylation involves CO, ethylene, and H2, increasing the partial pressure of CO facilitates
hydroformylation to compete favorably with hydrogenation and
gives higher aldehyde selectivity. As illustrated in Figure 6
(panels B and D), an initial increase in fed CO results in
signiﬁcant enhancement of the TOFs for methanol decomposition and ethylene hydroformylation, whereas the reaction
rate of ethylene hydrogenation correspondingly decreased.
Upon cofeeding with 70 Torr of CO, the TOF for ethylene
hydroformylation increased by a factor of 3 and notably a
selectivity as high as 80% could be achieved.
Gratifyingly, we also found that the catalytic tandem
hydroformylation reaction was also applicable to other light
oleﬁn systems. When propylene or 1-butene were fed over the
CeO2−Pt@mSiO2 catalyst instead of ethylene, hydroformylation occurred to produce butyl aldehyde or pentanaldehyde
(Table 1, Table S4). In both cases, the tandem reaction gave
much better selectivity compared to the single-step hydro-

temperatures, all three reactions proceeded more rapidly with
relative rates as follows: methanol decomposition > ethylene
hydrogenation > hydroformylation. Consequently, the selectivity for propanal declined because the rate of ethylene
hydrogenation was higher than the hydroformylation and also
due to an accumulation of H2 that disfavored the production of
propanal. These results suggest that when the methanol
decomposition, and thus H2 gas accumulation, greatly exceeds
ethylene hydroformylation, the selectivity of hydroformylation
drops signiﬁcantly. In other words, a slower methanol
decomposition rate favors propanal production and imparts
selectivity.
Notably, the high selectivity toward propanal could not be
obtained in the single-step hydroformylation even upon
artiﬁcially creating a deﬁciency of CO and H2 to simulate the
tandem conditions. When a very small amount of CO and H2
(equivalent to the stoichiometric amount of actual converted
methanol in the tandem process) was introduced to the catalyst
with ethylene, ethane was the only product and the formation
of propanal was less than the detection limit (<0.01%) (Figure
4C and Table S2). This result led us to consider possible
molecular-level mechanisms behind the tandem process, which
is likely distinct from the single-step hydroformylation. In the
case of tandem reaction, the methanol could decompose to
form intermediates H* and CHO* on the Pt/CeO2 interface,23,25 which would be adsorbed on the platinum surface and
diﬀuse to the nearby Pt/SiO2 interface. At this interface, the
intermediates would then be fully consumed in the ethylene
hydroformylation and hydrogenation reactions, yielding the
observed 50% propanal selectivity. Thus, we can conclude that
the absence of H2 accumulation on the Pt surface is the key to
the eﬀective formation of propanal, which could be achieved by
slow methanol decomposition and the subsequent consumption of CO and H2 by ethylene in the tandem process.
2.2.3. Eﬀect of Ethylene on Methanol Decomposition:
Another Aspect of the Synergy and a Pathway toward
Higher Selectivity. We also investigated the inﬂuence of
ethylene on the methanol decomposition and subsequent
hydroformylation. Notably, for all temperatures investigated,
we found that methanol decomposition was impeded by the
presence of ethylene (Figure 5). For instance, at 150 °C the

Figure 5. Inhibiting eﬀect of ethylene on methanol decomposition
over the CeO2−Pt@mSiO2 catalyst: changes in methanol decomposition rate (purple ■), ethylene hydroformylation rate (green ●),
and propanol selectivity (blue □). Methanol partial pressure was 35
Torr, and the reaction temperature was 150 °C.
D
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Figure 6. (Top) The eﬀect of cofeeding H2 or CO on the tandem hydroformylation of ethylene. (A) Cofeeding with H2 and (B) cofeeding with CO.
(Bottom) Propanal selectivity of tandem hydroformylation. (C) Cofeeding with H2 and (D) cofeeding with CO.

Table 1. Tandem Hydroformylation of Diﬀerent Alkenes
reaction conditionsa

aldehyde selectivity (%)

alkene

temperature
(°C)

tandem
hydroformylation

single-step
hydroformylation

ethylene
propylene
1-butene

150
190
230

48.9
47.7
48.2

2.2
1.3
0.9

a

Tandem alkene hydroformylation: 35 Torr of methanol, 7.5 Torr of
alkene, and 727.5 Torr of helium. Single-step hydroformylation with
CO and H2: 35 Torr of CO, 70 Torr of H2, 7.5 Torr of alkene, and
657.5 Torr of helium.

formylation reaction where propylene and 1-butene were
reacted with CO and H2.
2.2.5. Proposed Reaction Mechanism. Combining the
insights provided by preceding results, we proposed a
mechanism for the tandem reaction with methanol and
ethylene catalyzed by CeO2−Pt@mSiO2 (Figure 7). In this
proposed mechanism, ethylene molecules are adsorbed on the
platinum surface and occupy the majority of active sites,
hindering the dissociation of methanol on the Pt/CeO2
interface. At limited active sites, methanol molecules will
dissociate to form hydrogen species (Hads) and intermediate
products (e.g., CH3O*, CH2O*, CHO*, hereafter abbreviated
as “CHOads species”) in microscopic amounts,23,25−28 which are
adsorbed on the surface. The presence of these “CHOads
species” in methanol decomposition has long been
known.25−37 Both experimental and theoretical studies have
found that the methanol decomposition on platinum surface
proceeds via methoxy (CH3O), as a ﬁrst intermediate, then by
stepwise hydrogen abstraction via formaldehyde (CH2O), and
then formyl (CHO). The formation of these intermediates
from methanol on the Pt surface has been detected by energy
electron loss spectroscopy (EELS),30−33,37 thermal desorption
spectroscopy (TDS),29−33,35,36 low-energy electron diﬀraction

Figure 7. Proposed reaction pathway for the tandem ethylene
hydroformylation.

(LEED),30,37 infrared reﬂection−absorption spectroscopy
(IRAS),34 and X-ray photoelectron spectroscopy.25,37 In our
proposed tandem reaction pathway, the ratio of the Hads and
CHOads intermediates could be determined from the methanol
decomposition stoichiometry. These adsorbed intermediates
then diﬀuse from the Pt/CeO2 interface to the nearby Pt/SiO2
interface, where they are consumed by adsorbed ethylene. The
ethylene then reacts with these CHOads species to generate
propanal or with Hads to produce ethane as a byproduct.12 At
low temperatures, the CHOads and Hads species are produced in
very small amounts, and thus the adsorbed ethylene molecules
are in great excess. Consequently, we can assume each CHOads
species and Hads are consumed by the adsorbed ethylene and
do not accumulate on the platinum surface, resulting in a
propanal selectivity of ∼50%. With elevated temperatures, the
E
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CeO2−Pt NPs were separated by centrifugation (12000 rpm, 45 min)
and then redispersed in 40 mL deionized water.
Synthesis of CeO2−Pt@mSiO2 Tandem Catalyst. The CeO2−
Pt@mSiO2 core−shell nanoparticles were prepared by a reported sol−
gel method with some modiﬁcation. The solution of presynthesized
CeO2−Pt (40 mg in 45 mL deionized water) was mixed with a
solution of CTAB, which was prepared by dissolving 225 mg CTAB in
30 mL of ethanol. An ammonia solution (0.2 mL) was added to the
above solution with stirring. A controlled amount of 1 vol % TEOS
diluted with ethanol was then added under continuous magnetic
stirring at room temperature. After 6 h, the as-synthesized CeO2−Pt@
SiO2 nanoparticles were obtained by centrifugation (6000 rpm, 5 min).
The product was calcined at 350 °C for 1 h in static air to remove the
CTAB template and other surfactants (PVP, TTAB) to generate
CeO2−Pt@mSiO2 particles with clean interfaces.
Characterization of CeO2−Pt@mSiO2 Tandem Catalyst. The
structural analysis of the composite nanoparticles was performed using
transmission electron microscopy (TEM) on a FEI Tecnai F20 at an
accelerating voltage of 200 kV. High-angle annular dark-ﬁeld scanning
transmission electron microscopy (HAADF-STEM) and energydispersive X-ray spectroscopy (EDS) mapping was carried out with
an FEI TitanX 60−300, which provided the elemental distribution of
the catalyst. The surface area and pore size distribution of the catalyst
were obtained by nitrogen physisorption experiments, which were
carried out on a Quantachrome Autosorb-1 analyzer. Platinum
quantitative analysis by inductively coupled plasma atomic emission
spectroscopy (ICP-AES) was carried out on a PerkinElmer optical
emission spectrometer (Optima 7000 DV). Before the ICP-AES
measurement, the catalyst was digested in aqua regia for 24 h, and then
deionized water was added to dilute the solution. A clear solution was
obtained for the ICP-AES measurement by centrifuging at 4000 rpm
to remove sediment.
Catalytic Reactions. The reactions were carried out in a batchmode reactor equipped with a boron nitride substrate heater and a
metal bellows circulation pump for gas mixing (Section S2 and Figure
S1). For the alkene hydroformylation with CO and H2 formed by
methanol decomposition, the reactor was typically ﬁlled with 35 Torr
of methanol, 7.5 Torr of alkene, and 727.5 Torr of helium. For singlestep alkene hydroformylation, the reactor was typically ﬁlled with 35
Torr of CO, 70 Torr of H2, 7.5 Torr of alkene, and 657.5 Torr of
helium.
The products were analyzed approximately every 20 min by a gas
chromatograph (GC) equipped with both a ﬂame ionization detector
(FID) and a thermal conductivity detector (TCD). The carrier gas was
helium, the FID was used to quantify the alkene and aldehyde
products, and the TCD was used for CO quantiﬁcation.
The turnover frequency values are derived by the number of Pt
active sites, and the number of propanal molecules produced as
monitored by GC. The TOF was calculated based on the experiment
data with a conversion of reactants below 20% (Section S2). The
propanal selectivity was calculated on a carbon basis and deﬁned as
follows:

coverage of CHOads and Hads on the Pt surface increases along
with the methanol decomposition rate, thereby increasing the
opportunity for reactions between ethylene and both Hads and
the CHOads species. Thus, the reaction rates for hydroformylation and hydrogenation should both increase, which is
consistent with our results. However, as the amounts of
CHOads and Hads increase, it is no longer valid to assume that
they are consumed immediately by ethylene, and they likely
begin to accumulate on the Pt surface. Considering that
ethylene hydrogenation is faster than hydroformylation, the
overall hydrogenation rate is higher than that of hydroformylation, which is responsible for the decline of propanal
selectivity. However, in the case of the single-step hydroformylation, the reaction pathway is diﬀerent. Macroscopic CO
and H2 are introduced to the catalyst and adsorbed on the Pt
surface, which leads to an inevitable accumulation of Hads. As
the ethylene hydrogenation is more favorable than the ethylene
hydroformylation reaction, ethane will always be the dominant
product.

3. CONCLUSION
A stable 3D tandem catalyst CeO2−Pt@mSiO2 with welldeﬁned catalytic interfaces was developed, and its catalytic
performance was studied in tandem alkene hydroformylation
with methanol. Importantly, the tandem ethylene hydroformylation exhibited greatly enhanced propanal selectivity
compared to the single-step ethylene hydroformylation with
CO and H2, which could further be improved by cofeeding with
CO. This eﬀective production of propanal results from synergy
between the two sequential chemical conversions facilitated by
CeO2−Pt@mSiO2 and the altered reaction pathway, compared
to the single-step reaction. Ultimately, this in-depth study
highlights the beneﬁts of tandem catalysis and paves the way for
further rational design of complex nanostructured catalysts.

■

EXPERIMENTAL METHODS

Chemicals. Cerium nitrate hexahydrate (99% trace metals basis),
poly(vinylpyrrolidone) (PVP, Mw = 360,000), PVP (Mw = 29000),
tetradecyltrimethylammonium bromide (TTAB), cetrimonium bromide (CTAB) (99%), and tetraethyl orthosilicate (TEOS) (99.999%
trace metal basis) were purchased from Sigma-Aldrich. Ammonium
hexachloroplatinate (IV) [(NH4)2PtCl6, Pt 43.4% min] was purchased
from Alfa Aesar. Ethanol and ethylene glycol were purchased from
Fisher Chemical. Ammonia solution (28−30%) was purchased from
EMD Millipore. All chemicals were used as received without further
puriﬁcation.
Synthesis of CeO2 Nanoparticles. Cerium nitrate hexahydrate
(0.85 g) was dissolved in a mixture of deionized water (5 mL) and
ethanol (5 mL). To this solution was added 30 mL of a PVP (Mw =
360000) ethanol solution (60 mg/mL). This reaction mixture was
heated in a stainless-steel autoclave to 140 °C for 24 h. The assynthesized CeO2 nanoparticles were collected by centrifugation
(12000 rpm, 60 min) and then washed twice with water and ethanol
and stored in ethanol for further synthesis.
Overgrowth of Pt NPs on As-Synthesized CeO2 NPs. The assynthesized CeO2 nanoparticles (40 mg) were dispersed in 20 mL
ethanol. TTAB (36.8 mg) and PVP (Mw = 29000, 21.8 mg) dissolved
in ethylene glycol (16 mL) were added to the CeO2 NPs/ethanol
solution. (NH4)2Pt(IV)Cl6 (9.75 mg, this amount can be changed
accordingly to tune the Pt loading amount) was dissolved into
ethylene glycol (4 mL) in a 25 mL three-neck round ﬂask at 80 °C
under argon protection with magnetic stirring. This Pt precursor
solution was mixed with the CeO2 NPs/ethanol solution and heated to
140 °C for 6 h in a stainless-steel autoclave. The as-synthesized

propanal selectivity = (propanal formed)/(ethylene converted)

■

× 100%
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