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ABSTRACT: Conversion of carbon dioxide to C,—C, hydrocarbons is a
major pursuit in clean energy research. Despite tremendous efforts, the
lack of well-defined catalysts in which the spatial arrangement of interfaces
is precisely controlled hinders the development of more efficient catalysts
and in-depth understanding of reaction mechanisms. Herein, we utilized
the strategy of tandem catalysis to develop a well-defined nanostructured
catalyst CeO,—Pt@mSiO,—Co for converting CO, to C,—C, hydro-
carbons using two metal-oxide interfaces. C,—C, hydrocarbons are found
to be produced with high (60%) selectivity, which is speculated to be the
result of the two-step tandem process uniquely allowed by this catalyst.
Namely, the Pt/CeO, interface converts CO, and H, to CO, and on the
neighboring Co/mSiO, interface yields C,—C, hydrocarbons through a
subsequent Fischer—Tropsch process. In addition, the catalysts show no

/ CH, + C,-C,

obvious deactivation over 40 h. The successful production of C,—C, hydrocarbons via a tandem process on a rationally designed,
structurally well-defined catalyst demonstrates the power of sophisticated structure control in designing nanostructured catalysts

for multiple-step chemical conversions.

KEYWORDS: CO, hydrogenation, tandem catalysis, interfaces, C,—C, hydrocarbons

ransformation of CO, into transportable chemicals has
been spurred by emerging environmental issues and rising
energy demands.' > Of particular interest is the synthesis of
hydrocarbons containing two to four carbon atoms (C,—C,
hydrocarbons), which are key chemical feedstocks to synthesize
a wide range of products such as polymers, solvents, drugs, and
detergents. This is a challenging task because of the difficulties
associated with the chemical inertness of CO, and the
competing formation of methane.’™
Currently, the conversion of CO, to C,—C, hydrocarbons
mainly relies on iron-based catalysts [via the Fischer—Tropsch
process (F-T process)] and composite oxide catalysts such as
Cu—Zn0O—-Al,0;/zeolite (via a methanol mediated path-
way).””'> However, these catalysts are mostly synthesized
through coprecipitation, impregnation, or physical mixing and
contain multiple components including structural promoters.
Thus, they exhibit large morphological variations and great
uncertainties on the spatial arrangements of active sites.'”">"¢
We believe the development of structurally well-defined
catalysts would not only facilitate discovery of new catalysts
but also enable the fundamental study of reaction mechanisms
to unravel principles for rational catalyst design. Specifically, the
importance of spatial control of catalytic interfaces was
emphasized in a recent development in tandem catalysis,
where two metal-oxide interfaces in a single nanostructure were
employed to catalyze two sequential chemical reactions.'”"®
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Herein, we demonstrate the rational design and controlled
synthesis of a nanostructured catalyst with well-defined
architecture for CO, conversion to C,—C, hydrocarbons via
tandem catalysis. The designed catalyst CeO,—Pt@mSiO,—Co
(mSiO, denotes mesoporous silica) has two types of metal-
oxide interfaces that catalyze two sequential reactions. The
CeO,/Pt interface converts CO, and H, into CO through the
reverse water gas shift (RWGS) reaction, and the Co/mSiO,
interface subsequently reacts the formed CO with H, through
the Fischer—Tropsch process. Thus, this catalyst could carry
out the CO, conversion to C,—C, hydrocarbons through a
two-step tandem process. As a result, a C,—C, selectivity up to
60% of all hydrocarbons (carbon atom-based) through this
tandem process was achieved.

To create these two interfaces, the catalyst was designed with
a CeO,—Pt core and a mesoporous silica shell, which is further
decorated with cobalt nanoparticles. Considering the compat-
ibility of synthetic conditions of different types of nanoparticles,
the integration of all the four components in one single
nanoparticle is challenging and requires an elegant synthetic
design. In particular, synthesis of monodisperse cobalt
nanoparticles could only be conducted under hydrophobic
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(a)

CeO,-Pt@mSIO,

CeO,-Pt@mSiO,-Co

Figure 1. Synthesis and characterization of the CeO,—Pt@mSiO,—Co tandem catalyst. (a) Schematic of synthetic process. TEM images of each
step: (b,c) CeO, nanoparticles, (d,e) overgrowth of Pt nanoparticles on CeO,, (fg) silica shell coating on CeO,—Pt composite nanoparticles, (h,i)
deposition of Co nanoparticles on CeO,—Pt@mSiO,, and (j) scaled up preparation of CeO,—Pt@mSiO,—Co nanoparticles. One-pot synthesis can

yield 300 mg of catalyst.

Figure 2. (a) Imaging of CeO,—Pt@mSiO,—Co by high-angle annular dark-field scanning transmission electron microscopy. (b) Elemental mapping
of CeO,—Pt@mSiO,—Co with energy dispersive X-ray spectroscopy (EDS). Corresponding EDS elemental mapping for (c) Ce, (d) Pt, (e) O, (f)

Si, and (g) Co, respectively. Scale bar: 20 nm.

conditions as they are prone to oxidation in aqueous solution,
whereas the silica shell is typically synthesized in aqueous
solution."” ™' This incompatibility requires the preparation of
monodisperse CeO,—Pt@mSiO, and subsequent homoge-
neous loading of cobalt nanoparticles on the silica surface.
The optimized synthesis involves four steps. The first step is
to synthesize well-dispersed and uniform CeO, nanoparticles.
Considering that the subsequent silica coating step is typically
performed in aqueous solution, the CeO, nanoparticles need to
be dispersible in aqueous media. Thus, we carried out the
synthesis of CeO, in ethanol and water solution with
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poly(vinylpyrrolidone) (PVP) as capping ligand.'® This
procedure enabled the production of uniform CeO, nano-
particles with very good dispersity, which is confirmed by
transmission electron microscopy (TEM) (Figure 1b,c, Figure
S1). The size of CeO, could be tuned by changing the ratio
between ethanol and water. A higher ethanol/water ratio yields
CeO, nanoparticles with smaller size (Figure S1). In order to
gain higher dispersity of Pt nanoparticles on the CeO, support,
a smaller CeO, nanoparticle with size around 35 nm was
chosen. The second step is to load Pt nanoparticles onto the
presynthesized CeO, nanoparticles by Pt overgrowth.'®*”
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Figure 3. (a) Catalytic performance of single-interface catalysts CeO,—Pt@mSiO, and CeO,@mSiO,—Co, physical mixture catalyst and tandem
catalyst CeO,—Pt@mSiO,—Co (H,/CO, ratio is 3, reaction temperature is 250 °C). (b) CO, conversion and hydrocarbons distribution at different

H,/CO, ratios over the tandem catalyst at 250 °C.

Tetradecyltrimethylammonium bromide (TTAB) and PVP
were used as capping ligands to give 3 nm loaded Pt NPs
(Figure 1d,e). Compared to the electrostatic absorption
method, where the presynthesized Pt nanoparticles were
absorbed on the CeO, surface, the overgrowth method gave
stronger interaction between Pt and CeO,, which helped
maintain the structure of the nanocrystals in the silica coating
step. Moreover, the loading amount of Pt could be easily tuned
by adding different amount of (NH,),Pt(IV)Cl, (Figure S2).
Subsequently, a sol—gel approach was adolpted to coat a
mesoporous SiO, shell on the CeO,—Pt core."******* The as-
synthesized CeO,—Pt@SiO, was calcined at 350 °C in air to
remove the cetrimonium bromide (CTAB) template to
generate the mesopores and clean interfaces. The average
thickness of the silica layer surrounding the CeO,—Pt core was
25 nm (Figure 1fg). With different amount of tetraethyl
orthosilicate (TEOS) added, the thickness of the mesoporous
silicon shell can be tuned (Figure S3). Finally, homogeneous
loading of cobalt NPs on the silica shell was achieved by an
approach utilizing the weak interactions between cobalt and
silica in aprotic solvents.”> Monodisperse Co nanoparticles
were synthesized first by decomposing dicobalt carbonyl under
the protection of oleic acid, which was dispersed in hexanes
(Figure $4).2° The as-synthesized CeO,—Pt@mSiO, powder
was also dispersed in hexanes, and the cobalt—hexanes solution
was added slowly under stirring to gain a uniform distribution
of cobalt nanoparticles on the silica shell. The dispersion of Co
nanoparticles was then locked in place by calcination under air
at 350 °C (Figure 1lh,i), which simultaneously removed the
oleic acid ligands.”””” This four-step synthesis of CeO,—Pt@
mSiO,—Co can be readily scaled up to produce the tandem
catalysts at gram scale (Figure 1j). This highly tunable and
versatile synthetic protocol can be generalized toward the
synthesis of other systems with multiple metal-oxide interfaces,
which paves the way for the development of other sophisticated
multifunctional catalysts for multistep chemical reactions.
High-angle annular dark-field scanning transmission electron
microscopy (HAADF-STEM) and the corresponding energy-
dispersive X-ray spectroscopy (EDS) mapping further con-
firmed the elemental distribution and structure of the catalyst
(Figure 2). The Pt and Co loading were determined to be 4.3%
and 5.8% (Table S1), respectively, from inductively coupled
plasma atomic emission spectroscopy (ICP-AES). Nitrogen
physisorption revealed the mesoporous nature of the catalyst,
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and its Brunauer—Emmett—Teller (BET) surface area was
calculated to be 236 m* g~' with average pore size of 2.4 nm,
which provides accessibility to reactant molecules (Figure SS).

The catalytic performance of the tandem catalyst for CO,
hydrogenation was examined under a series of temperatures
with a pressure of 90 psi and a H,/CO, ratio of 3. To monitor
the role of each interface individually, we prepared single-
interface catalysts CeO,—Pt@mSiO, and CeO,@mSiO,—Co
and tested their catalytic performance under the same
conditions. Pt and Co loading amounts of these catalysts
were controlled to be identical to the tandem catalyst (Table
S1). It is known that Pt loaded on CeO, shows high activity
and selectivity toward CO, hydrogenation to produce CO
through the RWGS reaction,”*”” while supported Co catalysts
are widely used for hydrocarbons production from CO via the
F-T process.”’ " However, supported Co catalysts were
reported to be almost only active for methane formation
when replacing CO by CO, and a high CO partial pressure is
necessary for the production of hydrocarbons beyond
methane.””*>™*" As shown in Figure 3a and Figure S6, the
CeO,—Pt@mSiO, catalyst indeed produced CO with excellent
selectivity (>99%) at all temperatures, which substantiated that
CO, and H, could be converted into CO via RWGS reaction
on Pt/CeO, interface in the tandem catalyst. As to the CeO,@
mSiO,—Co catalyst, CO, hydrogenation over the catalyst led to
methane as the only hydrocarbon product at 250 °C (Figure
3a). With elevated temperatures, methane was still the
dominant product with selectivity >99%, with a very small
amount of C,—C, hydrocarbon produced (Figure S7).

Upon controlled integration of Pt/CeO, interface and Co/
mSiO, interface into a tandem catalyst, the products shifted and
the formation of C,—C, hydrocarbons was clearly observed
with a selectivity of 40% whereas methane selectivity dropped
to 60% at 250 °C (Figure 3a). At increased temperatures, the
selectivity toward C,—C, hydrocarbons decreased but was still
well above the C,—C, hydrocarbons production over the
single-interface catalysts (Figures S6, S7, and S9). The decline
in selectivity toward C,—C, hydrocarbons under higher
temperature is due to the more favorable methanation of CO
at higher temperature.’”® This outstanding selectivity toward
C,—C,, not observed for the single-interface catalysts, suggests
that CO, hydrogenation to C,—C, hydrocarbons on the
CeO,—Pt@mSiO,—Co catalyst undergoes a tandem process.
The uniqueness of the tandem catalyst is further confirmed by
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the comparison with a physical mixture of Pt—CeO, and Co—
SiO,, which produced methane as a primary product and only a
small amount of C,—C, hydrocarbons at all temperatures
(Figure 3a and Figure S8). As the Co catalysts produce mainly
CH, from CO, and a high CO/CO, ratio is necessary for C,—
C, hydrocarbons formation,”**™*” we speculated that
favorable formation of C,—C, in the tandem system could be
attributed to the locally high CO partial pressure at the Co/
mSiO, interface due to the well-controlled spatial arrangement
of Pt/CeO, and cobalt nanocrystals. Considering the well-
defined core—shell structure and confinement of Pt/CeO,
interface within the mesoporous silica shell, all produced CO
molecules on Pt/CeO, interface can be transported to the
neighboring cobalt surface before diffusing out of the shell.
Moreover, CO molecules have shown a higher sticking
probability to cobalt than CO, and could be strongly adsorbed
on a cobalt surface.”” Consequently, a CO-rich local environ-
ment at the Co/mSiO, interface was created, which favors the
production of C,—C, hydrocarbons. In the case of a physical
mixture, however, the uncontrolled spatial arrangement of the
Pt-CeO, and Co-SiO, interfaces resulted in a very low chance
for CO from Pt-CeO, to be involved in the second reaction.
Thus, the low CO partial pressure on the Co/mSiO, interface
in the physical mixture catalysts resulted in low selectivity
toward C,—C, hydrocarbons. In accordance with our
hypothesis, any measures that could further increase the
localized CO partial pressure at Co/SiO, interface should
benefit the selectivity of C,—C, hydrocarbons, for example,
decreasing the H,/CO, ratio. This in turn would decrease the
H,/CO ratio for the second F-T reaction, and thus lead to a
more localized CO environment in Co/SiO, interface. As
demonstrated in Figure 3b, with the H,/CO, ratio decreased
from 7.0 to 0.3 the selectivity toward C,—C, hydrocarbons
increased from 23% to 59%, while the selectivity of methane
dropped from 77% to 41%.

The harsh reaction conditions employed to study these
reactions prompted us to examine the stability of the catalyst
and its performance. As shown in Figure 4 and Figure S10, the
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Figure 4. Stability test of CeO,—Pt@mSiO,—Co catalyst with H,/
CO, of 3.0 at 250 °C.

CeO,—Pt@mSiO,—Co tandem catalyst produced no significant
change in catalytic activity and product selectivity while running
the catalysts for up to 40 h. Moreover, the tested catalysts were
also evaluated by TEM, and no obvious morphology change
was observed (shown in Figure S11), indicating good structural
and chemical stability of the tandem catalysts.

In conclusion, we developed a highly tunable method to
synthesize a well-defined nanostructured catalyst CeO,—Pt@
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mSiO,—Co for the selective production of C,—C, hydro-
carbons from CO,. This catalyst achieved a selectivity of 60%
toward C, C, hydrocarbons with two interfaces Pt/CeO, and
Co/SiO, in close proximity, catalyzing the RWGS reaction and
the F-T reaction, respectively. This high C,—C, hydrocarbons
selectivity is attributed to the unique spatial arrangement of two
metal-oxide interfaces, which creates local environments
conducive for multistep reactions that a physical mixture fails
to achieve. Our synthetic protocol offers a highly generalizable
method to integrate different metal-oxide interfaces for design
and synthesis of next generation nanostructured catalysts.
These advances give impetus to the rational design and
development of high-performance, multifunctional catalysts for
multiple-step chemical conversions.
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