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TiO,—CeO,—Pt Hollow Nanosphere Catalyst for Low-

Temperature CO Oxidation

Mareike Liebertseder,” Carina B. Maliakkal,™ Marlene Crone,' Giilperi Nails,™
Maria Casapu,”” Jan-Dierk Grunwaldt,'® ¢ Michael Tiirk," Christian Kibel,” and

Claus Feldmann*'!

TiO,—CeO,—Pt hollow nanospheres (1 wt-% Pt) are realized
using a liquid-phase strategy using NaCl as a template. The
NaCl template is first coated with TiO, and thereafter with CeO,
via the hydrolyzation of TiCl(OiPr); and Ce(OiPr), as suitable
alkoxides. Finally, the NaCl template is removed by washing
with water. The resulting @TiO,—CeO, hollow nanospheres ([]:
inner cavity) exhibit an outer diameter of 140-180 nm, a wall
thickness of 30-40 nm, an inner cavity of 80-100 nm, a specific
surface area of 210 m%g, a pore volume and area of 0.08 cm’/g
and 191 m%g, mainly with micropores >5 A and <14 A. The
hollow nanosphere support is impregnated with Pt nano-

Introduction

Ceria belongs to the most relevant support materials for
heterogeneous catalysis.”" Particularly important, for instance,
are emission control,” reverse water gas shift, electrocatalysis
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particles, using two different methods - a wet-chemical
deposition (Pt(ac), acetone, 25°C) and a supercritical fluid
reactive deposition (SFRD) process ([Pt(COD)Me,], supercritical
CO,, 80°C, 15.6 MPa) resulting in an uniform size distribution
with Pt nanoparticles 2.5+0.1 nm (TiO,—CeO,—Ptyp) and 2.3+
0.1 nm (TiO,—CeO,—Ptpp) in size. The catalytic properties of the
TiO,—CeO,—Pt hollow nanospheres are evaluated for CO
oxidation between 50 and 500°C. A promising catalytic activity
and stable light-out/light-off temperatures are observed espe-
cially for the TiO,—CeO,—Ptqrp sample, indicating the suitability
of hollow nanospheres as high-porosity catalyst material.

and fuel cells,® direct synthesis of H,0, or - as a related topic
- the detection of combustible gases.” In combination with a
precious metal, which is essential to catalyze the corresponding
redox reaction, ceria as the support contributes to the catalytic
reaction via perimeter sites at the noble-metal to oxide-support
interface. Oxygen at the interface can be provided in a Mars-
van-Krevelen-like mechanism to oxidize CO adsorbed on the
precious metal."® In regard of such heterogeneous catalytic
reactions, a high surface area of the ceria support and small-
sized precious metal particles homogeneously distributed over
the ceria surface are prerequisites to a high number of active
surface sites and a high activity of the composite catalyst. To
this concern, various nanocomposite catalysts have been
suggested, including multicomponent compositions and elabo-
rate nanostructures."

Ceria crystallizes in the calcium-fluorite-type structure and is
well-kown for good oxide-ion conductivity at elevated temper-
ature (>200°C).” While this fast diffusion is advantageous in
regard of the oxygen storage of the composite catalyst to
balance the oxygen concentration during the catalytic reaction,
the oxide-ion conductivity can be disadvantageous in regard of
the thermal stability of the composite catalyst."” Thus, the ion
mobility promotes sintering of ceria, which can cause a temper-
ature- and time-dependent decrease of the surface area as well
as a reduction or even vanishing of small pores and reactive
surface sites. In addition, ion conductivity and sintering of the
support can lead to a higher mobility of metal nanoparticles on
the support surface, which then also can agglomerate, increase
in size and loose catalytic activity.”

Hollow nanospheres are generally known for their high
surface area in combination with high mechanical stability.” In
the case of ceria, hollow nanospheres as catalyst supports have
been prepared via template-based approaches, for instance,

© 2023 The Authors. ChemCatChem published by Wiley-VCH GmbH
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with CN,, Au, ZrO,, Mn;0,, SiO,, or polymers as a templates."”
Alternative synthesis methods are based on Kirkendahl ripen-
ing, layer-by-layer deposition, or spray pyrolysis."" Beside
catalysis, CeO, hollow nanospheres also turned out to be
promising for photocatalytic CO reduction or as components
for supercapacitors, lithium-sulfur batteries, and lithium-ion
batteries."™'? As a general limitation, the yet reported ceria
hollow nanospheres often suffer from large particle diameters
(>500 nm), comparably small surface areas (<100 m%*g), and
limited thermal stability (partially not even studied). As a new
strategy and material addressing the needs of high-surface ceria
with good thermal stability, we here suggest a one-pot
synthesis of Pt-impregnated TiO,—CeO, hollow nanospheres.
They were prepared in a liquid-phase approach starting with
NaCl templates, which were coated first with a TiO, shell, then
with a CeO, shell, before the NaCl core was removed by
dissolution in water. Finally, the TiO,—CeO, hollow nanospheres
were decorated with Pt nanoparticles using either a wet-
chemical deposition (WCD) or via supercritical fluid reactive
deposition (SFRD) in supercritical CO,. The as-obtained
TiO,—CeO,—Pt hollow nanospheres were evaluated in CO
oxidation as test reaction.

Results and Discussion
Synthesis of TiO,—CeO,—Pt hollow nanospheres

TiO,—CeO,—Pt hollow nanospheres were prepared in a one-pot
approach in the liquid phase via a modified synthesis protocol
as we recently reported for TiO, hollow nanosphere supports.'
Here, it should be noticed that all our attempts to directly
realize stable CeO, hollow nanosphere supports failed so far.
This can be attributed to the significantly lower mechanical and

Saturated NaCl
(methanol Tt’.‘,I(OrF’r)3 Ce(OiPr),
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especially the lower thermal stability of CeO, hollow spheres in
comparison to TiO, hollow nanospheres.

The most essential aspect of our synthesis strategy relates
to the formation of NaCl nanoparticles as a template, which -
after the deposition of the TiO, and CeO, shells — can be easily
removed by washing with water (Figure 1). To obtain NaCl
nanoparticles, a solvent-antisolvent approach was used." Thus,
a saturated solution of NaCl in methanol (MeOH) as the solvent
was injected into tetrahydrofuran (THF) as the antisolvent.
Whereas NaCl is well-soluble in MeOH, it is insoluble in THF.
Upon injection of the NaCl solution, immediate nucleation of
NaCl occurred, resulting in crystalline, cube-like NaCl nano-
particles, 80-100 nm in diameter (Figure 1a). As a next step, a
TiO, shell was deposited on the NaCl template upon slow
addition and hydrolysis of TiCl(OiPr);. Previous studies have
shown that this step requires special attention in order to
realize a uniform TiO, shell on the NaCl template.” Most
important is a tiny portion of water to be added to the NaCl
template prior to the alkoxide to promote beginning hydrolysis
and titania formation on the NaCl surface. As a result,
NaCl@TiO, core@shell nanoparticles with a TiO, shell, 30-40 nm
in thickness are formed (Figure 1b).

Subsequent to the formation of the TiO, shell, the ceria shell
is established in a similar way. Here, Ce(OiPr),""¥ was added as a
cerium alkoxide and again slowly hydrolyzed to obtain a
NaCl@TiO,—CeO, core@shell structure (Figure 1c). The hydrolysis
was performed with diluted H,0, to guarantee the presence of
Ce*" and to avoid Ce*". Finally, the NaCl template was removed
from the particle core by washing with water. The solubility of
NaCl from the inner particle core already points to the presence
of pores through the wall of the TiO,@CeO, hollow nano-
spheres. Such pores are anyway needed for catalysis and also
lead to a further increase of the pore volume and the surface
area in addition to the outer surface and the surface of the
inner cavity of the hollow nanospheres. In sum, the resulting
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Figure 1. Synthesis of [J@TiO,—CeO,—Pt core@shell hollow nanosphere catalyst with scheme of synthesis strategy and a-c) exemplary electron microscopy

images of NaCl template (a), NaCl@TiO, core@shell nanoparticles (b),"?

and [J@TiO,—CeO,—Pt core@shell hollow nanospheres (] indicating the inner cavity

left after removal of the NaCl template) after Pt impregnation either via wet-chemical deposition (WCD) or supercritical fluid reactive deposition (SFRD)

process (c).
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metal-oxide support could be designated as [J@TiO,—CeO,
core@shell hollow nanospheres with indicating the inner cavity
(the former NaCl template).

Impregnation of TiO,—CeO, hollow nanospheres with Pt

Two different strategies were applied to decorate the
TiO,—CeO, hollow nanosphere supports with Pt nanoparticles.
This includes a wet-chemical deposition as well as a deposition
in supercritical CO, (scCO,) via the SFRD process (Figure 1c). The
two different strategies were evaluated for two reasons. On the
one hand, Pt is the active catalytic site for CO oxidation, so that
the size of the Pt nanoparticles, their distribution over the
support surface and the stability of the Pt nanoparticles are
essential in regard of the catalytic activity. On the other hand,
TiO,—CeO, hollow nanospheres represent a new type of a
catalyst support, so that establishing an efficient process for
impregnation with Pt is relevant anyway.

As a first process, the TiO,—CeO, support was impregnated
with Pt nanoparticles (1 wt-%) via a wet-chemical deposition
(designated as TiO,—CeO,—Pt,p). To this concern, a solution of
Pt(Ac), in acetone was slowly dropped on a powder sample of
the hollow nanospheres. Due to the low surface tension of
acetone the Pt(Ac), solution was instantaneously distributed
over the support surface via capillary forces. Thereafter, the as-
deposited Pt(Ac), was reduced by reducing gas (N,:H,=10:90)
already at room temperature (25 °C). Due to the fine dispersion
of Pt(Ac), over the porous TiO,—CeO, prior to the reduction, a
homogeneous distribution of small Pt nanoparticles is achieved.
As a result, a uniform distribution of small Pt particles was
achieved with 1 wt-% of Pt and a particle size of 2-3 nm. This
procedure was preferred over the more often used aqueous
solutions of platinum chloride or platinum nitrate."” The latter
requires certain heating for reduction (100-300°C), which,
however, promotes particle growth and leads to larger Pt
nanoparticles than the here applied reduction at room temper-
ature.

The supercritical fluid reactive deposition (SFRD) process
already turned out as efficient to impregnate metal-oxide
supports with metal nanoparticles."® Thus, scCO, is known as
low-toxic solvent with good solubility for many metalorganic
compounds and high capillary forces for sufficient permeation
of highly porous materials. The SFRD process was performed at
80°C and 15.6 MPa CO, (see SI).'”! [Pt(COD)Me,] was used as
metalorganic precursor and first allowed to adsorb on the
surface of the TiO,—CeO, support. Upon addition of H,, the
precursor was reduced to elemental Pt, while the organic
ligands were transformed to 1,5-cyclooctane and methane. Due
to complete miscibility of scCO, with the hydrogenated ligands,
residues solvent and reactants on the catalyst surface can be
avoided after depressurization. As a result, a TiO,—CeO,—Ptsrp
hollow nanospheres catalyst was obtained.
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Size and structure of TiO,—CeO, hollow nanospheres

First of all, the size and structure of the TiO,—CeO, support were
examined by electron microscopy and electron spectroscopy.
Transmission electron microscopy (TEM) validates the hollow-
sphere-type structure with an inner cube-shaped cavity of 80-
100 nm in diameter, originating from the former NaCl template,
and a solid shell with a wall thickness of 30-40 nm (Figure 2a).
Overall, a rounded outer shape is observed with an outer
diameter of 140-180 nm. Element mapping via scanning trans-
mission electron microscopy (STEM) based on energy-dispersive
X-ray spectroscopy (EDXS) indicates a uniform distribution of
titanium and cerium all over the hollow nanospheres (Fig-
ure 2b-d). Interestingly, a thin CeO, layer is finely dispersed all
over the TiO, hollow nanospheres, including the pores through
the sphere wall as well as the inner cavity surface. This finding
is especially confirmed by high-resolution images of the sphere
wall (Figure 3). Finally, it should be noticed that no Na/Cl-
related signals could be detected by EDXS element maps, which
points to a complete removal of the NaCl template out of the
TiO,—CeO,—Pt hollow nanospheres.

Physisorption analysis performed with N, as probe molecule
evidences the porosity of the TiO,—CeO, hollow nanospheres
(Figure 4a). Accordingly, a specific surface area of 219 m’/g was
determined based on the Brunauer-Emmett-Teller (BET) formal-
ism. Moreover, a pore volume and area of 0.08 cm’/g and
191 m%*/g as well as an external surface area of 28 m*/g were
determined by the t-plot method (Supporting Information,
Figure S1)."® In regard of the pore diameter, predominately
micropores (>5 A and <14 A) were observed (Figure 4b). With
these values, the CeO,-coated surface of the TiO,—CeO, hollow
nanospheres represents one of the greatest surface areas

a) HAADF-TEM

50|

Figure 2. Size and structure of the TiO,—CeO, hollow nanospheres:
a) HAADF-STEM overview image, b)-d) EDXS element maps of Ti (b), Ce (c),
Ti+Ce (d).
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a) HAADF-TEM

Figure 3. High-resolution images of the TiO,—CeO, hollow nanospheres:
a) HAADF-STEM overview image, b)-d) EDXS element maps of Ti (b), Ce (c),
Ti+Ce (d).

reported for CeO,. The highest specific surface area was yet
reported with 100 m%g for mesoporous zirconia-ceria
mixtures™ or with 170 m%/g for very small (3-5 nm) massive
CeO, nanoparticles.” Higher values of 250 m?/g were - to the
best of our knowledge - only reported for microemulsion-made
CeO, nanoparticles, which, however, generates very small
amounts of material.?" Previous studies on TiO, hollow spheres,
already showed the hollow sphere support to be thermally
stable up to 400°C."¥ Thus, heating to 300°C resulted in a
reduction of the specific surface area of only about 10%, which
is still high in comparison to literature data.'®*"! Here, it needs
to be noticed that the thermal behavior of CeO, hollow spheres
was partly not even studied in the literature.

Finally, X-ray powder diffraction was performed to verify
composition and crystallinity of the TiO,—CeO,—Pt hollow nano-
spheres (Figure S2). The as-prepared TiO,—CeO,—Pt hollow
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nanospheres do not show any Bragg reflection, which is to be
expected for the high-porosity catalyst. Even after heating to
400°C, only TiO, in the anatase modification shows very broad
Bragg reflections, which points to a high-porosity structure
even after certain heating. Due to their low scattering power,
the thin CeO, layer and the very small Pt nanoparticles still do
not show any Bragg reflection (Figure S2). With temperatures
>800°C, Bragg reflections of TiO, (rutile modification), CeO,
and Pt become visible. Although not being a porous nano-
material anymore, the presence of TiO,, CeO, and Pt after high-
temperature sintering nevertheless evidences their presence
also at lower temperature (Figure S2).

Size and structure of deposited Pt nanoparticles

Whereas structure and shape of the TiO,—CeO, support are
independent of the procedure chosen to deposit platinum, the
size and distribution of the Pt nanoparticles over the support
surface were studied in detail for the two different impregna-
tion processes. To this concern, higher magnification STEM was
used to elucidate size and distribution of the Pt nanoparticles
on the hollow nanosphere support after wet-chemical deposi-
tion (Figure 5) and after the SFRD process (Figure 6). First of all,
the spherical outer shape with the sphere wall and the cube-
shaped inner cavity of the hollow nanosphere support are
clearly visible on STEM images (Figures 5a, 6a).

For the wet-chemical impregnation process, a uniform
distribution of Pt nanoparticles on the outer as well as on the
inner surface of the TiO,—CeO,—Ptyp hollow nanospheres is
displayed in EDXS element maps (Figure 5). Very small Pt
nanoparticles with a mean diameter of 2.54+0.1 nm are visible
(xso £ o, Figure 7). Herein, the polydispersity A was calculated by
A=[(x9—X;0)/2 X50]. The mean particle size x;, is defined as the
diameter, at which 50% of the particles have a larger diameter
and the other 50% have a smaller diameter (x;, xo, defined
accordingly). The Pt nanoparticles are finally almost equally
distributed over the outer and inner surface of the hollow
nanospheres (Figure 5a, d). For the Pt-nanoparticle impregna-
tion using the SFRD process, representative TEM images again
show a uniform decoration of Pt nanoparticles all over the
TiO,—CeO,—Ptszp hollow nanospheres (Figure 6). Again, very

b)

0.03 1
s
2
e 0021 |117
o
3 821

0.01 1 14.8

27.4
I LV —

0 20 40 60 80 100 120
Pore diameter / A

Figure 4. Surface area and pore volume of the TiO,—CeO, hollow nanospheres: a) N,-based sorption analysis, b) distribution of pore diameters.
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Figure 7. Size and size distribution of the Pt nanoparticles on
TiO,—CeO,—Ptyp and TiO,—CeO,—Ptgpp hollow nanospheres.

small Pt nanoparticles were obtained with a mean diameter of
23+0.1nm (x5,to, Figure7). In comparison to the wet-
chemical deposition, the diameter of the Pt nanoparticles
stemming from the SFRD process turned out to be slightly
smaller. However, more Pt nanoparticles are located on the
outer surface of the catalyst support as compared to the inner
cavity surface (Figure 6a, d).

Catalytic activity of TiO,—CeO,—Pt hollow nanospheres

For the present study, the temperature range relevant for CO
oxidation was investigated (i.e. up to 500°C). CO conversion
and catalyst stability were monitored during consecutive light-
Figure 5. Size and structure of the TiO,~CeO,—Pt,,cp hollow nanospheres: off/light-out cycles, while applying a ramp rate of 5°C/min. In
?)rHAADF'ZTiM imlf'ge' b)~d) STEM-EDXS maps of Ti (red), O (blue), Ce this way not only the initial activity was determined but also
green), and Pt (yellow). the performance after catalyst degreening under reaction
conditions. The activity of CO oxidation was similarly tested for
a) HAADF-TEM R i the TiO,~CeO,—Ptycp and TiO,—~CeO,—Ptyq, catalysts during two
: ' consecutive light-off/light-out cycles (Figure 8) without any
catalyst pre-treatment. Considering that both samples were
exposed to ambient atmosphere prior to the catalytic tests, at
least partial oxidation of the Pt nanoparticle surface is expected
to occur despite both catalyst synthesis procedures involved a
reductive step. Hence, CO oxidation is anticipated to occur only
at temperatures sufficiently high for the reduction of Pt
nanoparticles under reaction conditions.”?

For the TiO,—CeO,—Pty, sample, a relatively high light-off
temperature (50% of activity reached at 284 °C during heating)
and a slow increase of the CO oxidation activity were observed
during the 1% cycle (Figure 8a). In contrast, 100% conversion
was maintained during the cooling down step even at 210°C,
followed by a sharp decrease in activity and a light-out
temperature of 200°C (50% of activity reached for the cooling
cycle). Despite the reducing treatment (N,:H,=10:90) applied
at 25°C for the sample, this behavior can be ascribed to a
certain catalyst degreening, including the removal of precursor
traces and further crystallization of TiO, and CeO, during

100 nm

50 nm

heating to 500°C. Additionally, the noble metal state is
Figure 6. Size and structure of the TiO,~CeO,—Ptgyo hollow nanospheres: expected to vary under reaction conditions due to the
a) HAADF-STEM image, b)-d) STEM-EDXS maps of Ti (red), O (blue), Ce interaction with the CeO, support, leading to sintering/redis-

P llow). . .
(green), and Pt (yellow) persion processes depending on the temperature and CO
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Figure 8. Results of CO oxidation activity tests for TiO,—CeO, hollow nanospheres catalysts: a) TiO,—CeO,—Ptycp, b) TiO,—CeO,—Ptgqy (gas mixture: 50 mL/min

of 1000 ppm CO, 10% O, in He; temperature ramp rate: 5°C/min).

concentration.” This improvement in activity and the steep CO
oxidation profile is maintained also during the 2™ reaction cycle
over the TiO,—CeO,—Ptycp hollow nanosphere catalyst. More-
over, in comparison to the 1% cycle, the light-off and light-out
temperatures are very close in values (215°C and 187°C),
showing a good catalyst stabilization. The appearance of a
typical hysteresis between the light-off and light-out curves
points to the presence of slightly larger Pt particles (>1 nm) as
previously reported for alumina-supported catalysts.”> How-
ever, the different CO oxidation mechanism involving perimeter
sites at the interface between the noble metal and ceria
support might contribute as well to the variation observed
between the heating and cooling curves” According to
Artiglia et al,”™ Ce*" sites are generated at the interface
between Pt and CeO, support and in the topmost layers of ceria
during CO oxidation. This contribution helps overcoming the
CO self-inhibition effect on Pt.»%!

For the TiO,—CeO,—Ptyy, catalyst, the two CO oxidation
cycles are very similar in terms of the activity profile (Figure 8b).
Light-off temperatures of 167 and 159°C were recorded for the
1%t and 2™ cycle, respectively. A slight activity improvement was
measured also during the corresponding reaction light-outs
with the temperatures of 50% conversion at 126 and 121°C.
This behavior is explained by the slightly smaller noble metal
particle size and the narrow size distribution obtained during
the SFRD-based deposition, which is less prone to major
structural changes during the catalytic cycles. Also in this case
the CO oxidation activity during cooling is higher as measured
during the heating step, which is in line with the previously
reported relation between Pt particle size and the shape of
hysteresis loop.*® Additionally, the location of the noble metal
mainly on the outer cavity of the TiO,—CeO, hollow nano-
spheres (Figure 6 vs. Figure 5) further explains the higher low-
temperature activity of the TiO,—CeO,—Ptqp catalyst in compar-
ison to the TiO,—CeO,—Ptyp sample.

All in all, supplemented by further screening in catalyst
composition (e.g., variation noble metal loading, testing under
more realistic conditions and long-term durability tests), the
promising potential of the new hollow-sphere material for
catalytic applications as resulted from this study could be
further exploited. Furthermore, the perspective of using such
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hierarchical structures on thermally stable supports, i.e. alumi-
na, has been demonstrated previously as an efficient paths to
prevent noble metal sintering due to strong noble metal
interaction.?”

Conclusions

TiO,—Ce0O, hollow nanospheres as a metal-oxide support for
catalytic CO oxidation are shown for the first time. They are
prepared using NaCl nanoparticles as templates, which are
sequentially coated by TiO, and, thereafter, by CeO,. The NaCl
template is prepared by a solvent-antisolvent approach by
injecting a saturated solution of NaCl in water as the solvent
into THF as the antisolvent. While water is soluble in THF, NaCl
becomes insoluble and precipitates with formation of nano-
particles, 80-100 nm in size. The TiO, and CeO, shells are
established by controlled hydrolysis of alkoxides (TiCI(OiPr); and
Ce(OiPr),). Thereafter, the NaCl template is removed simply by
washing with water and resulting in TiO,—CeO, hollow nano-
spheres with an outer diameter of 140-180 nm, a wall thickness
of 30-40 nm, and an inner cavity of 80-100 nm. They exhibit a
specific surface area of 210 m%g, a pore volume and area of
0.08 cm®/g and 191 m%*g as well as pores mainly in the 5 to
14 A range. Finally, the TiO,—CeO, hollow nanosphere support
was impregnated with Pt nanoparticles using two different
methods. On the one hand, a wet-chemical process is applied
based on Pt(Ac), in acetone and, on the other hand, a
deposition via the SFRD process in supercritical CO, using
[Pt(COD)Me,] as a precursor (COD: 1,5-cyclooctadiene, Me:
methyl), which results in TiO,—CeO,—Pty,, and TiO,—CeO,—Ptgqp
hollow nanosphere catalysts.

The resulting TiO,—CeO,—Pt hollow nanosphere catalysts
exhibits a uniform distribution of Pt nanoparticles (1 wt-% Pt)
with a size and size distribution of 2.5+0.1 nm (WCD) and 2.3+
0.1 nm (SFRD). After some settling of the catalyst in the
1* reaction cycle, the TiO,—CeO,—Pt hollow nanosphere cata-
lysts exhibit stable properties in the 2" reaction cycle.
TiO,—CeO,—Ptyp hollow nanospheres show only minor hyste-
resis between light-out and light-off but with slightly higher
temperatures of 215°C for light-off and 187 °C for light-out. In

© 2023 The Authors. ChemCatChem published by Wiley-VCH GmbH
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contrast, TiO,—CeO,—Ptypp hollow nanospheres show certain
hysteresis even after the 2™ reaction cycle but with lower
temperatures of 159°C for light-off and 121°C for light-out. In
sum, TiO,—CeO,—Pt hollow nanosphere catalysts with a novel
core@shell hollow nanosphere support show promising proper-
ties, which could be further enhanced with suitable material
optimization. Moreover, the concept of NaCl templates to
realize hollow nanosphere supports offers flexibility to realize
other materials and catalysts.

Experimental Section

General. TiCl(OiPr); (95%, ABCR) was handled under inert gas
conditions (glove boxes or Schlenk techniques). Pt(ac), was
prepared according to the literature.?® Methanol (99 %, Seulberger)
and NaCl (100%, VWR Chemicals) were handled as purchased.
Ethanol (99.9%, Seulberger) was refluxed 3 days over Mg; THF
(99%, Seulberger) was refluxed 3 days over sodium and benzophe-
none. A saturated solution of NaCl in methanol was obtained by
heating NaCl in methanol to 60°C, followed by slow cooling and
leaving the system for 12 hours at room temperature. Thereafter,
the solution over the insoluble NaCl precipitate was saturated.

TiO,—CeO, hollow nanospheres. 5 mL of a saturated solution of NaCl
in methanol were injected into 120 mL of dried THF to obtain a
suspension of NaCl nanoparticles following our previously pub-
lished synthesis strategy."® Thereafter, 5 mL of a 0.1 M solution of
TiCI(OiPr); in ethanol were slowly added with a rate of 1 mL/h with
a syringe pump. The alkoxide was hydrolyzed upon addition of
4 mL of H,0, which were again added with a rate of 1 mL/h with a
syringe pump. The resulting NaCl@TiO, core@shell nanoparticle
suspension was stirred for additional 24 h, then centrifuged and the
centrifugate resuspended again in 120 ml of dried THF.

As a next step, 5 mL of a solution of 0.01 M Ce(QOiPr), in THF were
added with a rate of 1 mL/h with a syringe pump. Since Ce(OiPr),
was hardly available commercially with high purity, we have
prepared ourselves by reacting cerium metal nanoparticles in dried
isopropanol." The alkoxide was hydrolyzed upon addition of 2 mL
of 3% aqueous H,0,. H,0, was used to avoid any reduction of
cerium to Ce*". Thereafter, the NaCl@TiO,@CeO, core@shell nano-
particle suspension was stirred for additional 24 h. Thereafter, the
nanoparticles were centrifuged and redispersed twice from/in
ethanol and twice from/in water to remove all soluble salts and
excess starting materials. Washing with water also leads to a
dissolution of the inner NaCl core, so that [J@TiO,—CeO, core@shell
nanoparticles - in the following designated as TiO,—CeO, hollow
nanospheres — were formed. Finally, they were washed twice with
ethanol and dried at 70°C in vacuum (10~* mbar).

Wet-chemical deposition of Pt nanoparticles. The TiO,—CeO,—Ptycp
hollow nanospheres can be decorated with Pt nanoparticles (1 wt-
%) via wet impregnation. To this concern, 5.8 mg of Pt(Ac), were
dissolved in acetone and dropped onto a dried powder sample of
TiO,—CeO, hollow nanospheres.

scCO, for impregnation with Pt nanoparticles. The SFRD process to
obtain TiO,—CeO,—Ptspp hollow nanospheres was performed at a
temperature of 80°C and a CO, pressure of 15.6 MPa. 3.5 mg of
[Pt(Cod)Me,] (97 %, Sigma-Aldrich) and 135 mg of TiO,—CeO, hollow
nanospheres were filled into two separate open recipients inside
the high-pressure reactor with a volume of 50 mL. Gaseous CO, was
filled into the reactor and heated to the desired temperature within
less than 2h (i.e. 1.5 to 2.0 h). Subsequently, the mixture was
treated in scCO, at 80°C and 15.6 MPa for 20 h. During this time,

ChemCatChem 2023, €202301358 (7 of 8)

[Pt(Cod)Me,] was dissolved in scCO,, and molecular adsorption of
the precursor on the substrate takes place. Afterwards, H, (12 mol-
%) was added to the system, and the mixture was kept at constant
pressure and temperature for additional 2 h. In this process step,
[Pt(COD)Me,] was reduced to elemental Pt while the organic
ligands were transformed to 1,5-cyclooctane and methane. At the
end of the experiment, the system was slowly depressurized and
cooled to ambient conditions. More details regarding the SFRD
process, the equipment and further experimental details can be
found elsewhere."s'7?!

CO oxidation. Sieved catalyst powders (5 mg, 125-250 um grain
size) were deposited in quartz microreactors (@: 1.5 mm) with glass
wool plugs in front and at the back of the catalyst bed. A gas
mixture of 50 mL/min 1,000 ppm CO, 10% O, in He was dosed over
that catalyst bed at ambient pressure. This corresponds to weight
hourly space velocity of 60,000 Lg, 'h™". The temperature was
varied between 50-500°C with a heating/cooling rate of 5°C/min.
The outlet gas composition was analyzed with an FT-IR spectrom-
eter (Multigas Analyzer™, MKS Instruments) combined with a mass
spectrometer (Pfeiffer Vacuum).

Supporting Information

Details of the analytical techniques and equipment.
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erties.
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