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ABSTRACT: Core—satellite is one of the most powerful superstructures since it
leads to enhanced or completely new properties through compatible combination of
each component. Here we create a novel ceria-based core—shell—satellite
supersandwich structure with near-infrared (NIR) light manipulated catalytic
activity by integrating the upconversion luminescent and catalytic functionality of
CeO, nanoparticles. Specifically, lanthanide-doped octahedral CeO, nanoparticles
(0-Ce0,) are coated with silica layer (0-CeO,@SiO,) to enhance their
luminescence intensity. The pH-dependent catalytic active cubic CeO, nano-
particles (c-CeO,) are then assembled on the surface of 0-CeO,@SiO, to form the
supersandwich structure (o0-CeO,@SiO,@c-CeO,) following a classic chemical
reaction. The upconversion quantum yield of 0-CeO, in this nanostructure can be
nearly doubled. Furthermore, under NIR light irradiation, the 0-CeO,@SiO,@c-
CeO, supersandwich structure based composite catalyst displays superior catalytic
activity in selective reduction of aromatic nitro compounds to corresponding azo
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compounds, and the composite photocatalyst can be easily recycled for several times without significant loss of catalytic activity.
This strategy may serve as a universal method for the construction of multifunctional nanostructures and shed light on the green

chemistry for chemical synthesis.
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B INTRODUCTION

In the past several decades, nanomaterials have attracted much
attention from a wide spectrum of scientific communities
because their properties (luminescence,' > catalysis,”> and so
on) are significantly different from those of their bulk
counterparts.é’7 Developing nanomaterials with superstructures
and multiple functions is one of the most popular research
areas in materials science since these materials are more
appropriate to meet the challenges in fields such as green
catalysis," ' bioimaging,'' and drug delivery.'” Among all of
the intriguing nanostructures, core—satellite structure holds
great potential because of its easy fabrication and integration of
the properties of different components at the nanoscale, so that
enhanced or completely new properties are obtained.””"
Through rational design, core and satellite components in the
core—satellite structure can elicit synergistic activities and thus
can realize applications that cannot be accomplished with other
monofunctional materials.

Cerium oxide (CeO,) has gained more and more research
interest in recent years for its superb redox properties and
extensive applications in areas such as CO oxidation'® and
water—gas shift reaction.'” One of the most outstanding
properties of CeO, is its special redox capability, which
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originates from the reversible transformation between Ce®" and
Ce*.'®"” Normally, CeO, nanoparticles with reduced sizes
possess much stronger redox capabilities and greater catalytic
activities due to largely increased surface defects and surface to
volume ratio.”*~>* Beyond that, due to the special chemical and
thermal stabilities of CeO,, small CeO, nanoparticles can also
serve as excellent catalyst carriers with performance comparable
to or even superior than bulk CeO, according to previous
studies."®

Recently, lanthanide-doped upconversion nanomaterials have
attracted much attention for their intriguing ability to absorb
two or more photons and then emit light at wavelength shorter
than the excitation wavelength.”’ Apart from superb redox
property and good performance as catalyst carriers, CeO, may
also serve as potential matrix material in lanthanide-doped
phosphors®* ™’ since it exhibits good charge transfer
abilities.””” During the past several years, CeO, based
upconversion nanomaterials have rarely been explored due to
their relatively low quantum yields caused by the surface
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quenching effect in part. Since several methods have been well
established to enhance the luminescent intensities of nano-
phosphors,®® such as coating the nanoparticles with a layer of
inert shell,’"”” thus CeO, can also act as prominent matrix
material in the fabrication of novel upconversion luminescent
materials. Herein, we have rationally developed a novel CeO,-
based core—shell—satellite supersandwich structure that in-
tegrates upconversion luminescent and catalytic functions
within a single nanoparticle. Specifically, large octahedral
CeO, nanoparticles doped with lanthanide ions (designated
as 0-Ce0O,) were uniformly coated with a layer of silica shell
(designated as 0-CeO,@SiO,) to improve their luminescent
quantum yields by passivating the surface defects and providing
ligand fields. Undoped small cubic CeO, nanoparticles
(designated as c-CeO,) with excellent catalytic capabilities
were assembled on the surface of 0-CeO,@SiO, to construct
the core—shell—satellite supersandwich structure (designated as
0-Ce0,@Si0,@c-Ce0,) with the aid of the well-known EDC/
NHS chemistry. It is noteworthy that the quantum yield of
CeO, based upconversion luminescent nanomaterials was
nearly doubled. Furthermore, the core—shell-satellite nano-
particles were loaded with gold nanoparticles (designated as o-
Ce0,@Si0,@c-Ce0,/Au), and the performance of the
resultant nanocomposites in selectively catalytic conversion of
aromatic nitro compounds into corresponding azo compounds
under near-infrared (NIR) light irradiation was encouraging.
More excitingly, the composite catalyst can be easily recycled
several times while retaining effectiveness. The strategy
described here not only may further promote the applications
of ceria based materials in areas such as bioimaging,
biomedicine, and photocatalysis, but also can serve as a
universal method for construction of multifunctional materials
for other complicated applications.

B EXPERIMENTAL SECTION

Synthesis of 0-Ce0,. Octahedral ceria nanoparticles were
synthesized according to a previously reported method.” Typically,
0.4875 g of Ce(NO;);:6H,0, 0.5 g of polyvinylpyrrolidone (PVP-
3000), and certain amount of Ln(NO;); solution (0.2 M) were
dissolved in the mixture of deionized (DI) water (30 mL) and
anhydrous ethanol (10 mL). Then the as prepared solution was stirred
for 30 min and transferred into a S0 mL Teflon-lined steel autoclave.
The solution was heated to 160 °C and was allowed to react for 24 h.
After cooling to room temperature, the solution was centrifuged and
the obtained nanoparticles were washed with ethanol for 3 times. The
resultant nanoparticles was dried at 60 °C overnight and then calcined
at 600 °C for 4 h.

Synthesis of c-CeO,. Tiny CeO, nanocubes were synthesized by
the classic solvothermal reactions.’® Powders of (NH,),Ce(NO;)q
(2.74 g) and CH3;COONa (10 g) were dissolved 70 mL of DI water,
and then 10 mL of CH;COOH was added. After stirring at room
temperature for 1 h, the obtained slurry was transferred in a Teflon-
lined steel autoclave and treated at 220 °C to react for 12 h. After this
hydrothermal treatment, c-CeO, nanoparticles were obtained by
centrifugation. The resultant nanoparticles were washed with ethanol
three times and then dried at 60 °C overnight.

Preparation of 0-Ce0,@SiO, and 0-Ce0,@SiO,—NH,. The
uniform coating of o0-CeO, nanoparticles with SiO, layer was
performed with a slightly modified protocol."®> 0-CeQ, nanoparticles
(100 mg) were dispersed in the mixture of 80 mL of ethanol and 20
mL of DI water. Then 1 mL of concentrated ammonia solution (28 wt
%) was added into the above solution under sonication. After that, 45
UL of tetraethyl orthosilicate (TEOS) was added dropwise into the
above solution and the mixture was allowed to react for 6 h under
magnetic stirring. The as prepared 0-CeO,@SiO, nanoparticles were
collected by centrifugation. The nanoparticles were washed with water

and ethanol for several times before drying at 60 °C overnight. To
functionalize 0-CeO,@SiO, nanoparticles with amino groups, 25 mg
of the above prepared 0-CeO,@SiO, was dispersed in 25 mL of
absolute isopropyl alcohol under sonication. The obtained slurry was
heated to 85 °C and then 100 uL of 3-aminopropyltriethoxysilane
(APTES) was added into the slurry. Finally, the mixture was allowed
to react for 6 h under vigorous mechanical stirring. The o-CeO,@
SiO,—NH, nanoparticles were centrifuged and washed with water and
ethanol three times, respectively.

Preparation of c-Ce0,—COOH. The functionalization of c-CeO,
nanoparticles with poly(acrylic acid) (PAA) was carried out by the
ligand-exchange reactions.* Typically, 300 mg of PAA-3000 and 30
mL of diethylene glycol were added into a three-necked flask (150
mL) and the mixture was heated to 110 °C with vigorous stirring
under argon atmosphere. Toluene solution of c-CeO, nanoparticles (2
mL, S0 mg/mL) was injected dropwise in to the flask and the
temperature was kept at 110 °C for 1 h. After that, the solution was
heated to 240 °C and allowed to react for 1.5 h. After cooling to room
temperature, 30 mL of ethanol was added into the solution to
precipitate the nanoparticles. The ¢-CeO,—COOH was recovered by
centrifugation and then washing the precipitate with water three times.

Construction of the Core—Shell-Satellite Supersandwich
Structure. The ¢-CeO,—COOH nanoparticles with carboxylic groups
was conjugated with the amino groups functionalized CeO,@SiO, by
forming amide bond via the classic EDC-NHS coupling. The —COOH
groups on ¢-CeO,—COOH were activated by EDC/NHS first before
the conjugation. Typically, 25 mg of ¢-CeO,—COOH was dispersed
into 20 mL of 2-(N-morpholino) ethanesulfonic acid (MES) buffer
(10 mM, pH = 5.5), and then 10 mM carbodiimide-HCI (EDC) and
25 mM N-hydroxysuccinimide (NHS) were added into the above
solution. The mixture was incubated at 30 °C for 15 min under
shaking. After centrifugation and washing with water, c-CeO,—COOH
nanoparticles were redisposed in 20 mL of PBS buffer (10 mM, pH =
7.2) and then 50 mg of CeO,@SiO,—NH, nanoparticles was quickly
added into the solution under sonication. The solution was allowed to
react at 30 °C for 12 h under gentle shaking. The 0-CeO,@SiO,@c-
CeO, core—shell—satellite supersandwich nanoparticles were obtained
by centrifugation.

Preparation of 0-CeO,@SiO,@c-CeO,/Au Supersandwich
Nanocomposites. Deposition of Au nanoparticles on 0-CeO,@
SiO,@c-CeO, nanoparticles was performed according to a previously
reported method.*® The 0-CeO,@Si0,@c-CeO, nanoparticles (40
mg) were dispersed in 60 mL of water under stirring and then
(NH,),CO; was added into the solution to keep the pH value at 8—9
during the whole process. Aqueous solution of HAuCl, (70 uL, 48
mM) was then added dropwise into the solution, and the obtained
mixture was stirred at 60 °C for 2 h. The resulting precipitate was aged
at 60 °C for another 1 h. The precipitate was then filtered and washed
with water three times. The obtained yellow powder (0-CeO,@SiO,@
c-CeO,/Au) was dried at 70 °C overnight and then calcined at 400 °C
for 3 h.

Catalytic Activities of c-CeO, and o0-CeO,@SiO,@c-CeO,.
Acetate buffer solutions with different pH values (pH = 4, S, 6, 7) were
prepared. A 96-well plate was used as the reaction vessel. Typically,
200 L of acetate buffer, 10 4L of c-CeO, or 0-CeO,@SiO,@c-CeO,
nanoparticle dispersions (0.5 mg/mL), and 20 uL of dye solution
(3,3',5,5'-tetramethylbenzidine (TMB) in ethanol or 2,2-azinobis(3-
ethylbenzthiazoline-6-sulfonate) (ABTS) in water (0.04 mM)) were
added into the corresponding well with six parallel groups for each pH
value. Reactions were monitored by recording the characteristic
absorption spectrum of TMB or ABTS.

NIR Light Manipulated Photocatalytic Reactions. The NIR
light-drived reaction was conducted in a 15 mL quartz test tube under
argon atmosphere. The temperature of the reaction system was kept at
40 °C with water bath. A NIR laser with a power density of 20 W/cm?
was used as the light source. Typically, 10 mg of catalyst, SO mmol of
aromatic nitro compounds, and 1 mL of KOH solution (0.1 M in
isopropyl alcohol) were added into S mL of isopropyl alcohol. The
obtained solution was irradiated with the NIR laser under stirring
during the reaction. The azo nitro compounds were analyzed using an
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UV—vis spectrometer and gas chromatography—mass spectrometry
(GC-MS).

B RESULTS AND DISCUSSION

The structural properties and luminescent feature of 0-CeO,
were thoroughly studied. Transmission electron microscopy
(TEM) (Figure lab and Supporting Information, Figure S1)
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Figure 1. TEM images of 0-CeO, nanoparticles at different
magnifications (a, b). (c) Upconversion luminescence spectra of o-
CeO, with different dopants (A, Yb3*/Er**/Tm3*: 20/0.5/1 mol %; B,
Yb¥/Tm3": 5/0.5 mol %; C, Yb**/Ho>": 5/0.2 mol %; D, Yb**/Er®*:
10/2 mol %; E, Yb**/Er**: 1/2 mol %) (4., = 980 nm, power = 5 W).
(d, ¢) TEM images of c-CeO, nanoparticles at different magnifications.
(f) Catalytic activity of c-CeO, toward TMB at different pH values.

and scanning electron microscopy (SEM) (Figure S2) images
at different magnification showed that lanthanide ions doped
CeO, nanoparticles were monodispersed with uniform
octahedral shape. The average diameters of these large o-
CeO, nanoparticles were measured to be about 200 nm based
on the above TEM images. Energy dispersive X-ray spectros-
copy (EDX) demonstrated the successful doping of the
lanthanide ions in the above 0-CeO, nanoparticles (Figure
S3). X-ray diffraction (XRD) pattern indicated that the
lanthanide ions doped o-CeO, nanoparticles showed typical
cube fluorite CeO, structure (JCPDF 34-0394), and the strong
and sharp diffraction peaks suggested the good crystalhmty of
the as-prepared nanoparticles (Figure S4).°” Figure Ilc
represents the upconversion luminescence spectrum of o-
CeO, nanoparticles. It is noteworthy that the emission bands of
CeO, based upconversion nanomaterials can be fine-tuned
through simply changing the types and amounts of doped ions,
indicating the great flexibility of this upconversion luminescent
materials for multiple luminescence related applications. The
tiny c-CeO, nanoparticles were prepared with a previously
reported classic synthetic approach,* and their structural and
catalytic properties were systematically investigated. As revealed
by TEM images, the c-CeO, were well-dispersed with average
sizes of about 8 nm (Figure 1d, e and Figure S6). XRD analysis
shows that the positions of all diffraction peaks were in good
agreement with the calculated values (Figure S7). To
investigate the catalytic performance of this tiny c-CeO,,
reaction catalyzed by CeO, nanoparticles was performed
according to a previously reported strategy.”® As shown in
Figures 1f and S8, in the presence of c-CeO, nanoparticles,
TMB can be oxidized and the solution showed absorption
bands at around 370 and 650 nm due to the cation radical

produced in the reaction. It was obvious that the adsorption
intensity decreased with the increase of pH values, showing the
pH-dependent oxidase-like activity of c-CeO, nanoparticles.
Such pH-dependent activities provide c-CeO, with great
promise to be used as mild catalyzers, pH-based sensor or
even drugs.”

As mentioned above, coating nanoparticles-based phosphors
with a layer of inert shell would greatly improve the
luminescence quantum yields.”*> To test whether the
luminescence intensities of CeO,-based upconversion nano-
particles could be enhanced with this strategy, o0-CeO,
nanoparticles were incorporated with a thin layer of silica
(designated as o0-CeO,@SiO,) through the classic sol—gel
process by using TEOS as the silicon source."” TEM images
clearly showed that o0-CeO,@SiO, nanoparticles were well
dispersed (Figures 2a and S9). At higher magnification (Figures
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Figure 2. TEM images of 0-CeO,@SiO, core—shell structure at
different magnifications (a, b). (c) Upconversion luminescence spectra
of 0-CeO, and 0-CeO,@SiO, (4., = 980 nm, power = 5§ W). (d) XRD
patterns of 0-CeO,@SiO,.

2b and S9g—1i), a thin layer of SiO, (about 2 nm) on the surface
of 0-CeO, nanoparticles was observed. The upconversion
luminescent spectrum of 0-CeO, and 0-CeO,@SiO, were
presented in Figure 2c. It indicated that SiO, shell significantly
enhanced the emission intensity of 0-CeO,. The quantum
yields of 0-CeO, and 0-CeO,@SiO, nanoparticles were further
quantified with the method reported by Prasad and co-
workers.”” The upconversion quantum yields were determined
to be 0.028% and 0.053% for 0-CeO, and 0-CeO,@SiO,,
respectively, clearly suggesting that the SiO, shell improved the
quantum yield of 0-CeO,. XRD pattern of the 0-CeO,@SiO,
nanoparticles showed that all of the positions of diffraction
peaks were 1n good agreement with the calculated values
(Figure 2d).*" Additionally, the upconversion mechanism of o-
CeO, and 0-CeO,@SiO, nanoparticles were investigated by
measuring the pump power dependence of upconversion
emission of these two particles. The emission intensities of
both 0-CeO, and 0-CeO,@SiO, nanoparticles increase
gradually with the increase of the pump power of the NIR
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light (Figure Slla, b). The pump power dependence of
upconversion emission in these two nanoparticles was
presented in Figure Sllc, d. The slope value represents the
number of pump photons absorbed per short wavelength
photon emitted. All of the slope values are between 1 and 2,
suggesting a two-photon upconversion process is involved to
generate the upconversion emissions in both 0-CeO, and o-
CeO,@Si0, nanoparticles.””

The strategy to prepare core—shell-satellite supersandwich
structure based on CeO, nanoparticles with different sizes was
illustrated in Figure 3a. Amino groups were introduced to the
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Figure 3. (a) Schematic illustration of the construction of core—shell—
satellite supersandwich structure. TEM images of core—shell—satellite
nanoparticles with lower (b) and higher (c) magnification. Inset in (c)
is the HAADF-STEM image of 0-CeO,@SiO,@c-CeO,. (d)
Upconversion luminescence spectra of c-CeO,@SiO, and 0-CeO,@
SiO,@c-CeO, (A = 980 nm, power = 5 W). (e) Catalytic activity of
0-CeO,@Si0,@c-CeO, toward ABTS at different pH values.

surface of 0-CeO,@SiO, nanoparticles (designated as o-
CeO,@Si0,—NH,) through the hydrolysis of 3-aminopropyl-
triethoxysilane (APTES). The small c-CeO, nanoparticles were
functionalized with PAA by a ligand-exchange procedure to
introduce carboxy functional groups to their surface (des-
ignated as ¢-Ce0,—COOH).* The ¢-CeO,—COOH nano-
particles were homogeneously assembled on the surface of o-
CeO,@SiO, nanoparticles to form the core—shell-satellite
supersandwich structure (designated as o0-CeO,@SiO,@c-
Ce0,) with aid of the classic EDC/NHS chemistry. Both o-
CeO,@Si0,—NH, and c-CeO,—COOH nanoparticles were
well dispersed and no morphology changes were observed after
modification (Figures S12 and S13). Surface functionalization

of 0-CeO,@Si0, with amino groups and c-CeO, with carboxy
groups were characterized with Fourier transform infrared
spectroscopy (Figure S14). For 0-CeO,@SiO,—NH,, the band
at around 1630 cm™' corresponded to amine N—H bending
and a peak at around 1380 cm™' was due to the internal
vibration of amide bonds, which indicated the successful surface
modification steps. As for c-CeO,—COOH, the characteristic
stretching vibrations of the C=0 group at 1730 cm™" indicate
the existence of carboxy groups. Additionally, zeta potential
measurements confirmed the presence of amino groups on the
surface of 0-CeO,@SiO,—NH, nanoparticles, and the negative
charge of c-CeO,—COOH nanoparticles also demonstrated the
successful surface modification of c-CeO, with PAA (Figure
S15). The structure of core—shell—satellite supersandwich
nanocomposites formed by 0-CeO,@SiO,—NH, and ¢-CeO,—
COOH nanoparticles were thoroughly studied with TEM and
high angle annular dark field scanning transmission electron
microscopy (HAADF-STEM). TEM images at different
magnifications clearly showed that the surfaces of 0-CeO,@
SiO, were homogeneously decorated with a layer of tiny
nanocubes (Figures 3b,c and S16). High resolution TEM and
HAADF-STEM images (Figures S17 and S18) implied the
attachment of c-CeO, nanoparticles on the SiO, layer, and the
exposed crystallographic planes of c-CeO, nanoparticles were
well resolved. The luminescent spectrum of the supersandwich
core—shell-satellite nanoparticles was shown in Figure 3d.
Compared to 0-CeO,@SiO, nanoparticles. The slightly
decreased luminescent intensity of 0-CeO,@SiO,@c-CeO,
suggests that 0-CeO,@SiO,@c-CeO, could also serve as
good upconversion luminescent material. Apart from the
upconversion properties, 0-CeO,@SiO,@c-CeO, also pos-
sessed catalytic function due to the external c-CeO, nano-
particles. To test the catalytic activity of this supersandwich
structure, ABTS, which could be oxidized and displayed green
color in the presence of CeO, nanoparticles, was used as the
indicator.®® The absorbance of the reaction solution was
monitored in the range of 380—500 nm. As shown in Figure 3e,
0-CeO,@SiO,@c-CeO, still exhibited excellent pH-dependent
oxidase-like activity and the catalytic activity became stronger at
lower pH conditions. Therefore, one can safely draw the
conclusion that the core—shell—satellite perfectly integrated the
enhanced upconversion property and pH-dependent catalytic
function of CeO, within a single nanoparticles. We anticipate
these supersandwich core—shell—satellite nanoparticles finding
applications various fields. First, the upconversion cores
provided the nanostructures with potential to be used in fields
such as bioimaging, sensing, and prevention of counterfeiting.
Second, the catalytic satellite c-CeO, nanoparticles made the
nanostructures suitable for serving as catalysts and even
biomimic catalyst-based drugs.*"** Finally, the upconversion
and catalytic functionality can be further utilized simultaneously
to achieve more complicated tasks, such as photomanipulated
catalysis and indicating the progress of chemical reactions.

As the percentage of NIR light in the solar spectrum was
about 44%,* efficient utilization of NIR light was of paramount
importance in consideration of the global energy shortage.
Since 0-CeO,@SiO,@c-CeO, simultaneously possessed up-
conversion property and catalysis-related function, the
utilization of this core—shell—satellite supersandwich nano-
particles as NIR light manipulated photocatalyst was inves-
tigated. Aromatic azo compounds are widely used as dyes, food
additives, and drugs. The traditional synthesis methods for
aromatic azo compounds usually generates a considerable
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amount of byproducts and the reactions are often conducted
under harsh or environmentally unfriendly conditions.
Previously, Corma developed an innovative strategy to
selectively synthesize aromatic azo compounds from anilines
and nitroaromatics by using CeO, supported gold nanoparticles
as the catalyst.** Very recently, Zhu and co-workers further
reported the selective conversion of aromatic nitro compounds
into aromatic azo compounds under visible light irradiation by
using CeO, supported gold nanoparticles as the photocatalyst,
which greatly facilitated the green synthesis of aromatic azo
compounds.”” These studies clearly indicated that CeO,
nanoparticles could play important roles in the synthesis of
aromatic azo compounds.

The selective reduction of aromatic nitro compounds into
aromatic azo compounds under NIR light irradiation was
conducted by using 0-CeO,@SiO,@c-CeO, based composite
nanoparticles as the photocatalyst. To achieve the NIR light
manipulated catalytic reaction, gold nanoparticles were loaded
on the surface of 0-CeO,@Si0,@c-CeO, (designated as o-
CeO,@Si0,@c-CeO,/Au).”**® The mechanism of the NIR
light manipulated catalytic reaction is illustrated in Scheme 1.

Scheme 1. Schematic Representation of the NIR Light
Manipulated Reduction of Aromatic Nitro Compounds to
Corresponding Azo Compounds with 0-CeO,@SiO,@c-
CeO,/Au Supersandwich Nanocomposites

Yb* and Ho** doped 0-CeO, core can absorb NIR photons
and emit green light via a nonlinear optical process. Then the
emitted green light is absorbed by gold nanoparticles supported
on the small c-CeO,, and the activated gold nanoparticles can
thus catalyze the selective conversion of surface adsorbed
aromatic nitro compounds into aromatic azo compounds.
The as prepared 0-CeO,@SiO,@c-CeO,/Au nanocompo-
sites were thoroughly characterized by TEM, HAADF-STEM,
EDX, and XRD analysis. As shown in Figure 4a, the deposited
Au nanoparticles were homogeneously distributed on the
surface of the nanoparticles with average sizes of about S nm.
HAADF-STEM images (Figures 4b and S22d) clearly show
that gold nanoparticles were well dispersed throughout the
surface, leading to rough surface morphology of the entire
nanoparticle. At higher magnification (Figures 4c and S22e, f),
one could clearly see that gold nanoparticles were attached to
the surface of small c-CeO,, which perfectly formed the c-CeO,
supported gold nanoparticles catalyst as discussed. EDX
analysis demonstrated the existence of Ce, O, Si, and Au in
the 0-CeO,@Si0,@c-CeO,/Au nanocomposites (Figure $23).
Elemental mapping images (Figures 4d—g and S24) clearly
suggest the layer-by-layer structure of 0-CeO,@SiO,@c-CeO,/
Au nanocomposites. In the XRD spectrum (Figure S25), in
addition to the diffraction peaks that were preserved due to the
CeO, component, the other peaks could be well indexed to the
typical crystallographic planes of gold nanoparticles. All of these

Figure 4. TEM (a) and HAADF-STEM (b) images of 0-CeO,@SiO,
@c-CeO,/Au nanocomposites. (c¢) HAADF-STEM image of the edge
on an 0-CeO,@Si0,@c-CeO,/Au nanoparticle. (d—g) Elemental
mapping images of oxygen, cerium, silicon, and gold on the region
shown in (c).

results clearly demonstrated the successful construction of the
0-CeO,@Si0,@c-CeO,/Au supersandwich photocatalyst.

The performance of this composite photocatalyst in the
catalytic reduction of aromatic nitro compounds was further
investigated. The luminescent feature of the nanocomposites
was investigated first to test whether the green light emitted by
central large 0-CeO, could be absorbed by the outside gold
nanoparticles. As shown in Figure Sa, 0-CeO,@SiO,@c-CeO,/
Au nanoparticles showed a strong absorption band at around
520 nm,”” and the upconversion emission band of this o-
CeO,@Si0,@c-CeO, also centered at around this wavelength.
As expected, the luminescent intensity of 0-CeO,@SiO,@c-
CeO, was significantly decreased after the deposition of gold
nanoparticles, which resulted from the well matched absorption
band of gold nanoparticles and the emission peak of large o-
CeO, nanoparticles. Aromatic nitro compound nitrobenzene
was chosen as the substrate and isopropyl alcohol as the solvent
and hydrogen donor to test the photocatalytic activity of o-
CeO,@Si0,@c-Ce0,/Au.*® The reaction process was moni-
tored by GC-MS. As shown in Figure Sb, the concentration of
nitrobenzene decreased gradually. On the other hand, the
amounts of azobenzene increased gradually, suggesting the
selective reduction of nitrobenzene to azobenzene under the
irradiation of NIR light. After about 48 h, nitrobenzene was
almost completely converted to azobenzene. The conversion
rate of nitrobenzene was determined to be over 99% with
ultrahigh selectivity (98%), clearly demonstrating the great
promise of 0-CeO,@SiO,@c-CeO,/Au for serving as photo-
catalyst in the selective reduction of aromatic azo compounds.
Furthermore, azoxybenzene was formed during the reaction,
with concentration increased first and then gradually decreased
to zero as the reaction proceeded, which indicated that
azoxybenzene was serve as the intermediate product in this
reaction.”® Photographs of the reaction solutions at different
time intervals is shown in Figure Sc. It was observed that the
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Figure 5. (a) Upconversion luminescence spectra of 0-CeO,@SiO, @
c-CeO, and 0-CeO,@Si0,@c-CeO,/Au (4, = 980 nm, power = §
W); UV—vis absorption spectra of 0-CeO,@5i0,@c-CeO,/Au. Inset:
luminescent photographs of 0-CeO,@Si0,@c-CeO, and 0-CeO,@
SiO,@c-CeO,/Au under excitation of NIR laser. (b) Time courses for
nitrobenzene reduction by 0-CeO,@SiO,@c-CeO,/Au. C is the
concentration at the irradiation time ¢, and C, is the original
concentration. (c) Photographs of the reaction solution at different
time intervals. (d) Recycling photocatalytic reduction of nitrobenzene
over 0-CeO,@Si0,-c-CeO,/Au under NIR light irradiation.

solution showed continuous color change with the gradual
conversion of nitrobenzene to azobenzene. One step further,
the reusability of the composite photocatalyst was investigated.
As presented in Figure 5d, CeO,@SiO,@c-CeO,/Au was
reused four times and no appreciable loss of its catalytic activity
was observed. TEM images also suggested that no obvious
morphology changes of CeO,@SiO,@c-CeO,/Au nanocom-
posites were observed in the recycling tests (Figure S27),
implying the promise of this composite catalyst for practical
catalytic applications. Control experiments were also conducted
to test the catalytic performance of 0-CeO,@SiO,, 0-CeO,@
SiO,@c-Ce0,, 0-CeO,@Si0,/Au (gold nanoparticles depos-
ited on the surface of 0-CeO,@SiO,, Figure S28), and o-
Ce0,@Si0,@c-CeO,—Au (the mixture of 0-CeQ,@SiO,@c-
CeO, and gold nanoparticles) under the excitation of NIR light.
The 0-CeO,@SiO, and 0-CeO,@SiO,@c-CeO, nanoparticles
displayed no catalytic activities, while 0-CeO,@SiO,/Au and o-
CeO,@Si0,@ c-CeO,—Au nanocomposites showed modest
catalytic activities with conversion rates of about 33.41% and
39.30%, respectively (Table S1). These control tests clearly
demonstrated the essential role that c-CeO,/Au (c-CeO,
supported gold nanoparticles) played in the catalytic reaction.
The above results clearly suggested that o-CeO,@SiO,@c-
CeO,/Au could efficiently utilize NIR light for the selective
reduction of aromatic nitro compounds to aromatic azo
compounds.

Furthermore, 1-chloro-4-nitrobenzene and 4-nitrotoluene
were also utilized as the substrates to test the general
applicability of the 0-CeO,@SiO,@c-CeO,/Au nanocompo-
sites. As shown in Table 1, these two aromatic nitro
compounds could also be efficiently converted to the
corresponding azo compounds under the irradiation of NIR

19421

Table 1. NIR-Driven Reduction of Nitroaromatic
Compounds by Using 0-CeO,@SiO,@c-CeO,/Au as the
Photocatalyst”

substrate T [°C] t [h] conv [%] selec [%]
4-nitrotoluene 40 48 68.77 84.59
1-chloro-4-nitrobenzene 40 48 83.21 89.65

“conv = conversion, selec = selectivity.

light with conversion rates of 68.77% and 83.21%, respectively.
It is noteworthy that the selectivities of 0-CeO,@SiO,@c-
CeO,/Au photocatalyst toward these two compounds were all
above 85%. These results therefore serve to demonstrate the
general applicability of the composite photocatalyst for selective
reduction of aromatic nitro compounds into corresponding azo
compounds.

B CONCLUSIONS

In summary, we have highlighted the creation of a novel single
component based core—shell—satellite supersandwich structure
with NIR light manipulated catalytic activity. The super-
sandwich nanoparticles simultaneously possessed upconversion
luminescent and catalytic functionality, suggesting their
potential applications in luminescence and catalysis related
areas. It was noteworthy that the upconversion quantum yield
of lanthanide-doped CeO, nanoparticles was nearly doubled.
Furthermore, the supersandwich nanostructure was deposited
with gold nanoparticles, with the performance of the super-
sandwich nanocomposites in the catalytic reduction of aromatic
nitro compounds to aromatic azo compounds thoroughly
investigated. The nanocomposites exhibited good catalytic
activity and it can be easily recycled for several times without
significant loss of activity. To conclude, the strategy described
here not only can serve as a universal method for the
construction of functional super structures, but also can further
expand the applications of ceria based materials in green
catalysis, bioimaging, and biomedicine.
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