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Highly active CeO; hollow-shell spheres with Al doping
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ABSTRACT Metal oxide hollow structures are of great inter-
est in many current and emerging areas of technology. This
paper presents a facile and controlled protocol for the syn-
thesis of Al-doped CeO, hollow-shell spheres (CHS), where
the dopant confers enhanced stability and activity to the ma-
terial. These Al-doped CeO, hollow-shell spheres (ACHS)
possess a controllable shell number of up to three, where the
sizes of the exterior, middle, and interior spheres were about
250-100 nm,150-50 nm, and 40-10 nm, respectively, and the
average shell thickness was ~15 nm. The thermal stability of
the ACHS structure was enhanced by the homogeneous in-
corporation of Al atoms, and more active oxygen species were
present compared with those in the non-doped congener. Au
NPs supported on ACHS (Au/ACHS) showed superior cat-
alytic performance for the reduction of p-nitrophenol. For
the same Au NP content, the reaction rate constant (k) of the
Au/ACHS was nearly twice that of the non-doped Au/CHS,
indicating that Al doping is promising for improving the per-
formance of inert or unstable oxides as catalyst supports.
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INTRODUCTION

CeO, is recognized as an attractive candidate for advanced
catalysis as well as an outstanding support material for
noble metal nanoparticles (NPs), owing to its unique
and remarkable physical/chemical properties, such as its
numerous oxygen vacancy defects, high oxygen storage
capacity, and facile interconversion between the trivalent
and tetravalent oxidation states [1,2]. Furthermore, exper-
imental and computational studies have proved that the
surface defects of CeO; can strongly anchor and stabilize
metal NPs or clusters through various strong interactions
[3,4]. However, the non-stoichiometric defects in CeO,
are not stable, even under very mild conditions. Thus,

the concentration of the active oxygen species tends to
decrease gradually, causing a sharp activity loss or even
deactivation [5]. From a structural point of view, doping
with low-valent cations (such as La** [6], Cu®** [7], and Ni**
[8]) may lead to the creation, ordering, and stabilization of
oxygen vacancies [8], which has long been recognized as an
important factor in determining the catalytic properties of
materials [6,9,10]. Researchers have devoted tireless efforts
to design effective strategies for manipulating the doping
procedure, with the aim of optimizing the parameters for
catalytic applications. The Al cation has proven to be a
judicious choice based on its small ionic radius, which can
enable the formation of more stable oxygen vacancies [11]
and lead to higher surface areas [12]. Notably, among the
many different dopants, Al is very effective for inhibiting
sintering [13], which broadens the application scope of the
materials at high temperature. Although several attempts
have been made, finding a simple and controllable way
to successfully dope Al into the CeO, lattice without the
formation of mixed binary oxides [14] or unfavorable
CeAlOs; phases remains a formidable challenge [15].
Hollow structures constructed from tiny nanocrystals are
of great scientific and practical value because they possess
lower diffusion barrier limits and facilitate mass transport
to and from the active sites [16,17], which is quite impor-
tant for applications such as gas sensing [18], catalysis [19],
energy storage [20,21], and drug delivery [22]. Among
the various hollow structures, multi-shelled spheres are
considered as one of the most promising and extraordi-
nary candidates, especially for catalytic applications, due
to their high-order, hollow, hierarchical structure, which
may lead to functional materials with optimized properties
[23]. These multi-shelled spheres possess a larger specific
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surface area and pore volume, which provide an increased
number of active sites and enhanced access for reactants
to penetrate the structure [23]. Secondly, the multi-shelled
hollow structure allows for more multiple reflections of
the incident light, resulting in more efficient use of the
light and enhanced catalytic activity in photoreactions
[24]. Thirdly, the unique self-supported structure not only
offers the advantages of the tiny NPs, but also provides the
benefits of better buffering of volume changes and inner
stress and strain to achieve excellent structural stability
[25]. Last but not least, the unique hollow structure can
efficiently trap noble metal NPs in the porous shells and
the cavities, which allows better dispersion and facile
immobilization, making this structure an ideal catalyst
support [26,27]. Thus, the fabrication of various well-de-
fined hollow spheres with multiple shells for catalysis is
highly desirable.

Bearing all the above mentioned aspects in mind and
motivated by the combined merits of morphology and
function, we anticipated that better catalytic activity and
stability of the Al-doped CeO, could be realized by gen-
erating a unique multi-shelled structure. Herein, a facile
and reproducible synthetic strategy has been developed
for the construction of multi-shelled hollow spheres of
Al-doped CeO, (ACHS). Under the designed conditions,
monodisperse and mesoporous doped CeO, multi-shelled
spheres could be controllably obtained with large surface
areas, well-defined morphologies, narrow size distribu-
tions, and good thermal stability. Remarkably, Al was
successfully doped into CeO, to produce Al-doped CeO,,
rather than the two phase CeO,-ALOs system, which cre-
ated considerable surface defects such as Ce** and oxygen
vacancies. As a consequence, very tiny gold (Au) NPs were
evenly dispersed and anchored on these ACHS supports to
generate the catalyst. The Au/ACHS catalysts show strik-
ingly improved catalytic performance for the reduction of
p-nitrophenol compared with their undoped counterparts.

EXPERIMENTAL SECTION

Chemicals, gases and materials

Ce(NO:s);-9H,0, HAuCl,-4H,O, and p-nitrophenol were
purchased from Sinopharm Chemical Reagent Co., Ltd.
AI(NO:s)s-6H,0, glucose, and NaBH, were purchased from
Beijing Chemical Reagent Company. All the chemicals
were analytically pure and were used without further
purification.

Synthesis of carbonaceous spheres
The carbonaceous spheres were synthesized by a hy-
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drothermal approach, as described in previous report [28].
Typically, 8 g of glucose was dissolved in 80mL of deion-
ized water, followed by hydrothermal reaction at 180°C for
24 h. The brown products were washed with deionized
water and absolute alcohol alternately several times, then
collected by centrifugation and dried at 80°C for 12 h.

Synthesis of ACHS

ACHS with different Ce:Al ratios were synthesized through
a “hydrothermally enhanced adsorption and controlled
calcination” method. The synthesis of Ce:Al = 10:1 ACHS
is presented as an example. In this method, 50 mg of
freshly prepared carbonaceous spheres was dispersed
in 10mL of deionized water under magnetic stirring.
Ce(NOs); solution (0.5 mol L', 10 mL) and AI(NO:);
solution (0.5 mol L™}, 1 mL) were added to the suspension.
The mixture was adequately stirred for 45 min and then
hydrothermally treated at 120°C for 6 h. Subsequently, the
brown precursor was washed with deionized water and
absolute alcohol several times, collected by centrifugation,
and dried in air at 80°C. Finally, in order to obtain the
ACHS, the precursor was calcined at 500°C for 1 h at a

heating rate of 10°C min™

under the air atmosphere of
a tube furnace. The procedures used for preparation of
the other ACHS samples were the same, except for the
use of different amounts of metal salts as precursors. The
obtained samples are referred to as CHS, and ACHS Ce:Al
= 200:1, 50:1, 20:1, and 10:1, according to the initial feed

ratio.

Synthesis of Au/ACHS hybrid nanostructure

The Au/ACHS hybrid nanostructure was fabricated via a
method similar to that reported in our previous work [29].
In brief, 28 mg of the as-prepared ACHS was dispersed in
15 mL of deionized water under magnetic stirring. The
freshly prepared HAuCL (10 mmol L™, 500 pL) was added
to the suspension and agitated for 18 h. The mixture was
then collected by centrifugation, washed with deionized
water, and redispersed in 30 mL of deionized water. Subse-
quently, freshly prepared NaBH, (30 mmol L™, 500 uL) was
added to the mixture. The obtained purple powders were
washed with deionized water until no chloride ions could
be detected by the AgNO; test. Finally, the Au/ACHS hy-
brid nanostructures were dried under vacuum at 60°C.

Characterization

Powder X-ray diffraction (XRD) patterns were recorded
on a PANalytical X’ pert PRO instrument operated at 40
kV with Cu-Ka radiation (A = 1.54184 A). The scanning
electron microscopy (SEM) images were acquired with
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a field emission (FE)-SEM, ZEISS SUPRA™S instru-
ment. The transmission electron microscopy (TEM) and
high-resolution TEM (HRTEM) images were collected
with a JEOL JEM-2100F instrument (accelerating volt-
age: 200 kV). The thermogravimetry-differential thermal
analysis (TG-DTA) data were recorded using a Shimadzu
TG/DTA6300 instrument at a linear heating rate of 10°C
min~' under air atmosphere. The X-ray photoelectron
spectra (XPS) were recorded by an ESCALAB 250 Xi
XPS system from Thermo Scientific with monochromatic
Al-Ka radiation (hv = 1486.6 eV). The binding energies for
all spectra were calibrated with respect to the C 1s reference
signal at 284.8 eV. Raman spectra were recorded using a JY
HRB800 laser Raman spectrometer with 532 nm excitation.
Fourier-transform infrared (FTIR) spectra were obtained
using a Fourier transform infrared spectrometer (Vec-
tor-22). The nitrogen adsorption-desorption isotherms
were acquired at 77 K using a QuantachromeAutosorb-1
MP sorption analyzer. Samples were degassed under
vacuum at 200°C overnight prior to analysis. Inductively
coupled plasma-atomic emission spectrometry (ICP-AES)
data were measured on an IRIS instrument (Intrepid IIXSP,

Thermo Electron, USA) to determine the loading content
of gold.

Catalytic evaluation test

The UV-vis spectra were acquired on a TU-1901UV-vis
spectrophotometer from Beijing Purkinje General Instru-
ment Co., Ltd. The catalytic activity was monitored directly
by UV-vis spectrophotometry at room-temperature using
a quartz cuvette. Freshly prepared p-nitrophenol (1 mmol
L™}, 150 uL) and NaBHj, solution (100 mmol L™}, 2 mL)
were added, and then, an aqueous solution containing the
Au/ACHS hybrid catalyst (1.4 mg mL™", 20 uL) was quickly
injected into the cuvette to trigger the reaction. The inten-
sity of the absorption peak of p-nitrophenol at 400 nm was
monitored and recorded by UV-vis spectroscopy as a func-
tion of time.

RESULTS AND DISCUSSION

Based on the synthesis procedure and product analysis, a
proposed mechanism for the formation of the triple-shelled
hollow spheres is summarized and illustrated in Scheme
1. Firstly, under competitive adsorption, Ce and Al ions
were captured by the surface functional groups and were
trapped in the pores and channels of the porous carbona-
ceous spheres under hydrothermal treatment. Secondly,
upon calcination, Ce and Al were redistributed in the car-
bonaceous spheres. As the temperature increased, the ions
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Scheme 1 Illustration of a possible mechanism for the formation of the
Al-doped CeO, multi-shell hollow spheres.

penetrated deeper into the spheres before combustion of
the organic species. Thirdly, with a further increase in the
temperature, removal of the organic species and oxide crys-
tallization occurred, which provided the driving force for
separation of the shells. The precursors with different Ce
and Al contents were obtained by competitive adsorption
of the Ce and Al ions on the porous carbonaceous spheres
under hydrothermal conditions at 120°C for 6 h. To obtain
the final CHS and ACHS products, the precursors must be
subjected to calcination. The calcination temperature was
determined as 500°C from thermogravimetric (TG) analy-
sis of the precursors (see the Supplementary information,
Fig. S1). After calcination at 500°C for 1 h, the ACHS sam-
ples with different Ce:Al ratios were obtained.

The morphology and structure of the products were
characterized by TEM. Fig. 1 (see Fig. S2 with larger
magnification) shows that the as-synthesized CHS and
ACHS products possess uniform spheres with three shells.
The sizes of exterior, middle, and interior shells were about
250, 120, and 30 nm, respectively, whereas the average
thickness of the shells was approximately 15 nm. Careful
observation showed that all of the shells consist of very
tiny nanocrystals. The XRD patterns of these CHS and
ACHS (Fig. 2) species confirmed their phase purity, and
all peaks matched well with those of pure cubic fluorite
ceria (PDF card 34-394). Moreover, as the starting Ce:Al
ratio decreased, the crystallinity of the products decreased,
which may indicate that the presence of Al can prevent
aggregation and growth of the primary particles of the
CeO; crystals that comprise the multi-shelled structure
during calcination. In order to establish the relationship
between Al doping and variation of the cell parameters,
XRD data were acquired, as summarized in Table S1. The
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Figure 1 TEM images of the hollow spheres: (a) CeO, triple shell
spheres; (b) Ce:Al = 200:1, (c) Ce:Al = 50:1, (d) Ce:Al = 10:1.
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Figure 2 XRD patterns of the hollow spheres with different Ce:Al ratios.

results show that with an increase in the concentration of
the Al dopant, the peaks tended to move toward higher
angle, indicating a slight increase in the lattice parameter,
which provides evidence in support of the successful Al
doping into the lattice.

To further identify the presence of Al, XRD patterns of
the sample with an initial Ce:Al ratio of 10:1 calcined at
1000°C for 1 h was collected (Fig. S3). The data suggest
that the cubic fluorite structure was conserved with no ad-
ditional peaks, which indicates that the Al dopant is not in
the form of ALLO; or CeAlOs.

The final molar ratio of Ce and Al in each sample was
determined through energy-dispersive X-ray spectroscopic
(EDS) analysis and confirmed by ICP-MS. The results (see
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Fig. S4 and Table S2) show that the final Ce:Al ratio ranged
from 2.70 to 0.66, which is much less than the starting ra-
tio, whereas the same trend is maintained. This may be
mainly because the radius of the Alion (0.0535 nm) is much
smaller than that of the Ce ion (0.1034 nm); thus, AI** is
much more easily adsorbed into the carbonaceous spheres.

In order to further study the states of Ce and Al in the
sample, XPS analysis of the CHS and ACHS samples was
conducted (Figs S5 and S6). Fig. S5a shows the Ce 3d peaks
of the three different samples; there is a slight change for the
sample with the starting Ce:Al ratio of 50:1. To further un-
derstand the change, the fitting results are shown in Fig. S6.
All samples gave rise to ten peaks, but it is noteworthy that
the concentration of Ce®" increased with the doping of Al
[30]. When the starting Ce:Al ratio reached 50:1, the Ce**
concentration increased significantly, moving from 17.1%
to 31.2% (Table 1). Fig. S5b-e show the fitting results for
the O 1s spectra. The O 1s spectra were deconvoluted into
two peak contributions, referred to as the O; and Oy com-
ponents. The major peak of component O; with a bind-
ing energy (BE) of 529.3-529.6 eV is characteristic of lat-
tice oxygen. Component Oy with BE=531.4-531.7 €V is at-
tributed to active oxygen species [21] (most likely oxygen
vacancies [30,31] and adsorbed oxygen molecules [32,33]).
Obviously, with a decrease in the Ce:Al ratio, the relative in-
tensity of the O to O peaks became stronger, which means
the active species increased from 26.78% to 70.22%. This
result matches with the trend in the increase of Ce*, be-
cause the formation of oxygen-vacancies is considered as
an elementary step in the reduction of Ce*". This agrees
with the well-known property of CeO, when doped with
aliovalent cations, such as La** [18]. The Al 2p spectra for
the Ce:Al = 200:1 and Ce:Al = 50:1 (Fig. S7) samples show
one peak, respectively, at around 73.7 eV, which can be at-
tributed to AI’*[24]. This exciting result demonstrates that
by proper AI(III) doping into CeO,, a dramatic enhance-
ment of the surface active species can be achieved.

It was found that when the as-prepared CeO, multi-shell
spheres were doped with Al, the thermal stability was im-

Table 1 Comparison of the XPS fitting data for Ce**/(Ce**+ Ce**) and
Ou/(Os+On) for different samples

Sample Ce:Al Ce**/(Ce**+Ce'") (%) Ou/(O1+0n) (%)
1 CeO, 17.1 26.78
2 200:1 17.4 40.15
3 50:1 31.2 60.55
4 20:1 32.6 64.82
5 10:1 35.7 70.22
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proved considerably. Fig. S10a, ¢, e shows the in situ
high-temperature XRD patterns of the CeO, hollow
spheres, Ce:Al = 200:1 hollow spheres, and Ce:Al = 10:1
hollow spheres, respectively. Fig. S10b, d, f show the
corresponding magnified profile of the peak at about 28.5°
for the respective samples. The comparative experiments
were performed under the same conditions (as shown in
the Supplementary information). In the case of CHS (Fig.
S10a, b), the peak began to become sharper at 500°C, and
when the temperature reached 800°C, the pattern showed
a very obvious change. For the samples with Ce:Al ratios
of 200:1 and 10:1 (Fig. S10c-f), the patterns remained
unchanged up to 650°C, which is much higher than the cor-
responding temperature for CHS; at 800°C, the change was
moderate. The full widths at half maximum (FWHMs) of
all patterns are summarized in Table S3. With an increase
in the Alloading, the thermal resistance became even more
pronounced. The combination of the activity and stability
of this material may greatly broaden its application scope,
especially for use at high-temperature.

For the catalytic reaction, the porous feature and specific
area are of vital importance. The N, adsorption-desorp-
tion isotherms of the hollow spherical samples with starting
Ce:Al ratios 0f 200:1, 50:1, and 10:1 are given in the Supple-
mentary information (Fig. S11). The Brunauer-Emmett-
Teller (BET) specific areas of these ACHS were 88.7, 96.4
and 104.6 m* g', respectively. The Barrett-Joyner-Halenda
(BJH) pore size distribution curves in the inset demonstrate
the presence of mesoporous structures.

The large specific surface area, sufficient active sites, and
high thermal stability of these ACHS samples make them
promising supports for loading noble metals to construct
high-performance catalysts. Herein, an impregnation-re-
duction method was used to construct the Au/ACHS hy-
brid nanostructured catalyst. Fig. S12a shows that the Au
NPs were well-dispersed around the shell of the ACHS sup-
port. Fig. S12b shows that the Au NPs were strongly at-
tached to the ACHS support with a diameter of about 5 nm.
The loading content of gold for all three different samples
was about 3 wt.%, as determined by ICP analysis.

The reduction of p-nitrophenol by sodium borohydride
is widely used as a model reaction to evaluate the catalytic
ability of noble metal (Au, Pt, and Pd)-supported catalysts,
since this reaction does not progress at room temperature
without a catalyst [34,35]. As the reaction took place, the
characteristic absorption peak of p-nitrophenol at 400 nm
gradually disappeared, whereas the characteristic absorp-
tion peak of p-aminophenol became stronger (Fig. 3a and
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Fig. S13a, b). The C, to C, parameters describe the p-nitro-
phenol concentration at time t and at 0 min, respectively.
The reaction rate constant k was determined from the slope
of the plots of In(C/Cy) vs. time. The reaction rates of
CHS and ACHS with starting Ce:Al ratios of 200:1, 50:1,
and 10:1 and the CeO, powder without the hollow struc-
ture are shown in Fig. 3b. The results followed the order:
50:1ACHS > 10:1ACHS> 200: 1ACHS > CHS >> CeO, pow-
der, which revealed that Al doping led to a significant en-
hancement of the catalytic properties, where the optimal
composition was Ce:Al = 50:1. This may result from the
stronger Au/support interaction. As discussed earlier in
relation to the XPS fitting results, with an increase in the
Al doping, the surface defects (such as oxygen vacancies,
Ce’) increased distinctly. With an increase in the amount
of surface defects, CeO, can strongly bind metal NPs or
nanoclusters (NCs) [4] by enhanced electronic interaction
between CeQ; and the supported metal NPs [36,37]. More-
over, a synergetic effect may be derived from modification
of the d-band center [38], resulting in formation of smaller
Au NPs that are not only highly active but also distinctively
stable under realistic reaction conditions [39]. This in turn
may have significant catalytic consequences in terms of the
number and type of active sites exposed. However, when
the doping ratio was further increased to 10:1, the exces-
sive Al doping may have weakened the synergistic effect
between the Au NPs and CeO,, thus compromising the ac-
tivity. The obtained catalysts were also adequately stable
and their activities and morphologies were preserved af-
ter ten successive cycles (Fig. S14). All of these features,
along with our preliminary promising results, indicate the
significant potential for the controllable synthesis of doped
oxides with multi-shells. Further investigations of the ap-
plications of this catalyst system in heterogeneous catalysis
are thus warranted. Future work will involve application of
these catalysts to reactions such as CO oxidation and oxy-
gen storage-release to achieve high reactivity and sintering
resistance, especially at high temperature.

CONCLUSIONS

In summary, well-dispersed Al-doped CeO, multi-shell
hollow spheres with a large specific surface area, sufficient
active sites, and high thermal stability were success-
fully fabricated using porous carbonaceous spheres as
hard templates. Through a facile “hydrothermally-en-
hanced competitive adsorption and controlled calcination”
method [40], Al was homogeneously introduced into the
CeO; lattice to create numerous active oxygen species.
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Figure 3 UV-vis spectra for the catalytic reduction of p-nitrophenol to p-aminophenol on Au/ACHS with different Al contents. (a) Absorption of
p-nitrophenol and p-aminophenol for the hollow spherical sample with Ce:Al ratio of 200:1; (b) the reaction rates of CHS and ACHS with Ce:Al ratios

of 200:1, 50:1, and 10:1 and the CeO, powder without the hollow structure.

Upon supporting Au NPs, the Au/ACHS catalysts showed
much higher activity than the non-doped Au/CHS catalyst.
This present work contributes not only to the methodology
or synthesis of complex hollow structures, but also the de-
velopment of a powerful approach for improving the per-
formance of inert or unstable oxides as catalyst supports.
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