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ABSTRACT
Surfactant-mediated chemical routes allow one to synthesize highly engineered shape- and size-controlled
nanocrystals. However, the occurrence of capping agents on the surface of the nanocrystals is undesirable for
selected applications. Here, a novel approach to the production of shape-controlled nanocrystals which exhibit
high thermal stability is demonstrated. Ceria nanocubes obtained by surfactant-mediated synthesis are embedded
inside a highly porous silica aerogel and thermally treated to remove the capping agent. Powder X-ray Diffraction
and Scanning Transmission Electron Microscopy show the homogeneous dispersion of the nanocubes within the
aerogel matrix. Remarkably, both the size and the shape of the ceria nanocubes are retained not only throughout
the aerogel syntheses but also upon thermal treatments up to 900 °C, while avoiding their agglomeration. The
reactivity of ceria is measured by in situ High-Energy Resolution Fluorescence Detected - X-ray Absorption Near
Edge Spectroscopy at the Ce L3 edge, and shows the reversibility of redox cycles of ceria nanocubes when they
are embedded in the aerogel. This demonstrates that the enhanced reactivity due to their prominent {100} crystal
facets is preserved. In contrast, unsupported ceria nanocubes begin to agglomerate as soon as the capping agent
decomposes, leading to a degradation of their reactivity already at 275 °C.
Keywords: Ceria, Nanocubes, Capping agents, SiO2 Aerogel.

1. INTRODUCTION
The application of nanocrystals to critical areas such as biomedicine, environment, and energy requires careful
design of chemical composition, crystal structure, surface coverage, size, and shape of the nanocrystals. Great
efforts have been devoted to the development of synthetic routes for the preparation of crystalline nanoparticles
(NPs) with well-defined morphology, where the best results have so far been achieved by surfactant-assisted high
temperature thermal decomposition of inorganic precursors in solution.[1-3] It is acknowledged that in this
approach surfactants play a key role, as they mediate nucleation and growth of the NPs and are able to determine
the final shape by selective or preferential adhesion to specific crystal seed facets. Eventually, surfactants will be
present on the surface of NPs as capping agents, preventing their agglomeration and growth, determining
dispersibility in desired solvents or providing surface functionality. Surfactant-mediated hydro-solvothermal
methods have also been developed due to their potential for scaling up of synthetic protocols, and have been
demonstrated to be very successful especially for the morphology-controlled synthesis of oxides.[4-6] So far
surfactant-assisted chemical approaches have been successfully used for the production of plasmonic, magnetic,
semiconducting, and fluorescent NPs with highly precisely selected nearly monodisperse size and shape.[7-15]
While the surface coverage of surfactant-capped NPs can be exploited to provide additional functionality, thus
enabling their use in areas such as biosensing, it is also well-known that surfactants might limit applications in
other technologically relevant fields such as catalysis.[16] First of all, the NPs are usually obtained as colloidal
dispersions, and although they can be isolated from the dispersing media, the resulting powders are difficult to
handle for solid-state applications. Most importantly, the occurrence of capping agents might limit access to the

NP surfaces as well as have a detrimental effect on transport phenomena involved in the catalytic process. Finally,
capped NPs might not be suitable for applications requiring high operating temperatures which would result in
degradation of the capping agent, leading to NP agglomeration, with a consequent loss of control over shape and
size-dependent properties, and with a dramatic reduction of the effective specific surface area and of the related
reactivity. The removal of capping ligands is indeed acknowledged as a major challenge for the design of effective
catalysts, and this issue has been investigated for metal-based catalysts through nanoparticle deposition over a
solid substrate followed by either washing with hot solvents or acidic solutions, or UV-Ozone irradiation, or very
rapid reactive thermal treatment.[17-20]
A relevant goal to extend the application of NPs is hence to develop strategies which enable surfactant removal
while retaining properties associated with their controlled shape. This is particularly relevant for ceria (i.e. cerium
(IV) oxide), which plays a key role in many fields including catalysis, biomedicine, and environmental
remediation.[21-23] Ceria has been obtained in form of morphology-controlled NPs by surfactant-assisted routes,
and is widely used and investigated as a catalyst on both industrial and research scale,[24] owing to its high
potential for a range of catalytic processes of paramount importance, including steam methane reforming,[25] CO
oxidation,[26,27] soot oxidation,[28,29] water gas shift reaction,[30-32] and hydrogenation reactions.[33,34] The
unique properties of ceria relate to its ability to store and release oxygen from the crystal lattice, via the reversible
formation of oxygen vacancies, which act as active sites during the catalytic processes.[35] This property is
associated with the distinctive ability of cerium ions to undergo transition between Ce(III) and Ce(IV) oxidation
states[36] which is quantified in terms of Oxygen Storage Capacity (OSC), defined as µmol of oxygen atoms
released and stored per gram of ceria during a complete redox cycle.[37] The amount of surface oxygen vacancies
in ceria can be engineered by tuning the oxygen partial pressure of the environment.[38] Notably, the OSC and
hence reactivity of ceria nanoparticles can be varied by controlling the crystal morphology, due to the different
tendency of specific crystal surfaces to form oxygen vacancies.[39-41]
Ceria nanocubes (NCs) have shown the highest values of OSC, when compared to nanorods and irregularly shaped
nanoparticles.[42,43] Thus, ceria NCs display the best potential as redox catalysts, since they expose on their
surface six highly reactive {100} facets.[44] Successful strategies to produce CeO2 NCs rely on the use of fatty
acids such as oleic acid, which binds preferentially to the {100} crystal facets, thus promoting a shape-selective
synthesis.[45,46] This surfactant-assisted production also makes it possible to control and prevent excessive
growth of the ceria NCs, a key requirement to produce them with small sizes in order to enhance catalytic
performance, as calculations show that the energy required to form an oxygen vacancy is strongly dependent on
the size of the NPs.[47,48] In this framework, Huebner et al.[49] found that ceria NPs with crystal size of 4 nm
show a concentration of oxygen vacancies which is two orders of magnitude higher compared to NPs of 60 nm.
The shape dependence of CeO2 OSC was recently investigated by Cabot and co-workers by comparing branched
and quasi-spherical NPs.[50] The role of a high surface-to-volume ratio in nanocrystals, and the possibility of
retaining high surface area by assembling NPs into a porous three-dimensional (3D) solid, was also investigated.
In particular, a 3D porous solid where CeO2 nanocrystals with well-controlled morphology retain their original
features was obtained through surface modification routes, leading first to a gel structure and then to a porous
solid in the form of aerogel by gel drying under supercritical conditions.[51] The proposed strategy addresses the
issue of producing a 3D porous solid where the CeO2 NPs with well-controlled morphology retain their original
features. Although a major limitation of this approach is that surface processing is required and surface modifiers
are retained in the aerogel, the work by Cabot and co-workers has pointed out the potential of aerogels in the
design of ceria-based solids with high porosity.
In this work, we provide a significant advance in the production of surfactant-free morphology-controlled CeO2
NCs through their stabilization into a highly porous silica aerogel, a well-known solid with remarkable ultra-low
apparent density, high porosity, large specific surface area, and low thermal conductivity, which can be obtained
in different forms including monoliths.[52,53] Its unique skeletal and surface properties[54] make silica aerogel
an effective material in a very wide range of applications, including adsorption of organic pollutants,[55] drug
delivery,[56] thermal insulation,[57] and as a catalytic support.[53,58] Indeed, nanocomposites based on silica
aerogels have already been demonstrated to act as heterogeneous catalysts with high chemical and thermal stability
during diverse catalytic processes.[59-61] Aerogel nanocomposite catalysts produced by routine sol-gel strategies,
however, do not allow tailoring of the size and shape of the catalytically active dispersed nanophase. Indeed, it
should be noted that the literature on using porous materials as the substrate to disperse nanomaterials is extensive

(references [59-61] being just an example). However, porous materials have not been used so far for the dispersion
of shape and size controlled nanoparticles because of the challenges of combining the chemistry of colloids,
needed for size and shape control, with the chemistry used to synthesize the porous materials, and their
characteristics. Among porous materials aerogel catalysts show much higher activity and selectivity in various
catalytic reactions, accompanied by remarkable stability.[62] For this reason a silica aerogel has been chosen as a
porous support to stabilize CeO2 NCs.
Here, for the first time we show that we are able to produce highly porous solids made out of surfactant-free CeO2
NCs smaller than 10 nm average size, i.e. where both shape and size are optimized for maximum reactivity,
dispersed within the highly porous matrix of a SiO2 aerogel. These nanocomposites are synthesized by loading
pre-formed CeO2 NCs during a modified sol-gel method to produce the silica aerogel which acts as a
matrix/support. We then demonstrate that ceria NCs are still stable when submitted to thermal treatments up to
900 °C for 1 hour because they are embedded in the silica aerogel, which not only gives rise to such a significant
enhancement in terms of thermal stability, but also allows retention of their initial size and cubic shape.
To demonstrate the effectiveness of our method we have used a multi-technique approach, combining powder Xray Diffraction (XRD), High Resolution Scanning Transmission Electron Microscopy (HRSTEM), and HighEnergy Resolution Fluorescence Detected (HERFD) - X-ray Absorption Near Edge Spectroscopy (XANES) at
the Ce L3 edge. By combining XRD and advanced electron microscopy techniques we have been able to obtain
information on the shape and size of ceria nanoparticles before and after embedding in the silica aerogel, as well
as on the homogeneity of their distribution. We have then measured the reactivity of ceria by collecting high
resolution XANES spectra in situ while cycling the samples at increasing temperatures, under reducing and
oxidizing atmospheres. The latter technique is indeed able to accurately measure the amount of Ce3+ and Ce4+ in
the samples, i.e. their OSC which is due to surface oxygen vacancies formed and filled during a redox cycle. Our
results demonstrate the reversibility of the Ce3+/Ce4+ equilibrium when the surfactant free ceria NCs are embedded
in the silica aerogels.

2. EXPERIMENTAL
2.1 Synthesis of Ceria Nanocubes
The synthesis of the unsupported ceria NCs is reported in detail by Yang[46] and Loche.[63] Briefly,
Ce(NO3)3·6H2O water solution, toluene, oleic acid and tert-butylamine are placed in an autoclave and the hydrosolvothermal synthesis is performed at 180 °C for 48 h. A separation and purification process with absolute ethanol
follows and the final solid precipitate is dried at room temperature. By this procedure, CeO2 NCs with average
edge size of about 6 nm are obtained, as shown in Figure 1A.
2.2 Synthesis of CeO2-SiO2 Aerogel Nanocomposites
The aerogel nanocomposite was prepared through a modified protocol previously used for the synthesis of silicabased aerogels.[64,65] 1.975 mL of the silica precursor, tetraethoxysilane (Si(OC2H5)4, TEOS, Aldrich, 98%),
was added to a mixture containing 0.75 mL of absolute ethanol (EtOH, Fluka) and 0.993 mL of acidic hydrolyzing
solution (nitric acid (HNO3, Carlo Erba, 65%) in absolute ethanol and distilled water). 1 mL of a dispersion of
ceria NCs in toluene, varying the concentration in order to obtain aerogel nanocomposites with 2 wt% and 6 wt%
of ceria NCs, was then added to the TEOS-containing mixture, followed by adding a hydro-alcoholic solution of
urea (NH2CONH2, Aldrich, >99.0%) under reflux at 85 °C. It was observed that the amount of toluene-based
dispersion of capped CeO2 NCs has to be optimized in order to promote undisturbed formation of silica gel. In
fact, a progressive loss of the high porosity and low density characteristic of the aerogel matrix was observed
when a large amount of toluene was used. We established the optimal toluene:ethanol ratio should not exceed 1:4
by volume. Within this limit, the typical porous structure of the aerogels is preserved in the final products, as
demonstrated by N2-physisorption measurements reported in Figure S1. The sol was kept in an oven at 40 °C until
gelification and then submitted to high-temperature supercritical drying (up to 330 °C, 70 atm) in an autoclave
(Parr, 300 cm3) filled with 70 mL of absolute ethanol. The ceria wt% of the as-synthesized aerogel nanocomposites
as determined by XRF analysis is reported in Table 1, showing that the effective amount of NCs dispersed in the

silica matrix is quite close to that expected as a result of the performed synthesis. Figure 1B shows the resulting
2 wt% CeO2-SiO2 aerogel monolith, whose visual appearance suggests homogeneous distribution of ceria within
the silica aerogel matrix.

Table 1. Nominal ceria loading in the two aerogel nanocomposites, and loading obtained by XRF.

Nominal loading (wt%)

XRF (wt%)

2
6

1.9 ± 0.1
5.7 ± 0.1

2.3 Characterization
XRF analysis was carried out on a Panalytical Epsilon 3 Spectrometer.
Powder X-ray Diffraction (XRD) patterns were acquired in the 2θ range of 10° to 90° using a PANalytical X’Pert3
diffractometer equipped with a Cu Kα line source and an X’Celerator linear detector. The Scherrer equation was
applied for the calculation of the average size of crystallite domains, with application of a correction for
instrumental broadening, determined with a LaB6 standard.
Transmission Electron Microscopy (TEM) and spherical aberration (CS)-corrected High Resolution Scanning
Transmission Electron Microscopy (CS-corrected HRSTEM) in High Angle Annular Dark Field (HAADF)
geometry were performed using a double CS-corrected Thermo Fischer Scientific Titan Themis Cube microscope,
equipped with a X-Twin objective lens, an ultra-bright field emission electron source (X-FEG), and working at
an acceleration voltage of 300 kV, thus allowing an ultimate resolution of 0.7 Å.
High-Energy Resolution Fluorescence Detected (HERFD) - X-ray Absorption Near Edge Spectroscopy (XANES)
data at the Ce L3 edge were collected on unsupported CeO2 NCs and on the NCs embedded in silica aerogel
(aerogel nanocomposite containing 6 wt% NCs). Data were collected using a 1m X-ray emission spectrometer at
the Diamond Light Source, on the I20 scanning beamline. For this experiment, the spectrometer was equipped
with three Si(4,0,0) analyser crystals and a Si drift detector to observe the intensity of Ce Lα1 fluorescence line at
4840.2 eV. For each sample in situ oxidation (5% O2 in He) and reduction (5% H2 in He) cycles at 150 °C, 275
°C and 400 °C were performed, using a plug-flow reactor cell with Kapton tubes. The Kapton tube was filled with
1 cm of the NCs embedded in silica aerogel sample pushed to the centre of the tube, ensuring a homogeneous
distribution of the sample in the beam. In the case of the unsupported NCs this was achieved using a toluene
dispersion of CeO2 NCs added to a small amount of quartz wool; once the toluene is evaporated off, the NCs
impregnated in the quartz wool are placed in the centre of the tubes. Data were also collected on Ce4+ and Ce3+
reference compounds (CeO2, 99.9% Aldrich, and Ce(NO3)3·6H2O, 99.99% Aldrich) at room temperature. Data
analysis was performed using the ATHENA software. The relative amounts of Ce3+ and Ce4+ was determined
using the linear combination fitting tool in ATHENA.[66]
FTIR spectra were collected on a Thermo Scientific Nicolet iS10 equipped with the ATR Smart iTR accessory
and a DTGS (deuterated tri-glycine sulphate) detector.
N2 adsorption-desorption measurements were carried out at 77 K on a Micromeritics ASAP2020 porosimeter.
Prior to the analysis, the aerogels were outgassed at 473 K for 12 hours, at a heating rate of 1 K∙min-1.

3. RESULTS AND DISCUSSION
Ceria NCs have been produced by taking advantage of shape-selective surfactant-based hydrothermal
procedures,[46,63] which make use of oleic acid as a capping agent. Figure 1A and S2(A) show typical TEM

images indicating the nearly monodisperse size and shape of the as-synthesized NCs. In particular, nanocubes
with well-defined facets and edge sizes of about 6 nm are produced. TEM was also used to gain information on
thermal stability of the capped NCs, providing clear evidence of agglomeration of the particles and loss of the
cubic shape already after thermal treatment at 450 °C. Further thermal treatment at 750 °C leads to large ceria
microcrystals (see Figures S2(B) and (C)). These results are corroborated by the XRD patterns of the CeO2 NCs,
both as-synthesized and after thermal treatment at 450 °C and 750 °C, presented in Figure S2(D). In fact, the XRD
pattern of the as-synthesized CeO2 NCs shows broad peaks due to the CeO2 fluorite structure, with the typical
preferential orientation due to the self-assembly of NCs, causing the {200} and {400} reflections to be the most
intense. Conversely, in the XRD pattern obtained after thermal treatment at 450 °C, the peaks due to the CeO2
fluorite structure show the typical intensity ratios expected in absence of preferential orientations[67] and are still
broad, indicating that the agglomeration and concomitant loss of cubic shape is not yet accompanied by a
considerable growth of the nanoparticle sizes. The same reflections and intensity ratios are present in the sample
treated at 750 °C, but here the peaks appear much sharper, thus confirming that the formation of larger crystals
has occurred.
The XRD patterns of the 2 wt% aerogel nanocomposite as-synthesized and treated at different temperatures are
reported in Figure 1C (see Figure S3 for the XRD patterns of the 6 wt% aerogel nanocomposites). The peaks
corresponding to the fluorite crystalline structure of ceria can be identified[67] together with a broad halo around
24° arising from the contribution of the amorphous silica matrix. Remarkably, the XRD pattern of the aerogel
nanocomposite does not show significant changes upon thermal treatment up to 900 °C. No evidence of additional
phases is present. This indicates that cerium silicate phases, which were observed in silica-doped ceria [68], do
not form.

Figure 1. (A) TEM image and visual appearance of the as-synthesized CeO2 NCs; (B) Picture of the 2 wt% CeO2-SiO2 aerogel nanocomposite;
(C) XRD patterns of the 2 wt% CeO2-SiO2 aerogel nanocomposite as-synthesized and treated at 450 °C, 750 °C and 900 °C.

FTIR spectroscopy analysis was used to gain insights into the fate of the capping agent throughout the production
of the aerogel. In Figure 2, the FTIR spectra (520-4000 cm-1) of the oleic acid (A) and ceria NCs (B), are compared
with those of the 2 wt% aerogel nanocomposites as-synthesized (C) and thermally treated at 450 °C (D). As
expected, the spectrum of the NCs confirms the presence of the surfactant, demonstrated by the typical bands of
the oleic acid (-CH2- asymmetric and symmetric stretching at 2925-2854 cm-1, C=O stretching at 1711 cm-1, CO-H bending at 1466-1412 cm-1, C-O stretching at 1284 cm-1). In the as-synthesized aerogel nanocomposite the
bands of the oleic acid are still visible together with more pronounced bands of the silica (Si-O-Si stretching at
1071 cm-1, Si-OH stretching at 973 cm-1, Si-O-Si stretching at 798 cm-1). The bands of the oleic acid completely
disappear after thermal treatment at 450 °C. These results show that oleic acid capping the ceria NCs is still present
in the as-synthesized aerogel nanocomposite, indicating that the conditions used for supercritical drying (330 °C,
inert atmosphere (N2)) prevent the degradation of the surfactant, which likely plays a role in the inhibition of ceria
NCs agglomeration during the supercritical drying process. FTIR also demonstrates that the oleic acid is totally
removed after the thermal treatment at 450 °C in air, as expected.

Figure 2. FTIR spectra of: (A) oleic acid, (B) ceria NCs, 2 wt% aerogel nanocomposite as-synthesized (C), and thermally treated at 450 °C
(D).

Hence, it is apparent that the aerogel matrix is able to stabilize the ceria NCs by preventing their agglomeration
and consequent growth, even after the surfactant removal, in contrast to the case of the unsupported ceria NCs.
This is indicated by both the intensity and width of the XRD peaks, which remain essentially unchanged up to
900 °C. Indeed, the ceria crystallite sizes in the aerogel nanocomposites, determined by the Scherrer equation to
be 9 ± 1 nm, remain very similar to those of the unsupported original ceria NCs. This is a remarkable achievement
considering industrial processes utilizing ceria are carried out at high temperature. However, XRD is not able to
determine whether the ceria NPs maintain the cubic shape once they are embedded in the aerogel, since they are
randomly oriented within the silica matrix and no self-assembly on the XRD sample holder can occur. Therefore,
in order to understand whether the cubic shape of the dispersed ceria nanoparticles is retained in the as-synthesized
and in the thermally treated aerogel nanocomposites, a detailed structural and morphological study has been
performed using HAADF-HRSTEM imaging.[69]
Following the results already obtained by XRD, the distribution and morphology of the ceria NCs in the SiO2
matrix has been studied. The large difference in atomic number between Ce and Si provides a high Z-contrast and

makes HAADF-HRSTEM the most suitable technique for direct imaging of the ceria NCs embedded in the silica
aerogel. This has been carried out on the aerogel nanocomposites as-synthesized and subjected to temperature
treatments at 450 °C and at 900 °C, to confirm the effect of supercritical drying and further thermal treatments on
the NCs.
The results are presented in Figure 3 for the 2 wt% aerogel nanocomposite, where the ceria NCs are clearly visible
in all conditions (Figure 3A-C). The 6 wt% aerogel was also investigated (see Figure S4) but in this case the Ceria
NCs are less clearly recognizable despite the larger amount of NCs present in the aerogel.

Figure 3. HAADF-STEM image of the 2 wt% CeO2-SiO2 aerogel nanocomposites: (A) as-synthesized, (B) after thermal treatment at 450 °C,
(C) after thermal treatment at 900 °C. The CeO2 NCs correspond to the brighter spots within the SiO2 aerogel matrix and are indicated by
arrows. CS-corrected HAADF-HRSTEM images showing representative CeO2 NCs inside the SiO2 matrix for the 2 wt% aerogel
nanocomposites: (D) as-synthesized, (E) after thermal treatment at 450 °C, and (F) after thermal treatment at 900 °C. Images (D-F) highlight
the single crystalline nature of the CeO2 NCs. The relevant zone axes and lattice spaces are indicated in each panel.

The 2 wt% aerogel nanocomposite was found to be suitable for a more detailed characterization of the structural
features, since a well-dispersed and clearly visible population of NCs is present. The structural characterization
of individual ceria NCs within the 2 wt% aerogel nanocomposite can be therefore performed by CS-corrected
HRSTEM imaging performed in HAADF geometry, even though they are embedded in the silica matrix.
The interplanar distances and the orientation of lattice spacings in the as-synthesized NCs are in agreement with
the formation of single crystals of ceria (see Figure 3D). This same condition is maintained throughout the
treatments at 450 °C and 900 °C (shown in Figure 3E-F), where the typical lattice spacings of ceria can still be
identified. Also, HRSTEM imaging confirms the expected preferential faceting in the formation of ceria NCs,
with the facets corresponding to the {200} lattice planes, clearly visible in Figure 3D, E, showing NCs oriented
along the [001] zone axis. A slight rounding/truncation at the edges of the NCs, which is typical of ceria NCs,[70]
can be observed after thermal treatment at 900 °C. Thus, the silica aerogel matrix proves to be able to preserve
not only the size but also the cubic shape of the embedded ceria nanoparticles even after the complete removal of
oleic acid at 450 °C. Finally, it should be pointed out that when as-synthesized unsupported capped CeO2 NCs are
deposited on a TEM grid from a dispersion in toluene, they self-assemble during the evaporation of the solvent,
allowing one to see the square edges of the NCs, as clearly observed in the low magnification TEM imaging

shown in Figure 1A. On the other hand, when the NCs are embedded in the aerogel such self-assembly cannot
occur and their images do not show the same square edges, as in the case of the NC displayed in Figure 3F.
The results presented so far clearly indicate that ceria NCs are stabilized when homogeneously embedded in the
silica aerogel. In order to prove that this is accompanied by an easy accessibility to the NC surfaces, HERFDXANES spectra were collected at the Ce L3-edge/Lα-line using a Johann-type XES spectrometer[71] while
performing in situ reduction and oxidation cycles at increasing temperatures. These experiments were performed
on the 6 wt% aerogel nanocomposite to achieve a good signal to noise ratio at the Ce L3-edge.
The HERFD-XANES technique has excellent ability to probe oxidation state of Ce. Indeed, HERFD-XANES
produces better energy resolution spectra[71] than conventional XANES, showing not only the shift in the edge
and the modification of the Ce L3 edge white line, which conventional XANES would display, but also striking
changes in the pre- and post-edge features, which are not resolved in conventional XANES spectra. In Figure 4A,
the spectra of CeO2 (used as Ce4+ standard) and Ce(NO3)3·6H2O (used as Ce3+ standard) reference compounds are
shown. Prominent differences are observed in the HERFD-XANES spectra of the Ce3+ and Ce4+ reference
compounds: a significant shift (~ 5 eV) in the position of the edge is observed with increasing the oxidation state
from 3+ to 4+, and is accompanied by changes in both the pre- and post-edge features. Indeed, in the pre-edge
region, there is a peak in the Ce3+ reference compound centred around 5718 eV which is absent in the Ce4+
reference compound. On the other hand, a prominent peak centred around 5721 eV is present the Ce4+ reference
compound, with the Ce3+ reference compound showing just a weak shoulder in this region. In the post-edge, a
very intense and broad white line is present only in the Ce3+ reference compound, while the post-edge features at
higher energy are stronger in the Ce4+ reference compound. All these differences in features greatly enhance the
ability to follow the changes in the oxidation state in situ and thus to directly measure ceria reactivity. In Figure
4B, the spectra of the 6 wt% aerogel nanocomposite submitted to reduction/oxidation cycles are shown. All the
spectra are typical of samples with a large amount of Ce4+, as expected for ceria. However, the changes in the
edge position, and in the pre- and post-edge features, do indicate that some Ce3+ is variably present due to the
formation of oxygen vacancies. The spectrum obtained after oxidizing the sample at 275 °C is representative of a
sample of almost fully oxidised ceria, with results of the linear combination fitting of the spectrum indicating that
only 7% of Ce is present as Ce3+, which corresponds to just 1.75% of oxygen vacancies (calculated over the total
amount of oxygen atoms in stoichiometric CeO2). When the sample is subjected to a reduction treatment at the
same temperature, changes occur and linear combination fitting indicates that the Ce3+ content increases
significantly to 27%, and oxygen vacancies to 6.75%. This demonstrates that the redox process is reversible.
Further changes are observed by increasing the temperature of the reduction treatment to 400 °C, with the amount
of Ce3+ increasing to 39%, which corresponds to a 9.75% of oxygen vacancies. All of these results indicate that
the surface of the NCs is very rich in vacancies, enabling the reversibility of the redox cycle.

Figure 4. (A) Ce L3-edge HERFD-XANES spectra of Ce3+ and Ce4+ standards, in energy range of 5715-5745 eV, where the blue trace shows
Ce4+ standard (CeO2 99.99% Aldrich) and the red trace shows Ce3+ standard (Ce(NO3)3·6H2O, 99.99% Aldrich). (B) Ce L3-edge HERFDXANES spectra of the 6 wt% aerogel nanocomposite submitted to an oxidation-reduction cycle at 275 °C, and then a further reduction at 400
°C. The insets show the pre-edge in greater detail.

Conversely, when the NCs are not embedded in the silica aerogel their reactivity declines dramatically already
when performing a reduction and oxidation cycle at 275 °C. In fact, the spectra of unsupported NCs which were
collected under oxidising conditions at 275 °C over a period of time indicate a slow progressive oxidation to Ce4+
(Figure S5A). After 100 minutes the spectra do not show further changes, and linear combination fitting indicates
4% of Ce is present as Ce3+, i.e. almost fully oxidised. Once the oxidation cycle is completed and a reduction
cycle is started no significant changes in the spectra are observed (Figure S5B), with only a minor increase of
Ce3+ to 7%, indicating that the oxidation of the unsupported NCs is irreversible. This is due to the slow gradual
degradation of the oleic acid used in the synthesis to control their growth, which under oxidising conditions is
already degrading at such low temperature.[63] Once the oleic acid is degraded, coalescence and growth occur,
accompanied by a dramatic reduction of surface area where the vacancies can be located. As a consequence, when
the sample is completely oxidized to Ce4+ it cannot be reduced back to Ce3+. By embedding the ceria NCs in the
silica aerogels, the oleic acid is also slowly eliminated via the same degradation process occurring at 275 °C under
oxidising conditions, but the NCs will not agglomerate and grow. Thus, due to the presence of the highly porous
matrix, both the NCs cubic shape and the shape-related reactivity are preserved, with the redox cycle being
reversible.
The approach developed in this work will help to overcome the challenges of using high quality NCs, that can be
prepared by surfactant-assisted high temperature solution routes (i.e. highly crystalline, nearly monodisperse in
size and with well-defined morphology), for technological applications. The effectiveness of the proposed
approach relies on the ability to disperse the as-synthesized capped NCs within the highly porous matrix of a SiO2
aerogel, which is achieved during the sol-gel synthesis at the sol production step, in order to ensure effective and
homogeneous dispersion.

It should be pointed out that a primary challenge resides in the unfavourable sol-gel environment for the capped
ceria NCs. Indeed, oleic acid-capped ceria NCs can be dispersed in non-polar solvents, due to the external nonpolar tail of the surfactant, and hence cannot be dispersed in solvents such as ethanol, which are typically used for
the sol-gel production of silica aerogels. To overcome such a limitation, we have adapted a sol-gel protocol
previously developed by our group,[59-61,64,73-75] which has proved to be versatile in the optimization of
several synthetic parameters. In particular, the use of urea as the gelation catalyst ensures that gelation times are
fast enough to embed the ceria NCs in the silica network despite the polar environment of the sol-gel, while at the
same time allowing for a gradual gelation process, as required for the production of a homogeneous aerogel
nanocomposite.
Using the synthetic approach detailed in the experimental section, the oleic acid capping the NCs is still present
after the supercritical drying and it is removed only under subsequent thermal treatments, after the CeO2 NCs are
successfully embedded in the silica aerogels. This ensures that agglomeration and growth is avoided. Once the
aerogel nanocomposites are obtained, the NCs are remarkably thermally stable, allowing optimization of the ceria
reactivity.
Aerogels have already been shown to be very effective in keeping nanoparticles apart, avoiding their
agglomeration, due to their very extended porous structure and thermal stability. [59-61, 64, 73-75] In fact, their
textural properties undergo very limited changes upon thermal treatment, with most of the porosity being retained
up to high temperature. Pore collapse accompanied by crystallization of amorphous silica into dense crystalline
quartz only occurs at about 1200 °C. [59-61, 64, 73-75] Our results demonstrate that these characteristics are key
in embedding engineered nanoparticles, such as ceria nanocubes, into the pores of the aerogel.
The produced CeO2-SiO2 aerogels are able to maintain the high reactivity associated to the {100} facets typical
of the cubic morphology, as evidenced by the Ce L3 edge HERFD-XANES results proving that a reversible
Ce3+/Ce4+ cycle is achieved. The same technique indicates that when the CeO2 NCs are not embedded in the silica
aerogel, they lose their reactivity already at 275 °C in oxidising conditions via a progressive decomposition of the
capping agent, followed by agglomeration and growth. It should be noted that the great detail present in the preand post-edge features of HERFD-XANES data allows one to rule out not only the formation of silicates but also
interactions between the ceria NCs and the aerogel silica matrix, which would adversely influence the reactivity
of the exposed facets. This is because any ceria-silica interaction would modify significantly the pre- and/or postedge features. Instead, when the samples are submitted to oxidation cycles the observed features are identical to
those of the pure CeO2 standard.
4. CONCLUSIONS
Surfactant-free CeO2 NCs have been successfully embedded in silica aerogels, preserving their shape, and
preventing their agglomeration, while the capping agent present on their surface is effectively removed. The
obtained aerogel nanocomposites show high reactivity due to the accessibility of highly reactive {100} facets on
the surface of the CeO2 NCs and are remarkably thermally stable.
The current applications of highly engineered shape- and size-controlled nanocrystals, obtained via the surfactant
assisted technique, are limited by their reduced reactivity due to the capping agent on their surface and their poor
thermal stability. Instead the aerogel nanocomposites developed in this study can be exploited for important
industrial applications, including those requiring high temperatures, opening up new areas of development for
highly engineered nanocrystals. The high porosity of silica aerogel is key to maintain accessibility of the ceria
NCs and to avoid interactions with the matrix. This represents a significant advance in the field, with respect to
previous approaches where surface modifiers are retained in the aerogel.[50,51]
It should also be pointed out that the proposed method has the potential to be extended to any surfactant capped
nanoparticles, thus allowing one to incorporate highly engineered shape- and size-controlled nanoparticles of
different compositions into highly porous silica aerogels, and into aerogels of other compositions, such as alumina.
Overall this approach offers an effective solution to the well-known limitations of surfactant-mediated synthesis
of NPs for catalytic applications.
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