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High resolution mapping of surface reduction in ceria nanoparticles
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Surface reduction of ceria nano octahedra with predominant {111} and {100} type surfaces is studied
using a combination of aberration-corrected Transmission Electron Microscopy (TEM) and spatially
resolved electron energy-loss spectroscopy (EELS) at high energy resolution and atomic spatial
resolution. The valency of cerium ions at the surface of the nanoparticles is mapped using the fine
structure of the Ce My s edge as a fingerprint. The valency of the surface cerium ions is found to change
from 4+ to 3+ owing to oxygen deficiency (vacancies) close to the surface. The thickness of this Ce**
shell is measured using atomic-resolution Scanning Transmission Electron Microscopy (STEM)-EELS
mapping over a {111} surface (the predominant facet for this ceria morphology), {111} type surface
island steps and {100} terminating planes. For the {111} facets and for {111} surface islands, the
reduction shell is found to extend over a single fully reduced surface plane and 1-2 underlying mixed
valency planes. For the {100} facets the reduction shell extends over a larger area of 5-6 oxygen
vacancy-rich planes. This finding provides a plausible explanation for the higher catalytic activity of the
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{100} surface facets in ceria.

Introduction

Ceria nanoparticles are of great interest for several branches of
materials science. Ceria can be used as a new generation three-
way catalyst to remove NO,, CO, and other unreacted hydro-
carbons from exhaust fumes.'* Mixing ceria particles with diesel
is known to dramatically reduce soot in diesel exhausts.* Ceria
can also be used in microelectronics and in solid-state fuel cells
because of its high ionic conductivity.>® Its UV-blocking char-
acteristics also make it of interest to the cosmetics industry for
use in sun-care products.’” The main use of ceria particles
however is the chemical-mechanical polishing of silicate glasses,
a process which is now used to finish LCD displays.?

Almost all these uses of nano ceria depend upon the ease with
which the ceria particles are reduced and oxidized. This easy
oxidation and reduction (surface catalytic activity) in CeO,_ is
known to have several key origins linked to switching between
Ce*" and Ce** oxidation states and the possibility to absorb and
release oxygen by inducing oxygen vacancies close to the surface.
However, the extent of the reduced shell in cerium oxide nano-
particles has never been directly imaged and has only been
measured indirectly from an averaged sample.®
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Previously it has been shown using EELS that particles of
intermediate sizes (50 to 250 nm) possessed a Ce** surface shell of
several nanometers thick, facilitating easy reduction and oxida-
tion at the surface.’® Torbriigge ef al. imaged extensive sub-
surface oxygen vacancies up to two atomic planes below the (111)
ceria surface using atomic resolution dynamic force micros-
copy.’* Zhang et al™® showed that small ceria nanoparticles
(<20 nm) undergo a significant lattice expansion, and they linked
this expansion to the increased presence of oxygen vacancies at
the ceria surface. Density functional theory calculations also
have shown that surface truncation corners, kinks and steps at
material surfaces are highly reactive sites, where reduced Ce**
ions are expected to be present.!>!*

In this work, the surface of commercial CeO,_, nanoparticles
is studied in detail using a combination of aberration-corrected
TEM to study structure, morphology, truncation and surface
steps of the particles, and spatially resolved EELS at high energy
resolution and atomic spatial resolution to determine the pres-
ence and thickness of the reduced Ce** shell. The oxidation state
of cerium is identified by comparing the measured cerium My s
edge fine structure to known Ce** and Ce** references at a high
energy resolution.

Experimental section

Ceria nanoparticles

The ceria particles are nanograin®, gas-phase produced nano
CeO, , from Umicore NV/SA, Belgium. The material was
prepared for TEM by dispersing the powder in ethanol and
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dropping the dispersion onto a holey carbon grid. CeO, and
CeF; references were purchased from Sigma Aldrich.

(Scanning) transmission electron microscopy and electron
energy-loss spectroscopy

High Resolution High Angle Annular Dark Field (HR-
HAADF)-STEM and STEM-EELS experiments were carried
out at EMAT on a FEI Titan 80-300 “cubed” microscope fitted
with an aberration-corrector for the imaging lens and another for
the probe forming lens as well as a monochromator, operated at
120 kV to acquire the data in Fig. 4, Fig. 6 & Fig. 7 and 300 kV
for Fig. 1b, Fig. 3 & Fig. 5. Spectroscopy experiments were

Fig. 1 TEM and HAADF-STEM images of the studied ceria nano-
particles: (a) The size of the particles averages approximately 30 nm. The
crystal structure is the same cubic fluorite structure as bulk CeO,, as
evidenced by the ED ring pattern. Inset: Truncated octahedron model
with predominant {111} and {100} type faces. (b) A typical high reso-
lution STEM image of a ceria particle in [011] zone axis. The particle has
a truncated octahedral morphology. Inset: model oriented along the [011]
zone axis.

performed on a GIF-QUANTUM spectrometer with the
monochromator excited to provide 250 meV energy resolution.
The STEM convergence semi-angle used was ~18.5 mrad,
providing a probe size of ~15 A at 120 kV and ~10 A at 300 kV.
The collection semi-angle B was ~80 mrad at 120 kV and
~50 mrad at 300 kV. Proper beam intensity (approx. 60 pA),
pixel sampling (0.5 A/pixel) and dwell time (0.05 s/pixel) were
chosen to maximize the EELS signal while ensuring minimal
ionization damage. For HAADF-STEM imaging at 300 kV
(Fig. 1), an inner collection semi-angle B of 50 mrad was used.

To model the spectra in the EELSMODEL" software
package, a power-law background AE™ was combined with two
cerium My s edge reference spectra (for Ce** and Ce**). The
intensities of the two reference components as well as the power
law background were fitted to the acquired spectra, and the
signal intensities were plotted to generate the Ce** and Ce**
maps. The model was fitted using a Levenberg-Marquardt
method for Poisson statistics.

Aberration (Cs) corrected high resolution transmission elec-
tron microscopy (Fig. 2) was performed on a FEI Titan 80-300
microscope operated at 300 kV (FEI Europe NanoPort - Eind-
hoven, The Netherlands). Electron diffraction (ED) and bright
field TEM (Fig. la) experiments were performed in a JEOL
4000EX microscope, operated at 400 kV.

Multiplet calculations

Multiplet calculations of Ce 3d core-level spectra were performed
using a version of Robert Cowan’s code, as implemented by
F. De Groot.’ The energy-loss near edge structure (ELNES)
spectra of Ce** in CeF3 were simulated with the 4f' ground state.
Owing to the strong Ce 4f-O 2p hybridization in CeO,, charge
transfer effects were included to simulate the ELNES spectra of
Ce**. The initial and final states were described as mixtures of
4f° + 4f'L and 3d°4f' + 3d°4f’L configurations, where L stands

Fig. 2 Ceria surface structure: (a) A typical ceria nanoparticle in [011]
zone axis orientation, the predominant surfaces are {111} type, the
truncation forms {100} type facets. (b) Kinks and {100} type truncations
are widespread. Minimal {110} type truncations are present. (c) A {100}
type truncation at a twin boundary between particles. An {111} surface
island is also visible. (d) A surface island on the {111} plane of the
nanoparticle.
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for a hole in the valence band. To fit the experimental Ce M, s
ELNES spectra for both Ce** and Ce**, the 4f Slater-Condon
parameters were reduced to 79% and the 3d spin—orbit param-
eters to 98% of their Hartree—Fock values.

The charge transfer parameters for Ce** were the following; an
energy difference of 2 eV between the 4f° and 4f' configurations
of the ground state and 1 eV between the 4f' and 4f* configura-
tions of the excited state and a mixing strength of 0.30 and 0.85
for the ground and excited states, respectively. The ligand-hole
width was 2 eV. Crystal field effects were not included since they
are typically negligible for 4f systems.!” Lifetime broadening was
taken into account by using Lorentzians with FWHM of 0.40 eV
and 0.65 eV for the M5 and M, edges respectively in the Ce** and
Ce** spectra. Gaussian broadening due to instrumental effects
was set at 0.25 eV.

Results
Structure, surface structure and morphology

A typical bright field TEM image of the ceria nanoparticles is
shown in Fig. 1a. The particles, which are sharply faceted, have
an average diameter of approximately 30 nm. The corresponding
electron diffraction ring pattern evidences that the crystal
structure is the same cubic fluorite structure as bulk CeO (lattice
parameter a = 5.41 A, space group Fm3m). No traces of other
phases are detected. In Fig. 1b a high resolution HAADF-STEM
image of a ceria particle is displayed along the [011] zone axis.
The terminating facets of the crystal are {111} and {100} type,
{110} type facets and lower-index facets are not present in any
significant amount.

This presence of mainly {111} and {100} type surface facets is
typical for a truncated octahedral morphology, which is often
encountered in nanoparticles with cubic crystal structures.'®' A
morphology model is displayed as an inset in Fig. 1a. For clarity,
in Fig. 1b the model is shown projected along the [011] zone axis,
i.e. the same orientation as the HAADF-STEM image in Fig. 1b.

Interesting aspects of the surface of the ceria nanoparticles are
highlighted in the high resolution images in Fig. 2. In Fig. 2a,
a ceria particle is imaged along the [011] zone axis orientation (as
evidenced by the inset FFT pattern). In Fig. 2b, an enlarged area
of 2a is displayed. Surface steps and kinks are present, and at the
interface with the ceria particle to the right, the atoms form
a {100} type surface. This same {100} type arrangement is visible
at the interface between the same two particles in Fig. 2c. Several
surface islands are visibly present along the {111} surfaces of the
particle in Fig. 2c and Fig. 2d.

Surface reduction shell

The ELNES of rare-earth metals is known to be a fingerprint for
their valency.? In order to be able to map the cerium valency in
the ceria nanoparticles EELS spectra containing the cerium M, s
edge were acquired at high energy resolution making use of
a monochromator in the microscope.?! The spectra were subse-
quently compared to simulated My s edge spectra from multiplet
calculations (Ce** from CeF; and Ce** from CeQ») as well as high
resolution EELS spectra acquired from bulk CeO, and CeF;
references.

In a first experiment, the cerium My s edge spectrum was
acquired from nanoparticles of approximately 4, 30 and 60 nm
diameter at high energy resolution (~250 meV FWHM). The
three spectra are displayed in Fig. 3c, together with the simulated
and experimental Ce** and Ce** references. The ELNES for the
largest nanoparticle is nearly identical to the ELNES of Ce**, i.e
the value for “bulk” CeO,. However, the smaller nanoparticles
show clear signatures typical of Ce**. In fact, the spectrum
obtained from the 4 nm particle shows only a minimal Ce*
contribution (visible from the features at 889 ¢V and 907 eV) and
is otherwise highly similar to the Ce** fine structure. Since the
smallest nanoparticles show almost solely Ce** signatures, and
the larger particles show more Ce** as their size evolves to “bulk”
sizes, it is likely that the reduction of cerium in the smallest
nanoparticles is indeed a surface effect.

In Fig. 4, a whole 40 nm nanoparticle is scanned to visualize
the reduction shell and to gain insight into its homogeneity. In
order to do so, a 60*47 pixel spectrum image (SI — indicated by
the white rectangle) was acquired from the particle using
spatially resolved EELS — incorporating only the (fine structure
of the) cerium M, s edge in each individual spectrum. In each
pixel, the Ce My 5 edge is assumed to be a linear combination of
the Ce* and Ce** signals. To be able to map the individual
signals, the spectra were fitted to the Ce** and Ce** reference
spectra using the EELSMODEL software package;'>?* the
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Fig. 3 EELS spectroscopy of individual nanoparticles: (a) & (b) Simu-
lated and experimental Ce** (from bulk CeO,) and Ce** (from CeF3) My s
edge fine structures. (c) Ce My s edge ELNES signatures from a 4 nm
(red), 30 nm (black) and 60 nm (green) nanoparticle. Even though all
nanoparticles retain the CeO,; crystal structure, nearly all cerium ions in
the smallest 4 nm particle are Ce**.
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Fig. 4 Low magnification surface reduction mapping. (a) HAADEF-
STEM survey image showing the scanned particles and the 60*47 pixel ST
scan region. (b) Ce*'map (c) Ce**'map (d) Color map with Ce**(Red) and
Ce** (Green). Notice that smaller particles on the right are almost fully
reduced.

resulting maps for Ce*" and Ce*" are displayed in Fig. 4b and 4c
respectively.

A color map overlaying the Ce** and Ce** maps is shown in
Fig. 4d. Tt is immediately apparent that the surface reduction
shell is present over the whole particle surface. At its thinnest, the
Ce?** shell appears to extend over approximately 2 nm. Where the
particle is thin along the direction of the beam (lower HAADF
signal) — the shell appears to extend over a larger area. Smaller
particles (~5 nm) on the right hand side appear to be predomi-
nantly in a reduced state. However, particle orientation and
thickness play a major role for a quantitative evaluation of the
particle reduction shell. As the scanned particle is not in zone axis
orientation the surface planes of the particle are not scanned
edge-on, possibly leading to misinterpretation. In order to be
able to quantify the shell thickness and understand the influence
of the surface type on the reduction shell, similar scans were
performed on particles in zone axis orientation using smaller
scan steps.

In Fig. 5, a (100) truncated surface is scanned using the same
technique as for Fig.4. A 3*36 pixel SI was acquired from
vacuum into the nanoparticle, oriented along the [011] zone axis
orientation. The summed Ce M, s ELNES signatures from the 8
regions (A—H) indicated in Fig. 5a are displayed in Fig. 5b. From
the fine structure signatures it is clear that at the (100) surface all
Ceions are in a reduced state. Position A — which corresponds to
the summed spectra from the 3rd, 4th and 5th atomic planes from
the surface — still consists of 98% Ce** signal. As the thickness
of the particle increases the “bulk” Ce** signal increases linearly,
in good agreement with a thin surface layer of Ce** on the top
and bottom {111} type surface.

To quantify the thickness of the reduction shell on the {111}
facets down to the atomic level a typical (111) particle surface
was investigated, with the scanned particle being oriented along
the [011] zone axis. In this orientation the (111) facet can be
scanned edge-on; thickness effects like those encountered scan-
ning over the (100) truncation in Fig. 5 are minimal, making the
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Fig. 5 (100) surface truncation scan profile: (a) HAADF-STEM survey
image showing the (100) surface truncation and the 3*36 pixel SI scan
region. (b) Averaged Ce M, s spectra from regions A—H (3*3 pixels)
indicated on the survey image together with reference spectra for Ce**
and Ce**. The fitted weight of Ce** is given for each spectrum.

thickness of the reduction layer easy to interpret. Fig. 6a shows
a high resolution HAADF-STEM image of the scanned (111)
surface, with the scan region indicated by the white rectangle.
Once again, the My s ELNES structures were fitted to the 3+ and
4+ reference spectra, yielding the maps for Ce** and Ce** in
Fig. 6b and 6¢ respectively.

Interestingly, the atomic resolution information in the survey
image is carried through to the valency maps, confirming the
extreme resolution of this technique. It is obvious from the Ce**
map that the top 2-3 surface planes contain a lower amount of
Ce*". The top layer appears to contain no cerium in the 4+ state,
while the second and third atomic layers are mixed 3+/4+ layers.
This is also apparent from the 3+ map; the top layer is fully
reduced, whilst the second and third layers are mixed-valency
layers. The color map in Fig. 6d clearly evidences this.

Fig. 6 Atomic resolution (111) surface spectrum imaging: (a) HAADF-
STEM survey image showing the (111) surface and the 24*59 pixel SI
scan region. (b) Ce** map (c) Ce** map (d) Color map with Ce**(Red) and
Ce** (Green).
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A second example of this atomic resolution valency mapping is
given in Fig. 7. Here, a (111) surface with a surface step and
island is studied. Again, valency maps are generated using the
EELSMODEL fitting procedure. The results confirm those in
Fig. 6; the top atomic layer is almost fully reduced, whilst the
underlying 1-2 atomic layers are intermixed. It is therefore also
clear why these surface kinks have been identified as catalytically
active sites; species can be trapped at the step, and are then
surrounded by an oxygen-vacancy-rich environment.

Discussion

Ceria-based materials, especially nanopowders, are important
for their surface redox capabilities and their general catalytic
activity. Their surface redox capability possibly incorporates
switching between Ce** and Ce* oxidation states through an
ability to absorb and release oxygen by generating oxygen
vacancies in the ceria lattice. The gas-phase method used to
synthesize the particles used for this work leads to nanoparticles
with a well-defined, truncated octahedral shape — as evidenced by
the images in Fig. 1. The surfaces are rich in islands and steps (see
Fig. 2) — ideal for high catalytic activity.

Surface reduction in ceria abrasives and larger particles has
already been demonstrated qualitatively using STEM-EELS,'®
but a comprehensive study of layer thickness was never carried
out. In nanoparticles the same effect has been studied using XPS/
XANES,? where a surface content of 22% Ce** was measured in
10 nm size ceria nanoparticles.

To be able to map the surface reduction shell the fine structure
of the cerium M, s-edge was acquired using the spectrum imaging
technique. The drastically improved energy resolution that can
be obtained using a monochromator in the (S)TEM, provides
spectra that are nearly identical to XANES spectra for Ce** and
Ce** from literature,'” whilst allowing experiments to be carried
out at high spatial resolution.*"?*

For all EELS experiments, the dwell times and beam current
were adjusted to avoid beam damage to the particles. Even
though ceria is known to be resistant to high electron beam
currents,?* the high resolution EELS data presented in Fig. 6 and
7 was acquired at a lowered acceleration voltage of 120kV, as
atomic resolution spectroscopy of oxides at 300kV has been
shown to be more prone to beam damage.”® No change in
HAADF-STEM intensity after acquisition was observed, sug-
gesting the influence of the electron beam was minimal.

Fig. 7 Atomic resolution (111) surface step spectrum imaging: (a)
HAADEF-STEM survey image showing the (111) surface step and the
30*53 pixel SI scan region. (b) Ce** map (c) Ce** map (d) Color map with
Ce’*(Red) and Ce** (Green).

From the results in Fig. 3 and 4 it is clear that the thickness of
the reduction shell is dependent upon several parameters. The
size of the nanoparticle plays a major role; the smallest particles
in the maps in Fig. 4 appear to be almost completely in the
reduced state, whilst larger particles show only a thin surface
shell. This is in good agreement with size dependant measure-
ments in the literature.'”> However, the crystallographic type of
ceria surface is also important.*®* Material morphology is of
pivotal importance in interpreting the maps in projection, as is
always the case for TEM and STEM. EELS data must therefore
be obtained under a known crystallographic orientation in order
to make a correct interpretation of the influence of the different
surface types.

In Fig. 5, the [011] zone axis orientation of the particle allows
the (100) surface truncation to be scanned edge-on. The spectra
show that at the (100) surface the first 5-6 atomic layers are all in
a reduced state, intermixing gradually sets in after 5-6 atomic
planes. Further into the interior of the nanoparticle it becomes
difficult to separate the thickness effect of the truncated octa-
hedral particle (i.e. the reduction layer on the top and bottom
{111} surfaces) from the effects of Ce** working its way into the
bulk over the (100).

The situation is easier for the {111} surfaces and surface
islands scanned in Fig. 6 and Fig. 7. The thickness variation over
the scans is minimal so that (unlike the case in Fig. 5) the influ-
ence of the top and bottom surfaces remains approximately
constant. By scanning the particle in sub-A steps, atomic reso-
lution valency maps could be generated; these showed that the
reduction shell on the close-packed {111} surfaces extended over
only 2-3 atomic planes. The fact that the reduction shell on the
{111} type surfaces stretches over a smaller area is in good
agreement with the observed lower catalytic activity of the {111}
surfaces compared to {100} surfaces.?s?’

This type of atomic resolution valency mapping in 2D is very
new. It has been used recently to distinguish between Mn
columns with different valency in a Mn;O, test sample,?® but has
never been used to examine such surface effects in nanoparticles.
It promises to be a widely applicable, with a plethora of surface
or core-shell effects being of great importance in many 0D
nanoparticle, 1D nanorod or 2D layered systems.

Conclusions

The surface of CeO,., nanoparticles is studied in detail using
a combination of aberration-corrected TEM and spatially
resolved EELS at high energy resolution and atomic spatial
resolution. The CeO,., nanoparticles are truncated octahedra
with predominantly {111} and {100} type surface facets. The
presence of surface islands is only detected only on {111}
surfaces.

Using a monochromatic electron probe, the valency of cerium
in the nanoparticles is mapped using the fine structure of the
cerium My s edge as a fingerprint. The surface cerium ions are
found to change from Ce*" to Ce** owing to oxygen deficiency
near to the surface of all nanoparticles. The surface reduction of
cerium is mapped in large and small nanoparticles: in particles
below ~ 5 nm in diameter cerium is found to be predominantly in
the reduced Ce** state.

This journal is © The Royal Society of Chemistry 2011
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The thickness of the Ce** shell has been measured using
STEM-EELS mapping over a {100} and a {111} surface as well
as at a surface island step. The reduction shell was found to
extend over a fully reduced surface layer and 1-2 underlying
mixed-valency atomic layers for the {111} surfaces and islands,
but over a larger area of ~ 6 atomic planes of oxygen vacancy-
rich layers for the {100} surfaces. This type of 2D atomic reso-
lution valency mapping promises to be widely applicable to
nanoparticles and other 1D and 2D systems, where surface or
core-shell effects are of crucial importance.
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