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Low-angle annular dark field (LAADF) scanning transmission electron microscopy (STEM) imaging is
presented as a method that is sensitive to the oxidation state of cerium ions in CeO2 nanoparticles. This
relationship was validated through electron energy loss spectroscopy (EELS), in situ measurements, as
well as multislice image simulations. Static displacements caused by the increased ionic radius of Ce3þ

influence the electron channeling process and increase electron scattering to low angles while reducing
scatter to high angles. This process manifests itself by reducing the high-angle annular dark field
(HAADF) signal intensity while increasing the LAADF signal intensity in close proximity to Ce3þ ions. This
technique can supplement STEM-EELS and in so doing, relax the experimental challenges associated with
acquiring oxidation state information at high spatial resolutions.

Published by Elsevier B.V.
1. Introduction

Cerium dioxide (CeO2, ceria) is a rare-earth oxide which ex-
hibits a fluorite-type structure where the cerium ion has formal
charge of 4þ and is coordinated to 8 oxygen ions with a formal
charge of 2� . In a reducing environment, oxygen vacancies are
formed and electrons become localized at the cerium ions. As
a result, their formal charge becomes 3þ and the electronic
structure is correspondingly altered. A considerable amount of
research has been conducted to develop an understanding of the
reduction and oxidation behavior of ceria [1]. X-ray absorption
spectroscopy (XAS) and X-ray photoelectron spectroscopy (XPS)
are useful in characterizing ceria because they are sensitive to
bonding environment. However, XAS and XPS lack high spatial
resolution and struggle to deduce localized changes in behavior
due to features such as defects, interfaces, or coordination
number. Scanning transmission electron microscopy (STEM)
when coupled with electron energy loss spectroscopy (EELS) can
collect signals containing similar information with significantly
better spatial resolution than X-ray techniques. EELS has been
regularly used to qualitatively, as well as quantitatively, track
. Johnston-Peck).
changes in the oxidation state of cerium by monitoring changes
in the Ce M4,5 edge [2,3]. Impressively, STEM-EELS has success-
fully tracked changes in composition and bonding environment
in a variety of materials at atomic-scale spatial resolution [4–7],
including ceria nanoparticles [8].

The study by Turner et al. [8] highlights the power of atom-
ically-resolved EELS by identifying facet- and defect-dependent
behavior at the surface of ceria nanoparticles. While EELS mea-
surements acquired with atomic spatial resolution in the scanning
transmission electron microscope have become increasingly
common, they impose exacting experimental and instrumental
requirements. Achieving a sufficient signal above both noise and
background to discern bonding information requires a large elec-
tron dose while maintaining the required spatial and energy re-
solution. Therefore, aberration-correcting optics are critical to in-
crease the numerical aperture and thus probe current without
increasing the probe size [6]. Furthermore, corrective optics are
also necessary in the EEL spectrometer so that a large collection
angle can be employed without sacrificing energy resolution
[9,10]. The need for a large collection angle arises from the need to
improve signal collection efficiency as well as to reduce artifacts
due to elastic scattering [11,12]. Maintaining sufficient energy re-
solution also suggests that a cold field emission gun (CFEG) or
monochromated source is preferable such that feature broadening
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in the spectra is dominated by intrinsic material properties, such
as core–hole lifetimes, rather than the initial energy spread of the
incident electrons [13,14]. In addition to specialized equipment,
the microscope must be housed in a highly stable environment to
ensure that instability of the sample and optical components are
minimized [15]. Lastly, beam damage is a consistent concern for
any electron-dose-heavy experiments. Specific to CeO2, previous
studies have demonstrated that the electron beam acts in a re-
ducing manner and drives the transition from Ce4þ to Ce3þ as
reflected in EELS and high-resolution transmission electron mi-
croscopy (HRTEM) exit wave reconstruction measurements [16–
18]. It is worth noting that this effect is not limited to electron-
based techniques, as any high energy radiation, such as X-rays, can
also reduce CeO2 [19–21]. Therefore, the use of lower accelerating
voltages and short probe dwell times to minimize beam damage
further emphasizes the importance of efficient experimental de-
sign and aberration-correcting optics [7,22].

This demanding experimental protocol limits the number of
suitable microscopes that are able to execute these experiments.
Moreover, it significantly reduces the possibility that these types
of measurements will be successfully executed under in situ con-
ditions of flowing gases or elevated temperatures where sample
drift is typically greater. Given all these considerations, it seems
prudent when possible that other techniques with less demanding
experimental requirements be used to supplement or replace EELS
measurements. Imaging based techniques relax equipment re-
quirements while retaining the ability to acquire data with atomic
spatial resolution. Moreover, the acquisition of images requires
less electron dose than EELS spectrum images, thus lessening the
possibility of beam induced artifacts.

In this report, we present an alternative to STEM-EELS based on
low-angle annular dark field (LAADF) STEM imaging as a proxy for
changes in the oxidation state of cerium ions in nanoscale parti-
cles. Annular dark field images are dominated by elastic and
thermal diffuse scattering (TDS). The relative proportion of these
two will vary as a function of collection angle because elastic
scattering dominates at lower angles while TDS dominates at
higher angles [23]. As a result, the contrast mechanisms of LAADF
and high-angle annular dark field (HAADF) imaging are different.
HAADF imaging is more sensitive to changes in atomic number
while LAADF imaging is more sensitive to variations in structure
(i.e., diffraction conditions). Accordingly, LAADF has been suc-
cessfully used to visualize strain fields [24–27], line or planar de-
fects [28,29], as well as, in one case, oxygen vacancies in a SrTiO3

thin film [30]. Utilizing an imaging technique rather than a spec-
troscopic approach we are able to qualitatively identify changes in
the oxidation state of ceria nanoparticles with high spatial re-
solution. This imaging approach requires less specialized equip-
ment than previous high spatial resolution STEM-EELS studies on
ceria [8]. Additionally, it offers the added benefit of a lower overall
electron dose requirement. Furthermore, preliminary experiments
on MgO and SrTiO3 suggest that other nanoscale materials are
suitable for this technique.
2. Materials and methods

2.1. Particle synthesis

CeO2 octahedra were prepared according to a protocol pre-
viously described by Wu et al. [31]. Two separate solutions (A and
B) were first prepared and then combined together to reach a total
reaction solution volume of 40 mL. Solution A is composed of
0.434 g cerium nitrate (Ce(NO3)3) in 30 mL Nanopure H2O and
Solution B is composed of 0.0038 g sodium phosphate (Na3PO4) in
10 mL Nanopure H2O. Solutions A and B were then combined and
sonicated for 10 min. The 40 mL solution was then transferred to a
Teflon-lined autoclave, sealed and heated at 170 °C for 8 h to
produce octahedral nanostructures. After the given reaction time
had elapsed, the samples were removed from the oven and al-
lowed to cool to ambient temperature. CeO2 octahedra were then
washed with Nanopure H2O and centrifuged three times at
837.8 rad/s for 5 min and finally dried in an oven at 60 °C over-
night to obtain a dry CeO2 powder.

CeO2 cubes were synthesized according to a previous literature
report [32]. Briefly, 9.60 g sodium hydroxide (NaOH) and 0.868 g
of Ce(NO3)3 was dissolved in 50 mL Nanopure H2O. The solution
was sonicated for 10 min and then transferred to a Teflon-lined
autoclave, sealed and heated at 180 °C for 24 h. After the reaction,
samples were removed from the oven and allowed to cool to
ambient temperature. CeO2 cubes were then washed with Nano-
pure H2O and centrifuged three times at 837.8 rad/s for 5 min and
finally dried in an oven at 60 °C overnight to obtain a dry CeO2

powder.
SrTiO3 cubes were prepared following a method described

previously by Rabuffetti and co-workers [33]. Briefly, 1.945 g of
strontium hydroxide (Sr(OH)2) was dispersed in 40 mL of a
1 mol/dm3 acetic acid solution, while a separate solution of
2.483 mL titanium butoxide (Ti(OCH2CH2CH2CH3)4) was mixed
thoroughly in 2.432 mL of 12 mol/dm3 hydrochloric acid (HCl) and
11 mL ethanol. Once thoroughly mixed, the solution of titanium
butoxide in HCl/ethanol was added slowly to the solution of
strontium hydroxide and acetic acid. Precipitation of the SrTiO3

was induced by the addition of 5 g NaOH and the suspension was
allowed to stir for 10 min. Following stirring, the solution was
loaded into a Teflon-lined autoclave and heated at 240 °C for 24 h.
After cooling to room temperature, the precipitate was centrifuged
twice at 1047.2 rad/s for 5 min, the precipitate was collected and
dried overnight at 60 °C to obtain the SrTiO3 powder.

MgO cubes were synthesized by combustion of Mg ribbon in a
fume hood, resulting in a plume of cube-shaped MgO particles
[34]. A holey carbon film supported on a copper TEM grid was held
in the plume allowing the particles to be directly deposited onto
the carbon film. The sample was prepared months before the data
in this report was collected .

2.2. Microscopy

Images and EELS data were acquired on an aberration cor-
rected FEI Titan 80–300 operated at 300 kV and a Hitachi HD-
2700C operated at 120 kV and 200 kV. The probe convergence
semi-angles (α) used were 14 mrad (Titan 80–300) and 21 mrad
(HD-2700C). The inner collection angles (θinner) of the annular
dark field (ADF) detectors were determined by directly mapping
the response of the detector rather than using the shadow of the
detector which can underestimate the inner angle [35]. The data
in Figs. 1, 2, 6, 7, and Supporting Information 1 and 2 were col-
lected on the FEI Titan 80–300 while the data in Fig. 3 and
8 were collected on the Hitachi HD-2700C. The outer collection
angle (θouter) was calculated using a geometric relation based on
the detector response map and measured inner angle. Table 1
outlines the collection angles of the FEI Titan 80–300. Images
acquired at camera lengths (CLs) of 300, 245, and 195 mm would
be considered as LAADF and images acquired at CLs of 100, 77,
and 60 mm could be considered as HAADF. The remaining CLs,
160 mm and 130 mm, fall under an intermediary designation of
MAADF (medium-angle annular dark field). In the literature,
there is some variation in the definition of what ranges of col-
lection angles precisely qualify as HAADF or LAADF imaging [36–
38]. While the designations made here may not precisely con-
form to all the definitions in the literature they capture
the general trend of transitioning from an image with a large



Fig. 1. (top row) HAADF and (bottom row) LAADF STEM images of a cube and truncated octahedron CeO2 particles. LAADF and HAADF images were acquired with a camera
length of 300 mm and 77 mm respectively.
Note: The scan rotation of the high magnification images was changed relative to the low magnification images of the truncated octahedron CeO2 nanoparticle.

Fig. 2. A series of ADF images acquired from a truncated octahedron particle over a range of camera lengths, the inner collection angle on the detector decreases as the
camera length is shorted. The arrow indicates the location of where select line profiles are shown of camera lengths 245, 160, and 77 mm.
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Fig. 3. STEM EELS spectrum image along a (100) surface of a ceria cube. Averaged (1�6) spectra (b) of the Ce M4,5 edge from different positions, as specified on the LAADF
STEM image (a), indicating different oxidation states. Also shown are 1 eV wide slices (c) extracted from the spectrum image with the central energy value indicated. (For
interpretation of the references to color in this figure legend, the reader is referred to the web version of this article.)
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component of electrons that have been coherently scattered
(LAADF) or incoherently scattered (HAADF).

In situ studies were conducted on a FEI Titan environmental
scanning transmission electron microscope (ESTEM) operated at
300 kV with a probe convergence semi angle of 10 mrad. The inner
collection angle was 35 mrad, which was also determined by di-
rectly mapping the response of the detector. The high-angle
scatter is subtended by a differential pumping aperture which
limits the outer scattering angle to 75 mrad. The data shown in
Fig. 4 was collected on the FEI Titan ESTEM.

It should be noted that the central transmitted spot in the
diffraction pattern must be accurately centered inside of the an-
nular detector. This is especially important at camera lengths
where the convergence angle is similar to the inner collection
angle, as misalignment can cause the transmitted beam to impinge
on the active portion of the detector. Also, the incident probe
when scanned over a large area (e.g. at low magnifications) can
cause a significant shift of the direct beam with respect to the
Fig. 4. LAADF STEM images of a ceria cube under different gas environments: (a, d
detector. In this case, a de-scan routine was implemented to en-
sure the direct beam remains stationary and does not overlap with
the detector. If such care is not taken and the direct beam overlaps
the detector, the contrast mechanisms are altered significantly in
comparison with the LAADF imaging mode. In this configuration,
fringes are observed at the perimeter of the particle, which are not
reflective of the local oxidation state, as different physical phe-
nomena are responsible for the collected electron signal. Addi-
tional details can be found in the Supporting Information.
3. Results and discussion

Annular dark field images of typical ceria nanoparticles are
shown in Fig. 1. Two types of ceria samples were used in this
study: cubes and truncated octahedra. The cubes are pre-
dominately terminated by {100} surfaces while the truncated oc-
tahedra are predominately terminated by {100} and {111} surfaces.
) 25 °C, vacuum (b, e) 300 °C, 0.5 mbar oxygen (c, f) 25 °C, 0.1 mbar hydrogen.



Fig. 5. Multislice simulated LAADF and HAADF STEM images of o1004 orientated CeO2 using an ideal model, one with oxygen vacancies, and one with random static
displacements of the Ce atoms. The model depicts the supercell used in the simulations with the blue dashed box outlining the subregion used for simulations. The blue and
red arrows indicate the atomic rows where the oxygen vacancies and displacements were introduced, respectively. (For interpretation of the references to color in this figure
legend, the reader is referred to the web version of this article.)
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The images on the top row were acquired under HAADF conditions
while the images on the bottom row are taken under LAADF
conditions. Differences between the HAADF and LAADF images are
apparent, specifically, the image intensity increases in the LAADF
images at the edges of the particles creating a bright band at the
periphery. This increased intensity at the surface was always ob-
served in the LAADF images whenever the particle was oriented
along a high symmetry zone axis; a condition which supports
strong channeling of the electron beam onto the atomic columns.
In contrast, no such difference between the HAADF and LAADF
images were observed when the particle was tilted away from a
Fig. 6. HAADF (top row) and LAADF STEM (bottom row) images of a MgO smoke cu
accompanied by a reduction in HAADF signal intensity at the edges.
high symmetry condition (see Supporting Information Fig. S2). To
better understand this phenomenon, a series of images was ac-
quired using a range of camera lengths, which changes the col-
lection angles of the detector, and thus the type of scattering
mechanism which predominately contributes to the signal. Fig. 2
presents a series of images acquired from a truncated octahedron
particle oriented along a o1104 zone axis such that the {111}
facet was viewed edge-on. At long camera lengths (e.g., 245 mm,
LAADF), the particle shows a bright ring around the perimeter. A
line profile originating at the particle edge reveals that the in-
tensity in the first two atomic columns, ignoring the first and
be showing an increase in scattering to low angles at the edges of the particle



Fig. 7. MAADF (top row) and LAADF STEM (bottom row) images of SrTiO3 cubes supporting Au nanoparticles showing an increase in scattering to low angles at the edges of
the cube.

Table 1
FEI Titan 80–300 ADF collection angles as a function of camera length.

CL (mm) θinner (mrad) θouter (mrad)

300 23 129
245 28 159
195 35 195
160 42 240
130 58 326
100 71 400
77 88 498
60 112 635
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incomplete atomic column at the outermost edge, is greater than
that of the immediately adjacent columns in the line profile. As the
camera length is shortened (e.g., 160 mm, MAADF) the line profile
reveals a relatively uniform intensity. As the camera length is
further shortened (e.g., 77 mm, HAADF) the intensity in the atomic
columns at the particle edge becomes less than those in the ad-
jacent columns. The line profile from this image reveals a decrease
in intensity in the first two complete atomic columns. This shows
that the edges of the particles scatter more strongly to lower an-
gles than the rest of the particle while the columns further from
the surface scatter more strongly to higher angles. Therefore, the
uniform intensity under MAADF conditions represents a balance
between the low- and high-angle scattering.

Previous studies using STEM-EELS have indicated that the
surface layers of ceria are reduced [8,18,19]. Additionally a study
by Lin et al. [39] comparing HRTEM images to multislice image
simulations concluded that the surfaces of ceria particles contain
oxygen vacancies. If present here, it is likely that these point
defects are influencing the image contrast, similar to the behavior
reported by Muller et al. [30]. To establish a link between reduced
ceria and contrast changes in LAADF and HAADF image signals,
like those observed in Fig. 1 and 2, a combination of tools were
used to identify and understand the origin of the observed beha-
vior. EELS was used to confirm the presence of reduced cerium
ions at the surface. In situ experiments further demonstrated that
the presence of oxygen vacancies (reduced ceria) and the observed
contrast are intimately linked. Finally, multislice image simula-
tions aided the interpretation of the physical origin of the changes
in electron scattering that lead to the observed image contrast.

First, EELS was used to compare the measured oxidation state
with LAADF image intensity for ceria nanocubes. The electron loss
near edge structure (ELNES) of the Ce M4,5 edges can be used to
determine the cerium oxidation state and has been well docu-
mented in the CeO2 system [2,8]. Spectra were collected along a
{100} facet of a cube oriented along the o1004 zone axis. A
spectrum image was acquired at 120 kV by scanning in
(0.0982�0.0982) nm steps over an area of (1.964�11.685) nm.
The EELS signal was integrated for 200 ms to minimize beam da-
mage and the LAADF signal (Fig. 3a) was acquired in parallel. As
before, an increase in the LAADF signal is apparent at the edge of
the particle (Fig. 3a). EELS spectra, showing the structure and
position of the Ce M4,5 edge, were extracted from the spectrum
image and averaged (1�6 pixels) from several key points along
the particle (indicated by colored lines in the image). The dark blue
line in the LAADF image demarcates the approximate boundary
where the signal in the LAADF images begins to increase near the
particle edge. In the region near the particle edge, the ELNES
features (Fig. 3b) gradually change as a function of position mov-
ing from the particle edge towards the boundary, i.e., from the
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light blue spectra to the dark blue spectra. The peaks in the ex-
tracted spectrum in this region exhibit both a shift to higher en-
ergies as well as a change in peak shape moving away from the
edge of the particle. This transition is characteristic of an evolution
from a predominantly Ce3þ state to that of a predominately Ce4þ

state. The black spectrum lies just outside the brighter region of
the LAADF image and, in comparison to the light blue spectrum
from the particle edge, has shifted considerably in energy. By
comparison, the shape and energy of the Ce M4,5 edge in the inner
region remain relatively static as a function of position, which is
apparent when comparing the black and purple spectra. Therefore,
this contrast change in the LAADF images corresponds to a tran-
sition in oxidation state, which indicates that the change in con-
trast is sensitive to the oxidation state of the cerium (i.e. the
presence of oxygen vacancies).

The change in LAADF image intensity and spectrum image in-
formation (ELNES) is well correlated, such that the increased
LAADF signal is observed only in areas where Ce3þ character is
observed. As CeO2 is reduced to CeO2�x the lattice parameter in-
creases, a phenomenon sometimes referred to as chemical ex-
pansion [40,41]. This occurs because the ionic radius of Ce3þ

(0.114 nm) is larger than Ce4þ (0.097 nm) [42]. Locally, in the
presence of a vacancy it is expected that the Ce ions relax outward
from the vacancy site while O ions will contract [43]. This process
distorts the lattice but the correlation between the LAADF image
intensity and spectrum image information indicates that the strain
fields resulting from the reduction decay over distances on the
order of a single unit cell or less. Therefore, the LAADF signal
provides a spatially accurate proxy for the location of reduced
cerium ions in the particle, since the increased low-angle scat-
tering is localized around these reduced ions. This high degree of
localization will enable studying the differences between specific
facets or the behavior around defects such as surface steps and
pores.

LAADF-STEM imaging was also carried out in situ using an FEI
Titan ESTEM system in an effort to corroborate the EELS data. A
ceria cube was imaged along the [001] zone axis. Under high va-
cuum and room temperature, conditions similar to those used to
acquire the data in Figs. 1 and 2, the bright ring around the particle
perimeter was again observed in LAADF imaging (Fig. 4a and d).
Complimentary HAADF imaging in the ETEM is impossible due to
the differential pumping apertures which limit the scattering an-
gles to 75 mrad. When subjected to oxidizing conditions (E50 Pa
O2, 300 °C) the contrast at the particle periphery was diminished
(Fig. 4b and e). Upon return to conditions that were more amen-
able to oxygen vacancy formation (E10 Pa H2, room temperature)
increased scattering to low angles at the particle edge was ob-
served again (Fig. 4c and f). The correlation of the degree of small
angle scattering with the oxidation potential of the environment
further substantiates that the presence of oxygen vacancies and
therefore Ce3þ are responsible for the observed variation in signal
intensity.

It is clear that the presence of reduced ceria is responsible for
the variations in signal intensity seen at the edges of the particle.
Multislice image simulations were used to further understand the
physical mechanism behind the increased scattering to low angles
produced by surface reduction. These simulations were carried out
by constructing a 7×7�55 supercell based on the CeO2 cubic unit
cell (a¼0.5411 nm) and oriented along the [001] zone axis using
QSTEM [44]. A rectangular region that terminated along a
o1004 facet was sampled, the edges of the supercell were
padded to prevent artifacts that may result from sampling a non-
periodic structure. The simulation parameters used were chosen to
approximate the imaging conditions on the FEI Titan 80–300,
details can be found in the Supporting Information. A total of
16 phonon configurations were calculated, and B factors of
0.00509 nm2 and 0.00761 nm2 were used for the cerium and
oxygen atoms, respectively [45]. Simulations from the structure
were calculated at two different thicknesses (28 unit cells or
E15 nm and 55 unit cells or E30 nm) and two different ranges of
collection angle corresponding to LAADF and HAADF imaging
conditions (28 mrad to 159 mrad and 88 mrad to 215 mrad, re-
spectively). When an ideal structure with no defects or distortions
is used, the intensity in both the LAADF and HAADF images is
consistent and does not show variation as a function of position.
To account for the effect of oxygen vacancies, which both EELS and
ETEM indicated were present, oxygen vacancies were randomly
introduced to the first two atomic layers of oxygen in the model. In
order to represent a complete transition to the Ce3þ state, the
lattice sites of the oxygen were defined to have a site occupancy of
50%. In the multislice results from the defective structures shown
in the middle column of Fig. 5, the HAADF and LAADF images have
nearly identical intensity in regions with and without the oxygen
vacancies. This indicates that a lack of oxygen atoms is not solely
responsible for the contrast observed in the experimental images.
Instead, the increased low-angle scattering observed in the re-
duced regions of the specimen is more likely due to lattice dis-
tortion caused by removal of the oxygen.

As previously discussed, the lattice of CeO2 distorts as it is re-
duced to CeO2�x, a process related to the increased ionic radius of
Ce3þ relative to Ce4þ [42]. To represent this distortion in the su-
percell, all of the cerium atom positions in the first two atomic
layers were randomly displaced according to a Gaussian distribu-
tion with a deviation of 0.010822 nm, or 2% of the lattice para-
meter. It is unlikely that this approach is a completely accurate
physical representation of the distortion caused by the oxygen
vacancies and increase in the ionic radii of the cerium ions in ceria
because the displacement of the atoms is not correlated, and the
magnitude of the displacement may not be accurate. However, it
should be sufficient to give a first approximation of the structure
by generating what is equivalent to a random strain field [26]. In
this case, the multislice results (Fig. 5, rightmost column) show
that the lattice distortion is accompanied by a drop in intensity of
the HAADF image and an increase in the intensity of the LAADF
image. This indicates that the change in intensity is due to the
reorganization and distortion of the lattice that occurs when ceria
is reduced. Additional simulations were run using supercells
where only a fraction of cerium atoms in the first two atomic
layers were displaced, leaving some cerium atoms at their native
positions. As the portion of displaced cerium atoms decreases, the
relative changes in the LAADF and HAADF signals relative to the
perfect portion of the supercell also decreases (Supporting In-
formation Fig. S3). This further indicates that static displacements
are responsible for the observed phenomenon and that the signal
is also sensitive to the extent of reduction. Notably, because these
defects influence the signal in the HAADF image as well as the
LAADF image, it is possible that quantitative analysis of the in-
tensity could be performed if a proper model were derived as
input for the multislice routine [46,47].

Static displacements in general, whether due to vacancies or
other phenomena, such as short-range chemical ordering, influ-
ence the scattering process and increase diffuse scattering for both
electrons and X-rays [48,49]. The diffuse scattering generated by
static displacements or other defects can be differentiated from
the time-dependent thermally induced component due to phonon
interactions (i.e., thermal diffuse scattering). This behavior can be
described using the Patterson function and several situations have
been considered [50]. In short, Bragg diffraction occurs from the
periodic potential of a crystal while diffuse scattering will result
from non-periodic components whether it arise from thermal
motion or the presence of a defect. The presence of non-periodic
components (defects) will decrease elastic Bragg scatter and
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increase the diffuse background. The contribution of zero order
Laue zone (ZOLZ) Bragg scattering to high angles and the HAADF
signal is negligible. However, higher order Laue zones (HOLZ) re-
flections do contribute to the HAADF signal. These reflections are
highly sensitive to disorder and will decrease in intensity with
increasing lattice incoherency. The second mechanism that re-
duces intensity in the HAADF signal is related to electron chan-
neling. Lattice distortions can significantly reduce channeling by
virtue of the greater incoherency of the lattice [51]. This results in
reduced high-angle scattering since the de-channeled electrons
interact more weakly with the atomic nuclei [52,53]. In turn, lower
angle scattering increases since the scattered electron intensity
distribution more closely follows the distribution for kinematic
scattering [54]. Due to the interplay of these scattering mechan-
isms, an increase in the LAADF and a decrease in the HAADF signal
explains our experimental observations and those reported else-
where [26,28]. It is worth noting that, in these previous reports,
strain fields and displacements were generated at line defects or
interfaces: in this report it is static displacements due to a che-
mical expansion, as a result of the oxygen vacancies, that has been
shown to increase the LAADF signal while simultaneously redu-
cing the HAADF signal.

Preliminary studies on MgO and SrTiO3 suggest this technique
can be expanded to other material systems. In Figs. 6 and 7, MgO
and SrTiO3 cubes, respectively, both orientated along o1004
directions and predominately terminated by {100} surfaces, also
show enhancement of the LAADF signal near particle edges with a
corresponding decrease in the HAADF signal (or approximately
uniform in the MAADF signal). Furthermore, it is interesting to
note that the length scale of the signal enhancement varies be-
tween samples. In the SrTiO3 cube, the LAADF intensity increase is
limited to approximately the first nanometer of the crystal surface,
whereas, in the MgO cube, weak features can be seen extending
into the crystal more thanE8 nm from the surface. Bear in mind
that LAADF-STEM is sensitive to diffraction-based phenomena and
distortions of the lattice therefore it is prudent to verify the physical
origin of the increased scattering to low angles. For example, a
hydroxide phase, Mg(OH)2, can readily form upon exposure to H2O
and it is possible the existence of a secondary hydroxide phase
could be responsible for the observed contrast in Fig. 6a. This
uncertainty emphasizes the need to employ an independent
technique to pinpoint the origin of the observed contrast. The use
of a spectroscopic technique such as EELS could be used to initially
establish the physical origin of the signal enhancement prior to
LAADF imaging, which could then be used to more easily track the
phenomenon with a less rigorous experimental setup.

The origin of the intensity variations in the LAADF and HAADF
images is due to the influence of lattice distortions on the electron
channeling and scattering processes. Because this is a rather
general phenomenon, this technique can be applicable to many
other material systems, assuming that certain conditions are met.
First, the material must be oriented to a low-order zone axis or
conditions where strong channeling of the electron beam occurs
(e.g., two-beam condition). Next, the process that is being tracked
must introduce a lattice distortion that is sufficient to disrupt
channeling and increase scattering to low angles to generate de-
tectable contrast in the ADF images. Lastly, other phenomena that
can contribute to the ADF signals should remain static or con-
tribute only a small fraction of the variable signal; otherwise the
interpretation will become convoluted. Therefore, the technique is
not limited solely to tracking the reduction of ceria, but could be
used to analyze other materials and other processes that introduce
lattice strains and thereby influence the local electron-scattering
behavior. For example, it may be possible to track the extent of
surface nitriding or carburizing processes. Moreover, due to the
relative ease of this approach it can be readily extended to in situ
studies. In such dynamic scenarios, STEM-EELS may prove difficult
to implement due to increased specimen drift or because the
chemical processes being observed are transient as a function of
temperature or gas environment.
4. Conclusions

LAADF STEM imaging is sensitive to the oxidation state of
cerium ions in ceria nanoparticles. The contrast in the STEM ADF
images is generated by the localized lattice disorder due to the
change in ionic radius of cerium as it is reduced from Ce4þ to
Ce3þ . These lattice distortions increase scattering to low angles
and subsequently disrupt the electron channeling process and
reduce the scattering to high angles and the signal in HAADF
images. This technique provides a facile method to qualitatively
identify the cerium oxidation state even at high-spatial resolution;
this can supplant STEM-EELS spectrum imaging whose experi-
mental implementation is significantly more taxing and can re-
quire more advanced (expensive) instrumentation. Because this
image contrast is fundamentally based on electron channeling and
disruptions caused by lattice distortions, this technique may be
expanded beyond ceria and prove useful in the characterization of
other materials that are also experiencing processes where strain
or static displacements occur.
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