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ABSTRACT

Cerium dioxide (CeO,) is extensively studied due to its exceptional redox properties,
which are closely related to oxygen vacancy formation and the associated charging of
cerium atoms from Ce** to Ce3*. These charged species play an important role in
promoting active sites in CeO,-based catalysts. The existence of Ce3* atoms is typically
characterized by means of surface spectroscopic techniques, because the direct atomic-
scale observation and discrimination of Ce** ions from Ce** atoms remains challenging.
Here, we use simultaneous scanning tunneling microscopy (STM) and atomic force
microscopy (AFM) complemented by force spectroscopy to characterize candidates to
Ce3* atoms on partially reduced Ce0O,(111) samples. While STM images reveal electronic
modulations of the atomic contrast in the form of an inhomogeneous shading, AFM
clearly differentiates these electronic features from the true topographic atomic structure.
The chemical reactivity of these candidates to Ce3* atoms is quantified against the Ce*"
counterparts by means of force spectroscopy using carbon monoxide functionalized
probes. This study demonstrates that the combination of STM with AFM and force
spectroscopy bears great potential to provide robust atomic-level insights into the
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chemistry of defects at ceria surfaces.
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We directly visualize and chemically distinguish Ce, O, and defective Ce sites of the CeO,(111)
surface, as well as CO molecules on top of it, using high-resolution STM, AFM, and force

spectroscopy with functionalized probes.

1. Introduction

Cerium dioxide (CeQ,, ceria) is widely recognized for
its exceptional redox properties, which stem from the
reversible transition between Ce*" and Ce*" oxidation
states. These properties enable efficient oxygen storage
and release, making CeO, highly effective in various
catalytic processes, including the water-gas shift reac-
tion, carbon monoxide (CO) oxidation, and methane
reforming [1-4]. Central to these redox processes is
the formation of oxygen vacancies during ceria reduc-
tion, significantly influencing reaction pathways and
catalytic performance. The generation of a single

oxygen vacancy typically results in the simultaneous
formation of two adjacent reduced Ce*" ions [2].
Substantial research has been devoted to character-
izing the formation, distribution, and behavior of
these oxygen vacancies using surface-sensitive techni-
ques such as scanning tunneling microscopy (STM),
typically complemented by density functional theory
(DFT) calculations [5-15], atomic force microscopy
(AFM) [16,17], and X-ray photoelectron spectroscopy
(XPS) [18-20]. Various methods have been developed
over recent decades to engineer and control the for-
mation of oxygen vacancies. Thermal reduction under
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ultra-high vacuum (UHV) conditions produces
ordered vacancy structures predominantly at step
edges and grain boundaries [5,9,11,13,14,16,17,21].
Chemical reduction methods using gases such as
hydrogen, CO, or hydrocarbons selectively remove
lattice oxygen atoms, forming water and carbon diox-
ide, and influencing the distribution of vacancies and
Ce3* sites [8,12,18]. Radiation-induced methods, such
as electron-stimulated desorption (ESD), ion irradia-
tion, and UV-light exposure, also provide precise con-
trol over vacancy generation and electron localization
[19,20,22]. Jerratsch et al. [23] used ESD in combina-
tion with STM and DFT calculations to investigate the
spatial correlation between oxygen vacancies and Ce*"
sites.
released upon vacancy formation do not always loca-
lize on the immediate neighboring Ce ions but may
instead occupy more distant sites. Achieving direct
atomic-level identification and detailed characteriza-

Their results demonstrated that electrons

tion of Ce*" remains challenging due to their subtle
electronic and structural distinctions from Ce**, par-
ticularly when relying solely on STM [23].

Atomic-scale resolution STM and AFM offer
powerful capabilities for elucidating local surface
structures and chemistry. STM provides detailed
insights into local electronic states, whereas AFM
excels at direct atomic-scale structural imaging.
Here, we combine STM and AFM to directly visua-
lize cerium defects at CeO,(111) thin-films grown
on a copper substrate using probes functionalized on
copper oxide areas adjacent to CeO, islands as well
as probes functionalized with a CO molecule. The
CuOx apexes produced on copper oxide areas exhi-
bit stable covalent bonding configurations that
usually expose an oxygen atom at the probe fore-
front [24], resulting in a rigid probe termination
that enables force detection mainly via electrostatic
interaction between the probe outermost oxygen
atom and the surface atomic sites [25-28]. The
flexibility of the CO functionalized probe can
enhance small differences in the interaction force
by the tilting effect of the molecule [29-32]. The
rigidity of a CuOx apex, however, facilitates reaching
the surface at closer distances. Force spectroscopy
measurements [33,34] using these two types of
probe terminations enabled us to differentiate the
chemical reactivity of candidates to Ce*" atoms
relative to the Ce*" sites. Our study provides
a direct atomic-scale visualization of cerium defects,
offering insights into their precise spatial distribu-
tion and chemical nature on the stable CeO,(111)
surface. These findings establish AFM as an essential
complementary technique to STM, significantly
enhancing atomic-scale characterization capabilities
for metal oxide surfaces.

K. KIM et al.

2. Experimental details

All experiments were conducted in an ultra-high
vacuum (UHV) system (base pressure below 1x1078
Pa) equipped with in-situ sample preparation tools
and a home-built scanning probe microscope operated
at 4.8 K using a commercial controller (Nanonis SPM
Control System, SPECS, Germany).

The CeO,(111) films were grown on a Cu(111)
single crystal. The Cu(111) surface was initially
cleaned by several cycles of Ar' sputtering and
annealing, and then it was oxidized by exposing the
sample to 1.0 x 107> Pa oxygen environment while
keeping the substrate at 470 °C. The CeO,(111) films
were fabricated by depositing Ce (99.9%, GoodFellow,
UK) on the oxidized Cu(111) surface in a 2.0 x 107>
Pa oxygen environment, while annealing the sample at
485 °C. Upon deposition of Ce, the sample tempera-
ture was gradually reduced at a rate of ~1 °C/sin a 2.0
x 107> Pa oxygen environment until reaching 200 °C,
at which point heating and oxygen flow ceased, and
the crystal was left to cool down to room temperature
under UHV conditions. For CeO, reduction, electron
irradiation was performed by injecting 150 eV elec-
trons (100 mC dose) incident on the surface at room
temperature under UHV conditions. For experiments
involving CO-functionalized probes, CO molecules
were deposited on the CeO,(111) surface by backfill-
ing the UHV chamber and exposing the cold sample
in the microscope to a total of 0.22 Langmuir of CO
gas while keeping the sample temperatures below
23 K.

For both tunneling current detection and probe-
surface interaction force measurements, we used the
KolibriSensor (SPECS, Germany). The probe was
initially sharpened ex situ to an apex radius of approxi-
mately 15nm using a focused ion beam (DualBeam
Helios5UX, ThermoFisher, USA), and subsequently
conditioned in situ on copper oxide surface areas
coexisting with the CeO, islands for atomic resolution
imaging.

AFM experiments were performed in frequency
modulation detection mode keeping constant the
oscillation amplitude [35]. Image processing, analysis,
and visualization were carried out using WSxM soft-
ware [36].

3. Results and discussion

To investigate the structural and electronic character-
istics of the partially reduced CeO,(111) surface, we
performed electron irradiation on the CeO,(111) films
[23]. Figure 1(a) presents an STM topographic image
of the partially reduced CeO,(111) surface. The moiré
pattern observed in this STM image aligns with prior
observations [7,8,10,12,15,37], and it arises from lat-
tice mismatches and structural variations inherent in
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the CeO,(111) thin films [15,38]. Cross-sectional ana-
lysis, Figure 1(b), reveals step heights of approximately
0.31 nm (top to second terraces) and 0.34 nm (second
to third terraces), closely matching previously
reported experimental values as well as the theoretical
crystallographic step height of 0.313 nm [39]. The
slight decrease in step height observed with the
increase of the film thickness likely results from an
apparent increase of the tunneling barrier due to
a reduced conductivity throughout the ceria thin-film.

The cross-section profile between points B’ and C’
indicates a subtle height difference of approximately
0.14 nm between the second terrace and the triangular
feature apparent in Figure 1(a) (red square). Detailed
topographic STM imaging of this triangular feature,
Figure 1(c), reveals a distinct local contrasts, while
constant-height AFM imaging in Figure 1(d) main-
tains consistent atomic resolution across the boundary
between the terrace and the triangular structure with-
out any topographic height difference. This observa-
tion suggests that the triangular contrast in STM does
not have a structural origin but it rather seems to
correspond to a variation in the film conductivity

e
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due to the accumulation of defects such as Ce®" ions
[2,40], subsurface oxygen vacancies [5], or interstitial
defects [41].

To investigate the interplay between electronic and
structural features observed on the partially reduced
CeO,(111) surface, simultaneous constant-height STM
and AFM imaging over the same surface area at several
bias voltages (Figure 2) were performed over a pristine
surface area of the CeO,(111) sample shown in
Figure 1(a). At a positive sample bias of 1.2V,
Figure 2(a), the STM signal predominantly reveals the
cerium atomic lattice, originating primarily from tun-
neling into Ce 4f states [23]. Conversely, at negative bias
voltages, Figure 2(b), the STM contrast predominantly
arises from the oxygen lattice [23,42]. The empty-states
STM image exhibits a modulation of the atomic con-
trast by a mixture of triangular and hexagonal patterns,
and the filled states STM image also displays localized
areas of lower contrast; features that have been reported
in other works [6,8,9,12-14,37]. The AFM images, in
contrast, show a perfect hexagonal and homogeneous
atomic pattern without any evidence of surface or sub-
surface defects for either polarities. The appearance of
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Figure 1. (a) Topographic STM image depicting a partially reduced CeO,(111) thin film surface. (b) Height profile extracted from
the cross-section marked in panel (a). (c) STM image of the region enclosed by a red square in panel (a), showing a sub-surface
extended triangular formation due to electron irradiation. (d) Constant-height AFM image of the region indicated by a blue square
in (c), demonstrating continuous atomic-scale resolution over the triangular formation. Experimental parameters: (a, ¢) bias
voltage (V) was 2.7 V, tunneling current set point (/) was 2 pA; (d) V = 1.2 V; force sensor oscillation amplitude (A) was 60 pm, and
force sensor free oscillation resonant frequency (fy) was 989,098 Hz. Images measured with a CuOx-apex.



Sci. Technol. Adv. Mater. 26 (2025) 4

(a)

1.2V

K. KIM et al.

) o 0

&

&

>—0,2-

o 3

&

Q 3

P |

o b

o

@ —-0.4r

I (o]
Ce
1 1 1 1
-200 0 200 400

Distance [pm]

Figure 2. Simultaneously acquired constant-height STM and AFM images of a partially reduced Ce0,(111) surface at different
sample bias voltages: (a) 1.2 V probing empty electronic states dominated by cerium sites, and (b) —2.2 V probing filled electronic
states highlighting oxygen sites. (c) Atomic resolution constant-height AFM image of a Ce0,(111) surface with force spectroscopy
curves obtained at representative atomic positions: Ce (black), O (red). Measurement points are indicated by color-coded dots,
matching the Af curves. The inset shows a surface model of the Ce0,(111) lattice, indicating the atomic arrangement of Ce and
0 atoms. Experimental parameters: A = 60 pm, f, = 989098 Hz. (c) Data acquired with a CuOx-apex.

modulation in the STM signal in the absence of appar-
ent defects near the surface evidences a complex rela-
tionship between the local electronic states and atomic
structures buried well below the surface.

The modulations described in the empty-states
STM image of Figure 2(a) seem to have a different
origin than the extended triangular features shown in
Figure 1(c); which are resolved by both STM and
AFM. These triangular features have been observed
upon reduction of CeO,(111) films by electron irra-
diation. The fact that they appear in the AFM image as

an extended background with a wide boundary super-
imposed to the atomic structure points towards an
electrostatic nature due to charge accumulation inside
the film rather than to a local variation of the electro-
nic structure by the presence of detects.

From the comparison of the simultaneous con-
stant-height STM and AFM images, Figure 2(a), we
can assign the atomic site with a dim contrast in the
AFM images to the cerium atoms, as in empty-states
STM images only the cerium atoms are resolved [23].
Similarly, we can differentiate the oxygen site from the
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coordination vacancy position by juxtaposing with the
filled-states image, which provide highest STM con-
trast over the topmost oxygen atoms [23]. However,
atomic contrast in constant-height AFM imaging on
heterogeneous surfaces significantly depends on the
relative chemical interactions between the different
atomic species and the probe apex atom, as well as
on the probe-surface separation distance used during
image acquisition. To corroborate our STM-based
atomic identification and clarify the contrast in our
AFM images, we conducted force spectroscopy mea-
surements as it is illustrated in Figure 2(c). Af curves
were acquired over the cerium and oxygen atoms
indicated by white and red dots, respectively, by bring-
ing the probe towards the surface from the imaging
separation distance and retracting it back until reco-
vering the free-oscillation regime of the force sensor.
Thus, the origin in the distance axis represents the
separation at which the constant-height AFM image
in Figure 2(c) was acquired. This separation distance
closely matches the probe-surface separation used for
imaging in Figures 2(a),(b) and the corresponding
AFM signal values confirm that both cerium and oxy-
gen atoms exert attractive interactions with the probe
at this imaging distance. Taking into account that we
measure with a CuOx-apex [27] likely to display an
oxygen atom at the forefront [24], these Af curves
reveal a stronger attraction over the cerium site and
a weaker interaction over the oxygen atom; features
which are consistent with our hypothesis of an oxy-
gen-terminated probe as well as with the initial atomic
species assignment based on STM data. Thus, this
combination of force spectroscopy and bias-
dependent STM imaging enables us to establish
a reliable identification of the Ce and O atomic sites.

STM

(7x7) nm?

1.2V
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We will use the specific force signatures of these atoms
for subsequent identification of atomic species at the
CeO,(111) surface, as long as the probe is terminated
in an oxygen atom.

It is well established that Ce’' sites generally
emerge alongside oxygen vacancy formation during
the reduction of ceria surfaces [2]. Previous DFT and
transmission electron microscopy studies indicated
that Ce*" species predominantly reside on the surfaces
of ceria nanoclusters [43], and during particle growth,
ceria reduction typically remains confined to a thin
surface region [44]. However, direct atomic-level iden-
tification of Ce®>" species has traditionally been chal-
lenging due to subtle electronic and structural
differences compared to the Ce*" sites [23].

Our study of partially reduced CeO,(111) surfaces
at the atomic scale reveals that not all the cerium
atoms of the second atomic layer are equivalent. This
is apparent in the simultaneous constant-height STM
and AFM images displayed in Figure 3, which were
measured with a bias voltage of 1.2 V. Consistently
with the observations in Figure 2, the STM image
displays a modulation of the atomic contrast, whereas
the AFM image clearly resolves the atomic positions of
the Ce and O atomic lattices. In the AFM image,
a more attractive interaction force over some of the
Ce sites — which appear enlarged and with a slightly
darker contrast than the rest of the Ce atoms (see the
white arrows) - is clear. Cross-sectional analysis of the
AFM signal across these defective Ce atoms reveals an
average of 21% stronger attractive interaction relative
to regular Ce sites (including probe asymmetries, see
Figure S1). This value is consistent with the outcome
of our DFT calculations that predict a stronger inter-
action force over Ce>" atoms with respect to the Ce*"

AFM

(7x7) n2 g

1.2V

Figure 3. Constant-height STM and AFM images acquired simultaneously at a bias voltage of 1.2 V. Positions of defective Ce atoms
candidates to Ce3* are marked by white arrows. Experimental parameters: A = 60 pm, f, = 989098 Hz. Images obtained with

a CuOx-apex.
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counterparts when probing both species with an oxy-
gen terminated probe [45]. These defective Ce atoms
are therefore candidates to Ce>".

We have also characterized the interaction force over
these defective Ce atoms using a CO-functionalized
probe [29]. For this purpose, we deposited CO mole-
cules on a partially reduced CeO,(111) surface at a very
low coverage. Figure 4 presents an STM topography
and a constant-height AFM image of a CeO,(111) ter-
race with a low coverage of CO molecules adsorbed on
it. The topographic STM image reveals faint contrast,
presenting the CO molecules as bright protrusions pri-
marily populating the step edges. The AFM image of the
same terrace resolves the protrusions detected by the
STM as small clusters of CO molecules adsorbed mainly
at the upper terrace of the step edge and unveils the
presence of a considerable less number of CO molecules
populating the terrace’s inland. For the AFM probe
functionalization, a CO molecule was picked up from
the step [29], as this adsorption site shows more stability
than the one at the inner part of the terrace, where CO
molecules can laterally move easily due to the interac-
tion with the probe.

Atomic-resolution AFM imaging and force spec-
troscopy measurements performed with a CO-
functionalized probe are summarized in Figure 5. To
preserve the probe integrity during imaging, the con-
stant-height AFM image displayed in Figure 5(a) was
acquired at a relatively larger probe-surface separation
than the typical imaging conditions explored when
using CuOx-terminated probes, resulting in a lower
AFM contrast between Ce and O species yet maintain-
ing sufficient resolution to differentiate between the
atomic sites. A hexagonal lattice representing the
Ce0,(111) structure has been superimposed to the

STM

25V
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AFM image to highlight the position of the Ce
atoms. Cyan, blue, and purple dots indicate defective
Ce atoms that exhibit a more attractive AFM signal,
similar to those observed in Figure 3, confirming their
distinct chemical reactivity compared to Ce*" sites.
Orange and yellow dots denote nearest Ce neighbors
to the defective Ce site.

Figure 5(b) presents force spectroscopy curves
acquired at each corresponding color-coded site
appearing in Figure 5(a). The Af curves obtained at
the defective Ce sites (cyan, blue, purple) and the
reference Ce*" site (black) show a comparable max-
imum attractive interaction occurring at nearly iden-
tical probe-surface distances; however, distinct
variations appear in the magnitude of the minima.
Furthermore, comparison of the magnitudes of the
minima indicates an increased attractive interaction
of 11.6% (cyan), 17.0% (blue), and 22.6% (purple)
relative to the reference Ce*" site. Variations in the
magnitude of the interaction minima among defective
Ce sites may reflect subtle differences in the sub-
surface local chemical environments, likely due to
the presence of subsurface oxygen vacancies or inter-
stitials. For the nearest-neighbor sites to a defective Ce
atom (orange and yellow), the Af curves exhibit nearly
identical interaction, characterized by minima shifted
by 10 pm relative to the Ce*" reference site, and an
increased attractive interaction of approximately 3.5%.

In conclusion, our combined STM and AFM
approach provides comprehensive insights into the
atomic-scale structural and electronic characteristics
of partially reduced CeO,(111) surfaces. STM effec-
tively visualizes subtle electronic features, such as
modulation of the atomic contrast in the form of
combined triangular and hexagonal shading, arising

AFM

0.01V

(25%25) nm?

Figure 4. Topographic STM and constant-height AFM images of a CeO, island with adsorbed CO molecules predominantly located
at the upper terrace of the step edge. Experimental parameters: A = 60 pm and fo = 992467 Hz. Images measured with a CuOx-

apex.
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Figure 5. (a) Constant-height AFM image measured using a CO-functionalized probe with a hexagonal lattice superimposed to
highlight the cerium sites. (b) Force spectroscopy curves measured at the center of each color-coded dot in (a) with a CO molecule
at the probe apex. The inset presents the raw AFM image displayed in (a). Experimental parameters: VV = 0.01V, A =60 pm, fo =

992467 Hz.

primarily from local variations in the film conductivity
possibly linked to buried defects such as Ce®" ions,
subsurface oxygen vacancies, or interstitials.
Complementarily, AFM delivers precise structural
information at the atomic scale of the outermost sur-
face layers, independently of the local variations of the
film conductivity. The combination of bias-dependent
constant height STM imaging and force spectroscopy
enabled the identification of the cerium and oxygen
atomic sites. The direct visualization and force-
spectroscopy based chemical characterization of can-
didates to Ce®" sites populating the outermost Ce
atomic layer is presented, allowing us to cast new
light on the subtle structural and electronic differences
with the Ce*" sites. This study shows that the combi-
nation of simultaneous STM and AFM imaging with
force spectroscopy measurements can be a strong
method to enhance atomic-level understanding of
defect chemistry in ceria surfaces.
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