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Abstract

A novel and simple method is presented for the preparation of a well-defined

CeO2(100) model system on Cu(111) based on the adjustment of the Ce/O ratio dur-

ing growth. The method yields micrometer-sized, several nanometers high, single-phase

CeO2(100) islands with controllable size and surface termination that can be bench-

marked against the known (111) nanostructured islands on Cu(111). Furthermore, we

demonstrate the ability to adjust the Ce to O stoichiometry from CeO2(100) (100%

Ce4+) to c-Ce2O3(100) (100% Ce3+), which can be readily recognized by characteristic

surface reconstructions observed by low-energy electron diffraction. The discovery of

the highly stable CeOx(100) phase on a hexagonally close packed metal surface rep-

resents an unexpected growth mechanism of ceria on Cu(111), and it provides novel

opportunities to prepare more elaborate models, benchmark surface chemical reactivity

and thus gain valuable insights into the redox chemistry of ceria in catalytic processes.

Keywords: binary oxide growth, ceria(100), model surfaces, Cu(111), in situ re-

duction, stoichiometry, substoichiometry
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Cerium oxides are a heavily utilized and studied prototype oxide associated with demand-

ing catalytic conversion. Ceria-based heterogeneous catalysts take advantage of a plethora

of unique properties including versatile redox properties (Ce4+ / Ce3+), oxygen storage,

and reducibility. In addition, reactions can be steered by architectured and morphologically

constrained supports of ceria, such as nanocubes, nanorods, and nanopolyhedra.1 These

nanostructured catalysts provide much sought after improvements in selectivity, reactivity,
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and other catalytically relevant parameters through surface terminations and metal-support

interactions.2,3 Polycrystalline nanostructured catalysts of ceria that expose a variety of low

index planes have been prepared through wet chemistry and tested for catalytic activity.

Specifically, the (100) surface exposed in nanocubes has recently been shown, in contrast to

the (111) surface, to exhibit a high activity in CO oxidation4 and an enhanced activity for the

dehydrogenation of methoxy species.5 However, ceria cubes (over rods and spheres) loaded

with Cu perform poorly for the water-gas-shift reaction in terms of activity and stability.6

The rationale behind these results is still unclear as the atomic structure and active state of

the polar (100) surface of ceria are not yet well understood.7,8 From an experimental point of

view, polycrystalline materials are challenging to investigate compared to well-defined planar

models, which are ideally suited to isolate the surface configurations and provide information

about the elementary heterogeneous (gas-solid) reaction steps. Taking into account that ce-

ria is mostly utilized in oxide supported metal catalysts,9 model systems in the form of thin

epitaxial films on metal substrates are preferable, as these can provide information about the

active properties of the oxide or metal and also the oxide–metal interface.10 However, experi-

mental strategies for the preparation of epitaxial, thermodynamically seemingly unfavorable

CeOx(100) model systems are scarce and typically require complex preparation methods in

separate chambers (e.g. pulse laser deposition) with concomitant exposure to ambient condi-

tions prior to characterization or subsequent surface chemistry studies.11 As a result, a large

body of work has been devoted to the CeOx(111) surface,12,13 which is easier to prepare on

numerous metal surfaces in ultrahigh-vacuum (UHV) compatible environments.14

Whereas the preparation of (111) oriented cerium oxide is quite standard, the rich pos-

sibilities offered by oxide heteroepitaxy should also provide for means to manipulate the

mechanisms governing the growth of binary and more complex oxides, eventually resulting

in the realization of novel systems.15 Particularly the oxygen chemical potential — an easily

experimentally changeable thermodynamic variable — is rarely taken into consideration, but

might have significant impact not only on the oxide composition and its surface reconstruc-
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tions, but also by affecting surface mass transport or by influencing structural templating.

Generally, the stability of surface phases and surface terminations may be expected to vary

with oxygen chemical potential. Theoretical calculations consistently predict the (100) sur-

face of ceria to be the least stable of the low index terminations,16–18 also above 0 K and

in oxygen-rich conditions.19,20 Prompted by the emergence of the (100) orientation of ceria

alongside (111) as recently reported on hexagonal metal surfaces without a readily apparent

epitaxial relationship,7,8,21 we have explored the dynamics of the growth of ceria on Cu(111)

to understand the requirements for CeO2(100) formation. Taking advantage of our in situ

capabilities we demonstrate that the orientation of ceria can be controlled by adjusting the

Ce/O ratio during growth. Using this facile method the optimized preparation leads to the

exclusive growth of micrometer-sized and several nanometers high, single-phase CeO2(100)

islands on Cu(111), while completely suppressing the nucleation of CeO2(111) islands. We

further show the possibility of controlling the stoichiometry, and consequently the surface

termination, of the CeOx(100) islands in the range of 2.0 ≥ x ≥ 1.5, with average oxidation

states of fully Ce4+ to fully Ce3+. Thus, our results corroborate that CeOx(100)/Cu(111) rep-

resents a well-defined and scalable model system suitable for benchmarking both structural

and chemical studies, opening a pathway for novel structure-reactivity relationship studies of

ceria based catalysts. Generalizing, our findings indicate that increasing the oxygen chemical

potential at the surface directly affects the growth of oxide nanostructures on metals, which

can be exploited in the preparation of novel well-defined metal-oxide heterostructures.

Experimental Details

Experiments were carried out in a commercial Elmitec LEEM III at the University of Bremen,

providing a base pressure of 1×10−10 Torr. The LEEM instrument is equipped with a 5 µm,

a 1 µm, and a 250 nm illumination aperture for micro-illumination. The Cu(111) crystal

(Mateck) was cleaned by several standard argon sputtering and annealing cycles in UHV.
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Cerium was evaporated Rrpy at an incidence angle of 74◦ with respect to the sample surface

normal out of a Mo crucible from a Rrpy home-built effusion source in oxygen ambient at

a sample temperature of 450 ◦C. Rrpy The Ce deposition rate could not be determined from

LEEM directly, but from comparison with other methods was estimated to be in the order

of roughly 10 monolayer equivalents (MLE) of CeO2 per hour, a typical growth rate for an

in situ surface science experiment.

Intermittent Ce evaporation was performed at two different O2 background pressures, on

one hand in 20 s intervals of deposition with 40 s breaks inbetween at an O2 partial pressure

of 3 × 10−6 Torr and on the other hand in 20 s deposition intervals with 20 s breaks at an

O2 partial pressure of 1× 10−5 Torr. The ceria nanostructures were reduced by continuous

Ce deposition onto the substrate held at a temperature of 450◦C.

Results and Discussion

Employing the in situ capabilities of the LEEM instrument we investigated the growth

of CeO2(100) on Cu(111) and the impact of oxygen chemical potential. To elucidate the

growth mechanism we first investigated the exposure of O2 on Cu(111), the first phase of

the preparation, then followed by the exposure of cerium metal onto the Cu surface in an O2

ambient. We will show that a high oxygen partial pressure massively increases the mobility

of copper and oxygen atoms on the surface at 450 ◦C. At these conditions we will then

examine the growth of ceria on oxygen covered Cu(111), demonstrating the influence of the

oxygen-to-metal ratio on the resulting heterostructure and morphology of the growing ceria

nanoparticles. Finally, we will characterize the nanoparticles in depth by LEEM and local

low-energy electron diffraction (µ-LEED) highlighting the dependence of surface structure

on oxygen partial pressure. We will also investigate the reducibility and emergent stable

substoichiometric structures of CeOx(100) during reduction.
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Structure and morphology of Cu(111) at elevated O2 pressures

(a) 1.1 x 10-9 torr

0 L

(b) 7.8 x 10-7 torr

10 L

(c) 2.1 x 10-6 torr

87 L

(d) 1.1 x 10-5 torr (e) (f)

0 s 200 s 350 s

500 nm

Figure 1: (a)-(c) LEEM time-lapse sequence of the oxidation of Cu(111) at 450 ◦C recorded at
2.4 eV. The lower contrast in the images is due to the lower reflectivity of the oxidized surface.
Insets in (a) and (c) show corresponding LEED patterns obtained at 36 eV. The broad feature
in the upper left region is due to inelastic electron scattering. (d)-(f) Movement of Cu(111)
steps Rrpy (images collected from a region different from (a)-(c)) during further oxidation at
1.1 × 10−5 Torr imaged at 1.8 eV. Rrpy The three dark defects act as intermediate pinning
centers for the moving copper step, which is highlighted by orange arrows. Corresponding
movies of the image sequences (a)-(c) and (d)-(f) are available in the Supporting Information.

The LEEM sequence shown in Fig. 1 depicts the oxidation of the Cu(111) surface at

450 ◦C. Starting from the step edges, oxygen adsorption is visible after a dose of 3 L. Then,

the oxygen spreads rapidly over the Cu(111) terraces, achieving complete coverage after a

dose of 87 L of O2. There are several ordered structures of copper oxide reported in the

literature,21–23 but surprisingly none are found after oxidation (cf. insets in Fig. 1a and Fig.

1c) at 450 ◦C. Only the intensity of the broad spot from the inelastic scattered electrons

increases. Both facts indicate that oxygen adsorbs onto Cu(111) in a disordered fashion

and is highly mobile at these conditions. We note that crystallization of the known ”44”

and ”29” structures and corresponding LEEM contrasts are observed at temperatures below
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300 ◦C,24 whereas at 450 ◦C the LEED patterns indicate only a non-periodic arrangement

of the Cu and O atoms at the surface. Further LEEM observations demonstrate a high

degree of surface migration at elevated oxygen partial pressure. The LEEM sequence in Fig.

1d-f displays the movement of step edges on the surface at 450 ◦C and 1 × 10−5 Torr O2

background pressure. In contrast, on the pristine Cu(111) surface or in O2 pressures less

than 1×10−6 Torr similar step movement is typically observed at temperatures significantly

higher than 600 ◦C. Even though the reflectivity of the surface does not change anymore

after the surface is completely covered by oxygen (cf. Fig. 1c), thus indicating no further

structural changes or oxidation, the increased oxygen partial pressure leads to an enhanced

mobility of the atoms on the surface. Consequently, the subsequent growth of ceria should

be affected by the different conditions on the surface.

Growth of CeO2/Cu(111)

Previous studies revealed that at conventionally used oxygen partial pressures of 5 × 10−7

Torr kinetic limitations strongly influence the morphology of the growing ceria island.25 To

study the dependence of oxygen partial pressure we have followed the growth process in situ

by imaging the copper surface during Ce evaporation at a temperature of 450 ◦C, enabling

the growth of ceria islands of a few hundred nanometers in size. LEEM images illustrating

different stages of the growth in the conventionally used pressure regime of 5×10−7 Torr of O2

at 450 ◦C are shown in Fig. 2a-c. Three distinct ceria phases are immediately recognizable by

their shape after preparation (Fig. 2c) and can be identified individually using µ-LEED (see

following section): triangularly shaped islands of CeO2(111) (bright at 5.2 eV), dendrite-like

islands of CeO2(100) (dark at 5.2 eV), and needle-like ceria islands. Further observation

showed that the needle-like islands act as a precursor for the growth of CeO2(111) islands.

As such, the needles will be the subject of future studies.

The crucial observation is that the CeO2(100) phase nucleates first (Fig. 2a) and is the

only one present at the early stages of growth. This indicates that the conditions at the onset
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Figure 2: In situ ceria growth on Cu(111) at 450 ◦C in different oxygen background pressures
and varied cerium flux: (a-c) 5×10−7 Torr and continuous cerium flux, (d-f) in 3×10−6 Torr
with intermittent cerium flux, (g-i) in 1 × 10−5 Torr and also intermittent cerium flux. At
low O2 pressure (a-c), both CeO2(111) (bright) and CeO2(100) (dark) islands are observed;
at high O2 pressure, CeO2(100) islands grow exclusively. Movies corresponding to the shown
images are available in the supporting information.
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of ceria nucleation favor the CeO2(100) phase. However, the CeO2(111) phase dominates at

the later stages of growth (Fig. 2b-c). It has been previously suggested that the prerequisite

for the nucleation of CeO2(100) on Cu(111) is a high degree of oxidation of the copper

surface.21 The need for oxygen at the interface is supported by a simple structural analysis

showing that there are ∼ 14 O atoms per nm2 in immediate contact with the substrate in

the case of the CeO2(100) phase, in contrast to only ∼ 8 O atoms per nm2 in the case of the

CeO2(111) phase. While the exact atomistic details of ceria nucleation, and indeed of the

nucleation of oxides in general, are not yet well understood, we postulate that the principal

factor determining which ceria phase grows on the Cu(111) substrate is the ratio of adsorbed

Ce and O atoms on the surface.

Figure 3: Schematic representation of the growth of ceria on Cu(111) depending on oxygen
chemical potential.

Before the Ce evaporation starts the Cu(111) surface is covered with adsorbed oxygen

(cf. Fig. 1c), which is very mobile at the temperature used in this study as highlighted in the

previous section. When Ce deposition commences, the formation of ceria islands decreases

the amount of mobile, available oxygen at the surface. From our observation, it is clear

that the oxygen partial pressure of 5 × 10−7 Torr is not sufficient to compensate for this

”effective” loss of oxygen, and the equilibration of the Ce/O ratio on the surface results in

conditions favoring the nucleation of CeO2(111). Therefore, our results strongly indicate
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that the growth of CeO2(100) requires a high concentration of mobile oxygen at the surface

at all times.

To test our hypothesis, we have adjusted the Ce/O ratio in favor of the oxygen by

increasing the O2 pressure and intermittent Ce deposition. LEEM images illustrating this

effect at O2 partial pressures of 3× 10−6 Torr and 1× 10−5 Torr are shown in Fig. 2d-f and

Fig. 2g-i, respectively. At 3 × 10−6 Torr O2 partial pressure, CeO2(100) oriented islands

again nucleate immediately upon starting the Ce deposition, but grow in a much more

regular, rectangular shape (see Fig. 2d-e). Furthermore, the nucleation of the CeO2(111)

islands effectively delayed with respect to the growth at 5 × 10−7 Torr O2 (cf. Fig. 2b-c

and Fig. 2e-f). At 1 × 10−5 Torr O2 partial pressure, the nucleation of the CeO2(111)

phase is completely suppressed (Fig. 2i). Moreover, the increased oxygen pressure results

in a much lower nucleation density of CeO2(100) islands. We attribute this effect on one

hand to the lower defect density on the pristine Cu(111) surface (enabled by the high Cu

and O mobility) and on the other hand to the increased mobility of Ce and O species, with

the diffusion length being varied depending on the concentration of oxygen on the Cu(111)

surface. It is conceivable that the nucleation mechanism places into contest the concurrent

mobility and harvest of O between the CeO2 island and the Cu(111) surface, essentially

resulting in an oxygen rich or oxygen lean environment at the interface that leads to the

growth of Rrpy the CeO2(100) or CeO2(111) phase, respectively. This important finding

is schematically summarized in Fig. 3. Rrpy However, we point out that due to the “pre-

loading” of Cu(111) surface with oxygen prior to the Ce deposition, the Ce/O ratio at the

surface is generally not in equilibrium in the initial stage, possibly resulting in a terminated

CeO2(100) growth and the delayed nucleation of the CeO2(111) phase at nominally the same

preparation parameters.
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(a) 5 x 10-7 torr
36 eV

(c) 1 x 10-5 torr
36 eV

(b) 3 x 10-6 torr
35 eV

17 eV 17 eV

Figure 4: µ-LEED patterns recorded from CeO2(100) islands prepared in different conditions:
(a) at 5×10−7 Torr oxygen partial pressure and continuous cerium flux, (b) at 3×10−6 Torr
oxygen partial pressure and intermittent cerium flux, and (c) at 1×10−5 Torr oxygen partial
pressure and intermittent cerium flux. Integer reflections from Cu(111) are highlighted by
solid red circles; the integer and superstructure spots from CeO2(100) are indicated by
solid and dashed yellow circles, respectively. All LEED patterns were recorded at elevated
temperatures. Rrpy Bright and dark solid yellow circles in (a) represent different rotational
domains.

Table 1: In-plane lattice constants of the grown ceria islands (uncertainty ±0.05
Å). The surface lattice parameter is 3.83 Å for both CeO2(111) and CeO2(100).

Pressure (10−6 Torr) a
(100)
‖ (Å) a

(111)
‖ (Å)

0.5 3.76 3.58
3 3.77 3.72
10 3.82 -
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Structural characterization of CeO2(100)

Having established the preparation of CeO2(100) on Cu(111), we proceed with the discus-

sion of the structure—stoichiometry relationship of CeO2(100). Local electron diffraction

(µ-LEED) patterns recorded from single CeO2(100) islands obtained with electron beam

diameters of 250 nm or 1 µm are displayed in Figure 4. The (100) orientation of the ceria

islands is easily identified in the LEED images by the square unit mesh. Moreover, the rect-

angular shaped islands grown at 3×10−6 Torr and 1×10−5 Torr are single crystalline whereas

the more dendritic islands (cf. Fig. 2c) grown in 5 × 10−7 Torr are typically composed of

several crystallites (see for example the two unit meshes rotated by 28◦ in Fig. 4a). Thus

the higher Ce/O ratio enables not only a more regular morphology, but also an improved

crystallinity. The in-plane lattice constants of the CeO2(100) and of the CeO2(111) islands

calculated using the Cu(111) reflections as reference are given in Tab. 1. In accordance with

previous observations the CeO2(111) lattice is compressed, whereas the CeO2(100) islands

grow at all used conditions without exhibiting any significant strain.8,26

Due to the alternation of positive Ce planes and negative O planes, the bulk termination

of CeO2(100) is a ’Tasker-type III’ polar surface.27 For the surface to be stable it has to

compensate for the surface dipole moment. Accordingly, a reconstruction of the surface may

be expected, and we recognize two different surface reconstructions in the LEED patterns

of the as-prepared islands depending on the oxygen partial pressure during growth. For the

growth in the lower O2 pressure regimes of 5 × 10−7 Torr and 3 × 10−6 Torr we observe a

weak c(2 × 2) reconstruction (see Fig. 4a-b) whereas the islands grown in the high oxygen

background of 1×10−5 Torr exhibit a p(2×2) reconstruction (see Fig. 4c). This difference in

structure shows that the O2 partial pressure is crucial for the emergence of the two CeO2(100)

reconstructions already observed in the literature.7,8
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(a)

12 min

(b)

(c)

124 min

(d)

219 min

(10)

(01)

as prepared

Figure 5: (a)-(d) LEED time-lapse sequence recorded at 17 eV electron energy of the reduc-
tion of the CeO2(100) islands by Ce deposition observed by µ-LEED of a single ceria (100)
island. The orange dashed square and red dashed square in (a) highlight the CeO2(100) unit
mesh and the p(2 × 2) reconstruction, respectively. The Cu(111) reflections are not visible
because the Ewald’s sphere is too small at 17 eV.

Reduction of CeO2(100)

To study the structure-stoichiometry relationship in more detail, we have explored the CeO2

↔ Ce2O3 transition by employing Ce–ceria interfacial interaction.28 Again, using the LEEM

instrument, we have observed the structural transition in real-time by micro-illuminating

individual CeO2(100) islands (cf. Fig. 2i). During the initial Ce deposition, the spot

intensities of the p(2 × 2) LEED pattern change, reflecting a modification of the atomic

structure of the surface unit cell. After 12 min of Ce deposition all spots of the p(2 × 2)

reconstruction have similar intensity (cf. Fig. 5b). We propose a tentative interpretation

based on the various structural models of the charge compensated (100) surface present in

the literature.7,8 Specifically, it is possible to construct the p(2× 2) reconstructed surface in

either Ce or O terminated fashion,7 with distinct differences in the spot intensities. Assuming

a more oxygen-rich termination after preparation in 1× 10−5 Torr O2 partial pressure (Fig.

5a), the reducing conditions of Ce deposition lead to a low oxygen chemical potential. We
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therefore correlate the diffraction pattern shown in Fig. 5b with the Ce-terminated p(2× 2)

model, which has been calculated to be the most stable surface in vacuum.7

22eV

(b) (c)

17eV

(a)

[01]

[10]

Ce

O

Ce

O

D
ep

th

Figure 6: (a, b) LEED patterns acquired from the reduced Ce2O3(100) islands that have
been low-pass filtered to reduce the brightness of the inelastic background. Blue dots in-
dicate missing spots in the LEED pattern. (c) Model of the bulk-terminated c-Ce2O3(100)
surface.Rrpy Replace by new figure (Tomas). The blue and red dashed squares indicate the
Ce2O3(100) and CeO2(100) surface unit cells, respectively.

With continued reduction, the p(2 × 2) superstructure spots vanish, leaving behind the

(1 × 1) diffraction pattern (Fig. 5c). Finally, the LEED patterns reveals a c(4 × 4) recon-

struction (Fig. 5d) associated with the c-Ce2O3 (bixbyite) structure. Fig. 6a-b show LEED

patterns of the c(4×4) reconstruction at 17 eV and 22 eV, respectively. Based on the model

of the bulk-terminated c-Ce2O3 structure shown in Fig. 6c, a c(4× 4) superstructure is ex-

pected with respect to the CeO2(100) surface unit cell. Intriguingly, along the [1 1] direction

in the LEED patterns in Fig. 6a-b only every fourth spot is observable (missing spots are

indicated by blue dots in Fig. 6a). From the symmetry of the bulk terminated c-Ce2O3 unit

cell we expect only every second spot to be absent due to mirror planes.29 Since the (100)

termination of bulk c-Ce2O3 is also a polar surface its structure should be modified by the

charge-compensation, too. The missing spots in the LEED pattern represent a valuable con-

straint for structural models of the charge compensated c-Ce2O3(100) surface. Specifically,

the extinction of reflections indicates that there are two or more identical atoms or groups

of atoms in the Ce2O3(100) surface unit cell,30 considerably reducing the number of models

and structural variations that need to be considered in future calculations.
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Conclusion

We have demonstrated the exclusive growth of the ceria(100) phase on the Cu(111) surface

by controlling the oxygen chemical potential. Our in situ observations show that a high

oxygen partial pressure increases the mobility of metal atoms on the Cu(111) surface, which

is influencing the underlying growth kinetics. The exclusive growth of the ceria(100) phase

represents an unexpected stability of the (100) phase with respect to the oxygen chemical

potential, which challenges observations from previous theoretical calculations and which we

have exploited in preparing a single-phase CeO2(100)/Cu(111) model system. Furthermore,

we showcase that the stoichiometry of the system can be controlled from CeO2(100) to c-

Ce2O3(100). This chemical reduction is directly linked to a structural transformation that is

readily recognizable by a distinct c(4× 4) surface reconstruction. This structure represents

a unique realization of a well-ordered open ceria surface exposing exclusively the highly

reactive Ce3+ ions. Our results present a viable approach to novel structural and chemical

studies targeting the structure-activity relation in a catalytically relevant model system.
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