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Surface Stabilises Ceria In Unexpected Stoichiometry

The prototype reducible oxide ceria is known for its rich phase diagram and its ability to absorb and deliver oxygen. The high oxygen storage capacity is the basis for the use of ceria in catalytic and sensor applications where the surface plays a paramount role for device functionality. By direct imaging, we reveal the reconstruction of the ceria (111) surface in ve periodic structures representing reduction stages ranging from CeO 2 to Ce 2 O 3 . Theoretical modelling shows that the (

presenting the previously unknown Ce 3 O 5 stoichiometry, is stabilised at the surface but cannot be assigned to a bulk structure. Statistical modelling explains the thermodynamic stability of surface phases depending on the oxygen chemical potential and the coexistence of certain phases over a range of temperatures. These results are crucial for understanding geometric and electronic structure-function correlations in nanostructured ceria and the rational design of novel ceria-based functional systems.

Introduction

Oxygen mobility in a solid state material is the basis of numerous processes in electrochemistry and heterogeneous catalysis. When oxygen crosses an interface, materials are reduced or oxidized and it is the strength of reducible oxides that they can absorb and deliver large amounts of oxygen without losing their structural integrity. [START_REF] Feng | Fast vacancymediated oxygen ion incorporation across the ceria-gas electrochemical interface[END_REF] This phenomenon is known as oxygen storage capacity (OSC) [START_REF] Balducci | Bulk reduction and oxygen migration in the ceria-based oxides[END_REF] and it is exploited in a wide range of technologies and devices. [START_REF] Wilkens | Structural transitions of epitaxial ceria lms on Si(111)[END_REF] Ceria, as the most prominent reducible oxide, with outstanding importance for the conversion of acid gases in catalytic processes, 6 is used in the water gas shift and hydrocarbon oxidation reactions, and the automotive three-way catalyst is its most popular application. 713 Further, ceria based materials are used for oxide fuel cells, in resistive switching devices and in biological applications. 1416 Ceria is known to be stabilized in several reduced bulk phases of a rich phase diagram with stoichiometries ranging from CeO 2 , in the fully oxidized state, to Ce 2 O 3 , in the fully reduced state. The detailed atomic structures of intermediate bulk phases with Ce 11 O 20 , Ce 7 O 12 , and Ce 2 O 3 stoichiometry have thoroughly been investigated 1720 and metastable phases have been discussed. [START_REF] Eyring | Synthesis of Lanthanide and Actinide Compounds[END_REF] However exploring the structure of the commonly treated reduced (111) surface of ceria has so far been a story of mystery and surprise. Based on experimental evidence collected by scanning probe imaging, it has, for instance, been claimed that vacancies on CeO 2 (111) have a tendency to avoid the very surface layer but rather form a regular array in a sub-surface layer eectively yielding a (2 × 2) surface reconstruction. [START_REF] Torbrügge | Evidence of Subsurface Oxygen Vacancy Ordering on Reduced CeO 2 (111)[END_REF] This claim has been later conrmed by extended theoretical simulation revealing that the spatial localization of both, the oxygen vacancies and the excess electrons left in the system upon vacancy formation are crucial for the stability of vacancy structures. [START_REF] Murgida | Evidence for subsurface ordering of oxygen vacancies on the reduced CeO 2 (111) surface using density-functional and statistical calculations[END_REF] Excess electrons localize at cerium sites reducing Ce 4+ to Ce 3+ where the distribution of Ce 3+ ions has a major impact on the formation of distinct defect structures. 2428 Here, we report a systematic atomic-scale cartography of surface structures obtained by non-contact atomic force microscopy (NC-AFM), [START_REF] Lauritsen | Atomic resolution non-contact atomic force microscopy of clean metal oxide surfaces[END_REF] which we interpret in light of structural modelling and density functional theory (DFT) calculations combined with statistical thermodynamics. We unravel the complete picture of reduced ceria (111) surface structures and develop an understanding of the surface phase diagram, explaining the phenomenon of the coexistence of stable phases in certain temperature ranges, and report the discovery of a new surface phase exhibiting an oblique ( √ 7 × 3) R19.1 • surface atomic reconstruction. This unusual structure with a Ce 3 O 5 stoichiometry cannot be stabilized in bulk form but occurs at the CeO 2 (111) surface exposed to ultra-high vacuum (UHV) at a temperature of about 1020 K. The structure and its stoichiometry smoothly t into the series of other surface atomic structures corresponding to known bulk phases that can be produced successively, partially coexisting with each other, by a gradual variation of the chemical potential of gas phase oxygen at the surface. Also, a previously not known (

√ 3 × √ 3) R30 • reconstruction is reported.

Experimental and Theoretical Methods

The system investigated is a bulk like 180 nm thick, high quality ceria lm grown on Si(111) by molecular beam epitaxy (MBE) as described in detail in Refs. 30 and 31. Previous work has shown that the surface prepared in its high temperature phase exhibits atomically wellordered large terraces with a (1 × 1) atomic structure and CeO 2 stoichiometry, [START_REF] Olbrich | A well-structured metastable ceria surface[END_REF][START_REF] Pieper | Morphology and nanostructure of CeO 2 (111) surfaces of single crystals and Si(111) supported ceria lms[END_REF] specically when annealed in oxygen [START_REF] Barth | A perfectly stoichiometric and at CeO 2 (111) surface on a bulk-like ceria lm[END_REF] and that the lm reduces upon extended heat treatment in vacuum. [START_REF] Wilkens | Structural transitions of epitaxial ceria lms on Si(111)[END_REF] We choose this surface as the starting point of our investigations and prepare a series of increasingly reduced surfaces by annealing in the ultra-high vacuum (UHV) [START_REF] Pieper | Versatile system for the temperature-controlled preparation of oxide crystal surfaces[END_REF] at step-wise increased temperature until we again observe a (1 × 1) atomic structure, but this time with the Ce 2 O 3 stoichiometry. To keep thermal stress low, heating and cooling rates are limited to 25 K/min. The set-point temperatures are kept for 35 min and the annealing cycles are started a base pressure well below 10 -10 mbar.

The NC-AFM imaging is performed with a commercial ultra-high vacuum AFM/STM (Omicron NanoTechnology, Taunusstein, Germany) operated in the same manner as in previous work, 3739 but with optimized hardware [START_REF] Torbrügge | Improvement of a dynamic scanning force microscope for highest resolution imaging in ultrahigh vacuum[END_REF] and well characterized probes and electronics. 4143 The image contrast presented in the gures is either the apparent topography denoted by z, when scanning in the constant frequency shift mode, or the frequency shift df, when scanning in the quasi-constant height mode. [START_REF] Gritschneder | Structural features of CeO 2 (111) revealed by dynamic SFM[END_REF] The quantitative interpretation of the image contrast is not trivial for ceria and, therefore, contrast features are discussed here solely on a phenomenological basis. [START_REF] Gritschneder | Atomic Resolution Imaging on CeO 2 (111) with Hydroxylated Probes[END_REF] Note, that a quantitative understanding of NC-AFM contrast details is not required for the unambiguous identication of the surface reconstruction, which is the goal of this paper.

To achieve an accurate understanding of the surface reconstructions in relation to the surface stoichiometry, we combine high-resolution NC-AFM imaging with extensive spin-polarized DFT+U calculations (where U is a Hubbard-like term describing the onsite Coulomb interactions). To describe the degree of reduction in relation to the number and arrangement of vacancies, we introduce the parameter Θ=N v /N as a measure for the defect concentration,

where N v and N are the number of surface plus sub-surface vacancies in the reduced layer and the total number of atoms in a non-reduced oxygen layer of the same cell, respectively. [START_REF] Cococcioni | Linear response approach to the calculation of the eective interaction parameters in the LDA+U method[END_REF][START_REF] Fabris | Electronic and atomistic structures of clean and reduced ceria surfaces[END_REF] expressed in the projected augmented wave (PAW) method within a plane wave approach as implemented in the Vienna ab-initio simulation package (VASP). [START_REF] Kresse | Ecient iterative schemes for ab initio total-energy calculations using a plane-wave basis set[END_REF] The Perdew-Burke-Ernzerhof (PBE) exchange correlation functional [START_REF] Perdew | Generalized Gradient Approximation Made Simple[END_REF] is used. The Brillouin zone is sampled using Monkhorst-Pack k-point meshes ranging from (2 × 2 × 1) to (6 × 6 × 1), as required by the surface structure periodicities. In the construction of models of reduced ceria overlayers on CeO 2 (111) corresponding to commonly found stoichiometries such as Ce 7 O 12 and Ce 2 O 3 , the distinct location of the vacancies in the corresponding bulk phases has been taken into account. [START_REF] Kümmerle | The structures of C-Ce 2 O 3+d , Ce 7 O 12 , and Ce 11 O 20[END_REF][START_REF] Murgida | Evidence for subsurface ordering of oxygen vacancies on the reduced CeO 2 (111) surface using density-functional and statistical calculations[END_REF][START_REF] Bevan | The role of the coordination defect: A new structural description of four uorite-related sesquioxide minerals, bixbyite (Mn 2 O 3 ), braunite (Mn 7 SiO 12 ), braunite II (CaMn 14 SiO 24 ), parwelite (Mn 10 Sb 2 AS 2 Si 2 O 24 ), and their structural relationships[END_REF] For all other structures, vacancies are placed such that the closest vacancy distance would correspond to that of second neighbours in the oxygen sub-lattice (along the 011 direction), favouring the near-surface region, particularly the immediate sub-surface oxygen layer, [START_REF] Torbrügge | Evidence of Subsurface Oxygen Vacancy Ordering on Reduced CeO 2 (111)[END_REF][START_REF] Ganduglia-Pirovano | Density-Functional Calculations of the Structure of Near-Surface Oxygen Vacancies and Electron Localization on CeO 2 (111)[END_REF] and that there would not be neighbouring vacancies along the 100 directions of the uorite lattice. This rule for ordering vacancies has been derived from the crystallographic analysis of reduced bulk ceria phases [START_REF] Kümmerle | The structures of C-Ce 2 O 3+d , Ce 7 O 12 , and Ce 11 O 20[END_REF] and has recently been conrmed on the basis of rigorous atomistic modelling. [START_REF] Murgida | Ordering of oxygen vacancies and excess charge localization in bulk ceria: A DFT plus U study[END_REF] As for the location of the Ce 3+ ions, preference is given to next-nearest neighbour cation sites relative to the vacancies and a position close to the surface in accordance with recent modelling and experimental results. 23,24,26,28,49 

Results and Discussion

In Figs. 1 (a) and (b), we show survey scans obtained after annealing the lm at 1020 K and in frame (c), the result after further annealing at 1050 K. As a typical result for all surfaces not having the (1 × 1) bulk termination, we nd that the surface exhibits atomic regularity, however, it is not homogeneously covered by one phase but there are coexisting phases, voids and structural defects. Frame (a) is dominated by regularly arranged structures covering the same terrace in interweaved patches of two phases. A small part of the terrace is covered with a hexagonal structure (inset 1) having a side length of 1 nm. The structure is rotated with respect to the (1 × 1) bulk termination of CeO 2 (111) and perfectly matches the known ι-phase exhibiting a ( √ 7 × √ 7) R19.1 • reconstruction based on the Ce 7 O 12 stoichiometry. [START_REF] Wilkens | Stabilization of the ceria iota-phase (Ce 7 O 12 ) surface on Si(111)[END_REF] The larger part of the terrace is, however, covered by an unexpected and so far not reported oblique surface structure (inset 2). The structure has a size of 1 nm × 1.15 nm and it is rotated by 19.1 • with respect to the unreconstructed CeO 2 (111) surface, corresponding to a ( √ 7 × 3) R19.1 • superlattice. Close inspection reveals that both structures coexist within small areas and may smoothly merge as evidenced by the image section shown in inset 3. The formation of coexisting phases seems to depend on subtle dierences in surface preparation, as for example in frame (b), showing a surface prepared with the same annealing procedure, we observe large patches exclusively exhibiting the ι-phase. This result points to the very similar thermodynamic stability of the two structures.

After repeated annealing and increasing the temperature by 30 K, the (

√ 7 × 3) R19.1 • and ( √ 7 × √ 7) R19.1
• reconstructions disappear and another so far not reported surface structure is observed. This is presented in frame (c) where we nd hexagonally arranged brighter and darker spots with a repeating distance of 0.66 nm. Coexisting with this new structure, we observe the (1 × 1) termination making it easy to assign the hexagonal structure to a

( √ 3 × √ 3) R30 • reconstruction.
Despite the coexistence of these two phases, the surface does not exhibit apparent voids or vacancies. We interpret the pattern of slightly brighter and darker contrast as features associated with the presence of sub-surface oxygen defects.

Upon further annealing the lm at a temperature of 1080 K, the (

√ 3 × √ 3) R30 • reconstruc-
tion disappears completely and the surface is solely covered by atoms arranged in a (1 × 1) structure. Noteworthy, its atomic arrangement appears to be identical to the one observed for the fully stoichiometric CeO 2 (111) surface, [START_REF] Torbrügge | Morphology of step structures on CeO 2 (111)[END_REF] however, the history of reduction suggests that the surface has undergone a phase transition to A-type hexagonal Ce 2 O 3 representing the fully reduced state. This means that under UHV conditions, we can transform the surface from the fully oxidized state to the fully reduced state by annealing over a temperature range from 1020 K to 1080 K while the surface passes through a series of atomically wellordered structures of dierent stoichiometry. A careful comparison to gure 1 reveals that the ι-phase appears here with its mirror domain. [START_REF] Wilkens | Stabilization of the ceria iota-phase (Ce 7 O 12 ) surface on Si(111)[END_REF] Modelling predicts a Ce 7 O 12 stoichiometry. The surface unit cell contains a net total of two vacancies with surface oxygen vacancies on the cell corners plus one sub-surface oxygen vacancy, perfectly matching the NC-AFM image contrast. The surface oxygen vacancies appear as dark contrast features at the corners of the unit cell containing brighter and darker triangular structures. The brighter structures can be resolved into three features associated with oxygen atoms while this is not so apparent for the darker structures. According to the model, the six surface oxygen atoms within the unit cell can be assigned to two triangular structures where the one having a sub-surface oxygen vacancy beneath appears with the darker con- The image in frame (e) shows the (1 × 1) termination formed upon annealing at the highest temperature of 1080 K. We anticipate that this is the (0001) surface of hexagonal A-type Ce 2 O 3 , however, the NC-AFM image contrast cannot be distinguished from the one obtained on (1 × 1) bulk-terminated CeO 2 (111). [START_REF] Da Silva | Stability of the Ce 2 O 3 phases: A DFT+U investigation[END_REF] Analysing the model, we nd that the cell contains a net total of two vacancies within the four outermost TLs yielding a Ce 2 O 3 stoichiometry and a Θ value of 2. A (0001) oriented Ce 2 O 3 bulk crystal can be constructed by stacking such reduced surface oxide layers. Experimentally, we nd that this phase cannot be reduced any further by continuing the annealing at even higher temperature.

1/ 3 Q = 0 Q = 2 / 7 Q = 2 Q = 1 Q =
In our NC-AFM study, we observe the ve described surface reconstructions, however, in the literature there are reports on two further variants for reduced ultra-thin ceria lms, namely the (3 × 3) and (4 × 4) reconstructions. [START_REF] Ducho¬ | Ordered Phases of Reduced Ceria As Epitaxial Films on Cu(111)[END_REF][START_REF] Höcker | Unraveling the Dynamic Nanoscale Reducibility (Ce 4+ → Ce 3+ ) of CeO x -Ru in Hydrogen Activation[END_REF] To complete the picture of all reduced ceria surface phases, these crystal structures are also modeled by DFT and shown in Figure For understanding the surface structures and their stoichiometry in thermal equilibrium under reducing conditions in a vacuum environment, we combine the DFT total energy calculations with statistical thermodynamics. [START_REF] Reuter | Composition, structure, and stability of RuO 2 (110) as a function of oxygen pressure[END_REF][START_REF] Reuter | Erratum: Composition, structure, and stability of RuO 2 (110) as a function of oxygen pressure[END_REF] We identify thermodynamically stable struc- 

v , A, E v , ∆µ O (T, p O 2 )= 1 2 [µ O 2 (T, p O 2 )-E O 2 ],
µ O and µ O 2 are the number of vacancies, the area of the surface unit cell, the average vacancy formation energy and the change of the oxygen chemical potential depending on the chemical potentials of atomic and molecular oxygen, respectively, where the total energy E O 2 of an isolated molecule at T=0 K is taken as the reference state.

Figure 4 shows the results for the most stable surface structures with vacancy concentrations ranging from Θ=0 to Θ=2 where the change in surface free energy ∆γ is displayed as a function of the change in oxygen chemical potential ∆µ O . The thermodynamically favoured phase at a given ∆µ O is the one for which ∆γ (∆γ<0) is largest in magnitude. In the top x-axis, ∆µ O is translated into a temperature scale at an oxygen partial pressure of 10 -8 mbar, assuming ideal gas behaviour and using tabulated values for the enthalpy and entropy of O 2 as a function of T at standard pressure. [START_REF] Lide | CRC Handbook of Chemistry and Physics[END_REF] The 10 -8 mbar pressure value has been chosen pragmatically as a best t to experimentally observed surface stabilization at O chemical potential Δμ O (eV)
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°3 5 Ce O ( 7 3) R19.1 ´2 CeO (1 1) 2 3 Ce O (1 1) A-type ´4 7 Ce O (2×2) °3 5 Ce O ( 3 3) R30
´sub-surface vac. pairs To generate the top x-axis, ∆µ O is translated into a temperature T assuming an oxygen partial pressure p O 2 of 10 -8 mbar as described in the main text. The dashed lines for Θ=1/16, 1/8 and 1/4 correspond to previously reported isolated sub-surface defects, vacancy pairs and the (2 × 2) structure of ordered sub-surface vacancies. [START_REF] Murgida | Evidence for subsurface ordering of oxygen vacancies on the reduced CeO 2 (111) surface using density-functional and statistical calculations[END_REF] given temperatures. It cannot be further justied as it is experimentally not possible to measure the oxygen pressure in the region directly above the hot sample surface. The stability plot in Figure 4 yields a perfectly consistent picture as it reproduces the sequence of surface reconstructions experimentally observed upon temperature variation and the order follows the degree of reduction expressed by the parameter Θ. Upon increasing the annealing temperature, the rst reconstructions that appear are those corresponding to Θ=1/16, 1/8 and 1/4, namely isolated sub-surface vacancies, pairs of third-neighbour sub-surface vacancies and the (2 × 2) structure of an extended sub-surface vacancy layer that we previously identied in NC-AFM measurements [START_REF] Torbrügge | Evidence of Subsurface Oxygen Vacancy Ordering on Reduced CeO 2 (111)[END_REF] and conrmed by DFT calculations and thermodynamic analysis. [START_REF] Murgida | Evidence for subsurface ordering of oxygen vacancies on the reduced CeO 2 (111) surface using density-functional and statistical calculations[END_REF] The next structure is the ( The absence of the (3 × 3) reconstruction in the NC-AFM experiments can be readily explained. Careful annealing with small temporal temperature gradients ensures a surface stabilization close to the thermodynamic equilibrium and excludes the formation of a reconstruction with a surface free energy that is never among the lowest ones over the entire temperature range as it is evident from the stability plot of Figure 4. However, the (3 × 3) reconstruction has been observed in diraction experiments on ceria thin lms grown on Ru(0001) after surface reduction by hydrogen exposure. [START_REF] Höcker | Unraveling the Dynamic Nanoscale Reducibility (Ce 4+ → Ce 3+ ) of CeO x -Ru in Hydrogen Activation[END_REF] In these experiments, samples are heated to temperatures not higher than 700 K and the reduction is facilitated by a surface chemical reaction. Interestingly, hydrogen reduction experiments also favour the formation of the (4 × 4) phase while the ι-phase is not observed. Furthermore, the (3 × 3) and (4 × 4) phases have been observed in ceria thin lms grown on Cu(111) and Pt(111) where the reduction has been ascribed to an interfacial reaction with metallic cerium [START_REF] Ducho¬ | Ordered Phases of Reduced Ceria As Epitaxial Films on Cu(111)[END_REF] or where the stabilization of the dierent phases is suspected to be induced by the Pt substrate. [START_REF] Luches | Structural and morphological modications of thermally reduced cerium oxide ultrathin epitaxial lms on Pt(111)[END_REF] These results demonstrate that in contrast to our bulk-like systems the reduction for ultra-thin lms is controlled by the interface.

√ 7 × √ 7) R19.
Overall, we nd that all reconstructions experimentally observed can be straightforwardly 

Conclusion

Our work shows that structural relaxations accompanying oxygen release from ceria and the localisation of the excess charge are crucial for the stabilisation of ordered arrangements of vacancies on the surface of reduced ceria. Moreover, as the reduced surface layer increases in thickness, oxygen defects and associated Ce 3+ are found to obey ordering rules known for reduced bulk phases that we here establish as overarching construction principles for reduced ceria. Our observations shed light on structures that could be stabilized when growing ultra-thin ceria lms on metal or semiconducting substrates. So far, surface atomic arrangements have been reported for a few systems only. [START_REF] Ducho¬ | Ordered Phases of Reduced Ceria As Epitaxial Films on Cu(111)[END_REF]6163 The present work and its precursors clearly demonstrate that the prediction and understanding of novel surface structures invariably requires the combination of state-of-the-art structural characterisation with rigorous atomistic modelling, including precise calculations for a large set of explorative models for the placement of oxygen vacancies and Ce 3+ ions in the crystal lattice. Knowing the surface defect structure including the location of defects and Ce 3+ ions is of paramount importance for the application of ceria in real devices because it governs the physics and chemistry of reduced phases. For example, defects are expected to serve as anchoring sites for metal nanoparticles in metal/ceria catalysts, [START_REF] Wang | Oxygen vacancies dependent Au nanoparticle deposition and CO oxidation[END_REF] and to inuence the structure and charge of supported metal clusters [START_REF] Rodriguez | Activity of CeO x and TiO x Nanoparticles Grown on Au(111) in the Water-Gas Shift Reaction[END_REF] while Ce 3+ centers are typically an important part of the active site. [START_REF] Lustemberg | Room-Temperature Activation of Methane and Dry Re-forming with CO 2 on Ni-CeO 2 (111) Surfaces: Eect of Ce 3+ Sites and Metal-Support Interactions on C-H Bond Cleavage[END_REF] The fundamental understanding of ceria surface defect structures opens doors for exploiting and tailoring ceria-based systems functionality, particularly in electrochemical and catalytic processes.

Figure 1 :

 1 Figure 1: Selected NC-AFM images obtained after annealing at 1020 to 1050 K under UHV conditions representing dierent phases of the cerium oxide (111) surface. (a) The ι-phase exhibiting the ( √ 7 x √ 7) 19.1 • reconstruction (inset 1) and the oblique structure exhibiting the ( √ 7 × 3) R19.1 • reconstruction (inset 2) coexist on the same terrace (inset 3). (b) Terrace area purely covered by the ι-phase and some contaminants. (c) Terrace showing the ( √ 3 × √ 3) R30 • reconstruction coexisting with the (1 × 1) termination. The topographic (z) and frequency shift (df) images are colour coded in corresponding scales: a brighter contrast corresponds to a higher z value or a larger frequency shift df.

Figure 2

 2 Figure 2 provides an overview of the ve ceria phases observed with NC-AFM and the calculated models of the atomic surface structures yielding the lowest formation energy along with the corresponding unit cells. The NC-AFM image in (a) represents the defect-free, stoichiometric CeO 2 (111) surface measured on a bulk crystal. The (1 × 1) surface unit cell has a side length of 0.38 nm along 101 and, as there are no vacancies, Θ equals 0. The

Figure 2 : 1 ( √ 7 × √ 7 )

 2177 Figure 2: Overview of the ceria phases observed with NC-AFM (right column) and corresponding DFT surface structure models (left and middle columns). Unit cells are marked by dashed lines. (a) (1 × 1) CeO 2 (b) (√ 7 × √ 7) R19.1 • Ce 7 O 12 (c) ( √ 7 × 3) R19.1 • Ce 3 O 5 (d) ( √ 3 × √ 3) R30 • Ce 3 O 5 (E) (1 × 1) Ce 2 O 3 .The colour code is the same as the one in Figure1

3 × √ 3 ) 3 × √ 3 )

 3333 trast due to downward relaxation. The two vacancies are located in the outermost O-Ce-O trilayer (TL) yielding a Θ value of 2/7. The Ce 7 O 12 bulk structure can be constructed by stacking such TLs. Also the model for the oblique ( √ 7 × 3) R19.1 • reconstruction presented in frame (c) very well matches the NC-AFM image. The topography exhibits four dark spots assigned to the surface oxygen vacancies positioned at unit cell corners. The surface oxygen atoms forming triangles at the periphery of the unit cell appear well separated from each other because oxygen atoms at the centre of the unit cell appear darker due to the presence of adjacent sub-surface vacancies. The three vacancies are located in the rst (top) TL, one in the surface oxygen layer and two sub-surface, yielding a Ce 3 O 5 stoichiometry and a Θ value of 1/3. The model for the ( √ R30 • reconstruction presented in frame (d) predicts vacancies only in sub-surface layers, well explaining the low overall contrast of the NC-AFM image. The cell contains a net total of three vacancies, two in the top TL and one in the third TL. While the rst cerium layer is exclusively formed by Ce 3+ ions, two Ce 4+ ions are found in the second cerium layer. The NC-AFM image exhibits brighter and darker spots where the darker ones appear to be positioned in between the atomic rows of the surface oxygen layer relating them to the sub-surface vacancies. Bright spots are positioned exclusively at unit cell corners and we speculate that they are related to the presence of sub-surface oxygen atoms bonded to a Ce 4+ ion in the second cerium layer. The peculiar distribution of three vacancies in the ( √ R30 • model structure is consistent with rules for the distribution of vacancies and yields a Ce 3 O 5 stoichiometry with a Θ value of 1.

3 .

 3 As the main feature of the (3 × 3) reconstruction presented in frame (a), we nd surface oxygen vacancies at the corners of the unit cell while two additional oxygen vacancies per unit cell are placed sub-surface. With the three oxygen vacancies within the top TL, Θ is 1/3 and the stoichiometry is Ce 3 O 5 . The (4 × 4) reconstruction shown in frame (b) represents the completely reduced C-type Ce 2 O 3 bixbyite phase and has the largest surface unit cell of all investigated reconstructions. The minimum thickness with a stable (4 × 4) reconstruction is 4 TLs, each having eight vacancies corresponding to a Θ value of 2. The bulk bixbyite Ce 2 O 3 structure can be constructed by stacking such reduced surface oxide layers.

Figure 3 :

 3 Figure 3: DFT surface structure models of two stable ceria phases that have not been observed in experiments on thick lms but only in diraction studies on thin lms. 5355 (a) (3 × 3) Ce 3 O 5 (b) (4 × 4) Ce 2 O 3 .

Figure 4 :

 4 Figure 4: Stability plot for the ceria surface phases obtained by DFT and thermodynamic modelling. The change in surface free energy is plotted as a function of the oxygen chemical potential ∆µ O (T, p O 2 ).To generate the top x-axis, ∆µ O is translated into a temperature T assuming an oxygen partial pressure p O 2 of 10 -8 mbar as described in the main text. The dashed lines for Θ=1/16, 1/8 and 1/4 correspond to previously reported isolated sub-surface defects, vacancy pairs and the (2 × 2) structure of ordered sub-surface vacancies.[START_REF] Murgida | Evidence for subsurface ordering of oxygen vacancies on the reduced CeO 2 (111) surface using density-functional and statistical calculations[END_REF] 
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 33773 ascribed to stable structures predicted by DFT calculations. Most notably, our calculations predict a stabilization of the surface in the unusual Ce 3 O 5 stoichiometry. Modelling reduced ceria layers with the Ce 3 O 5 stoichiometry on a CeO 2 (111) bulk terminated surface in suit-able ways, results in three dierent surface phases. Two of them, namely the (3 × R30 • phases exhibit a vacancy structure that would allow a stacking of the respective Ce 3 O 5 surface layers to form a Ce 3 O 5 bulk crystal structure, according to the rules for the ordering of oxygen vacancies.[START_REF] Kümmerle | The structures of C-Ce 2 O 3+d , Ce 7 O 12 , and Ce 11 O 20[END_REF][START_REF] Murgida | Ordering of oxygen vacancies and excess charge localization in bulk ceria: A DFT plus U study[END_REF] However, the oblique (√ 7 × 3) R19.1 • surfacephase is unique and can only exist as a thin reduced oxide layer because hypothetically stacking such layers to form a bulk crystal would yield neighbouring vacancies along the 100 directions in the uorite lattice that are forbidden according to the mentioned vacancy ordering rules. Signicantly, we nd that the average defect formation energy of the oblique ( √ 7 × 3) R19.1 • phase is 40 meV per vacancy lower than that for the (3 × 3) reconstruction.The average vacancy formation energies of the unrelaxed structures are similar. Hence, the increased stability is likely due to cooperative lattice relaxation eects that accompany the formation of the distinct vacancy arrangement and the identied localisation of the excess charge. Thus, the ( √ 7 × 3) R19 • reduced ceria phase is favoured under thermal equilibrium conditions but it is likely to co-exist with the somewhat less reduced ( √ R19.1 • phase with nanosized domains as observed in experiment. Upon further reduction, phases such as the ( R30 • and the fully reduced (1 × 1) structure are formed.

  1 • reconstruction with a vacancy concentration of Θ=2/7 that is quite stable over a relatively wide range of reducing conditions but competes with the structures at Θ=1/4 and Θ=1/3. The closeness of the lines for

	the (	√ 7 ×	√	7) R19.1 • and (	√ 7 × 3) R19.1 • reconstructions readily explains the coexistence
	of these phases found in NC-AFM experiments. The next phase appearing with increasing
	temperature is the ( √ 3 ×	√ 3) R30 • phase with Θ=1. The calculation clearly predicts that
	this phase is more stable than the ( √	7 ×	√	7) R19.1 • phase in a small temperature interval
	above 1040 K in agreement with the experimental observation. At higher temperatures, the
	(1 × 1) and (4 × 4) phases with Θ=2 are equally well stabilized, while in the NC-AFM ex-
	periment only the (1 × 1) phase is observed.
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