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The inverse catalyst 'cerium oxide (ceria) on copper' has attracted much interest in recent time because of its promising catalytic activity in the water-gas-shift reaction and the hydrogenation of CO 2 . For such reactions it is important to study the redox behaviour of this system, in particular with respect to the reduction by H 2 . Here, we investigate the high-temperature O 2 oxidation and H 2 reduction of ceria nanoparticles (NP) and a Cu(111) support by low energy electron diffraction (LEED), scanning tunnelling microscopy (STM), noncontact atomic force microscopy (nc-AFM) and Kelvin probe force microscopy (KPFM). After oxidation at 550 °C, the ceria NPs and the Cu(111) support are fully oxidized, with the copper oxide exhibiting a new oxide structure as verified by LEED and STM. We show that a high H 2 dosage in the kilo Langmuir range is needed to entirely reduce the copper support at 550 °C. A work function (WF) difference of φ rCeria/Cu-Cu ≈ -0.6 eV between the ceria NPs and the metallic Cu(111) support is measured, with the Cu(111) surface showing no signatures of separated and confined surface regions composed by a CuCe alloy. After oxidation, the WF difference is close to zero ( φ Ceria/Cu-Cu ≈ -0.1 . . . 0 eV), which probably is due to a WF change of both, ceria and copper.
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Introduction

Cerium oxide (ceria) is an important reducible oxide in heterogeneous catalysis [1,2] due to its high oxygen storage capacity (OSC), which is based on the oxidation and reduction of cerium atoms and the accompanied filling and creation of oxygen vacancies, respectively [3]. Apart from other applications, ceria is used in the watergas-shift reaction [4,5], the oxidation of hydrocarbons [5,1] and in fuel cells [6,7,8], with the most prominent application being the three-way-catalyst [9,2]. Insights into ceria's morphology, atomic structure and surface chemistry are obtained by surface science studies, which are mostly conducted under UHV conditions. In particular, model surfaces in the form of thick [10] and ultra-thin films [11,12,13,14] have been studied in the recent past with standard surface science techniques.

Many studies deal with the conventional metal/ceria catalyst where ceria plays the role as a support for metal nanoparticles (NP) (e.g., PdNPs [15,16], AuNPs [17], AgNPs [18]). However, the inverse catalyst composed of a metal surface supporting ceria (ceria/metal catalyst) can be more catalytically active [14]: for instance, the methanol production trough the hydrogenation of CO 2 is higher on ceria/Cu compared to Cu/ceria [19,20], which is also the case in the water-gas-shift (WGS) reaction [21].

When dealing with the inverse catalyst, the redox behaviour of ceria but also of the metal support has to be considered. For instance, metal surfaces like Pt(111) can form locally an alloy with cerium upon reduction [22]. The alloy then serves as a cerium reservoir that is used to form new ceria upon oxidation [23]. A similar mechanism can be observed on gold surfaces [24], where not an alloy but small NPs of cerium are formed from the released cerium [25]. Apart from forming an alloy, the metal surface can also form a surface oxide upon oxidation, as it is the case for ceria on Cu(111) [21]. When reducing the latter system by, e.g., CO, the copper oxide transforms back into its metallic state [26]. From these perspectives it is evident that the metal modifies the reaction conditions during a redox cycle in dependence on its different states.

To study the role of a metal support that changes its state between being metallic and oxidized, the inverse ceria/Cu(111) catalyst is an ideal model surface [21,26]. The ceria/Cu(111) system has been extensively studied in the past [27], particularly by LEED [28,29,30,31,32,33,34,35,36,37], RHEED [38,15], LEEM [39,40,41], XPS [29,30,42,26,43,44,33,34,45,35,20,46,36,47,37,15,48,41] and by STM [30,32,26,49,33,34,45,35,46,36,47,37] as well as by density functional theory (DFT) [21,26,49,50,19,51,41]. Apart from the morphology, atomic structure and oxidation state of ceria, the reduction of ceria by CO [30,26], H 2 [19,41], atomic H [44], Ce [33,34,37] and the interaction with CO 2 [47], H 2 O [44] and SO 2 [43] were studied as well as some reactions like the water-gas-shift reaction [21], CO oxidation [26] and the hydrogenation of CO 2 at high H 2 and CO 2 partial pressures [19,20].

Whereas many studies deal with ceria films that almost entirely cover Cu(111), it is only a few that consider the inverse catalyst, mentioning either briefly copper oxide [19,35,41] or focusing in some detail on the oxidation of the copper substrate in the presence of ceria [26]. With respect to the reduction by H 2 , two studies can be found in which very long H 2 exposures of one day were applied, either with a very high H 2 pressure in the mbar range and with the sample kept at room temperature [19] or with a pressure in the 10 -6 mbar range and a sample temperature of 427 °C [41].

In this work we investigate the high-temperature redox behaviour at 550 °C of the inverse catalyst ceria/Cu(111), which is composed of nanometre high ceria nanoparticles (NP) on Cu(111). Oxidation and reduction experiments are done with O 2 and H 2 , respectively, both being in the 10 -6 mbar range. We show that the system can be put either into its fully oxidized (O 2 oxidation) or a mixed state (H 2 reduction), with copper entirely reduced and ceria being close to CeO 2 stoichiometry. We report on a new copper oxide structure that is formed after the oxidation and comment on the work function (WF) difference between supported ceria and the copper support, which depends on the oxidation state of the system.

Methods

A detailed description of the sample preparation and material properties (absolute WF value for Cu(111), lattice constants of Cu and CeO 2 ) as well as descriptions of our LEED, STM, nc-AFM and KPFM can be found in the supplementary information. Here, we summarize the most important details.

Synthesis of ceria NPs

The Cu(111) substrate is cleaned by repeated cycles of sputtering at 1.5 keV and following UHV annealing at 550 °C. Ceria NPs are grown by evaporation of Ce within 10 minutes onto the Cu(111) surface, which is kept at room temperature (RT). After the Ce deposition, the crystal is heated up in an UHV oven from RT to 550 °C in 3 × 10 -6 mbar O 2 within 15 to 20 minutes. Afterwards, the sample remains for 10 minutes at 550 °C in O 2 and is then cooled down to 300 °C within 15 minutes and still in O 2 . The cooling in O 2 avoids a possible reduction of the ceria film as mentioned before for ceria/Pt(111) films [52]. At 300 °C, the sample is extracted from the oven and the O 2 supply is stopped. The nominal thickness of the grown ceria is around (5.7 ± 0.5) mono-layers (ML).

Oxidation/reduction experiments

The sample is placed into the UHV oven at 300 °C and the temperature is increased such that it reaches T max = 550 °C. After the annealing at T max , the temperature is decreased onto 300 °C and the crystal is extracted from the oven. When annealing the sample only under UHV conditions, the pressure remains in the lower 10 -10 mbar pressure region. In the case of O 2 , the O 2 exposure is started at T max and is not stopped during the cooling until a temperature of 300 °C is reached, due to the reasons mentioned above. The same is done during H 2 annealing if not otherwise specified (see Table 1 and below).

SPM and LEED

STM, frequency modulated nc-AFM and KPFM experiments as well as LEED experiments are performed in the same UHV chamber (1 × 10 -10 mbar base pressure) [53] at room temperature. KPFM is used in the frequency modulation mode [54] and applied during the nc-AFM imaging in the constant f mode. During the scanning of the surface, the electrostatic tip-surface interaction is minimized at each image point by the bias voltage, yielding the contact potential difference (CPD) between tip and Table 1. All redox steps conducted with the ceria/Cu(111) sample in dependence on the redox cycle number (No.). A redox annealing step is done at Tmax = 550 °C during the time τ Tmax (in min) and at the pressure p (in 10 -6 mbar), which both yield the dosage D Tmax (in L). The total time and dosage, during which the sample is exposed to O 2 / H 2 (annealing and cooling), is given by τtot and Dtot, respectively. In an oxidation/reduction step, the O 2 / H 2 supply is stopped after the cooling of the sample down to 300 °C, despite for twoe reduction steps (no values for τtot and Dtot) where the H 2 supply is stopped after the annealing at Tmax.
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Step surface. An image of this voltage is simultaneously obtained with the topography nc-AFM image and called the CPD image.

Results

KPFM experiments

After the preparation of a clean Cu(111) substrate, a typical surface morphology with wide atomically flat terraces and ML high steps as well as a typical LEED pattern are obtained (see figure 1(a) and (b)). On such a substrate, the ceria nanoparticles (NPs) are grown and treated in several redox steps, which are all summarized in table 1.

The nc-AFM topography image in figure 1(c) shows the ceria NPs directly after the NP growth. Up to 40 nm large ceria NPs can be seen, covering about 40 % of the substrate. Owing to their 3D shape, the NPs exhibit various truncated shapes, with the NPs' edges forming mostly angles of 60°and 120°, which is due to their (111) epitaxy (see section 3.3). The mean NP height and density is around 4.2 nm and 1.0 × 10 11 NPs/cm 2 , respectively. Note that for all coverage and density values mentioned in this work, the error is around ± 8 % and ± 3 × 10 10 NPs/cm 2 , respectively, because both parameters can change from surface site to surface site. Furthermore, due to the NP height distribution, the error of the mean height is around ±0.5 nm.

A typical CPD image of the as-prepared ceria NPs is shown in figure 2(a). The image is composed of four horizontally aligned bands of alternating contrasts (1 to 4), which are parallel to the horizontal fast scanning direction. The contrast changes correspond to voltages changes in the range of 0.1 V. The abrupt changes of the contrast are due to changes of the tip's WF, which regularly appear during the imaging. As explained in detail in Ref. [55], the tip's WF can change upon re-arrangements of atoms or charges at the tip apex, which we believe is the reason here. When the tip's potential changes, the CPD between tip and surface changes in turn, producing bands as shown in the CPD image. Apart from the bands, a slight bright CPD contrast can be seen at the edges of the ceria NPs, which corresponds to a potential change of around +0.1 V with respect to the support and the top facets of the ceria NPs. With respect to the ceria NPs and the support, almost no contrast differences is visible; 13 hours after
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To check if the sample changes its morphology and/or surface potential upon UHV annealing only, the surface is annealed at 550 °C during 30 min (see figure S2 in the supplmentary information). Despite the long annealing at the quite elevated temperature, no changes can be detected in the NP morphology (NP height: 4.3 nm, NP coverage: 40 %, NP density: 1.2 × 10 11 NPs/cm 2 ). The CPD image does not show any more the bright contrast at the edges of a NP but rather a decrease of the potential over the entire NP by -0.15 V with respect to the support.

In contrast to the UHV annealing, the surface potential changes considerably, when annealing the sample during the same time and at the same temperature in H 2 (1 × 10 -6 mbar, 30 min, 1 350 L, 550 °C) as shown in figure 2(b): a clear dark contrast is visible at the ceria NPs, which corresponds to a potential decrease of up to -0.6 V with respect to the copper support. There is no enhanced bright contrast at the edges of the NPs and the surface morphology is almost the same as after the film preparation (NP height: 4.3 nm, NP coverage: 39 %, NP density: 0.8 × 10 11 NPs/cm 2 ).

After this first O 2 / H 2 cycle, the sample is annealed in O 2 in cycle 2 with the same O 2 dosage from above (1 × 10 -6 mbar, 30 min, 1 350 L, 550 °C). Similar phenomena as described for the as-prepared film can be observed (see figure S3(a) and (b) in the supplementary information): most importantly, the surface potential does not show any more the strong potential decrease at the NPs as in figure 2(b) but is rather homogeneous. Although a reduced potential can be seen at the ceria NPs after a following treatment in H 2 with same parameters used before (1 × 10 -6 mbar, 30 min, 1 350 L, 550 °C) the potential difference is considerably smaller (-0.15 V) than above (see figure S4(a) and (b) in the supplementary information). Even a higher H 2 dosage with a ten times higher dosage (1 × 10 -5 mbar, 30 min, 13 500 L, 550 °C) shows a less strong potential difference of max. -0.4 V (see figure S4(e) and (f) in the supplementary information).

Starting with an oxidation step in cycle 3, same observations can be made as in the two oxidation steps before (figure 2(c)): in the CPD image, a faint enhanced bright contrast at the edges of the NPs and merely a slightly reduced potential of -0.1 V can be seen at the NPs. After a H 2 annealing at 550 °C, during which the sample is exposed to a very high H 2 dosage of 54 013 L (2 × 10 -5 mbar, 60 min), a strong potential difference of -0.6 V can be observed at the ceria NPs, which yet again have the same morphology as before (NP height: 4.3 nm, NP coverage: 42 %, NP density: 1.0 × 10 11 NPs/cm 2 ). Interestingly, by leaving the sample inside the UHV, the potential difference decreases by time such that after 13 hours, a maximum difference of only -0.4 eV can be observed (figure 2(e)) whereas after two days the difference decreases even onto -0.3 eV (see figure S6 in the supplementary information).

STM experiments

In the following, STM experiments are presented to comment the oxidation state of the Cu(111) support. Figure 3(a)-(e) present several atomically resolved STM images obtained after some of the redox steps listed in table 1.

Figure 3(a) shows the copper support directly after the Ce deposition and the following O 2 annealing in cycle 1: the surface is reconstructed and is composed of atomic features forming an ordered lattice with vertically oriented atomic rows. The unit cell represented by the red parallelogram has side lengths of a = (8.2 ± 0.5) Å and b = (26.5 ± 0.5) Å, and an angle of α = (89 ± 1)°formed by a and b. Because of the O 2 annealing, a surface oxide has been created, which will be referred to as 'the new oxide structure' in the following (see Discussion Section). After the H 2 annealing in cycle 1, a typical atomic contrast of a small hexagonal lattice can be seen (figure 3(b)), which dimension equals indeed the one of the Cu(111) lattice. The same clean Cu(111) surface is obtained after the H 2 annealing in cycle 3 (figure 3(c)). Overall, the oxidized copper surface gets entirely reduced by H 2 to metallic Cu(111) in those two cases.

In cycle 2, the oxidized surface shows again a reconstructed Cu(111) surface with a unit cell that is comparable to the one of the new oxide structure (see figure S3c,d in the supplementary information). However, occasionally we also observe a slightly different structure (figure 3(d)) with a unit cell that is different in size (a = (10.1 ± 0.5) Å, b = (21.9 ± 0.5) Å, α = (86 ± 1 °)) compared to the new oxide structure. The size of this structure is comparable to the one of the "44" oxide structure previously observed by STM [56,57,58,26,59]. In cycle 3, the new oxide structure is obtained again after the oxidation (figure 3(e)), with a dimension of the unit cell being quite similar compared to the one of the new oxide structure (a = (8.8

± 0.5) Å, b = (26.2 ± 0.5) Å, α = (86 ± 1)°).
In general, after an oxidation of the sample, atomic sized defects are present on the copper oxide, depending on the surface site that is chosen for the imaging (see figure S3(c) in the supplementary information). As shown in figure 3(e), a defect disturbs the course of the atomic rows, which get displaced parallel to the row direction. This creates locally a different structure as shown by the orange parallelogram, which has a much smaller dimension with a = (8.8 ± 0.5) Å, b = (17.2 ± 0.5) Å and α = (86 ± 1)°. The size of this local structure is comparable with the one of the "29" oxide structure previously observed by STM [56,57,60,26,61,59].

In some rare cases, we also observe a high defect density and in turn a quite irregular atomic structure as shown in figure S3(d) of the supplementary information and similar to previous observations on oxidized Cu(111) [57].

To compare the atomic contrast observed on the oxidized ceria/Cu(111) sample with the one of only the oxidized Cu(111) surface without ceria, a clean Cu(111) surface is prepared and oxidized at the same partial O 2 pressure and temperature of 550 °C (1 × 10 -6 mbar, 5 min, 225 L at T max ). Two images obtained with same scanning parameters and at the same surface site are shown in figure 3(f) and (g). They differ in their atomic contrast due to a tip change that appears in another image obtained between those two images (see figure S7d in the supplementary information). Independent on the contrast, the same dimension of the unit cell is observed with the side lengths a = (9.3 ± 0.5) Å, b = (25.8 ± 0.5) Å and an angle α = (87 ± 1)°. This structure, which we regularly observe on the oxidized Cu(111) surface, can be therefore assigned to the new oxide structure. Note that at the much lower oxidation temperature of 415 °C, we mostly observe the "29" oxide structure (figure S7(b) in the supplementary information).

Another regular observation is that the atomic contrast of the oxidized Cu(111) surface considerably changes when changing the bias voltage, e.g., from 1.0 to 0.08 V, as shown by the three images in figure 3(e). A similar voltage dependence was also observed before when imaging the "29" and "44" oxide structure [61,59]. Because of this and because we also regularly observe the above mentioned contrast changes upon tip changes, we do not compare the relative atomic contrast of the images. For this, a comparison with theory is needed to localize the atomic positions inside the unit cell as done before [61,59].

LEED experiments

Selected LEED experiments are shown in figure 4, which supply information averaged over a large surface region about the atomic lattice of the ceria NPs and the copper substrate. LEED images obtained at 27 (left column) and 60 eV (right column) show most important details.

After the reduction of the sample in cycle 1 and 3 (figure 4(a) and (b)), the LEED patterns show the typical diffraction spots for ceria (blue circles) and Cu(111) (red circles). Even if the contrast of the images is much enhanced, no other spots can be seen in between, also not at other electron energies in the range between 25 and 60 eV. The hexagonally arranged spots of ceria and Cu(111) is in agreement with the expected (111) orientation of CeO x (111) and the Cu(111) support. The ratio of the reciprocal lattice vectors is around r Red = 1.49 ± 0.01.

When oxidizing the sample, the typical diffraction spots for ceria (blue circles) and Cu(111) (red circles) can be found again, as exemplified with the sample oxidized in cycle 2 and 3 (figure 4(c) and(d)). The ratio of the reciprocal lattice vectors is a bit larger than before (r Ox = 1.51 ± 0.02). A striking observation is, that there are many other, less bright LEED spots in between the ones originating from ceria and Cu(111). They can be best observed at relatively low electron energies between 15 and 30 eV, with 27 eV yielding the the best contrast. Note that the same spots can still be seen after the reduction experiments in cycle 2 (see figure S5 in the supplementary information), where the potential difference between ceria and the support is relatively small (see KPFM experiments above).

To understand if the latter diffractions spots originate from ceria or Cu(111), a clean Cu(111) surface without ceria is oxidized under the same oxidation conditions (1 × 10 -6 mbar, 5 min, 225 L, 550 °C). The resulting LEED images are shown in figure 4(e): at 60 eV, the typical hexagonally arranged Cu(111) spots are present. All the other spots of smaller intensity, which can be seen in particular at 27 eV, coincide almost perfectly with the additional spots of the oxidized ceria/Cu(111) sample (see, e.g., yellow ellipse). Figure 5 shows the LEED spots at 51 eV in a high contrast: two types of rows can be seen (arrows), which corresponds to the atom rows visible in the STM images and which are rotated by 30°to each other due to two domains that are present on the surface. At some places, we can estimate the location of the unit cell (orange parallelogram), which matches the one of the new oxide structure. Overall, we can assign the additional spots in figure 4(c) and (d) to the copper oxide rather than to the supported ceria.

Discussion

In the following, we discuss the oxidation and reduction of the ceria/Cu(111) catalyst separately with help of figure 6, which sketches the oxidation/reduction state of the sample in dependence on the eight redox steps.

Oxidation

The oxidation of the Cu(111) surface was extensively studied by LEED [62,57], µLEED/LEEM [63], XPS [64] and STM [56,57,60,58,61,65,64,59], in particular in dependence on the temperature of the O 2 annealing (from RT to 450°C) and post-annealing [60,57]. The overall conclusion is that the surface reconstructs at temperatures starting at ∼300 °C, forming the "29" and "44" oxide structures [56]. It is therefore not astonishing that during an O 2 annealing step at 550 °C (figure 6(a),(d) and (g)) the Cu(111) surface also oxidises in the presence of ceria islands or NPs that only partially cover the copper substrate, as indeed observed before [26,35] and shown in this work.

However, in contrast to the latter work, we observe an oxide structure, which is much larger than the "29" oxide structure (a 29 = 9.2 Å, b 29 = 17.9 Å) and which is different to the "44" oxide structure (a 44 = 11.7 Å, b 44 = 21.9 Å) [56]. Our LEED data supports this new oxide structure: i) the diffraction spots do not match the spots of previously published LEED data of the "29" and "44" oxide structure [62,57,63]. ii) As shown in figure 5, we can find the unit cell of the new oxide structure in its correct shape. Note that the unit cell is clearly different compared to the unit cells of the "29" and "44" oxide structure found by µLEED [63].

A previously published work [26] reports on a new oxide structure, which is formed by supported ceria islands: the ceria islands enhance the dissociation of O 2 and the propagates from the islands. Unfortunately, no dimensional parameters of the unit cell are mentioned in this work although the shape of the unit cell seems to be similar to the one which we regularly observe (compare with figure 3b in Ref. [26]). Note that the annealing temperature used in the latter work (5 × 10 -7 torr, 20 min, 600 L, 427 °C) is much lower compared to our temperature (1 × 10 -6 mbar, 30 min, 1 350 L, 550 °C). If our new oxide structure is the same as the one in Ref.

[26], we anticipate that our T = 123 °C higher temperature is the reason for the different observations made in Ref. [26] and here: we speculate that when oxidizing the system at 427 °C, not enough thermal energy is present for the new oxide creation and that ceria is needed to help in the way described in Ref. [26]. However, enough thermal energy is present at 550 °C where ceria is not necessarily needed. In particular calculations have to reveal in future the detailed mechanisms involved in the oxide formation.

Comparing the values of the unit cell dimension, which we obtain from several atomically resolved STM images, the values deviate a bit from each other. The reason is that our STM/AFM works at RT where in particular the drift of the x, y, z scanner deforms the lattice. The drift varies from time to time so that slightly different values for the unit cell are obtained. Considering the values from above, we assume that the unit cell has a dimension given by a = (9±1) Å, b = (26±1) Å and α = (88 ± 2)°. In comparison to the "44" structure (a 44 = 11.7 Å, b 44 = 21.9 Å), our new structure is thinner and longer. To find the exact positions of all atoms inside the unit cell, a comparison between STM and density function theory (DFT) like in Refs. [58,61,59] has to be done in future.

With respect to the ceria, we could not obtain the atomic resolution on the NP top facets, which is probably due to the high bias voltage that has to be used for a stable imaging (U Bias >3 V). The only information about the atomic lattice comes from LEED, which shows that the ceria NPs grow in their preferred (111) epitaxy. LEED supplies a value of r Ox = 1.51 ± 0.02 for the ratio of the reciprocal lattice vectors between ceria and Cu(111), being comparable with the previously found value of 1.5 [28,31,32]. With the lattice constant of a Cu,lit,exp = (3.61 ± 0.01) Å for Cu (see table S1 in the supplementary information), we obtain a lattice constant of a CeO2,exp = (5.45 ± 0.09) Å, which is in good agreement with the experimental value of a CeO2,lit,exp = (5.41 ± 0.01) Å obtained by X-ray scattering (see table S2 in the supplementary information). Overall, the nanometre thick ceria NPs in their fully oxidized state are not strained by the support and form an ordered oxide. The lattice of the oxide is commensurate and aligned with the principal crystallographic axes of the substrate as observed before for thinner ceria islands [31].

With respect to the ceria oxidation state, we can assume that the ceria NPs are made from stoichiometric CeO 2 , as this was previously measured by XPS on similar thick ceria films (5-6 ML: [31,33], 12 ML: [30]). In the latter work, samples were oxidized under similar oxidation conditions. Note that any possible contamination like OH or carbon species are removed by the oxygen annealing [66,23], so that the ceria surface is also free from contamination.

It is surprising that no strong CPD difference between the ceria NPs and Cu(111) can be seen, after an oxidation step is done. In some cases, we observe no difference at all, in other cases we observe a slight reduction of -0.1 V above the ceria NPs. The reason for this remains unknown so far. The bright contrast at the edges of the ceria NPs can be assigned to a more negative potential at the edges, probably produced by low coordinated negative atomic species like unscreened O ions as observed before on thick ceria films [67] and similar ionic surfaces like CaF 2 (111) [68].

Reduction

After a sufficiently strong H 2 reduction in the kilo Langmuir range at 550°C, the copper substrate gets entirely reduced to metallic Cu(111) in cycle 1 and 3 (figure 6(c) and (h)), as it is evident from our STM and LEED data. The H 2 dosage may vary at 550 °C: as observed in cycle 3, a high dosage of 54 000 L is needed to entirely reduce the copper oxide whereas the dosage in cycle 1 is only 1 350 L high. The latter could not be reproduced in cycle 2, after which a H 2 anneal with 1 350 L and even 13 500 L of H 2 (figure 6(e) and (f)) leads to a potential difference of only -0.4 V and to a LEED pattern with the additional spots of the oxide still included.

Table 1 shows that the oxidation time is 10 minutes long in cycle 1 whereas the one in cycle 2 is 30 minutes long, however, with a three times smaller O 2 pressure compared to cycle 1. We speculate that due to the longer oxidation time in cycle 2, deeper subsurface layers of the copper support get oxidized than in cycle 1. As a consequence, the H 2 dosage has to be higher in cycle 2 than in cycle 1, as indeed shown by cycle 3 (exact same oxidation conditions as in cycle 2). This means that only a part of the oxide could be reduced upon the two H 2 dosages in cycle 2 (figure 6(e) and (f)). Note that the O 2 partial pressure values and related dosage values used in the work here are more elevated with respect to the 'standard pressure' of 5 × 10 -5 mbar used in literature so that an oxidation of sub-surface regions is reasonable in our case.

Overall, H 2 can be used as an reducing agent for an oxidized Cu(111) surface similar to CO [21,26]. Our work shows that due to the high temperature of 550 °C the reduction is much faster compared to a H 2 reduction at RT, at which a very high pressure of 1.5 torr during 26 hours is obviously needed [19].

With respect to the ceria NPs, we observe the perfect LEED pattern of the ceria (111) epitaxy and the metallic Cu(111) surface after a complete H 2 reduction. The slightly smaller value for the ratio of the reciprocal lattice vectors between ceria and Cu(111) (r Red = 1.49 ± 0.01) yields a slightly smaller lattice constant of (5.38 ± 0.05) Å compared to the experimental value of a CeO2,lit,exp = (5.41 ± 0.01) Å (see table S2 in the supplementary information). This ∼0.6 % small lattice contraction points to a possible lattice strain that is build up during the reduction, which has to be studied in more detail by future experiments.

There are no additional spots that appear in the LEED images in the energy range between 25 and 60 eV. This is quite surprising in view of the high temperature of 550 °C and the high H 2 dosage as well as in view of previous LEED observations [33,34,37]: the latter show that upon reduction by additional deposited Ce on 2-3 ML high ceria islands, which cover 50 % of the Cu(111) surface, the atomic structure changes due to a loss of oxygen and the related reduction of Ce 4+ to Ce 3+ [37]. This considerably changes the LEED pattern starting with the ι-Ce 7 O 12 R19°phase (CeO 1.71 ) and ending with the entirely reduced Ce 2 O 3 phase (CeO 1.5 ). The same ι-Ce 7 O 12 R19°phase is also the first phase that appears on 250 nm thick ceria films upon reduction [69]. All the latter LEED data let assume that the reduction of the ceria NPs in our work cannot be so high, eventually well below 50 %. Indeed, XPS shows that the efficiency of the H 2 reduction is quite low: when annealing the sample at 427 °C in 1.5 × 10 -6 mbar H 2 , about 20 hours are needed to obtain a 24 % large reduction [41]. A very recent micro X-Ray absorption spectroscopy (µXAS-PEEM) study shows that the degree of reduction remains low (CeO ∼1.9 ) if a stoichiometric CeO 2 (111) film is reduced by annealing at 550 °C during a dosage of 26 000 L of H 2 [START_REF] Pleines | For submission to[END_REF]. We therefore anticipate, that the degree of reduction is less than 20 %.

When the copper oxide is entirely reduced, we measure a potential difference of up to -0.6 V between the ceria NPs and Cu(111). Because the contact potential difference (CPD) between the sample and tip is determined by the WFs of both, CPD = (φ sampleφ tip ) / e), the potential difference between Cu(111) and ceria on Cu(111) is related to the WF difference at these surface sites: CPD rCeria/Cu -CPD Cu = (φ rCeria/Cuφ Cu ) / e= φ rCeria/Cu-Cu / e. Note that WF differences measured by KPFM can deviate from the true value due to the long-range electrostatic tip-surface interaction and the related tip-surface convolution effect: in the case of a blunt tip, the CPD includes also contributions from the Cu(111) surface if the tip is placed directly above a ceria NP. As a result, the contrast is blurred at the edges and a smaller value for φ is measured. Although the CPD well saturates in the middle of the up to 40 nm large ceria NPs (see figure 2(b),(d) and (e)) we nevertheless assume that the measured WF difference describes a lower limit.

With the WF difference of φ rCeria/Cu-Cu ≈ -0.6 eV between the ceria NPs and the clean Cu(111) surface (see figure 7 (a)), and with the absolute WF of φ Cu(111) = (4.90 ± 0.02) eV for Cu(111), the absolute WF of ceria/Cu(111) is around φ rCeria/Cu ≈ 4.3 eV. Interestingly, the same WF reduction of φ rCeria/Pt-Pt ≈ -0.6 eV could be observed after reduction of ceria films on the Pt(111) surface [23], which has a considerably high WF (φ Pt(111) = (5.90 ± 0.02) eV), lifting therefore the WF of ceria onto φ rCeria/Pt ≈ 5.3 eV. This comparison clearly shows that KPFM is not measuring the WF of the ceria NPs alone but rather the WF of the metal underneath, under the influence of the ceria film. Interestingly, the WF difference decreases on a time scale of days when the sample is left in the UHV. As KPFM has shown to be very sensitive on adsorbed species on surfaces [71], we strongly anticipate that the sample gets contaminated by species from the residual gas of the UHV. Such contamination was observed also on PdNPs [72] and we suspect that it is in particular the reactive Cu(111) surface that reacts with the residual gas.

A very important difference with respect to the ceria/Pt(111) case is that the CPD contrast of the support is always homogeneous and constant, in particular after a complete H 2 reduction. Therefore, we can assume that there is no local alloying effect between Cu and Ce such that destinctive regions of pure Cu(111) and regions of the alloy are created as in the case of ceria/Pt(111) [23]. A strong support comes from the morphology of the ceria NPs, where neither the coverage nor the height of the NPs noticeable changes upon a redox step unlike on ceria/Pt(111) [23]. In other words, no large amount of Ce is liberated during the reduction to form an alloy with Cu. Note that we also always observe the perfect LEED spots of ceria and Cu(111) but no other spots and that we always observe the perfect Cu(111) lattice in STM.

In comparison, the fully oxidized ceria/Cu(111) system has a WF difference close to zero ( φ Ceria/Cu-Cu ≈ -0.1 . . . 0 eV) (figure 7(b)). The question is, if one of the sites or both change their WF upon oxidation or reduction. A DFT calculation shows that the WF of stoichiometric Cu 2 O(111) is almost the same as the one of Cu(111) [73] (5.09 eV for Cu(111) versus 5.03 eV for Cu 2 O(111)). This means that upon reduction it is the ceria NPs on Cu(111), which decrease their WF by -0.6 eV (figure 7(c)). Partial support comes from the unsuccessful H 2 reduction experiments in cycle 2 (see figure S4 in the supplementary information): the copper oxide is still present but the WF difference between the ceria NPs and the copper support has decreased by -0.4 eV, pointing to a contribution of only the Ceria/Cu(111) WF. We speculate that when the copper support gets finally reduced by a following H 2 reduction such as in cycle 3, the WF difference decreases furthermore onto -0.6 eV because the copper support is then in its metallic Cu(111) state slightly increasing its WF (figure 7(c)). At this point, we clearly stress that our hypothesis has to be further investigated in future. We believe that in particular calculations such as in Ref. [59] have to be accomplished with respect to the WF of the new oxide structure because our new oxide structure differs considerably with respect to the one used in Ref. [73].

Conclusion

With help of our results obtained by LEED, STM, nc-AFM and KPFM, we comment on the redox behaviour of the inverse catalyst ceria/Cu(111). With the temperature increasing from RT to 550 °C and due to the relative high O 2 partial pressure of 10 -6 mbar, up to 4 nm high ceria NPs are created on Cu(111), which cover about 40 % of the copper surface. The oxidation state of this system can be changed at will from a fully oxidized to a partially reduced state:

Upon oxidation with O 2 and with the sample at 550 °C, the ceria NPs and Cu(111) support get both oxidized as shown by STM with atomic resolution. We find a new copper oxide structure with a unit cell (a = (9±1) Å, b = (26±1) Å, α = (88 ± 2)°), which is thinner and longer than the known "44" oxide structure. We observe the same structure also on only Cu(111) without ceria and assume that it is in particular the high temperature of 550 °C, which is responsible for the creation of this new oxide structure.

An entire reduction of the oxidized copper substrate with H 2 in the 10 -6 mbar range requires a high temperature of 550 °C and high H 2 dosage values in the range between 1 and some 10s of kL, depending on the thickness of the previously created copper oxide. Afterwards, the hexagonal lattice of the Cu(111) surface can be seen by STM. Because no LEED spots can be observed that can be assigned to a possible strong reduction of the ceria NPs we estimate that a reduction of the ceria NP is below 20 %.

After a complete H 2 reduction, we measure a lower limit of φ rCeria/Cu-Cu ≈ -0.6 eV for the WF difference between ceria NPs and the clean Cu(111) surface. In comparison with our recent work on ceria/Pt(111) [23], our measurements clearly exemplify that KPFM is measuring the WF of ceria on Cu(111) and not ceria alone. After a complete oxidation of the surface, the WF difference is close to zero ( φ Ceria/Cu-Cu ≈ -0.1 . . . 0 eV). We speculate that upon oxidation it is ceria, which increases its WF, but also the copper oxide, which slightly decreases its WF. Thanks to KPFM we can assume that there is no strong alloying effect between Cu and Ce during the reduction unlike the case ceria/Pt(111) [23]: the surface potential is homogeneous and constant on the copper support, only the (111) lattice of Cu is observed by STM and the ceria NP morphology (NP size and height) does not change upon a redox step unlike on ceria/Pt(111) [23].

Figure 1 .

 1 Figure 1. A typical large-scale STM topography image (a) and LEED pattern obtained at 183 eV (b), after the preparation of a clean Cu(111) surface. (c) A nc-AFM topography image of the same surface after the growth of ceria NPs. STM: I = 0.18 nA, U Bias = +2.32 V, v = 3.0 Hz. nc-AFM: f = -11.8 Hz, f 0 = 74.0, v = 0.5 Hz.

Figure 2 .

 2 Figure 2. A selection of KPFM measurements obtained after successive redox steps listed in table 1. The top row of images are topography nc-AFM images whereas the images below are CPD images. For clarity, tip changes in the CPD image (c) are removed. Underneath each CPD image, a representative profile shows the potential at the respective white line in the CPD image above. All profiles have the same CPD range of 0.7 V. nc-AFM: f = -13.7 (a), -4.5 (b), -22.0 (c), -17.0 (d) and -35.0 Hz (e), f 0 = 74.0 (a,b) and 76.5 kHz (c-e).

Figure 3 .

 3 Figure 3. STM images obtained after a few selected redox steps listed in table 1 ((a)-(e)) and after an oxidation of only the Cu(111) surface without ceria ((f) and (g)). The images show the lattice of the copper oxide ((a), (d), (e)-(g)) and the clean metallic Cu(111) surface ((b) and (c)). Images ((a), (e)-(g)) and ((b)-(d)) are topography and current images, respectively. The images (f) and (g) show the same surface region (same scanning parameters). The red, yellow and orange parallelograms show three cells found on the oxidized Cu(111) surface. STM: I = 0.10 (a), 0.91 (b), 0.38 (c), 0.86 (d), 0.12 (e), 0.04 nA (f) and (g), U Bias = +1.86 (a), +0.37 (b), +0.47 (c), +0.83 (d), +1.0,+0.3,+0.08 (e) and +1.20 V (f) and (g), v = 5.0 (a) and (b), 9.8 (c) and (e), 19.5 (d) and 6.5 Hz (f) and (g).

Figure 4 .

 4 Figure 4. (a)-(d) LEED images obtained at 27 (left) and 60 eV (right) on the ceria/Cu(111) sample, after a few selected redox steps listed in table 1. (e) The LEED patterns of an oxidized Cu(111) surface without ceria. The blue and red circles show the typical diffraction spots for ceria and Cu(111), respectively, whereas the yellow ellipses are a guide to the eye to mark a few spots of the copper oxide that can be seen at 27 and 60 eV.

Figure 5 .

 5 Figure 5. The LEED pattern of an oxidized Cu(111) surface without ceria obtained at 51 eV. The orange parallelograms mark the unit cell, which matches the one of the new oxide structure.

Figure 7 .

 7 Figure 7. The WF state of ceria/Cu(111) and Cu(111) in the energy level diagram after reduction (a) and oxidation (b). Image (c) shows a possible trend of the WF change during oxidation and reduction. The Fermi and vacuum levels are denoted by E(f) and E Vac .

  Figure 6. Sketches of the ceria/Cu(111) oxidation state after all the eight redox steps conducted within 3 cycles at 550 °C (see table1). The O 2 and H 2 dosage is mentioned at the bottom of the figure for each step. The copper support in its metallic state is drawn in an orange color whereas the surface oxide has a dark orange contrast, with the thickness illustrating the oxidation depth of the Cu(111) surface. Completely oxidized ceria is drawn in dark yellow whereas ceria is in yellow after a reduction step.

		Cycle 1			Cycle 2			Cycle 3
	Ox	Red	Red	Oxi	Red	Red	Oxi	Red
	a	b	c	d	e	f	g	h
	1 350L O 2	30min UHV	1 350L H 2	1 350L O 2	1 350L H 2	13 500L H 2	1 350L O 2	54 013L H 2
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