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side due to the terrace facet with a smaller Pd-Pd atomic length at the NP surface and a lower diffusion barrier.
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Abstract: Controlling reactive sites of nanoparticles (NPs) is crucial to improve catalyst efficie nc y.

In this work, Sum-Frequency Generation is used to probe CO vibrational spectra on MgO(100) ultrathin film/Ag(100) supported Pd nanoparticles (NP) ranging from 3 to 6 nm in diameter and compared to coalesced Pd NPs and Pd(100) single crystal. We aim at in-situ evidencing the role played by active adsorption sites on the catalytic CO oxidation reactivity trends varying with NP size. From ultrahigh vacuum to the mbar range and temperatures from 293 K to 340 K, our observations suggest that bridge sites are the main active sites for CO adsorption and catalytic oxidation. On Pd(100) single crystal at 293 K, CO oxidation predominates over CO poisoning for pressure ratio of O2/CO larger than 300; on Pd NPs, both the site coordination due to NP geometry and MgO support-induced (MgO-induced) Pd-Pd interatomic distance change, impact the reactivity trend varying with size in different ways. Edge sites with a low coordination are more reactive than facet sites, while facet with a smaller Pd-Pd atomic length is more reactive than that with a larger one. The interplay of both site and size effects gives rise to a non-monotonic reactivity trend of CO on MgO(100) ultrathin film supported Pd NPs: the reactivity of Pd NPs increases for smaller NP size side due to a higher edge/facet ratio and meanwhile increases for larger NP size

Introduction

Heterogeneous catalysts are materials with complex multicomponent, whose chemical and structural composition can be effectively changed to enable high selectivity and reaction rates [START_REF] Ertl | Handbook of Heterogeneous Catalysis[END_REF].

However this large structural and chemical complexity of catalysts, such as particle morphology, size, oxide support etc…, impedes a detailed understanding of structure-reactivity relationships in the catalysis processes, which limits rational design of new catalytic materials [START_REF] Schauermann | [END_REF]. The catalytic oxidation of carbon monoxide (CO) on transition metallic nanoparticles (NPs) has attracted attentions in the past decades for industrial applications for instance, in conversion of automobile exhaust or in fuel cells [START_REF] Engel | The chemical physics of solid surfaces and heterogeneous catalysis[END_REF], but has also become a model probe to investigate the effect of geometry, adsorption sites, oxide support, on the reaction rates of metal NP catalysts [START_REF] Schauermann | [END_REF][START_REF] Engel | The chemical physics of solid surfaces and heterogeneous catalysis[END_REF][START_REF] Kale | [END_REF][5][6][7][8][9][10][11][12]. Among metal NP catalysts for CO oxidation, Pt-group metals, especially Pt, including Pd [START_REF] Wieckowski | Catalysis and Electrocatalysis at Nanoparticle Surfaces[END_REF][START_REF] Zemlyanov | [END_REF][15][16][17][18], are the most commonly used thanks to their high catalytic activity.

The catalytic activity of Pd strongly depends on the oxidation state of Pd [START_REF] Engel | The chemical physics of solid surfaces and heterogeneous catalysis[END_REF][START_REF] Gates | Catalytic Chemistry[END_REF]. On Pd single crystal, O2 can adsorb and dissociate (O(ad)) even at temperature as low as 200 K [START_REF] Nolan | [END_REF]. In addition to O(ad), Pd and O can interact in various ways at surface or subsurface to form PdO surface or bulk oxides, which strongly influence CO combustion efficiency [22][23][24][25]. Systematic studies [18] have identified that O(ad) is the most reactive species on both Pd(111) and Pd(100) surfaces [18,19,22], followed by the reactivity of surface oxide Pd5O4 on Pd(111), which reacted with CO at a higher temperature (330 K compared to 223 K for CO oxidation on O(ad)/Pd(111), and bulk oxide PdO (react with CO from 493 K) [18,22].

The size effect of metal catalyst, from single atom to clusters, nanoparticles and even single crystal, plays a key role in catalytic reactivity [12,26]. The size effect for NPs deserved many studies because of its complexity: the size dependent adsorption sites (edge, facet, defects), the different coordination and electronic structures [7], and the atomic distance within the NP, strongly impact on the activation energy of adsorbed reactants [START_REF] Schauermann | [END_REF]10,12,29]. Compared to Au NPs, which becomes more reactive for very small size (<2-3nm) [6,7], size effect for small Pd NPs (few nm) is still ambiguous [22]. 

Experimental setup

Sample growth and spectroscopy experiments were performed in an ultra-high vacuum chamber with a base pressure of 2×10 -10 mbar. A mechanically polished Pd(100) single crystal was cleaned by repeated cycles of 30 min Ar + sputtering (600 eV, 1-2×10 -6 mbar, 5-7 μA) with the sample temperature kept at 600 K, followed by a first annealing at 1070 K for 5 min and a second one at 670 K under ∼5 Langmuir (1 L = 10 -6 torr•sec) of O2 (2×10 -8 mbar, 5 min). A mechanically polished Ag(100) single crystal was cleaned by cycles of Ar + sputtering (600 eV, 1-2×10 -6 mbar, 20-30 μA) for 30 min followed by 10 min annealing at 800 K. The quality of the single-crystal and cleanliness was confirmed by LEED and APS. Two effusion cells were used for evaporation of Mg (550 K, 0.25 monolayer (ML) per min) and Pd (1420 K, 0.2 ML/min). A 3 ML thick MgO thin film has been epitaxially grown on Ag(100). Details of MgO film growth and quality optimization are given elsewhere [44]. Pd NPs were grown onto the MgO film by evaporating Pd with equivalent thickness ranging from 1 to 16 ML at 480 K. The Pd NPs characterization information can be found in Figure 1 of Ref. [10]. CO and O2 pressures were ranging from 10 -9 to 1 mbar.

Vibrational SFG system is used to probe internal CO stretch vibration signals. A supercontinuum seeded BBO optical parametric amplifier (Spectra Physics, USA) pumped by a 800 nm Ti:Sa laser/amplifier system (Coherent, USA), with duration 120 fs, repetition rate 1 kHz, and energy 800 μJ/pulse, is used for SFG experiments. SFG emission is induced by two p-polarized collinear laser beams (high hyperpolarizability on metal surfaces), i.e., a near-infrared pulse, called "visible"(ωVIS = 12376 cm -1 , 7 cm -1 fwhm, 3 ps duration, 2 µJ), and an infrared pulse (ωIR=1950 cm -1 , ∼150 cm -1 fwhm, 140 fs duration, 3 µJ) covering the spectral region of CO internal stretch frequencies (1800-2100 cm -1 ), that are spatially (150 µm spot) and temporally overlapped on the surface sample [10,45]. Spatial overlap is obtained in collinear propagation after recombination of the visible and IR beams with a ZnSe plate treated to maximize the visible reflection. The visible pulse spectrum (width and position) is made by a home-made 4f pulse shaper including a single combination of lens (f=10 cm) and grating, a plane mirror and in front of it a slit which selects a small portion (2.5-10 cm -1 ) of the visible pulse spectrum [64]. The incident angle of visible and IR beams relative to the sample normal is 60º. SFG spectra of CO were recorded during the experiment with a 1 min acquisition time per spectrum. During all the SFG experiment, the laser beams intensities were not changed, therefore the laser-induced molecular desorption can be ruled out [45]. All spectra were normalized to a SFG spectrum on a GaAs reference sample recorded in parallel data acquisition mode. In the conducted SFG experiments on Pd(100) single crystal, to avoid CO surface poisoning, the cleaned sample was pre-treated by O2 at 10 -5 mbar at 300 K during 20 min prior exposing to CO. O2 pressure remained fixed at 10 -5 mbar during experiments and CO pressure was varied to observe the corresponding CO spectra. For MgO/Ag(100) supported Pd NPs, the sample was pre-treated with 1.0×10 -4 mbar O2 for 20 min at 300 K, and then the O2 pressure was decreased to 2.0×10 -5 mbar prior to introducing CO at 1.0×10 -4 mbar. Afterwards, the O2 pressure was increased until the CO band disappears finally. If CO band persists at 1 mbar pressure of O2, the sample was heated to oxidize the remaining CO. The temperature of sample is measured by an optical pyrometer IIRcon Modline 5.

Results and Discussion

CO oxidation on Pd(100) single crystal

With our present system, Pd NPs epitaxially grown on MgO/Ag(100) exhibit a (100) top facet crystal surface is pre-exposed to O2 at 10 -5 mbar and to 10 -7 mbar of CO at 293 K (t=0 min). Then CO pressure is decreased from 10 -7 to (a) 10 -9 mbar or (b) 10 -8 mbar, respectively, spectra are recorded until CO bands vanish.

Figure 1a

and b show the dynamics of CO vibrational band on Pd(100) when the CO pressure is decreased from 10 -7 mbar to 10 -9 mbar or 10 -8 mbar respectively, while the pressure of O2 is fixed at 10 -5 mbar. Under 10 -7 mbar of CO and 10 -5 mbar of O2, a single bridge adsorption CO vibrational band is observed at 1972 cm -1 (black and blue in Figure 1a and b, respectively) in agreement with previous results for CO/Pd(100) [45]. It corresponds to a coverage of CO close to ~0.67 ML, indicating that this O2/CO ratio is too low to reduce CO coverage by oxidation and to avoid CO poisoning of the surface. Then, as shown in Figure 1a the red curve, CO pressure is decreased to 10 -9 mbar, which decreases CO coverage from 0.67 to around 0.5 ML (the CO band peak intensity will reach the maximum value at 0.5 ML coverage [45]) within 2 min. The CO band intensity at 0.5 ML coverage is higher than which at 0.67 ML because in the former case only the 'uncompressed' CO exist, however when the CO coverage extends more than 0.5 ML, another type of 'compressed' CO, with a hyperpolarizability which is half of the 'uncompressed' CO, appear and increase quickly. SFG intensity therefore decreases quickly when compressed CO coverage increases [45]. 1 min later the CO band has disappeared (green in Figure 1a), while in the presence of CO without O2 at this pressure, the coverage is larger than 0.5 ML [45]. This disappearance of CO is attributed to CO oxidation because O(ad) can oxidize CO on Pd single crystal at temperature as low as 200K [18,19,22], while surface Pd oxide is excluded on Pd(100)

as it requires a surface temperature higher than 190 ℃ at a higher O2 pressure (0.26 mbar) [48].

Due to the fast reaction kinetics at this pressure compare to SFG measurement time only one intermediate point is recorded. In Figure 1b, CO pressure is decreased from 10 -7 mbar to 10 -8 mbar. Within 3 min CO coverage has decreased from 0.67 (blue) to ~0.5 ML (pink) and more than 2 min later the band has completely disappeared (dark yellow). From these two experiments, we can estimate the CO oxidation rate around 0.5 ML/min while CO adsorption rate at 10 -8 mbar is approximately 0.17 ML/min. The full details of the calculation are given in Supporting Information.

From Figure 1 it is found that CO poisoning hinders oxygen adsorption only when CO coverage is larger than 0.5 ML. Below this coverage, O2 adsorption and dissociation occur and CO oxidation is observed at room temperature on Pd(100), as shown by the rapid decrease of SFG signal.

Although the CO adsorption phase being compressed above 0.5 ML, the quick decrease of CO coverage under 10 -8 mbar indicates that the Pd(100) surface is still reactive, implying that O(ad) atoms can be formed without perturbing the CO compressed phase. Indeed well-ordered structures of co-adsorbed CO+O have been reported on different metals where the CO coverage is as large as that in the absence of oxygen [51,52]. CO oxidation process can prevail CO re-adsorption, provided that the pressure ratio O2/CO is larger than 10 3 . With a smaller ratio, CO adsorption process is faster than oxidation, so Pd(100) surface becomes rapidly poisoned by CO. This limitation to the pressure ratio above 10 3 holds at room temperature and O2 pressure up to 10 -3 mbar according to our experiments. It is known that at higher temperature (>500 K), the onset of CO desorption will keep the CO coverage below saturation of the adsorption phase (<0.5 ML), allowing O adsorption, which enables to use pressure ratio O2/CO close to unity [41].

CO oxidation on MgO ultrathin-film-supported Pd nanoparticles

SFG spectra of CO at 10 -4 mbar for increasing oxygen pressures on Pd NPs on MgO/Ag(100)

with different equivalent thicknesses (16 ML, 4 ML and 1 ML corresponding to coalesced, 5.8 nm and 3.6 nm average diameter NPs, respectively [10]) are shown in Figure 2. CO oxidation process on Pd(100) are shown in Figure S2 and can be directly compared to 16 ML Pd NPs. The main internal stretch CO vibrational band ranging from 1930 to 1980 cm -1 depending on NPs size is attributed to the bridge-site adsorption of CO on (100) facets or edges of the NP [10]. A contribution of CO bridge bonded on (111) cannot be excluded, as they fall in the same spectral region, but considering NP geometry and SFG selection rules, they are expected to have a weaker contribution in SFG spectra. In addition, two very weak bands at 2055 and 2090 cm -1 , not observed on Pd(100) single crystal, are present for 4 ML and 1 ML Pd NPs and attributed to linear CO located at edges or defects [9] and linear CO band on (111) facets [10,53], respectively. Linear CO absorption on (111) facets is still weak at 10 -4 mbar pressure.

The frequency of CO band in the case of O+CO co-adsorption (black in Figure 2a,b andc) is redshifted compared with which without O (dots). As shown in Figure 2a, the bridge CO band in the case of O+CO co-adsorption on coalesced NPs is similar in frequency (8 cm -1 redshift) and bandwidth to CO band without oxygen [45], indicating that the presence of O(ad) does not give rise to a large change of the coverage of CO on coalesced Pd(100) surface for an O 2/CO pressure ratio of 0.2, which agrees with the previous experiment shown in Figure 1. The small redshift of 8 cm -1 can be attributed to electrostatic interactions, leading to a deformation of CO electron cloud attracted by the neighbour O(ad) [54], which weakens C-O bond and therefore decreases the CO stretch frequency. In Figure 2b for 5.8 nm NPs, the bridge CO band is considerably redshifted by 32 cm -1 and broadened. In Figure 2c, a similar behavior with 5.8 nm NPs is observed for smaller

NPs, but the frequency shift is reduced to 19 cm -1 . Based on the previous work, we know that for 5.8 nm large NPs, (100) facet extend is larger than for 3.6 nm large Pd NPs (Geometrica l parameters of NPs are shown in Figure S4 and Table S1 in Supporting information). Thus, without O(ad) at equivalent CO coverage, a larger (100) facet, which contains more adsorbates, leads to a larger dipolar coupling, i.e a larger frequency shift, as demonstred in ref. [10]. Then the larger CO frequency redshift in the presence of O(ad) on 5.8 nm NPs can be plausibly attributed to the reduction of steady state CO coverage accounted to CO oxidation on Pd NPs by reducing more, relatively to smaller NPs, the dipolar coupling. In addition, compared with Pd(100) crystal or coalesced Pd(100) surface, the subsurface O can play an important role in Pd NPs. It was reported at 293 K that O can be incorporated into Pd NPs [28] but not into Pd single crystal surface [50]. O atom below Pd can modify the electronic states of the Pd atom in a way that enhances CO-Pd bonding strength [55], which agrees with the frequency redshift. The explanation of subsurface O in Pd NPs are also in agreement with SFG observation of the non-resonance (NR) signal (Figure In Figure 2a, during the increase of O2 pressure from 10 -5 to 10 -2 mbar the CO band intensity at 1972 cm -1 is decreased by 40% and suddenly vanishes at 3×10 -2 mbar. This is a clear evidence of CO oxidation on coalesced NPs for O2/CO pressure ratio larger than 310 2 , which is very close to the case of the single crystal (Figure S2). However a small coverage of bridge-bonded CO at 1929 cm -1 and linear CO at 2090 cm -1 remained. In Figure 2b, with an increase of O2 pressure from 2×10 -5 to 1×10 -2 mbar, a 50% decrease of CO band is observed, along with a 10 cm -1 redshift.

However, even an increase of O2 up to 1 mbar could not remove completely CO from the surface.

In Figure 2c, the intensity of bridged-bonded CO at 1952 cm -1 on 3.6 nm NPs is decreased of more than 70% upon an increase of O2 pressure from 2×10 -5 to 1×10 -2 mbar and then remained constant until the O2 pressure reached 1 mbar. This result is similar to that of 5.8 nm NPs. There are hence two types of bridge CO around 1950 cm -1 , one can be oxidized easily at <10 -3 mbar O2 pressure, while the other one is more difficult to be oxidized. For both NP sizes, sample must be heated to oxidize the remaining CO.

As shown in Figure 3a, when the temperature reaches 316 K, the intensity of CO band at 1950 cm -1 is quickly reduced and the band at 1929 cm -1 remains constant up to 321 K. The disappearance of the band comes only from bridge CO on terrace (100), because the reactivity of other bridge sites on NPs is different. The stability of remaining CO is still not well understood, probably CO are adsorbed on defects or (111) facets of Pd NPs with a higher binding energy. The linear CO band seems not to change in this temperature and pressure range, although it has been reported to be the active sites for CO on Pd NPs on Al2O3 [56] or Pt NPs on SiO2 and TiO2 [57] at higher temperature (≥100 ºC). In Figure 3b, a similar behavior is found for 3.6 nm Pd, and the required temperature to oxidize CO is ~340 K. The decrease of SFG intensity induced by CO desorption during heating at the same temperature is up to 25% and 40% for large and small NPs respectively (dash line in Figure 4). It confirms that CO disappearance for both NP sizes in Figure 3 comes mainly from the CO oxidation. Unfortunately, in the relatively low temperature condition in our experiment (room temperature up to 340 K), CO2 conversion is not efficient [58]. Limited by the sensibility of our mass spectroscopy and a design defect in the vacuum experimental setup, CO2

production was not measured. However it is believed that the CO disappearance on Pd NPs comes mainly from CO oxidation, because the presence of O enhances the CO-Pd bonding [55], which has been proved by the CO band frequency redshift, therefore the O co-adsorption with CO would not induce the CO disappearance directly, so the only possibility comes from the CO oxidation. We have combined SFG results of CO oxidation on Pd(100) and Pd NPs with different sizes at room temperature (Figure 4a) and upon heating (Figure 4b). It evidences the presence of two types of CO band at around 1950 cm -1 having different reactivity: the first one decreases at room temperature when the O2 pressure raised from 10 -5 to 10 -2 mbar for NPs and Pd(100) (O2/CO pressure ratio ~10 2 ) and is more obvious on smaller NPs. It was shown that oxygen preferentia lly accumulates at the edges of the NPs [START_REF] Schauermann | [END_REF] or at the NP/substrate support interface [25]. NP edge sites with a lower coordination are believed to be more reactive than facet sites [49]. NP/substrate interface was also proposed as active sites for CO oxidation [59,60,61], however we could distinguish CO at interface from CO on NPs. Our results agree with the fact that smaller NPs with larger edge/facet ratio demonstrates higher reactivity. Therefore, CO oxidized at a low O2 pressure at room temperature can be attributed to those on edge sites. The second one is attributed to CO on (100) facet of NPs, where a lower diffusion barrier leads to a sudden disappearance of amount of CO [10,47] on large NPs or Pd(100), by continuously increasing the O2 pressure. As shown in Table S1, the calculated Nterrace/Nedge (N is atom number) is 2.3±0.5 and 1.3±0.3 for 5.8 and 3.6 nm NPs, respectively (Details of the calculation are shown in Supporting Information). The number of surface atoms corresponds to twice of available bridge adsorption sites for CO. By assuming an similar hyperpolarizability for CO on edges or facets, considering ISFG∝N 2 CO [37],

where ISFG is the intensity of SFG signals and NCO the surface number of CO, the results agree very well with intensity drops during CO oxidation for both the NP sizes up to 1 mbar O2 at room temperature. It further confirms the assignment of reactive sites. During CO oxidation, more reactive edge sites should be transient and low-populated, as they are filled by CO diffusing from facets and emptied again by oxidation. Actually in our previous work [39], the pump-probe experiment (10 -4 mbar of CO adsorbed on 3.5 nm sized Pd deposited on 2 ML MgO/Ag(100) is pumped by 800 nm laser pulse and probed as function of time) has proved this kinetics process: in the absence of O2, a decrease of the bridge CO and a growth of the CO at edges has been observed, however in the presence of O2, the bridge CO band decreases with the excitation of pump but the CO band at edges has vanished [39].

By comparing the behavior of bridge CO band on Pd(100), coalesced, 5.8 and 3.6 nm Pd NPs we can state that the catalytic reactivity of CO on terrace (100) becomes less efficient with decreasing NP size. Higher O2 pressure and temperature are necessary to remove CO for small sizes. This result can be explained by the increase of CO adsorption energy on terrace (100), corresponding to a decrease of frequency [9], in a good agreement with our previous results showing a decrease of CO singleton frequency for smaller NPs [10]. Indeed the epitaxial growth on MgO ultrathin film leads to strong geometrical deformations due to the large mismatch between Pd (3.96 Å) and MgO(100) (4.16 Å) lattices. The Pd layer at the interface in large NPs is expanded in the parallel plane by 3-4% relative to isolated NPs, while the upper layer is close to Pd bulk lattice due to strain releases within the NP. It gives rise to a CO adsorption energy closer to the case of Pd(100), while CO on terrace on a smaller NPs has a larger adsorption energy [10], because the terminal layer still experiences the lattice expansion induced by the support. i.e. a larger adsorption energy for smaller NPs. However it is not observed experimentally because it is covered up by the quick increase of edge/facet ratio on smaller NPs. However, different from Pd NPs on MgO(100), the average Pd-Pd bond lengths for bare Pd cluster [62], Pd NPs deposited on Fe3O4 [START_REF] Schauermann | [END_REF] and Al2O3 [29] support, has been reported decreasing with size, which can explain the decreased activation energy with Pd particle size in these cases [31,33]. Therefore our results

for CO reactivity trends are not in contradiction with the references [15,31,33]. Consequently, the reactivity of CO on Pd NP/MgO(100) is site-and size-dependent. This mixture-property model gives rise to a non-monotonic reactivity trend of CO on Pd NPs. In the present work with differe nt NP sizes (3.6 nm, 5.8 nm, coalesced NPs) and Pd(100) single crystal, smaller Pd NPs exhibit a higher reactivity due to the increased edge/facet ratio, while larger NPs exhibit a higher reactivity due to larger terrace facet with smaller Pd-Pd atomic length at the NP surface and a lower diffus io n barrier (Figure 5). 

Conclusion

This work applies vibrational SFG spectroscopy to study in-situ CO catalytic oxidation on MgO thin film supported Pd nanoparticles (NPs) compared to Pd(100) single crystal, under CO and O2 from UHV condition to the mbar range, temperatures from 293 to 340 K and NP average sizes from 3.6 nm up to their coalescence. On a Pd(100) single crystal at 293 K, CO oxidation process is found to prevail CO re-adsorption at the pressure ratio O2/CO ≥ 310 2 on O2 pre-exposed Pd surface. At this pressure ratio, compressed CO phase (about 0.67 ML) limits reactivity (CO poisoning), but CO can be quickly removed by oxidation when CO coverage is lower than 0.5 ML.

On Pd NPs, (1) the large changes of bridge CO bands in frequency and in width on 5. For perspective, further in-situ studies are needed to give a better understanding the CO catalytic oxidation behaviors on smaller Pd NPs and few atom clusters.

Conflicts of interest

There are no conflicts to declare.

Acknowledgment

We gratefully acknowledge the French National Agency for Research (Agence Nationale pour la Recherche, ANR) for financial support through the PNANO program (Project CANA ANR-06-

[ 46 ,Figure 1 .

 461 Figure 1. SFG spectra of CO internal stretch for various mixture ratios of static pressure of CO and O2. Pd(100) single
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 2 Figure 2. SFG spectra of CO (10 -4 mbar) adsorbed on O2 pre-treated NPs for three Pd equivalent thicknesses: (a) 16 ML; (b) 4 ML; (c) 1 ML as a function of O2 pressure from 2×10 -5 up to 1 mbar at 293 K. Dot curves show SFG CO
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 3 Figure 3. SFG spectra of CO (1×10 -4 mbar) in the presence of 1.0 mbar of O2 on (a) 5.8 nm NPs; (b) 3.6 nm NPs on MgO/Ag(100) upon heating.
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 4 Figure 4. Normalized SFG intensities for catalytic oxidation of bridge CO band (points) on (100) facet of O2 pretreated Pd(100) single crystal (blue), coalesced (green), 5.8 nm (red) and 3.6 nm (black) Pd NPs, respectively. All the SFG intensities are obtained from spectral fitting, therefore the influence of non -resonant term and cross term between resonant peaks can be excluded. (a) At room temperature, PCO=1×10 -4 mbar and PO2 is varied from 2×10 -5 to 1 mbar. (b) Effect of sample temperature (only for 5.8 and 3.6 nm NPs) under PCO=1×10 -4 mbar and PO2 =1 mbar. Lines are provided for guiding eyes. Dash lines correspond to CO band intensity induced by thermal desorption without O2 on both Pd NP sizes.

Figure 5 .

 5 Figure 5. Schematic diagram of catalytic oxidation reactivity trends of bridge bonded CO on MgO(100) oxide supported Pd NP as a function of size. Red, blue and grey lines show a rough estimate of the contribution of edge,

  8 and 3.6 nm average diameter Pd NPs compared to CO adsorption bands without O2 is caused by the presence of O(ad) and subsurface O into the NP at room temperature; (2) Under our experimental conditions, bridge sites (at edges and on facets) are the main active reaction sites compared to linear sites. (3)Observations suggest that the NP size and geometrical properties change the reactivity trend in different ways. The first one is the amount of low-coordination edge sites, which are more reactive than facet sites. The smaller the Pd NPs, the larger the edge/facet ratio and the higher the reactivity.The second one is the surface Pd-Pd bond length, which depends on NP size because of the large lattice difference between Pd and MgO. The larger the Pd NPs, the smaller the terrace Pd-Pd atomic length, and the higher the reactivity. The lower diffusion barrier on large facet also facilitate the reaction. The reactivity of CO on MgO(100)-supported Pd NPs is both site and size-dependent, this mixture component properties give rise to a non-monotonic reactivity trend of CO on Pd NPs.

NANO-0031). We also acknowledge China Scholarship Council and National Natural Science Foundation of China (Grant No. 21701075) for the finance to Jijin Wang in France.

S1 in Supporting Information

). The NR signal can be suppressed by the presence of oxygen in the case of NPs, however no effect is found on single crystal or coalesced NPs. Because the NR signal comes from the excitation of electronic states near Fermi level [63], the suppression of NR signal in the presence of O on NPs can be explained by the subsurface O which changes the electronic states near the Fermi level of Pd NPs. The broadening of CO bandwidth can be attributed to the superposition of CO bands on different (100) and (111) facets.