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Introduction

A growing interest has been focused on innovative and scalable catalytic technologies to treat water contaminants produced from different anthropogenic sources in surface and groundwater [1][2][3][4][5][6]. This was partially motivated by the implementation of more stringent standard regulations especially toward N-containing contaminants known for generating adverse human health effects [7]. Presently, the concentration of nitrates in drinking water should not exceed 50 mg/L as set by the European legislation. This level has been significantly lowered to 10 mg/L by the U.S. Environmental Protection Agency [8]. More severe standards have been considered for permitted levels of ammonium ions with maximum concentration fixed at 0.5 mg/L [9][10][11][12]. Numerous investigations pointed out the relevance of the catalytic reduction of nitrates by hydrogen as clean reductant [13][14][15][16][17][18][19][20][21] compared to biological and physical treatments suffering from significant economic and ecological disadvantages due to secondary waste stream [22]. However, some critical issues were addressed to catalytic processes related to the undesired formation of ammonia and a relative low rate of nitrates reduction and/or instability. A complete suppression of ammonia was previously reported by coupling catalytic and ion exchange processes [4]. In a recent paper, we found that the use of support exhibiting oxygen storage properties can minimize the production of ammonium ions through secondary reactions [23].

Nitrate reduction to nitrogen is currently described by a two-step catalytic process according to Eqs. ( 1)-(3) involving the intermediate production of nitrites then sequentially reduced to nitrogen. Unfortunately, parallel reactions can also lead to undesired reaction products such as ammonium ions.

NO3 -+ H2 = NO2 -+ H2O

(1)

2NO2 -+ 3H2 = N2 + 2H2O + 2OH - (2) 
NO2 -+ 3H2 = NH4 + + 2OH -

Bimetallic palladium-copper particles have been found among the most efficient catalytic systems. However, more insights into the nature of reaction steps, taking place at the surface of those bimetallic particles, and the cooperative interactions between Cu, Pd and the support material are still needed in order to get more efficient catalytic systems with improved stability. Presently, the structure sensitivity on the selectivity behavior have been correctly explained on Pd particles emphasizing the key role played by copper to minimize ammonia formation but essentially on inert support materials showing that the proportion between the two metals in bimetallic ensembles can influence the selectivity towards nitrogen production [20,24]. It was also suggested that the kinetics of nitrates reduction on Pd-Cu particles could involve in some extent the support materials conventionally considered as inert in this process (as alumina for example) [25,26]. By way of illustration, Zhao et al. [25] concluded that nitrates can be first reduced on Al and Cu. Pintar et al. [25] found a Langmuir-Hinshelwood reaction mechanism taking into account non-competitive adsorptions with nitrates preferentially adsorbed on the alumina support while H2 dissociates on supported metallic particles. In some case, the dispersion of the metallic particles on reducible supports such as TiO2 or CeO2 generated some spectacular changes.

Indeed, more active electron-rich active metal states can be stabilized according to the strength of the metal-support interaction and induce an over hydrogenation process leading to an extra production of ammonia [21]. Epron et al. [27] pointed out the redox properties of CeO2. These authors concluded that the nitrates reduction would occur through their interaction with oxygen vacancies. Interestingly, those authors also suggested that the successive reduction of nitrites would preferentially involve a classical Langmuir-Hinshelwood mechanism with steps taking place only on metallic Pd particles deposited on CeO2.

The overall objective of this study was to investigate the nature of the interactions between Cu and Pd, at low and high metal loading, on the catalytic reduction of nitrates by H2 with CeO2-ZrO2 mixed oxides as support material. Conventional co-precipitation and more innovative evaporation-induced self-assembly method for the preparation of CeO2-ZrO2 can lead to different structural and textural features [27] that could a priori modify the nature of the interactions with Pd and Cu. The consequences on the kinetics will be discussed in this present paper.

Experimental

Catalyst preparation of Pd-Cu/CexZr1-xO2

The preparation method of CexZr1-xO2 mixed oxides was described elsewhere [23]. Two different routes were implemented using a classical coprecipitation method by adding dropwise ammonia until pH = 10 in an aqueous solution containing the dissolved precursor salts Ce(NO3)3.6H2O

and ZrOCl2•8H2O. The second method combined a sol-gel route with evaporation-induced self-assembly (EISA) process in ethanol using block copolymer Pluronic P123 as template to originate a mesoporous network. A two-step drying was adopted for the oxy-hydroxide precursors obtained from the EISA method first dried at 60°C for 24 hours and then at 100°C for another 24 hours. The co-precipitated samples were dried at 120°C for 24 hours. All samples were finally calcined in air at 400°C overnight with a temperature ramp fixed at 1°C.min -1 .

The bimetallic catalysts were prepared by co-impregnation from aqueous solutions of palladium nitrate (Pd(NO3)2•2H2O, Sigma Aldrich) and copper nitrate (Cu(NO3)2) [24]. The co-impregnated samples were successfully dried at 100°C overnight then calcined in air at 400°C for 2 hours and finally reduced in a flow of 60 mL.min -1 H2 at 300°C. The samples were labeled xPd-yCu/CZ(EISA) and xPd-yCu/CZ(COP) where x and y stands for the theoretical weight of palladium and copper loading equal 5 wt.% or 1 wt.% Pd and 1 wt.% or 0.2 wt.% Cu respectively.

Experimental data from elemental analysis are given in atomic percentage (at.%) in Table 1. The corresponding values for the atomic Pd/Cu ratio have been also reported showing slight variation irrespective of the Pd and Cu content.

Physicochemical characterization 2.2.1. Bulk analysis

Raman spectroscopy analysis was performed on a Labram Infinity Dilor spectrometer fitted with a frequency-doubled Nd:YAG laser with an excitation radiation of 532 nm. Prior to measurements, a silicon line at 521 cm -1 was used for calibration. The reducibility was investigated from H2-Temperature-Programmed Reduction (H2-TPR) experiments on a Micromeritics Autochem II 2920 apparatus. 50 mg sample were exposed to a flow of 5 vol.% H2 diluted in Ar (50 mL.min -1 ) and gradually heated at a constant heating rate of 5 °C.min -1 . The elemental composition was measured by inductively coupled plasma-optic emission spectroscopy 720-ES ICP-OES (Agilent) with axially viewing and simultaneous CCD detection.

Transmission electron microscopy (JEOL JEM 2011) operating at 200 kV (LaB6 gun) was equipped with an energy dispersive spectroscopy (EDS) probe for analysis of the location/chemical composition of metallic particles. Before examination, samples were deposited on a molybdenum grid.

Surface analysis

The porosity of the catalysts samples was estimated from nitrogen physisorption measurements at -196°C on a Micrometrics Tristar 3020 analyzer. Preliminary, the samples were cleaned after outgassing under secondary vacuum at 200°C. The specific surface area was calculated from the BET equation and the pore volume (Vp) was estimated using the adsorption branch of the nitrogen isotherm curve.

Tof-SIMS analysis was carried out using a Tof-SIMS V instrument (ION-TOF GmbH Germany) equipped with a Bi liquid metal ion gun (LMIG). Bi3 + (0.3pA-25kV) were used as primary ions for analysis in both polarities over areas of 500 µm×500 µm. 20 scans were performed on each area with 128×128 pixels guaranteeing the static conditions. Charging effects due to primary ion guns were compensated with low energy electrons (20 eV). Before analysis, samples in powder form were tableted to insure a better mass resolution. We obtained a mass resolution m/∆m>4000 at m/z = 90 for Zr + which was satisfactory for spectroscopic investigations.

XPS spectra were recorded on an AXIS Ultra DLD Kratos spectrometer fitted with a monochromatized aluminum source for excitation (150 W).

The binding energy of the C 1s core level at 284.8 eV was used as internal reference. Semi-quantitative analysis using the integrated peak area and spectral decomposition took a Gaussian/Lorentzian peak fit into account keeping constant binding energies and peak width at half maximum as constraints.

Catalytic measurements

The reduction of nitrates by H2 was studied at 20°C under atmospheric pressure. 80 or 400 mg of catalyst in powder form (average grain size of 250 μm) were introduced in a 250 mL batch reactor and suspended in 40 mL of ultrapure water under a continuous flow of H2 (200 mL/min) bubbling in the solution. 10 mL of nitrites solution (500 mg/L or 100 mg/L) were added and the suspension was stirred with a the rotation speed set at 700 rpm. Nitrates and Nitrites concentration was periodically monitored by an ionic chromatograph (Metrohm 844 UV/VIS Compact IC-Column Metrosep A Supp 16-250/4.0). The concentration of ammonium ions was measured by using an ionic chromatograph (Metrohm 861

Advanced Compact IC -column Metrosep C 6 -250/4.0).

Results

Impact of the structural properties of Ceria-Zirconia mixed oxide on the catalytic properties of palladium and copper in water denitrification

The influence of the metal loading on the reaction rate and product distribution was investigated in a stirred tank reactor keeping constant the atomic Pd/Cu ratio (Pd/Cu ∼ 5). The initial specific rates for nitrates reduction were calculated on pre-reduced catalysts from the slopes of the tangents of the conversion curves vs. time at t = 0 leading to data collected in Table 2. The concentration of ammonium ions and nitrites, intermediately formed during the overall reduction process, were also plotted as a function of time. As exemplified in Figs. 1 and2, their evolutions reflect the classical two-step reduction process earlier depicted according to Eqs. (1)-(3). We verified from preliminary experiments (not shown) that the initial rate of nitrates reduction on monometallic Pd/CZ catalyst was negligible emphasizing the fact that only copper catalyzes the first reduction step of nitrates to nitrites whereas palladium activates the subsequent reduction of nitrites [23].

Nitrate conversion and reaction products distribution on pre-reduced Pd-Cu/CZ

Similarly to previous investigations [23], the mass of catalysts used in catalytic testings was respectively adjusted to 80 mg or 400 mg for 5Pd-1Cu/CZ and 1Pd-0.2Cu/CZ in order to get approximately the same amount of palladium in the batch reactor. The conversion of nitrates species vs. time and the concentration profiles of nitrites and ammonia produced in the course of the reaction are reported in Figs. 1 and 2 for 5Pd-1Cu/CZ and 1Pd-0.2Cu/CZ respectively. As illustrated, a fast conversion of nitrates is noticeable, irrespective of the copper content, permitting their complete conversion only after 20 minutes. Slight changes are remarkable on Pd-Cu/CZ(COP) with a slower nitrates conversion becoming almost complete after a longer period especially on 5Pd-1Cu/CZ(COP) exceeding 50 minutes. Similar observations were previously reported and ascribed to an extensive copper oxidation into inactive Cu(II) species at the early stage of the reaction [28]. By comparing the initial specific rates in Table 2, superior catalytic activities are noticeable on the series Pd-Cu/CZ(EISA). According to a negligible activity of palladium to reduce nitrates, then normalized reaction rates can be calculated per copper atom taking into account the elemental analysis in Table 1 and assuming a complete accessibility, i.e.

an atomic dispersion. Their comparison in Table 2 underlines the superior catalytic properties of 1Pd-0.2/CZ(EISA).

The nitrite concentration profiles vs. time described volcano-type curves currently observed which reflect the two-step reduction process as earlier described. As seen, a greater intermediate production of nitrites is usually observable on the series Pd-Cu/CZ(COP) irrespective of the Pd loading corresponding to higher concentration at maximum (see Table 2). Exceptionally, no nitrite formation was detected on 1Pd-0.2/CZ(EISA) which would suggest their fast consecutive conversion. Such an explanation seems consistent with the highest initial rate values measured on 1Pd/CZ(EISA) for the single reduction of nitrites (see Table S1 in Supplementary Information). By examining the concentration profile of ammonium ions, different regimes are observable as a function of the progress of the reaction. Indeed, a much faster production of ammonia occurs at the early stage of the reaction on 5Pd-1Cu/CZ(EISA) than on 5Pd-1Cu/CZ(COP) which could be assigned to a greater number of electron-rich active metal states as already pointed out [21] in agreement with a strengthening of the metal-support interaction. Intriguingly, 5Pd-1Cu/CZ(EISA) exhibit a peculiar kinetic behavior related to a sharp drop of ammonia concentration leading to the lowest residual concentration value after 6h reaction, i.e. 187 ppm. Similar observations also characterize 5Pd-1Cu/CZ(COP) but in lower extent, the residual ammonia concentration stabilizing near 331 ppm. Such comparison underlines the occurrence of secondary reaction involving ammonia. It is worthwhile to note that the opposite trend characterize low loaded Pd and Cu catalysts. Interestingly, a successive consumption of ammonia is not observed on 1Pd-0.2Cu/CZ(EISA) whereas it occurs significantly on 1Pd-0.2Cu/CZ(COP) correlated to a stabilization of nitrites concentration and suggesting that ammonia could be re-oxidized preferentially into N2 on the series Pd-Cu/CZ(EISA) and nitrites on Pd-Cu/CZ(COP). 

Kinetic analysis

The kinetics of the overall reduction of nitrates has been studied in order to get more insight into the specific role played by copper and palladium and their potential interactions that could altered their intrinsic catalytic properties. As aforementioned, the overall reduction of nitrates can be regarded as a two-step reaction process through the production of nitrites and their subsequent consumption according to the following sequential reaction mechanism :

NO3 -→  1 k NO2 - →  2 k
hydrogenated products (N2 and NH3). In this sequence, we did not consider side reactions involving the potential re-oxidation of ammonia to nitrites and nitrogen. One can hypothesize a pseudo first order kinetics for nitrates and nitrites reduction in agreement with earlier investigations [29][30][31] which makes easier the resolution of the first order differential Eq. ( 4).

t - 2 2 t - 3 1 t - 2 ] [NO k ] [NO k dt ] [NO d - = (4) with ( ) t k exp ] [NO ] [NO 1 0 - 3 t - 3 - = (5)
The rate constant k1 in Table 2 can be estimated from Eq. ( 5) by using nitrate concentration measured vs. time in Figs. 1 and2. As observed the highest values still characterized the series Pd-Cu/CZ(EISA). The integration of Eq. ( 4) leads to Eq. ( 6) theoretically suited to describe the evolution of the nitrites concentration vs. time. A seen a maximum usually appears corresponding to a derivative almost nil which leads to (Eq. ( 7) and allows a rough estimation of the rate constant k2.

( ) ( ) [ ] t k exp t k exp k k ] [NO k ] [NO 2 1 1 2 0 - 3 1 t - 2 - - - - = (6) ) k k ( k k ln t 2 1 2 1 opt - = (7)
k1 and k2 values obtained through this method can be used as inlet values for a subsequent statistical optimization according to a classical least square method. The optimized rate constant values obtained when Σ(rexp -rcal) 2 tends to a minimum are reported in Table 2. As seen, those kinetic parameters do not invalidate the normalized rates previously estimated but clarify the specific role of copper and palladium in the overall reduction process. It seems obvious that the values for k1 are not sensitive to the copper loading and related changes in Cu dispersion since the reduction of nitrates is recognized as weakly structure sensitive. The lower value obtained on Pd-Cu/CZ(COP) could be equally explained by a more extensive copper oxidation which suggests weaker interactions with Pd or the support to protect the metallic character of copper.

The rate constant k2 is expected much higher than k1 on 1Pd-0.2Cu/CZ(EISA) because nitrites species have not been detected. On the other hand only slight difference between k1 and k2 are discernible for the three other samples. Based on the estimates for k1 and k2, predicted and experimental concentration profiles for nitrites production vs. time can be roughly compared in Fig. 3. As shown, an acceptable agreement is observable at the early stage of the reaction but strong divergences arise on 1Pd-0.2Cu(COP) and in a lower extent on 5Pd-1(COP) with a strong underestimation of the nitrite concentration at increasing nitrates conversion. Such a discrepancy emphasizes an extra production of nitrites through ammonia oxidation. The promotion of this reaction could be reasonably explained by the high ammonium ion concentration reached at the maximum but also imply the presence of an oxidizing agent. In the absence of gaseous oxygen then trace of dissolved oxygen in water and/or the lability of surface oxygen species could be involved in ad-NH4 + species oxidation. 

Bulk and surface properties of

Structural vs. textural properties on Ceria-Zirconia prepared through EISA or coprecipitation method

The dependence of the structural properties of Ceria-Zirconia mixed oxide on the preparation method, i.e. EISA vs. coprecipitation, was previously investigated by X-ray diffraction with reflections characterizing predominantly a tetragonal structure for CZ(EISA) solid solution whereas segregation was observed on CZ(COP) with the coexistence of a cubic phase assigned to CeO2 or Ce-riched mixed oxide [23]. Raman spectra in Fig. 4 

TEM and EDS analysis

Ceria-zirconia grain morphologies and location of the metal particles were assessed using transmission electron microscopy equipped with an energy dispersive spectroscopy (EDS) probe for analysis of the chemical composition. TEM-EDS analyses were made on various regions of 5Pd-1Cu/CZ(COP) and 5Pd-1Cu/CZ(EISA) samples pre-reduced at 300°C under hydrogen (see Figs. 5 and6). First, homogeneous distribution of Ce and Zr elements constituting CZ grains is observed. However, a careful examination of 5Pd-1Cu/CZ(COP) suggests with the margin weak the presence of Ce-and Zr-riched micro domains. Pd metal particles are highlighted by the yellow spots varying between 5-50 nm in diameter. High concentration domains are observable 5Pd-1Cu/CZ(COP) which can be assigned to the result of agglomeration of larger Pd aggregates on 5Pd-1Cu/CZ(COP). With respect to palladium, copper is better dispersed irrespective of the preparation route, being present all over the support as nanoparticles with sizes estimated below 50 nm. A random distribution of copper and palladium on 5Pd-1Cu/CZ(EISA) is observable (see Fig. 6) which suggests a closer interaction compared to 5Pd-1Cu/CZ(COP). 
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Ce-riched Zr-riched Fig. 6. TEM and EDS analysis on calcined 5Pd-1Cu/CZ(EISA).
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Impact of palladium and copper addition on the reducibility

The reducibility of bare Ceria-Zirconia samples has been earlier investigated from temperature-programmed reduction (H2-TPR) experiments [23] confirming the existence of significant structural inhomogeneity. As shown in Fig. S1, different surface and bulk reduction processes take place ascribed to the coexistence of cubic CeO2 (or Ce-riched CexZr1-xO2 mixed oxide) with a tetragonal Zr-riched CexZr1-xO2 structures on CZ(COP) [23].

These observations reflect improved oxygen mobility and related reducibility due Ce 4+ substitution by Zr 4+ [28,32,33]. As observed in Fig. S2, the addition of palladium induces a significant shift of the reduction process to much lower temperature. This improved reducibility highlights the role played by metallic palladium to activate hydrogen and facilitate a more extensive reduction of Ce 4+ to Ce 3+ through spill-over process [34].

Similar trends reproduce on Pd-Cu/CZ (see Fig. 7) with a sharp shift of the reduction process to lower temperature still observed. In all cases, the corresponding H2 uptakes of (0.72-0.73)×10 -3 mol.g -1 largely exceed the theoretical values expected for a complete reduction of PdO to Pd 0 and CuO to Cu 0 varying in the range (0.09-0.34)×10 -3 mol.g -1 according to the metal content. High temperature signals appear in the range 350-600°C and above 650°C on the series Pd-Cu/CZ(COP) already discussed on bare supports and assigned to characteristic surface and bulk reduction processes of Ce 3+ to Ce 4+ [32][33][34][35]. Interestingly, these signals are no longer detected on Pd-Cu/CZ(EISA). Such comparison is consistent with phase segregation on CZ(COP) as reported elsewhere [23] and also suggests preferential interactions of palladium. Returning to the examination of the low temperature reduction process in Fig. 5, some changes appear associated to the formation of an asymmetric reduction peak shifting to higher temperature on Pd-Cu/CZ(COP). It is remarkable that this tendency accentuates on 1Pd-0.2Cu/CZ(COP) which could reflect weaker interactions between Pd and Cu as well as different support interactions in agreement with the existence of strong inhomogeneity on CZ(COP). Previous investigations found that highly dispersed PdO species can lose their reducibility with reduction to metallic Pd particles occurring at temperature higher than 100°C. On the other hand, large PdO particles would reduce more readily at lower temperature T≤ 50°C [36][37][38]. Copper incorporation leads to more complex phenomena because the reducibility of PdO can be alter by various types of interactions with palladium and the ceria-zirconia support. Bulk reduction of large CuO clusters usually observed above 300°C was not detected [39] which suggests a high degree of dispersion of copper highlighted by TEM-EDS analysis. At a first glance, the formation of well-dispersed small nano-sized copper oxide particles and/or strong interactions with Ce 4+ [40] present in Ce 4+ -O 2--Cu 2+

structures could explain such lack of observation [41]. However, copper itself can alter the reducibility of palladium oxide species in case of strong interaction through an alloying effect.

H2 consumption (a.u.) 

XPS surface analysis of Pd-Cu/CZ

XPS measurements were performed on calcined samples. The characteristic Zr 3d, Ce 3d, O 1s, Pd 3d and Cu 2p core levels were investigated. The binding energy values near ∼182.3 eV for the Zr 3d5/2 photopeak characterize the presence of Zr 4+ . As earlier discussed, the complexity of Ce 3d photopeak is connected to different components their decomposition giving rise to the relative concentration of Ce 3+ and Ce 4+ [23]. The spectral decomposition depicted in Fig. S3(a) reveal the prevalence of Ce 4+ on calcined samples. Indeed, the estimates for the Ce 3+ /Ce 3+ +Ce 4+ never exceed 0.08. By comparing the B.E. value obtained on Pd 3d5/2 photopeak in the range 336.9-338.1 eV, they essentially characterize the presence of Pd 2+ likely stabilized as PdO on calcined samples (see Table 3) excepted on 5Pd-1Cu/CZ(EISA).

Indeed, the decomposition of the Pd 3d5/2 on this latter catalyst highlights two components at 337. then reflecting an electron donation from Pd to Cu thanks to a closer interaction between these two elements in calcined 5Pd-1Cu/CZ(EISA). This observation could also reflect the presence of more reducible Cu(II) than on 5Pd-1Cu/CZ(COP) which would be in situ reduced under Xray exposure as reported elsewhere [49]. For low loaded Pd-Cu/CZ samples, the weak intensity of the Pd 3d photopeak and a significant overlapping between Zr 3d and Pd 3d photopeaks make difficult any accurate quantitative analysis. Unfortunately, the examination of the Cu 2p core level did not lead to detectable copper species.

The examination of the surface concentration clearly indicates significant surface palladium enrichment on 5Pd-1Cu/CZ irrespective of the protocol use for the preparation of ceriazirconia mixed oxide. Interestingly, copper is only detected on 5Pd-1Cu/CZ(EISA) which leads to a slightly lower surface atomic Pd/Cu ratio compared to elemental analysis. Such observation does not indicate significant deviation between bulk and surface composition according to the margin of error. Useful information arises from the comparison of Zr/Ce ratio from XPS and elemental analysis. It is obvious that a sharp surface Ce enrichment occurs on the series Pd-Cu/CZ(COP) especially on 1Pd-0.2Cu/CZ(COP). [23].

The value in the bracket takes into account the elemental composition

ToF-SIMS analysis

Time of Flight-Secondary Ion Mass Spectrometry (ToF-SIMS) can detect molecular secondary ions and then provide unique information on the coordination of elements.

Hundreds of cluster ions were collected on calcined 5Pd-1Cu/CZ and spectra were particularly complex to assign due to a high number of isotopes for zirconium (5 isotopes) and palladium (6 isotopes) producing a lot of possible overlappings. In this context, a particular attention was paid to the detection of mixed oxide clusters containing Pd, Cu and O or Ce, Cu and O and their evolution on calcined and reduced samples because they reflect the close proximity of Pd and Cu in the same nano-sized aggregates. We managed to detect PdOCu cluster ions in the positive mode. Assignments were confirmed by the detection of 104 PdOCu + , 105 PdOCu + , 106 PdOCu + and 108 PdOCu + molecular ions in the spectra with intensities in accordance to the natural isotopic ratios. Fig. 8. reports the evolution of PdOCu + intensity on calcined and ex situ reduced 5Pd-1Cu/CZ(EISA) and 5Pd-1Cu/CZ(COP). A comparison can be established with the benchmark 5Pd/CZ(EISA) and 5Pd/CZ(COP). As a general trend, the contribution on mass spectra of the PdCuO + cluster ions appears more distinctly on the series 5Pd-1Cu/CZ(EISA) especially of reduced samples at 300°C. We checked the same trend in Fig. S4 on samples reduced at 500°C. The opposite observation is noticeable on 5Pd-1Cu/CZ(COP) while the intensity fragment is observable on the calcined sample, a strong attenuation is clearly observed in the reduced samples. This trend is also confirmed when catalyst samples are reduced at 500°C (see Fig. S4 in supplementary Information) showing that the fragment assigned to PdCuO + cluster ions strongly attenuates on 5Pd-1Cu/CZ(COP).

Among the different cluster ions identified, none of them corresponded to association between copper ceria and oxygen which could suggest a close proximity between those elements on both series. Unfortunately several attempts on low loaded catalysts, i.e. 1Pd-0.2Cu/CZ, did not lead to conclusive information likely due to the very low concentration of those species at the surface in agreement with XPS analysis. Hence, on the basis of those observations, one can conclude that a greater proximity would characterize Pd and Cu elements in reduced 5Pd-1Cu/CZ(EISA) samples thanks to the evolution of the intensity of PdOCu + cluster ions. This conclusion seems to be in rather agreement with TEM-EDS observations and with the evolution observed on the B.E. values measured for the Cu 2p and Pd 3d core levels. 

Discussion

Previous investigations reported that the reduction of nitrates on supported bimetallic Pd-Cu particles can depend on several parameters related to the metal loading, the atomic Pd to Cu ratio and the structure of ceria-zirconia supports [51]. As shown in Table 1, the values of the atomic Pd/Cu ratio slightly vary likely within the margin of error. The average Pd/Cu∼5 irrespective of Pd and Cu content correspond to optimal catalytic properties in water denitrification as reported elsewhere [9]. On the other hand, we investigated the influence of the palladium loading recognized as a critical material of strategic importance by the European Union, with Pd content substantially lessened from 5 wt.% to 1 wt.%. Our kinetic measurements in batch conditions definitely show higher normalized rates of nitrates conversion on low loaded palladium catalysts, especially on 1Pd-0.2Cu/CZ(EISA). This observation is consistent with kinetic analysis leading to higher rate constant k1 associated to the reduction of nitrates to nitrites. The lower values recorded on the series Pd-Cu/CZ(COP) could be ascribed to a greater sensibility of copper to oxidation. Another benefit associated to 1Pd-0.2Cu/CZ(EISA) is related to the lack of detection of nitrites compared to other bimetallic systems [52,53]. This behavior suggests a much faster consecutive reduction of nitrites, i.e. higher k2 than on Pd-Cu/CZ(COP). Regarding the production of ammonia at the early stage of the reaction, opposite behavior characterizes Pd-Cu/CZ(EISA) and Pd-Cu/CZ(COP) catalysts, the former being more prone to produce ammonia at high Pd loading whereas the reverse trend is observable at low Pd loading. Finally the most important discrepancy in comparing predicted and experimental curves for nitrites concentration profiles is related to an extra production over Pd-Cu/CZ(COP) which underline the occurrence of secondary reaction. All those observations underline complex surface properties depending on the degree of interaction between Pd and Cu and the peculiar properties of the support materials.

Impact of the oxidative properties of the support on the secondary ammonia oxidation

The residual concentration of ammonia at the end of the reaction (see Table 2) was found dependent on the relative rate of a secondary partial re-oxidation of ammonia to nitrites and nitrogen. As previously described, nitrogen would predominantly form on Pd-Cu/CZ(EISA) whereas a prominent production of nitrites occurs on Pd-Cu/CZ(COP) (see Fig. 3). Such observation opens the debate on the nature of the active oxygen species involved in such reaction because the nitrates reduction is performed in anaerobic conditions. Of course, one cannot strictly rule out the presence of traces of dissolved oxygen not completely degassed from water filtration which could contribute to this process. However, the more extensive reoxidation of NH4 + to nitrites on 1Pd-0.2Cu/CZ(COP) and 5Pd-1Cu/CZ(COP) suggests the involvement of reactive oxygen from the support materials obeying to structural requirements.

The extent of such sub-reaction likely depends on the relative surface density of those active oxygen species as well as the metal-support interface with neighbor metallic atoms capable to weaken the Ce-O bond through electron transfer. The OSC properties of ceria-based materials have been already proven in Catalytic Wet Air Oxidation [54,55]. Yang et al. evidenced the role played by the support in the activation process of oxygen on Pt/CexZr1-xO2 [55] and demonstrated a rate enhancement in the removal of succinic acid at increasing Ce concentration. Hence, these previous observations can suggest that preferential interaction between CeO2 or Ce-riched mixed oxide and Pd in the series Pd-Cu/CZ(COP) would be more prone to oxidize ammonia to nitrites in comparison with the series Pd-Cu/CZ(EISA). Such an explanation seems in rather good agreement with a lower surface anionic mobility of Zrriched CZ(EISA) tetragonal structure compared to CeO2 [56]. The evolution of Zr/Ce ratio in Table 3 with a strong surface Ce enrichment for the series Pd-Cu/CZ(COP) also agrees with this explanation. As indicated a complete explanation should also consider the oxidation state of palladium and its capability to transfer electron to weaken the Ce-O bond.

Influence of Palladium and copper loading on the extent of Pd-Cu interaction : Impact on the catalytic properties

As observed, the preservation of the metallic character of copper on Pd-Cu/CZ(COP) at the early stage of the reaction is questionable and could slower the nitrates reduction because of extensive copper oxidation. Palladium itself can suffer from surface oxidation because it currently exhibits a high oxygen affinity related to a relatively low heat of formation of metal oxide per oxygen atom then suppressing it capability to dissociate hydrogen. However, palladium in bimetallic systems can behave differently due to ligand or ensemble effects. As earlier demonstrated [57], copper can play the role of sacrificial deposit preventing surface oxidation of metallic palladium particles and preserving its capability to activate hydrogen.

Subsequently electro-oxidation of hydrogen could supply the electrons needed to preserve the metallic character of copper through a concerted redox process. Based on this, the close proximity of copper and palladium in Pd-Cu/CZ(EISA) could explain the faster reduction of nitrates at the early stage of the reaction and a greater resistance to deactivation through oxidation. Until now, it was found that the peculiar properties of Pd-Cu ensembles essentially obey to structural requirements [24,28] described on large Pd crystallites which seems to be the more favorable system. In the particular case of bimetallic Pd-Cu, the close proximity of Pd and Cu atoms is also pre-necessary to stabilize copper at the lowest oxidation through spill-over effect of hydrogen avoiding a complete re-oxidation of metallic copper into soluble Cu 2+ species [51]. All those pre-requisites have been already depicted and globalized in the concept of ensemble effect where copper would govern the selectivity behavior of Pd-Cu particles through selective poisoning. Such effect would predominate on larger Pd particles expected on highly loaded Pd samples. Yoshinaga et al. [24] proposed that changes in N2 selectivity on Pd-Cu deposited on active carbon are induced by a selective poisoning of unselective sites, i.e. located on the edges and corners of palladium particles at low copper loadings. On the other hand, the incorporation of high copper loading can lead by the isolation of Pd sites restoring sites for extensive production of ammonia [24]. This latter statement is of prime importance offering an explanation regarding the fast production of ammonia at the beginning of the reaction on 5Pd-1Cu/CZ(EISA). Indeed, the physicochemical characterization match properly with the formation of alloyed Pd-Cu particles where Cu and Pd would be randomly distributed. According to the surface concentration the copper surface enrichment detected would be more favorable to promote the formation of isolated Pd atoms more prone to produce ammonia instead of nitrogen. It seems also obvious that this configuration would strengthen the stability of 5Pd-1Cu/CZ(EISA) compared to 5Pd-1Cu/CZ(COP) especially if copper undetected by XPS would migrate in the support to form diffuse oxide then suppressing the Pd-Cu interaction. Except XPS there is unfortunately no strong evidence especially from ToF-SIMS analysis which reveals the presence of cationic fragment combining Cu, Ce and O.

For low palladium loading, the surface concentration of palladium is very low and the overlapping with the characteristic photopeak Zr 3d cannot lead to prominent information.

Anyway the observation of the high B.E. was never observed. This seems consistent with the evolution observed on the activity and the selectivity which reflect a weak interaction between Cu and Pd preserving low coordinated Pd sites intrinsically more active towards the conversion of nitrites. H2-TPR experiments provide useful complementary information regarding the extent of interaction between Cu and Pd because they accentuate the observations previously reported on highly loaded Pd and Cu samples. As observed on 5Pd-1Cu/CZ, an undiscernible reduction peak arises which accounts for the reaction of PdO, CuO and Ce 4+ in CexZr1-xO2 to Ce 3+ whereas two reduction ranges taking place at higher temperature are observable on 5Pd-1Cu/CZ which appear more distinctly on 1Pd-0.2Cu/CZ(COP). These observations could reflect a deterioration of the Pd-Cu interface. As explained the structural inhomogeneity could play a key role on CZ(COP) associated with the coexistence of Zr-riched tetragonal CexZr1-xO2 solid solution and the CeO2 and/or Ce-riched mixed oxide cubic structure with preferential interaction of Pd and Cu.

Conclusion

A comparative study of catalytic performances of Pd-Cu/CZ catalysts in the reduction of nitrates by hydrogen shows that changes in structural properties of the support by monitoring carefully the parameters of their preparation and the metal content at constant Pd/Cu ratio influence significantly the rates of nitrates reduction and the nitrogen production. In fact, it was found that the side production of ammonia could be a tracer of the structure-sensitivity of this reaction which can be monitored by the proximity of copper and palladium. The evolution of concentration profile also reveal a secondary re-oxidation of ammonia leading preferentially to the production on nitrogen on the series Pd-Cu/CZ(EISA) and nitrites Pd-Cu/CZ(COP). The best catalytic properties were observed on low loaded Pd samples, i.e. on 1Pd-0.2Cu/CZ(EISA) with high reduction rate for nitrates and no detectable nitrites in solution. On the other hand, this catalyst is more prone to produce significant amount of ammonia compared to 5Pd-1Cu/CZ(EISA) which could reflect a higher stabilization of the metallic state of Pd and Cu despite higher dispersion.

The discussion on the peculiar Pd-Cu interaction was only possible on highly loaded Pd samples, the low concentration of Pd and Cu being a serious limitation on 1Pd-0.2Cu/CZ.
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 12 Fig. 1. Catalytic properties of 5Pd-1Cu/CZ(EISA) (full symbols) and 5Pd-1Cu/CZ(COP) (empty symbols) pre-reduced at 300°C: Nitrate conversion (circle); Nitrites concentration (square); ammonium concentration (triangle).
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 14 from H2-TPR experiments
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 3 Fig. 3. Predicted and experimental nitrites concentration vs. time on 5Pd-1Cu(EISA) (a); 5Pd-1Cu(COP) (b); 1Pd-0.2Cu(COP) (c).

  Pd-Cu supported on Ceria-Zirconia : Impact of the preparation procedure of CexZr1-xO2 on the nature of interaction with the metallic phase

  (a), on CZ(COP), match previous XRD observations with a sharp magnification of the 490 cm -1 Raman line characteristic of the F2g mode for the cubic fluorite structure of CeO2 with a space group Fm3m. Additional intense Raman lines are distinguishable on the spectrum recorded on CZ(EISA) ascribed to a tetragonal structure usually characterized by 6 Raman active modes (A1g + 2B1g + 3E2g) for the P42/nmc space group.Interesting comparisons were also established between structural and textural properties. Indeed, it was found that both preparation methods led essentially to the formation of mesoporous materials as exemplified in Fig.4(b) with a stronger aggregation for CZ(COP).Nevertheless, the most prominent feature is related to changes in the narrow pore size distribution observed on CZ(EISA) becoming much broader on CZ(COP). Hence, this change in the pore size distribution could be consistent with the coexistence of a cubic CeO2 phase or Ce-riched solid solution with the tetragonal structure of CexZr1-xO2 for Zr-riched solid solution. The values of the specific surface area, pore volume and average pore size measured on 5Pd-1Cu/CZ(EISA) do not vary significantly. A moderate deterioration is detectable on 5Pd-1Cu/CZ(COP) which still agrees with a preferential homogeneous deposition of palladium and copper during the impregnation stage avoiding significant pore plugging on highly loaded samples after calcination.

Fig. 4 .

 4 Fig. 4. (a) Raman spectra and (b) pore size distribution on CZ(EISA) (red) and CZ(COP) (blue) calcined in air at 400°C.

Fig. 5 .

 5 Fig. 5. TEM and EDS analysis on calcined 5Pd-1Cu/CZ(COP).
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 7 Fig. 7. H2-TPR experiments performed on 5Pd-1Cu/CZ (a); 1Pd-0.2Cu/CZ (b) -Pd/ CZ(EISA) in black and Pd/ CZ(COP) in red.

Fig. 8 .

 8 Fig. 8. Ex situ ToF-SIMS analysis performed on calcined and reduced bimetallic 5Pd-1Cu/CZ(EISA) (A) and 5Pd-1Cu/CZ(COP) (B).

  

Table 1 .

 1 Elemental

	Cu	SSA (m 2 .g -1 )	Total pore vol. (cm 3 .g -1 )	Average pore size (nm)	H2 uptake (µmol.g -1 ) a

, textural analysis and reducibility of Ceria-Zirconia mixed oxides prepared through the EISA and coprecipitation method and Pd-Cu/CZ.

Sample

Ce (at.%) Zr (at.%) Zr /Ce Pd (at.%) Cu (at.%) Pt/

Table 2 .

 2 Initial rate measurements for the reduction of nitrates performed at 20°C on pre-reduced Pd-Cu/CZ. molec.h -1 .at.Cu -1 , calculated on the basis of the copper loading reported in Table1

	Catalyst	Initial rate, r0 (mol.h -1 .gCata -1 )	Normalized rate rintr a	Conc. NO2 b at max (µmol.L -1 )	Conc. NH4 + (µmol.L -1 ) max c end d	k1 (min -1 )	k2 (min -1 )
	5Pd-1Cu/CZ(EISA)	1.76×10 -3	16	328	568	188	0.24	0.20
	5Pd-1Cu/CZ(COP)	1.15×10 -3	10	492	381	331	0.06	0.12
	1Pd-0.2Cu/CZ(EISA)	1.43×10 -3	67	∼0	763	663	0.15	n.d.
	1Pd-0.2Cu/CZ(COP)	0.88×10 -3	31	811	1329	853	0.07	0.04

a

  extent of interaction with the support, with copper and/or by the particle size then stabilizing the electron deficient Pd δ+ species with δ > 2. The Cu 2p3/2 photopeak gives rise to a distinct signal only on 5Pd-1Cu/CZ(EISA) corresponding to a B.E. value of 932.7 eV. The characteristic shake up structure range 940-950 eV evidences the presence of Cu 2+ (see Fig.S3(b) in Supplementary Information). Nevertheless, the abnormally low B.E. can suggest the coexistence of oxidic copper species stabilized in a lower oxidation state as already pointed out on bimetallic Pd-Cu systems[47,48]. At a first glance, this observation could be in connection with the appearance of the high B.E. contribution on the Pd 3d5/2 near 339.1 eV

	7 eV and 339.1 eV. It is worthwhile to note that higher B.E. values did not appear on calcined 5Pd/CZ(COP). This contribution appearing near 339.1 eV has been already observed H2 consumption (a.u.) and ascribed to Pd (b) Temperature (°C)

4+ 

and/or PdOy with 1< y < 2

[42][43][44][45][46]

. In fact, different origins can explain the development of high B.E. contributions related to electron transfer monitored by the

Table 3 .

 3 XPS analysis of Pd-doped Ceria-Zirconia support -Influence of the reduction temperature on the composition and oxidation state of elements.

	Catalyst	Thermal Pretreatment	Binding Energy (eV) Zr 3d5/2 Ce 3d5/2 O 1s Cu2p3/2 Pd 3d5/2	Zr/Ce	Relative surface composition O/Ce+Zr Pd/Ce+Zr	Pd/Cu
	5Pd/CZ(EISA) a	Calcined	183.0	883.7	530.4	-	338.4	1.37	2.3	0.06	
	5Pd-1Cu/CZ(EISA)	Calcined	182.5	882.8	530.0	932.7 337.7/339.1	1.13 (1.53)	2.5	0.16 (0.03)	2.9 (4.3)
	5Pd/CZ(COP) a	Calcined	182.5	883.1	530.4	-	337.3	0.93	2.7	-	
	5Pd-1Cu/CZ(COP)	Calcined	182.4	883.0	530	n.d	337.3	1.35 (2.10)	3.8	0.13 (0.03)	n.d
	1Pd/CZ(EISA) a	Calcined	182.5	883.7	530.1	-	338.1	1.80	2.2	0.07	
	1Pd-0.2Cu/CZ(EISA)	Calcined	182.4	882.8	530.1	n.d	n.d.	1.04 (1.41)	2.2	-(< 0.01)	n.d
	1Pd/CZ(COP) a	Calcined	182.6	882.7	530.1	-	337.8	0.84	2.8	0.06	
	1Pd-0.2Cu/CZ(COP)	Calcined	182.1	882.0	529.5	n.d	336.9	0.48 (2.54)	2.6	0.21 (< 0.01)	n.d

a From reference
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Reference

XPS, Tof-SIMS and H2-TPR show that the formation of alloyed or bimetallic Pd-Cu particles would promoted on 5Pd-1Cu/CZ(EISA) protecting the metallic state of copper and palladium.

TEM and EDS analysis reveals a random distribution of Cu and Pd in bimetallic particle on 5Pd-1Cu/CZ(EISA) whereas a more heterogeneous distribution with Pd islands is noticeable on 5Pd-1Cu/CZ(COP). Accordingly, the fast production of ammonia observed on 5Pd-1Cu/CZ(EISA) during the first stage of the reaction agrees with the isolation of unselective Pd sites.

For low loaded Pd and Cu samples XPS provided no strong evidence for the interaction of the two metals. This is also supported by the H2-TPR results. The absence of the high B.E. component could be an indication of weak Pd-Cu interaction especially on 1Pd-0.2Cu/CZ(COP). Probably one cannot strictly rule out the presence of aggregates composed of Cu and Pd in close proximity. However, the faster production of ammonia at the early stage of the reaction on low loaded Pd samples could reflect a greater stabilization of electron rich Pd sites thanks to preferential strong interactions with ceria-zirconia mixed oxides. Coprecipitation EISA
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