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Abstract:



Supported copper oxide nanoparticles are a potential candidate for replacing the rare and expensive precious metals within the automotive three-way catalyst. However, a well-designed dispersion method is necessary to allow a stable high loading of active material, compensating its lower intrinsic activity and stability. In this work, a CuO-loaded SBA-15 catalyst has been manufactured by two methods. The ammonia-driven deposition precipitation (ADP) and the molecular designed dispersion (MDD) methods are both considered as efficient deposition methods to provide well-dispersed copper oxide-based catalysts. Their morphology, copper dispersion and the chemical state of copper were characterized and compared. Due to the differences in the synthesis approach, a difference in the obtained copper oxide phases has been observed, leading to a distinct behavior in the catalytic performance. The structure-activity correlation of both catalysts has also been revealed for automotive exhaust gas abatement. Results demonstrate that various copper species can be formed depending on the precursor–support interaction, affecting selectivity and conversion during the catalytic reaction.
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1. Introduction


Automotive three-way catalysts (TWC) based on Pt, Pd and Rh have been designed and manufactured with the objective to improve air quality and protect human health. The presence of the platinum group metals (PGMs) provides a distinguishing effectiveness for the conversion of hydrocarbons (HCs), carbon monoxide (CO) and nitrogen oxides (NOx) [1,2]. Furthermore, their outstanding stability guarantees a long catalyst on-road life span. Despite aforementioned advantages, the rising issue of PGMs is their increasing scarcity and, consequently, their high cost [3]. Hence, looking for other sustainable and economically beneficial alternatives is now a major priority and challenge for the automotive catalyst industry [4].



In this context, copper-based heterogeneous catalysts are a potential candidate for replacing Pd and Pt for vehicular oxidation of CO and HCs [5]. During the last decades, this type of catalyst has drawn a considerable amount of attention because of its remarkable redox activity, high recyclability and low cost [6,7]. This leads to its application in various reactions, for instance hydrogenolysis of glycerol to 1,2-propanediol [8,9,10], hydrogenation of dimethyl oxalate [11,12,13] and methanol synthesis [14,15,16]. However, in order to use copper as an active element for automotive emission control, two major limitations should be considered and overcome. First is its low intrinsic activity: copper has an activity that is 50 times lower than that of Pd for CO oxidation and even 100 times lower than that of Pt for HCs conversion [7]. Secondly, the high reaction temperature within the vehicle (up to 800 °C) will accelerate the catalyst’s deactivation by the means of particle growth, leading to a low catalyst durability [17,18]. Literature suggests that these drawbacks can be mitigated by providing a well-designed deposition method with small and highly dispersed copper oxide nanoparticles decorating the substrate, which will enhance the active sites’ surface and suppress the particle agglomeration [19,20].



In the past, the molecular designed dispersion (MDD) method, based on the impregnation of metal acetylacetonate (acac) complexes on silica and alumina surfaces, was investigated and optimized [21,22,23,24]. The main principle of this method relies on the steric effect of the large acac ligands in the precursor, which guarantees a large spatial distance among the metal atoms during impregnation. The overall result is a catalyst with a highly dispersed copper oxide phase on the material’s surface. Studies show that during the complex deposition, interactions between the acac complex and the surface hydroxyl group of the support will be established [24]. These interactions determine the success of the whole synthesis since it restricts the metal atoms’ mobility during the ligand removal step at high temperature. Despite these benefits, an important drawback of this method is the need to work in a water-free environment with non- or weak- surface interacting solvents to prevent competitive adsorption and warrant sufficient loading. This makes the method less environmentally friendly and more difficult for further industrial upscaling.



For this reason, we recently adapted and optimized a water-based method, the so-called ammonia-driven deposition precipitation (ADP), described by Guo et al. as a more eco-friendly alternative for copper-based catalyst preparation [25]. The concept of this approach relies on ammonia addition during the copper impregnation. Herein, the formed copper-ammonia complex replaces the metal acetylacetonate complex in its role as a steric hindrance provider. Furthermore, because of the ammonia addition, the pH of the solution (pH ≈ 10) rises far above the point of zero charge (PZC) of the support (≈2 for silica), creating a strong electrostatic complex–support interaction during the synthesis [26,27].



Although considerable research has demonstrated the effectiveness of both methods to provide well-dispersed copper oxide nanoparticles onto the catalyst support [23,28,29], less attention has been paid to the differences in the copper oxide formation and consequently their structural properties. Hence, the influence of these differences on the catalytic performance remains to be shown. In the present work, we applied both approaches for the preparation of a CuO/SBA-15 catalyst. The emphasis lies on the identification and comparison of the different CuO species formed by these deposition methods. Finally, the structure-activity relationship of both catalysts was elucidated by evaluating them for the automotive exhaust gas conversion.




2. Results


2.1. Textural Properties


Textural properties of the synthesized catalysts were characterized using N2-sorption analysis. The respective isotherms are illustrated in Figure 1. As a reference, the isotherm of the pure SBA-15 is also shown in the figure. The pure SBA-15 silica support demonstrates a typical type IV isotherm according to the International Union of Pure and Applied Chemistry (IUPAC) classification [30], accompanied by a H1 type of hysteresis, referring to a porous material consisting of well-defined cylindrical-like pore channels. The presence of material’s micro-porosity is derived by an initial uptake at low relative pressure (P/P0 ≈ 0.075), while a steep capillary condensation at P/P0 ≈ 0.75 is associated with a high pore size uniformity of 6.2 nm (determined by the Barret–Joyner–Halenda method). After metal deposition, the shape of the hysteresis loop did not change for both catalysts, suggesting an effective impregnation of metal nanoparticles without pore blockage [29]. However, other properties did change: Table 1 gives an overview of the materials’ textural parameters derived from their isotherms. The drastic loss of surface area of about 20% for the MDD sample and of more than 40% for the ADP sample indicates the presence of copper oxide within the micropores and mesopores of the support. Although the micropores are blocked and no longer accessible, the mesopores are still reachable. The existence of copper oxide particles inside the mesopores is advantageous for the copper oxide dispersion, since pore confinement will prevent further metal oxide particle growth within the pores [31]. Finally, when comparing the average pore size of the materials, a significant increase can be recognized for the ADP sample. This seems to originate from the dissolution of the silica’s outer layer in the pore, accomplished by the high solution pH (≈11) of the ADP method [27]. Despite the significant loss in surface area and pore size increase due to this dissolution under basic conditions, the pore shape of the ADP sample remains intact with a pore volume comparable to that of the MDD sample.


Figure 1. N2-physisorption isotherms of SBA-15 and CuO/SBA-15 catalysts prepared by molecular designed dispersion (MDD) and ammonia-driven deposition precipitation (ADP) methods.
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Table 1. Textual properties and copper loading of CuO/SBA-15 catalysts.







	
Sample

	
Porosity

	
Metal Composition




	
SBET1 (m2·g−1)

	
Vmeso2 (cm3·g−1)

	
Vmicro3 (cm3·g−1)

	
VTotal4 (cm3·g−1)

	
dp5 (nm)

	
Cu (wt %)






	
SBA-15

	
910

	
1.35

	
0.061

	
1.41

	
6.2

	
–




	
MDD 6

	
737

	
1.36

	
0.010

	
1.37

	
6.7

	
7.1




	
ADP 7

	
537

	
1.30

	
0.011

	
1.31

	
9.7

	
9.8








1 Brunauer–Emmett–Teller (BET) surface area of the support only, excluding the weight of copper; 2 mesopore volume; 3 micropore volume via t-plot method; 4 total pore volume determined at P/P0 = 0.95; 5 average pore diameter by applying the Barret–Joyner–Halenda method (BJH) to the adsorption branch of the isotherm; 6 MDD, molecular designed dispersion; 7 ADP, ammonia-driven deposition precipitation.









2.2. Copper Oxide Dispersion


Figure 2 shows the X-ray diffraction (XRD) curves of the CuO/SBA-15 catalyst prepared by the MDD and ADP methods. For the MDD sample, the diffraction peaks characteristic for CuO crystallites cannot be resolved in the diffractograms. On the other hand, the ADP sample shows very weak CuO peaks which are in proximity to the detection limit of the instrument. Since the XRD technique can only detect the crystallites within the material that are larger than a certain size, it is most likely that the copper oxide species on the materials are present in the form of amorphous/well-dispersed CuO. Herein, the term well-dispersed CuO is defined as non-XRD-detectable, small copper particles. However, they can still possess divergent dimensions, which will be further identified through other techniques.


Figure 2. X-ray diffraction patterns of the CuO/SBA-15 materials prepared by ADP method (top) and MDD method (bottom).
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Evidently, the information provided by XRD analysis is in our case very limited for gaining a good insight in the copper oxide dispersion. For this reason, X-ray photoelectron spectroscopy (XPS) analysis was performed with the aim to identify the oxidation state of copper on the catalytic surface. The Cu 2p3/2 core level peak is illustrated in Figure 3. In all samples, the copper is in an oxidation state of Cu2+, evidenced by the characteristic shake-up satellite peak centered at 943.8 eV. However, by comparing both spectra, some obvious differences can be noticed. The Cu 2p3/2 signal, situated between 933.5 and 936.0 eV, can be deconvoluted into two peaks centered at 933.7 and 935.9 eV, respectively. The peak at a lower binding energy (BE) is attributed to the CuO species distributed on the surface, while the peak at a higher BE can be due to the formation of copper hydroxyl groups or to the interaction with the neighboring Si–O bonds. Toupance et al. reported the existence of two types of well-dispersed Cu2+ species when using the ammonia-based method for metal impregnation, i.e., copper phyllosilicate and grafted Cu2+ [27]. Copper phyllosilicate has a lamellar structure wherein the layers of SiO4 tetrahedra are sandwiched between discontinuous layers of CuO6 octahedra [27,32]. It is a result of the hetero-condensation reaction between the Cu(OH)2(H2O)4 and the silicic acid (Si(OH)4) formed by the silica dissolution at basic pH [11,27,33]. The latter phenomenon is in line with the support’s pore enlargement observed in the ADP sample by the N2 physisorption (Table 1). In contrast, the grafted Cu2+, in the form of Cu–O–Si, is formed due to the ion exchange between two surface silanol groups and the Cu2+ ion. Since both phyllosilicate and grafted copper have a strong interaction towards the support matrix, it suggests that the signal at 935.9 eV is likely to have a contribution of both copper oxides on the surface. On the contrary, the existence of copper phyllosilicate is less probable in the MDD sample, since its synthesis is conducted under an aqueous-free environment. In other words, the signal at 935.9 eV for the MDD sample is related to the formation of copper hydroxyl or copper oxide which is grafted on the material due to the covalent Me–Osupport bond (Section 2.3). Another detail worth mentioning is the relative low intensity of the shake-up satellite at 943.8 eV for the MDD sample, which points out that a small part of the copper species are reduced. However, considering that the sample was thermally treated under air atmosphere, these reduced Cu species are more likely to be in the Cu+ and not in the Cu0 state.


Figure 3. X-ray photoelectron spectroscopy (XPS) spectra of Cu 2p3/2 region for the CuO/SBA-15 sample prepared by ADP method (top) and MDD method (bottom).
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Temperature programmed reduction (TPR) analysis has been implemented in this investigation in order to identify the dispersion state and the reduction behavior of the catalysts. The H2-TPR profiles of the calcined samples are shown in Figure 4. As a reference, the profile of a bulk CuO sample is also shown in the figure. For the MDD sample, two types of CuO can be distinguished: a phase of copper-oxo-cations indicated by the peak centered at 200 °C and the well-dispersed copper oxide species at 215 °C [34,35]. Moreover, the fact that no reduction activity is visible above 300 °C suggests the absence of bulk CuO, in line with the observation from its XRD pattern. When compared with the ADP sample, one can clearly observe its higher temperature requirement for the CuO reduction. The main reduction of the ADP sample took place at 270 °C which is 55 °C higher than the reduction of the MDD sample. The higher reduction temperature indicates a higher energy requirement for the metal reduction which is in our case caused by the strong metal–support interaction, as evidenced by the XPS result. Besides this, various literature reports suggest that a strong metal–support interaction often results in smaller metal oxide particles since it suppresses their mobility [14,36]. Hence, it is reasonable to believe that the well-dispersed CuO particles on the ADP sample (both phyllosilicate and grafted copper) exhibit smaller particle size than the MDD particles, although both are below the detection limit of the XRD. Additionally, this H2-TPR profile illustrates also a certain asymmetry of this reduction peak caused by two small reduction shoulders on its left (≈250 °C) and right (≈310 °C) side. The shoulder at 250 °C indicates the presence of well-dispersed CuO loosely bonded on the surface because of its lower reduction energy requirement. On the other hand, the reduction signal at the right side is representative for larger CuO, as evidenced by the TPR profile of the bulk CuO (Figure 4, bottom) and its weak CuO diffraction peak on the XRD spectra (Figure 2).


Figure 4. H2-TPR (temperature programmed reduction) profile of the CuO/SBA-15 materials prepared by ADP (top) and MDD (middle) methods and the bulk CuO (bottom).
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Based on the H2-TPR results of both samples, it can be concluded that both materials exhibit a superior copper dispersion upon the support accomplished by the well-designed dispersion methods. However, it is clear that these well-dispersed copper oxides have a significant difference in their structural property and metal–support interaction, leading to their unique reduction behavior. To further elucidate the structural differences of the copper phases, UV–Vis diffuse reflectance (UV–Vis-DR) measurements were carried out. The UV–Vis-DR spectra of the samples are shown in Figure 5. Generally, the signals can be divided into three regions ranging between 230–300 nm, 300–500 nm and 600–800 nm. The band situated at 230–300 nm has been assigned to the charge transfer between mononuclear Cu2+ and oxygen [28,37], whereas the band at 300–500 nm has been attributed to the presence of [Cu–O–Cu]n-type clusters (oligomeric species) different from the bulk CuO [23]. Finally, the signal at 600–800 nm corresponds to the d–d transition of Cu2+ situated in an octahedral environment, which is, in other words, the typical band for bulk CuO [37]. For both MDD and ADP samples, the copper signals are mainly situated between the region of monomeric and oligomeric species while only a low intensity of the bulk CuO band is present. This observation suggests the high copper oxide dispersion on the materials with a small amount of larger CuO, in line with the H2-TPR results. However, as demonstrated by the previous results, the well-dispersed copper oxide on both materials is a compilation of different copper oxide species, which can be clearly observed here. The ADP sample contains mainly mononuclear CuO species in the 230–300 nm region and only a small percentage are present in the 300–500 nm region, while the MDD sample has both mononuclear and oligomeric CuO visible with a broad superimposed UV-DR signal up to 550 nm. When analyzing the results in more detail, it can be noticed that the band ranging between 230 and 300 nm of both samples can be deconvoluted into two separate signals, located respectively at 246 and 276 nm for the ADP sample and at 250 and 286 nm for the MDD sample. Besides this, the oligomeric species present on the MDD sample can also be discriminated into two bands at 330 and 380 nm. The relative intensities of these bands are clearly much higher in the MDD sample as compared to the ADP material, enhancing the hypothesis of smaller species present on the ADP sample, as evidenced by the TPR results. The appearance of these separate bands strongly suggests that both synthesis methods do not only yield in a majority of well-dispersed copper oxide species, but also result in diverse types of well-dispersed copper species with different copper coordination and environment. Although the exact structure of these species remains to be investigated, it is expected that these copper oxides will lead to a different behavior during the activity test.


Figure 5. UV–Vis diffuse reflectance spectra of Cu/SBA-15 materials prepared by ADP method (top) and MDD method (bottom).
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2.3. The Formation of Copper Oxide


The formation of various well-dispersed copper oxide phases on both samples originates from the difference in the Cu2+–support interaction. The reported mechanisms for ammonia-based impregnation describe that after the sample is dried, the majority (about 90%) of Cu2+ on the ADP sample undergoes an ion-exchange process where two NH3 ligands of the copper tetra-ammonia complex are replaced by two ≡Si–O− ligands (Figure 6a) [38]. However, in the case of the MDD method, the interaction between the metal acetylacetonate complex and the support is mostly established through hydrogen bonding between acac ligands and the hydride of the surface silanol group (Figure 6b left) [23,24]. Nevertheless, the interaction via a ligand exchange with the formation of a covalent Me–Osupport bond is also a possible pathway (Figure 6b, right [24]).


Figure 6. Interactions between Cu2+ species and silica during and after the impregnation for (a) ADP method and (b) MDD method. (Figure 6a: reproduced with permission from Trouillet et al. [38]. Copyright Royal Society of Chemistry, 2000.)
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Figure 7 illustrates the result of the differential thermogravimetric (DTG) analysis for the uncalcined MDD sample. It can be noticed that the catalyst demonstrates a sharp weight loss between 180 and 200 °C, associated with a small weight loss from 230 to 500 °C. The weight losses can be assigned respectively to the decomposition of the acac group bonded by hydrogen bonding (at 200 °C) and a covalent Me–Osupport bond (>200 °C) [23]. Thus, the result reveals that the vast majority of the metal–acac complex is interacting with the support through a hydrogen bonding mechanism while only a small part was covalently bonded with the support. In order to confirm this assumption, the R-value has been calculated to elucidate the reaction mechanism. The R-value is defined as:


[image: there is no content]








herein, the amount of acac ligands can be determined by the weight loss (from 180 to 500 °C) in thermogravimetric analysis (TGA) while the content of copper was obtained by electron microprobe analysis (EPMA). The R-value for the MDD sample is in our case 1.7 ± 0.1, which is close to the number of acetylacetonate ligands present in the parent complex. Therefore, it should be concluded that the Cu–acac complexes react with the surface mainly by hydrogen bonding, resulting in mostly loosely bonded, well-dispersed CuO, evidenced by XPS and H2-TPR. This observation is in contrast with the one reported by the literature which demonstrates a comparable share of both mechanisms in the material [23]. A possible explanation for this deviation between our sample and that from the literature might originate from the washing step which is not performed in our case for maximizing the copper content. For the ADP sample, the DTG curve shows a two-step decomposition occurring at 240 and 260 °C, which respectively corresponds to the decomposition of nitrate originating from the copper precursor and NH3 ligands complexed with Cu2+ [39,40,41].


Figure 7. Differential thermogravimetric profiles of Cu/SBA-15 materials prepared by ADP and MDD methods with the enlargement of the 200–600 °C region for the MDD sample.
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Combining these results and previous observations, the reason for the loosely bonded CuO formation on the MDD sample can be given. Firstly, it is due to the interaction between the acac ligands and the support’s silanol groups through hydrogen bonding. This indirect metal–support interaction limits the formation of Cu–O–Si≡ during the calcination, resulting in the formation of mainly copper oxides, more weakly bonded to the support surface, as also observed via XPS and H2-TPR. Secondly, since the hydrogen bond is generally a weaker interaction in comparison with the electrostatic interaction (as in ADP), the mobility of the Cu2+ ions can be significantly higher in the MDD sample during the thermal treatment. Thus, this can lead to a partial clustering of the mononuclear copper oxides on the surface during calcination, resulting in larger particles, as observed in UV-DR and suggested by TPR. The overall result is thus the presence of loosely bonded, mononuclear copper oxides and oligomeric copper oxides ([Cu–O–Cu]n) resulting from the agglomeration of mononuclear copper particles due to their low metal–support interaction. In case of the ADP method, the silica dissolution during the deposition and the ionic interactions at play cause a much stronger interaction of the Cu with the support already in its initial stages of preparation. Moreover, the higher temperature required for the ligand removal warrants a lower mobility of the copper oxide species, postponed to higher temperatures and allowing stronger condensation reactions before its removal and loss of steric hindrance.




2.4. Catalytic Activity


To study the influence of various types of CuO on the catalytic performance, the two catalysts were evaluated under the automotive stoichiometric exhaust gas condition, as shown in Figure 8a,b. The light-off temperature (temperature required for 50% of reactant’s conversion, T50) and the maximum conversion (Cmax) of each component are summarized in Table 2. In the case of CO conversion, the sample prepared through the ADP method exhibits a convincible higher activity than the MDD sample, with a maximum conversion of 100% reached at 300 °C and a light-off temperature of around 200 °C. On the other hand, the MDD catalyst reached only a maximum conversion of 80% under the tested conditions, with a light-off temperature of 400 °C, which is two-fold higher than that of the ADP method. A similar trend can be noticed for the HCs oxidation. The ADP sample provides the best performance in all hydrocarbons conversion. Furthermore, in the case of C3H6, its light-off temperature (≈260 °C) is about 65 °C lower than that of the MDD sample, although both catalysts reached a maximum conversion of 100%. Additionally, the ADP catalyst also demonstrates a convincing C3H8 oxidation capacity with a maximum conversion of 85% and T50 of 430 °C, while the MDD sample reached only a Cmax of 25% at 500 °C. The MDD sample does seem to lead to a slightly better NO reduction activity with a maximum conversion of 8% at 400 °C compared to 4% in the case of ADP.


Figure 8. Catalytic performance under stoichiometric condition for Cu/SBA-15 catalyst prepared by (a) ADP, (b) MDD method and (c) commercial precious metal-loaded three-way catalyst.
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Table 2. Light-off temperature (T50) and maximum conversion (Cmax) of each component for ADP, MDD and three-way catalyst (TWC) catalysts.







	
Catalyst

	
CO

	
C3H6

	
C3H8

	
CH4

	
NO




	
T50 (°C)

	
CMax (%)

	
T50 (°C)

	
CMax (%)

	
T50 (°C)

	
CMax (%)

	
T50 (°C)

	
CMax (%)

	
T50 (°C)

	
CMax (%)






	
MDD

	
410

	
80

	
325

	
100

	
–

	
25

	
–

	
0.6

	
–

	
8.0




	
ADP

	
202

	
100

	
260

	
100

	
430

	
85

	
–

	
10.7

	
–

	
4.0




	
TWC

	
222

	
100

	
225

	
100

	
370

	
89

	
–

	
9.7

	
–

	
40










Hence, despite the presence of highly dispersed CuO phases obtained via both methods, both catalysts demonstrate a dissimilar catalytic performance: the catalyst prepared by the ADP method represents an improved behavior in CO and HCs conversion while the MDD sample has a slightly better NO reduction capacity. The divergent results of both catalysts are obviously related to the diverse types of CuO species on the materials. Combining the previously obtained characterization results, it can be generally derived that CuO with a strong metal–support interaction seems to promote the automotive oxidation reaction, while the presence of Cu(I) oxide and weak support-interacting Cu(II) oxide seems more important for the NO reduction, although its conversion is still very poor.



We took a step further in the catalyst evaluation and compared the ADP sample with a commercial platinum group metal-loaded three-way catalyst (PGM-TWC, Johnson Matthey, Reading, UK) (Figure 8c). The CO conversion of the ADP catalyst shows an outstanding result with a comparable light-off temperature (at 200 °C) to the commercial catalyst (Table 2). The maximum conversion towards the propene, propane and methane conversion is also similar between both catalysts, although the light-off temperature is about 40 °C lower in PGM-TWC than in ADP for propene conversion and even 60 °C lower for propane. On the other hand, the PGM-TWC demonstrates a much higher NO (40%) conversion. Here, it is important to mention that the catalytic activity of the standard PGM-TWC is reinforced by the various catalytic promoters present in the material [42], while this is not the case for our CuO/SBA-15 materials. This means that its behavior is already comparable to the PGM-TWC for some gases and can even be further improved by the addition of promotors and co-catalysts in the future.





3. Materials and Methods


3.1. Support Preparation


Mesoporous silica SBA-15 was synthesized according to its verified synthesis [43]. Generally, Pluronic P123 triblock copolymer (P123, molecular weight 5800 g/mol, Sigma Aldrich, Diegem, Belgium) was firstly dissolved in a 1 M aqueous solution of HCl (37 wt %, Acros, Geel, Belgium) at 30 °C. After a complete dissolution of the copolymers, the temperature was raised to 40 °C and tetraethyl orthosilicate (TEOS, Acros) was added dropwise into the solution under vigorous stirring. The final molar composition is 1.0 TEOS/0.017 P123/2.1 HCl/116 H2O. After 24 h of stirring, the gel was hydrothermally treated at 100 °C for 72 h. The solid was filtered and washed with deionized water and dried at 60 °C overnight. Finally, the material was calcined at 550 °C for 6 h with a heating rate of 1 °C·min−1 in ambient atmosphere.




3.2. Catalysts Preparation


The MDD catalyst was prepared by the adapted molecular designed dispersion method. Prior to the synthesis, the SBA-15 support was dried at 200 °C for 6 h in air. Consequently, 1 g of the thermally treated support was stirred in 10 mL anhydrous chloroform solution (CHCl3, ≥99%, Sigma Aldrich) containing 1.6 mmol of copper acetylacetonate (Cu(acac)2, 99%, Acros) in a dry air flushed glove box, to achieve a final Cu loading of 10 wt %. The whole mixture was stirred for 48 h at room temperature, followed by a drying step at 60 °C overnight. The washing and filtration step was skipped in order to maintain the maximum amount of copper loading. Finally, the dried samples were calcined at 550 °C for 6 h with a heating rate of 1 °C·min−1 in ambient temperature.



The ADP catalyst was prepared by an adapted and optimized ADP procedure according to Guo et al. [25]. Typically, 1 g of SBA-15 support was suspended into a 50 mL, 0.03 M aqueous copper nitrate solution (Cu(NO3)2·3H2O, >99%, Merck, Overijse, Belgium) to achieve a 10 wt % final Cu loading. Then, ammonia (NH4OH, 28%–30%, Acros) was added into the mixture to gain a molar Cu/NH3 ratio of 1/6. The suspension was stirred for 48 h at room temperature, followed by the same drying and calcination procedure as by MDD (dried at 60 °C overnight without washing or filtration and calcined at 550 °C for 6 h with of 1 °C·min−1 in ambient atmosphere).




3.3. Catalysts Characterization


N2-physisorption was carried out with a Quantachrome Quadrasorb SI automated gas adsorption system. Prior to the measurements, the samples were outgassed at 200 °C for 16 h. The specific surface area was calculated using the Brunauer–Emmett–Teller (BET) equation. For the metal loaded samples, its specific area was calculated by using the weight of the supports only, excluding the metal content in the total sample weight. The Barret–Joyner–Halenda method was applied to estimate the pore size distribution. The total pore volume was determined at P/P0 = 0.95 while the micro pore volume was obtained via t-plot method. Wide angle X-ray diffraction was performed using a Panalytical X’PERT Pro diffractometer (Panalytical, Almelo, The Netherlands) with an anode X-ray generator (operating at 40 kV, 40 mA, Cu-filtered Cu Kα radiation, scanning speed 0.04°/4s). UV–Vis diffuse reflectance (UV–Vis-DR) analysis was carried out on a Nicolet Evolution 500 spectrophotometer (ThermoFischer Scientific, Waltham, MA, USA) equipped with an integrating sphere. The spectra were taken in the range of 200–800 nm with a scan speed of 120 nm/min. The samples were diluted to 2 wt % with dried KBr. TPR measurements of the catalysts were performed by a Quantachrome iQ (Quantachrome Instrument, Odelzhausen, Germany). About 20 mg of the sample was outgassed at 200 °C for 16 h. After cooling, the sample was first pretreated at 250 °C under a He flow for 1 h. Subsequently, the samples were reduced with 5 vol % H2/Ar at a flow rate of 25 mL·min−1 and the temperature was increased from 50 to 600 °C with a heating rate of 10 °C·min−1. The hydrogen consumption was continuously monitored using a thermal conductivity detector (TCD).



The chemical composition of the samples was identified by electron microprobe analysis (EPMA) on a JEOL JXA 733 (JEOL, Peabody, MA, USA). The materials were grinded and dispersed on a copper grid coated with a carbon film. For each sample, three measurement points were taken to calculate the average metal loading. XPS was carried out by means of a PerkinElmer PHI 5600ci Multi Technique System (PerkinElmer, Waltham, MA, USA), using Al Kα radiation (1486.6 eV) working at 250 W. The spectrometer was calibrated by assuming the BE of the Au 4f7/2 line to be 84.0 eV with respect to the Fermi level. The standard deviation in the BE values of the XPS line is 0.10 eV. The peak positions were corrected for the charging effects by considering the C1s peak at 285.0 eV and evaluating the BE differences. Thermogravimetric experiments (TGA) were conducted on a Mettler Toledo TA 851 (Mettler Toledo, Zaventem, Belgium). Samples were heated in an oxygen flow from 30 to 600 °C with a heating rate of 10 °C·min−1.




3.4. Catalytic Activity Test


The catalytic performance of the materials was tested in a fixed bed continuous stainless steel reactor with a gas hourly space velocity of 60,000 mL·h−1 and a total gas flow rate of 200 NmL·min−1. Prior to the measurement, the catalytic powder was pelletized using an IR pelletizer and crushed in order to have a particle size between 500 and 1000 μm. The pressure applied to the pelletizer was about 200 MPa which does not affect the textural property of the material [44]. Afterwards, 200 mg of the sieved catalyst was aged by passing atmospheric air (50 mL·min−1) through the reactor at 500 °C for 2 h. Consequently, the reactor was cooled to 50 °C and the catalyst was then exposed to vehicle exhaust gas under stoichiometric condition (λ = 1) with 0.7 vol % CO, 0.00225 vol % CH4, 0.045 vol % C3H6, 15 vol % CO2, 10 vol % H2O, 0.233 vol % H2, 0.777 vol % O2 and 0.1 vol % NO. The conversion performance was recorded every 50 °C from 50 to 500 °C (5 °C·min−1). For the analysis of the gas stream leaving the reactor, a Shimadzu GC-17A gas chromatograph (Shimadzu, Duisburg, Germany) equipped with FID detector was used for the hydrocarbons conversion analysis. While a Dräger X-am 7000 CO analyzer (Dräger, Lübeck, Germany) was utilized for the CO gas quantification. A ThermoFischer Scientific NOx analyzer (ThermoFischer Scientific) was also used for monitoring the NO conversion during the catalytic reaction. The catalytic activity of the catalysts was calculated for the conversion of respectively CO, CH4, C3H6, C3H8 and NO in function of the reaction temperature.





4. Conclusions


CuO-loaded SBA-15 catalysts have been compared based on two preparation methods known to create a high dispersion degree of metals on the support surface: the molecular designed dispersion (MDD) and ammonia-driven deposition precipitation (ADP) methods. We evaluated the differences in structural and textural properties, as well as the copper dispersion state of both materials and revealed the differences in the formed CuO phase on the support.



XPS spectra revealed the existence of Cu2+ on both materials’ surfaces, which can be further divided into two entities: The sample prepared by the ADP method consists of copper phyllosilicate and copper oxide/hydroxide distributed on the surface. On the other hand, mainly copper oxide/hydroxide particles are evidenced on the MDD sample. H2-TPR showed that the ADP method results in the formation of the CuO phase with a smaller size and/or a stronger metal–support interaction brought by the phyllosilicate and grafted copper formation, while the MDD approach provides mainly well-dispersed CuO, loosely bonded on the SBA-15 surface. Such deviations are explained by the complex–support interaction during the synthesis, which is an electrostatic interaction in the case of ADP and a hydrogen-bonding interaction in the case of MDD, as well as the temperatures of ligand removal. Moreover, the UV–Vis-DR characterization of the individual samples pointed to a more complex copper composition on the catalysts. For both samples, the UV–Vis-DR spectrum revealed at least two different species within the monomeric copper oxide and a clear presence of various oligomeric species in case of the MDD sample. Although further investigation is necessary to unravel the exact identity of these structures, it is a fact that those entities have a strong influence on the material’s catalytic activity: CuO/SBA-15 by ADP demonstrated an outstanding oxidation activity towards the automotive emission abatement, whereas a slightly higher NO conversion was assessed for the MDD sample. Furthermore, the ADP sample has a comparable oxidation activity as the commercial TWC for CO and a slightly inferior activity for hydrocarbons, even without the presence of promotors. Besides this, the ADP material is expected to have an enhanced thermal stability compared to the MDD sample since the strong metal–support interaction will suppress the mobility of copper particles at elevated temperature. These results provide strong evidence that copper can be used for precious metal replacement in the automotive catalyst by using an appropriate preparation method such as the ADP approach. The importance of the local structure of the copper oxide clusters that are present has been clearly demonstrated. However, since SBA-15 is not the most optimal candidate for the support due to its low hydrothermal stability [44], future work identifying a more robust and stable support, as well as further catalyst optimization, will be necessary.
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