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Abstract

:

The catalytic behaviour of Ag2O and Ag doped CeO2 thin films, deposited by atomic layer deposition (ALD), was investigated for diesel soot oxidation. The silver oxide was deposited from pulses of the organometallic precursor (hfac)Ag(PMe3) and ozone at 200 °C with growth rate of 0.28 Å/cycle. Thickness, crystallinity, elemental composition, and morphology of the Ag2O and Ag doped CeO2 films deposited on Si (100) were characterized by ellipsometry, X-ray diffraction (XRD), X-ray photoelectron spectroscopy (XPS), atomic force microscopy (AFM), and field emission scanning electron microscopy (FESEM), respectively. The catalytic effect on diesel soot combustion of pure Ag2O, CeO2, and Ag doped CeO2 films grown on stainless steel foil supports was measured with oxidation tests. Nominally CeO2:Ag 10:1 doped CeO2 films were most effective and oxidized 100% of soot at 390 °C, while the Ag2O films were 100% effective at 410 °C. The doped films also showed much higher stability; their performance remained stable after five tests with only a 10% initial reduction in efficiency whereas the performance of the Ag2O films reduced by 50% after the first test. It was concluded that the presence of Ag+ sites on the catalyst is responsible for the high soot oxidation activity.
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1. Introduction


The number of diesel-powered vehicles has increased rapidly in recent years due to their reduced fuel consumption and thus lower CO2 emission compared to petrol engines. However, diesel engines produce a high content of nitrogen oxides (NOx) and particulate matter (PM) in their exhaust [1]. These emissions have a negative impact on human health causing respiratory, cardiovascular, and lung diseases, as well as on the environment such as disruption of the natural growth of plants and pollution of air, water, and soil [2,3]. Even though it is likely that many diesel engines will be replaced by petrol or electric engines in the future, there will still be a great need for diesel exhaust cleaning for some time to come.



In order to remove soot from the exhaust, diesel particulate filters (DPFs) are widely used [1]. Conventional DPFs require periodic regeneration by increasing the temperature of the exhaust gases to the soot combustion temperature, which is approximately 600 °C [4]. This method results in an increase in fuel consumption and clogging of the DPF by ash resulting in a slow increase of back pressure in the exhaust [1].



The composition of the exhaust mixture also affects the catalytic activity. Oxygen and NO2 are generally used to oxidize diesel soot. NO contained in the raw exhaust gas is oxidized with excess oxygen into NO2. Therefore, the development of catalysts, which can produce highly reactive oxygen species from O2 molecules and NO2 from NO, is the key issue. The catalyst promotes NO to NO2 oxidation and NO2 is then transported via the gas phase over the soot particles, oxidizing carbon while being reduced back to NO [5,6].



The preferred solution for continuous regeneration of the DPF is a catalysed diesel particulate filter (C-DPF) [7]. The main requirements for the catalyst are a reduction in temperature at which soot combustion occurs and long-term thermal and chemical stability.



Ceria-based catalysts have been studied in depth for various environmental applications such as three-way catalysts (TWC) for automotive pollution control, fluid catalytic cracking (FCC), and fuel cells [8,9]. The high potential of ceria as a catalyst is due to its fast and reversible reduction to sub-stoichiometric phases (CeO2–CeO2−x) as well as the high mobility of oxygen ions in its crystal lattice [10]. However, the use of metal-doped oxide catalysts can improve the performance of the bare oxide due to the increased mobility of oxygen species or the facilitation of the redox mechanisms associated with oxygen release/adsorption [11].



The influence of doping elements on the catalytic properties of ceria has been reported on recently by many researchers. The catalytic activity of ceria can be enhanced by doping with isovalent (Ti4+, Zr4+, Hf4+, Sn4+, etc.) and aliovalent (Zn2+, La3+, Ag+, Eu3+, etc.) cations into the ceria lattice [12,13,14,15]. Furthermore, the beneficial influence of Rh, Pd, Cu, Au, and Ag supported CeO2 catalysts has been reported on elsewhere [16,17,18]. These reports showed increased electron mobility between the cerium buffer layer and support, favouring the formation of oxygen vacancies in CeO2. Rangaswamy et al. [19] studied CeO2–Sm2O3 and CeO2–La2O3 catalysts, which could oxidize 50% of diesel soot under loose contact mode at 517 and 579 °C, respectively.



Among the metal additives investigated so far, Ag-based materials are the most promising catalysts for oxidizing diesel soot at low temperatures. Aneggi et al. [20] reported the effect of Ag addition on various metal oxides (CeO2, ZrO2, Al2O3) during soot oxidation activity. They showed that Ag/CeO2 and Ag/ZrO2 catalysts have high soot oxidation activity in the temperature region around 300 °C under tight contact mode. Haneda et al. [21] also performed isotopic transient kinetic analysis on Ag/ZrO2 catalyst and concluded that the presence of Ag+ sites in Ag/ZrO2 was responsible for the high soot oxidation activity. Ag and Fe doped Mn2O3 catalysts were examined by Kuwahara et al. to enhance soot oxidation under tight contact mode and showed the T50 (the temperature for 50% of soot combustion) at 290 °C and at 328 °C, respectively. Based on their measurements, the mechanism of soot oxidation was proposed to be by the activated lattice oxygen species in Ag doped Mn2O3 catalyst via the redox of Ag⁰/Ag2O species [22].



Machida et al. [9] investigated silver loading onto CeO2 and showed the enhancement of catalytic activity for soot oxidation because of the enhanced generation of superoxide. Shimizu et al. [23] showed that the presence of Ag metal nanoparticles on CeO2 significantly improved the reactivity of CeO2 lattice oxygen during soot decomposition under oxygen and under inert atmosphere. In addition, a dopant of silver in CeO2 may increase oxygen mobility due to a weakened Ce–O bond [24].



There are a number of methods of preparation of Ag doped CeO2 catalysts such as co-precipitation [25], impregnation [19,26], and liquid-phase chemical reduction [20]. We chose to use atomic layer deposition (ALD). The benefits of ALD compared to the other methods are extreme film thickness uniformity, precise thickness control, excellent step coverage, and high reproducibility. The thickness of the films can be easily controlled by controlling the number of deposition cycles. Furthermore, the fact that ALD operates via self-limiting surface reactions in consecutive cycles means that doping materials can be introduced with greater control and tuning than other deposition methods. ALD can be used to deposit catalytic coatings on high surface area porous powder supports or on geometrically complex structures [27] such as particulate filters in diesel engine exhaust systems.



In this study, we investigated the ALD of Ag2O and Ag doped CeO2 for catalytic applications in soot combustion under loose contact mode. The crystal structure, morphology, and composition properties of the deposited films were analysed. The effect of doping on the efficacy of soot combustion in annealing tests was also studied, paying particular attention to the doping concentration and oxidation state of silver in the CeO2 thin films.




2. Materials and Methods


2.1. Catalyst Preparation


The deposition of Ag doped cerium oxide was carried out using an F-120 ALD reactor (ASM Microchemistry Ltd., Espoo, Finland). Thin films were deposited with different doping concentrations at a reaction temperature of 200 °C. The cyclic nature of ALD means that pulses of dopant can easily be incorporated into the main process. The desired composition of catalytic thin film can be achieved by depositing n cycles of the base CeO2 material (where n can be varied to suit the required doping level) with one cycle of the doping material inserted (Figure 1). The supercycle (n + 1), which consists of two individual ALD processes, was repeated x times until the required film thickness was achieved. The process for CeO-based material contains two half-cycles using 2,2,6,6-tetramethyl-3,5-heptadionatecerium Ce(C11H19O2)4 (Ce(thd)4 for brevity) and O3 as precursors. The Ag doping material also comprises two half-cycles of Ag precursor (see below) and O3.



Ce(thd)4 (Volatec, Porvoo, Finland) and trimethylphosphine (hexafluoroacetylacetonalo)-silver Ag(CF3COCHCOCF3)P(CH3)3 ((hfac)Ag(PMe3), 99%; Strem Chemicals, Newburyport, MA, USA) were used as Ce and Ag precursors respectively. Ozone O3 was used as the co-reactant in both cases and was generated by an ozone generator (Wedeco Modular 4HC Lab, Herford, Germany) from a pure oxygen (>99.999%) source. Ozone concentration was 120 g/m3. Nitrogen (>99.999%) was used as a carrier and purge gas between precursor pulses. The pressure in the reactor was approximately 1 mbar. Ce(thd)4 and (hfac)Ag(PMe3) were evaporated at 160 and 80 °C, respectively to achieve sufficient vapour pressure. The saturated deposition rate in the ALD supercycle should be obtained when the two individual ALD processes are in saturation. We used the previously optimized CeO2 ALD process parameters: 1.5 s Ce(thd)4 dose, 2.5 s purge, 2.5 s O3 dose, 2.5 s purge [28]. The pulse time for (hfac)Ag(PMe3) was varied from 0.5 to 4 s in 0.5 s steps while keeping the O3 pulse time constant at 2.5 s. After finding the optimal pulse time for (hfac)Ag(PMe3) the pulse time for O3 was determined with the same method with 2.5 s of the purge time.



In order to achieve doping of CeO2 with Ag, one supercycle consisted of n CeO2 cycles, with n equal to 10, 20, and 30, and 1 cycle of Ag. The supercycle was repeated 150, 75, and 50 times for CeO2:Ag ratios 10:1, 20:1, and 30:1 respectively in order to achieve comparable film thicknesses.



Silicon substrates <100> (Si-Mat, Kaufering, Germany) were used for process development while stainless steel foil AISI 316 with a thickness of 0.025 mm (Goodfellow Cambridge Ltd., London, UK) was used as a substrate for soot burning tests. Stainless steel foil was chosen because of its relatively low weight, which reduced the error during weighing of samples to determine the amount of soot oxidation. The substrates were cut in pieces of 20 mm × 10 mm and cleaned using an ultrasonic bath with acetone, isopropanol, and deionized water consecutively, each with a time of 5 min and thereafter dried using compressed air.




2.2. Soot Deposition System


The soot deposition system was described in detail in the previous report [28]. Briefly, the diesel soot was generated with a Webasto diesel engine preheater (Webasto group, Stockdorf, Germany) from diesel fuel and air. The samples were placed on the heating plate and exposed to exhaust gases for 1.5 min. The amount of deposited soot was measured by weighing the samples.




2.3. Catalyst Characterization


A spectroscopic ellipsometer J.A. Woollam M-2000UI (J.A. Woollam Co., Lincoln, NE, USA) was used to determine the catalytic film thickness. This was obtained by using a Cauchy model for fitting.



The surface topography of the catalytic thin films was evaluated with field emission scanning electron microscopy (FESEM) Hitachi S-4800 (Hitachi, Tokyo, Japan). An atomic force microscopy (AFM) (Park NX10, Park Systems, Suwon, Korea) was utilized for analysing the film morphological properties such as roughness and cluster size. All measurements were done in non-contact mode with a cantilever force constant of 42 N/m.



The crystal structure of the catalytic materials was studied by a Rigaku SmartLab® Type F XRD (Rigaku, Tokyo, Japan; Cu-Kα radiation, λ = 1.5418 Å). The grazing incidence X-ray diffraction (GIXRD) scan was collected with a grazing incidence angle of 0.5°. Scan speed of 0.9°/min and 2θ values from 20° to 90° were used. The high resolution scan was taken with speed 0.045°/min.



The surface chemical composition, bonding properties and analysis of impurities in the deposited films were investigated by X-ray photoelectron spectroscopy (XPS) using an ESCALAB 250Xi (Thermo Scientific, Loughborough, UK) with a monochromated Al-Kα (energy of 1486.7 eV) X-ray source in the constant pass energy mode with a value of 50 eV. For high resolution spectra of Ag 3d a pass energy of 20 eV with resolution 0.1 eV was used. Charging compensation by an electron flood source was used in all measurements to minimize binding energy shifts. The binding energy of C 1s was set to be 284.5 eV as an internal standard for calibration. Sputtering by Ar+ ions at 2 kV for 20 s was applied to remove surface contaminations and obtain actual carbon levels in the films. Deconvolution and fitting of the obtained peaks were made with Avantage software (Version 5.938) using Smart type background and applying 90:10 Gaussian-Lorentzian peaks.




2.4. Catalytic Activity


Five samples of Ag doped CeO2, pure CeO2 and pure Ag2O catalytic coatings were separately deposited on stainless steel foils for evaluation of catalytic activity. For measurement of the amount of combusted soot, annealing tests were performed by placing the catalytic samples covered with soot into an oven and measuring the weight loss of the samples over 2 h in the temperature range of 300–490 °C in ambient atmosphere. The molar ratio of catalysts to carbon was approximately 1:80 with average soot mass of 0.7 g. The annealing measurements were repeated 5 times to evaluate reproducibility of the prepared catalysts.





3. Results and Discussion


3.1. Ag2O and Ag-Doped CeO2 ALD Film Deposition


3.1.1. Ag2O


The concept of the supercycle can be effective when two individual processes are compatible with each other and each is in saturation. Therefore, before the introduction of Ag as a dopant into the CeO2 structure, silver oxide thin films were deposited first on silicon substrates to find the self-limiting growth regime of the ALD process. This could be assessed by measuring the growth rate as a function of the amount of precursor delivered into the reactor. The ALD saturation growth study was carried out at deposition temperature of 200 °C. This temperature was chosen to match the reaction temperature of CeO2 and it has been shown that the nucleation period of Ag is significantly shortened at this temperature [29]. Figure 2 shows the saturation curves for (hfac)Ag(PMe3) and O3. The pulsing time of (hfac)Ag(PMe3) or O3 was adjusted within the range of 0.5–4 s while the other precursor pulse was fixed at 2.5 s. The saturation of (hfac)Ag(PMe3) and O3 precursors can be seen at 2.5 s with constant Ag2O growth rate of 0.28 Å/cycle. No further increase of the growth rate was noticed after increasing the precursor pulse time up to 4 s.



Figure 3 shows the Ag2O film thickness versus the number of ALD cycles from 10 to 750 deposited at 200 °C. From Figure 3 it can be seen that the thickness increases linearly after 100 ALD cycles. The incorporation of silver atoms is directly related to the density of hydroxyl groups on the substrate surface that act as adsorption sites for (hfac)Ag(PMe3) molecules. As illustrated in Figure 3, the initial growth rate of the films per cycle (GPC) is substrate dependent at the start of the ALD process and it takes about 100 cycles to obtain a stable GPC of 0.28 Å/cycle. The film growth can be separated into two regimes: an island-like growth for the first 100 cycles and layer-by-layer growth as is expected from the proceeding atomic layer deposition. If the bare Si has a higher density of reactive sites compared to the deposited Ag2O or these sites have a higher reactivity than the reactive sites on Ag2O, then the growth rate will initially be higher until a complete film is formed. Alternatively, some hfac ligands may not be completely removed by ozone and may remain bound to the surface. These comments are expanded on in Section 3.1.2.




3.1.2. Ag Doped CeO2


The film thickness after deposition with different CeO2:Ag ratios was measured by spectroscopic ellipsometry. The total number of CeO2 cycles was chosen to be 1500 while the number of Ag cycles was varied from 50 up to 150 according to the supercycle configuration. Growth rate of the films per cycle (GPC) over the total number of ALD cycles is shown in Figure 4 as a function of Ag dopant fraction in CeO2 film. The reduction of GPC with increasing Ag dose observed in Figure 4 could be the result of a slight etching of CeO2 by (hfac)Ag(PMe3), but it could also be due to nucleation delay and the inhibition of CeO2 growth after (hfac)Ag(PMe3) pulsing.



The comparison of the two calculated and experimental silver doping concentrations inside the Ag doped CeO2 films is shown in Figure 5. The calculated value is determined by the ratio of the number of doping ALD cycles divided by the total number of ALD cycles in one supercycle (1/(n + 1)). The experimental value is obtained from XPS measurements. It is worth emphasizing that the concentrations of dopant do not relate directly to the doping efficiency. Some of the dopant silver atoms might have formed silver oxide or alloy clusters rather than only doping the film, as will be discussed in Section 3.2.



The hypothetical deposition of Ag doped CeO2 by ALD can be explained as follows: (a) Ce(thd)4 adsorbs on nucleation sites (–OH) and dissociates into the attached fraction Ce(thd)x*, where * designates surface species, with x varying from 1 to 3 depending on the number of OH sites it bonds to. Most probably, some –OH groups remain unreacted, due to steric hindrance; (b) Ozone regenerates O* groups which can act as nucleation sites during subsequent (hfac)Ag(PMe3) exposures. The O3 half-cycle also probably results in the formation of OH groups because of decomposition of the precursor ligand; (c) (hfac)Ag(PMe3) may adsorb on Ce–O* or Ce–OH nucleation sites and on unreacted –OH groups, and dissociates into Ce(hfac)* and Ag(hfac)* species; (d) ozone may react with Ce(hfac)* and Ag(hfac)* species regenerating O* groups for further Ce(thd)4 exposures. We propose that during Ce(thd)4 treatments, not all –OH or regenerated O* groups can react with the precursor or, as mentioned above, hfac ligands remain bound to the surface and cannot be completely removed by ozone. This statement is supported by XPS measurements, where a high level of impurities was noticed, and is discussed in detail in Section 3.2. It could be the reason for formation of Ag2O clusters in the films with higher concentration of Ag doping, as will be considered during AFM and SEM analysis. With more CeO2 ALD cycles, more nucleation sites are generated and this facilitates the growth of CeO2 thin film with Ag as a dopant.





3.2. Catalyst Characterization


Ag2O and Ag-Doped CeO2


In examining the nucleation effect and morphology of the resulting ALD of Ag2O, several AFM images were taken with variable ALD cycles (Figure 6). The average size of Ag2O nanoparticles after 25 ALD cycles was around 22 nm with film roughness of 1.5 nm. After 100 ALD cycles, large nanoparticles with size of around 40 nm were present with a high nanoparticle density (Figure 6a) and overall surface coverage. The AFM image of 500 cycles of Ag2O film is shown in Figure 6b, which demonstrates that the surface is now fully covered with silver, having grain sizes between 40 and 46 nm. As was shown in Figure 3, the nucleation region for Ag2O ALD occurs over 100 cycles; Ag2O films can nucleate and grow by the Volmer–Weber (VW) growth mechanism, where the deposited atoms form islands or clusters and three dimensional aggregates on the substrate. Growth of these clusters, along with coarsening, can be a cause of rough thin films on the substrate surface [30].



All the Ag2O thin films deposited on Si had a visual matt finish, which is a sign of rough microstructure. SEM studies supported the AFM results (Figure 7). The 250 and 500 ALD cycles films were confirmed to consist of particles with widely different sizes as a result of coalescence and secondary nucleation on existing particles.



The AFM and SEM analyses on Figure 8 and Figure 9 show that the surface morphology of Ag doped CeO2 films changes in accordance with silver concentration in the film. It can be seen that the reduction of Ag concentration dramatically decreases crystal and cluster sizes in doped films. Figure 8a and Figure 9a suggest that higher concentration of Ag (CeO2:Ag 10:1) inhibits CeO2 growth so that the Ag nuclei are not covered with CeO2 and so the next Ag cycle nucleates more easily on top of the Ag and can therefore form bigger crystals of about 50 nm in size. Such large nanoparticles were noticed on pure Ag2O and described above. With lower doping concentration of Ag in CeO2 thin films, no crystals larger than 25 nm were noticed.



Figure 10a shows XRD spectra of Ag2O, CeO2, and Ce:Ag 10:1, 20:1, and 30:1 Ag doped CeO2 films in the 2θ range of 20°–90°. The Ag2O films showed strong X-ray diffraction peaks at 2θ = 32.7° and 38.3° related to the (111) and to (200) cubic planes of Ag2O, respectively (ICCD Card No: 00-41-1104). They revealed that the films deposited at 200 °C contained only Ag2O crystallites. The diffraction peaks at 2θ angles of 28.6°, 33.6°, 47.6°, and 56.3° can be identified for all the other samples and attributed to (111), (200), (220), and (311) planes of cubic cerium oxide, respectively (COD database, card №9009008). The XRD patterns of CeO2, Ag2O, and Ag doped CeO2 in the 2θ range 24°–40° were expanded (Figure 10b) to analyse the position of CeO2 and Ag2O reflections in the X-ray spectra in more detail. Figure 10b shows that the cerium oxide peak intensity and the shape of (200) plane reflection in the Ag doped CeO2 samples decreased and broadened, respectively, with increasing Ag doping, compared to the pure CeO2 catalyst.



The mean grain size, assuming spherical grains, of CeO2 can be determined from the full width at half maximum (FWHM) of the (111) XRD peak, through Scherrer’s equation. The grain sizes calculated from the (111) plane reflection of CeO2 are indicated in Table 1. XRD analyses confirm the decrease of the CeO2 crystallite size of (111) plane as the Ag amount increases. This behaviour is related to the occurrence of lattice defects due to the presence of the dopant, which leads to deformations in the crystalline structure and smaller crystallites. The XRD data do not show any peaks related to Ag species for CeO2:Ag 20:1 and 30:1 catalysts, which is, most probably, demonstrative of a high distribution of the dopants in the CeO2 samples. The CeO2 (200) and Ag2O (111) appear at very similar positions. However, for higher amount of Ag doping Ce:Ag 10:1, a small peak from the Ag2O (200) plane reflection can be observed (Figure 10b). In the CeO2 lattice, the radius of Ce4+ ion is 0.97 Å. However, the ionic radius of Ag+ ions is 1.28 Å [31]. As such, substitution or replacement of Ag+ ions for Ce4+ ions in the CeO2 lattice requires high energy [32] and from the XRD there is no evidence of significant substitutional doping during ALD of Ag doped CeO2 thin films from a shift in the position of the CeO2 peaks to smaller angles. Ag2O forms as metal oxide or alloy clusters in CeO2:Ag 10:1 catalyst and inhibits CeO2 crystal formation.



XPS was employed to analyse the chemical state of the as-deposited Ag2O thin films and the Ag doping in CeO2 films, which were controlled by varying the Ce:Ag supercycle binary process pulse ratio. The information on silver and cerium oxidation states was obtained from the high resolution Ag 3d and Ce 3d spectra after Ar+ bombardment to exclude surface contaminations.



Using the values of surface atomic composition from Table 2, an estimation of the O/Ce and O/Ag atomic ratio can be obtained. The ratio O/Ce for the cerium oxide deposited at 200 °C is around two, which indicates that the pure CeO2 is stoichiometric. The carbon impurity level is around 21 at.%, which arise from the Ce(thd)4. The Ag to O ratio in the Ag2O films was estimated to be close to 2:1, which indicates that the film primarily consists of Ag2O with 14.2% of carbon, 0.5% of F, and 3% of N as the main impurities in that film. With regard to the Ag/Ce surface atomic ratio, an important enhancement with Ag loading is observed, indicative of an increase in the number of Ag surface atoms. We found from survey spectra that by changing the Ce:Ag ratio from 30:1 to 10:1 the amount of Ag increases from ~2 at.% to ~9.7 at.%., as measured by XPS (Table 2).



High resolution spectra of the Ag 3d peaks of Ag2O and Ag doped CeO2 thin films with the nominal ratio Ce:Ag from 30:1 to 10:1 give us indications of the chemical state of Ag atoms (Figure 11). The pure Ag2O films showed only one peak at 368.2 eV. The binding energy which has been observed for pure Ag2O thin film is 367.2 eV, which consists of the dominant oxidation state Ag+ [33]. The spectrum here shows a shift of ~1 eV in the peak position compared to the previously found results which may be due to sample charging. The spectrum showed core level binding energies at about 368.2 ± 0.1 eV and 374.2 ± 0.1 eV related to the Ag 3d5/2 and Ag 3d3/2 respectively with spin orbit separation of 6 eV [34]. Each Ag 3d level in Ag doped CeO2 films can be deconvoluted into three peaks, with corresponding binding energies 368.2, 369.2, and 367.2 eV, which are consistent with those of Ag+, Ag0, and Ag2+ (Table 3), allowing for the shift due to sample charging [35,36,37]. The estimated percentages of the three peaks, shown in Table 3, indicates that with increasing Ag doping concentration in CeO2 films from 30:1 to 10:1, the Ag+ oxidation state also grows from 38.4% to 85%, respectively. At the same time the Ag0 oxidation state decreases from 59% to 9.7% for CeO2 doped Ag films deposited with the ratio Ce:Ag from 30:1 to 10:1, respectively.



Figure 11 and Table 3 show that at low doping concentration, Ag species mainly exist as Ag0, while as doping concentration increases, Ag+ species increase remarkably. It is likely that at low concentrations of Ag2O doping, some of the silver oxide is reduced by the CeO2; a similar effect has been reported on Ag2O-doped TiO2 [38]. For higher Ag dopant concentration, most of the silver present in the catalysts remains as cations and probably interacts with CeO2 through the Ag–O bonds. Based on previous studies involving silver oxides [39,40,41,42], it can be concluded that some electrons may transfer from CeO2 to the Ag dopant and there is strong interaction between the Ag species and the CeO2 catalyst.



It is interesting to note that the concentration of Ce4+ decreased from 82% to 77% and the concentration of Ce3+ increased from 18% to 23% with increasing Ce:Ag doping from 30:1 to 10:1, respectively, further suggesting the existence of the interaction between Ag and CeO2. This is probably because the Ag+ ions in Ag doped CeO2 can partially substitute Ce4+ in the CeO2 matrix in the form of Ce1−xAgxO2−δ. As was shown earlier from the XRD spectra, there is no evidence of substitutional doping. However, the increasing Ag content also produced smaller crystallites so it may be that the increasing Ce3+ arises as a consequence of interaction between the CeO2 and the Ag in the disordered regions at the grain boundaries. In summary, Ag atoms deposited on a stoichiometric CeO2 surface tend to result in reduction of the Ce ions, which leads to the stabilization of the Ag in the +1 oxidation state. These results are in good agreement with the literature reports [43,44,45].





3.3. Catalytic Activity of Ag2O, CeO2, and Ag-doped CeO2 catalysts


The evaluation of the catalytic activity of Ag2O, CeO2, and Ag doped CeO2 thin films deposited at 200 °C on stainless steel foil was carried out to show the effectiveness of the catalysts for soot combustion applications. The annealing tests of carbon soot, which was generated from diesel fuel, was carried out under ambient air environment inside an oven in the temperature range 300–490 °C for 2 h.



Figure 12 shows histograms of soot conversion vs. annealing temperature for catalytic and non-catalytic combustion. The conversion is defined as:


  C  ( % )  =    M 0  − M    M 0    × 100 %  



(1)




where is M0 is the initial soot mass, and M is the amount of soot left on the catalyst after burning by heating up to a given T value. Weight loss values were obtained by weighing the samples before and after the annealing test which continued for 2 h.



The conversion of oxidized soot was demonstrated on non-catalysed reference steel foil, and on cerium oxide, silver oxide, and Ag doped CeO2 thin films deposited on stainless steel foil at 200 °C in loose contact mode (Figure 12). As expected, complete soot conversion on the uncoated reference sample was only achieved at 600 °C. All the catalysts were effective in promoting combustion at temperatures below 490 °C. Although the soot was well oxidized on pure CeO2 and Ag2O thin films themselves, Ag loading into CeO2 thin films caused a significant enhancement of soot oxidation rate, in accordance with previous reports [28]. It is noteworthy that the soot oxidation activity of Ag doped CeO2 was different depending on the dopant concentration. The sample having the maximum silver loading CeO2:Ag 10:1 and pure Ag2O showed the lowest oxidation temperature of 300 °C and complete combustion of the soot was achieved below 390 and 410 °C under real-world loose contact conditions, respectively. Table 4 lists the characteristic temperatures, where the ignition temperature (Ti) is the temperature at which the combustion began, and the final temperature (Tf) is the temperature at which the soot was completely oxidized.



The catalysts with silver doping concentration of Ce2O:Ag 20:1 and 30:1 showed lower performance for 100% soot oxidation at Tf = 490 °C. This indicates that the highest concentration of Ag+ ions, which is contained mostly in CeO2:Ag 10:1 catalyst, can effectively promote 100% soot oxidation at Tf = 390 °C due to the oxygen species formed on Ag+ sites. Zou et al. [46] proposed that during silver oxide decomposition, its released oxygen migrates to soot surfaces to form carbon–oxygen intermediates, which are subsequently oxidized further. Finally, the adsorbed oxygen on the silver promotes the regeneration process. The redox reaction of Ag+ and the active oxygen species prevail in the reaction at low combustion temperatures. In addition, the silver oxide contributes to the adsorption of reactants to form complex π bonds that are significant for the formation of peroxide and superoxide species [47]. It is worth mentioning that higher concentration of Ce3+ contained in CeO2:Ag 10:1 catalyst can also form more active oxygen vacancies, which promote the activation of adsorbed oxygen to form superoxides in the lattice. These types of oxygen react with soot efficiently [48].



Because the melting point of Ag2O oxides is relatively low, compared with CeO2 (2400 °C), the stability of Ag/CeO2 catalysts during the soot oxidation is an important factor from the practical point of view. In order to gain information on the stability of Ag/CeO2, repetitive activity tests were carried out in loose contact mode at annealing temperature 430 °C. Figure 13 shows the conversion of oxidized soot after five replicate trials, and the observed results showed acceptable reproducibility with relative standard deviation of less than 5%. The pure Ag2O catalyst lost its catalytic activity immediately after the first trial from 100% to 50% of oxidized soot. Further use of Ag2O catalyst (in the third, fourth, and fifth trials) led to significant restructuring of the film and total loss of catalytic properties. For this reason, bulk Ag2O cannot be used in catalytic systems operating at higher temperature (above 300 °C).



It appears that CeO2/Ag 10:1 lost 10% of its activity in the third combustion test, indicating the deactivation of Ag/CeO2. However, during further trials this catalyst showed stable results of 90% oxidized soot. We can assume that Ag ions have a strong interaction with the CeO2 catalyst and remain stable after durability tests. Other catalysts such as CeO2:Ag 20:1, 30:1 and pure CeO2 do not lose activity, since the combustion curves obtained from the first to the fifth tests were very similar.





4. Conclusions


We have demonstrated that ALD can be used to deposit Ag2O and Ag doped CeO2 catalysts at 200 °C with (hfac)Ag(PMe3), Ce(thd)4, and O3 as precursors. The growth rate stabilized to a steady-state Ag2O GPC of 0.28 Å/cycle after 100 ALD cycles. The silver doping concentration was finely tuned by setting the CeO2:Ag cycle ratio to 10:1, 20:1, and 30:1. With increasing Ag concentration in the CeO2 thin films, the overall GPC decreased from 0.32 down to 0.21 Å/cycles. AFM and SEM analyses showed that higher concentration of Ag (CeO2:Ag 10:1) inhibited CeO2 growth so that the Ag nuclei were not covered with CeO2 and so the next Ag cycle nucleated more easily on top of the Ag and could therefore form bigger crystals. XRD and XPS analyses showed that the Ag+ oxidation state dominated for CeO2:Ag 10:1 catalysts and stoichiometric CeO2 tended to be reduced from Ce4+ to Ce3+ ions.



The performance of soot combustion with Ag2O and Ag doped CeO2 with different silver concentrations was compared at operating temperatures 300–500 °C. The annealing test showed that higher concentration of Ag+ in CeO2:Ag 10:1 catalytic films was as effective as Ag2O films; effectively promoting 100% soot oxidation at Tf = 390 °C due to the oxygen species formed on Ag+ sites. It is worth mentioning that the higher concentrations of Ce3+ in the CeO2:Ag 10:1 catalyst films can also form more active oxygen, which then reacts with soot to yield carbon dioxide.



In repetitive tests in loose contact mode, the Ag doped CeO2 catalysts showed stable performance after a small initial decrease (down to approximately 90% of the initial performance for the case of CeO2:Ag 10:1 films) whereas the performance of the pure Ag2O films decreased by 50% after the first test and continued to decrease thereafter.



Overall, the results show that Ag-doped CeO2 films grown by ALD are effective and stable as catalysts for soot oxidation.
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Figure 1. A schematic representation of the atomic layer deposition (ALD) supercycle used to deposit Ag doped CeO2 catalytic thin films. 
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Figure 2. The effect of ozone and (hfac)Ag(PMe3) pulse time on the growth rate of silver oxide at 200 °C reactor temperature. 
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Figure 3. Thickness of the silver oxide film as a function of the number of deposition cycles at the deposition temperature of 200 °C. 
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Figure 4. The effect of Ag concentration on the growth rate of Ag doped CeO2 thin films at 200 °C reactor temperature. 
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Figure 5. Relationship between CeO2:Ag pulsing ratio vs. silver molar percent in the corresponding Ag doped CeO2 thin films. 
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Figure 6. The atomic force microscopy (AFM) non-contact mode images of Ag2O deposited with: (a) 25 cycles (Ra 0.7 nm); (b) 100 cycles (Ra 1.5 nm); (c) 250 cycles (Ra 1.6 nm); and (d) 500 cycles (Ra 1.7 nm). Axis scales are in nm. 
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Figure 7. Scanning electron microscope (SEM) images of Ag2O thin films deposited with different number of cycles at 200 °C resulting in different thicknesses (5.8, 8.8, and 13.8 nm). 
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Figure 8. The AFM non-contact mode images of Ag doped CeO2 in different CeO2:Ag ratios deposited at 200 °C: (a) 10:1; (b) 20:1; (c) 30:1; and (d) CeO2. The scales are in nm. 
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Figure 9. SEM of Ag doped CeO2 in different CeO2:Ag ratios (a) 10:1, (b) 20:1, and (c) 30:1 deposited at 200 °C. 
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Figure 10. (a) X-ray diffraction (XRD) patterns of Ag2O, CeO2 and Ag doped CeO2 with different Ce:Ag ratios 10:1, 20:1, and 30:1 deposited at 200 °C. (b) XRD patterns of slow scans of CeO2, Ag2O and Ag doped CeO2 with different Ce:Ag ratios 10:1, 20:1, 30:1 in the 2θ range of 24°–40°. 
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Figure 11. High resolution Ag 3d X-ray photoelectron spectroscopy (XPS) spectra of (a) pure Ag2O and Ag doped CeO2 in different CeO2:Ag ratio (b) 10:1, (c) 20:1, and (d) 30:1. 
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Figure 12. Conversion of oxidized soot on silver oxide, cerium oxide, and silver doped cerium oxide in ratio CeO2:Ag 10:1, 20:1, 30:1 thin films deposited on stainless steel foil at 200 °C vs. annealing temperature over 2 h. The measurement uncertainty is approximately 5%. 
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Figure 13. Repetitive soot oxidation in the presence of silver oxide, cerium oxide, and silver doped cerium oxide in ratio CeO2:Ag 10:1, 20:1, and 30:1 thin films deposited on stainless steel foil at 200 °C vs. annealing temperature over 2 h at 430 °C. 
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Table 1. Grain size of CeO2 (111) plane reflection based on Scherrer’s equation.






Table 1. Grain size of CeO2 (111) plane reflection based on Scherrer’s equation.





	Catalyst
	Grain Size of CeO2 (111) (nm)





	CeO2
	10.2



	Ce:Ag 30:1
	8.7



	Ce:Ag 20:1
	7.1



	Ce:Ag 10:1
	6.2
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Table 2. Surface elemental composition of Ag doped CeO2, Ag2O, and CeO2 thin films.
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Catalyst

	
Surface Composition (at.%)

	
Ag/Ce (from Survey)




	
Ce 3d

	
Ag 3d

	
O 1s

	
C 1s

	
F 1s

	
N 1s






	
Ce:Ag 10:1

	
21.4

	
9.7

	
46.1

	
13.9

	
8.1

	
6

	
0.453




	
Ce:Ag 20:1

	
23.9

	
4.5

	
43.8

	
15.7

	
7.1

	
5

	
0.188




	
Ce:Ag 30:1

	
26.6

	
2.0

	
39.9

	
17.4

	
5.7

	
3.6

	
0.075




	
Ag2O

	
–

	
56

	
27.3

	
14.2

	
0.5

	
3

	
–




	
CeO2

	
25.9

	
–

	
52.9

	
21.5

	
–

	
–

	
–
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Table 3. Binding energies and integrated peak areas of Ag 3d spin-orbit doublets in Ag2O, Ag doped CeO2 and CeO2 thin films.






Table 3. Binding energies and integrated peak areas of Ag 3d spin-orbit doublets in Ag2O, Ag doped CeO2 and CeO2 thin films.





	
Catalyst

	
Compound (BE, eV)

	
Concentration of Ce4+ (at.%) (Excluding C)

	
Concentration of Ce3+ (at.%) (Excluding C)

	
Ce3+/Ce4+

(%)




	
Ag+

(368.2 ± 0.1)

	
Ag0

(369.2 ± 0.1)

	
Ag2+

(367.2)






	
Ag2O

	
100

	
–

	
–

	
–

	
–

	
–




	
Ce:Ag 10:1

	
85

	
9.7

	
4.5

	
77

	
23

	
29.8




	
Ce:Ag 20:1

	
59

	
35

	
6

	
80

	
20

	
25.0




	
Ce:Ag 30:1

	
38.4

	
59

	
2.6

	
82

	
18

	
21.9




	
CeO2

	
–

	
–

	
–

	
83

	
17

	
20.4
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Table 4. Catalytic performance for soot oxidation.
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	Catalyst
	Ti (°C)
	Tf (°C)





	None
	410
	600



	CeO2
	350
	490



	CeO2:Ag 10:1
	300
	390



	CeO2:Ag 20:1
	300
	490



	CeO2:Ag 30:1
	330
	490



	Ag2O
	300
	410
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