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Featured Application: Could be aided to improve the efficiency of NSC catalysts and thus reduce
the environmental impact of thermal-powered vehicles in accordance with the Paris agreement
COP21.

Abstract: This paper describes an expeditious and reliable method for determining the thermal effects
in a static condition of commercial NOx storage catalysts (NSCs) using scanning electron microscopy
with an energy dispersive X-ray analytical system (SEM/EDS). It is worth remarking that possible
changes in the morphology and in the elemental composition of the catalyst may be considered as
the most important causes of the lower conversion of NOx. The information attained in this work
indicates that Pt nanoparticle sintering is strongly increased by the oxygen exposure, and this can be
considered a very useful preliminary investigation for the studies already present in the literature on
the efficiency of NSCs.
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1. Introduction

In recent decades, research has focused on the development of catalytic and photocatalytic
methods based on the use of nanoparticles (NPs), which can be used in various applications related to
chemical production as well as environmental technology. In the latter context, of wide interest is the
reduction of greenhouse gases with special focus on the abatement of NOx using nanocatalysis [1-3].

The NOxs have manifold devastating effects on the atmospheric ecosystem (i.e., ozone layer
depletion, acid rain etc.) and on human health. As emerges from several studies, the main contribution
to NOx emissions comes from automobile sources, with almost half of all NOx produced [4].

The NOx storage catalyst (NSC) is one of the most promising concepts for the reduction of NOx
from exhaust gas of lean burn combustion engines such as Diesel engines [5,6]. In the NSC, there are
precious metals (platinum, rhodium, palladium), various oxides, and other substances useful for NOx
storage. The catalytic NSC converter is made of a ceramic (synthetic cordierite 2MgO-2Al,03-55i0;)
or metallic (chromium-iron-aluminum alloys) monolith, and its internal walls are covered with the
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washcoat, a mixture of several oxides such as BaO, ceria, zirconia, and y-alumina, possessing a high
specific area, thus improving the catalytic performances.

The catalytic active phase, composed by one or more noble nanostructured metals, is uniformly
dispersed on the washcoat surface and all these components exert a proper role that is based on
a complex interaction among themselves [7]. Recent studies have demonstrated that the presence of
barium in the washcoat is crucial for the NOx storage process, due to the reversible transformation of
BaO (or carbonate) into BaNOs, and that a great influence is also exerted by cerium [8].

For a Pt-BaO/ Al,Oj catalyst, Kim et al. observed that the sintering of platinum particles increases
exponentially with both the aging time and the temperature [9], and this not only decreases the
conversion of the reactions but also affects the NOx storage process [10].

The sintering of both Pt particles and the washcoat phase leads to an inhomogeneous dispersion
of the catalytic phase and lowers the number of the active sites for the NOx storage [11]. A further
drawback of Pt sintering is the decrease in the contact surface between Pt and BaO, resulting not only
in a lower activity for the NO oxidation but also in a reduced rate of NO, spillover from Pt to the
neighboring barium adsorption sites, which in turn decrease the NOx storage activity [9-11].

Most of the previous works have shown that the sintering behavior of Pt is a function of time,
temperature, and composition of gaseous atmosphere to which the catalyst is exposed [9-12]. However,
the sintering dependence on the gaseous environment has commonly been evaluated on model
catalysts and has been based on NOx conversion efficiency, asserting that the oxidizing atmosphere
tends to strongly increase the aging phenomenon [4,12].

Similarly, thermal aging is a serious drawback of today’s NSCs, imposing a high regeneration
frequency of catalytic material to preserve the high levels of NOx conversion.

To the best of our knowledge, few studies have been reported until now on real (commercial)
catalysts for automotive applications, such as selective catalytic reduction (SCR) [13], three-way
catalysts [14], and NSC catalysts [15,16], aimed at establishing, with quantitative and morphological
data, the separate contributions of thermal and chemical (oxidizing) effects to the aging process.

In this context, based on our experience in organocatalysis and nanocatalysis [17-21],
we envisaged that these contributions can be evaluated with the aid of electronic microscopy. Herein,
we report studies on chemical and structural variations of the Pt particles and the washcoat of
commercial NSCs ascertained via TEM and EDS analyses. These investigations can be considered
preliminary to the studies already present in the literature on the efficiency of NSCs.

2. Materials and Methods

The experiments here were carried out on two commercial monolithic converters presently used
on vehicles. One was a ceramic catalyst aged NSC Diesel 2.0 L from which samples were collected by
means of stickers coal. The other is a metallic catalytic converter obtained from a prototype application
using a Diesel 2000 motor.

The scanning electron microscopy, energy dispersed X-ray, and field emission scanning electron
microscopy (FE-SEM) spectra were performed with a Zeiss Sigma microscope operating in the range
0.5-20 kV and equipped with an in-lens secondary electron (SE) detector, a back-scatted electron (BSE)
detector, and an INCA Energy Dispersive Spectroscopy (EDS) detector. Samples were deposited on
double-sided carbon tape and grounded with silver paste.

Transmission electron microscopy (TEM) analyses were performed with a JEOL JEM-1011
microscope operating at 100 kV. The TEM samples were prepared by casting a drop of powder
in CHCl; solution onto a carbon hollowed TEM grid.

The BET surface area and pore size of the sorbent were determined by adsorption-desorption N,
isotherms at 77 K, by an Autosorb IQ Chemi TCD instrument (Quantachrome Instruments, Boynton
Beach, FL, USA). The biosorbent was apparently a mesoporous material with pore diameters ranging
20-500 A, an average pore radius of 16.535 A, and a BET total surface area exceeding 1.664 m?/g.
Referring to the pores, the total volume and surface area were, respectively, 0.008 cm®/g and 1.010 m?/g.
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X-ray powder diffraction (PXRD) measurements were carried out with a Panalytical X’PERT PRO
powder diffractometer equipped with a mirror and a PIXcel® solid state detector in the 20~100° 20
region, operating with Cu Ko radiation (A = 1.5418 A). Anti-scatter slits were used both on the incident
(0.25° and 0.5° divergence) and the diffracted (7.5 mm height) beam.

Samples Preparation: The Diesel 2000 catalyst was cut in slices that were thermally aged in
a furnace at 800 °C for 8 and 24 h under an argon atmosphere [5,9,12].

To evaluate the influence of oxygen and water, two samples were subjected to a pretreatment with
humid O, after which molecular oxygen was flushed in distilled water, and the resulting wet stream
was bubbled in a bottle containing the catalyst slices for 2 h at room temperature. Then, the slices were
aged for 8 and 24 h respectively. After these treatments, the powdered catalyst, containing the precious
metal dispersion, the washcoat, and the alkaline-earth metal oxides were studied with FE-SEM-EDS,
TEM, XRD, and BET techniques.

3. Results

Investigations began on the ceramic NSC catalyst. A preliminary screening was carried out to find
the best technique for revealing morphologic variations of the substrate under the operative conditions.

Firstly, the optical VMS—004D—400x USB Microscope was used to detect deposits on the metal
support at the upstream and downstream of the catalytic converter (Figure 1). Deposits, collected
by means of stickers coal, were analyzed via scanning electron microscopy—energy dispersed X-ray
(SEM-EDS) techniques.

Analyses of the upstream sample revealed the presence of magnesium, silicon, and aluminum,
constituents of the ceramic monolith (Figure 2B).

As expected, barium and cerium (as oxides) were also detected, which were added to improve
the catalytic activity. The aluminum peak was due not only to the y-alumina but also to the aluminum
of the ceramic monolith. Since the exhaust gas entering the converter contains sulfur, the latter was
also detected in the upstream sample.

EDS analyses of the downstream sample revealed the absence of both sulfur and platinum
elements (Figure 2D). In the case of the former, this was not a surprising result, because the ceramic
monolith is expected to purify the exhaust gas from SOx compounds efficiently. In contrast, the lack
of platinum in the downstream sample is an unexpected novelty and can be seen as a choice of
the manufacturer, who decided that the presence of Pt in that section of device was an unnecessary
cost, since much of the conversion process (including NOx reduction to Nj) takes place at the start
of converter.

In contrast, SEM images provide only rough morphological information that is not sufficient to
point out differences between the two samples (Figure 2A,C).
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Figure 1. (A) Upstream and (B) downstream samples of the ceramic support.
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Figure 2. NSC ceramic support: (A) SEM image and (B) EDS analysis of the upstream sample; (C) SEM
image and (D) EDS analysis of the downstream sample.

Next, we turned our attention to the metallic catalytic converter, Diesel 2000 (Figure 3). In this
case, sampling was carried out in a careful manner in order to obtain uniform and representative
specimens, after which chemical composition throughout the catalyst was preliminarily investigated
by EDS analyses, sampling both the upstream and downstream parts of NSC catalyst (Figure 4).

Figure 3. NSC metallic catalytic converter: (A) the whole catalyst; (B) the metallic support;
(C) longitudinal cuts; (D) a slice of the catalyst.
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Figure 4. EDS analysis of the (A) upstream and (B) downstream samples of the NSC metallic catalysts.

As EDS quantitative data showed a roughly uniform elemental composition along the entire NSC,
with the exception of carbon percentage, which depends on sampling, specimens were obtained by
cutting the catalyst first longitudinally (Figure 3C) and then transversally to produce slices among
which the ones with unblocked pores were chosen (Figure 3D).

Recent studies showed that some compounds in the exhaust feed can influence the NOx storage
process, especially CO, and water vapor, since these substances can be easily adsorbed on barium and
alumina sites and can sterically block their active sites [10-12]. Therefore, when water vapor is present
in the exhaust gas, the storage capacity of NOx on NSC is expected to be reduced.

On these bases, with the aim of evaluating separately the contributions to the aging of the thermal
treatment and the gaseous environment exposure, the samples listed in Table 1 were prepared, in which
some slices of the catalyst were subjected to heating under argon atmosphere (namely NSC_8_Ar
and NSC_24_Ar), to assess the sole thermal effect, while other ones where exposed, under the same
thermic conditions, to a humid oxygen atmosphere (namely NSC_8_0O, and NSC_24_0;) to evaluate
the influence of a chemical oxidizing gaseous environment [7,9-12] at 800 °C, which is higher than the
maximum temperature used for NSC catalysts.

Table 1. Thermal aging tests of NSC slices L

SAMPLE T (800 °C) Wet O, Pretreatment Time (h)
NSC_8_Ar DONE NONE 8
NSC_24_Ar DONE NONE 24
NSC_8_0, DONE DONE 8
NSC_24_0, DONE DONE 24

! Operating conditions as reported into the experimental section.

All samples were subjected to SEM-EDS and TEM analyses and compared with those of the
pristine material. Concerning the SEM-EDS analyses, only the sample coming from the thermic
treatment under a humid oxygen atmosphere (sample NSC_24_0,) somehow displayed different
results with respect to the pristine material. Indeed, from the EDS analyses of both samples, reported
in Figure 5B, the presence of the expected elemental components of an NSC, namely Al, Ba, Ce,
and Pt, was found, but the other precious metal Pd was not present in relevant amounts. As expected,
after the thermal aging process was carried out for 24 h at 800 °C under O, exposure, the oxygen
peak remarkably increased the intensity, a predictable phenomenon that can be explained both by the
formation of several oxides and by the adsorption of molecular oxygen on the active sites (Figure 5D).
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Figure 5. (A) SEM image and (B) EDS analysis of a pristine sample of NSC catalyst; (C) SEM image
and (D) EDS analysis of NSC_24h_O,.

Similar to the case of ceramic catalysts, a comparison of the SEM images of pristine and thermally
aged catalysts was not sufficient in terms of evaluating the entity of the aging process (Figure 5A,C).
In contrast, the TEM technique proved to be much more effective in investigating the catalyst evolution,
enabling the determination of the nanostructured Pt particle size distribution, a crucial parameter for
establishing the NSC catalyst functioning.

In fact, it is well known that a primary role of Pt in the NOx abatement process is the oxidization
NO — NO,, which is also the first step of the NOx storage process. In addition, the proposed
mechanism for storage invokes a reversible surface spillover step of NO; occurring between Pt and BaO
sites. Therefore, to maintain a uniform distribution of Pt nanoparticles into the BaO matrix avoiding
the sintering phenomenon is of crucial importance for achieving high rates of both NOx storage and
its release [22]. A possible way to avoid Pt sintering is the control of the temperature, which should be
maintained as low as possible (ideally lower than 600 °C), particularly when an oxidizing atmosphere
is present [9].

To gain experimental evidence of these facts, TEM analyses were conducted on samples listed in
Table 1, focusing attention on the Pt nanoparticle size evolution (Figure 6). TEM images, corroborated
by statistical analyses (Table 2), pointed out remarkable modifications with respect to the pristine
sample of Pt nanoparticle morphology and sizes after thermal treatment, particularly after prolonged
exposure to oxygen.

Indeed, while the Pt nanoparticles (dark spots in Figure 6) of samples NSC_8_0O; and NSC_24_Ar,
experienced only a slight increase in size, the sample heated for 24 h and exposed to a humid oxygen
atmosphere (NSC_24_0;) underwent a dramatic growth of particles (Figure 6D).
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Figure 6. TEM images of (A) the pristine NSC catalyst and of samples (B) NSC_8_0O,, (C) NSC_24_Ar,
and (D) NSC_24_0,.

Data reported in Table 2 highlight the growth of Pt nanoparticles from 8 to 43 nm as well as the
broadening of their sizes distribution from 12 to 20%. These data clearly demonstrate that the sintering
process is strongly accelerated by the oxidizing gaseous environments, with an increment of Pt particle
sizes of more than 5 times in only 24 h of exposure.

Table 2. Pt NP size distribution + standard deviation as a function of thermal treatment duration and

oXxygen exposure.

SAMPLE Size (nm)
Pristine 8+1
NSC_8_Ar 1142
NSC_8_0, 12+3
NSC_24_Ar 15+5
NSC_24_0O, 43+9

As catalytic performances of these NSC catalysts are also strongly dependent on structural factors
of the washcoat, such as its crystal lattice and specific surface area, BET and XRD analyses were carried
in order to highlight possible variations of this part of the catalyst induced by thermal treatment and
oxygen exposure.

From data in Table 3, it can be clearly seen that the specific surface area of the washcoat, including
the pore diameter and the volume, does not undergo significant variations with treatment.

Table 3. BET analyses.

Sample Pores Diameter (A) Pores Volume (cm3/g) BET Area (m?/g)
Pristine 37.0 0.5 1012
NSC_24_Ar 40.8 0.4 994

NSC_24_0O, 441 0.3 98
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Similar conclusions can be drawn on the basis of XRD analyses (Figure 7), for which the crystalline
structure of the major oxide components of the washcoat (BaO, y-alumina, and ceria) does not undergo
substantial changes after the treatments. It should be noted that the XRD spectrum seems to be useless
for this purpose because of the widening of peaks due to the contributions of the various oxides that
drop to 2theta values that are very close to each other. In addition, due to the small percentages,
platinum peaks are not useful for speculating on possible variations in the structure. Therefore, the real
changes detected are due to the sintering of platinum nanoparticles, which is well evidenced by TEM
analyses of Figure 6.
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Figure 7. XRD analyses of NSC samples. Colored points indicate the overlap of peaks due to the
different oxides assigned based on the literature [23-27].

In conclusion, we have demonstrated that NSC aging can be studied carefully by means of
electronic microscopy (SEM-EDS and TEM techniques) evaluating for the first time on real (commercial)
samples the separate effects of thermal and chemical (oxidizing environment) treatment. Besides
morphology and size distribution, EDS analyses provide chemical compositions of the catalyst
environment, and all these data can provide a precise snapshot of the catalyst life. It should be
noted that alternative methods exist, such as the traditional basic I/M (idle) tests or the borescope
technique developed by Olympus of America, but these techniques do not yield as accurate a diagnosis
of the health state of the catalyst [28]. The information attained with these techniques allowed for the
direct observation that Pt nanoparticle sintering is strongly increased by oxygen exposure.

This can be considered a very useful preliminary investigation for the studies already present
in the literature on the efficiency of NSCs, as it clearly demonstrates, based on quantitative data,
that an increased resistance of NSCs to thermal aging is possible if the presence of moisture and oxygen
into the exhaust gases is reduced.
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The borescope technique is based on a optic fiber device which can be inserted in an oxygen sensor hole
(or other openings) and maneuvered through the exhaust system up to the catalyst. In this case it is possible
to only a visual check, without being able to define it morphology, nor the chemical composition of the
catalytic converter.
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