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Abstract: Ceria-based catalysts, with Cu in substitution of noble metals, were studied in a vertical
microreactor system under isothermal conditions, where NOx was previously stored, followed by
the reduction step conducted under Hz. The possible remaining ad-NOx species after the reduction
stage, were investigated by Temperature Programmed Desorption in He. In situ DRIFTS was used
as a complementary technique for the analysis of the surface species formation/transformation on
the catalysts’ surface. Catalysts containing both Ba and Cu were found to be selective in the NOx
reduction, producing N2 and minor amounts of NHs during the reduction step, as well as NO. The
different ceria-based formulations (containing copper and/or barium) were prepared and tested at
two different temperatures in the NOx reduction (NSR) processes. Their catalytic activities were
analyzed in terms of their compositions and have been useful in the elucidation of the possible
origin and relevant pathways for NOx reduction product formation, which seems to involve the
oxygen vacancies of the ceria-based materials (whose generation seems to be promoted by copper)
during the rich step. The scope of this work involves an interdisciplinary study of the impact that
catalysts” formulations (noble metal-free) have on their LNT performance under simulated condi-
tions, thus covering aspects of Materials Science and Chemical Engineering in a highly applied con-
text, related to the development of control strategies for hybrid powertrains and/or the reduction of
the impact of cold-start emissions.

Keywords: exhaust aftertreatment systems; LNT (lean NOx trap); ceria-zirconia; copper species;
barium; NOx reduction; oxygen vacancies.

1. Introduction

Europe has proposed ambitious reductions in CO: limits for both light- and heavy-
duty sectors, and discussions have already started on the continent regarding the next
level of regulations, beyond Euro 6 [1]. Original Equipment Manufacturers (OEMs) are
testing approaches for meeting these tough targets, both for reducing CO: and tailpipe
NOx through improved engine and after-treatment technologies [2].

NOx emissions from in-use diesel vehicles have come under intense scrutiny, and
while meeting current and upcoming regulations is a significant challenge, several studies
have been carried out to demonstrate that diesels can be very clean under a wide range of
operating conditions [3].
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Various recent studies support that engine improvements coupled with advanced
after-treatment systems enable vehicles to meet post-Euro 6 NOx limits under challenging
real-world driving conditions. It is clear that only the use of combined after-treatment
technologies would permit the achievement of these stringent limits. Some authors report
very low NOx emissions using a combination of LNT (Lean NOx Trap), SCR, and an am-
monia slip catalyst under demanding urban driving conditions [4]; others propose the use
of a type of non-hybrid 2.0 L D-segment vehicle in combination with LNT, catalyzed DPF,
and down-stream SCR [5]. Very recent studies demonstrate that LNT and SCR coated fil-
ters offer further cold start emission reduction, and that the innovative diesel mild hybrids
can offer synergistic gains for lower NOx as well as COz improvements [2].

Taking these premises into account, LNTs are still an interesting technology in the
framework of a combined diesel or lean-burn engine strategy for efficient NOx removal;
lean combustion would need a complete rework of exhaust aftertreatment systems on
gasoline engines, which traditional three-way catalysts (TWC) could not operate. Under
these multiple contexts, LNT catalysts should be able to store NOx in a temperature win-
dow between 150 °C and 350 °C under lean conditions, and subsequently reduce them
under rich conditions; during this step, together with N2, some NHs can be formed that
could assist the downstream SCR device. However, several catalyst formulations, mainly
based on zeolite doped with noble metals like Pd, could permit the storage of NOx at low
temperatures, subsequently releasing them at a higher temperature for the proper opera-
tion of the downstream SCR element [2]. All these actions can yield a lot of benefits and
create a complex interplay in the design of new generation after-treatment strategies. An
investigation of the influence of the various components forming these catalysts deserves
special attention.

LNT catalysts operate under cyclic conditions. In the first step, under lean conditions
(that is, in excess of oxygen), NOx is stored onto the catalyst’s surface in the form of nitrites
and/or nitrates depending on the storage temperature, while in the second step, the stored
NOx is reduced under rich conditions, with N2 as a main product [6-16]. Nevertheless,
some other products might be formed, such as NO, NOz, NHs, or N20, because of an in-
efficient reduction or thermal decomposition. Typically, LNT catalysts are constituted of
noble metals (Pt, Pd, Rh), which efficiently oxidize NO to NO: under O: and favor the
generation of reduced N-products during the rich phase; they are also comprised of alka-
line or alkaline earth metal oxides (Ba, K) as the storage component [10,13,15,17-19]. The
catalytic NO oxidation to NO: is a critical point due to the relevance of the NO:2 presence
in different depollution technologies [20-23]; indeed, not only can NO: be effectively re-
tained onto catalytic NSR storage components, thus increasing the NOx removal capacity
of these systems, but it can also be very active in soot oxidation, being more oxidant than
2. Thus, NOr-assisted soot combustion processes are interesting for the proper regener-
ation of diesel particulate filters (DPF), as well as in diesel particulate-NOx reduction sys-
tems (DPNR) for the simultaneous removal of both contaminants [24-27].

Ceria is a common component in several traditional automotive catalytic systems,
such as three-way catalysts (TWCs) [6,7], due to its unique properties. First of all, its oxy-
gen storage capacity (OSC), which allows for the regulation of oxygen partial pressure
under atmosphere changes. Cerium-based oxides, combined with Zr or Pr, are frequently
used as redox catalysts in a number of applications [28-31]; cerium oxide is also present
in significant amounts in LNT catalyst formulations [32] to increase thermal stability and
add OSC functionality [11]. Some authors have reported improved NOx storage capacity
(particularly at moderate temperatures, 200—400 °C) [33] when including ceria as an in-
gredient in the formulations of these catalysts linked to a high basic character of ceria and
to a relevant surface/bulk oxygen mobility. Additionally, the resultant ad-NOx species are
quite reactive under H: or either CO [34].

However, LNT catalysts suffer of some drawbacks, one of them being the use of high-
cost noble metals in LNT formulations. Therefore, efforts have been made in order to sub-
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stitute Pt with other metals; Cu has been proposed as a possible candidate [35-38]. In ad-
dition, interesting properties have been found upon the combination of Cu and ceria; for
example, these catalysts present a highly promoted NO oxidation to NO: (at low-mild
temperatures) and a very high reducibility at low temperatures as well. These improved
characteristics have been attributed to a synergistic effect between CuOx sites and ceria’s
surface, which is due to their interfacial interactions that promote redox behavior [39-43].
The higher capacity of NO and/or NO: oxidation has also been exploited by our group,
studying copper/ceria—zirconia catalysts in soot combustion processes (under NO + O2
and under Oz atmospheres) [44-47]. Nevertheless, a comprehensive study of the possibil-
ities towards the NOx reduction of these catalysts is still lacking. Therefore, the scope of
this work involves an interdisciplinary study of the impact that catalysts” formulations
(noble metal-free) have on their LNT performance under simulated conditions, thus cov-
ering aspects of Materials Science and Chemical Engineering in a highly applied context,
related to the development of control strategies for hybrid powertrains and/or the reduc-
tion of the impact of cold-start emissions, thus connecting with the aims and scope of the
Journal of Applied Sciences and with those of this Special Issue.

In a previous work [48], we prepared and fully characterized new LNT catalysts
based on Cu/(Ba)/ceria—zirconia components. These catalytic systems were tested in NOx
adsorption at different temperatures in the range of 150-350 °C. The catalytic results re-
ported that Cu enhances the NO oxidation activity, which is lowered by the presence of
Ba. On the other hand, Ba benefits the NOx storage capacity, and consequently, the sample
containing both Cu and Ba, with the formulation Cu(2% w/w)/Ba(6% w/w)/CeosZro202
showing the highest NOx storage capacity among the investigated samples.

In this study, we complete the analysis of these systems considering only the reduc-
tion step, an analysis of the catalysts’ formulations (support alone, presence of Cu and/or
Ba, loading of Ba), and the effect of the reaction temperature. Finally, some insights into
the processes governing NSR operation by this type of noble metal-free ceria-based cata-
lysts are elucidated, focusing on low temperatures and predominant routes of NOx reduc-
tion with these novel formulations. These elucidations will provide new useful knowledge
for the design of subsequent combinations of these systems with other after-treatment
technologies.

2. Materials and Methods
2.1. Catalyst Preparation

The synthesis of ceria—zirconia (CZ), with CeosZr020: as the specific formulation, is
well-described elsewhere [44,49,50]. In summary, ceria—zirconia was prepared by co-pre-
cipitation of the corresponding precursor salts, (NH4)2Ce(NOs)s and ZrO(NOs)2-x H20, in
alkali media. The solids obtained were dried and calcined in air at 500 °C for 1 h.

Cu2/CZ samples (Cu loading 2% w/w) was prepared by incorporating the copper
precursor to CZ by the incipient wetness impregnation method; this Cu loading was se-
lected according to our previous study [44]. As reported elsewhere [44], the catalyst was
prepared by incipient wetness impregnation, using Cu(NOs)2-3H:O as precursor; then, the
system was dried and calcined in air at 500 °C for 1 h.

Finally, the barium precursor was incorporated to CZ and Cu2/CZ by wetness im-
pregnation. The corresponding procedure, described in detail elsewhere [48], involved the
dissolution of proper amounts of barium acetate in the minimum amount of water re-
quired in order to impregnate CZ and Cu2/CZ. The solids were dried and calcined in air
at 500 °C for 1 h. Considering the nominal amounts of Ba wt % achieved in the solids, they
were named as Ba6/CZ, Ba6/Cu2CZ, and Ball/Cu2CZ, respectively (see the correspond-
ing theoretical and experimental quantification by means of X-ray fluorescence technique
elsewhere [48]).
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2.2. Characterization Techniques

All the samples were characterized in depth by means of XRF, N2 adsorption-desorp-
tion isotherms at -196 °C, XRD, Raman spectroscopy, H>-TPR, XPS, and in situ DRIFTS;
details of the characterization were previously described [48] and briefly reported in this
article for completeness. Details of the cited experimental techniques are compiled under
the Supplementary Information. The XRD spectra showed that the Ba phase was present
as carbonates in the fresh Ba-containing catalysts. Barium incorporation into the catalyst
formulation led to a certain pore blocking and a decrease of the surface area, along with a
very minor decrease of catalyst reducibility, as revealed by H>-TPR. At variance, Cu sig-
nificantly increased catalyst reducibility. From XPS, it was confirmed that both Cu and Ba
were enriched on the catalyst’s surface, i.e., they might not be significantly hidden or in-
corporated into the CZ lattice.

2.3. Catalytic Activity Experiments

The catalytic tests were carried out in a tubular quartz reactor, coupled with different
analyzers in parallel: a mass spectrometer, a micro-gas chromatograph, and a UV-NOx
analyzer. A total of 60 mg of catalyst was used for each experiment and the total inlet gas
flow was kept at 100 mL/min during the experiment (GHSV = 100,000 h-1).

The NOx adsorption/reduction cycles were performed at a constant temperature in
the range 150-350 °C (with the exception of Ba6/CZ that was only investigated under 250-
350 °C). In a typical experiment, the catalyst was pre-treated in inert atmosphere at 500 °C
for 30 min; then, it was cooled down to the adsorption/reduction temperature. The ad-
sorption phase was carried out by feeding to the reactor 1000 ppm of NO + 3% v/v of Oz
in He (as balance), up to catalyst saturation. After ca. 1 h, NO and O: concentrations were
decreased stepwise to zero, followed by He purge at the same temperature. The subse-
quent reduction step was performed by feeding to the reactor 2000 ppm H: in He (as bal-
ance) during a variable time, but around 1 h in most of the cases. The reason for this var-
iability is the different rates of decay of MS signals and/or the different reactivities of the
catalysts at the two temperatures of interest. Nevertheless, the time was kept until all the
N-reduction product emissions decayed in all the cases. Finally, to ensure a complete re-
lease/decomposition of the previously adsorbed NOx species (in case they were not re-
duced during the reduction step), Temperature Programmed Desorption (TPD) was per-
formed by increasing the temperature progressively up to 500 °C under He (10 °C/min).

An additional experiment consisting of consecutive pulses of NO + Oz (for 20 min
each) and subsequent pulses of H: (for 15 min each) was performed for the Ba6/Cu2CZ
sample at a constant temperature of 300 °C and using the same gas concentrations. After
finishing these cycles, a TPD was carried out, heating up to 500 °C (10 °C/min) under He,
in order to release/decompose the remaining N-species (previously adsorbed); since N-
species balance during each NOx adsorption cycle pointed out a certain NOx adsorbed
amount remaining at the end of the cycle.

The selectivity towards the different reduction products detected was estimated ac-
cording to the following Equations (1)-(4). Even though very minor N2O and NHs pro-
ductions were monitored in some of the experiments, these compounds were also taken
into account for calculation purposes:

2n
S, (%) = 100 - Nz

2nN2 +nNO + nNH3+ ZnNZO
NNo

Sno(%) = 100 -
no (%) 2nN2+nN0 + nyg,+ 2nN20

NNH,
2nN2+nNo + nyyg,+ ZnNzo

Sni, (%) = 100 -

ZnNZO

S %) = 100 -
NZO( 0) 2ny, +nyo + nyg,+ 2ny,0
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where nn2, nno, nn20, and nnms are the total molar amounts of N2, NO, N20O, and NHs, re-
spectively, evolved during the reduction phase and calculated by the integrals of the cor-
responding concentration curves vs. time.

Complementary in situ DRIFTS experiments were performed using a FT/IR-4000 Se-
ries spectrometer (JASCO Corporation, Tokyo, Japan), with a high-temperature reaction
chamber, 4 cm™ of resolution, and 16 scans per spectrum, in the 4000-500 cm™ spectral
range. The experiments were carried out in the interval of 150-350 °C, with approximately
60-70 mg of sample to fill the crucible, which was placed inside the reaction chamber; the
flow was kept constant during the entire experiment, at 100 mL/min. Briefly, the sample
was heated up to 500 °C under Ar and maintained for 30 min; after cooling down to the
analysis temperature, the NOx adsorption step was conducted by feeding 1000 ppm NO +
3% Oz (v/v) in Ar to the reaction chamber for 1 h. After purging the chamber, the reduction
step was carried out by feeding 2000 ppm Hz in Ar for 1 h. A final TPD under Ar was
conducted by heating the reaction chamber at 10 °C/min up to 500 °C. Every sequence of
pre-treatment + NOx adsorption + Hz reduction +TPD under He was conducted with a
fresh sample. This specific procedure, along with the continuous presence of residual CO:
in the pipes of the experimental set-up (even having a CO2 absorber available), yielded to
an experimental observation of persistent carbonate bands at all times on the catalysts’
surfaces.

The complete analysis and discussion of the storage phase have been already deeply
analyzed in a previous paper [48]. For this reason, the attention in this paper is focused
on the reduction/decomposition step, reporting some data on the storage phase only to
clarify purpose, if any.

3. Results and Discussion
3.1. NOx Storage/Reduction Cycles.

Figure 1 shows a typical sequence of seven lean/rich cycles performed over the fully
formulated Ba6/Cu2CZ catalyst at 300 °C. The concentration of all the gaseous species
detected (i.e., NO, NO2z, NOx, Hz, H20, N2, NHs, CO2) are reported.

Upon NO and Oz admission (at t =0), NO concentration rapidly increases, while NO:z
formation is observed, with a slight delay due to the occurrence of NO oxidation by Oz, in
line with previous results [48]. The NOx adsorption process reasonably involves both Ba
and Ce sites, even though NOx adsorbed on Ba or on Ce sites is reported to be indistin-
guishable upon surface analysis. After NO admission, the evolution of H20 is observed,
accompanied in the first cycle by a small amount of CO:x. It is possible to correlate the latter
to the barium carbonate decomposition during the NOx adsorption, according to the
global reaction:

BaCOs + 2 NO + 3/2 02 — Ba(NOs)2 + CO» 1)

After the first cycle, since CO: is absent in the gas stream and carbonates are not re-
stored during the subsequent reduction step, the evolution of CO: is not observed any-
more.
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Figure 1. Profiles of product and inlet concentrations (in dashed lines) during NOx storage and Hz reduction consecutive
pulses, carried out with Ba6/Cu2CZ at 300 °C.

On the other hand, H20 desorption could be associated with the interaction between
gas phase NOx and the hydroxyl groups of the ceria-based catalysts, producing ad-NOx
surface species, as confirmed in a previous publication [48] and according to reactions (6)
and (7):

NO +2 Ce* - OH~ — Ce* - NOz + Ce?-0 + H20 (2)

Ce* — NOz + Ce* - O*— Ce* - NOs~ + Ce¥—n 3)

The outlet concentrations of both NO and NO: increase with time and eventually
reach a steady-state level (with the exception of the first adsorption step). At the end of
the adsorption phase, DRIFTS analysis reported in a previous work [48] (and on SI, as
commented below) showed representative bands at 1245 and 1010 cm™!, which were at-
tributed to nitrate species stored on the catalyst surface (both on Ba and Ce sites) in dif-
ferent geometries and configurations.

At the end of every lean phase, the gas feed is switched to rich conditions to regen-
erate the catalyst surface from the stored NOx. The H2 concentration presents a relevant
and complex profile; indeed, it increases with the simultaneous evolution of NO and Hz0,
then decreases, reaching a minimum in correspondence with a maximum in the water
evolution. N2 and negligible amounts of NHs are monitored as N-reduction products. Ac-
cordingly, the ad-species stored on Ba sites (presumably nitrates) are reduced, following
the global stoichiometry:
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Ba(NO:s)2 + H2 — NO/N2/NHs + BaO + H20 4)

Other reactions could take place concurrently during the rich phase:
BaO + H20 — Ba(OH): 5)

The latter could also partially explain the evolution of water during the new subse-
quent storage phase; indeed, when Ba hydroxides are involved in the storage, NOx will
scavenge H20 and the evolution of this compound will occur. The reduction of NOx stored
over Ce sites are considered later on.

Quantitative analysis of the lean/rich cycle at 300 °C for Ba6/Cu2CZ is reported in
Table 1 in terms of selectivity to reduction products (i.e., NO, N2, NHs) and N-balance
evaluated as N-species adsorbed versus N-products evolved. As it appears, the catalyst
exhibits almost the same behavior during all the cycles; indeed, the NOx amounts stored
is always near 250 umol/geat, while the selectivity to N2 is in the range of 26-34%. These
results confirm the large stability of this catalyst during the seven cycles tested.

At the end of the lean-rich sequences, a desorption under the programmed tempera-
ture in inert atmosphere is carried out in order to completely remove the remaining su-
perficial species. Indeed, as shown in Table 1, the N-balance results slightly higher than 1,
suggesting that small amounts of NOx remain adsorbed on the surface. As soon as the
temperature increases, a release of NO is observed, with the maximum at 375 °C, followed
by the subsequent emission of N2, with the maximum at 500 °C. This is properly explained
in the next section.

Table 1. Data from NOx storage/Hz reduction consecutive pulses (and final TPD), conducted at 300 °C for Ba6/Cu2CZ.

NOx Adsorbed  Selectivity to N2 Selectivity to Selectivity to NO

Cycle (umol/ges) %) NHS (%) %) Balance ! Nads/Npr
Cycle 1. 252 34 5 61 1.02
Cycle 2 255 31 3 66 1.02
Cycle 3 244 27 3 70 1.00
Cycle 4 246 28 3 69 1.01
Cycle 5 249 29 3 68 1.05
Cycle 6 252 27 3 70 1.02
Cycle 7 255 26 3 71 1.00

! Relationship between the NOx adsorbed (during the NOx pulse) and the released N-species in the reduction pulse.

3.2. Effect of Catalyst Formulation on the Reduction Phase

Lean/rich cycles at 150 °C and 300 °C are performed for the set of catalysts prepared
(Figures 2a—d and 3a-—e, respectively) to ascertain the influence of catalyst formulation.
The mentioned Figures report Hz, H2O, NO, NOz, NH3, N20O, and N2 outlet concentrations,
along with the Hz inlet profile (in dotted lines) of the rich phases corresponding to those
cycles. The amounts of NOx stored in the previous lean phase for every catalyst and ad-
sorption temperature are compiled in Table S1 as Supplementary Data.

At 150 °C, the Cu-free CZ catalyst does not exhibit activity (Figure 2a). The activity
of the other catalytic systems is very poor, whatever the composition of the catalyst. How-
ever, a small H> consumption can be observed with simultaneous H>O production and
NO generation (Figure 2b—d); indeed, very small amounts of NOx were adsorbed onto the
catalyst surface, thus being released in this rich step with the evolution of NO and water
according to reaction (8), as already discussed. If Ba is not present in the catalyst formula-
tion (Figure 2b), the cerium sites are the only sites responsible for NOx adsorption (see
Equations (6) and (7)); however, the evolution profile during the reduction step (NO and
H:O emission) seems to be qualitatively similar.
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Figure 2. H>, N2, NHs, NO, NO2, and H20 outlet concentrations, and Hz inlet profile (in dotted lines) of the reduction step
under 2000 ppm Hoz, at 150 °C, for the catalysts: (a) CZ; (b) Cu2/CZ; (c) Ba6/Cu2CZ; and (d) Ball/Cu2CZ (Ba6/CZ not
included due to very low catalytic response).

The activity of the Cu-free catalysts (i.e., CZ and Ba6/CZ) at 300 °C is also low (Figure
3a,c); indeed, small H2 consumptions were registered in line with the low reducibility of
these samples. As a matter of fact, dedicated H2-TPR experiments reported elsewhere [51]
showed that the reduction did not take place in a reasonable extent until 400-500 °C.
Moreover, a very small release of H20 is observed, which is mostly ascribed to a small
partial reduction of these catalysts with a small generation of oxygen vacancies [51]. Only
negligible amounts of NO and NO: were detected for CZ, and there is no evidence of other
N-containing products. It is suggested that the stored species are mainly decomposed to
NO and/or NO, while they remain indifferent to the presence of Ho; this means that in
the absence of Cu, Hz is not activated and the catalysts do not reach an effective degree of
reduction, which promotes the NOx reduction process. On the other hand, in the case of
Ba6/CZ (Figure 3c), no significant release of reduction or decomposition products is ob-
served, indicating greater stability of ad-NOx species with respect to bare CZ.
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Figure 3. Hz, N2, NHs, NO, NO2, and H20 outlet concentrations, and Hz inlet profile (in dotted lines) of the reduction step
under 2000 ppm Ho, at 300 °C, for the catalysts: (a) CZ; (b) Cu2/CZ; (c) Ba6/CZ; (d) Ba6/Cu2CZ; and (e) Ball/Cu2CZ.

Different features are observed when Cu is present in the catalyst formulation (i.e.,
in the case of the Cu2CZ and BaX/Cu2CZ catalysts, X = 6, 11 wt %). Indeed, in these cases
(Figure 3b-e), a huge amount of water is produced upon Hz admission, which generates
a high population of oxygen vacancies, in line with the extension of the reduction of these
catalysts in the range of 150-300 °C, as observed during the H>-TPR experiments [48].
Considering the Cu2/CZ catalyst (Figure 3b), as soon as Hz is admitted to the reactor, a
very small and fast NO release is observed; the N-balance reveals that the very low
amount of adsorbed NOx (8.9 pmol/geat) is completely removed from the surface (see Table
S1). The NOx reduction is not selective to nitrogen, and only NO is detected during the
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first minutes of the reduction phase. It is suggested that the NO produced during the re-
duction step is the result of the stored NOx reduction and not of a decomposition, as ob-
served in the case of Cu-free catalysts, since huge amounts of water are simultaneously
produced that indicate the occurrence of such reduction.

Finally, by considering the fully formulated catalysts, i.e, Ba6/Cu2CZ and
Ball/Cu2CZ (Figure 3d,e) upon Hz2 admission, NO is immediately observed, as in the pre-
vious case; however, after a very short period of time and in correspondence with the
drop in NO concentration, N2 evolves as well (together with very minor amounts of N20).
NHs concentration deviates slightly from zero, although rigorous quantification is some-
what difficult. Huge amounts of H20O are observed in both cases with a complex profile.
The N-balance calculated in these cases is close to 1.

An analysis of the previous results suggests a close analogy with traditional NSR
systems. Indeed, for BaX/Cu2CZ catalysts, NOx is stored during the lean phase, forming
nitrite and nitrate species as with the traditional Pt-Ba/Al2Os NSR catalyst; the stored spe-
cies are then reduced during the subsequent rich phase. However, the selectivity towards
Nz of the Ba-Cu catalyst is definitely lower, with NO being the main product; on the other
hand, the decrease in the N2 selectivity of Pt-based catalysts is related to the production
of NHs and this drawback should be overcome by exploiting it in a SCR downstream cat-
alytic bed.

The complex Hz concentration profile and the delay in the N2 emission suggests that
before the catalyst becomes active in the stored NOx reduction (i.e., before the production
of N2) some degree of reduction of the catalyst is required (i.e., a consumption of Hz is
observed at the beginning of the reduction phase without the creation of N-reduced prod-
ucts). Indeed, at the beginning of the reduction phase, its partial consumption after Hz
admission is observed together with H2O production (Figure 3d,e); this could be explained
by a catalyst reduction, which generates oxygen vacancies. In the meantime, the stored
NOx, present on the catalyst surface as nitrites/nitrates [51], are partially reduced to NO
that is observed in the gas phase together with H> admission; indeed, as already observed,
the catalyst is not sufficiently reduced to transform nitrites/nitrates into Nz, therefore only
NO is produced. After a certain induction time, the catalyst reaches a sufficient reduction
state and the released NO interacts with the oxygen vacancies being reduced to N2, which
is observed with a delay from the H2 admission. Daturi et al. [52] explained the N2 for-
mation by the adsorption of two molecules of NO onto oxygen vacancies in close vicinity,
and that their interaction yielded gaseous N2 and the oxygen vacancies were filled with
oxygen. On the other hand, Mihaylov et al. [53] described this N2 formation with the gen-
eration of the hyponitrite species on an oxygen vacancy, by the adsorption of two NO
molecules (reactions (10) and (11)); after that, they may decompose to N20 (reaction (12)),
which can react again with an oxygen vacancy and yield N2 and re-fill the oxygen vacancy
(reaction (13)). This last mechanism could explain the very small production of N20 de-
tected in Figure 3d. A tentative sequence of steps are presented below [54]:

—-Ce¥ - o- Ce** -+ NO — - Ce* - [NOJ* — Ce* - (6)
—Ce* - [NOJ* - Ce* = + NO — —Ce* — [N202]> - Ce** - (7)
—Ce* — [N202]* - Ce# — — —Ce* — O — Ce* -+ N2O 8)
—Ce¥ - 0- Ce* =+ N20 — - Cet - O — Ce¥* -+ N2 )

In order to provide consistent evidence that support the occurrence of such plausible
mechanisms of NOx reduction and pathways of formation for the N-reduction products
exposed above, complementary NO reduction experiments are conducted with selected
catalysts under simplified and controlled reaction conditions. The purpose of this funda-
mental study is to analyze how the NO molecules interact with the oxygen vacancies
freshly created on the pre-reduced catalysts under Hz. The Supplementary Information
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compiles the description of these catalytic tests. Briefly, Ba6/Cu2CZ is pre-reduced in H
at 350 °C, after which NO is admitted to the reactor at 50 °C or 250 °C; the corresponding
profiles are reported in Figure 4 (Figure 4a,b, respectively). As can be seen, for the
Ba6/Cu2CZ catalyst, after NO admission at 50 °C (Figure 4a), a huge production of N2O
and a lower amount of N2 are observed, while the NO concentration curve increases
slowly up to a steady state. The same behavior is observed after the NO reaction at a
higher temperature (250 °C, Figure 4b) with faster kinetics in the reduction product for-
mation.
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Figure 4. NO reduction experiment at 50 °C (a) and 250 °C (b) for pre-reduced Ba6/Cu2CZ.

Table 2 summarizes the quantitative analysis performed in the case of pre-reduced
Ba6/Cu2CZ and Cu2/CZ catalysts as well. It clearly appears that the Ba-free catalyst is
more reducible and higher amounts of N-products could be obtained with regard to
Ba6/Cu2CZ. Likewise, it is noteworthy that selectivity towards Nz depends on the NO
reaction temperature, being higher at a higher temperature, according to the sequence of
reactions (10)—(13).

According to these observations, it is proposed that during the pre-reduction in Ho,
a population of oxygen vacancies is created; NO molecules subsequently interact with
them, forming N-reduction products (see Table 2). It is worth noting that active sites
linked to copper/ceria-zirconia’s features are involved in the generation of oxygen vacan-
cies. These, in turn, are able to reduce NO to N20 and/or N2; NHs is not observed under
these experimental conditions. The order of product observation is in line with the pro-
posed reaction scheme, i.e., N2O before (reaction (12)), and eventually, N2 (reaction (13)).

Table 2. Reaction data obtained during NO reduction reaction for pre-reduced Ba6/Cu2CZ and Cu2/CZ.

NO Reduction (50 or 250 °C)

N2
Catalyst ! Temperature (°C) N?piﬁﬁj;:ged NZ((:nI::)(I)/(;:f)ed Produced  N:0/N:Ratio
(umol/gcat)
Ba6/Cu2CZ 50 511 186 34 5.5
Ba6/Cu2CZ 250 439 61 144 0.4
Cu2/CZ 50 784 315 72 44
Cu2/CZ 250 852 86 339 0.3

1 Pre-reduction step under Hz at 350 °C.
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In summary, for the fully formulated catalysts where both Cu and Ba are present, a
considerable amount of NOx is stored onto the catalysts as nitrites/nitrates. Stored NOx is
then reduced to NO, which is in turn reduced to N2O/Nz2 (the latter being predominant)
by its interaction with the oxygen vacancies; the selectivity to Nz strictly depends on the
degree of the catalyst reduction (i.e., Cu site reduction and the surrounding cerium cen-
ters), and therefore, on the population of oxygen vacancies that are created during the
reduction step. Very minor NHs emissions detected in some experiments, (Figure 3d,e)
could be explained by the occurrence of a global reaction (8), as previously anticipated.

In conclusion, it is clear that H2 consumption during the rich phase (Figure 5) is re-
lated to both the reducibility of the catalyst and the reduction of the stored NOx species.
To estimate this consumption, the storage step is followed by a reduction of one hour
under isothermal conditions. The quantitative analysis is reported in Figure 5 for the dif-
ferent catalysts and temperatures.

2500 -
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T ‘ — X ¢z
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Figure 5. H2 consumption in the reduction step (2000 ppm H: for 1 h) at several temperatures.

A very low reducibility is observed for bare CZ below 500 °C, as expected from the
Hz-TPR results reported elsewhere [48]. On the contrary, the reducibility of Cu2/CZ is
very high at low temperatures, starting from around 150 °C. This behavior agrees with
the Hz uptake estimated in the Hz reduction phase (see Figure 5), where CZ consumes a
very low amount of Hz, and Cu-containing catalysts present higher consumptions. In all
cases, the evolution of water is observed along with H> consumption, thus indicating that
some catalyst reduction is taking place. Most of H2 consumption can be correlated to H.O
generation, but an accurate quantification of water is difficult and problematic in this case
(as previously mentioned). In the H2-TPR results presented elsewhere [48], additional ev-
idence is provided of the catalyst reduction that occurs when the temperature of H: feed-
ing is high enough. On the other hand, a part of these consumptions is attributed to ni-
trite/nitrate reduction and can be associated with the NOx stored in the previous step, that
being the copper-containing catalysts with higher consumptions. Hz consumption does
not increase linearly with temperature due to the creation of different populations of ad-
NOx species at different temperatures as a function of this variable.

A detailed inspection of Figure 5 reveals that there is a relative maximum of Hz con-
sumption at 250 °C in most of the samples. First of all, copper-containing samples achieve
their maximum H> consumption at approximately 250 °C (in agreement with the H>-TPR
analyses), which should be accounted for in explaining the Hz consumption trends ob-
served. Therefore, a very low Hz consumption is found at 150 °C; when the temperature
is increased up to 250 °C or more, the catalysts are easily reduced. Cu-containing catalysts
show different trends over 250 °C, which are directly related to the NOx adsorption capac-
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ity. Cu2/CZ shows a decrease in NOx adsorption capacity together with temperature (con-
gruent, with a corresponding decrease in Hz consumption), while Ba/Cu-based catalysts
present different trends when temperature goes up to 300 °C and 350 °C, respectively,
with higher amounts of NOx stored in the previous step. Bal1/Cu2CZ shows a lower Hz
consumption with respect to Ba6/Cu2CZ due to the slightly lower amount of Cu present
when the Ba loading increases. On the other hand, copper-free samples show very low Ho
uptakes, becoming slightly higher when the temperature increases, which might be as-
cribed to the marginally enhanced reducibility of ceria-zirconia upon temperature in-
crease, and also to the different nitrite/nitrate population creation on the Ba6/CZ and CZ
with temperature. In summary, a balance between the NOx adsorption capacity and the
reduction extension, at whatever temperature, should be considered when analyzing H
consumption amounts in terms of temperature.

The evolution of surface species during the reduction phase was studied by in situ
DRIFT analysis. Since the focus of this work is the reduction phase, the spectra recorded
during the storage step, which represent the starting point of this analysis, are reported in
Figures S3 and 54 in the Supplementary Information for the CZ and Ba6/CZ catalysts,
respectively. Note that this characterization is possible for these two catalysts, while Cu is
present, the dark-green color of the resultant samples leads to very low-intensity DRIFTS
signals, making the DRIFT analysis very complex. However, with Ce and Ba as the ad-
sorption sites, it is supposed that the spectra of the fully formulated Ba/Cu catalysts
closely resemble those recorded for CZ and Ba6/CZ with respect to the nature of the ad-
sorbed species, while Cu has more influence on the reduction dynamics. Figure 6a,b pre-
sents the DRIFTS spectra during the Hz reduction step for CZ and Ba6/CZ, respectively,
at 300 °C. For CZ, the band associated with adsorbed nitrate species (1279 cm™) [54,55],
decreases in intensity during the reduction and completely disappears after 20 min; the
same behavior is observed for the associate band at around 1025 cm™. In the region be-
tween 1600 and 1200 cm™, residual broad bands probably related to residual carbonates
(e.g., 1482 cm™) are observed up to the end of the reduction phase. Regarding the adsorbed
hydroxyl species, small changes can be observed during the reduction, although a slight
increase in the band at 3637 cm™! could be observed, since the desorption of water during
this step could make the OH groups visible. Consistent with the absence of ad-NOx species
emission during the reduction step for Ba6/CZ, the corresponding spectra vary slightly
along the course of the experiment, as depicted on Figure 6b, pointing out a great stability
for the nitrites/nitrates generated on this catalyst, as anticipated above.
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Figure 6. In situ DRIFTS spectra of CZ (a) and Ba6/CZ (b) during the reduction step in Hz, at 300 °C.

Absorbance (a.u.)

0.0

\Aﬁin\'
previous (inert)

T T T

/
T 7/

T
4000 3500

T T

T T T T
3000 2000 1500 1000

Wavenumber (cm™)

0.0

/L
/
®  30min g . gos
25min &M =h 1548
. 6 min
20 min

15 min 4 min :
2 min 0 min
previous (inert)

4000

T T T

T T T T
3000 2000 1500 1000

Wavenumber (cm'1)

T
3500

3.3. Thermal Desorption of Stored NOx

In order to check the complete removal of stored NOx from the surface after the re-
duction step, i.e., to verify the effectiveness of the Hz reduction under these experimental
conditions, a thermal decomposition was performed, heating every catalyst up to 500 °C
in inert atmosphere. The corresponding concentration profiles are reported in Figures 7a—



Appl. Sci. 2021, 11, 5700 15 of 20

d and 8a—e, referring to results after adsorption-reduction cycles at 150 °C and 300 °C,
respectively.

In the case of the Cu-free sample (CZ) (Figure 7a), the decomposition of NOx stored
at 150 °C mainly yields the evolution of NO and Oz, and minor amounts of NO, in line
with results reported in a previous work [54]. For this catalyst, NO is seen desorbed in
two peaks, a small one at a low temperature (max near 230 °C) and a larger one at a high
temperature (close to 415 °C, see Table 3).
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Figure 7. N2, NH3, NO, NO2, Oz, and H20 outlet concentrations during final TPD step, under He (after NOx storage and
H: reduction at 150 °C), for the catalysts: (a) CZ; (b) Cu2/CZ; (c) Ba6/Cu2CZ; and (d) Ball/Cu2CZ. (Ba6/CZ not included
due to very low catalytic response).

Table 3. NOx/O: ratios estimated from the TPD step under He, for CZ and Ba6/CZ, after NOx storage
and reduction at the temperatures selected, and the corresponding temperature (Tmax) of the maxi-
mum NO + Oz release, in parenthesis.

NOx/O2 Ratio and Tmax (°C)

Cycling Temperature 7 Ba6/CZ
150 °C 2.8 (415) --
250 °C 2.8 (427) 1.4 (444)
300 °C 1.6 (426) 1.4 (445)
350 °C 1.6 (419) 1.3 (456)

For the rest of catalysts, different behaviors can be seen. For Cu2/CZ, all the ad-NOx
species stored are cleaned during the H: step. In the case of Ball/Cu2CZ, only minor
amounts of NO are desorbed. Ba6/Cu2CZ is characterized by an intermediate behavior.
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NO: evolution is not detected, but at the highest temperatures (~450 °C, a double concom-
itant contribution NO/O:2 appears, similar to CZ). Since these peaks are shifted to higher
temperatures (compared with those of CZ), this suggests that a lower amount of NOx re-
mains on the catalyst surface at the end of the cycling process, and that these species are
more stable [19,34,56]; therefore, higher temperatures are required for these ad-NOx spe-
cies to suffer complete decomposition.

When the TPD is performed after cycling at 300 °C, the decomposition of the remain-
ing stored NOx produces only one temperature interval of desorption. For the NO2 peak
(the smallest one) and the NO/O: peaks, both in the case of CZ (Figure 8a) and Ba6/CZ
(Figure 8c), the maximum is observed at 426 °C and 445 °C, respectively. This is in agree-
ment with the idea explained above that the ad-NOx species related to barium sites are
more stable.

In order to establish if these decompositions can be attributed to nitrite and/or nitrate
adsorbed species, the NOx/O2 molar ratio is calculated both from the experimental TPD
profile and according to the stoichiometry of barium nitrites (reaction 14) and nitrates de-
composition (reactions (15) and (16)):

Ba(NO2)2 — BaO + 2NO + ¥20» (10)
Ba(NOs)2 — BaO + 2NO +3/20: (11)
Ba(NQOs)2 — BaO + 2NO: + %20z (12)
200 200 -
(b) i
(a) 1500 500
B3 —~ £ ~
400 S {400 G
£ 1001 g 2 100- . <
[ c
s 5 8 : 5
- A= et [
£ 300 § £ d300 §
c Q c Qo
8 g g 5
(%]
s s c )
3 8 NO =
0 200 0 200
! T T T
11000 12000 13000 9000 10000
Time (s) Time (s)
200 200 —
(d)
500 1500
] s E
S w05 £ 400 &
£ 100+ < 8 q00- g
s 9 c [
S = 8 3
5 ® b= ®
= 30 g S 300 3
(= o c 2
[ £ o
o o o £
S Pt c o
3 o ~
ot 200 © 200
T T T T T T T T T
13000 14000 15000 10000 11000 12000

Time (s) Time (s)



Appl. Sci. 2021, 11,5700

17 of 20

200
(e)

E 4400 &
£ 100+ <
< g
o S
'ﬁ H,0 ®
= {300 §
c Qo
3 £
e G
o NO [
o

o
1
h
N
o
o

T T T T
10000 11000 12000
Time (s)

Figure 8. N2, NH3, NO, NO:, Oz and H20 outlet concentrations during final TPD step, under He (after NOx storage and H2
reduction at 300 °C), for the catalysts: (a) CZ; (b) Cu2/CZ; (c) Ba6/CZ; (d) Ba6/Cu2CZ; and (e) Ba11/Cu2CZ.

The experimental NOx/O2 molar ratios for CZ and Ba6/CZ are collected in Table 3. As
can be observed, in the case of CZ, the experimental NOx/O: molar ratio is 2.8 at low tem-
perature, suggesting a coexistence of mostly nitrites and nitrates on the catalyst surface,
in accordance with the literature for ceria-based catalysts at low temperatures [19,54]. On
the other hand, at high temperatures, a value near 1.3 is calculated, in line with the pres-
ence of nitrates (as verified by in situ DRIFTS experiments, Figure S3 on SI) adsorbed on
this catalyst. On the contrary, Ba6/CZ presents values very close to 1.3, from 250 °C, which
is theoretically attributed to barium nitrate decomposition [19], if it is assumed that most
part of stored NOx species are located on the Ba sites (reactions (14)—(16)). Therefore, it
seems reasonable to establish that the NOx species are stored mostly as nitrates in Ba6/CZ.
Unfortunately, the corresponding in situ DRIFT spectra did not allow us to confirm this
hypothesis (see Figure 54 in SI).

Considering the Cu-based catalyst, the resulting TPD profiles recorded after cycling
at 150 °C (Figure 7b—d) and 300 °C (Figure 8b—e) are almost flat, i.e., without prominent
peaks of NOx species evolution. In the case of the Cu2/CZ system, this could be explained
by the very low storage capacity of this system that results in the absence of NOx on the
catalyst surface at the end of the cycling process. On the other hand, in the case of
Ba6/Cu2CZ and Bal1/Cu2CZ, this confirms the important role of copper in achieving the
complete reduction of adsorbed NOx species during cycling, which is an important feature
that has to be accomplished when considering the design of effective NSR systems in com-
bination with other after-treatment strategies.

4. Conclusions

This research was dedicated to the study of new PGM-free catalysts for the NOx re-
moval during LNT operation under simulated conditions. For this purpose, Ba-Cu/ceria—
zirconia catalysts were synthetized, characterized, and tested by means of lean/rich cycles
under isothermal conditions, at low temperatures, with particular attention to the reduc-
tion step in order to investigate their catalytic behavior in terms of the influence of copper
presence on the catalytic formulations and the incorporation of different barium loadings
to the ceria—zirconia support.

For Cu-free samples (i.e,, CZ and Ba6/CZ) the addition of H: has the sole effect of
partially reducing the catalytic surface, while the small amounts of stored NOx are ther-
mally decomposed to NO2z and/or to NO/O: during the final TPD. On the other hand, for
Cu-containing catalysts, N-products are detected during the rich phase, i.e., NO, N2 with
negligible amounts of NHs, and N20. A mechanism for the stored NOx reduction has been
proposed, which involves the formation of oxygen vacancies over the Ce sites responsible
for the reduction of released NOx to N2 and N:O.
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These results are promising since they give us the idea that Cu/ceria-based catalysts
can produce N2 even in the absence of noble metals. Further investigations on this aspect
can be carried out in the future, focusing on the optimization of ceria-based materials for
efficient NOx storage and reduction processes and yielding N2 as the main product, since
very few investigations have been published in this area using these kinds of materials
and obtaining such detailed information in terms of the nature of evolved products, the
selectivity towards the desired products, and mass balances, as far as the authors are con-
cerned.

However, it is worth considering that other different reaction pathways might occur,
involving the generation of nitrites and nitrates on the catalysts’ surfaces. In fact, other
related reactions” mechanisms have been published in the literature to explain the NOx
interactions with cerium sites and oxygen vacancies, yielding the formation of mostly ni-
trites, hyponitrites, and nitrates.

Supplementary Materials: The following are available online at www.mdpi.com/arti-
cle/10.3390/app11125700/s1.
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