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Composition/Performance Evaluation of Lean NOx Trap
Catalysts for Coupling with SCR Technology
Simon Schönebaum,[a, b] Jürgen Dornseiffer,[a, c, d] Peter Mauermann,[a, e] Bernd Wolkenar,[a, e]

Stefan Sterlepper,*[a, e] Egbert Wessel,[d, f] Riza Iskandar,[a, g] Joachim Mayer,[a, d, g]

Thomas E. Weirich,[a, g] Stefan Pischinger,[a, d, e] Olivier Guillon,[a, c, d, h] and Ulrich Simon[a, b]

The washcoat composition and the catalytic properties of two
commercially available lean NOx traps (LNTs) were investigated.
Both catalysts contained nominally the same NOx storage and
catalytic materials but differed strongly in their amount and
activity as well as in the composition of their layered washcoat
architecture. In lean-rich cycle experiments under realistic
engine-out gas compositions using a laboratory gas test bench,
the LNTs showed comparable NOx storage behavior. At temper-
atures below 250 °C, the lean phase durations last up to 300 s
until 50% of the NOx storage capacity is reached. The

simultaneously calculated NOx storage efficiencies drop rapidly
below 35%, resulting in a high NOx slip. Strong variations were
observed in N2O and NH3 selectivity and in CO slip during
regeneration of both LNTs caused by the different oxygen
storage capacity (OSC), water gas shift (WGS) activity and
rhodium distribution in the catalytic layers. Based on the
obtained results, proposals were made to optimize the storage
and regeneration performance, leading to highly efficient LNT
catalysts for coupling with a downstream SCR catalyst.

Introduction

With the increased awareness towards anthropogenic environ-
mental pollution over the last decades, multiple approaches
have been proposed to tackle this issue. A prominent solution
is minimizing air pollution arising from road traffic. This refers
especially to nitrogen oxides (NOx), which are mainly emitted
by combustion engines. In the exhaust gases of conventional
gasoline engines equipped with a three-way catalyst, NOx can
easily be reduced with the present hydrocarbons and carbon
monoxide (CO). This is not possible for lean-burn engines due
to a lack of reducing compounds in the net oxidizing exhaust

gas atmosphere.[1,2] Since lean-burn engines have a higher
efficiency compared to gasoline engines operated with a
stoichiometric air/fuel ratio, their importance for road traffic has
increased in past decades.[3] Due to the continuous tightening
of NOx emission limits,[4,5] it is mandatory to reduce NOx

concentrations in the exhaust gas by in-engine measures and
by effective catalytic exhaust gas aftertreatment. As a result,
lean NOx traps (LNTs) and the selective catalytic reduction of
NOx (SCR) are indispensable approaches to effectively remove
NOx from exhaust gases of lean-burn engines.

To achieve NOx abatement by SCR, a separate reductive is
added into the exhaust gas stream. In most cases an aqueous
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urea solution – known as AdBlue® or diesel exhaust fluid (DEF) –
is used as precursor of NH3.

[6,7] After injection into the exhaust
gas stream, the urea decomposes in two steps via isocyanic
acid (HNCO) to form NH3 and CO2. At low temperatures, the
deposition of byproducts on the injector, the piping and on the
catalyst surface resulting from the incomplete hydrolysis of
HNCO still poses significant challenges for commercial
applications.[8] The generated NH3 is subsequently adsorbed on
the SCR catalyst surface and used for the continuous selective
reduction of NOx to N2 and H2O.

In contrast to the SCR reaction pathway, exhaust gas
aftertreatment via LNTs is executed in two alternating working
states. First, in the standard operation condition (lean phase) of
the engine, NOx from the raw, oxygen-rich emissions is stored
in the catalyst.[9,10,11] After a period of 60–120 s,[12,13,14] depending
on the raw emission composition and the driving profile, the
storage is filled and needs regeneration. This is achieved by
fuel-rich combustion with excessive H2, CO and hydrocarbons in
an O2-deficient exhaust gas atmosphere. After a reduction
period of normally 3–10 s, the catalyst is regenerated and the
engine switched back to lean-burn operation.[12,13,15]

In the 1990s, Toyota[16] developed an LNT containing Pt-
BaO/Al2O3. Here, the NOx – mainly composed of NO[17] – is
oxidized to NO2 by Pt during the lean phase and afterwards
chemisorbed as nitrites or nitrates[9] by neighboring BaO
particles. In the rich phase, well-dispersed Pt nanoparticles serve
for the reduction of the desorbed NOx, which is mainly reduced
to N2; side products such as N2O and NH3 may be formed.[18,19,20]

However, this catalyst material lacks low-temperature activity
(<250 °C)[21] as well as suitable stability with respect to sulfur.[22]

To overcome these limitations, several new materials with
additional functionalities have been integrated in the washcoat
of modern commercially used LNTs.

Alkaline or alkaline-earth metal oxides (e.g. Ba, K, Sr) with
strong Lewis basic properties still serve for the chemisorptions
of NOx.

[23] Within the washcoat these are either supported on
oxides such as alumina or present as pure particles. In both
cases, Pt is dispersed on this active phase. To improve SO2

tolerance, Pd is also used here, but at the expense of NO
oxidation activity.[24,25] To enhance the low-temperature activity
of the catalyst, Pt/CeO2 is added as another main component.
CeO2 itself is an active NOx storage material, whose storage and
oxidation activity starts at temperatures as low as 25–50 °C.[26,27]

Additionally, at 200 °C it is capable of storing nitrites as well as
nitrates in an NO-containing atmosphere, which means it is
able to oxidize NO without the presence of precious metals.[28]

Furthermore, Pt/CeO2 also improves the regeneration of the
LNT during the rich phase. On one hand, the nitrates formed
are more easily desorbed from ceria compared to BaO.[29] On
the other hand, Pt/CeO2 strongly catalyzes the water gas shift
reaction (WGS).[30,31] CO as a harmful exhaust gas component is
therefore removed and H2 is generated. The latter serves as a
highly efficient reductive of NOx especially at low
temperatures.[32] In some cases, Pt/CeO2 can be found as a
coating on Al2O3, which also enhances the storage activity as
well as the aging stability.[33] Nevertheless, pure stabilized ceria
grains are also sometimes used as a support for Pt/BaO to

improve its LNT performance.[34] To further enhance the low-
temperature NOx adsorption of LNTs, mixed Al/Mg oxides or
spinels can be added as support material for Pt. These materials
are derived from hydrotalcites by calcination and offer higher
low-temperature storage activity (<200 °C). Moreover, such
materials also provide better resistance to SO2 compared to Pt/
BaO/Al2O3 systems[35,36] and can be further improved by adding
Cu as an active compound.[37]

To strengthen the reduction properties during the rich
phase, current LNTs also contain Rh as an active component.
Depending on the support, Rh has different catalytic properties:
Rh/ZrO2 is known to effectively catalyze the steam reforming[38]

of hydrocarbons into H2, which is provided for the NOx

reduction, whereas Pt� Rh/CeO2 strongly promotes H2 gener-
ation via the WGS reaction.[39] Rh is usually not applied on the
Al2O3 support since Rh2O3 has an isomorphic structure and a
diffusion of Rh into the alumina lattice leads to the deactivation
of the precious metal. However, the generation of H2 on
supports other than Al2O3 not only improves the regeneration
performance, but also the resistance to poisoning by SO2.

[40] In
some cases, zeolites mostly platinized are also included in LNT
catalysts although they do not offer NOx storage capability.
Their main task is to prevent hydrocarbon slip during the cold
start phase of the engine arising from too low oxidation activity
of the catalyst below 200 °C. The unreacted hydrocarbons are
buffered in the zeolite pore structure until the catalyst reaches
the light-off temperature and thus oxidation activity is
reached.[41]

To address the current restrictive legislation for real driving
emissions, a combination of LNT and SCR catalysts is a possible
pathway[42] to increase the NOx abatement efficiency. This is
already commercialized in some serial production vehicles
(Volvo, Audi). Different concepts are applied: Coupling LNT with
a passive SCR downstream catalysts[14,43,44,45,46] uses the NH3

emitted during the regeneration of the LNT, leading to an
improvement in the NOx reduction between 5 and 12% at
similar CO2 emissions compared to the baseline variant. A close
to stoichiometric ratio of NH3/NOx downstream of the LNT can
be achieved by optimizing the rich purge concentrations and
duration between 250 and 350 °C, but at the cost of increasing
N2O production.[13] The implementation of longer lean times
leads to significant improvements in the trade-off between
additional CO2 production (fuel consumption in rich purge) and
NOx emissions[45] along with a NOx conversion above 90% at
250 °C.[44] Here, the SCR catalyst converts the slipping NOx, while
at the same time more NH3 is produced in the rich purges. For
coupling with an active SCR, a reduction in AdBlue® consump-
tion by up to 55% with a low increase in fuel consumption at
the same tailpipe NOx level can be achieved.[46] A suitable LNT
for this application has to fulfill several requirements: Fast NO
oxidation to storable NO2 and a high storage capacity at low
temperatures in an extended lean phase as well as effective
NOx reduction in the rich phase with high selectivity towards
ammonia. These requirements have to be met without impact-
ing the long-term stability with respect to temperature as well
as sulfurization of current LNT catalysts.[47,48,49,50,51,52,53,54]
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Publications concerning the performance of fully formulated
LNT systems mainly deal with operating strategies,[55] aging and
poisoning effects,[56,57,58,59] the influence of cycling conditions on
NOx conversion and selectivity of product gas components[60,61]

as well as kinetic modeling[62] for single LNT operation.
However, these studies do not examine the required LNT
performance for coupling with SCR catalysts. In this application
it is crucial to utilize individual control strategy to trigger the
LNT regeneration according to the SCR activity. As a result, long
lean phases up to 900 s could be achieved before draining the
LNT from its high NOx loading level in a short rich event.

In the present paper, we examine the washcoat composi-
tion as well as the storage behavior and the regeneration
performance of LNT catalysts for such long lean phases. In
addition, we demonstrate how a detailed analysis can help to
design tailor-made washcoat compositions to further optimize
LNT for use within coupled LNT-SCR systems. In this regard, two
different, commercially available LNTs were investigated with
respect to their phase and washcoat configuration by means of
x-ray powder diffraction (XRD), inductively coupled plasma
optical emission spectrometry (ICP-OES), scanning electron
microscopy (SEM) and transmission electron microscopy (TEM).
Additionally, the latter two were combined with element
mappings by energy-dispersive x-ray spectroscopy (EDX). Differ-
ent washcoat components were therefore identified and
assigned to their tasks within the LNT. Furthermore, the storage
and regeneration behaviors of the LNTs were investigated by
extensive laboratory gas test bench (LGB) studies under realistic
engine-out exhaust gas compositions and air/fuel ratio (lambda)
situations. In lean-rich cycle experiments, the storage capacities
were evaluated in the temperature range of 150 to 450 °C and
the regeneration efficiencies at three different durations
between 5 and 20 s were calculated including the selectivity for
the emitted nitrogen-containing species. For this purpose, the
lean phase duration was extended up to 900 s to ensure
comparable NOx loading situations at every adjusted temper-
ature and to compare the time-dependent adsorption with
respect to the filling level and the regeneration behavior. To
complete the catalyst benchmark, we evaluated the oxygen
storage capacities (OSC) as a crucial parameter for the
selectivity towards ammonia and nitrous oxide. In a subsequent
assessment of the catalytic properties, we demonstrate the
drawbacks of commercial LNTs and suggest pathways to
overcome these in future LNT-SCR or LNT-SDPF applications.

Results and Discussion

Catalyst characterization

Element composition

For catalyst characterization, the main element compositions of
the catalysts were first determined by ICP-OES and summarized
in Table 1. Pt, Pd and Rh were found in both LNTs with a total
specific PGM loading of 4.21 g/l (LNT 1) and 3.38 g/l (LNT 2),
respectively. Apart from a comparable amount of ceria, LNT 1
had a much higher Ba content compared to LNT 2. Additionally,
a specific amount of 3.79 g/l of Mg was found in LNT 2. The
concentration of Mg in the washcoat of LNT 1 could not be
estimated due to a high Mg concentration in the cordierite
monolith. Moreover, Nd was detected in LNT 1 and a compara-
ble amount of La was found in LNT 2. These elements are
typically used for thermal stabilization of the contained oxides
and are not further discussed here.[63,64]

Phase composition

XRD analyses of the peeled washcoats were performed to
determine the different phase compositions present. The results
(Figure 1) reveal that both LNTs contain crystalline phases of
CeO2 and BaCO3 as well as MgAl2O4. Concerning the reflection
intensities and peak widths for MgAl2O4, broader reflection
peaks were observed in LNT 2, indicating smaller particle sizes

Table 1. Element composition of the LNT catalysts determined by ICP-OES. All values are given in gram per liter catalyst volume with generic error accounts
below 2%.

Catalyst Pt Pd Rh Ce Ba Mg Zr Nd La

LNT 1 3.36 0.70 0.15 130 28.45 n.a. 15.75 1.74 –
LNT 2 2.52 0.77 0.09 108 8.93 3.79 0.19 – 1.77

n.a.: not analyzed

Figure 1. XRD pattern of the LNT 1 and LNT 2 washcoat. Reflections are
assigned to the corresponding crystalline structures (symbols).

ChemCatChem
Full Papers
doi.org/10.1002/cctc.202001761

3ChemCatChem 2021, 13, 1–20 www.chemcatchem.org © 2021 The Authors. ChemCatChem published by Wiley-VCH GmbH

These are not the final page numbers! ��

Wiley VCH Donnerstag, 11.02.2021

2199 / 194149 [S. 3/20] 1

http://orcid.org/0000-0001-5956-5848


1

2

3

4

5

6

7

8

9

10

11

12

13

14

15

16

17

18

19

20

21

22

23

24

25

26

27

28

29

30

31

32

33

34

35

36

37

38

39

40

41

42

43

44

45

46

47

48

49

50

51

52

53

54

55

56

57

compared to LNT 1. Additionally, the washcoat of LNT 1
includes β-zeolite, ZrO2 and Cordierite which appears as an
impurity in the sample after scratching the washcoat off the
ceramic monolith. No crystalline alumina phase was found in
either sample. Insignificant amounts of other crystalline
structures were detected but not further evaluated.

SEM investigations

SEM investigations of the catalysts were performed for a basic
characterization of the washcoat architectures (Figure 2). LNT 1
is based on a ceramic monolith, LNT 2 on a metallic foil
monolith. Both have a comparable cell density of 400 cpsi but
differ in the washcoat appearances (Table 2).

The element mappings of LNT 1 (Figure 3) revealed that the
ceramic honeycomb structure consists of mixed Si/Mg/Al oxide,
identified as cordierite by XRD. The washcoat was formed from
three separate layers. In the bottom layer (1) with an
approximate thickness of 50–80 μm, two different major
components were distinguished: Besides a mixed MgAl2O4

spinel phase, nearly pure ceria (both confirmed by XRD) was
identified. Ba was found to be evenly distributed over all the
particles of the base layer. The relatively thin middle layer (2)
had a thickness of only about 2–15 μm. EDX analyses revealed
the presence of both, zirconia and alumina. Here, alumina was
used as a binder for the ZrO2 phase. Ba was also present in this
layer, but in higher concentration compared to the bottom
layer. The top layer (3), facing towards the channel center,
consisted of mainly Si and some Al. Within this layer, alumina
was also used as a binder, but for β-zeolite.

The element mappings of LNT 2 reveals that the washcoat is
comprised of only two distinct layers (Figure 4). In the bottom
layer (1) with a thickness of approx. 80 μm, four different
compounds were identified: Besides MgAl2O4, a pure alumina
phase was present, which was not detected by XRD. Addition-
ally, separate Ce- and Ba-containing particles were identified,
which were found by XRD in the form of CeO2 or BaCO3,
respectively. The top layer (2) with a thickness of approx. 60 μm
was found to include two different kinds of particles: A CeO2

phase as well as pure alumina particles, however, the Ce
concentration was lower in the top layer compared to the base
layer.

Figure 2. Cross-section SEM images from the LNT catalysts; LNT 1 with a
ceramic monolith, LNT 2 with a metallic foil monolith.

Table 2. Honeycomb and washcoat characteristics of the LNT catalysts determined by SEM.

Catalyst Honeycomb
material

Cell density
[cpsi]

Wall thickness
[μm]

Washcoat thickness [μm]
channel sides corners

LNT 1 Cordierite 400 127 106�29 194�59
LNT 2 Metal foil 400 50 80�27 230�148

Figure 3. Cross-section SEM image (top) and element mappings (below) of
the washcoat of LNT 1. 1: Bottom layer, 2: Middle layer, 3: Top layer. The
right border of all images points towards the ceramic monolith (CM). Scale
bars in all images represent 10 μm.

Figure 4. Cross-section SEM image (top) and element mappings (below) of
the washcoat of LNT 2. 1: Bottom layer, 2: Top layer. The right border of all
images points towards the metal foil monolith (MM). Scale bars in all images
represent 10 μm.
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TEM investigations

To obtain detailed local information about PGM loadings and
the element distribution within the washcoat components,

focused ion beam (FIB) lamellae were prepared from each layer
of the catalysts and analyzed by TEM.

In the bottom layer of LNT 1, in addition to MgAl2O4 and
ceria, a pure alumina phase was found (Figure 5). Small BaCO3

particles were identified all over the alumina and spinel phases
as well as on the ceria phase. Regarding precious metals, Pt and
Pd phases were found to be distributed all over the alumina,
ceria and spinel phases.

Comparable investigations on a lamella of the middle layer
(Figure 6, B) showed that the ZrO2 grains were loaded with
highly dispersed Rh nanoparticles. However, the signal for Rh
was close to the detection limit and no Rh nanoparticles were
observed during the investigation. Here, the existence of the
ZrO2 phase is an additional indication of the presence of Rh
(which was also detected by ICP-OES), since it is usually applied
as Rh support instead of Al2O3. The zeolite particles of the top
layer (Figure 6, A) were bound with pure alumina and loaded
with large single Pt particles in the size range of up to 62 nm.

In the case of LNT 2, four oxide phases were identified in
the bottom layer (Figure 7). In addition to alumina and spinel
particles, separate BaCO3 and ceria phases were also present.
However, in comparison to LNT 1, no BaO coating was spotted
on the ceria. Further analysis showed that Pt was distributed in
the form of well-dispersed nanoparticles over the pure alumina,
ceria and the MgAl2O4 phase in the bottom layer, whereby the
detected concentration on the alumina particles was much
higher. Only minor amounts of Pt were detected on the ceria
phase. In the top layer (Figure 8), only ceria and a binding
alumina phase were found. The latter was loaded with Rh, Pd
and Pt. As part of the TEM investigation, an agglomerate of Rh
with a particle size of approx. 300 nm and a neighboring Pt

Figure 5. HAADF-TEM image (A) of a FIB lamella taken from the bottom layer of LNT 1 and combined EDX element mappings of the whole lamella (B, C). Scale
bars in all images represent 2 μm.

Figure 6. HAADF-TEM images of a FIB lamellae taken from the from top (A)
and middle (B) layer of LNT 1 and combined EDX element mappings of the
selected areas (Area 1, Area 2). All scale bars represent 1 μm.

Figure 7. HAADF-TEM image (A) of a FIB lamella taken from the bottom layer of LNT 2 and combined EDX element mappings of the whole lamella (B, C). Scale
bars in all images represent 2 μm.
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particle was also located on the alumina phase next to the well-
dispersed Pt/Pd (Figure 8, Area 1).

The obtained analysis results of both LNTs concerning their
layer compositions and precious metal loadings are summarized
in Table 3. In LNT 2 the main NOx storage compounds are
located in the bottom layer, whereas the composition of the
top layer is designed to enhance the regeneration behavior in
the rich phase. Besides the Rh loaded alumina, which has a high
selectivity towards N2 during NOx reduction, Pt on ceria was
also found in this layer. As a highly active low temperature WGS
catalyst this composite increases the H2 concentration in the
regeneration gas, which is the most efficient reductive for NOx.
Additionally, a Pd coating was found on the alumina in the top
layer. This precious metal normally does not support the
regeneration, but is a high active catalyst to oxidize hydro-
carbons and CO during lean operation. This strict separation
was not observed in LNT 1. Here, only the Rh loaded on the
zirconia was found in a separate layer below the zeolite
containing top layer, which enhances the cold start perform-
ance of the LNT. All other phases and functionalities are located
in a separate bottom layer.

Catalytic performance

NOx storage behavior

One of the main characteristic properties of LNTs is their NOx

storage capacity (NSC) and regeneration behavior, since only
the stored NOx species can be converted to N2, or to NH3 in the
following rich phase for further use in a downstream SCR
catalyst. To assess the NOx storage behavior of both LNTs, lean-
rich cycling experiments were performed after hydrothermal
aging at 750 °C following the procedure described in the
Experimental section. For this evaluation, the dosed NO is
labeled as NOx,dos, since NO2 was dosed. The sum of slipped NO
as well as NO2 is indicated as NOx,slip.

A representative presentation of a typical lean-rich cycling
experiment is given in Figure 9. Here, the storage behavior of
LNT 1 at 250 °C with a rich phase duration of 10 s is evaluated.
During the rich phases, high concentrations of desorbed NOx

(NOx,slip, red curve) were observed. The cycle-related NOx storage
NOx,st, (blue curve) was calculated as the cumulative value of
the difference between c(NOx,dos) and c(NOx,slip) during the lean
phases and was set to zero after each lean phase. Especially for
low temperatures and short regeneration times, a strong

Figure 8. HAADF-TEM image (A) of a FIB lamella taken from the top layer of LNT 2 and combined EDX element mappings of the whole lamella (B) and
selected areas (Area 1). Scale bars in all images represent 1 μm.

Table 3. Layer compositions of the compared LNTs obtained by XRD, SEM-
EDX and TEM-EDX

Component LNT 1 LNT 2

Bottom
layer

CeO2 loaded with BaCO3,
Pt, Pd
MgAl2O4 loaded with
BaCO3, Pt, Pd
Al2O3 loaded with BaCO3,
Pt, Pd

CeO2 loaded with minor
amounts of Pt
MgAl2O4 loaded with Pt
Al2O3, loaded with high
amounts of Pt
BaCO3

Middle
layer

ZrO2 loaded with Rh -

Top layer Zeolite β loaded with Pt
Alumina binder phase

CeO2 loaded with minor
amounts of Pt
Al2O3 loaded with Rh, Pd, Pt

Figure 9. Cumulative, cycle-related NOx storage behavior (NOx,st blue curve)
and NOx slip (NOx,slip, red curve) of LNT 1 during five cycles at 250 °C with a
regeneration time of 10 s and the NOx remaining in the catalyst measured
after thermal desorption (TD) at 500 °C (NOx,des, green curve).
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decrease of the cumulative NOx storage was measured. NOx

storage reached an equilibrium state after at least four lean-rich
cycles. After completion of the fifth lean-rich cycle, thermal
desorption was performed at 500 °C to estimate the total
amount of NOx,des (green curve) and the amount of NOx

remaining on the catalyst after the final regeneration.
First, the storage performance of the LNTs at four different

temperatures with regeneration times of 5, 10 and 20 s was
evaluated. All used conditions are shown in detail in the
Experimental section in Table 4. In nearly all measurements the
stored amount of NOx decreased from cycle to cycle. After four
lean-rich cycles, a stable NOx storage amount was reached. The
decrease is caused by incomplete regeneration during the rich
phases due to low NOx desorption speed, a lack of regeneration
activity and other insufficiencies. As catalyst pretreatment
(thermal desorption up to 500 °C) resulted in a completely
depleted LNT in terms of NOx, the calculated storage capacity
from the first lean phase is the maximum possible storage
capacity at the corresponding temperature, duration and NOx

concentration. After four lean-rich cycles, a stable NOx storage
capacity was reached. To compare the initial and equilibrium
NOx storage capacities of both LNTs under different conditions,
these properties were quantified by first estimating the dosed
and slipped amounts of NOx. The total amount of dosed and
slipped NOx in each cycle i, i. e. between the starting time tsc,i
and finishing time tec,i of NOx loading, were estimated by
Equations (1) and (2), respectively.

NOx;dos;ci ¼

Ztec;i

tsc;i

cNOx;dos;ci
dt (1)

NOx;slip;ci ¼

Ztec;i

tsc;i

cNOx;slip;ci
dt (2)

All values of NOx,st,ci were calculated for each lean phase
using the same method, but with the corresponding tsc,i and tec,i
with i= [1..5] using Equation (3).

NOx;st;ci ¼ NOx;dos;ci � NOx;slip;ci (3)

At the beginning, the general NOx storage capacity of each
LNT at a certain temperature was defined as the amount of

stored NOx during the first lean phase, according to Equa-
tion (4).

NOx;storage capacity ¼ NOx;st;c1 (4)

The resulting changes of the NOx storage capacities
depending on the temperature are shown in Figure 10 for both
LNTs.

Generally, both LNTs showed a comparable NOx storage
capacity within the error limits of the experiments performed
with the highest NSC in a medium temperature range of 250 to
350 °C. However, LNT 1 reached the highest NOx,st,c1 at 310 °C
with around 42�2 mmol/l, while LNT 2 revealed a slightly
higher value although its maximum was found at 290 °C.

At high temperatures, storage is expected to be limited for
both catalysts by the storage capacity of NOx at the Ba
species.[34,65] Here, LNT 1 displays a slightly higher NOx capacity
at 350 °C and more than 40% at 450 °C compare to LNT 2,
although the Ba content of LNT 1 is four times higher than
LNT 2. A valid cause for this observation could be the different
BaO distribution in the two catalysts. Compared to LNT 2, where
the Ba is located in isolated grains within the washcoat, the
alkaline earth metal in LNT 1 is distributed as a coating of small
particles on and in the alumina as well as on MgAl2O4 and ceria
phases.

At lower temperatures, the storage capacity is influenced by
the ceria and MgAl2O4 phases. In this temperature range, LNT 2
has a higher NOx storage capacity compared to LNT 1, while
LNT 1 has a higher Ce content of 20% compared to LNT 2. One
reason for this finding could be the ceria phase in LNT 1, which
was coated with BaCO3. This composite was probably imple-
mented in the bottom layer to improve NOx storage behavior.
Shi et al. reported that Pt/BaO/CeO2 exhibited higher NOx

storage capacity between 200 °C and 300 °C relative to Pt/BaO/
Al2O3 and Pt/CeO2/Al2O3 with a superior NOx storage-reduction
performance under cycling conditions in the same temperature
range.[34] Our results do not support these findings. Lower
loadings of ceria and BaCO3 in isolated phases have a

Table 4. Conditions used for NOx storage-regeneration cycling experi-
ments at GHSV=60000 h� 1, gases were balanced with N2

Parameter Lean (λ=1.526) Rich (λ=0.963)

Duration [s] 360/900/780/300 5, 10, and 20
Temperature [°C] 150/250/350/450 150/250/350/450
NO [ppm] 300 0
C3H6 [ppm] 100 1200
H2 [ppm] 0 4000
CO [ppm] 500 12000
CO2 [%] 10 10
H2O [%] 10 10
O2 [%] 8 0.6

Figure 10. Temperature-dependent NOx storage capacity of LNT 1 (black
line) and LNT 2 (grey line).
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comparable storage behavior. A detailed comparison of the
dynamic NOx storage behavior of both LNTs at different
temperatures and rich phase durations was performed by
evaluating the cycle-related NOx storage capacity NOx,st,ci for
each cycle (Figure 11).

The loss of cycle-specific NOx storage appeared to be
strongly dependent on the regeneration time due to the high
NOx loading level at each evaluated temperature. For all

measurements with a rich phase time of 5 s, the decrease of
NOx,st,ci to later cycles is visible, resulting in a minimum NOx,st,c5

of approx. 2–20 mmol/l for 150 °C, 250 °C and 350 °C, respec-
tively. With an increased regeneration time of 10 s, the storage
capacity at 150 °C and 450 °C was nearly stable over five cycles,
indicating a full removal of the stored NOx after each cycle. At
250–350 °C, a less distinct reduction of NOx storage capacity
from 35–45 mmol/l to 20–35 mmol/l was observed. With a
maximum regeneration duration of 20 s, a decrease of the
specific NOx storage was only observed at 250 °C. However,
starting from 35 mmol/l and 45 mmol/l for LNT 1 and LNT 2,
respectively, the specific NOx storage unexpectedly increased in
the second lean cycle to 40 mmol/l and 50 mmol/l followed by
a decrease to 30 mmol/l and 45 mmol/l. In general, it was found
that in spite of the different washcoat compositions and
structures, the NOx storage behavior of both LNTs is comparable
under most conditions.

NOx storage efficiency

To evaluate the storage behavior in shorter and more suitable
lean phase durations for coupling with a downstream SCR
catalyst, we calculated the time-dependent NOx storage
efficiency ηst,c1(t) during cycle 1 of both LNTs at 250 °C and
350 °C, respectively (Figure 12). The amounts of the NOx stored
NOx,st,c1(t) and of the NOx dosed during the lean phase
NOx,dos,c1(t) were subsequently estimated by Equation (5) and (6),
respectively. Finally, ηst,c1(t) was calculated according to Equa-
tion (7).

NOx;st;c1 tð Þ ¼
Xt

0

NOx;st;c1 tð Þ (5)

NOx;dos;c1 tð Þ ¼
Xt

0

NOx;dos;c1 tð Þ (6)

Figure 11. Evolution of the NOx storage of LNT 1 (solid line) and LNT 2
(dotted line) during five consecutive cycles at different temperatures and
rich phase durations of 5 s (A), 10 s (B) and 20 s (C), respectively.

Figure 12. Evolution of time-dependent NOx storage efficiency ηst,c1(t) during
the first lean phase of LNT 1 (solid line) and LNT 2 (dotted line) at 250 °C
(black) and 350 °C (grey), respectively.
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hst;c1 tð Þ ¼
NOx;st;c1 tð Þ
NOx;dos;c1 tð Þ

� 100% (7)

In the first few seconds of the lean phase at 250 °C, the
dosed NOx was nearly completely adsorbed on the catalysts
resulting in a high NOx storage efficiency of more than 98%.
With time, the NOx slip increases dramatically leading to a
corresponding decrease of ηst,c1(t) down to 20% after 900 s with
a total NOx loading of 38 mmol/l, whereas 50% of the storage
was filled after 300 s. In principle, this behavior was observed at
all investigated temperatures, but its shape changed due to the
washcoat composition at temperatures above 350 °C.

Nevertheless, these findings cannot be directly applied to
determine an efficient NOx abatement strategy for an engine at
real operating conditions with a downstream coupled SCR
catalyst, since the time-dependent storage efficiency is strongly
influenced by the NOx concentration in the gas phase and by
the type of exposure, e.g. NOx peaks. Due to this complex
coherence, only an estimation of a suitable operation range of
combined LNT-SCR systems can be calculated with these
performance determinations under steady state conditions. On
the one hand, shorter NOx loading phases increase the storage
efficiency, but at the same time they reduce the duration of the
lean phase. Consequently, the regeneration frequency increases
resulting in higher specific fuel consumption and additional CO2

emissions. On the other hand, longer lean phases result in a
higher NOx slip, which has to be converted downstream in the
SCR catalyst for high overall NOx abatement. Since for the
investigated LNTs an effective storage can be reached only
within 200 s at each evaluated temperature, the operating
range of a LNT to optimize the interplay with an SCR catalyst is
quite small. One possibility to overcome these limitations is the
development of new NOx storage materials with improved
storage capability, especially at temperatures around and below
200 °C.

NOx slip during regeneration

In all lean-rich cycling experiments, high NOx slips during the
rich phases were observed (see Figure 9), irrespective of the
investigated LNT. This behavior was caused by a temperature
increase inside the catalysts during regeneration resulting
mainly from the exothermal oxidation of the reducing agents
(H2, CO) with residual O2 (6000 ppm dosed) in the realistic rich
phase gas composition representing a lambda situation of λ=

0.963. Figure 13 illustrates the temperature evaluation inside of
both LNTs and the corresponding NOx slip during a 20 s
regeneration at 250 °C. This temperature peak leads to a sudden
NOx desorption that cannot be directly reduced by the residual
H2 and CO in the washcoat. This has to be considered while
evaluating the amount of reduced NOx during the rich phase.

For LNT 1 with a temperature increase up to 340 °C, the
observed NOx slip was only 500 ppm for a few seconds. In
contrast, LNT 2 revealed a more intense rise in catalyst temper-
ature to 365 °C probably caused by the lower heat capacity of

the metallic monolithic support and by different OSC results in
a strong NOx desorption with a maximum concentration of
1000 ppm for a longer period. This small temperature difference
of about 25 °C could not only be the reason for the significant
higher NOx release during regeneration of LNT 2. While LNT 1
has a higher storage capacity at 350 °C, the primary desorbed
NOx during a rich phase can be more effectively buffered in this
washcoat.

The increased temperature during the rich phase also
affects the catalyst temperature during the first 30 s of the
following lean phase. Since for both LNTs the maximum NOx

capacity is reached at 300–330 °C, an enhanced NOx storage
capacity compared to the first lean phase performed at 250 °C
was observed (see Figure 11c). The amount of slipped NOx

during the rich phases was found to be strongly dependent on
temperature. In order to compare the two LNTs regarding the
NOx slip, first the desorbing NOx (NOx,slip,r4) was estimated under
cycling steady-state conditions, i. e. during the rich phase
following lean phase 4 and was calculated using equation Eq. 8.
The temperature-dependent content of slipped NOx compared
to the stored NOx (NOx,st,c4) at different rich phase durations
evaluated by equation Eq. 9 are shown in Figure 14.

NOx;slip;r4 ¼

Zte;r4

ts;r4

cNOx;slip;r4
dt (8)

NOx;slip;r4

NOx;st;c4
¼

Rte;r4

ts;r4

cNOx;slip;r4
dt

NOx;st;c4

(9)

Two main observations are apparent. First, only at 150 °C
LNT 1 released a higher ratio of NOx,slip,r4/NOx,st,c4, but the total
amount of NOx slipped at this temperature from the catalyst
during regeneration was very small (1–2 mmol/l). Second, at
higher temperatures lower ratios of slipped NOx below 20%

Figure 13. Comparison of the temperature evaluation (T2) inside LNT 1
(dotted line) and LNT 2 (solid line), and NOx slip during regeneration of 20 s
at 250 °C. Position of the thermocouple T2 in the catalyst samples see
Figure 22 B.
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were measured for both LNTs. The results could be explained
by a consideration of the underlying processes. As shown in
Figure 14, the rich phases are always accompanied by a
temperature increase resulting mainly from the partial oxidation
of the reducing agents. By that, part of the stored NOx desorbs
from the storage phase. Generally, at low temperatures (�
250 °C), the speed of the NOx reduction is too slow to reduce all
of the desorbed NOx, leading to a small slip of unreacted NOx,
while the increasing catalyst temperature during regeneration
results in a higher storage capacity. At temperatures above
250 °C, the NOx reduction speed is much faster so that the main
part of the desorbed NOx can still be reduced on the catalyst
before slipping off, thus lowering the amount of downstream
NOx. At 450 °C the temperature increase results in a much faster
decomposition of the stored nitrates which cannot be balanced
by the higher reduction speed anymore. This leads to the
observed increase of slipped NOx.

Regeneration efficiency

As already mentioned, especially at low temperatures and short
regeneration times, not all of the stored NOx is reduced. The
regeneration efficiency ηreg was determined to calculate the
available NOx storage capacity under steady-state conditions.
Here, also the amount of NOx slipped during the subsequent
rich phase is considered, since it is stored in the LNTs, but is not
regenerated in terms of reduction. The fifth and final cycle is
followed by a thermal desorption phase without NO dosage.
This allows a more accurate calculation of the slipped NOx in
the regeneration phase. Consequently, cycle 5 was used to
calculate ηreg for certain temperatures and a certain regener-
ation duration according to Equation (10). The results are
displayed in Figure 15.

hreg ¼
NOx;st;c5 � NOx;slip;r5

NOx;st;c1 � NOx;slip;r1
� 100% (10)

Three trends are clearly visible in evaluating ηreg. First, the
regeneration efficiency of LNT 2 is significantly better for
temperatures of 250 °C and below in the case of long
regenerations times of 20 s. At higher temperatures of 350 °C
and above, both LNTs showed comparable efficiencies within
the accuracy of the measurements. Nevertheless, under certain
conditions at low temperatures, (150 °C, 10 s regeneration and
250 °C, 5 s regeneration), LNT 1 performed better. Regarding
the overall trends of ηreg,, a second trend is visible: In most
experiments, a rise of ηreg was achieved by a prolonged
duration of the rich phase due to the high NOx loading closed
to saturation. Third and last observation is that ηreg increased
massively with rising temperature. At 150 °C, efficiencies of
about 7–40% were calculated for both LNTs, at 250 °C 25–100%
of the stored NOx was converted and at 450 °C a regeneration
time of 10 s was sufficient to achieve ηreg=100%. Although
these values are in line with the results shown in the previous
sections, the differences in the material properties between the
LNTs are not represented by the comparable storage behavior
of the two catalysts. Additionally, with respect to realistic
exhaust conditions, the regeneration performance of the tested
LNTs at low temperatures is quite low. For coupling with
downstream SCR catalysts and required lean phase durations
over 120 s, long rich phase durations at lower temperatures or
higher reductive concentration in the rich gas must applied for
complete catalyst regeneration which increases the fuel penalty.
Due to the limited specific NOx storage capacities of modern
LNTs, also the use of higher catalyst volumes could be a
possible pathway to optimize the overall performance of a
combined LNT-SCR systems.

Oxygen storage capacity

Another major aspect of modern LNTs is their oxygen storage
capacity (OSC). It is not an essential requirement for the LNT,
but is rather an “add-on” from the addition of Pt/CeO2

implemented in the washcoat to increase the low-temperature

Figure 14. Temperature-dependent fraction of slipped NOx for both LNTs
during regeneration in cycle 4 at different rich phase durations.

Figure 15. Comparison of the calculated regeneration efficiency ηreg at
different temperatures and rich phase durations for LNT 1 and LNT 2.
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NOx storage capacity and to enhance WGS activity below
300 °C. The OSC can significantly influence the regeneration
efficiency on the LNT by additionally oxidizing the reductive
during the initial phase of the regeneration. To evaluate this
property for both LNTs, corresponding cycling experiments
were carried out at four different temperatures. In opposite to
the other measurements, these were performed under water-
free conditions, due to the possible side reaction of CO with
water to CO2 via the water gas shift reaction (WGS). The results
are shown in Figure 16.

As expected, the OSC increases for both catalysts with rising
temperature. Generally, LNT 1 was found to have only 50–75%
of the OSC compared to LNT 2, although the determined
concentration of Ce – which is mainly responsible for the OSC
characteristics – in LNT 1 was 130 g/l and thus 20% higher
compared to LNT 2 (see Table 1). These contradictory results
could have three reasons, which are not clarified by the
characterization of the washcoat compositions: i) different
intrinsic redox activity and enhancement of the redox potential
by Pt or additives like La or Zr, ii) additional loading of BaCO3

on the ceria of LNT 1 (see Figure 5 and Figure 7) covering the
surface and reducing the contact between Pt and CeO2, this can
result in a lower redox activity in the washcoat, or iii) locating a
part of the Pt/CeO2 composite without any storage component
in the top layer of LNT 2. However, from the catalytic point of
view and with regard to the regeneration behavior, a lower OSC
as in LNT 1 increases the reduction efficiency due to the lower
consumption of the reductive during the initial phase of the
regeneration.[66]

Gas composition during regeneration

Although both LNTs revealed very comparable NOx storage
behavior, during the catalytic tests, enormous differences in the
regeneration performance of the two LNTs were observed.
Figure 17 shows the downstream gas composition for the two
LNTs during regeneration after lean phase 4 at 250 °C for

different rich phase durations. For LNT 1 (Figure 17 A, B, C),
irrespective of the overall regeneration time, a high CO slip was
detected only 2 s after the beginning of the rich phase in
parallel with a desorption of unreduced NOx. A decrease of this
desorption was observed at a regeneration time of 20 s,
whereas in all other cases it remained constant until the end of
regeneration. With rising regeneration time increasing NH3

production of up to 650 ppm was also detected. Concentrations
of H2 and N2O were negligibly small. The dosed C3H6 with a
feed gas concentration of 1200 ppm left the LNT nearly
completely unreacted. As expected, during a regeneration time
of 10 s, the CO slip concentration of approx. 3200 ppm was
higher compared to 5 s regeneration (2500 ppm) since the
system was not able to reach the equilibrium state in 5 s and
the slip concentration rose during the whole rich phase. After
10 s, a stable CO slip was reached. According to this
assumption, the same or a slightly higher CO slip concentration
was expected at 20 s. However, this was not the case since a CO
slip of only approx. 2500 ppm was detected. Concurrently, the
NOx slip concentration was reduced from approx. 750 ppm at
10 s regeneration compared to <500 ppm at 20 s.

Focusing on LNT 2 (Figure 17 D, E, F), a very different
behavior compared to LNT 1 was observed. With LNT 2,
immediately after the start of the rich phase, a strong N2O
production of up to 550 ppm (at 20 s regeneration) was
observed, while at the same time a NOx slip of approx.
1000 ppm was detected. The regeneration time of 5 s is difficult
to evaluate due to the short rich phase leading to non-
equilibrium conditions. The situation becomes clearer for the
rich phase of 10 s. Here, the emission of NOx and N2O reached a
maximum and then decreased in favor of a combined H2/C3H6/
CO/NH3 emission of up to 50/800/1500/500 ppm, respectively.
At a regeneration time of 20 s in particular, but also at 10 s, a
short plateau concentration of all gases was observed before
further following the described trend. Comparing the different
regeneration times, besides continuation of regeneration, with
rising regeneration time, again an unexpected trend for the NOx

slip was observed. Here, for 10 s regeneration time, the lowest
concentration of 900 ppm was observed compared to
1100 ppm or 1000 ppm at rich phase durations of 5 s or 20 s.

These different observations could be explained by the
different layer architecture of the washcoats and various active
OSC materials in both catalysts. In terms of the N2O evolution
during regeneration, LNT 2 emitted the highest amounts
directly after the transition from lean to rich and vice versa. This
expected behavior was induced by the partial reduction of PtOx

to Pt(0) at the initial phase of the regeneration by the reductive,
especially propylene. On these metallic Pt sites, gaseous NO
released from the adsorption sites, can dissociate into N- and O-
adatoms. These N-adsorbed species reacts subsequently with
undissociated gaseous or stored NO to N2O.[67] Generally, the
amount of nitrous oxide released from the catalyst, was
influenced by the temperature, the reduction speed of the PtOx

to metallic Pt and the type of the reductive. But it mainly
depended on the local (CO, H2, C3H6)/NO ratio inside the
catalyst. Low temperatures (�250 °C) and low reductive con-
centrations near and on the catalytic surface lead to a slow NO

Figure 16. Temperature-dependent oxygen storage capacity of LNT 1 (grey
line) and LNT 2 (black line).
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reduction on the PGM sites and accordingly in a high N2O
emissions. In the case of LNT 2, this effect was reinforced by the
OSC provided by higher ceria amounts. This highly active
oxygen source within the catalyst in addition to the residual O2

in the rich gas decreases the amount of reducing species
available. As a consequence, a high emission of not fully
reduced N2O was found in the exhaust gas of LNT 2 at the
beginning of the rich phase. With progressive regeneration
time, the oxygen saturation of the ceria decreased and thus the
amount of N2O also declined. At the transition from rich to lean
phase, both LNTs emitted minor amounts the nitrous oxides,
due to the oxidative decomposition of intermediate isocyanate
reaction species by NO/O2 left at the catalyst surface after
regeneration.[68]

This normal behavior in N2O formation during cycling of
LNTs was not observed at the rich phase of LNT 1. This could be
explained by the different rhodium loading strategies in both
LNTs. In LNT 2, the Rh was dispersed within the top layer
together with the other precious metals. Whereas in LNT 1, the
rhodium was highly concentrated in a small zirconia film below
the zeolite layer, which is also a high active catalyst for the
decomposition of N2O under reducing conditions at low
temperatures (200 to 400 °C). It reduces the nitrous oxides
coming from the bottom layer with fresh regeneration
gas.[69,70,71] At the transition from rich to lean, the metallic Rh
was first oxidized with the lean gas to Rh2O3, which has a much
lower activity to reduce N2O, resulting in a small nitrous oxide
slip.

Figure 17. Evolution of the gas composition during regeneration at 250 °C of LNT 1 (A, B, C) and LNT 2 (D, E, F) at different rich phase durations of 5 s, 10 s
and 20 s respectively.
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Both LNTs emitted higher amounts of CO and C3H6 with
continuing regeneration time due to the decreasing oxygen
disposability of the OSC material. Compared to LNT 1, minor
amounts of unreacted CO and higher concentrations of
unreacted H2 breakthrough occurred with LNT 2. This could be
explained by the higher WGS activity of the Pt/CeO2 in LNT 2 at
this temperature, which is also caused by the higher redox
activity of the OSC material. As a result, for LNT 1 with a less
active ceria phase, an enormous CO slip and high C3H6

emissions were observed during regeneration. Nevertheless, a
WGS reaction proceeds on the catalyst leading to H2 formation.
In comparison to LNT 2, the H2 slip is close to the detection
limit, but the emission of NH3 is only 40% lower (5 s rich phase)
or even higher (20 s rich phase). This difference may be caused
by rate-limiting H2 production or by more efficient NOx-
reducing sites, e.g. Pt. For the same reason, the differences in
the ammonia evolution could be explained. For LNT 1 with
lower OSC, the NH3 release starts directly after CO break-
through, whereas in LNT 2 with higher OSC, the ammonia
formation begins delayed after the reductive/NO ratio leads a
suitable value for the complete reduction of the adsorbed NOx.
This is due to the additional consumption of the reductive at
the beginning of the regeneration caused by the higher OSC.

Comparing the two LNTs concerning NOx slip, it was found
that LNT 2 showed significantly higher values. This can be
explained by the higher catalyst temperature (see Figure 12)
caused from the exothermal oxidation of the reducing agents
by the more active OSC material in LNT 2 and the higher WGS
activity. The results also imply that, due to the lower reductant
slip, LNT 2 displays better NOx reducing performance. However,
this was contradicted by the NOx storage measurements
previously evaluated. The higher consumption of reductive is
only caused by the direct oxidation.

These results demonstrate that the material properties of
the used ceria compounds in the washcoats in terms of the
OSC, WGS activity and layer architecture have a negligible
influence on the storage efficiency. On the contrary, they
greatly affect the regeneration behavior of the LNTs. High yields
of ammonia during regeneration for further use in a down-
stream SCR catalyst can only be reached, when the OSC is as
low as possible. In parallel, a high WGS activity must be
implemented in the washcoat to prevent CO slip at low
temperatures. This cannot be realized with Pt/CeO2 for such an
application. However, the separation of the storage compounds
and the regeneration supporting materials in separate layers is
beneficial to improve the performance.

To complete the investigations on the composition of the
exhaust gas in the rich phase, the results from 150 °C, 350 °C
and 450 °C at 10 s regeneration time were also considered
(Figure 18). At low temperatures like 150 °C there is hardly any
reduction of the adsorbed NOx. This was proven by the slip of
11000 ppm CO, 3500 ppm H2 and 1100 ppm C3H6 for both LNTs,
which almost rises to the dosed concentrations of 500 ppm. For
LNT 2, minor concentrations of 10–15 ppm N2O and NH3 were
detected, but they are negligibly low. At 350 °C, also for LNT 1,
N2O emission is observed at the beginning of regeneration,
followed by a CO and H2 slip that is accompanied by a strong

NH3 slip. Compared to 250 °C, the CO slip is minimized to
800 ppm, whereas the slipped H2 displayed significantly higher
concentrations. LNT 2 showed comparable behavior up to
250 °C, but with lower N2O production and a more than tenfold
H2 slip. Additionally, NH3 emissions were reduced from 400 ppm
to 100 ppm and CO was reduced to 400 ppm. In contrast to
250 °C, both LNTs reacted most of the dosed C3H6, which was
not the case at 250 °C. The slipped NOx was barely affected,
only a small decrease by less than 100 ppm was found.

At high temperatures of about 450 °C, irrespective of the
LNT, enormous concentrations of H2 in the range of 5000 ppm
were detected. Moreover, for both catalysts hardly any N2O
emissions or C3H6 slip occurred. For LNT 1, comparable low NH3

emissions of approx. 280 ppm were measured, whereas CO and
NOx slip were hardly changed at all. The same was true for
LNT 2: Here hardly any changes besides the H2 concentrations
were observed compared to 350 °C.

These results also yield some interesting findings. First, the
low-temperature activity of both LNTs in terms of NOx storage
leads to low N2O and NH3 emissions at 150 °C. Nevertheless, the
high CO, H2 and C3H6 slip near to the initial concentration of the
rich gas was unexpected, since the light-off temperatures for
the oxidation of these reductive on Pt is known to be between
100 and 150 °C under lean conditions. As a concentration of
6000 ppm O2 was present in the exhaust gas, at least a
significant portion of the hydrogen must be oxidized at these
temperatures on both LNTs. The observed behavior will be
object of further research.

The results at 350 °C also reveal that for LNT 1 the same OSC
behavior as in LNT 2 can be found – mainly an oxidation of the
reducing agent at the lean-rich transition leading to N2O
emissions and subsequent H2/CO/NH3 emissions after the oxy-
gen disposability of the OSC material decreases with rising
regeneration time. The oxidation of the reducing agent is also
represented by a rise of the catalyst core temperature by about
95 °C (Figure 19). This result is additional evidence for the
reduced activity of the Pt/CeO2 phase in LNT 1 compared to
LNT 2, as it catalyzed the same reactions but at higher temper-
atures. LNT 2 itself demonstrated a higher influence of the WGS
reaction at this temperature compared to 250 °C, leading to
sufficient H2 supply, which is represented by a relatively high H2

slip. Together with a high NOx reduction performance, N2O
emissions are reduced to less than 100 ppm. The low emissions
of NH3 under these conditions can be explained by an oxidation
reaction with the O2 present in the gas stream or by in situ
consumption as an additional reductive for NOx. At this temper-
ature, both LNTs are able to use the C3H6 as a reducing agent.
Interestingly, the NOx slip at the start of the reaction was only
changed to a minor degree.

The situation at 450 °C involves an additional reaction
leading to high H2 concentrations. At this temperature, the
steam reforming of propylene into H2 and CO takes place
according to Equation (11). Moreover, the endothermicity of the
reaction leads to a lower catalyst temperature increase
compared to the performance test at 250 °C (Figure 19).
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C3H6 þ 3 H2OÐ 6 H2 þ 3 CO (11)

The reaction was obviously better catalyzed by LNT 2,
resulting in a stronger increase of H2 and CO slip. In comparison
to 350 °C, no major differences were found in the exhaust gas.
In contrast to LNT 2, LNT 1 seems to benefit from the increased
reductive concentration due to the significantly higher reducing
efficiency of LNT 1 compared to 350 °C, while detected concen-
trations of slipped species were not changed.

NH3- and N2O-selectivities during regeneration

For a final evaluation concerning the suitability of both LNTs for
coupling with a downstream SCR system the NH3- and N2O-

Figure 18. Evolution of the gas composition during regeneration with a rich phase duration of 10 s for LNT 1 (A,B,C) and LNT 2 (D,E,F) at different
temperatures.

Figure 19. Differences between the lean phase and the regeneration
temperature (T2) inside LNT 1 and LNT 2 at a rich phase duration of 10 s.
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selectivities were estimated under steady-state conditions
during the rich phase following lean phase 4 and calculated
using Equations (12) and (13). The temperature-dependent
content of slipped NH3 and N2O compared to the stored NOx

(NOx,st,c4) at different rich phase durations are shown in Fig-
ure 20 and Figure 21.

NH3;slip;r4

NOx;st;c4
¼

Rte;r4

ts;r4

cNH3;slip;r4
dt

NOx;st;c4

(12)

N2Oslip;r4

NOx;st;c4
¼

Rte;r4

ts;r4

cN2Oslip;r4
dt

NOx;st;c4

(13)

Generally, the fraction of the slipped ammonia increases
with rising regeneration time for both LNTs at all investigated
temperatures. Except for 150 °C, LNT 1 generates more NH3

than LNT 2. It also reaches a maximum of nearly 25% of the
emitted N-containing gas species at 250 °C with a rich phase

duration of 20 s. This trend was also observed at higher
temperatures but with lower yields of ammonia due to the
increasing consumption by oxidation (residual O2 in the rich
gas) and reduction of the stored NOx.

Comparing the N2O selectivity of both LNTs during regener-
ation, only for LNT 2 a remarkable nitrous oxide emission could
be found at temperatures up to 250 °C, which reaches 13% at a
rich phase duration of 20 s. At temperatures higher than 250 °C,
the nitrous oxide amount in the rich gas was negligibly low. In
terms of the observed NH3 and N2O emissions LNT 1 seems to
be an acceptable candidate for coupling with downstream SCR
catalysts. For further improvement of the ammonia yield during
regeneration mainly higher reductive concentrations in the rich
gas event should be applied to increase the local reductive/NO
ratio inside the catalyst. This will result in an enhanced activity
for total reduction of the stored NOx.

Conclusions

In this study, two commercially available lean NOx trap catalysts
(LNTs) were investigated in terms of washcoat composition and
catalytic properties to assess their performance for future
coupling with SCR catalysts. For such an application, a LNT has
to fulfill several requirements. Besides a high storage capacity,
especially during long lean phases at temperatures below
250 °C, a high NH3 selectivity during regeneration as a reductive
for the slipped NOx in a downstream SCR catalyst is also crucial.
Both LNTs revealed the same NOx storage materials, namely
PGM loaded ceria, BaCO3 and MgAl2O4 phases, but with
different amounts and distributions within the washcoats in
layered structures. They were analyzed in lean-rich cycle experi-
ments under realistic gas compositions and higher NOx loadings
on a laboratory gas test bench. Both catalysts showed
comparable and reproducible NOx storage capacities with an
estimated maximum of around 42 mmol/l at 300 °C, but with
fundamental different gas compositions during regeneration.
Generally, it was found that the storage efficiencies decrease
down to around 40% after a lean phase duration of 100 s at
temperatures below 250 °C resulting in a high NOx slip. Addi-
tionally, rich phase durations longer than 10 s are necessary at
higher NOx loadings to drain the LNTs completely. This
corresponds with a NOx slip during regeneration, which is
mainly caused by the reaction of the reductives with the
residual oxygen in the rich gas, which increases the catalyst
temperature rapidly. Further optimization of combined LNT-SCR
systems has to address these findings by using low temperature
high storage materials in the washcoat and by increasing the
reductive concentration during short rich purges to extent the
lean phases by low NOx emissions.

In terms of the gas composition during regeneration, both
LNTs showed different NH3 and N2O selectivity caused by the
different layer architectures and the redox activities of the ceria
in the washcoats. For LNT 1 with a thin Rh containing separate
layer, the generation of N2O can be reduced to a minimum in
parallel with a higher amount of ammonia of up to 25% at
250 °C compared to LNT 2 with a higher OSC. In contrast, the

Figure 20. Temperature-dependent fraction of slipped NH3 for both LNTs
during regeneration in cycle 4 at three different rich phase durations.

Figure 21. Temperature-dependent fraction of slipped N2O for both LNTs
during regeneration in cycle 4 at three different rich phase durations.
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CO slip of LNT 1 is much higher at low temperatures. This is due
to the higher WGS activity of LNT 2. In this catalyst the Pt/CeO2

was located separately from the storage materials in a top layer,
which could be the reason for this enhanced functionality.

As a final assessment, LNT 1 seems to be more suitable for
the desired application with respect to its higher NH3 selectivity
and lower N2O emission during regeneration, but the composi-
tion and the performance could be still optimized. Even if not
all questions about the composition/ performance correlations
of LNTs have yet been answered by performance investigation
on a laboratory gas test bench, some indications to improve the
properties of current LNTs can be given. Besides the implemen-
tation of new components with superior low temperature NOx

storage capacity, the independent tuning of OSC and WGS
functionalities play a key role in developing high-performance
LNT catalysts. This could not be realized with platinized ceria
inside the washcoat. In addition, a new WGS catalyst should be
implemented in a layered washcoat structure. One possibility is
a three-layer architecture with a bottom layer containing the
storage materials, a middle layer with WGS functionality and a
highly active oxidation catalyst to reduce hydrocarbon and CO
emissions during lean phases and a Rh containing top layer to
improve the regeneration behavior. In this way, N2O and CO
emissions could be reduced to a minimum and the ammonia
yield could be maximized during regeneration, which enhances
the possibility to achieve the best LNT-SCR performance. For
such optimizations, the NH3 storage capacity of the down-
stream SCR catalyst at certain regeneration temperatures as
well as the ratio between the generated amount of ammonia
and slipped NOx during lean and rich phase must be considered
to maximize the overall N2 selectivity. Therefore, individual lean
rich cycling durations and rich gas compositions in relation to
the NOx raw emission, exhaust temperature and fuel penalty
must be found for a suitable engine control strategy. Due to
this complex coherence, an optimum ammonia selectivity
during regeneration cannot be proposed as the only key factor
for LNTs to be suitable in a coupled system.

Experimental Section

Catalyst characterization

Fully canned LNT catalysts were obtained from two different
vehicles. LNT 1 was taken from vehicle 1 with a 1598 cm3 diesel
engine (60.1 kW/l nominal specific power). It consisted of a ceramic
honeycomb monolith with a diameter of 17.2 cm and a length of
8.2 cm (VLNT 1=1905 cm3). LNT 2 was taken from vehicle 2 with a
1968 cm3 diesel engine (68.6 kW/l nominal specific power). It was
based on a metal foil monolith with a diameter of 11.5 cm and a
length of 13.8 cm (VLNT 2=1433 cm3). The catalyst cannings were
removed to obtain the samples for detailed analyses and perform-
ance tests. LNT 2 was then completely embedded in pure ash-free
hard wax before sawing in order to prevent washcoat delaminating
during the preparation process. Subsequently, each LNT 2 specimen
was de-waxed by Soxhlet extraction with hexane followed by
calcination at 600 °C for 5 h under air. The samples from the full
ceramic LNT 1 were easily prepared by core drilling.

The catalytic measurements were carried out on a rectangular
sample of LNT 2 with a length of 13.8 cm, a width of 1.78 cm and a
height of 1.78 cm and on a cylindrical specimen of LNT 1 with a
length of 8.2 cm and a diameter of 1.85 cm, respectively.

Each sample was fixed in a titanium canning using a mounting mat
which was subsequently hydrothermally aged for 10 h in a furnace
at 750 °C in an atmosphere of 10% H2O in air before use. For ICP-
OES analyses, 1/8 slices of the catalyst were first milled and
homogenized with SiN tools and further dissolved in HNO3/HCl or
HNO3/HCl/HF using a high pressure microwave system. Analyses
were performed with an ICAP 6500 (Thermo Fisher Scientific,
Waltham, MA, USA). The specific element compositions per liter
catalyst volume were calculated from these results.

For cross section SEM measurements, the catalyst samples were
embedded in epoxy resin, polished and carbon-coated by thermal
deposition. SEM analyses were carried out on a Zeiss Merlin FEG-
SEM (Carl Zeiss Microscopy GmbH, Oberkochen, Germany) with an
acceleration voltage of 10 kV and a backscattered-electron detector
(BSE). Element mappings by EDX were recorded by means of an
integrated Aztec, X-Max 150 SDD Detector (Oxford Instruments
Nanotechnology, High Wycombe, UK). Particle size evaluation was
performed with the software ImageJ.

Investigations at higher magnification were performed by trans-
mission electron microscopy using a 200 kV LIBRA 200FE (Carl Zeiss
Microscopy GmbH, Oberkochen, Germany) equipped with an EDX
(Bruker AXS GmbH, Karlsruhe, Germany) and high-angle annular
dark-field (HAADF) detector (E.A. Fischione Instruments, Inc., Export,
PA, USA). Electron transparent lamella of the samples for TEM
investigation were obtained by focused ion beam machining (FIB)
using a Strata 205 from FEI company (Hillsboro, OR, USA).

To identify the active components within the catalysts, the phase
compositions of the washcoats were determined by X-ray diffrac-
tion, using Cu Kα radiation (D4 Endeavor, Bruker). For that purpose,
the washcoats were peeled off the surface of the monoliths.

Catalytic performance measurements

Experimental setup

The catalytic performance measurements were carried out on a
laboratory gas test bench (LGB) where all pipes are manufactured
from grade 2 titanium (Figure 22). The reaction gases were mixed
from gas bottles with nitrogen as a balance to obtain a constant
space velocity throughout the test. N2, O2 (both purity�99.999%)
and CO2 (purity�99.5%) were used as bulk gases. All other gases
were mixtures of the respective species in N2 with 9% for CO, 1%
for C3H6 and for NO, as well as 10% for H2, respectively. Water vapor
was generated using a HovaPOR LF-1200 (IAS GmbH, Oberursel,
Germany) with part of the N2 flow. All gas flows were subjected to
closed-loop control by high dynamic mass flow controllers (MFC)
type SLA5850 from Brooks Instrument, LLC (Hatfield, PA, USA).
Downstream of each MFC a normally closed, direct-acting solenoid
2/2-way valve (type 0330, Christian Bürkert GmbH & Co. KG,
Ingelfingen, Germany) was mounted to assure fast cut-off of gas
flow when no flow is requested and to avoid leakage flow over the
MFC. The heating unit consisted of two separate lines for inert and
reaction gases. The temperature-sensitive reactive gases were only
heated convectively to 190 °C and mixed close to the reactor with
the inert gases. The temperature of the mixed gas was subjected to
closed-loop control by heating the inert gases using two pre-
heaters and one main heater (heating unit in Figure 22A).

The reactor unit containing the catalyst sample in a titanium
canning was mounted inside a well-insulated reactor that was
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equipped with an additional electric heater to compensate thermal
loss. The temperature set-points of the furnace heater were coupled
to the set-points of the pre-heaters and main heaters. Five
thermocouples (type K) were mounted in each catalyst to
determine the temperature distribution throughout the catalyst
during the experiments (Figure 22B). They were positioned in a
radial direction in the middle of the sample 1 cm downstream of
the inlet (T1), half way between the inlet and outlet (T2) and 1 cm
upstream of the outlet (T3); furthermore, half way between the inlet
and outlet at half radius (T4) and at one of the outer channels (T5).
The mean catalyst temperature refers to the arithmetic mean of
these five temperatures

The analytic unit measured either the gas composition upstream or
downstream of the catalyst. The gas flow was split into four
different lines: In the first line, the H2 content was measured by an
electron-ionization mass spectrometer (EIMS) of the type H-Sense
supplied by MS4-Analysentechnik (Rockenberg, Germany). In the
second line, the total amount of hydrocarbons was evaluated by a
flame-ionization detector (FID), Thermo-FID MP of SK-Elektronik
GmbH (Leverkusen, Germany). The third line was connected to a
Fourier transform infrared spectrometer (FTIR) MultiGas 2030
supplied by MKS Instruments, Inc. (Andover, MA, USA) to analyze
H2O, CO, CO2, NO, NO2, N2O, NH3, C3H6 and C3H8 at 191 °C. The
outlet of the FTIR was connected to a condenser to separate the
water from the analysis gas, which was then fed into a combined

measurement system from FEV Europe GmbH (Aachen, Germany)
including a non-dispersive infrared spectrometer (NDIR) for CO and
CO2 measurement and a paramagnetic detector (PMD) for O2

detection. In the later evaluation, the CO signal from the FTIR and
the CO2 signal of the NDIR were used. The other measurement
equipment was used for a plausibility check. The fourth line was
connected to the exhaust via a needle valve allowing the flow into
the measurement equipment to be adjusted and thus the pressure
in the FTIR gas cell. All measurement data was evaluated with a
frequency of 1 Hz.

Lean-rich-cycle experiments

Lean-rich-cycle experiments at a constant gas hourly space velocity
(GHSV) of 60000 h� 1 were performed on the laboratory gas test
bench to obtain results comparable to vehicle operation of the
LNTs at λ=1.526. The lean gas composition contained 8 °% O2,
300 ppm NO, 100 ppm C3H6 as a representative hydrocarbon, and
500 ppm CO. The rich gas composition represents a realistic lambda
situation of 0.983 during regeneration with a residual O2 content of
6000 ppm and 12000 ppm CO, 1200 ppm C3H6 and 4000 ppm H2 as
reduction species. The conditions for NOx storage-regeneration
cycling experiments are summarized in Table 4. A separate set of
MFCs was used for lean and rich conditions, respectively. The
switching from lean to rich (and vice versa) is achieved by closing
the solenoid 2/2-way valves of the respective MFCs for the first
mixture and setting the corresponding set voltages to zero, while
at the same time opening the solenoid 2/2-way valves and setting
the desired voltage of the MFC for the second mixture. The change
in N2 balance mass flow was set by adjusting the respective MFC
voltage. This procedure guarantee a fast transition between lean
and rich conditions, where the respective gas compositions reaches
their equilibrium within 1.5 s. The catalyst was conditioned prior to
each test for 5 min at 500 °C with a typical rich gas mixture of
12000 ppm CO, 4000 ppm H2, 10% CO2 and 10% H2O in N2 to
ensure a NOx-free washcoat before the measurements. The cycling
experiments were carried out at 150, 250, 350 and 450 °C,
respectively, and consisted of five cycles, where each cycle was
composed of a lean and a rich phase. In preliminary tests, the
durations of the lean phases at each temperature were determined
for both catalysts until a NOx slip of at least 90% was observed to
ensure comparable NOx loading situations. The longest duration at
each temperature was then chosen for the experiments. For
example, the lean event duration of 900 s at 250 °C was adjusted
due to the maximum NOx storage capacity at this temperature. At
each temperature, three experiments were carried out with differ-
ent rich phase durations of 5, 10 and 20 s, respectively. Hence,
twelve experiments were performed per catalyst. After the last cycle
of each experiment, the atmosphere was changed to 10% H2O in
nitrogen and the temperature was increased rapidly with a heating
ramp of 60 K/min up to 500 °C to evaluate the amount of NOx

remaining in the catalyst after the last rich phase. This was followed
by a conditioning step of 5 min with the above-mentioned typical
rich gas mixture.

Oxygen storage measurements

The oxygen storage capacity of both catalysts was determined at a
constant GHSV of 60000 h� 1 under dry conditions at four different
temperatures of 150, 250, 350 and 450 °C. The experimental
conditions for the OSC storage cycling experiments are given in
Table 5.

The catalysts were conditioned prior to each test at 500 °C for 5 min
with 2% CO in N2. The test procedure consisted of ten cycles with
four phases and was performed at each temperature. In the first

Figure 22. A: Schematic of the laboratory gas test bench (LGB). B: Positions
of the thermocouples T1–T5 in the catalyst sample.
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lean phase with 1% O2 in nitrogen and a duration of 30 s, the
oxygen storage material in the catalyst was re-oxidized followed by
a purging phase of 30 s with pure N2 to remove residual O2 from
the reactor atmosphere. Subsequently, the OSC components were
reduced in the rich phase for 60 s with 2% CO in N2. Finally, the
residual CO was purged out of the reactor for 60 s with pure
nitrogen prior to the next cycle. The OSC was calculated based on
the CO2 formed during the rich phase according to [Eq. (14)].[72,73,74]

OSC ¼ 2 �
Zt2

t1

cCO2
dt (14)
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Towards zero tailpipe emissions: The
catalytic performance of two commer-
cial lean NOx traps were evaluated for
further coupling with SCR technology.
Both catalysts contained the same
functional materials and showed com-
parable NOx storage behavior with a

high NOx slip after short lean phases.
Strong differences were observed in
N2O and NH3 selectivity and CO slip
during regeneration. Based on the
results, pathways are suggested to
optimize LNT catalysts for this applica-
tion.
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