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This research investigates the deactivation phenomena of oxidation catalysts in exhaust gas aftertreatment
systems of hydrogen internal combustion engines (H,-ICEs). The study observes an unexpected catalyst
deactivation during extended cold start operation, which is partially reversible through lambda variation and
increased exhaust temperatures. Light-off tests on a synthetic gas bench (SGB) reproduce these deactivation
effects during the absence of carbon-based and nitrogen oxide emissions, showing that preconditioning with
nitrogen oxide (NO) can aid partial reactivation. Additionally, conditioning at higher temperatures effectively

prevents significant deactivation. The findings suggest that state-of-the-art oxidation catalysts from diesel
engines are applicable for H,-ICEs if suitable engine operating modes are employed to mitigate catalyst

deactivation.

1. Introduction

Hydrogen internal combustion engines (H,-ICEs) powered by green
hydrogen enable climate-neutral drives as a solution to limit the cli-
mate change [1,2]. Compared to battery electric systems, H,-ICEs have
the advantage of fast recharging times. Different from PEM fuel cell
systems, they are very resistant against fuel impurities, air contami-
nation or varying ambient conditions. Besides, the waste heat is on
a higher temperature level and can either be utilized or with high
shares be dissipated through the exhaust gas without active cooling.
As a result, H,-ICEs are a competitive propulsion system for long-haul
trucks, off-road machinery and other heavy-duty applications [3]. In
these applications, high life time performance and high durability are
key aspects that have to be guaranteed, not only for the engine itself,
but also for the exhaust aftertreatment system [4].

The most significant raw emission species for hydrogen ICEs are
nitrogen oxides (NO,) [5]. Luo et al. [6] observed NO, concentrations
reaching up to wyo, = 7,000 ppm at an air-fuel equivalence ratio of
A = 0.88. State-of-the-art exhaust aftertreatment (EAT) systems for
lean-operated ICEs typically consist of an oxidation catalyst (OC) and
a selective catalytic reduction (SCR) system using ammonia (NH;) as
the reducing agent. As described by Srisailam et al. [7], such systems
- originally developed for diesel engines — can serve as the basis for
potential adaptations to H,-fueled ICEs. Furthermore, Rezaei et al. [8]
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evaluated various EAT configurations, with two out of the three systems
relying on a combination of OC and SCR components. Additionally, H,-
SCR systems are being investigated, but still object of research [9-11].
The NH;-SCR catalyst performance is often in focus (e.g. investigated
in [12] for H,-ICE exhaust), but also the OC is essential for the EAT as
it serves several key functions. In a first function, OCs oxidize potential
CO and hydrocarbon (HC) emissions. With hydrogen as a fuel, the
single source of carbon-based raw emissions is oil consumption, but
still they require action to achieve zero-impact tailpipe emissions [13].
Another key aspect is the partial oxidation of engine-out NO into NO,,
ideally towards a ratio of NO,/NO, = 0.5. This enables the so called
“fast SCR” reaction and thus effective use of the downstream SCR
catalyst [14-17].

Another important aspect is the necessity of the OC for hydrogen
(H,) oxidation to avoid false lambda sensor signals due to hydrogen
cross-sensitivity [18]. These deviations may also negatively affect the
engine calibration [19]. Finally, the OC can also be used for acceler-
ated heat-up after cold-start, where it oxidizes H, and thus provides
exothermic energy [20].

1.1. Fundamental catalyst deactivation mechanism

The application of catalysts within the exhaust aftertreatment sys-
tem may result in their deactivation due to various factors. Although
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Table 1
Catalyst deactivation mechanisms published by
Bartholomew [21].

Type Mechanism

Chemical Poisoning
Vapor formation
Vapor-solid reaction

Solid-solid reaction

Mechanical Fouling
Attrition/crushing
Thermal Thermal degradation

deactivation is unavoidable in most cases, various measures can be
taken to slow down the process or avoid some effects [21-23]. The
deactivation of catalysts for heterogeneous catalysis leads to a re-
duction in catalytic activity and, in certain cases, to a reduction in
selectivity [21,22]. The associated loss in activity and selectivity could
result in an increase in tailpipe and secondary emissions. These mech-
anisms, adapted from Bartholomew [21], can be classified into three
main categories: chemical, mechanical, or thermal deactivation. This
classification is presented in Table 1.

The chemical deactivation comprises poisoning of the catalyst, va-
por formation and vapor-solid and solid-solid reactions. Poisoning of
a catalyst is defined as chemisorption of various species on the active
sites [21,22]. Thus, the chemisorption of these species can lead to a loss
in activity by blocking active sites, affect the adsorptivity of another
species, or alter the electronic or geometric structure of the active
sites [21,22]. Moreover, the active sites can be converted into volatile
compounds, which then can ultimately be carried out of the catalyst
by the exhaust gas flow [24,25]. Additionally, vapor-solid or solid-
solid reactions can contribute to the reduction in activity due to the
formation of inactive phases from active sites [21,24]. In comparison
to catalyst poisoning caused by chemisorption of various species, foul-
ing as a mechanical deactivation mechanism defines blockage by the
physical deposition of species from the liquid phase [21,24,26]. These
deposits cover and block the active sites as well as the pores of the
surface. Mechanical load on the catalyst or high-velocity fluid flow are
potential causes of damage to the catalyst, resulting in the crushing
or erosion of the monolith and the subsequent loss of the catalytic
active material [21,22,25]. Moreover, thermal deactivation occurs at
high temperatures primarily via two different sintering processes, re-
sulting in alteration of the active sites. The sintering of active sites,
also referred to as crystallite growth, can lead to a reduction in the
active surface area [27]. Another sintering process is defined by the
deformation of the washcoat or substrate. Thus, resulting in a reduction
of the support surface area or an enclosure of active sites due to the
collapse of pores [21,22].

1.2. Deactivation phenomenon during cold start tests of hydrogen engines

An oxidation catalyst with a volume of ¥, = 0.8 1 and a platinum
loading of py,,q = 25 g/ft> was tested at the engine test bench facil-
ities of the Institute of Thermodynamics and Sustainable Propulsion
Systems (ITnA) of the Graz University of Technology. The OC was fit
to a state-of-the-art in-line four-cylinder spark-ignited direct-injection
turbocharged hydrogen engine with a displacement of V; = 2 1. De-
tailed information on the measurement setup can be found in previous
publications [12].

Fig. 1 illustrates the hydrogen conversion efficiency #;, which was
subjected to continuous monitoring at an engine speed of
N =1000min~! and a brake mean effective pressure of
BMEP,,, =10bar. The H, conversion efficiency #y, is calculated ac-
cording to Eq. (1). For the calculation, the H, concentration upstream
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Fig. 1. Hydrogen reduction rates of the oxidation catalyst during its runtime with
frequent cold starts and following regeneration due to lambda variation; engine test
bench operated at n,,, =1000min~! and BMEP,,, = 10 bar.
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of the sample is defined as WH, 4 while the concentration downstream
of the sample is defined as yy, .
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During steady-state investigations, which took place in the first 7 =
160 h of the catalyst runtime, the H, conversion efficiency 7y, remained
relatively stable with values consistently above ny, > 94%. The catalyst
runtime defines the duration of engine operation. Subsequently, the
catalyst was employed to undertake a series of cold-started driving
cycles. A detailed explanation of the pre-conditioning procedure for
the engine and the catalyst can be found in [28]. The tests, which
included the Worldwide Harmonized Light Vehicles Test Cycle (WLTC)
and synthetic Real Driving Emissions (RDE) cycles, were started at
T = 23 °C ambient temperature without external heating or cooling
of the engine or the catalyst. After the driving cycle was completed,
pre-conditioning was started again for the follow-up run. In a relatively
brief additional runtime of # = 60 h, the H, conversion efficiency #y,
exhibited a significant decline, dropping from ny, = 98% to 54.5%. Con-
sequently, the decline led to a substantial increase in H, emissions. This
observation is not in line with previous experience at lean diesel EAT
systems and suggests the emergence of an unidentified deactivation
phenomenon.

Due to the unexpected level of the catalyst efficiency reduction, the
question arises: What are significant differences of the H,-ICE setup
to conventional diesel ICE exhaust? First, almost no CO, (y¢o, <
0.05%) and very little CO and HC emissions, which occur at a level
of wconc < 15 ppm, are present. In diesel engines CO, can be found
in concentrations of Veo, 2 8% in the exhaust gas [29]. Diesel
engines furthermore produce CO emissions in the raw exhaust from
wceo = 150 ppm to 1400 ppm and HC species can be found up to
yuc = 750 ppm [30]. Second, the water content is on a higher level
ranging up to yy,o = 25% during the cold-started driving cycles which
is significantly higher compared to diesel engines (yy,o ~ 8%) [29].
Third, as the engine was converted to hydrogen operation, it is not
fully optimized and some unburned hydrogen can be found in the
exhaust gases. Last but not least, the level of NO, raw emissions is on
the remarkably low level below 5ppm at most of the time, however,
during rapid load changes, NO, peaks with magnitudes of up to yyo, =
3,000 ppm can occur during a short time.

Subsequent to the cold-start investigations, a variation of the air-fuel
equivalence ratio A followed as presented in Fig. 2. The experiment
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at a variation of the air-fuel equivalence ratio A from lean towards stoichiometric

operation; engine test bench operated at n,,, =1500 min~! and BMEP,,, =8bar.

commenced with an air-fuel equivalence ratio 4 > 2.5, which sub-
sequently decreases. To achieve this, the use of the variable turbine
geometry (VTG) was lowered in a first step, to diminish the intake air
mass while the engine torque and speed was not changed. To achieve
a further reduction of the air-fuel equivalence ratio A in a second
step, the engine was throttled by a valve while maintaining engine
speed and torque. In all of the load points the MFB;, (point of 50%
mass fraction burnt) was not changed at all. The air-fuel equivalence
ratio reduction resulted in lower O, concentrations and an increase
in H,O concentration in the raw exhaust gas. Approaching an air-fuel
equivalence ratio of A = 1, catalyst temperatures of T, > 500 °C
were recorded. The increase in temperature accelerates the reaction
rate of NO, formation via the Zeldovich mechanism [31], which leads
to higher NO, raw emissions. Overall, the changes in temperature and
NO emissions were the most pronounced effects during the variation.

As a result of the lambda variation, the conversion efficiency M,
of H, in the OC rose significantly, namely from an initial value of
ny, = 53.2% to 92.5% at the end of the A variation experiment. This
reactivation implies a reversible nature of the previously observed
degradation phenomenon.

However, it is important to recognize that the deactivation of OCs
during the operation of H,-fueled ICEs is a newly identified phe-
nomenon. Addressing this deactivation and finding solutions for reacti-
vation are crucial for lowering H, concentrations and ensuring that the
OC functions as a safety-critical component in the EAT. These findings
may have significant implications for engine operation, as reactivation
cycles may need to be integrated to mitigate severe deactivation.

1.3. Approach to explain fast but reversible catalyst deactivation

A review of the literature revealed that a number of mechanisms
and species can be involved in the deactivation process of the oxidation
catalyst. One mechanism is that hydrogen conversion could lead to
exothermic heat release at the active catalytic centers, causing local
thermal aging, even at globally low exhaust gas temperatures. How-
ever, this would not be reversible [32-34]. A mechanical deposition
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of CO and HC (coking, fouling) could be reversible, but should be
less significant for H,-ICEs and their low amounts of carbon-based
emissions [35].

In case of H,0, whose concentration is significantly higher in H,-
ICEs compared to diesel engines, some authors attribute a deactivation
effect to its presence. In their report, Weiss et al. [36] state that the
presence of H,O can result in the adsorption of nonreactive hydroxyl
(OH) on a Pt-loaded catalyst in O, atmosphere. This adsorption process
results in a loss of activity when H,O is present, a phenomenon that
has also been observed in other oxidation reactions. The effect may be
reversible as higher temperatures can lead to the desorption of surface
H,0 and the loss of OH groups. Peng and Dawson [37] state that H,O
only adsorbs very weakly on platinum surfaces, but report that this
adsorption process is significantly increased in presence of O,. In order
to remove the H,O from the platinum surface, Unger et al. [38] report
that the H,O desorbs fully above temperatures of T'= 600 °C.

Olsson and Fridell [39], as well as Hauptmann et al. [40] observed
similar degradation on Pt-loaded catalysts and attribute it to the forma-
tion of platinum oxides. They investigated Pt-loaded oxidation cataylsts
for diesel applications (DOC) during NO oxidation. The chemical-based
catalyst deactivation due to formation of platinum oxide is known to be
less catalytically acitve than the metallic Pt [39]. Hauff et al. [41] also
attribute the deactivation to platinum oxide formation, which should
decompose again above T > 350 °C. Furthermore, the deactivation
is assumed to be caused by O, and NO, in the inlet feed [39]. Hauff
et al. [41] found that in the case of O, excess, such as in diesel- or H,-
ICE raw exhaust gas, low NO, concentrations do not lead to additional
deactivation. The authors also observed a reduction of platinum oxide
at low temperature by NO. However, they conclude that H, is a more
effective reducing agent. H, reduces Pt oxide (PtO,) to metallic Pt,
while H,O is produced [42]. Hauptmann et al. [40] suggests a reducing
effect on the Pt oxide of a deactivated DOC through hydrocarbons,
CO and H,. Furthermore, the work of Mulla et al. [43] indicates that
complete reactivation could be achieved through the exposure of the
catalyst to CO or H,.

Becker et al. [44] identified a poisoning effect of excess O, on the
methane (CH,) oxidation on Pt/Al,O; catalysts and emphasized the
importance of an optimal surface ratio of Pt and O. Various studies
yield similar results [45-47]. The formation of surface oxides is likely
to inhibit dissociative adsorption of CH,, thus reducing the activity
for CH, oxidation [46]. Various tests in multiple studies indicate,
that periodic operation — through switching between lean and rich
gas composition — enhances the activity of CH, oxidation [44-47].
Futhermore, Carlsson et al. [46] observed that CH, oxidation with
O, excess on Pd/Al,O; is more effective than on Pt/Al,O; catalysts.
Fouladvand et al. [48] revealed a significant effect of the support of Pt
catalysts on CH, oxidation. In two studies, they found that the use of
Ce supported Pt catalysts over Pt/Al or Pt/AlCe catalysts yields higher
conversion rates, even under lean conditions [47,48].

Based on the facts described above, changes in the platinum oxida-
tion state are the most likely explanations for the observed deactivation
phenomenon. We assume that the surface is strongly reduced by H,, yet
a sufficient surface ratio of Pt and O is ensured by the re-oxidizing effect
of NO. Therefore, this paper deals with the investigation of the effects
of NO concentration (or lack thereof) and of temperature variations on
the oxidation catalyst performance.

2. Experimental
2.1. Catalyst specifications and sample preparation

The OC sample used for the investigations is a platinum-based
catalyst with a loading of pp, = 25 g/ft’ on a Al,0; washcoat. The

carrier is a state-of-the-art cordierite substrate. The cell density is p ., =
400 cpsi with a wall thickness of 6, = 4 mil.
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Fig. 3. Experimental setup of the synthetic gas test bench; MFC = Mass flow
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For investigations on the SGB (Synthetic gas test bench), a sample is
drilled from a fresh monolith. The monolith is part of the same charge
of production as the catalyst brick used at the engine test bench. The
diameter of the drilled sample measures d,p,c = 18.8 mm with a length
Of lgmpie = 30.2 mm. Prior to the investigations on the SGB the catalyst
was aged for a period of 7,,. = 10h at a temperature of 7,,. = 850 °C in
an yy,o = 10% content in air atmosphere. The oxygen storage capacity
(OSC) of the aged catalyst sample was determined in the range from
OSCr_ygp oc = 0.16 mmol /1, to OSCr_yqg oc = 5.33 mmol/l,,.

2.2. Laboratory gas test bench setup

The tests to investigate the reversible deactivation of the OC were
conducted on the synthetic gas test bench (SGB) of the Chair of Ther-
modynamics of Mobile Energy Conversion Systems (TME) of RWTH
Aachen University under reproducible conditions. The layout of the
SGB is shown in Fig. 3. Various gaseous species can be dosed with
high precision via the SGB, utilizing different mass flow controllers.
Moreover, the evaporation of liquid water in N, ensures the water
concentration in the synthetic exhaust gas. Further detailed information
on the design and equipment of the test bench can be found in the
Appendix and previous publications [49,50]. The H, concentration was
measured using a hydrogen mass spectrometer (HSense). Moreover,
additional measurement devices were used to quantify other emissions
such as different HC species, NO, and CO. These include a Fourier-
transform infrared spectrometer (FTIR), a flame ionization detector
(FID), a paramagnetic detector (PMD), and a non-dispersive infrared
sensor (NDIR).

2.3. Light-off test procedure

All light-off investigations included two phases (Fig. 4). The first
phase, the conditioning phase, ensured a reproducible, initial state of
the catalyst prior to each of the main tests. At the start of the test
campaign the conditioning phases were performed at T,y = 500 °C
with an upstream concentration of yy, = 1,000 ppm in N, for a period
of tcong = 600 s in order to reduce stored species such as O,, NO, and
CO. The temperature ramp started at Ty, = 100 °C with a gradient
of 6T /6t = 10 K/min. In the later stages of the test campaign, the
conditioning phase was conducted at T,,q = 600 °C. A gradient of
6T /6t = 5 K/min was used to heat the sample from the previous
conditioning temperature (T¢,,q = 500 °C) to the target temperature.
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Table 2
Gas composition during light-off phase.
Species Unit Standard Reduced
gas matrix gas matrix
H, ppm 1,000 1,000
NO ppm 500 -
Cco ppm 25 -
C;Hg ppm 10 -
0, % 13 13
H,0 % 15 15

Exhaust gas temperatures of up to Ty = 000 °C can be achieved
during lean operation of H,-ICE by adjusting the air-fuel equivalence
ratio A [51]. Moreover, a second dosing phase — the preconditioning —
was incorporated in the later stages of the test campaign to the con-
ditioning phase in order to ensure the regeneration of the deactivated
OC sample. In the first section of the extended conditioning phase the
OC was exposed to NO or CO (yyo = 500 ppm or yco = 500 ppm) in
N,. The first phase of the test ended with the cooling phase in a N,
atmosphere to the test temperature of 7y, = 100 °C.

In the second phase, referred to as main phase in Fig. 4, the sample
was heated up during the light-off to Ty, = 500 °C at a rate of 6T /6t =
5 K/min, then the temperature was held for r = 300 s. The holding phase
was followed by a controlled cooling phase at the same gradient, which
is also referred to as the light-out. During the second phase, either the
standard or the reduced gas matrix was dosed. For the standard gas
matrix, a conservative approach to NO, and H, concentration was used.
In addition, a minimal share of CO and C;Hg to represent potential oil
consumption was calculated based on data from a 2.0 1 turbocharged
four-cylinder H,-ICE with direct injection (DI) as presented in [12]. The
reduced gas matrix represents a synthetic, NO-free atmosphere. The
compositions of both gas matrix variants are presented in Table 2. The
gas hourly space velocity was set to GHSV = 200,000 h~! based on
the selection of a small OC for the H,-ICE, as only minimal amounts
of carbon-based emissions need to be oxidized. Moreover, the defined
GHSYV effectively covers a significant part of the engine’s operating
range.

3. Results and discussion
3.1. Oxidation catalyst deactivation

In order to identify possible reasons for the deactivation and re-
activation of the OC during engine operation, a test series with nine
light-off tests was performed on the SGB as shown in Fig. 5, where
the H, conversion efficiency #y, is plotted versus the inlet catalyst
temperature. The tests were conducted with conditioning applied at
Tcond = 500 °C and yyy, = 1,000 ppm. For the main phases of these tests
— comprising the light off and light out — the standard and reduced
gas compositions described in Table 2 were used. The H, conversion
efficiency M, is calculated according to Eq. (1) (Chapter 1.2).

The intended reproduction of the OC deactivation was achieved
during the first test campaign (test series A), as shown by comparing
the light-off A1 and A9. A partial higher H, conversion efficiency
ny, is achieved up to Tiy ~ 210 °C with the reduced gas matrix.
Various studies have addressed the inhibition of different reactions by
CO or HC, which is primarily due to adsorption competition on active
sites [52,53]. Moreover, Salomons et al. [54] observed an inhibition
of H, oxidation by CO on a Pt loaded oxidation catalyst. Therefore,
the Ty, light-off temperatures, defined as the temperature at which a
H, conversion efficiency of y, = 90% is achieved, for the tests with
the reduced gas matrix are significantly lower than those measured
in the tests with the standard gas matrix. The tests performed with
the reduced gas matrix led to an accelerated deactivation of the OC
in various test campaigns. As the temperature increases up to Tj, =
500 °C, the difference between the conversion efficiencies of the tests
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Fig. 5. Temperature-dependent H, conversion efficiency ny, of light-off tests with dif-
ferent gas compositions and conditionings to reproduce oxidation catalyst deactivation
(missing Ty, light-off temperatures due to the start inlet catalyst temperature).

becomes significantly smaller. At this temperature, all conversion rates
increase to ny, > 96%. However, the H, conversion efficiency ny,
= —-10%
at a temperature of Ty, = 250 °C and the Ty, light-off temperature
is increased by ATy ;49 = 64 °C in a short period of time. The
difference in H, conversion efficiency 4ny, is calculated using Eq. (2).

from the light-off Al to A9 is reduced by up to 4ny,,

ArIHZ.x—>x+i T MHyy; ~ MHy &)

Moreover, the change of the Ty, light-off temperature ATy, is defined
in Eq. (3). The difference of the Ty, light-off temperature ATy, is
calculated analogously to Eq. (3).

AT90,X—>x+i = T9O,x+i - TQO,X (3)

The test series confirms the significant deactivation observed earlier
at the engine test bench (Chapter 1.2).

Further light-off tests were started between light-off A7 and AS8.
However, these were terminated due to a controller malfunction and
are therefore not included in Fig. 5. A comparison of curve A7 and A9
shows no significant influence of tests in between.

3.2. Regeneration of the oxidation catalyst

The results at the engine test bench indicate a reversible nature of
the OC deactivation, as a lambda variation leads to increased catalyst
efficiency (Chapter 1.2). As the changes in exhaust gas temperature
and in the NO concentration were identified as strongest effect of the
lambda variation, the following experiments are defined:

1. Dosing of an additional species as a preconditioning
2. Increasing conditioning temperature during the conditioning
phase

3.2.1. Dosing of an additional species during the extended conditioning
phase

Two different species were applied as a preconditioning species for
the OC sample during the extended conditioning phase. The raw ex-
haust gas of a diesel engine contains a considerable amount of CO, due
to the fact that diesel is a carbon containing fuel. In H,-ICEs, CO forms
in much smaller amounts, mainly from engine oil combustion. Thus,
the influence of CO on the conditioning and reactivation processes
was investigated using the previously deactivated OC. Subsequently,
NO was used as a further species in the preconditioning, since the
lambda variation is correlated with an increase in NO, raw emissions
in addition to an increase in exhaust gas temperature.

Fig. 6 shows a test series extending the previous deactivation tests.
Thus, the light-off tests “Additional Investigations” can be seen in Fig.
5. The additional light-off tests were also performed at a conditioning
temperature of T(,,q = 500 °C. While the main conditioning stayed the
same, the preconditioning of the light-off A10 was conducted with an
upstream concentration of y-g = 500 ppm and the preconditioning of
the test A11 with an upstream concentration of yyo = 500 ppm for
an additional time of 7c,,q = 600 s. The concentration of NO is set
to wno = 500 ppm, given that the engine is operated at an air-fuel
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Fig. 6. Temperature-dependent H, conversion efficiency ny, of light-off tests with
different preconditionings to reactivate the deactivated oxidation catalyst.

equivalence ratio of 4 > 2 for most load points. Moreover, the CO
concentration is selected for a potential comparison to diesel exhaust
gas and is not achieved during H,-ICE operation. During the main phase
of both tests the standard gas matrix was used.

The first light-off test with the extended conditioning phase (A10),
comprising the preconditioning with CO and the main conditioning
with H,, yields a significant improvement in H, conversion efficiency
fioc from temperatures of Ty, ~ 200 °C onward through reactivation.
Furthermore, the last light-off test A11 of this test series with the
NO preconditioning shows further improved H, conversion efficiency
ny,- Both reactivation attempts result in a cumulative increase in H,
conversion efficiency ny, of up to Aty ooy, = 0% at a temperature
of Tjee = 250 °C. The Ty, light-off temperature drops significantly by
ATy a9-a11 =49 °C to Ty 1y = 247 °C. The T, temperature is effected
less. The tests indicate that both preconditionings — with CO and NO -
result in a reactivation of the OC. However, the reactivation of the OC
to a H, conversion efficiency ny, as high as the initial efficiency was
not achieved.

A second test series (test series B) was performed to determine the
maximum reactivation of the OC. This time, only NO is considered, due
to its higher relevance for H,-ICE applications, as NO, emissions repre-
sent a more significant pollutant in H,-ICE compared to carbon-based
emissions. The test series began with a reference light-off test, with the
extended conditioning comprising yyo = 500 ppm as preconditioning
and wy, = 1,000 ppm as the main conditioning. In order to deactivate
the OC sample, two light-off tests with H, conditioning were performed
using the reduced gas matrix in the main phase. Four consecutive light-
off tests with a preconditioning at yyo = 500 ppm and T,y = 500 °C
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Fig. 7. Temperature-dependent H, conversion efficiency ny, of light-off tests with NO
preconditioning to reactivate the deactivated oxidation catalyst (missing Ty, light-off
temperatures due to the start inlet catalyst temperature).

were conducted on the previously deactivated OC sample, as shown in
Fig. 7.

The intentional deactivation via the light-off tests with reduced
gas matrix in the main phase leads to an expected decrease in H,
conversion efficiency, as indicated by comparing the Ty, and Ty, light-
off temperatures of the test B1 and B4. An increase of AT, g4 = 8 °C
and ATy)p;_p4 = 41 °C is measured. Moreover, a significant reduction
in the H, conversion efficiency can already be observed between the
two light-off tests performed with the reduced gas matrix. This confirms
the results of Fig. 5 and shows that the deactivation with the reduced
gas matrix is reproducible.

A further test, this time utilizing preconditioning with NO and main
conditioning with H,, results in an increase in H, conversion efficiency,
as previously seen in Fig. 6. At Ty, = 250 °C the conversion efficiency
improves by up to Any, = 3%. The repetition of this test leads to a
further improvement of the H, conversion efficiency by ANy, g s = 2%
However, light-off B7 and B8, which have also been pre-conditioned
with NO, are almost in line with test B6. These results show, that one
repetition of the light-off test with the NO preconditioning leads to a
reactivation of the OC sample to a certain extent. However, further
repetition does not lead to a significant additional improvement. The
initial H, conversion efficiency was not restored through a combination
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of an upstream concentration of yyg = 500 ppm and yy, = 1,000 ppm
at Teong = 500 °C in an extended conditioning phase.

3.2.2. Increase of the conditioning phase temperature

During lambda variations, the exhaust gas temperature rises due
to the enrichment of the charge and the accompanying increase in
temperature within the combustion chamber. Thus, as an alternative
to dosing an additional species, the temperature of the conditioning of
the OC sample was increased by ATc,,q = 100 °C to T¢,g = 600 °C.
Fig. 8 displays the H, conversion efficiency of the OC over the inlet
catalyst temperature during light-off tests (test series C) performed
with a main conditioning at a temperature of T,,4 = 600 °C and
an upstream H, concentration of yy;, = 1,000 ppm. The first light-
off (C1) of the test series C is presented solely as a reference for the
test series shown and is not subjected to further analysis. Furthermore,
“Additional Investigations” refers to three additional tests that were
conducted prior to this test series, which are also not the focus of
this test campaign. The first of these three tests involved a shortened
preconditioning phase with H, lasting 7 = 150 s, followed by a light-off
using the reduced gas matrix. The second test consists of a light-off with
the standard gas matrix after a H,-only preconditioning. In the third
test, the preconditioning is modified to start with H,, followed by a
preconditioning with O, with an upstream concentration of y, = 13%
for a period of 7 = 2,400 s, and concluding with a light-off using the
standard gas matrix.

An additional preconditioning with CO or NO as implemented in
both test series in Section 3.2.1 was not conducted in this test series.
With the exception of the test C6, the standard gas matrix was dosed
in each of the main phases. To assess the effect of the absence of NO,
CO and C;Hy following the high-temperature conditioning, as well as
to serve as a comparison to the tests conducted with conditioning at
a temperature of T,,q = 600 °C, the light-off test C6 was performed
utilizing the reduced gas matrix in the inlet feed.

The H, conversion efficiency of the six light-off tests, except for
the second light-off (C6), are nearly identical. As illustrated in the
zoomed-in section in Fig. 8, the temperature range from Ty, =
237.5 °C-250 °C indicates a maximum deviation in H, conversion
efficiency of Ay s oy < 2.5%. Furthermore, the light-off tests con-
ducted subsequent to the test with the reduced gas matrix reveal a
minor increase in Ty, light-off temperature of ATyycs_cjp < 10 °C in
comparison to the first light-off of the test series, whereas the deviation
of the Ty, light-off temperature is even smaller. The second light-off
test, performed with the reduced gas matrix in the inlet feed, yielded
high H, conversion efficiency at an earlier stage, as anticipated due to
the absence of NO, CO and C;Hg. From the catalyst inlet temperature
of Ty 2 266 °C, all H, conversion efficiencies exceed ny, > 97.9%.

A detailed comparison between the test campaign in Section 3.2.1
and the test series of Fig. 8 reveals that both the Ts, and Ty, light-off
temperatures are significantly lower for all light-off tests when condi-
tioning at T,,q = 600 °C with an upstream H, concentration of W, =
1,000 ppm. This high-temperature conditioning consistently results in
substantially improved H, conversion efficiency across multiple tests,
with only minor indications of deactivation. At this point, it has to be
mentioned that all results presented in this paper are part of a larger
test campaign. The experiments were conducted in chronological order,
as follows: The campaign started with Fig. 8, followed by 5 and 6, and
subsequently, Fig. 7, all test campaigns with other measurements in
between. A comparison of the reference curves (Al) in all graphs sug-
gests a small irreversible deactivation over the course of the overall test
campaign. Looking at the rather high exhaust temperatures compared
to standard diesel applications, a thermal nature of the degradation
seems plausible.
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Fig. 8. Temperature-dependent H, conversion efficiency ny, of light-off tests with a
conditioning temperature of T, = 600 °C (missing Ty, light-off temperature due to
the start inlet catalyst temperature).

4. Conclusions

Longer cold start and low load operation at the engine test bench
caused a deactivation of the oxidation catalyst. With hydrogen as a
fuel, the aging was comparably high to diesel experience. However,
a reduction of the relative air-fuel equivalence ratio at constant load,
resulting in increased exhaust gas temperature and nitrogen oxide
emissions, led to a reactivation of the catalyst. The results indicate a
new, partly reversible aging phenomenon specific to hydrogen engines,
not observed in diesel applications. Key differences from diesel exhaust
include higher water content, some raw hydrogen emissions, minimal
carbon dioxide, and very low levels of carbon monoxide, hydrocarbons,
particulate matter, and nitrogen oxides.

A similar deactivation of an oxidation catalyst from the same pro-
duction batch could be proven at the synthetic gas test bench (SGB),
when applying a reduced gas matrix. Here, only hydrogen, oxygen, wa-
ter and nitrogen, but no pollutant emissions were present. A condition-
ing of tc,pq = 600 s phase at T, = 500 °C under hydrogen-containing
atmosphere was supposed to provide similar catalyst characteristics up-
front each light-off test. Besides hydrogen, the conditioning atmosphere
contained water, but no oxygen. Since hydrogen is a highly reactive
reducing agent, one would expect it to reduce the catalyst surface. Still
the deactivation was observed.
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Flow to measurement

devices

Fig. 9. Setup of the synthetic gas test bench used.

Adding nitrogen oxide to the conditioning phase enables a reactiva-
tion of the catalyst activity. Thus, nitrogen oxide initiates some changes
in the catalyst condition that were not present with hydrogen. A similar
reactivation effect was observed for carbon monoxide, which usually
is present in significantly higher concentration in diesel ICE exhaust
compared to hydrogen engines. As an alternative to NO or CO in the
conditioning, an increased temperature of T,y = 600 °C during the
(hydrogen-only) conditioning was also able to reactivate the catalyst
or to potentially prevent the catalyst from deactivation.

The investigations on the engine test bench and the synthetic gas
test bench led to the following basic findings and conclusions:

+ A reversible catalyst deactivation phenomenon of a state-of-the-
art oxidation catalyst, originally designed for diesel applications,
is reproducible in hydrogen combustion engines at the synthetic
gas test bench.

Nitrogen oxide positively influences hydrogen oxidation activity.
However, with a conditioning temperature of T4 = 500 °C, the
reactivation stagnates towards a conversion level below the initial
curve.

The conditioning at T,y = 600 °C significantly prevents de-
activation. With reduced light-off temperatures, the deactiva-
tion is more powerful than with the T,y = 500 °C variant,
independently of the presence of NO emissions.

The water concentration was on a constant level of yy o =
15% representing hydrogen ICE exhaust gas conditions during
all conditioning and light-off experiments. Future work will in-
vestigate the impact of varying water concentrations on catalyst
deactivation.

The following conclusions for the application of oxidation catalysts
in the exhaust aftertreatment system of hydrogen combustion engines
can be derived from the findings of this study:
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« If engines are operated ultra-lean, there are only minimal amounts
of NO, present in the raw exhaust gas, which can result in the
deactivation of the oxidation catalyst over time.

Based on the findings presented in this study, we recommend an
exhaust gas temperature of 7 > 500 °C and a NO concentration of
at least yyo = 500 ppm to induce regeneration effects. Achieving
temperatures of up to 7' = 600 °C may be limited by practical fac-
tors. To achieve this threshold, either high loads are suitable or,
based on our findings, temporarily reducing the relative air-fuel
equivalence ratio to 4 < 1.5.

In summary, state-of-the-art OCs as known from diesel engines
are applicable for the use in H,-ICEs, if the catalyst deactivation ob-
served with the tested type of OC is taken into account through suit-
able engine operating modes. As neither the engine nor the catalyst
were optimized for hydrogen applications, further improvement is ex-
pected, e.g. resulting in lower hydrogen raw emissions or higher aging
resistance.
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Appendix

This section provides a detailed overview of the synthetic gas test
bench setup. The sample is installed in the test bench using a canning
system, as illustrated in Fig. 9. Gases are supplied from gas cylinders
through a pressure regulator set to p = 5 bar. To achieve the desired
concentrations upstream of the catalyst sample, closed-loop controlled
mass flow controllers (MFCs) with varying volume flows from Brooks
Instrument LLC are employed. In order to prevent unintended gas
dosing into the test bench, additional solenoid valves made by Christian
Biirkert GmbH & Co. KG are installed after each MFC. The required
water concentration is achieved by evaporating liquid water, with
precise dosing managed by a Cetoni Nemesys S syringe pump. Upstream
of the catalyst sample, the gas is heated to the required tempera-
ture using heaters. For emission analysis, hydrogen mass spectrometer
(HSense) from V&F Analyse- und Messtechnik GmbH is used for H,
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concentration measurements and Fourier-transform infrared spectrom-
eter (FTIR) measurements are performed using an MKS MultiGas 2030
from MKS Instruments, Inc. Standard measuring devices such as PMD
and NDIR provided by FEV Europe GmbH, which includes a Thermo-
FID from SK-Elektronik GmbH. To prevent condensation of gases, the
pipes leading to the measurement devices are heated. Gas dosages and
concentrations are verified before and after each experiment using a
bypass measurement that circumvents the catalyst sample.
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