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A B S T R A C T

A novel approach to optimize the cold start performance of Pd- and Pt-based three-way catalysts in
stoichiometric natural gas engine tailpipes is presented, utilizing temperature-dependent frequency control
of lambda switches. In comparison to Pt/Al2O3, Pd/Al2O3 exhibits a lower optimal frequency at the same inlet
temperature, which can be attributed to the differing noble metal-specific adsorption–desorption energies of
CO and O, which can inhibit the catalytic activity by surface poisoning, lower exothermicity evolving due to its
lower catalytic activity and its higher oxygen storage capacity. Catalyst operation at a fixed frequency during
light-off resulted in improved pollutant conversion only within a specific temperature range and relevant NH3
slip was observed at elevated temperatures compared to conventional stoichiometric steady-state operation.
In contrast, controlling the frequency as a function of the catalyst inlet temperature enabled a substantial
decrease of the light-off temperature of CH4 and NOx and an increase in N2 selectivity.
. Introduction

Among other factors, transformation of the mobility sector towards
ear-zero emissions is a crucial prerequisite for the success of the world-
ide energy transition. In addition to conceptual reorganization and
xpanding electromobility, it is particularly important to adapt existing
echnologies to environmentally friendly standards in the transporta-
ion sector [1]. Since most drive systems still rely on the combustion
f gasoline-based fuels, the first step is to switch to alternative and re-
enerative fuels e.g. e-fuels produced from renewable energy. Methane
CH4) is emerging as promising alternative among a wide range of
ptions. Methane has a higher hydrogen-to-carbon ratio (H:C = 4:1)
ompared to conventional fuels based on long-chain hydrocarbons. This
nables a reduction in CO2 emissions during combustion. Currently,
atural gas and biogas are the primary sources of CH4. However, it is
xpected that the proportion of synthetic natural gas produced from
enewable sources using power-to-gas strategies will increase in the
uture, leading to greater availability of carbon neutral methane.

Methane can be burned with excess oxygen or at a stoichiometric
ir–fuel equivalence ratio (AFR) of 𝜆 = 1 [2–4]. Lean-burn engines
re generally more fuel efficient, but typically require a more sophis-
icated and expensive exhaust aftertreatment system comprising an
xidation catalyst and a catalyst for selective catalytic reduction (SCR)

∗ Corresponding author.
E-mail address: patrick.lott@kit.edu (P. Lott).

to efficiently reduce NOx emissions. If stoichiometric combustion is
chosen instead, a three-way catalyst (TWC) can be used to facilitate the
simultaneous conversion of unburned hydrocarbons (HC), CO and NOx,
which allows for a simpler and less expensive exhaust gas aftertreat-
ment system [5–7]. Due to its tetrahedral molecular structure, the
efficient conversion of the methane molecule is a particular challenge
for TWC in natural gas engines [2]. However, maximizing conversion
of unburned CH4 in the exhaust gas is crucial, as CH4 has a greenhouse
gas potential over 20 times greater than CO2 [8].

The simultaneous catalytic conversion of NOx presents additional
challenges due to the formation of secondary emissions, namely NO2,
N2O, and NH3, during the reaction in the catalytic converter [9,
10]. N2O is a greenhouse gas that is estimated to have a 300 times
higher greenhouse effect than CO2 [11]. Moreover, NO2 and NH3 are
toxic gases that can cause respiratory diseases and harm the environ-
ment [12,13]. In typical exhaust gas compositions, the efficiency of a
TWC for converting pollutants is insufficient at low exhaust gas tem-
peratures. These low temperatures occur, for example, when starting
the engine or in stop-and-go situations [14,15]. Therefore, the Euro 7
emissions standard, expected to come into force in 2025, will regu-
late cold start behavior for the first time. Additionally, the legislator
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Nomenclature
Greek symbols 𝑛𝜏 Multiple of the cycle period (s)
𝜆 Air–fuel equivalence ratio (–) 𝑂𝑆𝐶𝐶 Oxygen storage capacity (μmol g−1)
𝜈𝑖 Stoichiometric coefficient (–) 𝑝 Pressure (Pa)
𝜏 Cycle period (s) 𝑅 Gas constant (8.314 J mol−1 K−1)
Latin symbols 𝑆𝑖,NOx Selectivity derived from NOx (–)
𝑎m Area occupied by a surface atom (Å2) 𝑡 Time (s)
𝐴 Amplitude (–) 𝑇 Temperature (◦C/K)
𝐷PGM Dispersion of PGM (%) 𝑇𝑂𝐹𝑖 Turnover frequency (s−1)
𝑓 Frequency (Hz) 𝑣m Volume occupied by an atom (Å3)
𝑓opt(𝑇 ) Optimal frequency (Hz) 𝑉̇ Flow rate (m3 s−1)
𝐺𝐻𝑆𝑉 Gas hourly space velocity (h−1) 𝑋𝑖 Cycle-averaged conversion (–)
𝑚cat Mass of catalyst (g) 𝑥PGM Mass fraction of PGM (–)
𝑀PGM Molar mass of PGM (g mol−1) 𝑥𝑖 Species concentration (–/%/ppm)
𝑚PGM Mass of PGM (g) 𝑥̄𝑖 Cycle-averaged mole fraction (–)
s
c
a
1
i
t
7
a
1
t
e
P
A
a
c
u
l
l
a
c
b

p
m
T
m

demands greater long-term stability of the exhaust gas aftertreatment
system [16].

To comply with the increasingly stringent emission standards, it
is necessary to improve the activity and selectivity of existing TWCs.
Beyond optimization of the catalyst formulation, this improvement can
be realized by introduction of efficient operation strategies. It is known
that periodic changes between a lean and a rich exhaust gas composi-
tion, known as lambda-dithering, can improve the performance of Pd-
and Pt-based three-way catalytic converters compared to stoichiometric
steady-state operation, especially at low temperatures [17–24]. Such
periodic operation is also known as lean-rich-cycling and, particu-
larly if these lean-rich-switches occur very fast, also called lambda-
dithering [25–28]. The effect of a narrow band of dithering frequency,
which is characterized by the optimal frequency, which increases the
conversion for each reactant above the value reached at stoichiometric
steady-state operation, has not only been observed in the exhaust
gas aftertreatment of gasoline engines [18,29–31], but has also been
established in initial studies for natural gas engines [25,26,32–40].

TWCs are typically operated at temperatures reaching 1100 ◦C [41],
at gas hourly space velocities (GHSVs) of 30 000–100 000 h−1 [42] and
within an AFR range of 0.98–1.02 [5]. In addition, oxygen storage
materials (OSMs) are employed to mitigate the occurrence of pollutant
slip during deviations from the stoichiometric AFR. Due to the closed-
loop control of fuel injection with the AFR sensor, dithering naturally
occurs at a frequency of 0.5–2 Hz and at minimal amplitudes in gasoline
engines [17]. Shi et al. [26] varied the amplitude in a range of 0.01–
0.03 on a natural gas engine, with an amplitude of 0.03 indicating
AFR oscillations between 0.97 and 1.03. However, the amplitude is
constrained only by the provision of an ignitable homogeneous mixture
within the cylinder [5]. For instance, amplitudes between 0.02–0.06
around the stoichiometric AFR have been investigated for forced pe-
riodic operation on gasoline engines [43,44]. Previous research has
demonstrated that the frequency band which can be characterized by
the optimal frequency depends on those operational conditions [18,31,
45,46], variables of periodic operation [18,31,46] and oxygen storage
capacity (OSC) of the catalysts [46,47].

For instance, the impact of temperature on the optimal frequency
was elucidated by the observation of a temperature-dependent induc-
tion period for CO desorption when O2 was introduced to pre-adsorbed
CO on Pd/Al2O3 following a rich-lean switch [48]. This time delay
represents the minimum cycle period necessary to achieve rate en-
hancement under periodic conditions [49]. Since the optimal frequency
for maximum pollutant conversion increases with increasing catalyst
temperature, a precise control of the optimal frequency during engine
start-up could significantly reduce cold start emissions [50]. In our
present study, we designed and tested a temperature-dependent dither-
ing control system for a Pt- and Pd-based model catalyst using a realistic

synthetic exhaust gas representative for a typical stoichiometric natural i

2 
gas engine. The objective was to utilize the temperature-dependence
of the optimal frequency for reducing cold start emissions, aiming to
optimize the operation of three-way catalysts without affecting existing
engine settings or conditions.

2. Methodology

2.1. Catalyst preparation

To prepare the 2 wt.-% Pd/Al2O3 and 2 wt.-% Pt/Al2O3 catalyst,
𝛾-Al2O3 (Puralox TH 100/150, Sasol) was calcined in static air at
700 ◦C for 5 h. Subsequently, Pd and Pt were added to the calcined
supports through an incipient wetness impregnation (IWI) method.
For Pd/Al2O3, an aqueous solution of (NH3)4Pd(NO3)2 (abcr) was
used, whereas for Pt/Al2O3, solid (NH3)4Pt(NO3)2 (Alfa Aesar) was
uspended in deionized water, before drop wise addition of the pre-
ursor solution to the support while rigorously mixing. In addition,
bimetallic Pd-Pt/Al2O3 was prepared with a Pd and Pt loading of
wt.-%, respectively. For this, solid (NH3)4Pt(NO3)2 was suspended

n the aqueous (NH3)4Pd(NO3)2 solution and applied analogously to
he Al2O3 support. The impregnated powder was dried for 4 h at
0 ◦C and calcined in air for 5 h at 500 ◦C. To evaluate the catalytic
ctivity under realistic conditions, cordierite monoliths (3 cm length,
.6 cm diameter, 400 cpsi, 4 mil, 97 cells; Corning) were coated with
he catalyst powder. Following the procedure applied by Karinshak
t al. [51], the catalyst powder was mixed with AlO(OH) (Disperal
2, Sasol) in a mass ratio of 90:10 and suspended in deionized water.
fter acidification with aqueous HNO3 (Fischer) the liquid slurry was
dded into the channels of a cordierite honeycomb by means of dip-
oating and excess liquid was blown out before drying. The monolith
nderwent the coating procedure until reaching the desired catalyst
oading of 100 gcat L−1 (approx. 57 gPGM ft−3). Subsequently, the mono-
ithic catalyst was calcined at 550 ◦C for 5 h in static air. To ensure

stabilized and comparably initial state of performance prior to the
atalytic activity tests, the samples were de-greened at the catalyst test
ench at hydrothermal conditions (10% CO2, 10% H2O in N2) for 4 h

at 600 ◦C and a 𝐺𝐻𝑆𝑉 of 50 000 h−1, following the procedure for TWC
testing proposed by Rappé et al. [52].

2.2. Catalyst characterization

N2-physisorption measurements were conducted on the catalyst
owders (granulate with 125–250 μm particle size) using at a BELSORP-
ini II (BEL Japan) after degassing the samples for 2 h at 300 ◦C.
he obtained adsorption–desorption curves were evaluated using the
ethod of Brunauer, Emmett, and Teller (BET) [53], which provides
nformation on the specific surface area. The PGM loading of the
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powder catalysts were validated using inductively coupled plasma op-
tical emission spectroscopy (ICP-OES). To obtain the precious metal
dispersion of the monolithic samples, CO chemisorption measurements
were conducted in a custom-made apparatus equipped with an IR
detector (X-Stream, Emerson), following procedures previously applied
in the group [54]. Following oxidation in a quartz glass tubular reactor
(Qsil) at 500 ◦C with atmospheric oxygen (O2) for 20 min, the sample
underwent reduction at 400 ◦C for 60 min using 5% hydrogen (H2) in
itrogen (N2). After cooling the reactor to room temperature under N2
lushing, the catalyst was saturated with 1% CO in N2 at 25 ◦C. Gaseous
nd physisorbed CO are then removed by a nitrogen stream (1 h). The
O is then desorbed by heating the sample at a rate of 20 K min−1

o 550 ◦C under inert nitrogen flow. To evaluate the precious metal
ispersion, a CO:PGM adsorption ratio of 1:1 is assumed [55]. The
easurement of the oxygen storage capacity complete (OSCC) is based

n the aftertreatment protocols for catalyst characterization by Rappé
t al. [52]. The monolithic catalyst undergoes oxidation at 550 ◦C with

2% O2 in N2 for 20 min in the test setup described below. Subsequently,
the sample is cooled down to 550 ◦C, 350 ◦C, and 150 ◦C in N2 and
reduction is performed by switching to 1% CO in N2. The OSCC at
the given temperature represents the quantity of CO2 produced dur-
ing reduction, specified per unit mass of catalyst (cf. Eq. (1)). The
theoretical value for a complete transition from PGM+II to PGM0 was
calculated by the molar mass and loading of the PGMs (cf. Eq. (2)). The
surface oxygen was calculated using the noble metal dispersion and the
assumption of an O:Pd adsorption rate of 1:1 (cf. Eq. (3)).

𝑂𝑆𝐶𝐶 =
𝑝𝑉̇
𝑅𝑇

⋅
1

𝑚cat ∫

𝑡red,end

𝑡red,0

𝑥CO2
(𝑡)𝑑𝑡 (1)

𝑂𝑆𝐶𝐶max =
𝑥PGM
𝑀PGM

(2)

𝑆𝐶𝐶surf = 𝐷PGM𝑂𝑆𝐶𝐶max (3)

X-ray diffraction (XRD) patterns were recorded using a Bruker
dvance D8 diffractometer, employing Cu-K𝛼1-radiation with a wave-

ength of 1.5406 Å between 2𝜃 = 20–90◦ with a increment of 0.017◦.
he tube current was 40 mA and tube voltage 40 kV. Temperature
rogrammed desorption of the powder samples (granulate with 125–
50 μm particle size) with O2 (O2-TPD) and CO (CO-TPD) were per-
ormed in an AutoChem II device (micromeritics). After an oxidative
retreatment (10% O2 in He, ramp rate of 10 K min−1 from room
emperature to 500 ◦C, oxidation for 1 h) and subsequent reduction
ith H2 (10% H2 in Ar, ramp rate of 10 K min−1 from room temperature

o 400 ◦C, reduction for 1 h) the samples were saturated for 1 h at
5 ◦C with 10% O2 in He or 1% CO in He, respectively. To avoid H2
dsorption on the samples, cooling down after the reduction phase was
erformed in He. A thermal conductivity detector (TCD) and a mass
pectrometer (MS, Omnistar GSD320, Pfeiffer Vacuum) were employed
o monitor the composition of the effluent gas stream while the system
as flushed with 50 mL min−1 of pure He and heated to 600 ◦C with a

amp rate of 10 K min−1.

.3. Testing apparatus and procedure

The monolithic catalysts were investigated under steady-state and
orced periodic conditions in an in-house built catalyst testing bench
hat was already, described in detail in one of our previous studies [46].
he inlet temperature of the catalyst was precisely adjusted by reg-
lating the furnace with a Eurotherm controller, enabling samples to
e subjected to temperature ramps of 5 K min−1 during the light-off
xperiments. The simulated realistic exhaust gas of a methane-fueled
ngine as a function of the air–fuel equivalency ratio is shown in Fig. 1.
he AFR was calculated using Eq. (4) from Padeste and Baiker [31]; for
he present work, the original formula was extended by a term for the
ethane concentration in order to account for the natural gas engine

xhaust composition.
3 
Fig. 1. Simulated O2, CO, H2 and NO concentrations of a methane combustion engine
as a function of AFR. Components with constant concentrations: 800 ppm CH4, 9% CO2,
17% H2O.

The simulated exhaust gas of the methane-fueled engine is based on
the simulated exhaust gas of a gasoline engine, which was used in our
previous study [46]. To reflect the higher H:C ratio of methane, the
CO2 concentration was reduced to 9% [56] and the H2O concentration
was increased to 17% [2] compared to the exhaust gas representative
for typical gasoline engines [52] and in agreement with literature
reports. In addition, the concentrations of CO, O2, and HC were reduced
throughout the lambda window to consider the cleaner combustion of
methane compared to gasoline. The solid lines in Fig. 1 correspond to
species emissions at constant AFR during steady-state operation. During
periodic operation, mixing of the lean and rich phases occurs with
increasing frequency due to axial dispersion, as shown by the dotted
line for the CO concentration. Thus, a distinction can be made between
the conventional stoichiometric steady-state, which can be accessed
by operating the engine in a narrow window around 𝜆 = 1, and the
fully-mixed stoichiometric steady-state, which is achieved by periodic
operations at high frequencies (𝑓 = ∞). The catalysts were tested
under the stoichiometric steady-state conditions described above, and
forced periodic conditions at various frequencies and temperatures at
𝐺𝐻𝑆𝑉 = 75 000 h−1 and an amplitude of 𝐴 = 0.04, which are realistic
experimental conditions that are representative for real-world TWC
application [5,26,41–44].

𝜆 =
2[O2] + [CO] + 2[CO2] + [H2O] + [NO]
2[CO] + [H2] + 2[CO2] + [H2O] + 4[CH4]

(4)

Cycle-average CO, NOx, CH4, NH3, and N2O concentrations were
calculated by integration of the transient concentration profiles (cf.
Eq. (5)) which were measured with an Fourier-transform infrared
(FTIR) spectrometer (MultiGas 2030, MKS Instruments) operating at
5 Hz and with a measuring cell volume of 200 ml. Pollutant conver-
sion and product selectivities were calculated using the cycle-average
concentrations in Eqs. (6)–(7). The N2 selectivity was calculated by a
balance of all nitrogen-containing species (cf. Eq. (8)). Additionally,
the inlet and outlet of the reactor have been monitored by AFR sensors
(LSU 4.9, Bosch) with a sampling rate of 10 Hz.

̄ 𝑖 =
1
𝑛𝜏 ∫

(𝑡+𝑛𝜏)

𝑡
𝑥𝑖(𝑡′)𝑑𝑡′ (5)

𝑋𝑖 =
𝑥̄𝑖,0 − 𝑥̄𝑖
𝑥̄𝑖,0

(6)

𝑆𝑖,NOx =
𝜈NOx

𝜈𝑖

𝑥̄𝑖 − 𝑥̄𝑖,0
𝑥̄NOx ,0 − 𝑥̄NOx

(7)

𝑆N2 ,NOx = 1 − 𝑆N2O,NOx − 𝑆NH3 ,NOx (8)

In order to compare the activity of Pd/Al2O3 and Pt/Al2O3 by means
of active surface sites, the turnover frequency (TOF) was calculated
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Fig. 2. Cycle-average conversion of pollutants and selectivity of products formed from NOx at different frequencies and temperature at constant 𝐺𝐻𝑆𝑉 = 75 000 h−1, 𝐴 = 0.04
nd stoichiometric mean 𝜆 value on Pd/Al2O3. The exhaust gas compositions are displayed in Fig. 1.
n accordance with Eq. (9), taking into account the dispersion of the
oble metal, as measured by CO chemisorption, as well as the precious
etal content determined by elemental analysis (Table S1). A disper-

ion of 19% and 24% was determined for Pd and Pt, respectively, by
eans of CO chemisorption, which corresponds to an average particle

ize of 5.8 nm and 4.7 nm, respectively. However, XRD patterns of
d/Al2O3 and Pt/Al2O3 show characteristic reflections of Pt and PdO
cf. Fig. S1), which suggests a rather broad particle size distribution
hat also comprises some larger particles with high crystallinity.

𝑂𝐹𝑖 =
𝑝𝑉̇
𝑅𝑇 𝑥𝑖,0𝑋𝑖

𝑚cat𝑥PGM
𝑀PGM

𝐷PGM
(9)

3. Results and discussion

3.1. Temperature–frequency sweeps

Fig. 2 shows the cycle-average pollutant conversion and product
selectivities derived from NOx at different frequencies and temperatures
at 𝐺𝐻𝑆𝑉 = 75 000 h−1 and 𝐴 = 0.04 on Pd/Al2O3. If not indicated
otherwise, the temperature presented herein corresponds to the inlet
temperature. The cycle-average pollutant conversion and product selec-
tivities of the methane exhaust gas mixture exhibits similar behavior
to the exhaust of a typical gasoline exhaust gas at stoichiometric
steady-state condition and periodic conditions on the same Pd/Al2O3
catalyst [46]. For instance, a CO conversion of approximately 20% at
200 ◦C can be determined for both gas mixtures and the same operating
conditions at stoichiometric steady-state conditions.

In contrast to the low light-off temperatures of C3H6 (𝑇50 = 200–
250 ◦C) and C3H8 (𝑇50 = 300 ◦C) that were used as model hydrocarbons
for the gasoline exhaust gas mixture in the past [46], CH4, which is the
only hydrocarbon in the present study, is converted at a much higher
temperature (𝑇50 = 450 ◦C) at fully-mixed stoichiometric steady-state
conditions (𝑓 →∞) due to its stable tetrahedral molecular structure [2,
57,58]. Moreover, the concentration of water in the exhaust gases of
natural gas engines is significantly higher. This results in a strong
water inhibition on Pd/Al O , causing the CH light-off to further shift
2 3 4

4 
to higher temperatures [59,60]. Due to the stoichiometric operating
conditions, full NOx conversion is also shifted to higher temperatures
reflecting its simultaneous conversion with CH4 [37,38].

In line with the higher light-off temperature for NOx, N2O emissions
can be observed over a wider temperature range of 150–500 ◦C for the
methane combustion emission compared to the gasoline exhaust (150–
300 ◦C) [46] at stoichiometric steady-state operation. Qian et al. [61]
employed numerical analysis to investigate the impact of exhaust gas
composition of a natural gas engine with a Pd-only TWC and showed
that the partial pressures of H2O, H2, O2, and CH4 have a significant
effect on the production of NH3 and N2O. Furthermore, the conversion
of pollutants [62] and the formation of secondary emissions like N2O
and NH3 [56] are highly sensitive to small AFR changes around 𝜆 = 1.

Compared to a fully-mixed stoichiometric steady-state operation
(𝑓 →∞), CO conversion can be increased by 30% by operating the
catalyst at a frequency of 1 Hz at 200 ◦C. At a temperature of 250 ◦C
full CO conversion can already be achieved at the fully-mixed stoichio-
metric steady-state. Consequently, it is not possible to further enhance
the reaction rate by operating the system periodically, as reported by
Silveston [19]. However, CH4 and NOx conversion can be increased
by up to 40% in a temperature range of 250–500 ◦C compared to
stoichiometric steady-state conditions and the optimal frequency for
maximal pollutant conversion increases from 1 Hz at 250 ◦C to 1.6 Hz
at 400 ◦C. As previously reported [46], the enhanced reaction rate
observed during periodic operation can be attributed to the mitigation
in CO [19] and O2 [21] poisoning of the catalyst during rich and
lean conditions, respectively, by achieving an equal level of adsorbate
composition on the surface [20]. Following a switch from a rich to
lean or lean to rich environment, an induction period occurs during
which CO or O2 is desorbed from the noble metal surface. During the
transition from a CO-poisoned surface under rich to an O-poisoned
surface under lean conditions and vice versa, free surface sites become
available for reactant adsorption, thereby achieving the optimal com-
position of adsorbates on the surface and thus the maximum reaction
rate. Since the desorption of CO and O2 is a temperature-governed pro-
cess, the induction periods are shortened as the temperature increases.
Consequently, the optimum surface coverage of the catalyst is reached
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Fig. 3. Cycle-average conversion of pollutants and selectivity of products formed from NOx at different frequencies and temperature at constant 𝐺𝐻𝑆𝑉 = 75 000 h−1, 𝐴 = 0.04
nd stoichiometric mean 𝜆 value on Pt/Al2O3. The exhaust gas compositions are displayed in Fig. 1.
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ore quickly after the rich-lean or lean-rich transition. A temperature-
ependent induction period for CO desorption was observed after O2
as introduced to pre-adsorbed CO on Pd/Al2O3 following a rich-lean

witch [48]. This time lag corresponds to the minimum cycle period
hat is needed for rate enhancement under periodic condition [49].

Despite the identical operational parameters, including amplitude,
𝐻𝑆𝑉 , and temperature, as well as the identical catalyst, the methane
xhaust gas employed in this investigation yielded higher optimal
requencies than those observed in the experiments utilizing a conven-
ional gasoline exhaust gas mixture [46]. This can be attributed to the
hange in reactant concentrations. The selection of the gas mixture has
significant impact on the light-off temperatures of each exhaust gas

pecies [63] as the catalyst is poisoned at low temperatures due to
artial pressure-dependent surface coverage of the reactants [48,64].
etsoian et al. [62] showed that the light-off temperature of propane

ncreases with increasing CO partial pressure in the feed, which can be
ttributed to stronger CO inhibition on the catalytic surface. Therefore,
he optimal frequency depends in particular on the CO and O2 partial
ressures during the lean and rich phases. As periodic operation reduces
urface poisoning, it can be presumed that the optimal frequency is
trongly dependent on the surface composition and, therefore, the
pplied gas mixture.

Moreover, in line with our previous study on emissions of gasoline
ngines, the optimal frequency for maximal pollutant conversion does
ot always correspond to low secondary emissions of NH3 and N2O,
specially at temperatures as low as 150 ◦C and 200 ◦C [46]. How-
ver, maintaining an optimal frequency in a range of 250–500 ◦C can
ubstantially enhance N2 selectivity by 40% compared to fully-mixed
toichiometric steady-state conditions (𝑓 →∞).

Platinum emerges as a viable option for TWC due to its potential
or higher activity in the conversion of CH4 at stoichiometric condi-
ions [63], as well as the fluctuation of precious metal prices [65,
6]. Therefore, Fig. 3 displays the average pollutant conversion and
he selectivity of secondary emissions at different frequencies and
emperatures at 𝐺𝐻𝑆𝑉 = 75 000 h−1 and 𝐴 = 0.04 on Pt/Al2O3. A
omparison of the TOFs at stoichiometric steady-state conditions (cf.
ig. S2) reveals that platinum exhibits a higher methane and NO
x T

5 
ight-off temperature and a lower CO light-off temperature compared
o palladium. These findings are in agreement with those reported in
he literature [63,67]. It should be noted that under stoichiometric
onditions, Pd is present as a mixture of Pd and PdOx, which assumed to
educe the activity for methane oxidation [68,69]. The higher activity
or CO and NOx conversion on Pd/Al2O3 at low temperatures can be
ttributed to a less pronounced CO inhibition on Pd [63,70].

Moreover, there is a difference in the behavior of the Pd- and Pt-
ased catalyst with regard to the formation of secondary emissions (cf.
ig. 3). Please note that the selectivity of the products was not depicted
f the NOx conversion was below 5% as at 150 ◦C and 200 ◦C (cf. orange
ine). Pt/Al2O3 exhibits a maximum NH3 selectivity of 70% at 250 ◦C
nder stoichiometric steady-state conditions, while the maximum NH3
electivity of 30% on Pd/Al2O3 is observed at 200 ◦C, which is consis-
ent with overall higher peak emissions of NH3 on Pt/Al2O3 observed

in previous studies [71,72]. The higher NH3 emissions over Pt due to
the interaction of NO, CO and H2 can be attributed to the formation
of isocyanic acid on the Pt surface and its subsequent hydrolysis in the
presence of Al2O3 [73,74]. In agreement with the literature, Pd/Al2O3
shows low- and high-temperature formation of N2O at 150 ◦C and
350 ◦C, whereas Pt/Al2O3 only exhibits high-temperature formation at
300 ◦C [10,46,71], which can be explained by the higher low tempera-
ture H2-SCR activity of Pd compared to Pt in the presence of inhibiting
CO [75,76].

Under periodic operating conditions, higher optimal frequencies
are found for Pt/Al2O3 compared to Pd/Al2O3 at temperatures above
50 ◦C. For instance, at 350 ◦C, the optimal frequency for achieving
aximum CH4 conversion over the platinum-based catalyst is 1.8 Hz,
hereas for the Pd/Al2O3 catalyst, it is approximately 1.2 Hz. A pos-

ible explanation for different optimal frequencies of the two noble
etals is the different adsorption strength of CO and O2 on Pt and
d. In order to substantiate this hypothesis, CO-TPD measurements
Fig. S3, which presents the MS signals of CO (m/z = 28), CO2 (m/z

44), and H2 (m/z = 2)) and O2-TPD measurements (Fig. S4, which
epicts the TCD signal) were conducted for Pd/Al2O3 and Pt/Al2O3,
espectively. A broad CO desorption signal was observed during CO-
PD (cf. Fig. S3) for both samples between 70 ◦C and 350 ◦C, with
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two desorption peaks at 100 ◦C and 262 ◦C for Pd/Al2O3 and at 100 ◦C
nd 240 ◦C for Pt/Al2O3, respectively. The broad CO desorption peak
s a characteristic feature for Pd/Al2O3 [77–79] and Pt/Al2O3 [80–

82] and can be attributed to the re-adsorption of CO [82,83]. Dropsch
and Baerns [79] assigned the low-temperature peaks observed below
227 ◦C to the desorption of linearly bound CO, whereas the peaks
observed above 227 ◦C were attributed to the desorption of bridge-
bound CO. Moreover, the desorption of CO2 and H2 was observed over
both catalysts during CO-TPD. Consequently, a separate measurement
was conducted to exclude the presence of H2 on the sample after
reduction, which was achieved by subjecting the reduced sample to
a heating process in an Ar atmosphere to a temperature of 600 ◦C.
That during this process no desorption of H2 was observed confirms
he absence of H2 on the sample. Instead, the desorption of CO2 and
2 has been previously documented and can be attributed to the
oudouard reaction and the watergas-shift reaction, with the presence
f minute quantities of water in the gas bottles or OH groups on the
upport material [79–81,83]. As illustrated in Fig. S4, the TCD signal
uring O2-TPD reveals the existence of a single O2 desorption peak

at 380 ◦C and 310 ◦C for Pd/Al2O3 and Pt/Al2O3, respectively, within
the investigated temperature range, and an additional desorption peak
at higher temperatures, which is in agreement with measurements on
Pd(110) [84,85] and Pt(111) [86] surfaces. These findings indicate that
Pd exhibits a higher binding strength for CO and O2 in comparison
to Pt, which becomes evident as well when comparing the heat of
adsorption of CO [87,88] and O2 [67,89] on Pd and Pt. Due to the
weaker binding of these surface species on Pt, the desorption proceeds
faster at the same temperature after a rich-lean and lean-rich switch,
respectively. Therefore, higher frequencies are required to keep the
catalyst in a transient state with optimal surface composition.

Another possible reason for the observed effect could be the differ-
ent oxygen storage capacities of Pd and Pt. While Pd can be oxidized
to PdOx, which significantly contributes to the oxygen storage capac-
ity (OSC) of the catalyst [90], it is reported that Pt does not form
oxides under relevant TWC conditions [91,92]. Therefore, the OSCC
of both catalysts, which was obtained at different temperatures during
reduction of the catalyst with CO, was compared with the theoretical
value for complete transition from PGM+II to PGM0 (Table 1). The
total oxygen storage capacity of Pd and Pt at 550 ◦C is 183 μmol g−1

and 89 μmol g−1, respectively. Since these values align closely with the
theoretical values (Table 1), we can assume that the samples under-
went complete reduction during the OSCC measurements conducted at
550 ◦C. In contrast, a comparison of the calculated values for surface
oxygen with the OSCC values obtained at low temperatures indicates
that there is only a reduction of surface oxygen at these temperatures.
Fig. 4 displays the AFR value at the inlet and outlet of the reactor
monitored by the front and rear AFR sensor at a frequency of 0.01 Hz at
𝐺𝐻𝑆𝑉 = 75 000 h−1, 𝐴 = 0.04 and 𝑇 = 300 ◦C. It can be shown from
the different slopes of the inlet (black line) and outlet (colored line)
AFR data that oxygen uptake and release after a rich-lean and lean-
rich switch occurs in less than one second, allowing stored oxygen to
be used for the reaction during high frequency cycling. It is important
to note that the presence of CO2 and H2O in the simulated exhaust
gas significantly reduces the amount of available OSC [93]. Although a
quantitative analysis of the OSC is not possible as the concentrations
of H2 and O2 at the reactor outlet cannot be determined via FTIR
measurements, a comparison of the area between the curves for the
oxygen uptake and release (cf. pink area and numbers in Fig. 4) of
Pd/Al2O3 and Pt/Al2O3 reveals that approximately the same amount
of oxygen is released or stored for Pd/Al2O3 as for Pt/Al2O3 in the first
second after the switch. Note, that the chosen frequency has an impact
on the inlet and outlet AFR (cf. Fig. S5). At frequencies of 0.2 Hz and
0.4 Hz, approximately the same areas between the inlet and outlet as
for the measurement at 0.01 Hz can be observed, indicating that the
catalysts can rapidly utilize the stored oxygen. At higher frequencies

of 0.6 Hz and 1 Hz, mixing at the inlet and along catalyst becomes P

6 
Fig. 4. Air–fuel equivalence ratio (AFR) at the inlet (black line) and outlet (colored
line) of the reactor after a rich-lean switch (left) and lean-rich switch (right) for
Pd/Al2O3 and Pt/Al2O3 recorded by the front and rear AFR sensors at constant 𝐺𝐻𝑆𝑉
= 75 000 h−1, 𝑇 = 300 ◦C, 𝐴 = 0.04 and 𝑓 = 0.01 Hz. The exhaust gas compositions
are displayed in Fig. 1.

Table 1
Comparison of measured oxygen storage capacity complete (OSCC) of Pd/Al2O3 and
Pt/Al2O3 at different temperatures, calculated maximal OSCC and calculated surface
oxygen.

Catalysts OSCC/μmol g−1 at

150 ◦C 350 ◦C 550 ◦C Max Surf

Pd/Al2O3 76 56 183 189 36
Pt/Al2O3 ∼0 23 89 92 22

relevant, which results in a dampening of the amplitude. Furthermore,
the outlet AFR is dampened by the pollutant conversion that takes place
during both the lean and rich phase, making it challenging to ascertain
whether oxygen can be stored and released under these conditions. In
order to quantify the release of oxygen, the cumulative CO2 formation
per gram of catalyst was evaluated over time during the OSCC mea-
surements (cf. Fig. S6). The initial rates at 𝑡 = 0 exhibited maximal
CO2 formation rates of 0.6 μmol g−1 s−1 at 𝑇 = 550 ◦C for Pd/Al2O3 and
t/Al2O3. These rates are consistent with the values reported by De-
corme et al. [94] for Pd/Al2O3 and Pt/Al2O3. In light of the relatively
ow oxygen storage capacity and CO2 formation rates observed for the
d/Al2O3 and Pt/Al2O3 catalyst samples, as well as the relatively low
emperature of 300 ◦C, it can be reasonably assumed that the observed
xygen storage and removal on the AFR sensors are indicative of the
torage and removal of surface oxygen, rather than bulk oxygen. An
valuation of the AFR sensors at elevated temperatures revealed no
ignificant increase in the area under the curve following the initial
econd after a switch in gas mixture. Furthermore, Ketteler et al. [95]
nvestigated Pd(111) and observed an almost instantaneous oxidation
f the Pd surface upon exposure to oxidative atmosphere. In contrast,
he formation of subsurface oxygen and bulk PdO occurs within the
inute timescale. These findings match the OSCC measurement data

airly well, which point to a slow reduction of the catalyst samples
sed herein (Fig. S6). In conclusion, the influence of the oxygen storage
apacity on the optimum frequency can be considered negligible for
d/Al2O3 and Pt/Al2O3 catalysts. Only if a component with a high OSC
nd high oxygen mobility is part of the catalyst formulation, the opti-
um frequency is affected. For CeO2-supported Pd- and Pt catalysts, for

nstance, a one order of magnitude higher initial CO2 formation rate as
ell as OSCC could be determined [94] compared to Al2O3-supported

amples. With regard to dithering, previous studies [46,47] as well as
esults that will be discussed below in more detail (Fig. S8b) clearly
rove that such high OSC results in overall lower optimum frequen-
ies.

Fig. 5 shows the cycle-average temperature difference between inlet
nd outlet thermocouple at different frequencies for Pd/Al2O3 and

t/Al2O3. The frequency at which the maximum temperature difference
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Fig. 5. Cycle-average temperature difference between outlet and inlet thermocouple at
different frequencies and temperatures of (a) Pd/Al2O3 and (b) Pt/Al2O3 at constant
𝐻𝑆𝑉 = 75 000 h−1, 𝐴 = 0.04. The exhaust gas compositions are displayed in Fig. 1.

s reached for Pd/Al2O3 at 200 ◦C and for Pt/Al2O3 at 250 ◦C coincides
ith the optimal frequency for maximum CO conversion (cf. Fig. 2
nd (6)). This underscores that the increased conversion of pollutants
y periodic operation is further self-amplified due to the released
eaction heat and the associated heating of the catalyst [46,96]. Thus
eriodic operation enables rapid heating of the catalyst during cold
tart and therefore ensures that operating temperatures sufficient for
ffective pollutant conversion are reached faster. It is also notable that
he maximal temperature difference decreases for temperatures above
50 ◦C and 300 ◦C for Pd/Al2O3 and Pt/Al2O3, respectively. This is
ttributed to the increased heat loss between the monolithic catalyst
nd the environment at high temperatures, as the reactor cannot be
perated entirely adiabatic in the furnace. A further explanation for
he higher optimal frequency of Pt under the same input conditions
ay therefore lie in the higher activity of Pt and the associated higher

atalyst temperature due to the heat of reaction generated, which,
owever, also occurs in the real world application.

In summary, we conclude that the time for complete CO and O2
esorption after a rich-lean and lean-rich switch is longer for Pd/Al2O3
t the same inlet temperature and that the optimal frequency is there-
ore at lower values compared to Pt/Al2O3. As dithering at lower
requencies allows simpler technical implementation due to less back-
ixing, the Pd catalyst, despite its lower activity, may be considered

dvantageous over a Pt catalyst in terms of real-world application. Fur-
hermore, Pd-based catalyst are particularly suitable for close-coupling
o the engine due to their higher hydrothermal resistance to sinter-
ng [97,98]. However, after all also economic considerations, i.e. noble
etal prices, can play a decisive role during the design of an exhaust

ailpipe.

.2. Temperature-dependent frequency control

As an alternative to a cold start under conventional stoichiometric
teady-state conditions (𝜆 = 1), Matsumoto and Shinjoh [50] sug-
ested using the optimal frequency that enables maximum pollutant
onversion at the temperature currently prevailing at the catalyst. In
rder to utilize the physical relationship between optimal frequency
nd temperature, as discussed in Section 3.1, the experimental data
ere fitted to polynomials. Fig. 6 illustrates the optimal frequencies

or the maximum conversion of CO, NOx and CH4, the N2 selectivity
nd their arithmetic average on Pd/Al2O3 and Pt/Al2O3 at different
emperatures. The optimal frequency of the different species between
he sample points was determined by fitting a Gaussian curve using
hree sample points and calculating the peak position of the Gaussian
unction. Note that the optimal frequencies of the different species
etermined by this method on Pd/Al2O3 exhibit a greater degree of

ariation than those on Pt/Al2O3. In particular, the standard deviation

7 
Fig. 6. Optimal frequency for maximal CO, NO, CH4 conversion and N2 selectivity of
Pd/Al2O3 and Pt/Al2O3 at different temperatures and temperature-dependent frequency
function.

between the different species for Pd/Al2O3 is 0.1 Hz, whereas that
for Pt/Al2O3 is 0.03 Hz. Furthermore, a second-degree polynomial fit
function was employed for Pd/Al2O3 in order to achieve an acceptable
level of agreement with the measured data.

Since these fitting parameters have no direct physical meaning and
are an empirical finding, the approach chosen herein can serve as a
blueprint also for entirely different conditions. For instance, even if the
gas composition is changed to a gasoline engine exhaust (for conditions,
see SI) and both 𝐺𝐻𝑆𝑉 and amplitude are varied, the influence of the
temperature-dependent frequency control can be captured analogously
for the Pd/Al2O3 catalyst used herein (Fig. S7). While the optimal fre-
quency is dependent on the specific gas mixture, it seems reasonable to
assume that the same relationships for 𝐺𝐻𝑆𝑉 and amplitude hold true
for the exhaust gas of typical methane and typical gasoline engines. As
the 𝐺𝐻𝑆𝑉 and amplitude increase, the slope of the linear fit rises and
the y-intercept undergoes a change that results in a shift of the optimal
frequency to lower values. The literature indicates that the observed
shift of the optimal frequency towards higher values with increasing
amplitude [18,31,46] and 𝐺𝐻𝑆𝑉 [45,46] at a constant temperature
can be ascribed to an increase in CO and O2 partial pressure differences
between the lean and rich condition and a reduction in back-mixing in
front of the catalyst, respectively. The observed increase in slope of the
fit function with increasing 𝐺𝐻𝑆𝑉 can be interpreted as an additional
effect of temperature on the gas velocity (Fig. S7a). An increase in gas
velocity results in a more rapid switch of the gas environment in front
of the catalyst, which facilitates the desorption of adsorbates following
a transition from lean to rich or rich to lean conditions and thus leads to
an increase in the optimum frequency. Notably, the optimal frequency
at a temperature of 150 ◦C is sufficiently low to render back-mixing an
insignificant factor.

Since in industrial TWC formulations Pd and Pt are typically com-
bined, a bimetallic Pd-Pt/Al2O3 catalyst was subject to a parame-
er screening as well, which allows for a direct comparison of its
emperature-dependent frequency control data with the results ob-
ained for Pd/Al2O3 and Pt/Al2O3 (cf. Fig. S8a). Despite a Pd:Pt weight-
atio of approximately 1:1 was chosen (mass fraction of Pd is 0.82%
nd Pt is 0.89%), the correlation between frequency and temperature
btained for Pd-Pt/Al2O3 falls within the error range of the results for
d/Al2O3. It should be mentioned that the molar ratio of Pd to Pt on
he bimetallic catalyst is approximately 63:37, which may contribute to
stronger role of Pd compared to Pt. However, this factor alone cannot

xplain the striking similarity between the results of Pd/Al2O3 and Pd-
Pt/Al2O3. While we acknowledge that the interaction between the two
oble metals can also influence the activity and desorption behavior of
he bimetallic catalyst, we assume that the Pd, the noble metal with the
lower desorption step regarding CO and O2, primarily determines the
ynamic process and thus the optimal frequency. Therefore, a simple
nterpolation between the formulas of Pd/Al O and Pt/Al O is an
2 3 2 3
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Fig. 7. Comparison of CO, CH4, NOx conversion, N2 selectivity as well as N2O, NH3 and NO2 emissions during light-off experiments (5 K min−1) at conventional stoichiometric
steady-state (𝜆 = 1), 1 Hz, 1.5 Hz, 2 Hz, fully mixed stoichiometric steady-state (𝑓 →∞) and temperature-dependent frequency control (𝑓 = 𝑓opt(𝑇 )) on Pd/Al2O3 at constant 𝐺𝐻𝑆𝑉
= 75 000 h−1, 𝐴 = 0.04. The exhaust gas compositions are displayed in Fig. 1.
inadequate approach to describe the influence of temperature on op-
timal frequency for the bimetallic catalyst and temperature–frequency
sweeps should be performed individually for every new catalyst com-
position. Once the correlation between frequency and temperature is
known, it can directly be exploited for catalyst control in order to
maximize pollutant conversion.

Furthermore, CeO2-ZrO2 (CZ) is commonly utilized in industrial
catalyst formulations as an OSM. In order to evaluate how the oxygen
storage capacity influences the temperature-dependent catalyst per-
formance in dynamic operation, Fig. S8b compares the relationship
between optimum frequency and temperature of Pd/Al2O3 and an
industrially relevant Pd-based TWC with Y-, Nd-, and La-doped CZ
that we used in a previous study for the aftertreatment of typical
gasoline engine exhaust gases at 𝐺𝐻𝑆𝑉 = 75 000 h−1 and 𝐴 = 0.04
under periodic conditions [46]. A reduction in the optimal frequency
of Pd/CZ in comparison to Pd/Al2O3 is evident across the entire tem-
perature range. As previously indicated in the literature [31,46,47],
increasing the OSC of the catalyst by addition of OSM decreases the
optimal frequency of the catalyst. Nevertheless, an optimal frequency
as a function of temperature can be derived from the kinetic data,
which underscores the universality of the approach suggested in the
present study: It does not only work for comparably simple catalyst
formulations operated in a limited regime of conditions (herein, natural
gas engine exhausts were chosen), but also works for more complex cat-
alyst formulations operated under different conditions such as gasoline
exhaust compositions.

Fig. 7 compares the CO, NO, and CH4 conversion, N2 selectivity,
as well as the NH3, N2O, and NO2 emissions during a cold start from
150 ◦C on Pd/Al2O3 with a heating ramp of 5 K min−1, 𝐺𝐻𝑆𝑉 =
75 000 h−1 and 𝐴 = 0.04 at conventional stoichiometric steady-state
(𝜆 = 1), periodic operation at 1 Hz, 1.5 Hz, 2 Hz, fully-mixed stoi-
chiometric steady-state (𝑓 →∞) and optimized temperature-dependent
frequency control operation (𝑓 = 𝑓opt(𝑇 )).

Conventional stoichiometric steady-state conditions exhibit faster
CO light-off (T50 = 205 ◦C), slower NOx light-off (T50 = 566 ◦C) at
medium and high temperatures as well as slower CH4 light-off at
high temperatures (T = 600 ◦C) compared to fully-mixed steady-state
90

8 
conditions (T50 = 214 ◦C, T50 = 472 ◦C, T90 = 544 ◦C), which can
be attributed to different stoichiometric numbers and lower partial
pressure of O2, CO and H2 of the conventional stoichiometric mixture
(cf. Fig. 1). For instance, the higher stoichiometric number (𝑆𝑁 =
2[O2]/[CO]) of the conventional stoichiometric mixture increases the
reaction rate of CO oxidation due to the positive reaction order with
respect to O2 and negative reaction order with respect to CO on Pd
at low temperatures [99,100]. During the light-off, two maxima in
NOx conversion are observed at low temperatures in both steady-state
operating modes, whereby the temperature of the second maximum
coincides with the full CO conversion, as previously observed in lit-
erature [63]. This phenomenon can be attributed to the competitive
reaction of CO with the oxidizing agents NO and O2. Similarly, the
first maxima can be attributed to the competitive reaction of H2 with
NO and O2 [56,101,102]. Furthermore, the maxima of NOx conversion
are accompanied by maxima of N2O emissions, e.g. 180 ◦C and 225 ◦C
for the fully-mixed steady-state operation, whereas a maximum of NH3
emission at low temperature occurs between the N2O emission maxima
(205 ◦C). It is important to note that the higher N2O and NH3 emis-
sions of the fully-mixed stoichiometric steady-state compared to the
conventional stoichiometric steady-state over the entire temperature
range can be attributed to the higher overall NOx conversions. While
unselective NO reduction by H2 produces N2O and NH3, the reduction
with CO mainly yields N2O as secondary emission. It is conceivable
that at low temperatures, N2O is initially formed by the reduction of
NO with H2 on the Pd surface, which is largely poisoned by CO. As
the temperature rises, both the desorption rate and the reaction rate of
CO increase, which means that larger quantities of H2 can be produced
by the watergas-shift reaction, which might explain the delay of NH3
emissions [61,103]. The second N2O maximum correlates with full CO
conversion [10]. Moreover, the emission of NO2 increases as soon as
complete conversion of CO is achieved. This indicates that the catalyst
surface undergoes a change from a predominantly CO-covered surface
to a predominantly O-covered surface. The maximal NO2 emissions
under stoichiometric steady-state conditions can be observed at 350 ◦C,
where O2 desorption begins to become significant [104,105]. High-
temperature NH3 emissions correspond to full CH4 conversion and can
be attributed to steam reforming processes [37,39].
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Fig. 8. Comparison of CO, CH4, NOx conversion, N2 selectivity as well as N2O, NH3 and NO2 emissions during light-off experiments (5 K min−1) at conventional stoichiometric
steady-state (𝜆 = 1), 1 Hz, 1.5 Hz, 2 Hz, fully mixed stoichiometric steady-state (𝑓 →∞) and temperature-dependent frequency control (𝑓 = 𝑓opt(𝑇 )) on Pt/Al2O3 at constant 𝐺𝐻𝑆𝑉
= 75 000 h−1, 𝐴 = 0.04. The exhaust gas compositions are displayed in Fig. 1.
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At constant frequencies of 1 Hz, 1.5 Hz, and 2 Hz the NOx conversion
can be increased in a temperature range of 200–500 ◦C, 210–520 ◦C and
230–530 ◦C and the CH4 conversion can be increased up to a maximum
temperature of 500 ◦C, 520 ◦C, 530 ◦C compared to the fully-mixed
stoichiometric steady-state. This is consistent with gasoline engine test
bench measurements on Pt/Al2O3, which demonstrate higher CO and
HC conversions up to a temperature of 300 ◦C at 0.1 Hz compared to
steady operation under slightly lean average AFR [24]. Analogously,
Pt-Pd/Al2O3 show higher NOx and CH4 conversion up to 420 ◦C us-
ing synthetic exhaust gas with methane at frequency of 1 Hz [39].
This phenomenon has also been observed in the oxidation of CO on
Pt/Al2O3 [23] and Pd/Al2O3 [50]. Cho [22] reported that at low tem-
perature, periodic operation improves the conversion by perturbing the
biased reactant distribution on the surface that would otherwise prevail
under steady operating conditions. Conversely, at high temperatures,
periodic operation impairs the conversion by perturbation of the evenly
distributed reactants on the surface prevailing under steady operating
conditions.

As the desorption rate increases with increasing temperature, higher
frequencies are required to maintain an even distribution of the catalyst
surface and thus maximize pollutant conversion [19]. Therefore, con-
trolling the frequency of lean-rich switches with the inlet temperature
can result in enhanced light-off performance on the catalyst com-
pared to conventional stoichiometric steady-state mode. For instance,
the entire CH4 light-off curve can be shifted by approximately 60 ◦C
to lower temperatures. While the NOx conversion is lower at low
temperatures during periodic operation due to the rapid CO light-off
under conventional stoichiometric steady-state conditions, optimized
dynamic operation (𝑓 = 𝑓opt(𝑇 )) benefits the NOx light-off significantly,
which becomes particularly relevant at a temperature of 200 ◦C and
above. 50% NOx conversion can be achieved at 225 ◦C compared to
560 ◦C under conventional stoichiometric conditions. At temperatures
above 550 ◦C, CH4 and NO𝑥 conversion are reduced compared to the
fully-mixed stoichiometric steady-state. This can be attributed to the
restriction of the switching valves of the experimental setup to operate
beyond the maximal frequency of 2.5 Hz, which is necessary to achieve
complete phase mixing in front of the catalyst in order to reach the
 N
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fully-mixed stoichiometric steady-state. At higher frequencies, periodic
operation is superseded by the fully-mixed stoichiometric steady-state
operation [18,31,46], as indicated by the dashed lines at 550 ◦C in
Fig. 7.

The higher N2O and NH3 emissions at low temperatures during
periodic operation with fixed frequencies of 1 Hz, 1.5 Hz, and 2 Hz can
be primarily attributed to the higher NOx conversions compared to the
conventional stoichiometric steady-state operation. On the other hand,
high-temperature NH3 and NO2 emission during periodic operation
can be attributed to enhanced steam reforming under prolonged rich
and enhanced NO oxidation under prolonged lean conditions [39,40,
46]. Strong NH3 slip can be significantly reduced when an optimized
temperature-dependent frequency control is employed, whereby the
frequency is controlled with respect to temperature, in comparison
to periodic operation at a constant frequency. Furthermore, the over-
all cycle-average N2 selectivity can be increased compared to the
conventional stoichiometric steady-state operation.

As underscored by the data shown in Fig. 8, namely a comparison of
the conversion of CO, NO, and CH4, as well as the selectivity of N2, and
the emissions of NH3, N2O, and NO2 during a cold start from 150 ◦C
on Pt/Al2O3 with a heating ramp of 5 K min−1, GHSV = 75 000 h−1,
nd A = 0.04, the same approach can be used for maximizing pol-
utant conversion over Pt-based catalysts. The results were obtained
t conventional stoichiometric steady-state (𝜆 = 1), periodic operation
t 1 Hz, 1.5 Hz, 2 Hz, fully-mixed stoichiometric steady-state (𝑓 →∞),
nd optimized temperature-dependent frequency control operation (𝑓
𝑓opt(𝑇 )).
In agreement with the experiments at constant temperatures,

t/Al2O3 exhibits a lower CO and NOx conversion activity at low
emperatures compared to Pd/Al2O3, which is evident by a higher
ight-off temperature in all operating modes. Furthermore, only one
2O peak emission is observed that correlates with the CO light-off

emperature, which is why it can be assumed that CO and H2 are
onverted at the same temperature if Pt is used as active species.
urthermore, the CH4 and NOx light-offs are shifted to lower light-
ff temperatures compared to Pd/Al2O3. It is noteworthy that CH4 and

◦
Ox exhibit a reproducible sudden increase in the conversion at 450 C
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in conventional stoichiometric steady-state mode. This phenomenon
may be attributed to steady-state multiplicity of methane conversion
at sub-stoichiometric conditions, where at low oxygen concentrations,
there is a high conversion regime, while at high oxygen concentrations,
there is a low conversion regime due to oxygen inhibition [106].
Consistent with the results on Pd/Al2O3, the periodic operation of
Pt/Al2O3 increases the CH4 and NOx conversion as well as the N2
selectivity in a temperature range which increases with increasing
frequency compared to the conventional stoichiometric steady-state
operation. Catalyst operation at the optimal temperature-controlled
frequency enables a reduction in the CH4 light-off temperature from 𝑇50
= 485 ◦C to 𝑇50 = 365 ◦C and the NOx light-off temperature from 𝑇50 =
485 ◦C to 𝑇50 = 270 ◦C. In agreement with Muraki et al. [18] Pt/Al2O3
exhibits the higher rate enhancement for hydrocarbon conversion when
applying periodic operation, which might be attributed to a stronger
blockage of Pt surface sites.

4. Conclusion

This study introduces a novel temperature-dependent frequency
control technique aimed at enhancing pollutant emission reduction and
N2 selectivity for Pd/Al2O3 and Pt/Al2O3 model three-way catalysts
for controlling emissions form natural gas engines operated under
stoichiometric conditions.

To determine the most effective frequency for these catalysts rel-
ative to temperature, temperature–frequency sweep experiments were
conducted. Results indicate that the optimal frequency for Pt/Al2O3 ex-
ceeds that found for Pd/Al2O3 at the same temperature. This difference
may be attributed to the higher oxygen storage capacity (OSC), stronger
binding of inhibiting surface species CO and O and lower exothermicity
due to lower activity of Pd/Al2O3. The CO and O2-TPD experiments
yielded evidence that O2 and CO exhibited stronger binding on Pd,
while the impact of OSC could be deemed insignificant due to the
limited capacity and initial rates of oxygen release observed in this
study. As the desorption rate of the inhibiting surface species increases
with increasing temperature after a rich-lean and lean-rich switch,
respectively, higher frequencies are required to maintain the catalyst
in a transient state with optimal surface composition.

Utilizing the collected data, a temperature-dependent function for
the optimal frequency was derived. This function was then tested in
light-off experiments and compared against fixed frequencies of 1 Hz,
1.5 Hz, and 2 Hz, as well as conventional stoichiometric steady-state op-
eration. It was found that fixed-frequency operation only improved pol-
lutant conversion within a specific temperature range, with substantial
formation of undesired NH3 observed at elevated temperatures. Con-
versely, the temperature-dependent frequency approach significantly
enhanced CH4 and NOx light-off temperatures by 120 K and 210 K on
Pt/Al2O3, and by 60 K and 335 K on Pd/Al2O3, respectively, while also
improving N2 selectivity. Consequently, the increased low-temperature
activity may reduce the need for higher catalyst loading and thus
decrease the demand for scarce and expensive noble metals.

This study serves as a blueprint and proposes a cost-effective and
simple method for optimizing three-way catalyst operation during cold
starts without altering engine settings. The integration of a thermocou-
ple within the catalyst enables the establishment of a relationship be-
tween optimal frequency and catalyst temperature, which can then be
utilized for frequency control during cold engine starts. In conclusion,
the study highlights the potential of lambda-dithering in enhancing
emission control efficiency for natural gas engines as commonly applied
in vehicles and mobile applications, offering valuable insights for the
development and operation of catalysts tailored for cleaner urban

driving environments.
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