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Isothermal molecular beam experiments on the methanol oxidation over the stepped Au(332) surface
were conducted under well-defined ultra-high vacuum conditions. In the measurements, a continuous
flux of methanol at excess in the gas phase and pulses of atomic oxygen were provided to the surface
kept at 230 K. The formation of the partial oxidation product methyl formate under the applied
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conditions was evidenced by time-resolved mass spectrometry, and accumulation of formate species,
which resulted in a deactivation of the surface for methyl formate formation, was followed by in situ
DOI: 10.1039/d1cp034369 Infrared Reflection Absorption Spectroscopy measurements. The results suggest a different reactivity of

oxygen accumulated during the oxygen pulses and atomic oxygen for the competing reaction pathways
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Introduction

Gold catalysis has received much attention since the first report
by Haruta and co-workers." ™ In recent years, a renewed interest
emerged due to the unusual reactivity of nanoporous gold (np-
Au) catalysts:*”” While it was reported that only very small Au
nanoparticles (<5-7 nm) on oxide supports are catalytically
active,"*®° np-Au catalysts exhibit a high activity at low tem-
peratures without an oxidic support and despite relatively large
ligament sizes. Np-Au is formed by etching a less noble metal
from an alloy with Au resulting in the formation of a porous
structure. The resulting material contains mostly Au, but also
residuals of the less noble metal, most often Ag, and consists of
ligaments exhibiting both a number of low-coordinated sites as
well as close-packed surfaces.’ In specific, these np-Au cata-
lysts have shown a high selectivity at high conversion for the
partial oxidation of methanol to methyl formate.® Residual Ag
is suggested to play an important role in the activation of
molecular oxygen on these catalysts which is typically the rate
limiting step for oxidation reactions on gold.*** While a variety
of oxygen species, including also ordered and disordered oxidic
phases, with different reactivities have been reported
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in the oxidation of methanol to the desired partial and the unwanted overoxidation products.

depending on the applied reaction conditions,'>"? the concen-

tration of activated oxygen under typical reaction conditions is
believed to be rather low due to a small number of active
sites.'' In methanol oxidation, short contact times were
reported to favor formation of formaldehyde over the coupling
reaction to methyl formate,'* while an increase in oxygen or
residual Ag content was connected to an enhancement in total
oxidation products.®****14

As the microscopic understanding of the processes on these
catalysts remains incomplete, a number of studies on simpli-
fied model systems, such as Au single crystal surfaces, under
well-defined ultra-high vacuum (UHV) conditions have been
conducted.” " In agreement with results for np-Au, Tempera-
ture Programmed Reaction (TPR) measurements on Au(111)
showed an enhanced selectivity to total oxidation for increased
oxygen coverages as well as a lower methyl formate
production.'® Moreover, TPR measurements indicated a low-
ered methanol reactivity in the presence of extended oxidic gold
(Au0O,) phases for Au(110)."” Besides CO, and methyl formate,
also formaldehyde and formic acid were reported as products,
their ratio depending on the applied reaction conditions and
surface coverages."”'®'®'® Based on TPR measurements, a
reaction mechanism for methyl formate formation by partial
methanol oxidation in the presence of activated oxygen was
proposed proceeding via a methoxy intermediate and a subse-
quent P-elimination to formaldehyde as rate-limiting
step.">'®2% Moreover, the formation of a dioxymethylene inter-
mediate and formate species, which are formed at tempera-
tures <200 K and stable up to at least 255 K, were reported as
precursors for total oxidation products as well as for formic
acid.’ '8! However, the model studies are mainly focused on
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low-index surfaces and reactivity has been mostly studied by
TPR measurements on surfaces pre-covered with activated
oxygen species whereas catalytic activity of np-Au was studied
under isothermal conditions using molecular oxygen as the
oxidizing agent. Residual metals such as Ag or Cu present in
np-Au catalysts were shown to play an important role in oxygen
activation.®'"'>'* In addition, low-coordinated sites present in
large number on the ligaments of np-Au are considered to
influence the catalytic properties as well, however, experi-
mental evidence for this is scarce.”>*’

In this study, an Au(332) surface exhibiting densely packed
[110]-oriented steps separated by 6 atom wide (111) terraces is
used as a model system. Previous structural investigations have
shown that the steps may contain kinks depending on the
crystal miscut.>* On this surface, pulsed molecular beam (MB)
experiments under well-defined single collision conditions are
conducted to investigate the kinetics of the methanol oxidation
under isothermal conditions. As gold single crystal surfaces
cannot activate molecular oxygen under ultra-high vacuum
conditions, pulses of atomic oxygen supplied by a thermal
cracker were used to allow for the oxidation reactions. The
evolution of the gas phase products is monitored by time-
resolved mass spectrometry, and in situ Infrared Reflection
Absorption Spectroscopy (IRAS) is used for the detection of
adsorbed surface species.

Experimental details

All experiments were conducted in an UHV setup consisting of
two chambers previously described in detail.>®> One chamber
contains a sputter gun (IQE 11/35, SPECS), a low-energy elec-
tron diffraction (LEED) system (Omicron MCP LEED), an Auger
spectrometer (PHI 11-010, PerkinElmer), and a quadrupole
mass spectrometer (QMS, Prisma, Pfeiffer) with a Feulner cup
for temperature programmed desorption (TPD) measurements.
The second chamber is equipped with two effusive molecular
beams®® and a thermal atomic oxygen source (Dr Eberl MBE-
Komponenten GmbH), that can be modulated by automated
valves and shutters, as well as with a stagnation flow monitor
with a high precision ion gauge (360 Stabil-Ion, Granville-
Phillips) to measure the pressure at and its distribution over
the sample. A quadrupole mass spectrometer (MAX-500HT,
Extrel) is used to monitor the evolution of gas phase species
(CH,O" fragment at m/z = 30; H;COCHO" at m/z = 60; CO," at
m/z = 44) over time in the pulsed isothermal molecular beam
experiments. For in situ IRAS measurements in grazing reflec-
tion geometry, an IR spectrometer (IFS 66v, Bruker) is used
(256 scans, nominal resolution of 4 cm™", zero filling factor of
16). The Au(332) single crystal (10 mm diameter, 2 mm thick,
Mateck) is mounted by Mo-clamps onto a boron nitride heater
(HT-01, Momentive) which is attached to a home-made Mo-
holder connected to a liquid nitrogen cooled Cu block allowing
for sample cooling down to 100 K. The crystal temperature is
measured by a type K thermocouple fixed in a 0.2 mm hole in
the edge of the Au crystal. The thermocouple voltage is
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monitored by a commercial PID controller (3508, Eurotherm)
allowing also for control of the sample temperature in TPD and
isothermal experiments.

The Au(332) surface was cleaned by repeated cycles of Ar*
ion sputtering (1000 V, 5-7 pA, 15 min) and subsequent
annealing to 1000 K i. vac. for 10 min until no impurities could
be detected by Auger spectroscopy and a sharp LEED image as
expected for the (332) surface®” was observed (see Fig. S1, ESI?).
Before use, methanol (Roth, >99.98%; dried over molecular
sieve, 3 A) and methyl formate (Sigma Aldrich, >99.8%) were
cleaned by repeated freeze-pump-thaw cycles and applied to
the sample surface through an effusive molecular beam. Oxy-
gen (Air Liquide, 99.998%) was used as received. The pressure
on the sample as function of the inlet-pressure of the beam was
calibrated by a beam monitor at the sample position using Ar
gas. Atomic oxygen was supplied by means of a thermal cracker
(T = 1615 °C, 12.45 V, 12.60 A). The flux of atomic oxygen was
calibrated by TPD measurements in the same UHV apparatus
comparing the integrated signal intensities of O, desorption
from an Au(332) surface with respect to O, desorption from
Pt(111) after O, exposure at 300 K resulting in p(2 x 2) structure
with a coverage of 0.25 ML.*®*° A saturation coverage of 2.1 ML
(1 ML corresponding to 1.4 x 10'> cm™?, thus, to one O atom
per Au surface atom) was obtained on the Au(332) surface by
exposure to atomic oxygen from the thermal cracker. The QMS
signal intensity for methyl formate formation was quantified by
calibration measurements with varying methyl formate fluxes
dosed into the chamber using a well-defined effusive molecular
beam source applying a non-reactive flag at the sample position
to ensure comparable scattering conditions.

Results and discussion

Fig. 1 displays the results of a pulsed isothermal molecular
beam experiment on the partial oxidation of methanol to
methyl formate on the Au(332) surface. The reaction is con-
ducted at 230 K by applying a constant flux of methanol
(1.6 x 1077 mbar, 4.2 x 10" s~ em~?) and pulsing (200 s
on, 300 s off) atomic oxygen (2.6 x 10 > ML s %, 0.4 x 10 5"
cm 2, approx. 0.5 ML per pulse) onto the surface. In these
experiments, the methanol flux onto the surface is about one
order of magnitude higher than that of atomic oxygen. The
surface temperature of 230 K was chosen above the desorption
temperature of methanol, formaldehyde and methyl formate
from Au surfaces to allow for gas phase detection and prevent
build-up of ice layers, but low compared to temperatures used
in np-Au studies to ensure sufficiently long residence times of
methanol or formaldehyde to allow for the coupling reaction to
methyl formate under the applied single collision conditions.
The methyl formate formation rate is followed by time-resolved
QMS, while surface adsorbed species are investigated by in situ
IRAS measurements. It can be seen in Fig. 1a that methyl
formate is produced on Au(332) at 230 K under the applied
isothermal, single collision conditions. Based on the quantita-
tive calibrations for the oxygen atom flux and the methyl
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Fig. 1 Pulsed isothermal molecular beam experiment on the methanol oxidation on Au(332) at 230 K: (a) methyl formate formation rate (m/z = 60) and
(b) in situ IRAS measurements during the oxygen pulse (blue) and in the delay times (red) across the pulse sequence (from top to bottom).

formate formation rate, the initial methyl formate formation
rate amounts to approx. 4 x 10'" s™' em™? corresponding to a
selectivity of approx. 20% with respect to the supplied oxygen
atoms. Fragmentation signals of methanol and methyl formate
hampered the quantification of formaldehyde formation which
is expected to compete effectively with the coupling reaction to
methyl formate at 230 K under single collision conditions.
Similarly, quantification of the total oxidation product CO,
was hindered by fragmentation signals of methyl formate and
also by signals due to background reactions in the chamber.
Across the pulse sequence, the methyl formate formation rate
decreases roughly linearly indicating a surface deactivation for
this reaction. In situ IRAS measurements (duration approx.
3 min) were conducted both during the oxygen pulse (start
approx. 5-10 s after beginning of the oxygen pulse) and during
the delay times (start after approx. 10-20 s after end of the
oxygen pulse, when the methyl formate formation rate was
roughly decreased to background level). These in situ IRAS
measurements shown in Fig. 1b demonstrate the appearance
of a strong signal centered at 1332 cm™' and weaker signals
around 2832 cm ™" and 2907 cm™". The intensity of the peaks
grows across the pulse sequence, while their positions remain
largely constant and no clear additional peaks occur. While the
observed IRAS signals are shifted with respect to signals attrib-
uted by Xu et al. to formate species on Au(111)," the positions
are overall comparable to signals reported by Senanayake et al.
at 1332 cm™ ', 2824 cm ™' and 2896 cm ™' assigned to formate
prepared by adsorption of formic acid on O pre-covered Au(111)
and attributed to the v4(OCO) stretching, v,CH and a combi-
nation of the 1,(OCO) and v,CH modes of bidentate formate
species, respectively.*® The signals attributed to formate species
remain stable on the surface after the pulsed isothermal MB
experiment conducted at 230 K, in agreement with previous
literature reports for Au surfaces.'>'®3° Thus, despite the about
10 fold excess of methanol flux, an overoxidation of methanol,
as compared to the desired product methyl formate (or formal-
dehyde), occurs under the applied conditions.

Considering the transient behavior of the methyl formate
formation rate in more detail (Fig. 1a), it can be seen that the

This journal is © the Owner Societies 2021

rate upon oxygen exposure rapidly increases and subsequently
approaches a (quasi) steady state value for each oxygen pulse. It
should be noted that no clear rate decrease during the pulse
duration is detected which may be expected, if the surface
deactivates during the pulse e.g. due to the formation of
formate. After switching off the oxygen supply, the methyl
formate formation rate decreases initially very fast and levels
back to baseline within about 100 s. For the first pulse, the
corresponding amount of methyl formate desorbing during
the delay time is about 5% of the amount produced during
the pulse. This suggests that a fraction of the deposited oxygen
atoms is still present at the end of the oxygen pulse. The methyl
formate formation rate for the subsequent oxygen pulse is,
however, significantly decreased indicating the progressing
deactivation for methyl formate formation to occur rather in
the delay time between the oxygen pulses. Concomitantly, the
IRAS signal intensity of the formate related peaks (Fig. 1b) is
found to increase mostly during the delay times between the
oxygen pulses. The increase in formate concentration during
the delay times clearly shows that some of the oxygen present at
the end of the pulse results in the formation of the unwanted
overoxidation product.

The observation of a higher effective formation rate of
formate species under rather oxygen-deficient conditions,
i.e. between oxygen pulses, is unexpected at first glance, as
the formation of overoxidation products, such as formate in the
absence of an oxygen supply, i.e. conditions of low oxygen
availability, is counterintuitive. It can be understood assuming
that formate is not a spectator species, i.e. the formate cannot
only be formed but also removed, in particular during the
oxygen pulses, which allows their concentration to stay almost
constant during the pulse. The increase of the formate concen-
tration in the delay times thus points to a significant reduction
of the decomposition channel under rather oxygen-deficient
conditions. To verify that formate can be further oxidized
already at 230 K during conditions of the oxygen pulses, a
formate covered Au(332) surface, as obtained after a pulsed
isothermal methanol oxidation experiment discussed above,
was exposed to atomic oxygen (same flux without additional

Phys. Chem. Chem. Phys., 2021, 23, 21599-21605 | 21601
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Fig. 2 In situ IRAS measurements of a formate pre-covered Au(332)

surface obtained after isothermal methanol oxidation experiment (i)
directly after formate formation and after exposure with atomic oxygen
(0.4 x 10" s™* cm™2) at 230 K for (i) 230 s, (i) 410 s and (iv) 610 s.

methanol exposure) and IRAS measurements were conducted
to follow the evolution of the formate signals. The IRAS
measurements, displayed in Fig. 2, clearly show that the IRAS
intensity of the formate signals (e.g the band around
1332 cm™ ') decreases and even vanishes for a prolonged
exposure to atomic oxygen. As some of the oxygen is expected
to be consumed in the oxidative decomposition of formate, an
oxygen TPD (Fig. S2, ESIt) was conducted after the experiment
displayed in Fig. 2. Desorption of residual oxygen shows that
not all oxygen is consumed by the oxidative decomposition of
formate species. However, the amount of desorbing oxygen is
lower than expected for a clean Au(332) surface (Fig. S2, ESIT).
Moreover, for a formate surface coverage, for which the IRAS
signal intensity is saturated, the reduction in oxygen desorption
is consistent with an overall high surface coverage of the
formate species. A further quantification by monitoring the
presumable product CO, of the formate decomposition is
prevented by fragmentation signals of methyl formate as well
as non-negligible background reactions in the chamber.
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The analysis of an isothermal experiment with 15 oxygen
pulses shows that the formation of formate species as quanti-
fied by the IRAS signal intensity of the formate species at
1332 cm ™ is clearly correlated with the decrease in the methyl
formate formation rate (Fig. 3a, see also Fig. S3, ESIt). After the
10th pulse of the pulse sequence, the methyl formate formation
rate levels below 10% of the initial rate and the IRAS intensity
saturates. This suggests that the accumulating formate species
block surface sites required for the coupling reaction and
thereby deactivate the surface for methyl formate formation.

While the methyl formate formation is strongly reduced
across the pulse sequence, the surface remains active for other
reaction channels as indicated by the evolution of the signal
intensity of m/z = 30 (formaldehyde) and m/z = 18 (water) during
the pulse sequence (Fig. 3b). Even though a quantification of
these products is not possible, the data show a clear increase of
the signal intensity of m/z = 30 (red triangles) during the first
6 pulses which exhibits only a slight decrease towards the end
of the experiment. This indicates a shift in selectivity from the
coupling reaction yielding methyl formate towards desorption
of formaldehyde, as the surface becomes covered with formate
species. The H,O formation (m/z = 18, black squares) remains,
after an initial drop, constant until the m/z = 30 signal reaches
its maximum. Afterwards, the m/z = 18 signal decreases to a
constant, but slightly lower intensity for the last pulses in this
series.

How to reconcile this behavior? To this end, it is important
to recall that partial oxidation of methanol to formaldehyde
and methyl formate results in the same amount of water per
oxygen atom, while the formation of higher oxidation products
such as formate or CO, produces less water.

2CH;0H + 20, — H;COCHO + 2H,0 (R1)
2CH;0H + 20, — 2CH,0 + 2H,0 (R2)
CH;OH + 30, — CO, + 2H,0 (R3)
2CH;0H + 50, — 2HCOO + 3H,0 (R4)
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Fig. 3 Results of a pulsed isothermal experiment on the methanol partial oxidation on Au(332) at 230 K using conditions identical to Fig. 1. (a) Methyl
formate formation rate (m/z = 60) (see also Fig. S3, ESI+) as function of the integrated IRAS intensity of the formate signal centered at 1332 cm™* obtained
from measurements during the first 10 oxygen pulses and (b) intensity of the QMS signals m/z = 60 (black circles), m/z = 18 (blue squares) and m/z = 30

(red triangles) as a function of the number of O pulses.
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Thus, the almost constant water formation after the initial
drop may result from a compensation of the decreasing methyl
formate formation with the increasing formaldehyde produc-
tion. However, towards the end of the experiment, the water
formation drops to a reduced level which is accompanied by a
slight reduction of formaldehyde formation. This is consistent
with a selectivity shift to overoxidation where the fraction of
oxygen that is incorporated into C-containing products, e.g.
formate, increases, resulting in a decrease of the amount of
water that can be produced per oxygen atom. The observation is
thus consistent with a formation and subsequent oxidative
decomposition of formate during the oxygen pulses (see
Fig. 2) which competes with methanol oxidation to methyl
formate and formaldehyde under the applied conditions.

While the formal reaction eqn (R1)-(R4) can explain the
observed changes of the different reaction products throughout
the pulse series, they do not allow to gain insight into the
mechanistic reason for this behavior. With respect to this, it is
important to consider the activated oxygen species, globally
denoted O, in the equations, in more detail.

Xu et al. reported TPR experiments of methanol oxidation on
O pre-covered Au(111) and observed a decreasing selectivity
towards methyl formate formation with increasing oxygen pre-
coverage."” This is in line with reports on np-Au showing that in
the presence of oxidic phases as e.g. prepared by an ozone
treatment of the sample exposure to methanol at 150 °C leads
to total oxidation,'>'*?? while partial oxidation to methyl
formate or formaldehyde on ozone-treated np-Au is detected
rather in the absence of the oxidic phases and in the presence
of different “selective” oxygen species.'> However, a detailed
microscopic understanding of the correlation between the
different oxygen species (atom, oxygen islands, preferred dec-
oration of step edges, or oxides as indicated by the high
saturation coverage etc.) and their activity for the different
reaction pathways is not yet available.’>*31731733 The experi-
ments presented above allow to shed some light on this
question. To this end Fig. 4 provides a simplified reaction
network based on the mechanism proposed in literature also
indicating contributions of the different oxygen species to
reaction channels.'>*82°

+2[0]
—on > HCOOw o> [OH] COyq)

0] +[0]
CH3OH(a)W> CH30@ om> CH;0@ —> CH,0@)

L %» —» HCOOCH4)

reaction channel with contribution of Oy,
significant contribution of O

Fig. 4 Simplified reaction network for the partial oxidation of methanol
on Au and competing reaction pathways i.e. desorption formaldehyde and
overoxidation of formaldehyde to formate and subsequently CO,. Sub-
script (a) denotes adsorbed species; subscript (g) gas phase products.
Methyl formate is highlighted because the importance of oxygen atoms for
the kinetics of the different reaction steps is unknown.
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We basically observe constant methyl formate formation
rates during the oxygen pulse (Fig. 1a) despite the fact that
oxygen accumulates on the surface in this period. This strongly
suggests that accumulated oxygen does not alter the activity of
the surface for this reaction channel during the pulse, e.g. by
blocking sites for methyl formate formation. In contrast to that,
increasing amounts of adsorbed formate species correlate with
a decreasing formation rate of methyl formate which points to
the fact that adsorbed formate species can block sites active for
the coupling reaction to methyl formate. As previously shown,
oxygen atoms tend to form AuO, islands/phases whose reactiv-
ity and selectivity depend e.g. on the size of the islands,'”*"3*
and is expected to be different than that of atomic oxygen
supplied by the thermal cracker. From the results presented
here it is possible to deduce that formate cannot only be
formed but is also removed during the oxygen pulses presum-
ably by the formation of CO, which desorbs at the temperature
chosen here. Hence, the final oxidation of formate to CO, is at
least significantly suppressed in the absence of oxygen atoms,
while formate formation is readily possible by AuO, islands/
phases. This is in line with TPR-like experiments in which CO,
and H,0O desorption due to formate decomposition from
Au(111) was reported around 280 K and on Au(110) around
340 K, ie. at higher temperatures, despite the presence of
residual oxygen.'>?> In case the reaction network sketched in
Fig. 4 resembles the reaction mechanism, one can conclude
that the formation of formaldehyde has to be feasible on AuO,
islands/phases as well, because of the formation of formate in
the delay times between the oxygen pulses.*®

Previously, it has been shown that at least small AuO,
islands/phases (low oxygen coverage) allow to form methyl
formate with high selectivity on Au(111). As we accumulate
oxygen on the surface and thus increase the number of possible
reaction sites on such AuO, islands/phases, one would expect a
change in the methyl formate formation rate in case this
reaction channel would contribute considerably to the rate of
methyl formate formation. This is not observed in the experi-
ment. This suggests that atomic oxygen species are kinetically
more important in the isothermal experiments performed here,
however, their precise role for the different reaction steps is
not known.

Conclusions

Pulsed isothermal molecular beam experiments were con-
ducted to investigate the partial oxidation of methanol to
methyl formate on the stepped Au(332) surface at 230 K. While
methyl formate formation was observed under the applied
single collision conditions, the formation rate was found to
decrease across the pulse sequence due to the build-up of
formate species as evidenced by in situ IRAS measurements.
The concentration of the formate species was found to effec-
tively increase in the delay times between the oxygen pulses,
thus, under rather oxygen-deficient conditions during which
methyl formate formation is rather limited. The lack of formate
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build-up during the pulses is due to a faster oxidative decom-
position of formate species occurring even at the low surface
temperature of 230 K during the exposure with atomic oxygen
i.e. under more strongly oxidizing conditions. In contrast to
formate species, accumulating oxygen expected to form AuO,-
phases was not found to deactivate the methyl formate for-
mation during the pulses. Hence, its presence does not change
the selectivity of the reaction strongly towards total oxidation
products, which is in contrast to TPR studies suggesting a
strong dependence of the selectivity on the oxygen coverage.
These results further suggest a lower reactivity of accumulated
oxygen for the methyl formate formation and the oxidative
decomposition of formate, while residual oxygen forms formate
species effectively. Even though the ability to form methyl
formate is rapidly lost under these conditions, the results
indicate that the surface remains active for the formation of
formaldehyde throughout the sequence, suggesting that the Au
surface capability to do partial oxidation of methanol is at least
transiently present during the oxygen pulses. However, the local
concentration of methoxy species required for a coupling to
methyl formate is reduced such that the formaldehyde
desorption becomes the dominant channel.
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