Catalysis
Science &
Technology

7 ROYAL SOCIETY
PN OF CHEMISTRY

View Article Online

View Journal | View Issue

Methanol oxidation on Au(332): methyl formate
selectivity and surface deactivation under
isothermal conditions+

i '.) Check for updates ‘

Cite this: Catal Sci. Technol., 2022,
12, 1418

Christoph D. Feldt, @2 Thorren Kirschbaum,® Jian Liang Low,?
Wiebke Riedel @*2 and Thomas Risse {°2

Methanol oxidation on the stepped Au(332) surface was investigated by pulsed isothermal molecular beam
(MB) experiments. The effect of the surface temperature as well as the influence of changes in the
methanol and atomic oxygen flux on the partial oxidation to methyl formate was studied. A maximum in
methyl formate formation is observed at 250 K under the applied single collision conditions. Increasing the
methanol to oxygen ratio was found to increase the selectivity to methyl formate and decrease unwanted
reflection absorption
spectroscopy (IRAS). The results show evidence for the importance of an additional deactivation
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overoxidation to surface deactivating formate detected by in situ infrared

DOI: 10.1039/d1cy02034] mechanism for methyl formate formation connected to methanol which is active under oxygen-deficient

conditions at low temperatures. Moreover, the measurements suggest a small number of sites to be highly

rsc.li/catalysis reactive for methyl formate formation which are preferentially blocked under oxygen-deficient conditions.
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Introduction

Gold based catalysts have been the subject of numerous
investigations since the first publication by Haruta." The
development of nanoporous gold (np-Au) renewed the
interest, as these fully metallic catalysts also exhibit high
activity in oxidation reactions®™ despite the lack of an oxidic
support and ligament sizes being about an order of
magnitude larger than the size of supported Au nanoparticles
of active supported gold catalysts.”®” np-Au catalysts are
typically obtained by etching a less noble metal, such as silver
or copper, from an alloy with gold. The resulting material has
a porous structure and contains mainly gold, but also
residuals of the less noble metal. This residual metal plays an
important role in the activation of molecular oxygen, which is
the rate limiting step for aerobic oxidation catalysis.>* " In
the partial oxidation of methanol, np-Au shows high
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t Electronic supplementary information (ESI) available: IRAS measurements of
3C methanol on Au(332). Pulsed isothermal MB experiments with in situ TRAS
measurements on methanol oxidation on Au(332) with *C methanol for various
delay times between oxygen pulses as well as extended methanol exposure prior
to the first oxygen pulse. CO IRAS measurements of the Au(332) surface after the
pulsed isothermal MB experiment and subsequent annealing. Pulsed isothermal
MB experiments with in situ IRAS measurements on methanol oxidation on
Au(332) for the annealed surface after a prior pulsed isothermal MB experiment.
See DOI: 10.1039/d1cy02034j
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selectivity to methyl formate at high conversion.> Reduced
contact times, however, enhance formaldehyde formation,™
while increased oxygen or Ag contents favor total
oxidation.>™* Moreover, the selectivity is affected by the
presence of different oxygen species, including oxidic
phases.”>'* Under typical reaction conditions, however, the
oxygen surface concentration is assumed to be rather low."""?
Recently, also, carbonaceous deposits, presumably located on
residual Ag, were reported for non-steady state conditions at
low temperatures.*

To gain more insights into the underlying microscopic
mechanisms, model studies on single crystal surfaces under
well-defined ultra-high vacuum (UHV) conditions as well as
theoretical investigations have been conducted. Based on
temperature programmed reaction (TPR) studies with Au
surfaces pre-covered with activated oxygen, a reaction
mechanism has been proposed:*>™” Initially formed methoxy
species yield formaldehyde upon hydrogen abstraction, which
is the rate limiting step in the formation of methyl formate
in case activated oxygen is present. In the presence of oxygen,
the (formally) abstracted hydrogen leaves the gold surface
predominantly as water or methanol, while formaldehyde
may either desorb, react with methoxy and oxygen into
methyl formate or become further oxidized finally yielding
the total oxidation product CO,. In agreement with studies
on np-Au,”>® an increased oxygen pre-coverage was reported
to enhance total oxidation in TPR measurements.'>'®"
Similarly, kinetic modelling suggested reduced methanol to
oxygen ratios to favor total oxidation, while lowering the

This journal is © The Royal Society of Chemistry 2022
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oxygen pressure (at rather high methanol to oxygen pressure
ratios) in np-Au catalysts is predicted to enhance
formaldehyde formation.>**

TPR investigations have mainly been conducted on low-
index surfaces, while np-Au catalysts contain a significant
number of low-coordinated Au sites which presumably alter
the reactivity.”>>* Moreover, Au surfaces pre-covered with
activated oxygen exhibit, even at low coverage, oxygen islands
or oxidic phases next to oxygen atoms and thus, at least,
locally high oxygen concentrations.”” Recent pulsed
isothermal molecular beam experiments using an atomic
oxygen beam provided by a thermal cracker suggested a
different reactivity of AuO, phases, i.e. accumulated, residual
oxygen, as compared to atomic oxygen provided during the
oxygen pulses.>® Formate species formed in the presence of
AuO, phases were found to poison the stepped Au(332)
surface with respect to the formation of methyl formate.>
Furthermore, methoxy and formaldehyde formation occurs in
the presence of AuO, phases, while methyl formate formation
as well as (oxidative) decomposition of formate species
proceeds preferentially in the presence of atomic oxygen.

In this study, the influence of the surface temperature as
well as the oxygen and methanol fluxes on the (partial)
oxidation of methanol is investigated by pulsed isothermal
MB experiments using the stepped Au(332) surface as a
model system for np-Au. In particular, the effects of rather
oxygen-deficient  conditions and increased  surface
temperature on the undesired surface deactivation are
examined, in addition to their influence on the (initial)
selectivity to methyl formate.

Experimental details

The measurements were performed in a UHV setup with two
chambers which has been described before.?® One chamber
is equipped with a sputter gun (IQE 11/35, SPECS), a low-
energy electron diffraction (LEED) system (Omicron MCP
LEED), an Auger spectrometer (PHI 11-010, Perkin Elmer),
and a quadrupole mass spectrometer (Prisma, Pfeiffer) for
temperature programmed desorption (TPD) measurements
using a Feulner cup to enhance the sensitivity. In the second
chamber, two effusive molecular beams®>’ and a thermal
atomic oxygen source (Dr. Eberl MBE-Komponenten GmbH)
being operated as an effusive beam are installed and can be
modulated by automated valves and shutters. A stagnation
flow monitor with a high precision ion gauge (360 Stabil-Ion,
Granville-Phillips) is used to measure the pressure at the
sample position. During pulsed isothermal MB experiments,
gas phase species are detected using a quadrupole mass
spectrometer (MAX-500HT, Extrel), while surface adsorbates
are monitored by in situ IRAS measurements in grazing
reflection geometry employing an IR spectrometer (IFS 66v,
Bruker, 256 scans, nominal resolution of 4 cm ™", zero filling
factor of 16). Using Mo clamps, the Au(332) single crystal (10
mm diameter, 2 mm thick, Mateck) is pressed onto a boron
nitride heater (HT-01, Momentive) mounted to a home-made
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Mo-holder which is connected to a liquid nitrogen cooled Cu
block, allowing for sample cooling down to approx. 100 K.
The crystal temperature is measured by applying a type K
thermocouple inserted in a 0.2 mm hole in the Au crystal
edge. A commercial PID controller (3508, Eurotherm) is used
to monitor the thermocouple voltage and to control the
sample temperature in TPD and isothermal experiments.

Repeated cycles of Ar" ion sputtering (1000 V, 7-10 pA, 15
min) and subsequent annealing to 1000 K i. vac. for 10 min
were employed to clean the Au(332) surface until a sharp
LEED image expected for the (332) surface was observed.>>**
Methanol (Roth, >99.98% or *C-methanol, 99 atom% **C,
Sigma Aldrich; both dried over molecular sieves 3 A) and
methyl formate (Sigma Aldrich, >99.8%) were further
purified by repeated freeze-pump-thaw cycles and dosed
onto the sample surface by an effusive molecular beam. The
impurities in "*C-methanol were further investigated by GC-
MS and LC-MS measurements (see the ESIf). Oxygen (Air
Liquide, 99.998%) was used as received. For removal of
carbonyl species from the CO (Linde, 99.997%) feed, a liquid
nitrogen cryo-trap was used. Using a beam monitor, the
pressure at the sample position was calibrated as a function
of the inlet pressure of the beam using Ar gas. A thermal
cracker (T = 1615 °C, 12.45 V, 12.60 A and for some
experiments shown in the ESIt 1700 °C, 15.8 V, 13.85 A) was
employed to provide atomic oxygen. TPD measurements were
conducted to calibrate the flux of atomic oxygen comparing
the integrated signal intensities for O, desorption from an
Au(332) surface with respect to O, desorption from a Pt(111)
surface after O, exposure at 300 K resulting in a p(2 x 2)
structure with a coverage of 0.25 monolayers (MLs).>**° The
saturation coverage of oxygen on Au(332) achieved by
exposure to atomic oxygen from the thermal cracker was 2.1
MLs (1 ML corresponding to 1.4 x 10"> em™, and thus, to
one O atom per Au surface atom). Calibration measurements
with varying fluxes of methyl formate provided by a well-
defined effusive molecular beam source were conducted to
quantify the QMS signal intensity for methyl formate
formation, applying a non-reactive flag at the sample position
to ensure comparable scattering conditions. Reference
measurements with a well-defined flux of methanol provided
by an effusive molecular beam source were conducted after
each experiment to calibrate the measured QMS intensity.
Moreover, pulsed MB experiments were repeated to ensure
the reproducibility of the results.

Results and discussion

Fig. 1 shows the results of pulsed isothermal molecular beam
experiments of the partial methanol oxidation on Au(332) as a
function of the surface temperature. In these experiments, a
continuous flux of methanol (52.7 x 10" s em™, p(MeOH) =
19.6 x 10”7 mbar) was dosed onto the surface, while a flux of
atomic oxygen (2.6 x 10> ML s " ~ 0.4 X 10" s™" cm ™) provided
by a thermal cracker was pulsed onto the surface (5 pulses, 200
s on, 600 s off). In Fig. 1a, the initial methyl formate formation
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Fig. 1 Results of pulsed isothermal MB experiments on methanol oxidation to methyl formate on Au(332) for various sample temperatures applying a

constant flux of methanol (52.7 x 10%° s cm™, p(MeOH) =

19.6 x 1077 mbar) and pulsing (200 s on, 600 s off) atomic oxygen (2.6 x 10> MLs™ ~ 0.4 x

10" st cm™). (a) Initial methyl formate formation rates R normalized to the maximum rate detected in this series as a function of the surface
temperature. (b) Relative decrease in methyl formate formation rate AR across the pulse sequence for the different surface temperatures given relative
to the initial rate obtained for the respective surface temperature: 220 K (black squares), 250 K (red circles), 280 K (blue triangles).

rates are displayed relative to the maximum rate observed in
this series for temperatures ranging between 220 K and 300 K.
While the effective methyl formate formation rate increases
when the temperature is raised from 220 K to 250 K, it
decreases for higher temperatures. For a surface temperature of
300 K, the methyl formate formation essentially vanishes under
the applied conditions. This temperature dependence can be
understood considering that an increased surface temperature
not only results in a faster coupling reaction to methyl formate,
but also accelerates the desorption of molecular species, such
as methanol and formaldehyde, essentially removing them
from the reaction network under the applied single collision
conditions. As formaldehyde needs to couple to surface bound
methoxy to yield methyl formate according to the proposed
mechanism'®™’ schematically depicted in Fig. 2, a reduced
residence time at elevated temperature will eventually tip the
balance away from the coupling reaction to methyl formate
towards formaldehyde desorption. It should be noted that the
position of the rate maximum is expected to depend on the
applied fluxes, shifting to higher temperatures for a higher flux,
and thus pressure, on the surface.

In a previous study, the methyl formate formation rate
was found to decrease across the pulse sequence as formate
species accumulate on the surface.>” It can be speculated that
an increase in surface temperature may prevent such a
surface deactivation process by accelerating the (oxidative)
decomposition of the formate species and thereby freeing up
the surface sites. However, it can be seen from Fig. 1b that

0
CH30H(a)[O—H]]> CH;0¢) ~o, CH,0¢) J—> utsl

ToH] Tor> HCOOCH;,9)

—> CH,Oq)

+2[0] +[0]
“[OH] HCOO(Q) -[OH] CO2(9)

Fig. 2 Schematic depiction of the reaction mechanism for methanol

oxidation on gold as previously proposed.*>*”
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the methyl formate formation rate decreases for all studied
surface temperatures across the pulse sequence. The decrease
in rate relative to the first pulse is overall similar for
temperatures between 220 K and 280 K and clearly does not
diminish at higher temperatures. In fact, it appears to be
even slightly stronger for the highest surface temperature of
280 K. This is consistent with the enhanced formation of
formate at 280 K, as the increased diffusion rate and the
reduced transient concentration of molecules is expected to
foster the formation of AuO, phases at the expense of the
transient concentration of atomic oxygen. The AuO, phases
are known to favor the formation of formate, while atomic
oxygen is beneficial for methyl formate formation and also
shown to be active in total oxidation of formate.?® Thus, it is
clear that the deactivation of the Au(332) surface is not lifted
under the applied conditions by an increased surface
temperature, before methyl formate formation ceases.

The flux dependence of the methanol oxidation to methyl
formate on Au(332) was studied by pulsed isothermal MB
experiments at 230 K (Fig. 3). In these experiments, atomic
oxygen was similarly pulsed (200 s on, 300 s off), while
methanol was supplied continuously in excess in the gas
phase. Experiments were conducted with a rather high
oxygen atom flux (0.4 x 10" s 2, 2.6 x 10° ML s,
approx. 0.5 ML per pulse, Fig. 3a and b) and with a
significantly lower oxygen atom flux (0.08 x 10" %, 0.6
x 10 ML s ', approx. 0.12 ML per pulse, Fig. 3c and d). For
each set of oxygen fluxes, measurements with a high (52.7 x
10" s em™, 19.6 x 1077 mbar, Fig. 3b and d) and a low
methanol flux (4.3 x 10" s ecm™, 1.6 x 10~ mbar,
Fig. 3a and c) were performed (see also Table 1 for details).
For ease of reading, the flux conditions are abbreviated as
the following, e.g. hiMloO denoting the experiment applying
a high methanol flux and a low oxygen flux (see also Table 1).
Upon increasing the oxygen flux, the initial methyl formate
formation rate at the beginning of the pulse sequence
increases for both methanol fluxes (see also Table 1). This is
qualitatively in agreement with the expectation that methyl

This journal is © The Royal Society of Chemistry 2022
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Fig. 3 Pulsed isothermal MB experiments of the partial methanol oxidation on Au(332) to methyl formate (molecular peak: m/z = 60) at 230 K
under a continuous methanol flux, while applying pulses of atomic oxygen (200 s, delay 300 s). An atomic oxygen flux of 2.6 x 10> ML s ~ 0.4 x
10%% st cm™ is applied in (a) and (b), while in (c) and (d) a flux of 0.6 x 107> ML s ~ 0.08 x 10** s™* cm™ was used. The methanol flux applied in (a)
and (c) was 4.3 x 10'®* st cm™ (p(MeOH) = 1.6 x 10”7 mbar), while in (b) and (d) a methanol flux of 52.7 x 10** s cm™ (p(MeOH) = 19.6 x 107/

mbar) was used.

Table 1 Atomic oxygen flux f(O), methanol flux f(CHsOH), their gas phase ratio ([CHzOH):f(O) for the pulsed isothermal MB experiments on the
methanol oxidation at 230 K on Au(332) (Fig. 3 and 4) and the initial methyl formate formation rate vo(MF)

Name f(CH;0H) [10™ 57" ecm™?] f(O)[10"7 s em™?] Approx. flux ratio f(CH;O0H):f(O) Approx. vo(MF) [10"" s7' cm™?]
a loMhiO 4.3 0.4 10 4
b hiMhiO 52.7 0.4 130 4.8
c loMloO 4.3 0.08 55 1.6
d hiMloO 52.7 0.08 660 2.8

formate formation is limited by the availability of activated
oxygen. However, the increase in the rate of methyl formate
formation is considerably lower than the five-fold increase of
oxygen flux, a direct consequence of the complex reaction
network with competing reaction paths. When increasing the
methanol flux, the initial methyl formate formation rate also
increases, at least slightly, despite the applied excess of
methanol flux (factor of >10, see also Table 1). To this end, it
is important to note that oxygen does not desorb from
Au(332) at 230 K,*® while there is no stable methanol
adsorption on gold at 230 K (methanol desorption
temperature: 155 K on Au(111),>' 200 K on clean Au(110),"®
220 K on 0.2 ML O pre-covered Au(111)'®). Hence, the
methanol to oxygen ratio on the surface is significantly
reduced as compared to that in the gas phase. It should be
noted that the increase of the initial rate is less pronounced
for the high methanol and the high oxygen fluxes as
compared to the lower fluxes. In all measurements of this
series, the methyl formate formation rate decreases across
the pulse sequence. The rate reduction at the end of the

This journal is © The Royal Society of Chemistry 2022

pulse sequence relative to the initial rate is overall very
similar (approx. 40%) for the different applied conditions,
except for the loMloO measurement (Fig. 3c) where the
relative rate decrease is smaller (approx. 10%). For the high
oxygen fluxes used here, the rate decrease across the pulse
sequence was previously found to be correlated to the
accumulation of formate species blocking the active surface
sites for methyl formate formation.>®

In situ IRAS measurements conducted during the oxygen
pulse as well as during the delay times of the pulsed
isothermal MB experiments are displayed in Fig. 4. For the
loMhiO measurement (Fig. 4a), a strong signal at around
1332 em™ " and weaker signals at around 2832 cm™' and 2907
em™ are clearly detectable and are assigned to the v4(OCO)
stretching, v,CH and a combination of the v5(OCO) and v,CH
modes of bidentate formate species based on the results by
Senanayake et al. for Au(111).>>?* As previously reported,*
the formate intensity effectively increases mainly during the
delay times between the oxygen pulses, demonstrating the
accumulation of residual oxygen during the pulse for the

Catal. Sci. Technol., 2022,12,1418-1428 | 1421
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Fig. 4 In situ IRAS measurements conducted during the pulsed isothermal MB experiments of the methanol oxidation on Au(332) at 230 K (see
also Fig. 3) under a continuous methanol flow, while applying pulses of atomic oxygen (200 s, delay 300 s). An atomic oxygen flux of 2.6 x 10™> ML
st~ 0.4 x 10" st cm™2 is applied in (a) and (b), while in (c) and (d) a flux of 0.6 x 10> ML s™* ~ 0.08 x 10*®* s™* cm™ was used. The methanol flux
applied in (a) and (c) was 4.3 x 10** s> cm ™ (p(MeOH) = 1.6 x 10”7 mbar), while in (b) and (d) a methanol flux of 52.7 x 10** s cm 2 (p(MeOH) =
19.6 x 10”7 mbar) was used. IRAS measurements (duration approx. 3 min) were conducted during the oxygen pulses (blue, start approx. 5-10 s
after the beginning of oxygen pulse) and also in the delay times (red, start after approx. 10-20 s after the end of oxygen pulse, when the methyl
formate formation rate was roughly decreased to background level) across the pulse sequence (from top to bottom).

loMhiO measurement. The nearly constant intensity during
the oxygen pulses was explained by the increased (oxidative)
decomposition of formate due to a higher concentration of
(atomic) oxygen.”> These formate signals exhibit a lower
intensity, when a lower oxygen flux (Fig. 4c and d) or higher
methanol flux (Fig. 4b and d) is applied. For the hiMloO
experiment (Fig. 4d), the signals are basically absent. These
observations agree with the expectation that overoxidation to
formate, as compared to methyl formate formation, should
be reduced for lower oxygen contents (relative to methanol).
In the measurements with a high methanol flux,
additional broad signals at around 2948 cm™’, 2918 cm ",
and 2816 cm™ and a sharper one at around 1015 cm™" are
observed during the oxygen pulse, while being absent in the
delay times. The intensity of these species is somewhat lower
for the experiment with a low oxygen flux (hiMloO, Fig. 4d)
as compared to that in the hiMhiO measurement (Fig. 4b).
These results point to the presence of methoxy species, which
is corroborated by the good agreement with the value
reported for the vco mode of methoxy in EELS
measurements on Cu(110) with a signal at around 1015
em™.** The signal of the vc_o mode is, however, red-shifted
compared to previous HREELS results for Au(111) displaying
at 160 K a signal at 1060 cm™"." Yet, it should be noted that
these HREELS measurements exhibit a signal at 1020 cm™
for a surface temperature of 225 K which is in fair agreement
with the position observed here for Au(332). The signals at

1422 | Catal Sci. Technol., 2022, 12, 1418-1428

around 2948 cm ™", 2918 cm ™" and 2816 cm ™' can be assigned
to the C-H stretching modes of methoxy. While the C-H
stretching signals differ in shape and are red-shifted as
compared to previous reports for HREEL spectra on
Au(111),"> "*C-methanol adsorbed at low temperature on
clean Au(332) yielded IRAS signals in the C-H stretching
region which are similar in shape, but are shifted (Fig. S17).
A signal shift is expected (at least) due to the use of a
different isotopologue of methanol. The spectral shape of the
C-H stretching region, however, is expected to be similar for
methanol and methoxy supporting the assignment to
methoxy. Across the pulse sequence, the intensity of these
methoxy signals during the oxygen pulse decreases for the
hiMhiO measurement, while the signal intensity of formate
related lines increases (Fig. 4b) which is consistent with the
poisoning of adsorption sites for methoxy by formate species.
For the hiMloO experiment (Fig. 4d), where no clear formate
accumulation is detected, in contrast, the intensity of the
methoxy signals appears to even increase at the beginning of
the pulse sequence, exhibiting only a slight intensity decrease
towards the end of the pulse sequence.

Thus, in agreement with expectations, in situ IRAS shows
a lower accumulation of formate species for lower oxygen
and higher methanol fluxes. Yet, the relative surface
deactivation for methyl formate formation does not differ
accordingly, especially for the measurements with a low
oxygen flux: the loMloO measurement displays only a slight

This journal is © The Royal Society of Chemistry 2022
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surface  deactivation, despite  significant  formate
accumulation (Fig. 3c and 4c), while the hiMloO
measurement exhibits a pronounced surface deactivation for
methyl formate, even though no clear evidence for formate
accumulation is detected (Fig. 3d and 4d). Thus, formate
(alone) cannot account for the loss in reactivity towards
partial oxidation to methyl formate. Instead, an additional
mechanism appears to contribute to the observed surface
deactivation for methyl formate which is not clearly
detectable by IRAS measurements. Please note that the
(formally) abstracted hydrogen atoms previously
reported to predominantly react into water or methanol™
both desorbing rapidly from Au(332) at 230 K. Hydrogen was
reported for TPR experiments to desorb in trace amounts in
the oxidation of methanol on Au(110) at 250 K,'® i.e. above
the temperature for associative hydrogen desorption observed
at 215 K.>* Thus, also small amounts of potentially formed
hydrogen should desorb at 230 K and are not expected to
cause surface deactivation. Moreover, it should be
emphasized that accumulation of oxygen on the surface is
not the origin of this additional deactivation: (i)
accumulating residual oxygen was connected to formate
formation®® which is not clearly detected for the hiMloO
measurement (Fig. 3d and 4d). From the loMloO
measurement (Fig. 3c and 4c), it can be estimated that less
than 0.25 MLs of residual oxygen are sufficient to clearly
observe the formation of formate species (after the third
pulse). The (maximum) amount of oxygen which may
accumulate on the surface was estimated based on the
absolute methyl formate formation rate and the applied
oxygen flux, neglecting any oxygen consumption due to
formaldehyde desorption or CO, formation. For the hiMloO
experiment (Fig. 3d and 4d), a maximum of 0.3 ML oxygen at
the end of the measurement may have accumulated,
potentially sufficient for formate formation which is however
not detected, suggesting the oxygen accumulation to be
negligible under these conditions. (ii) For the loMhiO
measurement where formate formation in the delay times
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attests to the presence of residual oxygen, the transient pulse
shape does not show decreasing methyl formate formation
rates across the pulse duration, suggesting no significant
deactivating effect of accumulating oxygen on the methyl
formate formation under these conditions. (iii) The
additional deactivation is clearly observed for the hiMloO
measurement corresponding to the highest applied methanol
excess in the gas phase in this series, suggesting a
sufficiently high methanol surface concentration for a fast
consumption of rather low amounts of oxygen (an upper
bound of 0.04-0.07 MLs of unreacted oxygen per pulse can
be estimated based on the methyl formate formation).

To further wunderstand the surface deactivation
mechanisms, the relative reduction of the methyl formate
formation rate (with respect to the initial rate) is displayed as
a function of the oxygen and the methanol exposure (after
the first oxygen pulse) in Fig. 5a and b, respectively. For the
(three) experiments in which significant formate
accumulation on the surface is observed (Fig. 4a-c), the
relative decrease of the rate exhibits a similar correlation with
the oxygen exposure, further validating the role of formate in
the deactivation under these conditions. In contrast, the
hiMloO measurement (green symbols, Fig. 5a), for which
essentially no formate was detected, exhibits a significantly
faster deactivation, indicating the contribution of other
deactivation mechanism(s). Additional indication for the
importance of an additional mechanism can be found
comparing the experiments with a high oxygen flux (red and
black symbols in Fig. 5a): the relative rate decrease as a
function of the oxygen exposure is the same, but the amount
of formate observed by IRAS is significantly different (see
Fig. 4a and b) which is inconsistent with formate being the
only cause for the observed deactivation.

Considering next the relative rate reduction as a function
of the methanol exposure (Fig. 5b), the correlation varies
significantly between the different experiments. For the
loMhiO experiment, with the lowest applied methanol to
oxygen flux ratio (black symbols, Fig. 5b), the relative rate
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Fig. 5 Methyl formate rate decrease AR relative to the initially observed rate at the beginning of the pulse sequence for the different pulsed
isothermal MB experiments conducted at 230 K on Au(332) (see also Fig. 3 and 4) as a function of (a) the oxygen exposure and (b) the methanol
exposure (after the first oxygen pulse): low methanol and high oxygen flux (black squares, Fig. 3a), high methanol and high oxygen flux (red circles,
Fig. 3b), low methanol and low oxygen flux (blue triangles, Fig. 3c), and high methanol and low oxygen flux (green triangles, Fig. 3d). The

connecting line is a guide to the eye.
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reduction is steeper than those for the other measurements
attributed to the highest formate accumulation. In contrast,
for the highest methanol to oxygen flux ratio (hiMloO) where
no clear formate accumulation was detected, a kind of
bimodal behavior is observed, i.e. the initially steep decrease
flattens towards the end of the pulse sequence (green
symbols, Fig. 5b). The initial steep decrease is similar to that
observed for the loMloO measurement (blue symbols,
Fig. 5b), while the flatter slope is similar to that observed for
the hiMhiO measurement (red symbols, Fig. 5b). While the
slightly steeper slope for the loMloO measurement (blue
symbols, Fig. 5b), as compared to the initial slope for the
highest methanol to oxygen flux ratio (hiMloO, green
symbols, Fig. 5b), may be (partially) attributed to formate
accumulation blocking active surface sites, the rather shallow
initial relative rate decrease for hiMloO (red symbols,
Fig. 5b), where also significant formate signals are detected,
cannot be explained in a similar manner, but points to the
importance of a different deactivation mechanism under
oxygen-deficient conditions which causes an even faster,
methanol dependent deactivation than the formate
accumulation under the investigated conditions.

Additional pulsed isothermal MB experiments (with a
different methanol batch) were conducted to test this
hypothesis: extending the delay time between the oxygen pulses
and thus, increasing the methanol exposure, while keeping the
methanol to oxygen ratio during the oxygen pulse constant,
resulted in a stronger methyl formate rate reduction for a
constant oxygen exposure (Fig. S2t). In addition, prolonging
the methanol exposure before the first oxygen pulse resulted in
an even reduced initial rate (Fig. S3f). Both results are
consistent with the (proposed) blocking of surface sites for
methyl formate formation by species related to the exposure to
methanol. This deactivation pathway is further justified by the
rate decrease during each oxygen pulse, as expected for a
decreasing number of available surface sites reactive for methyl
formate formation. With this batch of methanol, in situ IRAS
across the pulse sequence evidenced the accumulation of
species containing C-H bonds; however, there is a lack of clear
signals attributable to CO modes (Fig. S21). These species block
the surface for CO adsorption (Fig. S41) and were found to be
oxidizable by atomic oxygen at 230 K, as previously shown for
formate species.”® Furthermore, a short annealing i. vac. to 310
K and 450 K results in the reduction and even the
disappearance of IRAS signals that characterize these species
restoring the ability of the surface to adsorb CO and re-
establishing the surface activity for methyl formate formation
(Fig. S4 and S5t). These results suggest the C-H bond
containing species to be molecular species bound moderately
strongly on the Au(332) surface, presumably an impurity
present in the methanol. It should be noted that high purity
methanol was used also in these experiments which did not
display, however, clear evidence for impurities in the QMS
measurements implying that even very small concentrations
may be detrimental to the surface reactivity towards methyl
formate. For the measurements with a high methanol flux
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(Fig. 3 and 4), a similar effect may have caused the observed
deactivation as indicated by a comparable correlation to a high
methanol flux and rather oxygen-deficient conditions as well as
by decreasing methyl formate formation rates across the pulse
duration for methanol-rich conditions. Presumably, a different
type of species accumulates which may escape IRAS detection
due to very low concentrations or the metal surface selection
rule preventing detection of vibrational modes parallel to the
surface. Due to the lack of IRAS signals, it is unfortunately
impossible to distinguish which of the trace impurities in the
methanol is causing the deactivation. The more pronounced
deactivation observed at low oxygen flux indicates that these
species can possibly be oxidized by atomic oxygen at 230 K on
the Au(332) surface, as was shown for the contaminants having
an IR spectrum discussed above.

The selectivity towards methyl formate with respect to the
number of supplied oxygen atoms is given in Fig. 6a as a
function of the methanol to oxygen flux ratio. Significant
fragmentation in the QMS of methanol and methyl formate
hampers quantification of formaldehyde desorption which is
expected to compete effectively with methyl formate
formation under the applied single collision conditions.
Similarly, the quantification of the CO, formation rate
resulting from the total oxidation of methanol on Au(332) is
not possible because of background reactions of the chamber
also exposed to atomic oxygen. Please note that methyl
formate is exclusively formed on the Au surface. Thus, the
selectivity towards methyl formate S(MF) is based on
quantitative calibrations of the atomic oxygen flux f(O) and
the methyl formate flux f(MF) based on the QMS signal (m/z
= 60) considering that two oxygen atoms are required for
methyl formate formation from methanol:

S(MF) = 72?8\;1;) 1)

The selectivity is given for all experiments of this series
for both the beginning (pulse 1, solid symbols) and the
end (pulse 5, open symbols) of the pulse sequence.
Overall, the selectivity towards methyl formate increases
for a higher methanol to oxygen flux ratio reaching an
initial value of approx. 65% for hiMloO, the highest
applied methanol to oxygen flux ratio (factor of approx.
660). Moreover, the selectivity is larger for the experiments
where a low oxygen flux was applied. This is in qualitative
agreement with results for np-Au catalysts, TPR
experiments and kinetic simulations.>**>*%! The absolute
values remain, however, clearly below those reported for
np-Au catalysts. This 1is expected because of the
competition  between coupling and desorption of
formaldehyde (desorption temperature from clean Au(110)
is 160 K (ref. 35)) which limits the selectivity under single
collision conditions, whereas desorbed formaldehyde can
undergo multiple collisions with the surface of np-Au
catalysts allowing for a subsequent coupling reaction to
methyl formate and, thus, an enhanced selectivity.”?

This journal is © The Royal Society of Chemistry 2022
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Fig. 6 Selectivity to methyl formate S(MF) with respect to the number of supplied oxygen atoms for the pulsed isothermal MB experiments of the
methanol oxidation on Au(332) at 230 K shown in Fig. 3 displayed as a function of (a) the methanol to atomic oxygen flux ratio f(CHzOH) : f(O) and
(b) the relative IRAS signal intensity as indicated by the amplitude of the formate band at 1332 cm™ at the end of the pulse sequence relative to
the maximum observed in this series. The initial selectivity (pulse 1, solid symbols) and the selectivity at the end of the pulse sequence (pulse 5,

open symbols) are shown.

A discussion of the observed selectivity in a simplified
kinetic model assuming low coverage, constant availability of
reactive sites, etc. is hampered by the complexity of the reaction
network, e.g. the presence of deactivation processes discussed
above. The effect of the latter is readily seen for the experiments
done at low oxygen flux, for which a high methanol pressure
(hiMloO) exhibits a significantly higher initial selectivity than
that observed for the loMloO experiment, while the selectivity is
significantly lower and more importantly similar for both
methanol pressures at the end of the pulse series.

Based on the proposed reaction mechanism, a high
methanol to oxygen ratio on the surface is expected to be
beneficial for methyl formate formation, while the lowering
of this ratio should favor overoxidation.>'>#! In addition,
the competition of formaldehyde desorption with subsequent
coupling to methyl formate is expected to lower the selectivity
towards methyl formate for lower surface concentrations, in
specific also for lower surface concentrations of methoxy, in
the case of single scattering conditions. While these
considerations allow reconciling the changes in the initial
selectivity found for the two pairs of experiments using high
and low oxygen fluxes, respectively, the higher selectivity
towards methyl formate found for a methanol to oxygen ratio
of 55 (loMloO) as compared to the hiMhiO experiment with a
ratio of 130 cannot be understood based on these simplified
considerations. The IRAS results presented above clearly
show that the hiOhiM conditions lead to a significant
transient concentration of methoxy on the surface as well as
a sizeable amount of unreacted oxygen at the end of the
pulse which gives rise to the formation of formate species in
the delay periods.”” In contrast to that, the loMloO IRAS
experiments show no indication for a significant transient
methoxy concentration and a considerably reduced formation
of formate. Hence, the transient concentration of ‘excess’
activated oxygen, i.e. oxygen which does not contribute to
methyl formate formation, but tends to form AuO, phases
and is known to shift the selectivity towards overoxidation
products, has to be considered as one factor determining the

This journal is © The Royal Society of Chemistry 2022

selectivity of the surface. This interpretation is further
corroborated by the fact that the selectivity drops
monotonously with increasing amounts of excess oxygen
atoms at the end of the pulse as estimated from the relative
IR intensity of formate (Fig. 6b). It is important to note that
overoxidation is rather efficient for the hiMhiO experiment
even though there is a significant transient concentration of
methoxy, whose surface concentration is critical for methyl
formate selectivity as it needs to react with transiently formed
formaldehyde before the latter becomes overoxidized or
desorbs. This implies that the methanol supply from the gas
phase is not sufficient to react with the oxygen atoms
deposited on the surface predominantly to methyl formate,
corroborating the expectation that the ratio of methanol to
oxygen on the surface is significantly smaller than expected
based on the impinging fluxes. The blocking of surface sites
by oxygen as well as methoxy found for the hiMhiO
measurement also allows explaining the less pronounced
increase of the initial rates for high oxygen and high
methanol fluxes as compared to the low fluxes (Fig. 3).

Given the significant role of methoxy species on the
reaction network, it is interesting to discuss the intensity of
the methoxy species observed for the experiments with high
methanol flux in more detail. Based on the previously
suggested reaction mechanism'>™"” (see also Fig. 2), the
steady state concentration of methoxy [H3COlys should be
obtained by equating the rate of its formation (reaction of
methanol with activated oxygen) to the rate(s) of its
consumption (reactions to formaldehyde or methyl formate):

kH3CO [CHS OH] [oact]
kcr,0[Oact] + ku,cocro[CH20][Oqct]

[H3CO]stst = (2)
with [CH30H], [CH,O] and [O,.] denoting the steady state
surface concentrations of methanol, formaldehyde and
activated oxygen, respectively, and ky,co, kcn,o and kyocho
denoting the rate constants for methoxy, formaldehyde and
methyl formate formation, respectively. Assuming only one
type of activated oxygen species and the steady state
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concentration of formaldehyde to be independent of the
activated oxygen concentration, for simplicity, the steady
state concentration of methoxy should increase with the
methanol concentration, but should be independent of the
oxygen flux. While the methoxy concentration increases with
methanol concentration (Fig. 4b and d as compared to
Fig. 4a and c, respectively) in agreement with this simplified
model, the model clearly fails to predict the observed
increase of the initial methoxy concentration by a factor of
approx. 2.5, when the oxygen flux is increased by a factor of 5
(Fig. 4b as compared to Fig. 4d). The observed reduction in
selectivity towards methyl formate associated with the
increase in oxygen flux indicates that the second
consumption reaction in eqn (2) is significantly suppressed,
which would result in a higher steady state concentration of
the methoxy species. It should be noted that this simple
model neglects the effects of the various types of activated
oxygen species, such as atomic oxygen, oxidic AuO, phases of
different island sizes, or O-Au-O chains on step
edges,">" 19338 here summarized as O, on the formation
and consumption reactions of methoxy as well as the
influence of competing reaction channels, such as
formaldehyde desorption or overoxidation of formaldehyde
whose relative importance also depends on the relative
concentration of the various types of activated oxygen
species. The loss of the methoxy signal at the end of the
hiMhiO pulse sequence is correlated with the increase of the
formate concentration on the surface. Previous experiments
suggested that the formate concentration on the surface is
sizable*® under these conditions, rendering site blocking by
formate a viable explanation for the observed loss in methoxy
concentration. However, the surface is still active towards
methyl formate formation, which clearly shows that although
a significant number of sites for adsorbed methoxy is
blocked, the surface can still accommodate a sufficiently high
transient concentration of methoxy to produce methyl
formate. This also shows that methanol required for
subsequent methoxy formation still adsorbs under these
conditions. Based on the previously suggested reaction
mechanism'™” (see also Fig. 2), it is expected that the rate

d[H; COCHO]
dt

of methyl formate formation ( is proportional to

the surface concentration of methoxy:

d[H;COCHO]

r = ku,cocuo[H3COJ][CH,0] [0y (3)

Experimentally, the reduction in methyl formate formation is
considerably smaller than the loss of methoxy concentration on
the surface. This is in line with the expectation that
formaldehyde formation and neither the methoxy concentration
nor the preceding methanol adsorption is rate limiting.

For the hiMloO experiment, an increase of the methoxy
concentration is observed if comparing the first and the
second pulse. This can be understood along the same lines
as the discussion above, as this increase in methoxy intensity
is associated with a significant drop in methyl formate
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selectivity (Fig. 5b, green symbols), and hence a reduction in
one of the depletion channels for methoxy (eqn (2)). However,
this reduction in selectivity between the first two pulses is
not associated with significant site blocking for methoxy. In
contrast, the methanol related deactivation dominates under
oxygen-deficient conditions. This observation can be
understood assuming a preferential blocking of a small
number of sites which are, however, highly reactive for
methyl formate formation. Please note that under these
conditions, a fraction of deactivating species clearly below
the per mill range is sufficient for blocking of a small
number of sites. While the exact nature of these highly
reactive sites towards methyl formate formation cannot be
determined from these measurements, viable candidates for
minority sites on the stepped Au(332) surface which bind the
methanol related deactivating species strongly are low-
coordinated sites, such as steps or kinks (present due to a
miscut with respect to the ideal (332) orientation®).

As compared to np-Au catalysts, the methyl formate
formation decreases in the isothermal MB experiments on
Au(332) already at rather low temperatures, where methanol
conversion with molecular oxygen on np-Au is still small, but
increases significantly for higher temperatures.>* Similar to the
enhanced selectivity on np-Au, this can be attributed to effective
re-adsorption and subsequent coupling to methyl formate of
desorbing formaldehyde (and methanol) for long contact times
in np-Au catalysts'' as compared to the single collision
conditions applied in the MB measurements. At lower
temperatures, the isothermal MB experiments show under all
applied conditions a deactivation of the Au(332) surface for
methyl formate formation. The deactivation due to formate
accumulation observed for oxygen-rich conditions is expected to
be less relevant for np-Au studies with rather low oxygen
concentrations under typically applied conditions. However, for
increased oxygen or Ag contents, this channel may become
more important resulting in unwanted overoxidation products,
such as CO,, for higher temperatures.>™® Under oxygen-
deficient conditions, a different deactivation related to
methanol or an impurity in methanol was found to be
important on Au(332). While surface deactivation by impurities
may appear to be a trivial issue, this methanol related
deactivation is very effective at low temperatures under oxygen-
deficient conditions, thereby blocking the active sites on the
Au(332) surface for methyl formate formation, even for high
purity methanol. Thus, in np-Au studies with molecular oxygen
where the surface concentration of activated oxygen is typically
rather low,""'® a similar mechanism may be relevant.
Specifically, it may be important for achieving steady state
conditions at low temperatures. So far, steady state reactivity in
the methanol oxidation to methyl formate on np-Au has been
reported for temperatures >20 °C,> while oxygen activation on
np-Au catalysts proceeds already at temperatures significantly
below 0 °C as evidenced by CO oxidation."*® Moreover,
carbonaceous deposits were recently reported to be present on
np-Au catalysts under non-steady state conditions with
decreasing amounts as the temperature increases to 323 K and

This journal is © The Royal Society of Chemistry 2022
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further to 423 K, which is the steady-state reaction temperature
applied in the np-Au study."* While the authors suggested the
carbonaceous deposits to be adsorbed on residual Ag in the np-
Au catalyst, our results indicate that even Au sites may be
blocked at low temperatures after high exposures to methanol,
even when high purity methanol is used.

Conclusion

The influence of surface temperature and variation of the flux
on the (partial) methanol oxidation over the stepped Au(332)
surface was investigated by pulsed isothermal molecular
beam experiments. In these measurements, atomic oxygen
provided by a thermal cracker was pulsed, while methanol
was provided continuously, at an excess in the gas phase.

With increasing surface temperature, the methyl formate
formation rate exhibits a maximum at 250 K under the applied
(single collision) conditions, as the desorption of methanol
and formaldehyde limits the coupling reaction to methyl
formate. The surface deactivation observed across the pulse
sequence is not lifted by an increased surface temperature in
the investigated temperature range, but even slightly increases.

Variation of the methanol and oxygen fluxes demonstrated a
reduced surface deactivation across the pulse sequence, when
both the methanol flux and the atomic oxygen flux were chosen
to be rather small. For oxygen-rich conditions, i.e. low methanol
to oxygen flux ratios, in situ IRAS measurements evidence the
increased formation of formate species blocking the surface for
methoxy and methyl formate formation. At high methanol
fluxes and under rather oxygen-deficient conditions, an
additional deactivation mechanism is effective in reducing
methyl formate formation at low surface temperatures which
may also be important for achieving steady state conditions on
np-Au catalysts at low temperatures. In contrast to deactivation
by formate species, the results indicate that this methanol
related deactivation preferentially blocks a small number of
highly reactive sites for methyl formate formation, while
methoxy formation is (initially) not reduced by this deactivation.

In agreement with expectations, the selectivity to methyl
formate increased for higher methanol to oxygen ratios.
Deviations from this trend were observed, however, for
conditions where the number of available surface sites is
expected to be limited. A maximum selectivity to methyl
formate of 65% was achieved for the highest applied
methanol to atomic oxygen flux ratio of approx. 660.

These results demonstrate the importance of deviations
from the idealized methanol oxidation mechanism on gold
arising from different deactivation pathways and thus,
provide additional insights into the processes under
isothermal conditions at low temperatures.
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