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methanol oxidation catalysis

During a heterogeneous catalytic reaction, unique information about the reaction
mechanism can be obtained when chemical events and species both on the surface
and in the near-surface gas phase are studied. This is true for methanol oxidation to
upgraded products, where valuable information on the role of surface-bound
formaldehyde is deduced through observations made on both regions.
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SUMMARY

We combine near-surface molecular beam mass spectrometry—a
probe of the gas phase within hundreds of micrometers of catalyst
surfaces—and surface-sensitive infrared spectroscopy to study
methanol oxidation at atmospheric pressure with the use of MgO-
supported PdO,. The study of adsorbate and near-surface gas-
phase compositions under reaction conditions suggests that the
fate of surface-generated CH,O—its desorption, its spillover, and
its reaction with surface oxygenates—is central to C, product gener-
ation. However, the reactivity of CH,O prevents its observation on
surfaces. The key support for the mechanistic claim originates
from observations of gas-phase methoxymethanol, which is too
reactive for detection by traditional techniques: this molecule con-
tains the dioxymethylene group, implicating a methylene-contain-
ing intermediate in the initial coupling event. This work shows that
probes of the near-surface region yield information complementary
to that obtained through surface-sensitive spectroscopy. Their com-
bined use is an underexplored, yet powerful, strategy for devel-
oping and constraining reaction pathways for catalysis.

INTRODUCTION

Operando surface-sensitive spectroscopy that probes the identities of molecular ad-
sorbates contributes essential information toward discovering the reaction mecha-
nisms of heterogeneous catalytic systems.’ The data obtained from the use of this
tool are made more impactful when combined with product identification in reactor
effluents; thereby, specific surface adsorbates can be correlated with reaction out-
comes.” However, the primary products of heterogeneous reactions—those species
that desorb from catalyst surfaces—might undergo chemical transformation from
subsequent interactions with the catalyst, the reactor wall surfaces, or the down-
stream experimental apparatus and are thus often not reflected in reactor effluent
analyses even when care is taken to operate in regimes of differential conversion
where secondary reactions are minimized. For some reactions, primary products
are too reactive or unstable to be detected by conventional analysis tools. In
many cases, investigators will be unaware of the presence of reactive or unstable pri-
mary products in the gas phase unless an interrogation tool with the required detec-
tion selectivity is applied. Examples of this include high-temperature reactions that
release radicals into the gas phase (e.g., alkyl and hydroxyl radicals during oxidative
dehydrogenation or coupling of alkanes™* and hydrogen radicals during direct
dehydrogenation of alkanes).” Conversion of simple alcohols occurs at comparably
low temperatures, yet can also produce a variety of highly reactive species, including

THE BIGGER PICTURE

We obtain impactful information
about heterogeneous reactions
by correlating chemical events
and species on catalyst surfaces
with reaction outcomes. However,
for many systems, the molecules
desorbing into the near-surface
gas phase are not the same as
those detected in reactor
effluents; they might be too
reactive to exist there. Here, we
combine measurements of the
surface and near-surface gas
phase and report insights
unavailable from interrogation of
only one of those regions. We
study methanol oxidation with the
use of MgO-supported PdO,
catalysts. Under conditions
selective for C;, product
generation, surface-sensitive
measurements indicate the
presence of methoxy and formate
adsorbates. However, detection
in the near-surface gas phase of
abundant methoxymethanol—a
species too reactive to be
detected by traditional
techniques—and its associated
chemical structure provide
evidence that formaldehyde,
undetected on the surface but
transiently present, is the key
intermediate for the reaction.
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closed-shell oxygenates® and radicals’ that exist only transiently in conventional
reactor beds. For these and many other systems, it is useful to consider, by analogy
with the goals of operando tools to analyze solids, that the near-surface gas phase

contains reaction fingerprints that can similarly contribute mechanistic inputsf""

Here we analyze both the surface and the near-surface gas phase during oxidative
conversion of methanol with MgO-supported Pd. In this study, the phrase “near-sur-
face” refers to the gas-phase region within several millimeters of the catalyst surface.
Near-surface molecular beam mass spectrometry (ns-MBMS)” is used as a universal
detector of species at a position 500 pm above the surface of the packed catalyst
powder, and diffuse reflectance infrared Fourier transform spectroscopy (DRIFTS)
is used to track the vibrational signatures of adsorbates. We show that when the spe-
cies compositions of the two phases are correlated, the mechanisms derived from
these correlations are uniquely constrained by capture of elusive intermediates in
the gas phase. Specifically, our approach facilitates the study of near-surface me-
thoxymethanol (CH3OCH,OH), which is a reactive intermediate species generated
by heterogeneous catalytic methanol oxidation whose reaction/decomposition pre-
cludes its detection through conventional tools such as gas chromatography, but
which we have recently detected and analyzed by ns-MBMS.® One of our most
important observations is that methyl formate (CH;OCHOQ) and methoxymethanol
desorb as products concurrently for all conditions examined, suggesting they share
a mechanistic connection. This connection is understood through interpretation of
surface-sensitive DRIFTS measurements: whereas under reaction conditions the
catalyst surface is densely populated with methoxy (CH30) and formate (HC(O)O)
species in a variety of bonding configurations, the presence of the dioxymethylene
(O-CH»-0) group in near-surface methoxymethanol requires that formaldehyde
(CH,0), undetected on the surface but transiently present, be the primary building
block of the C; oxygenates.

RESULTS

Approach to interrogating both the surface and the near-surface gas phase
Figure 1 provides an overview of the approach used in this study. Figure 1A shows
representative operando DRIFTS spectra, and the right panel shows ns-MBMS
data, sampled through a quartz microprobe at a fixed position 500 pm above the
surface of the packed catalyst powders. The insets show online mass spectrometry
data recorded from the effluent of the DRIFTS reactor cell (hard ionization using a
conventional quadrupole spectrometer at 70 eV electron energy), which were peri-
odically recorded to confirm that the identities of evolved products during DRIFTS
matched those found by ns-MBMS. Details of the ns-MBMS apparatus for heteroge-
neous catalysis are provided in a recent publication,” and an updated diagram of the
setup is provided in Figure S1. The measurements for this study were recorded in a
reactor that utilizes a stagnation flow configuration,'® as shown schematically at the
top of Figure 1B. Use of stagnation flow simplifies the flow profile in the near-surface
region: reactant and productdiffusion occurin a 1D boundary layer perpendicular to
the packed catalyst surface. The stagnation flow configuration is not particularlyrele-
vant to this study, except that it provides highly reproducible flow conditions and
minimizes radial concentration gradients.

As shown in the representative data in Figure 1, the MgO-supported Pd catalyst sys-
tem was investigated through independent measurements with samples pre-
oxidized by O, (PdO/MgQ), mixed-valent samples pre-oxidized and reduced with
H; (Pd-PdO/MgO), and the bare MgO support (see the supplemental information

2 Chem Catalysis 3, 100782, October 19, 2023

Chem Catalysis

'Department of Chemical Engineering, University
of California, Davis, Davis, CA 95616, USA

2Combustion Research Facility, Sandia National
Laboratories, Livermore, CA 94551, USA

3Department of Materials Science & Engineering,
University of California, Davis, Davis, CA 95616,
USA

“Lead contact
*Comespondence: ckrona@ucdavis.edu

https://doi.org/10.1016/j.checat.2023.100782


mailto:ckrona@ucdavis.edu
https://doi.org/10.1016/j.checat.2023.100782

Chem Catalysis

A B
L]~
Operando DRIFTS Near-surface MBMS e
(surface-sensitive) (lfgo‘tg's]ff;:;" ) *—T—f
M —L M+ 2e ” i »)
PdO/MgO oy T H
HO 2 P [o=0) ., =
(180 °C) ’ vl i E o
20 24 28 32 36 40 44 48 52 56 80
z .
£
5 £
= | pa-Pdomgo £ ]
) (80-c) g
E 20 24 28 32 36 40 44 48 52 56 &0 ‘!’
- = miz -
- 5
Efr— AN ~E | L
- Z —
m ]
- (180°C) 0 24 28 32 36 40 44 48 52 56 60
miz -1
|

LI DL LA | - LI ) T | |
61.0

Ll ¥ Ll L] I r I I ¥
3000 2750 2500 2250 2000 1750 1500 41250 1000
Wavenumber (cm™)

44.0
miz

60.0

Figure 1. Overview of approach to studying methanol oxidation over MgO-supported Pd
catalysts, illustrated with representative DRIFTS and ns-MBMS data

From top to bottom, data are shown for pre-oxidized samples (PdO/MgQ), pre-oxidized and
reduced samples (Pd-Pd0O/MgQ), and the bare MgO support.

(A) DRIFTS spectra at respective temperatures of activity. Insets: mass spectra periodically
recorded online from cell effluent (70 eV).

(B) Mass spectra from ns-MBMS (500 um above surface) with species identified (17 eV). Opencircles
represent data, and lines represent smoothing. The peaks used for tracking the molecules in this
study are indicated; they correspond to (parent molecule, monitored cation, m/z) water, H;O",
18.01; formaldehyde, CH;0", 30.01; methanol, CH3OH", 32.03; dioxygen, 05", 31.99; carbon
dioxide, CO>", 43.99; methyl formate, C2H4O2", 60.02; and methoxymethanol, monitored at
fragment ion CzHsO5", 61.03.

for information on treatments). This sample naming scheme is based on conclusions
from catalyst characterization, discussed below. The strategy outlined here facili-
tates interpretation of surface adsorbate compositions in the context of near-surface
gas-phase speciation, and vice versa. The reflectron time-of-flight spectrometer has
mass resolution m/Am = 3,500,"" which, along with the use of tunable energies
(nominally 8-20 eV) for soft electron ionization, enables identification of products
and reactive intermediates through simultaneous measurement of isotopologues
as well as energy-dependent fragment ion signals, which serve as fingerprints of
parent molecules (reactants, intermediates, and products). The species analyzed
in this study are identified in the high-resolution mass spectra in Figure 1: methanol
(CH3OH), dioxygen (O,), water (H,0), carbon dioxide (CO,), formaldehyde (CH;0),
methyl formate (CH;OCHO), and methoxymethanol (CH;OCH,OH).

The chemical states of Pd in the catalysts used in this study were analyzed by X-ray
photoelectron spectroscopy (XPS; Figure 2) at the Pd 3d level. Pd 3d spectra in gen-
eral contain two prominent peaks, which originate from spin orbit splitting of the Pd
3dlevel: ca. 334-340 eV (3ds,») and ca. 340-345 eV (3d3,,). For the sample calcined
at 700°C in an Oz/He mixture, the largest contribution to the Pd 3ds,, peak, with
337.2 eV center energy, indicates the presence of Pd®*.'*'* There is an additional
contribution by a peak at 335.5 eV, which originates from Pd°."2 Figure 52 provides
an X-ray diffractogram that shows the presence of PO crystallites in this sample,
which is consistent with the observation of primarily Pd?* through XPS;
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Figure 2. X-ray photoelectron spectra for the catalysts used in this study

PdO/MgO refers to the catalyst calcined at 700°C in O,/He; Pd-PdO/MgO refers to the catalyst
calcined at 700°C in Oz/He and then reduced in H; at 300°C. The radiation source is Mg Ka (1,253.6
eV). Spectra are normalized.

consequently, this sample is referred to as PdO/MgO throughout this study. After
subsequent reduction in H; at 300°C, the intensity distribution in the associated
XPS spectrum (Figure 2) is altered. The most prominent contribution to the 3ds,»
peak is centered at 335.5 eV, which is consistent with reduction to Pd®. Additional
intensity near 338.3 eV is also evident after reduction, which has previously been as-
signed to Pd with a higher oxidation state.'® High-valent Pd, such as Pd**,' has
been observed in MgO-supported Pd,'” and it has been noted that PdO; can be sta-
bilized through the interaction of cationic Pd with oxide supports.’ Given this
mixed-valent character, this sample is referred to as Pd-PdO/MgO throughout this
study. The additional peaks required for the deconvolution of the remaining peaks
in the Pd 3d spectra (3ds,» and satellite peaks) all have physical origins and are
well documented. The three contributions to the 3ds,, peak, discussed above, are
associated with three 3ds, peaks at 5.2 eV higher binding energy.'® Satellite S1
peaks (339.8 and 345.0 eV) have been studied previously and hypothesized to be
related to crystal field or multiplet effects associated with Pd®* ' and are centered
at a binding energy 2.6 eV greater than Pd?* peaks. Satellite 2, which has been re-
ported to originate from a charge transfer process in palladium oxides,'” is
measured here to be centered at 347.2 eV.

A representative high-angle annular dark-field scanning transmission electron mi-
croscopy (HAADF-STEM) image of the PdAO/MgO sample is provided in Figure S3.
Bright intensities in the HAADF-STEM image reveal that the MgO particles support
faceted PdO crystallites with an average particle size of approximately 30 nm.
HAADF-STEM micrographs recorded from Pd-PdO/MgO samples reveal no detect-
able particle sintering during reduction.

4 Chem Catalysis 3, 100782, October 19, 2023
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Figure 3. Operando surface and near-surface characterization of Pd-PdO/MgO during methanol
oxidation

Spectra were recorded between 25°C and 160°C; pch,on/po, = 1.45. *Gas-phase methanol peak.
(A) DRIFTS results; spectral regions characteristic of major vibrational modes are labeled.

(B) ns-MBMS results (500 pm above surface) for reactants (top) and products (bottom). Lines were
added to guide the eyes.

Methanol oxidation with MgO-supported Pd
Pd-PdO/MgO catalysts

Oxide-supported Pd catalysts are commonly used for methanol oxidation,'?*°

and
reaction outcomes can depend on the initial chemical state of the material. For
example, pre-reduction of Pd/Al,Oj catalysts in H has been shown to dramatically
increase low-temperature activity and selectivity toward methyl formate.”' Using the
combined surface-near-surface characterization methodology discussed above, we
examined the pre-reduced MgO-supported Pd powder (Pd-PdO/MgQ) as a meth-
anol oxidation catalyst between 25°C and 160°C. Figure 3A shows the temperature
dependence of DRIFTS spectra recorded during methanol oxidation with a CH30OH/
O, feed ratio of 1.45. The top of Figure 3A contains labels describing the general
character of vibrational modes within the spectral regions where features are
observed to evolve with increasing temperature. In these and all other operando
methanol oxidation spectra in this article, a spectrum recorded on the catalyst pow-
der in He flow prior to introduction of reactants was used as the background.

Figure 3B provides the results of ns-MBMS measurements with the sampling probe
positioned 500 pm above the packed Pd-PdO/MgO powder. In this figure, all spe-
cies’ signals have been corrected to account for gas temperature,” and stable prod-
ucts (CO,, CH30CHO, and CH;0) have been calibrated to adjust for the species’
associated instrument detection efficiencies® (see the supplemental information
for a calibration description). These calibrated signals are referred to as “mole-frac-
tion corrected,” and their ratios quantify product mole-fraction ratios.

The integrated signals plotted in Figure 3B are proportional to reactant and product
mole fractions in the near-surface region. If we take these results together with the
Fourier transform infrared (FTIR) spectra of Figure 3A, it is possible to interpret the
appearance and temperature-dependent concentrations of products released
from the surface in the context of surface adsorbate compositions. At a high level,
it is apparent from the FTIR spectra that with increasing temperature: (1) the inten-
sities of peaks in the v,(OCO) (centered near 1,630 cm™") and v4(OCO) (centered
near 1,330 cm™") regions grow, (2) the relative intensities of peaks in the v(CH) re-
gions (2,700-3,100 ecm~ ") evolve and some new minor peaks appear, (3) v(C=0)

Chem Catalysis 3, 100782, October 19, 2023 5
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peaks (1,800-2,000 em™) grow, and (4) the signatures of gas-phase species (COz(g)
[2,348 cm~ "] and CH30CHO,[1,752 cm~']) become evident. It is known from many
prior methanol oxidation studies that the wavenumbers for the v,(OCO) and
v,(OCO) modes observed here correspond to those of surface-bound formates™
(HC(O)Oy; throughout this article, the subscript “(s)" refers to surface-bound spe-
cies). The absorption in the v(CH) region reflects contributions from all adsorbed
species with C-H bonds, including CH;OHy,), methoxy (CH30(,), and HC(O)Oy,.**
The spectral features centered near 1,050 cm ! are associated with v(CO) modes
of CH3OH (1,050 em™), CH30) (monodentate, 1,111 em~ ' bidentate
1,090 cm™"), and CH3OHg) (1,033 cm ™). The broad v(C=0) peaks can definitively
be assigned to Pd-CQy with contributions from both linearly and bridge-bonded
co{s)‘25

During the temperature ramp, the Pd-PdO/MgO catalyst initiates methanol oxida-
tion activity between 25°C and 40°C, a low temperature that is consistent with
those reported in prior studies of pre-reduced oxide-supported Pd catalysts.”’
This low-temperature activity creates challenges in establishing relationships be-
tween surface and near-surface compositions. For example, at 60°C, a temperature
at which CO,, CH,0, CH3OCHO, and CH3;OCH,OH are all released to the near-
surface gas phase (Figure 3B), itis clear that the surface is populated with a mixture
of CH30y,, HC(O)Oyy, and COy (assigned through the signatures noted in the pre-
vious paragraph). There is no clear evidence of adsorbed formaldehyde or meth-
ylene-containing species, which can be observed on oxides at low temperatures,**
despite observation of their presence in the near-surface gas phase. Although the
data of Figure 3 do facilitate such general observations, the spectral features asso-
ciated with adsorbates on Pd-PdO/MgO are broad and unresolved, and they are
present for essentially the entire temperature range examined. Therefore, the pre-
cise bonding configurations of adsorbates cannot be determined from these
data, and furthermore, their appearances cannot be selectively correlated with
those of gas-phase species. For example, it is known that multiple bonding config-
urations contribute intensity to the (OCO) modes of formate,”® but the formate
peaks in Figure 3A are broad and symmetrical, and these contributions are not
distinguishable.

PdO/MgO catalysts

The freshly oxidized catalyst PdO/MgO was also examined as a methanol oxidation
catalyst via the combined surface-near-surface investigative approach. In contrast to
the observations made for Pd-PdO/MgQ above, the DRIFTS spectra collected dur-
ing methanol oxidation with PdO/MgO (Figure 4A) contain highly spectrally
resolved features (that is, the contributions to absorption feature line shapes are
resolved and can be deconvolved). In addition, the temperature dependencies of
changes to spectra were much more evident. The catalysts are stable under the con-
ditions examined: after reaction at the highest temperature used (180°C), XPS
spectra indicate no change from that associated with the initial as-prepared catalyst
(Figure S4).

High-temperature calcination of oxides in oxygen environments increases the de-
gree of crystallinity (structural uniformity); a reduction in heterogeneous broad-
ening in probe-molecule FTIR spectra for the freshly oxidized PdO/MgO sample
is expected after its 700°C calcination. The narrower peak widths and therefore
more differentiated contributions within each of the absorbing regions facilitated
a more detailed assignment of FTIR spectral features. Supplementary adsorption
experiments of two specific molecules (methyl formate and formaldehyde) were

) Chem Catalysis 3, 100782, October 19, 2023
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Figure 4. DRIFTS characterization of adsorbates on PdO/MgO

(A) Operando methanol oxidation measurements between 25°C and 180°C; pch,on/po, = 1.45.
*Gas-phase methanol peak.

(B) Measurements recorded after He purge following CH30OCHO adsorption, CHz0 adsorption,
and methanol oxidation at 180°C.

conducted to aid the interpretation of spectra. The spectra of Figure 4B reflect
methyl formate and formaldehyde adsorption at 180°C—that is, adsorption of
two of the stable oxygenate products produced by methanol oxidation. This figure
compares these spectra with a spectrum recorded after methanol oxidation exper-
iments and purging the system of gas-phase reactants and products. The most
notable observation from this comparison of direct oxygenate adsorption versus
methanol oxidation catalysis is that they yield quite dissimilar intensity distribu-
tions within the peaks between 1,590 and 1,680 cm~'—those associated
with the va(OCO) modes of surface-adsorbed formates. The clear variation
among the v,(OCO) modes (1,325-1,390 cm™') further verifies these distinct
adsorbate compositions. The signal for gas-phase methyl formate is centered at
1,752 ecm™ ' it is accompanied by a small additional feature at 1,710 ecm™, which
we tentatively attribute to a physisorbed methyl formate that is in equilibrium with
the gas phase since the wavenumber of the v(C=0) mode associated with this
molecule is known to red shift upon adsorption.”” The v(CH) region shows that
as the temperature increases, the signal for surface methoxy (2,825-2,805 em™’,
asymmetric and symmetric CHj stretching modes of methoxy species™) first in-
creases from 25°C to 100°C and then decreases. This decrease in the methoxy
peak intensity is accompanied by a growth in that for surface formates
(2,860 cm~', CH stretching; 2,737 cm~', a combination of the CH bending and
OCO stretching frequencies of formates™*®), consistent with the appearance of
v,(OCO) peaks associated with formate, discussed above. This temperature-
dependent evolution of peaks within the v(CH) region is expected and reflects
the conversion of methanol to surface methoxy with oxidative conversion of sur-
face methoxy to formate at higher temperatures.

It is apparent that formaldehyde adsorption generates a sharp peak at 1,598 cm ™'
with a shoulder at 1,621 em ™" (Figure 4B). Methyl formate adsorption at 180°C, in
contrast, primarily generates v,(OCO) peaks with the highest intensity centered
at 1,663 cm™ " and no clear contribution at 1,598 cm~".
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The narrow absorption peak centered at 1,598 cm ™' generated from CH,O dosing is
well known in the literature; it has been reported in many prior FTIR studies of CH,O
adsorption and transformation on MgO surfaces.?’*”*' Although intact CH,O mol-
ecules (or related polyoxomethylenes) adsorbed on MgO have been reported only
at sub-ambient temperatures,®” at room temperature and above, CH,O rapidly con-
verts to a surface formate that is characterized by this v,(OCOQ) absorption fre-
quency. It is identified in the literature to correspond to a formate in a chelating bi-
dentate configuration across Mg2*-0?~ pairs®' (see the discussion of Scheme 1
below).

On close examination of the temperature-dependent operando CH3OH oxidation
DRIFTS spectra (Figure 4A), we observe that at low temperature (100°C) a narrow
vas(OCQ) absorption mode appears near 1,600 em~! without contributions from
the modes at higher wavenumbers. The center frequency of this narrow feature is
the same (within ca. 4 cm™") as that due to the transformation of directly dosed
formaldehyde on the surface, as noted above, and is therefore also assigned to
chelating bidentate formate. The small shift in wavenumber here is attributable
to an increased presence of H,O generated from the reaction, the electron-
donating properties of which cause formate v,,(OCQ) peaks to shift to lower wave-
numbers.*® Although at 100°C this feature is small, its assignment to a formate is
supported by the concurrent appearance of the peak at 2,737 cm™" (shown magni-
fied in Figure S5), which, as noted above, is uniquely assigned to a formate combi-
nation mode; this peak is also observed through formaldehyde adsorption (Fig-
ure S6). As will be shown below, this surface species is formed during methanol
oxidation at the same temperature (100°C) at which C, product desorption com-
mences. This observation, viewed in the context of proposals in prior methanol
oxidation literature that formaldehyde is integral to C, product formation,® moti-
vated our deeper analysis of this and other FTIR absorption features in the context
of the catalysis.

8 Chem Catalysis 3, 100782, October 19, 2023
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Figure 5. Analysis of temperature-dependent surface (DRIFTS) and near-surface (ns-MBMS) data
for methanol oxidation catalysis with PdO/MgO

person/po, = 1.45.

(A) Magnification of ¥(C=0) absorption region.

(B) Magnification of v,,(OCO) absorption region; peak deconvolution is shown.

(C) Integrated intensities of absorption features from (A) and (B) are plotted with respect to
temperature. Lines are added to guide the eyes.

(D) ns-MBMS results (500 pm above surface) for products. Lines are added to guide the eyes.

The panels of Figure 5 reflect a simultaneous analysis of the temperature-dependent
operando DRIFTS measurements and the signal intensities for product molecules
measured by ns-MBMS at a position 500 pm above the packed PdO/MgO surface.
Figure 5A shows the intensities of the peaks from 1,800 to 2,000 cm™!, which are
due to v(C=0) modes of Pd-CO species, at temperatures between 100°C and
180°C. Figure 5B shows the envelope v,{(OCO) absorption feature between 1,590
and 1,680 cm™", resulting from surface formates, which was deconvolved into three
peaks (see Scheme 1): the 1,598 cm~'-centered absorption band (chelating biden-
tate formate), which is dominant at low temperatures, and bands centered at
1,621 cm™" (bridging bidentate formate) and 1,647 cm ™" (monodentate formate).?*
We integrated the intensities of these peaks, as well as those due to Pd-CO
species, to qualitatively track their evolution with temperature. Figure 5C provides
the temperature dependencies of these integrated DRIFTS peaks; the inset of this
figure includes a magnification of the low-temperature region, which reflects the
observation made above—that chelating bidentate formate first forms on the sur-
face at 100°C.

When the temperature reached 140°C during the linear ramp, the intensities of the
species discussed above (formates and carbonyls) were all found to rapidly increase;
time-resolved spectra were recorded to capture this behavior (Figure 57). Above
140°C, with increasing temperature, the integrated intensity of the chelating biden-
tate formate peak is roughly constant, that of Pd-COy increases, that of bridging
bidentate formate gradually decreases, and that of monodentate formate rapidly
decreases. The maximum concentration of surface monodentate formate is
observed at 140°C.

Figure 5D provides ns-MBMS data for methanol oxidation with the PdO/MgO cata-
lyst. This figure includes the reaction temperature dependencies of product species’
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Figure 6. Operando surface and near-surface characterization of the pure MgO support during
methanol oxidation

Spectra were recorded between 25°C and 180°C; pcu,on/po, = 1.45.

(A) DRIFTS results; spectral regions characteristic of major vibrational modes are labeled.

(B) ns-MBMS results (500 pm above surface) for reactants (top) and products (bottom).

integrated ion signals (with intensity correction and calibration applied, as in Fig-
ure 3B). The sampling nozzle was again positioned 500 pm above the packed cata-
lyst surface to record these data. The observed products and their associated lowest
temperatures of observation were methoxymethanol, 100°C; methyl formate,
100°C; formaldehyde, 120°C; and CO,, 120°C. Therefore, at 100°C, methyl formate
and methoxymethanol are the only carbon-containing products detected in the gas
phase; the selectivity to C; oxygenates is 100% under this condition (within the sensi-
tivity of the instrument, ~1 ppm).** All product signals (except for that of methyl
formate, which reaches its maximum near 140°C) increase as the temperature
increases.

The MgO support

Although non-oxidative thermal methanol decomposition has been examined over
pure MgO in several studies,**** to our knowledge, methanol oxidation using pure
MgO catalysts has been reported only at a fixed temperature in a comprehensive
overview of the reactivity of metal oxides for the reaction.*® Figure 6 provides the
temperature-dependent operando DRIFTS and ns-MBMS results for methanol
oxidation over the bare MgO support. The DRIFTS spectra (Figure 6A) contain rela-
tively broad absorption features, so detailed assignments are difficult, butit can be
seen that methoxy (1,111 em™") readily forms on this surface at all temperatures, as
expected and consistent with observations in the literature.”” Surface formate is
generated at about 140°C, a higher temperature than observed for Pd-PdO/MgO
and PdO/MgQ. This temperature coincides with that for initial detection of CO,
and CHO in the gas phase by ns-MBMS (Figure éB).

DISCUSSION

PdO/MgO as a model system and the contrasting reactivities of PdO and O/Pd
The data in the results section show that PAO/MgO and Pd-PdO/MgO yield the
same products when used to catalyze methanol oxidation. However, when PdO/
MgO is used, the light-off temperatures of the C; and C, products are distinct:
methyl formate and methoxymethanol are observed at 100°C and above, and
CO, and CH,O are observed at 120°C and above. For both Pd-PdO/MgO and
PdO/MgO, the C: species are produced concurrently. The results also show that
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the PAO/MgO catalyst yields sharper and more differentiated adsorbate FTIR signa-
tures than Pd-PdO/MgO, which facilitates absorption mode assignments, thereby
enabling more precise identification of surface species. These observations high-
lightthe utility of the oxidized sample, PdO/MgO, to serve as a model system for un-
derstanding the activity of Pd-based catalysts for methanol oxidation.

To frame the discussion and interpretation of our observations above, it is useful
to outline relevant characteristics of MgO-supported Pd in the context of meth-
anol oxidation catalysis. No C; products are formed without the presence of Pd
(Figure 6). In fact, Pd alone enables partial oxidations; unsupported PdO(101),*®
Pd(111),?” and polycrystalline Pd films® have been studied as methanol oxidation
catalysts. Pd is commonly referred to as a “redox catalyst”*® because its oxida-
tion state readily cycles between 2+ and 0, a characteristic that promotes sur-
face-mediated oxidative dehydrogenations, as occurs to produce CH>O from
methanol.

The dynamics of the interconversion of Pd and PdO are complex and reaction
dependent, and this interconversion is often integral to the activity of Pd as a cata-
lyst component.*” Catalytic combustion of methane is known to be especially sen-
sitive to catalyst surface atomic structure and oxygen coordination around Pd.*’
For low-temperature selective oxidation of methanol to methyl formate, metallic
Pd (or more precisely, chemisorbed oxygen on metallic Pd, notated as O/Pd) ap-
pears to be more active than PdO for the required oxidative dehydrogenation
step.”’

MgO-supported Pd is often utilized as a model catalyst for fundamental
studies®***** because it reflects the unique properties that emerge when a redox
metal is coupled to a highly basic support. Although the irreducibility of MgO facil-
itates low concentrations of oxygen vacancies on the bare surface, it has been shown
that energies for oxygen vacancy formation are greatly reduced at the interface be-
tween a Pd particle and the MgO surface.” The interface between Pd (or PdO) and
MgO, and presumably specifically the local metal coordination environment within
this region, appears to be essential to catalytic activity. For example, it has been re-
ported that NO decomposition over Pd/MgO occurs through redox processes at
sites comprising reduced Pd interacting with support Mg®*.**

Our prior work also highlights the important role of the Pd-support interaction in
lowering energetic requirements for methanol oxidation: whereas Pd-PdO/MgO is
here observed to catalyze C; product formation at as low as 40°C, unsupported
Pd films do not generate these species in the near-surface gas phase below about
100°C for the same reactant feed ratio.® That work with unsupported Pd and
Au,Pd, alloys also showed the generation of a more diverse set of oxygenate prod-
ucts, including formic acid, dimethyl ether, acetaldehyde, and dimethoxymethane.®
If those species are produced here, they do not desorb and are apparently captured
or converted by the MgO support in spillover events. It has been noted in a study of
Pd/MgO catalysts that a cooperative effect occurs between the two phases: species
produced on Pd surfaces spill over onto MgO, and the basic sites of MgO readily
transform these species further.”

The results presented here reinforce the idea thatthe MgO support captures species
generated at Pd surfaces and that the Pd-MgO interface is the active region for
methanol oxidation catalysis. For example, the low-temperature (40°C) formation
of near-surface methyl formate, methoxymethanol, and formaldehyde over the
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Pd-PdO/MgO catalyst yields surface adsorbate FTIR signatures similar to those pro-
duced during higher temperature catalysis with the MgO alone. Our data suggest
that the high activity of O/Pd (again, chemisorbed oxygen on metallic Pd domains
present in this Hy-reduced sample) rapidly produces molecules that are expected
to be mobile on the metallic surface. Those products of oxidation that do not desorb
from Pd are captured by the MgO support, except for CO, which expectedly binds
strongly to Pd and yields the characteristic infrared absorptions of surface carbonyl.
Methanol oxidation with the PAO/MgO catalyst most likely follows similar general
mechanisms wherein reactions occur at Pd and Pd-MgO interface sites. During
methanol oxidation, as the temperature increases, the surfaces of PdO particles
are expected to form oxygen vacancies. The resultant PdO, contains undercoordi-
nated Pd, providing sites for chemisorbed oxygen to efficiently dehydrogenate
methanol and its oxidation products.

Constraining reaction mechanisms for methanol oxidation
The most notable observations made regarding C; species in this study of methanol
oxidation with the PAO/MgO model catalyst are the following:

(1) Atthe lowest temperature at which methoxymethanol and methyl formate are
released to the near-surface gas phase—a condition where these are the only
carbon-containing products desorbed—chelating bidentate formate appears
on the surface. Stated another way, when Cz product selectivity is 100%,
chelating bidentate formate is the only oxygenate adsorbate observed on
the surface (other than methoxy).

(2) Chelating bidentate formate is the dominant surface-bound species formed
when formaldehyde reacts with oxygen on the MgO surface.

(3) Asformaldehyde desorbs from the surface as a product of methanol oxidation
at increasing rates, methyl formate desorbs at decreasing rates.

(4) During temperature ramps, the concentrations of surface monodentate
formate and gas-phase methyl formate initially increase and then decrease
rapidly above 140°C.

(5) Methanol oxidation with the MgO support alone yields only CO2 and CH,0;
production of C, products requires the presence of Pd or PdO.

When these and other observations from the ns-MBMS and DRIFTS measurements
are taken together, a fairly complete picture of the reaction network can be derived.
Scheme 2 shows the network implied by our observations, interpreted in the context
of the vast literature on methanol oxidation and oxygenate adsorption on metal ox-
ides. Species observed 500 um above the surface are outlined in blue, and surface-
bound species are outlined in red.

The role of CH,QO in this network is prominent: its presence appears to be a requisite for
the generation of methyl formate and methoxymethanol. The mechanism for their for-
mation, commonly discussed in the related literature,*®*’ first involves the surface
coupling of CH,O and CH3Oyy. This yields the adsorbed hemiacetal intermediate
(CH30CH,Oy), which can be dehydrogenated to form methyl formate.”® Methyl
formate desorbs and can re-adsorb, decomposing on the Pd/MgO surface at elevated
temperatures.’” Because the signals for both gas-phase methyl formate and surface
monodentate formate decrease rapidly above 140°C, the data provide evidence that
surface monodentate formate is a product of methyl formate decomposition (which
would result from cleavage of the ester oxygen—alkyl carbon bond across surface Mg-
O pairs). If CH3OCH;Oy, is hydrogenated, it forms methoxymethanol, which desorbs
into the near-surface gas phase, from which it can re-adsorb on surfaces. On the catalyst
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Scheme 2. Methanol oxidation reaction network implied by DRIFTS and ns-MBMS measurements

This scheme is derived from the current report's data, interpreted in the context of results from
previous studies.”*“*' The average wavenumbers for observed surface species are noted for
reference. The entire diagram applies to PdO,/MgO catalysts, and the right-hand side applies to
MgO. The temperature dependencies of steps are not reflected in the diagram, and
interconversion among surface formates is omitted.

surface, it can be oxidatively dehydrogenated to form methyl formate, or it could transfer
an H atom to CH,Oy, forming methyl formate and releasing CH3O.”**" Some evi-
dence for this second pathway might exist in the temperature-dependent ns-MBMS
data in Figures 3 and 5. Whereas an increased rate of formaldehyde desorption corre-
lates negatively with that of methyl formate desorption, it correlates positively with
that of methoxymethanol desorption. This could suggest that reaction of methoxyme-
thanol with formaldehyde on surfaces tends to reduce the steady-state concentration
of near-surface gas-phase methoxymethanol. Although these noted features of the tem-
perature-dependent data alone are insufficient to determine the degree to which this
step is operable here, it is likely that some fraction of methyl formate forms through
the methoxymethanol intermediate.

In a prior methanol oxidation study using Pd/Al O3, under conditions where high methyl
formate selectivity was achieved, the absence of detectable formaldehyde in the reactor
effluent was said to indicate that it very rapidly reacts on the surface with CH30,.”" In a
methanol oxidation study of silica-supported Mo catalysts, when methyl formate gener-
ation was observed in the absence of gas-phase formaldehyde, it was suggested that
desorption of formaldehyde was more energetically demanding than its spillover onto
silica and that the silica sites were essential to the chemistry”'; an increase in formalde-
hyde desorption and concomitant decrease in methyl formate production was found at
elevated temperatures in that study, as seen in our data. We deduce it is also true for
PdO/MgO thatsurface formaldehyde is present at low temperatures where C; selectivity
is 100%. We suggest, on the basis of the analysis of FTIR spectra provided above, thatits
presence on the catalyst surface in that condition is indirectly indicated through the iso-
lated chelating bidentate formate v,(OCO) absorption mode, which serves as a finger-
print of CH,O"*? that has spilled over onto the support:
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CH30 +O(S}ECHZO(S} + OH, (Equation 1)
H
MgO '

CH;04,+0y — CI)_CIZ +OHy, (Equation 2A)
Mg—-O

CHZO(S} + CH3O(S} + H(s} - CH3OCH20H(S} - CH3OCH20H(9} [Equation ZB)

Equation 1 describes the oxidative dehydrogenation of methoxy at Pd sites to
generate surface-bound formaldehyde. Equations 2A and 2B describe the com-
peting pathways for subsequent transformation of formaldehyde: the spillover
onto the MgO support (Equation 2A) and the surface-mediated coupling events re-
sulting in the formation and subsequent desorption of methoxymethanol to the
near-surface gas phase (Equation 2B). The key supporting information for these
claims lies in the molecular structure of methoxymethanol (H3C-O-CH,-O-H), which
forms concurrently with formaldehyde. The presence of the dioxymethylene group
(O-CH>-0) in this molecule requires that a methylene-containing intermediate be
involved in the coupling event from which it originates. An alternative pathway for
C, product formation involves reactions of surface formates with methanol™?; if
this were the primary pathway here, the dioxymethylene group would not be found
in the gas-phase intermediate over the entire temperature range.

Conclusions

In this study, we combined ns-MBMS and surface-sensitive operando DRIFTS to
investigate the origins of C, oxygenates from methanol oxidation catalysis at atmo-
spheric pressure with the use of MgO-supported Pd. Analysis emphasized results
from oxidized PdO/MgO, which predominantly contains Pd®*. Here, detection of
reactive methoxymethanol in the near-surface gas phase was uniquely possible
through ns-MBMS measurements using a small-aperture nozzle probe close to the
surface, which minimized the probability of collisions with catalyst surfaces, reactor
walls, or other molecules prior to its detection in the time-of-flight mass spectrom-
eter. One of our most important observations is that whereas the catalyst surface
is populated with methoxy and formate in an adsorption configuration involving sur-
face Mg?*-0?" pairs under reaction conditions associated with 100% selectivity to
Cz products (methyl formate and methoxymethanol), the presence of the dioxy-
methylene (O-CH>-O) group in near-surface methoxymethanol requires that form-
aldehyde, undetected on the surface but transiently present, be a primary building
block of these desorbing C, oxygenates. In this way, analysis of the near-surface gas
phase served to constrain the interpretation of the roles of adsorbates and, there-
fore, the overall reaction mechanism, for methanol oxidation.

EXPERIMENTAL PROCEDURES

Resource availability

Lead contact

Requests for further information and resources should be directed to and will be ful-
filled by the lead contact, Coleman Kronawitter (ckrona@ucdavis.edu).

Materials availability
Material preparation is described in the supplemental information.
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Data and code availability
Any additional information needed for analyzing the data is available from the lead
contact upon request. No code was generated.

Methods
Experimental details are provided in the supplemental information.
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